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ABSTRACT

This thesis systematically investigates the nano handling and measurement techniques for
biological cells in culture and studies the techniques to realize innovative and multi-functional
applications in biomedicine. Among them, the technique based on AFM is able to visualize and
quantify the dynamics of organic cells in culture on the nano scale. Especially, the cellular shear
adhesion force on the various locations of biological cells was firstly accurately measured in the
research of the cell-substrate interaction in terms of biophysical perspective. The innovative
findings are conductive to study the cell-cell adhesion, the cell-matrix adhesion which is related to
the cell morphology structure, function, deformation ability and adhesion of cells and better
understand the cellular dynamic behaviors. Herein, a new liquid-AFM probe unit and an
increment PID control algorithm were implemented suitable for scanning the cell samples under
the air conditions and the liquid environments. The influence between the surface of sample and
the probe, and the damage of probe during the sample scanning were reduced. The proposed

system is useful for the nano handling and measurement of living cells.

Besides, to overcome the limitations of liquid-AFMs, the multiple optical tweezers were
developed to integrate with the liquid-AFM. The technique based on laser interference is able to
characterize the optical trap stiffness and the escape velocity, especially to realize the capture and
sorting of multiple cells by a polarization-controlled periodic laser interference. It can trap and
move hundreds of cells without physical contact, and has broad application prospects in cytology.
Herein, a new experimental method integrated with the positioning analysis in the Z direction was
used to improve the fluid force method for the calibration and characterize the mechanical forces
exerted on optical traps and living cells. Moreover, a sensitive and highly efficient
polarization-controlled three-beam interference set-up was developed for the capture and sorting
of multiple cells. By controlling the polarization angles of the beams, various intensity

distributions and different sizes of dots were obtained. Subsequently, we have experimentally


app:ds:surface

observed multiple optical tweezers and the sorting of cells with different polarization angles,

which are in accordance with the theoretical analysis.
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Chapter 1

Introduction

1.1 Background

The cell is the basic unit of life which can affect the physiological functions of body. The
particularity of human body often depends on the performance of single cell. Hence, further
investigations on cells will elucidate the overall potential of life, cure diseases, and be the key of
life transformationt™?. Cells are stimulated by different stresses and strains throughout their lives
such as the hydrostatic pressure, the fluid shear force, the drawing force and the stiffness change
of extracellular matrix, which come from the internal physiological environment and the external
environment. Then, cells will adjust or maintain its internal structure to adapt these stimuli by
changing their behaviors, and respond the effects of the external environment simultaneously.
Other research has found that the mechanical behaviors from the external environment are
involved in the cell survival, proliferation, differentiation and information transfer and so on. Any
missing or incorrect stresses and strains will impact cell function, and may lead to diseases
including cancer®. On the other hand, the morphological structure and functions of cells, cell
growth, development, maturity, proliferation, apoptosis, death and carcinogenesis, differentiation
and the regulation mechanism of cells, are related to mechanical properties of cellstP®). For
instance, the study of the interaction between cells and functional material, research of artificial
organs, the cell-cell adhesion and cell-substrate adhesion are closely related to the biological
compatibility of artificial implants. The exploration of the cell-substrate adhesion is the key factor
critical for the success of the implantation operation of artificial organs. Hence, to understand the
mechanical properties of single cells as well as their variations is of great significance for the

effective prevention, diagnosis, treatment and rehabilitation of diseases. However, the cytology is
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much less developed than the molecular biology in the scientific knowledge system. The most
important reason is that there is still lack of satisfactory experimental methods and techniques for
us to study cells from a vast and diverse of aspects. The force and deformation of the membrane
have direct impact on the realization of the cell function and the viability of status. Moreover,
nanotechnology at present is increasingly significant in research field due to the exploration of the
exciting new physical mechanisms when the research is down to the nano scale. Therefore, the
demand for analysis of living cells from the micro/nano scale is an increasing trend for both
fundamental biology and clinical diagnostics. There is a need to develop devices and techniques
that can physically characterize not only individual cells but also populations of cells more rapidly
and with the enhanced sensitivity and required accuracy. Moreover, devices and techniques must
be designed so that they can also present cells with the biochemical and mechanical stimuli in a
controlled and reproducible way. Thus, there are still challenges to measure the properties of cells
accurately, such as keeping the cells survival in repeated experiments, localizing the cells with

high efficiency and providing the necessary controlled stimuli.

1.2 Overview of Current Nano Handling and Measurement Techniques of

Biological Cells

The traditional research of cell biomechanics mainly includes the cell deformation, the cell
movement, the interaction between cells and the force within cells, and responding to the
principles. In recent years, with the rapid development of biophysical sciences and
nanotechnology, the parameters which include the force, the deformation and the conductance of

cells and biological molecules could be accurately detected in their physiological environment.

1.2.1 Nano Handling Techniques of Biological Cells

Up to now, some of the recently developed nano biophysical technological tools and nano

handling techniques such as AFM (Atomic Force Microscope), MAT (Micropipette Aspiration
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Technique), MT (Magnetic Tweezers), DEP (Dielectrophoresis), OT (Optical Tweezers), and
Micro-fluidics and PT (Poking Technique). These techniques can realize the quantitative study
biological tissues and molecular changes on the micro/nano scale. For instance, Liu et al used the
AFM as an indenter tool to do the indentation experiment in order to obtain the mechanical
properties of living SMCC-7721 cancer cells treated with fullerenol (Cgo(OH),4) for 24h, 48h, and
72hP. Different mechanical models of probe tips were used to calculate the Young's modulus
under different indentation depths, and experimental results showed that the elastic modulus of
single living cells could be used as a powerful biomarker to evaluate the effects of fullerenol on
the cells and reveal significant information for cellular dynamic behaviors. Figure 1.1 shows the
results of Young's modulus measurements by AFM. A global decrease in the Young's modulus is

accompanied by the morphological changes of cells with the time-dependent effect.
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Figure 1.1 Histograms and the normal distributions of elastic modulus -frequency count of living

SMCC-7721 cancer cells during the treatment with fullerenol for 24h, 48h, and 72h(®.

Bavi et al used the MAT to characterize the mechanical properties of lipid bilayers which played a

crucial role in the gating of MS (Mechanosensitive) channels™. Experimental results showed that
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excised liposome patch fluorometry was superior for measuring the intrinsic mechanical
properties of lipid bilayers. Figure 1.2 shows the four negative pressure steps of -5 to -20 mmHg
used for the changes of the nominal in-plane stress in the membrane. The MAT is a

micro-handling process and has the advantage of studying single cells.
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Figure 1.2 Cell-attached patch fluorometry experiments by four negative pressure stepst”.

Chang et al described a novel high-throughput magnetic tweezers-based 3D micro-channel
electroporation system which could realize the gene therapy, regenerative medicine, and
intracellular detection of target mRNA®!. This method is characterized by direction-control and
wide measuring range. Figure 1.3 shows that magnetic labeling and the low voltage pulses do not
damage the cell membranes. However, the low resolution of handling restricts the application of

MT.
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Figure 1.3 High-throughput cell transfection on 3D micro-channel electroporation®.

Mirsaidov et al demonstrated a new method with the potential to capture multi-cellular organism
for creating the synthetic tissue with submicron precision'®. They used SLM (Spatial Light
Modulator) to form a heterogeneous optical tweezers array in a 30mm>30mm>45mm volume
where cells were conveyed. The optical tweezers array was induced through a microfluidic
network for creating the synthetic tissue, and time-multiplexed manipulation was used to organize

cells into a complex array, as shown in Figures 1.4. The optical technology has been actively



developed to play an important role in bioscience due to its advantages of remote manipulation
and less damaging. The OT belongs to remote nano handling and recently has been developed as a

powerful technique for the cytology studying with less damaged but it has the disadvantage of

inefficiency in cells trapping.
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Figure 1.4 Schematic diagram of multiple, time-shared optical tweezers in a micro-fluidic network.

Compared with others, AFM has both nano handling and measurement functions. It is a high

resolution device that is used not only for direct microscopy, but also for the manipulation of



biological cells in culture, which is good for the cell applications!!®*41*2 Shen et al. presented a
new method to measure the single cell stiffness based on AFM*3]. Yang et al. used the AFM-based
nanorobotic system to identify the mechanical marker for the apoptosis process™™. From the AFM
scanned images, they found that normal adjacent cells were closely linked and the cells became
softer when they lost the cell-cell adhesion due to the acantholysis which led to apoptosis. The

unigue potential of AFM has been well recognized in biological research™.

1.2.2 Nano Measurement Techniques of Biological Cells

Not only the mechanical properties but also the reciprocity of cell surface molecules plays a
crucial role in cytology research. Many of these reciprocities are operating together with others,
collaborating in the regulation of cell functions, such as the transportation of many kinds of
substrates across membranes, signal transduction between two cells and cell adhesion. Moreover,
an exceptional nano structures will also be emerged, for instance, the distribution of the surface
proteins with sugar molecules and their density, size, direction of functional groups and
connections. Thus, to explore the reciprocity of cell surface molecules and the relevant nano
structures will be significant in the understanding of the pathophysiology of malaria. An integrated
high-throughput approach will be needed. which is able to perform the high-resolution
measurement, and sensitive and effective analysis of cells in the physiological condition and

effective analysis.

There are currently several common instruments used for nano measurements including OM
(Optical Microscope), EM (Electron Microscope), CLSM (Confocal Laser Scanning Microscope)
and SPM (Scanning Probe Microscope). Shtrahman et al used OM with multifocal fluorescent
probes to demonstrate the fast optical recording of neuronal action potentials could be used to
reveal the Ca®" transients resulting from APs in neurons labeled in millisecond resolution™. OM
is one of the most powerful tools for the amplification in cytology as its convenient and efficient

operating, but the image is still affected by the limited resolution and the sample thickness.
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Narayan et al demonstrated several advantages in scanning electron microscopy and used it to
obtain three-dimension images of HIV (Human Immunodeficiency Virus) cores™. However, EM
is very expensive to build and maintain due to the requirements of complex special services and
stable environments. The samples have to be placed in vacuum with a complicated sample
preparation except the environmental scanning electron microscope, which allows the sample to
be viewed in wet conditions and low pressure (up to 20Torr or 2.7kPa)*®l. CLSM is a new
scanning imaging technique which can obtain high resolution images with the depth selectivity.
The interior structures of sample can be imaged by three-dimensional reconstructions. It is widely
used in the biological science and nano crystal imaging and spectroscopy. It is often combined
with fluorescent markers to obtain the three-dimensional structures of biological samples, the
communication between two cells, the dynamic analysis of calcium ions and pH values inside
cells!™®). Moreover, it can also observe submicron particles which is below to the resolution limit
of the optical microscope. In the past years, AFM has been increasingly used for exploring the
surface properties of cells on the nano scale. It uses a physic probe as a sensor to image the surface
of samples and reaches an impressive atomic resolution by the interaction force between the tip of
probe and the sample. Its transverse resolution can be up to 0.1nm and the longitudinal resolution
0.01nm, which is more than one thousand times higher than the resolution of optical microscopes.

Compared with other microscopes, AFM has many advantages as shown in Table 1.
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Table 1.1 Comparison of nano measurement techniques.

AFM oM EM CLSM
Resolution 0.1nm/0.01nm 200nm 0.8-20nm 150nm
o Laser rotating
Actuator PZT Step motor Magnetic coil )
mirror
Vacuum
Working Atmosphere
) o Atmosphere . Atmosphere
environment and liquid Wet environment and
low pressure
Measurement Various Various Electrically
) ) ) ) Various materials
. materials materials conductive materials
objects
Dimensions 3D 2D 2D 3D

In conclusion, AFM can work in different environments with sub-nanometer resolution and image

various materials in three-dimensions. It has been successfully applied in cytology research. Chen

et al used AFM to investigate the toxicity of dauricine on daudi cell of B lymphoma cells®.

Experimental results showed that the control cells were round and the surface was smooth after

treated with dauricine. Figure 1.5 shows the topological morphology of daudi cells between

control group and drug group.
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Figure 1.5 Topological morphology of daudi cells detected by AFM®,

Wang et al used AFM to observe the surface of preadipocyte, and found that they were stretched
with full of parapodiums, and different sizes of plaques and protuberances were spread on the cell
membrane®. Sun et al used AFM to detect the dynamic growth of human umbilical cord
mesenchymal stem cells, and found that the adherent cells showed various shapes including
spindle, polygonal and fibroblast-cell-like shapes??. Moreover, the sizes of mesenchymal stem
cells were homogeneous. However, there is a lack of working time with AFM for biological
applications in uncontrolled environments. Cells will be died after the imaging, and there is almost

no report on the imaging of cells over the course of growth. For this reason, one of the aims in this
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work is to use a novel method of liquid-AFMs which can work in culture. The probe tip is totally
put into the culture during scanning, and real-time visual feedback needs to be achieved for the
cell observation. Hence, there is a rising consensus among researchers that a single tool is not
enough to support them for further investigation. They have tried to add more interfaces or

combine with different instruments to solve those problems in multi-functions.

1.2.3 Hybrid technologies of Biological Cells

Great efforts on different biological applications of AFM have been made by scientists worldwide
in recent years. AFM has both nano handling and measurement functions. The applications of
AFM instruments and other microscopes have shown the feasibility of nano instrument
development, which will also result in an explosion in applications for biomedical and clinical
translational studies®®!. Fatikow et al. developed a new system which combined with AFM, FIB
(Focused lon Beam), and HRSEM (High Resolution Scanning Electron Microscope)24®!. Figure
1.6 shows the automated AFM-based nano manipulation system. It was used to realize nano
handling, analysis and structuring with the haptic feedback and SEM vision for the samples in the

high vacuums or at 100% relative humidity environment.

stageCa = effectorCam

Figure 1.6 Schematic of the automated AFM-based nano manipulation system[?*?],
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Trache et al. developed a technology that integrated AFM with FSD (Fast-spinning Disc) confocal
microscope and TIRF (Total Internal Reflection Fluorescence) to analyse the mechanisms of
living cells with high temporal and spatial resolution™™!. This system can be used in a broad range
of applications in molecular dynamic research of adherent living cells, including cell surface

topography, mechanical stimulation and optical imaging to the response in real-time, as shown in

Figure 1.7.
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Figure 1.7 Schematic layout of the integrated system with AFM, TIRF and FSD®,

There are other groups exploring these ideas as well. Ahmad et al. fabricated the bucking nano
needle using the focused ion beam etching on a tip of a commercial available AFM cantilever in a
developed system called an ESEM (Environmental Scanning Electron Microscope). It was used as

a force sensor for the stiffness characterization of single cells™®’. A four-probe handling system
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and visual feedback used with SEM for micro/nano object research was designed by the company
Zyvex?!. This system can be used for mechanical and electrical characterizations, and nano
handling on the micro/nano scale. Pfister et al. and Doak et al. used CLSM to facilitate the coupled
AFM to provide a new means of complementary 3D high resolution imaging and fluorescence

imaging for biological cells/E13H,

However, there are some problems when applying robot systems to the manipulation,
measurement and handing of cells. The first problem is the environment related to the living cells
to be measured. The cells in most of experiments are usually cut into slices, and AFM is used in
the air. For this reason, one of the aims in this work is to design a novel AFM which can be used in
the liquid. The second problem is the effect of those micro/nano assembly machines which
combine with the AFM. SEM is used in vacuum and environmental scanning, and may have huge
thermal effects to damage the sample. CLSM and TIRF cannot be used for the handling and
measurement of the forces of cells, and FIB is used in the manufacturing of surface. Therefore, the
technique to explore the mechanical actions of optical fields to trap and manipulate neutral
particles has led to a wide range of applications. This technique has been used to combine with the
AFM to manipulate and study the properties of micron-sized dielectric particles, and it is only
recently that this precise force measurement instrument has been applied to the study of biological
systems. Liphardt et al integrated the AFM and OT to investigate the process while DNA
(Deoxyribonucleic Acid) acted on the RNA of escherichia coli such as packages, folding and
transcription®. Huisstede et al. developed a new instrument combined with the AFM and OT to
investigate the interaction between the DNA and protein in single molecules, as shown in Figure
1.8 Two traps created by AFM and OT allowed the bead-DNA-bead system to realize free

movements, and the estimated experimental resolution was 15nm.
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Figure 1.8 Schematic layout of the integrated system with AFM and OTE!,

However, the efficiency of optical tweezers application combined with the AFM is not high. To
solve this problem, there are two main methods for multiple optical trapping: the first one uses the
high numerical aperture objectives based on strongly focused beams®“E!. The other one based on
interference methods is used when particles are trapped by an interference field*I3713813]
Among them, LBI (Laser Beam Interference) is a promising technology for the volume creation of
large regular array of optical traps with easily constructed and inexpensive micro-lenses. This
method does not require strongly focused beams and provides a way to generate periodical and
quasi-periodical optical traps with the adjustable width and less damaging, so that simultaneous

spatial manipulation of a large number of particles can be achieved.

From the literature review of nano handling and measurement techniques of biological cells, an
integrated system including a liquid-AFM and OT based on laser beam interference has several

advantages compared to other techniques, and they are described in the following points.

1) To develop a liquid-AFM which can work in culture:
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« It provides true 3D surface topographical information of the living cells in vitro.

« It can image the cell surface with nano resolution, and up to 0.01 nm vertical resolution.

« It allows measuring various physical properties of the biological samples, such as elasticity,

adhesion, hardness and friction.

2) To design a multiple optical tweezers system:

« It can remotely manipulate the biological cells on the nano scale.

« It provides measurable forces and distances suited for cells dynamics.

* It allows moving and selecting multiple living cells.

* The system can work in normal buffer conditions.

1.3 Aim and Achievements of the Thesis

1.3.1 Aim and Objectives

This work aims to develop a new system and new techniques which will be able to visualize and
quantify the dynamics of living cells in culture on the nano scale and accurately measure the
interaction force on the surface of biological cells at the molecular level. An integrated system
including a liquid-AFM and OT based on laser beam interference is developed because of their
numerous significant advantages. To realize the development of the proposed design, several

objectives are set-up and they are described in the next chapters.

a To conduct a comprehensive literature review of the techniques of nano handling and

measurement of biological cells in culture and analyse their advantages and disadvantages.
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a To design a liquid-phase nano handing system which includes a human-machine interface
system, actuators, sensors, a platform and a liquid cell.

a To perform an experiment of PSD detection and nano force modelling with correction
parameters in culture and achieve better quality of images (decreasing the overshooting and
minimizing system errors) for cells by PID controller.

a To carry out the cellular shear adhesion force measurement by liquid-AFM and study the
mechanical properties of cells based on the liquid-AFM.

a To design an optical tweezers based on laser beam interference and perform the capture
experiment of biological cells.

a To break through the limited size generated by multiple optical tweezers and achieve nano
handling and separating cells by this system.

a To analyse the experimental results, and recommend further work.

1.3.2 Achievements

This work contributes to an integrated system combination of liquid-AFM and OT based on laser
beam interference for the nano handling and measurement of biological cells in culture. A novel
method of AFM measurement was developed in culture, and the probe tip is totally put into the
culture during scanning. A specific liquid cell with input/output ports and a glass on the surface of
the liquid could remove the surface movement of liquid and achieve the reliable handling and
measurement of biological cells for a long time. In experiments, the mechanical properties and the
cellular shear adhesion forces of two types of living cancer cells were obtained with the
liquid-AFM. With the investigation of optical tweezers, a simplified vectorial ray-tracing method
combine with the RO (Ray-Optics) model and integrated with the positioning in the Z direction
was presented for calculating forces. In addition, the capture experiment of biological cells based
on single optical tweezers and the capture and sorting of multiple cells by polarization-controlled

three-beam interference optical tweezers were achieved successfully. These findings pave a way
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for the improvement in medicine for the cell research.

During my PhD work, 2 journal papers and 2 conference papers have been published. Some
published results are described in the thesis. Chapter 3 covers the work of "Development and
Optimization of Liquid-AFM". According to the PID controller, the system needs to implement
the real-time control of the system with three parameters in the imaging of cells. Chapter 4
discusses the work of "Cells Imaging and Mechanical Properties Study of Cells Based on
Liquid-AFM" and "Cellular Shear Adhesion Force Measurement Based on Liquid-AFM" which is
submitted in the journal of medical and biological engineering. Chapter 5 covers the work of
"Force Characterization of Biological Cells Based on Single Optical Tweezers". Chapter 6
discusses the work of "Capture and Sorting of Multiple Cells by Polarization-controlled

Three-beam Interference”. My publications are shown below.

Journal papers:

1. Yu Hou*, Zhen Hu, Zuobin Wang and Zhankun Weng. Interference Lithography Detection

System in Large Area. China Science Paper, 10(8):948-951, 2015.

2. Yu Hou*, Zuobin Wang, Dayou Li, Renxi Qiu, Yan Li and Jinlan Jiang. Cellular Shear
Adhesion Force Measurement by Atomic Force Microscope. Journal of Medical and Biological

Engineering, accepted.

3. Yu Hou*, Zuobin Wang, Yaowei Hu, Dayou Li and Renxi Qiu. Capture and Sorting of Multiple

Cells by Polarization-controlled Three-beam Interference. Journal of Optics, published.
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Chapter 2

Fundamental Theories and Methodology

2.1 Fundamental Theories and Structures of AFMs

The precursor to AFM, the STM (Scanning Tunneling Microscope) was invented by IBM
(International Business Machines Corporation) scientists Gerd Binnig and Heinrich Rohrer in the
early 1980s at IBM Research!*”. Moreover, they shared the 1986 Nobel Prize in Physics for the
invention. In 1990, Eigler et al used STM to realize the first manipulation of atoms™*!!. 35 xenon
atoms were manipulated into patterns using STM to form the initials "IBM", and it began the age
of nano manipulation science and technology. This event means the resolution can be reached
repeatable at the atomic level. Binnig at el developed the AFM based on STM with atomic

resolution®?,

In the early implementation, AFM was developed to realize the imaging of non-conductors which
was not able to be achieved by STM. However, some nano particles were usually moved by the
probe as well. This phenomenon had inspired many studies by scientists. The AFM was used both
as a tool for the imaging of samples on the nano scale and as a force sensor for the handling and
measurement. After that, the unique potential of AFM has been well applied in interdisciplinary
areas, which covers many research fields including physics, chemistry, microelectronics, materials
science and especially the biomedicine. AFM is today a crucial tool for the development of nano

science.
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2.1.1 Physical Mechanisms of Atomic Force

AFM is the most rapidly developed technique in imaging in the last two decades. A physical probe
is used as the sensor to image the surface of samples and reach a rather impressive atomic
resolution by the interaction force between the probe tip and the sample. When the gap between
the AFM probe and the sample is small enough, there will exist different action forces*’l. Based
on the action scope and the strength of the forces, they can be divided into the long- range force
and short- range force. Generally if the distance from the sample is longer than 10nm, the force on
the probe is called as the long-range force. If the distance from the sample is less than 10nm, the

force on the probe is called as the short-range force.
1. Long-range force

The long-range force mainly indicates the action force when the distance from the probe tip to the
sample surface is more than 10nm, such as electrostatic force and magnetic force. A complete
theory is formed for these long range forces. Figure 2.1 mainly analyses the rotary and symmetric

probe system.

Cross Section
G(z-d) €1

Vx

Figure 2.1 Schematic diagram of the interaction between the sample and the probe. ¢; is the dielectric
constant of probe, ¢, is the dielectric constant between the sample and the probe, and &; is the dielectric

constant of sample.
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As show in Figure 2.1, owing to the smooth sample surface and the ideal rotary and symmetric

probe tip, the force acting on the unit volume of the probe can be obtained by the integral of

Lifshitz theory, and the Lifshitz theory is expressed as!*"

oo gx 1 1
f(z)‘WL -[l P [aexp(x)—1+ﬁexp(x)—l}dpdg @1)

where 7 is the reduced Planck constant, c is the speed of light, pand ¢ are the loss factors of

two dielectric constants. @ and [ are the constants.

Then, Eqg. (2.1) can be integrated to obtain the force acting on the probet*l.

F(d) = L f(2)G(z - d)dz (2.2)

where G(z-d) is the function of the force acting on the probe with the distance between the probe
and the substrate. From Egs. (2.1) and (2.2), the acting force between the probe and the sample
can be deduced in a common case, but it is difficult to have the parsed solution of two equations in
actual cases. Only the numerical values can be obtained with computers. Generally the acting
force between the probe and the sample under the semispherical conditions with the probe tip can

be expressed as!*®!

F)=—2 1B

d™ d" (2.3)
2. Short-range force

Generally the atom is a stable neutral electric system. When two atoms approach within several
nanometers, the external electronic clouds of the atoms will deform due to Coulomb electrostatic
force. The attraction force will first occur between the two toms based on the distance from remote

to near. When the two atoms approach to each other to some extent, the overlapping of electronic
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clouds and the interaction between the neutral charges will generate repulsive force. Provided that
the atoms are rigid small balls, the total potential energy of the system can be represented

approximately as'**!

A B

V(d)=-2 + =
@)=-2s 2 »

Then, the acting force between the two atoms can be expressed as'*!

oV mA nB
Fd)=—"—"=—— —
( ) ar dm+l dn+1 (25)

2.1.2 Analysis of Forces on the Probe

When the probe approaches to the sample, it will be generally suffered from different forces. The
types of forces under the air conditions and the liquid environments are different, as shown in
Table 2.1. The long-range forces mainly include the liquid film damping, electrostatic force and
surface tension (capillary force). The short-range forces mainly include the Van der Waals force

and Coulomb force. These acting forces will be described as follows.

Table 2.1 Main forces act on the probe when it approaches to the sample.

Force Range Types Note
Liquid film ~10um Resistance Exist in the tapping mode
damping
Long-range Electrostatic 0.1-1pm Attractive force or Relation to the type of
force repulsive force sample
force -
Surface tension . . .
. 10-200nm Attractive force Exist in air conditions
(Capillary force)
Van der Waals .
Short-range 0.1-1nm Attractive force
force
force -
Coulomb force | 0.01-0.1nm Repulsive force

1. Liquid film damping
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The liquid film damping is a damp film to obstruct the probe motion!*®!. Generally when the probe
approaches to or keeps away from the sample, the probe will suffer from a resistance at about
10um from the sample, the resistance is called as the liquid film damping. When the probe rushes
down, the air between the probe and the sample will be instantly compressed and will generate a
repulsive acting force. When the probe rushes up, the air between the probe and the sample will
generate the vacuum, which will lead to “an attractive force”. This obstruction only occurs in the

vacuum area. This force will not affect the contract mode of AFM according to the action range.
2. Electrostatic force

The long-range force and electrostatic force are frequent in AFM detection due to the influences
from the charge density on the surface of the probe and the sample. Generally, the electrostatic
force exists within the range of 100-1000nm from the probe to the sample!**8]. The electrostatic
force is attractive or repulsive depending on the different natures of the sample material. To study
the electrostatic force, the scientists specially developed the electrostatic microscope. The
electrostatic force may disturb AFM under the non-contact mode due to its acting scope. When it
happens, the ion sources with the reverse polarity will be used to eliminate the influences of the
electrostatic force in the acting area. In addition, the electrostatic force mainly exists under the air

conditions and appears very weak in the liquid environment, so it can be ignored in liquid-AFMs.
3. Liquid surface tension

The liquid surface tension is called as the capillary force and belongs to the long-range force. The
steam in the air will form 5-10nm water film on the surface of the sample*’. When the probe
approaches to the sample, the liquid surface tension will exist at 10-200nm from the probe to the
sample according to the thickness of the water film. The liquid surface tension is an attractive
force. If it is strong, it can pull the probe into the soft sample and lead to some damage. The liquid

surface tension occurs between the sample with the water film on the surface and the probe tip
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without water film on the surface. At this time, the sample and probe can be soaked in the solution
to eliminate the action, or the force is measured in the vacuum. This attractive force affects the
contact mode of AFM under the air conditions and will not be considered in the liquid

environment.

4. Van der Waals force

When the probe approaches to the sample, the probe will suffer from the first short range force,
which is called as Van der Waals force. Although the Van der Waals force is very weak, it is the
main acting force for AFM imaging. The Van der Waals force exists in the gas phase, liquid phase

and vacuum, and is very sensitive within 0.1-1nm from the sample!®”.

5. Coulomb force

When the distance between the probe and the sample reduces to about 0.1nm, they will
approximately touch each other. In this case, the atomic electron cloud will be overlapped and
deformed on the surface of the probe and the sample, and will exclude each other®!. The acting
force is 10%-10"""'N. This acting force will exist in the air conditions or liquid environments and
become an important part of the short range force to the probe under the tapping mode and the

contact mode.

Besides the above forces, the probe will be suffered from the double electron layer force, the
hydrophobic force and hydrated force which depend on the influences from different samples.
Moreover, due to the different materials of probes and the different factors in the liquid
environment, the probe may generate the compression force, the cutting force and the friction on

the XY plane during scanning.
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2.1.3 Principle of Atomic Force Microscopes

The AFM scans the samples based on the tip of the probe installed on the cantilever in an AFM
system, as shown in Figure 2.2. The acting forces between the sample and probe (repulsion force
or attractive force) change continuously in scanning, and the corresponding cantilever will be
deflected. The optical lever is used to magnify and reflect the laser beam off the cantilever to the
PSD (Position Sensitive Detector). After the photoelectric conversion and processing, the signals
showing the sample height will be delivered to the computer for processing and be restored to the
sample surface topography in real time. The height of the nano displacement platform is
controlled via the feedback system to keep the constant acting force between the sample and the

probe.

PSD

Laser

Cantilever

Sample r—/\/‘\/\

Tip

Figure 2.2 Schematic diagram of the force detection on the cantilever.

2.1.4 Operation Modes of Atomic Force Microscopes

Multiple different operation modes were developed according to the distance between the probe
and the sample and the detected force in imaging during the evolvement for the past decades. The
most common operation modes are the contact mode, non-contact mode and tapping mode, as

shown in Figure 2.3. The three operation modes are different, and have different operation
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principles. The following part briefly shows the three operation modes.

Mode Contact mode Non-contact mode Tapping mode

Diagram / /

NN

VA A A A e e VA A A A e

Figure 2.3 Schematics of the operation modes of AFM and the corresponding imaging results.
1. Contact mode

From Figure 2.4, we can easily find that the attractive force is generated between the probe and
the sample when the probe approaches to the sample®!l. With the decrease of the distance between
the probe and the sample, the probe will suffer from repulsion force between atoms. When the

repulsion force offsets the attractive force, the atoms will contact each other.

‘ Lo
Repulsive{ (.
force (N) S
i :Tapping mode
———p!
0 ! Distance (nm)
|
Attractive Contact 1 : | Non-contact mode
force [
mode 1+ 1

Figure 2.4 Relationship of the force and the distance, and the corresponding operation modes!®Y.
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The contact mode is also called as the repulsion force mode. The probe also slightly contacts the
surface of the sample and slides in scanning in this mode. Certain repulsion force exists in the
contact part between the probe and the sample. The cantilever will have a large upward deviation
due to the force from the probe, so that the AFM can obtain high-quality scanning images. To
ensure that the AFM probe does not damage the sample, the repulsion force between the probe and

the sample keeps about 107NF.

When people study the probe scanning process in the AFM contact mode in liquid, it is found that

the routes are not fully repeated and the “jump” phenomena will occur, as shown in Figure 2.5(B).

In Figure 2.5(A), when the probe approaches to the sample, the probe will first suffer from about
107N attractive force along the route A—B. The attractive force is very weak, so the cantilever
does not deflect. When the probe reaches Point B, the attractive force and repulsion force of the
probe will be equal and reverse, so they will be offset. When the probe moves along the route
B—C, the repulsion force will gradually increase and the cantilever will deflect upward. In Figure
2.5(B), when the probe keeps away from the sample, the moving route of the probe is not fully
overlapped with the route in Figure 2.5(A). The forces on the probe will be contrary in the routes
C—B and B—C. When the probe keeps away from the sample, the repulsion force will become
smaller. The upward deflection of the cantilever will become smaller and the cantilever will reach
the balanced state at Point B. The probe will suffer from the increasing attractive force in the route
B—D. The cantilever will deflect downward and the probe also suffers from the increasing elastic
force from the cantilever. When the probe moves to Point D, the elastic force to the probe will be
larger than the attractive force, so the probe suddenly breaks away from the sample and jumps to

Point A from Point D. It will generate a “jump”.
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AFM probe approaches the sample in AFM probe retracts the sample in
liquid liquid

Rpulsive t

force (N)

\

B A B A
Distance (nm) \] Distance (nm)
Attractive Attractive D
force (N) force
(A) (B)

Figure 2.5 Moving route of the probe when it approaches the sample and retracts. (A) AFM probe

approaches the sample in liquid. (B) AFM probe retracts from the sample in liquid.

The contact mode will differ during operations under different environmental conditions. The
sample will condensate a 5-10nm water film on the surface under the air conditions. When the
probe enters this area, the probe will be attracted by the liquid surface tension of the steam. In
addition, the electrostatic (attraction) force should not be ignored. The movement of probe will
generate some forces which may damage the sample in scanning in this mode (E.g. shear and
friction). The forces may even affect the AFM imaging quality and could not truly reflect the
sample pattern. When the contact scanning is performed in the liquid environment, although the
electrostatic force and liquid surface tension are not considered, the probe may deform, move or

damage the sample, and even affect the imaging quality of the AFM.

The contact mode indicates the operation in contact with the sample, so the sample under the test

should be solid.

2. Non-contact mode

The probe does not directly contact the sample surface in the non-contact mode. The probe will
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scan with 1-10nm amplitude at 5-10nm above the sample®®. The operation mode is contrary to
the contact mode. The probe does not contact the sample, so the non-contact mode will not
damage or pollute the samples, and no special requirement for the sample rigidity is needed in this

mode.

The image is formed in the non-contact mode by detecting van der Waals forces between the
probe and the sample. The gap between the probe and the sample is controlled by keeping the
stable resonance frequency of the cantilever or constant amplitude during scanning. Based on the
vibration theory, vibration is very sensitive to the force change. In the non-contact mode, the probe
approaches to the sample at the resonance frequency. The probe frequency changes due to the
acting force. The change of the recording force can be detected by detecting the amplitude change.

The theoretical analysis is described as follows.

The vibration equation of the cantilever in the operation mode is expressed as®?

Z"'+2ym,2'+wiz —F, sin(ot) =0 (2.6)

The relationship between the amplitude of cantilever and the drive frequency can be written as

A: AO(CUO/CO)
\/1+Q2(a)0/a)—a)/a)0)2 2.7)
o, = Ck

where A is the probe amplitude, Aq is the probe amplitude in the resonance frequency, w is the
shock excitation frequency, wy is the resonance oscillation frequency of the probe, ¢ is the function

of the probe mass, k is the elastic constant of the probe, and Q is the quality factor of the probe.

When A is very small, the force f (acting force between the probe and the sample) can be regarded

as the elastic force. The tangent gradient reduces by k, so g reduces to w.
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If /" <<k, then

Aw = w,f'12K (2.9)

From Eqgs. (2.8) and (2.9), the acting force f can be obtained via /" integral and /" can be expressed

aS[52]

. 1-2a% +,/4Q%(a% -1) +1

< (2.10)
2(Q°-a’)

As shown in Figure 2.6, to make the sensitivity of /' reach the maximum, the probe should be
located in the steepest area of the relation curve between the amplitude and the shock excitation
frequency (the frequency is 295kHz). In this case, the probe shock excitation w,, can be obtained

based on Eq. (2.8).

o, ~ w,(1£1/~/8Q) 2.11)

Then, /" reaches the maximum. Combined with Egs. (2.6) and (2.8), the amplitude-frequency

characteristic of the probe can be expressed as®®?

A =QAQ/3V3K) ' 2.12)
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Figure 2.6 Relationship of the amplitude-frequency characteristic of the probe.

Based on the above description, the non-contact mode requires highly sensitive force detection
device. This mode has low resolution and is not suitable for operations in the liquid phase

environment.
3. Tapping mode

The tapping mode is called as the knocking mode or vibration mode. Like the non-contact mode,
the tapping mode will generate vibration by exciting the cantilever based on the piezoelectric
crystal. Its vibration frequency approaches to the resonance frequency of the cantilever
(100-400kHz). The amplitude is over 20nm. The amplitude of the cantilever is larger in the
tapping mode and it is within the Van der Waals forces and liquid surface tension as the attractive
force, so the force acting on the probe includes the repulsion force and attractive force®. The
total force is about 10°-10"N. The vibration probe will frequently contact the sample surface in
operation, so the resolution can reach the nanometer magnitude in the contact mode. The damage
to the sample due to the shear between the probe and the sample can be ignored due to the

instantaneous contact. It breaks through the AFM restriction in the contact mode.
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Figure 2.7 Schematic diagram of the tapping mode of AFM. (A) The vibration probe does not contact

the sample. (B) The vibration probe contacts the sample.

As shown in Figure 2.7 under the air conditions, when the vibration probe does not contact the
sample, its vibration is “free” vibration with the full amplitude. When the vibrating probe contacts
the sample, the probe’s amplitude will reduce due to repulsion force and the probe is forced to
vibrate. The cantilever will deflect upward, and the detector will obtain the change of the
amplitude. Then, the stable amplitude of the cantilever is kept via the feedback system, and the
sample topography is obtained. The specific process is shown in Figure 2.8. The probe approaches
to the sample along the route A—B and will be suffered from the attractive force between the
probe and the sample, so its vibration frequency will reduce slightly and its amplitude will also
reduce. When the probe moves to Point B (namely the gap between the probe and the sample is
the amplitude of the probe), the probe can contact the sample surface. At this time, the acting force
between the probe and the sample mainly includes the repulsion force. When the probe continues
forwarding along the route B—C, the probe amplitude and distance are linear like the contact
mode. If the amplitude increases, the knocking force between the sample and probe will affect the
amplitude. When the probe reaches Point C, its amplitude approaches to zero. If the probe

continues forwarding to Point D, the cantilever will deflect upward.
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Figure 2.8 Relationship between the distance and the amplitude when the probe approaches to the

sample.

In the tapping mode, it is difficult to calculate the amplitudes of different points on the probe
surface under actual conditions. In addition, the tapping mode is also applicable to the operation
under the liquid phase environment. The liquid phase environment is close to the true
physiological condition of the microbes such as cells, so this operation mode is extensively

applied in the cytobiology.

2.1.5 Scanning Techniques

At present, there are many kinds of commercial AFMs in the world and the designs of their probes
are diversified. However, each design of probe aims to pursue high resolution scanning images.
Based on this purpose, under the fundamental principle of minimizing the load of piezoelectric
scanner, the feedback speed and scanning speed in the Z direction are ensured and the linear
scanning in the X/Y direction is realized. According to different designs of probes, the scan mode

of AFM can be divided into two common modes™.
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Sample-Scanning AFM is referred to the SS-AFM. In this mode, the laser, QD (Four-quadrant
Photo Detector) and probe are fixed. The real-time PZT control moves the sample on the XY plane

and in the Z direction, and simultaneously obtains the sample topography.

Tip-Scanning AFM is referred to the TS-AFM. In this mode, the scanner drives the probe to scan
the surface of sample, which is relatively static, simultaneously obtaining the sample topography.

Moreover, compared with the SS-AFM, it needs to bring in a light path tracing system.

Sample scanning probe feedback sets the advantages of scanning and probe scanning in one. It
applies the plate scanner to drive the sample to scan the XY plane, uses the Z direction PZT
(Piezoelectric Transducer) to control the timely feedback of probe, and simultaneously obtains the

sample topography.

Different scan modes have their advantages and disadvantages. In the thesis, the sample scanning
mode was selected according to the experimental environment, difficulty level of realization,
accuracy of measurement and sample size. The scanning path of AFM is the “Z”-shape which is

described in Section 3.7.

2.2 Fundamental Theories and Models of Optical Tweezers

In 1970, Ashkin found that the focusing laser beam could pull the micro particles which had a
higher refractive index in medium, to the focus of laser beam™. The dielectric micro particles
were accelerated by the attractive force in the opposite direction generated by the argon ion laser.
He displayed the motion of a particle restricted by the counter propagation laser beam in
three-dimensions. In 1971, Ashkin and Dziedzic firstly realized the optical capture of dielectric
microparticles under microscope. Subsequently, they developed a single-beam optical tweezers in
1986°1. The optical tweezers can utilize the light scattering force to confront the gravity of

microparticle and light pressure force of laser beam in the opposite direction, and to maintain the

34



stable vertical positioning of particles. Moreover, the gradient dipole force kept particles in the
central positioning of Gaussian beams. At present, the single-beam optical tweezers have been
used widely and could be used to research angular momentum light, thus to measure the internal

stress of cells.

In the traditional single-beam optical tweezers, a high numerical aperture lens was used to focus
the laser beam to a diffraction limit point, and then a single-beam gradient trap can be generated
by the light gradient in the sample plane. Near the focus, the optical trap could capture the particle
which the refractive index is higher than that of medium. All of particles with dimensions between
nanometer and tens of microns, including insulated particles or small metallic particles and even
animate particles, can be operated by optical tweezers. If a particle has the same refractive index
with that of medium, the particle will not be attracted by light beam. If the refractive index of
particle is lower than that of medium, the particle will be affected by a repulsive force to keep
away from the light beam. In the last decades, the optical tweezers has been mature as an
important tool in the fields of biology, physical chemistry and biophysics. Biologists are firstly
aware of the potential of optical tweezers and use it to capture and operate micro-particles. In the
biological field, the optical trap provides a new tool to operate microorganisms and cells. Different
biological objects have been captured successfully, including viruses, bacteria, yeast cells and red
blood cells® 8. Subsequently, the light gradient force and optical trapping potential have been
extended to single-cell manipulation and single-cell sorting. Since there is less-damaged in the
process of capturing particles with optical tweezers, optical tweezers becomes an important tool in
biological studies™!. Moreover, optical tweezers can be easily combined into existing commercial

microscope systems.

Combined with new instruments, optical tweezers can play a greater role. For instance, together
with an automatic mobile platform, optical tweezers could be used to select and separate different

cells, and to perform the DNA manipulation®®!¢2l: together with a high-precision position
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sensor, and the tweezers could be used to measure the biological force, as shown in Figure 2.9,

Figure 2.9 Optical tweezers were used to stretch the chromatin fibers®?,

2.2.1 Fundamental Theories of Optical Tweezers

In the single-beam optical tweezers, the laser beam can be focused in liquid through a high
numerical aperture lens, and all particles near the focus with refractive property can be attracted to

the focus.

In the basic optical tweezers, it contains a highly stabilized laser, high numerical aperture lens,
beam expander, optical adjustment system and the tools for observing the capture of samples, as
shown in Figure 2.100. Combined with a high precision platform, dynamic positioning of sample
relative to the trapping potential could be provided, which greatly facilitates the calibration. The

platform can realize the motion of sample and the relative motion of captured objects.
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Figure 2.10 Schematic diagram of the single-beam optical tweezers®.

There are two typical methods, namely numerical calculation method and experimental

measurement method, to describe the capturing force of operating objects with optical tweezers.

In the numerical calculation method, two kinds of models are applied to deduce the optical
trapping force on particles. The first one is the RO (Ray-Optics) model, which is suitable for that
the dimension of object is much larger than the wavelength of laser beam®!. The second one is
the ESM (Electromagnetic Scattering) model, which is suitable for that the dimension of object is
smaller than the wavelength of laser beam!®®. The RO model has developed quite perfect, while
the electromagnetic scattering model introduced to electromagnetic calculation remains to be

further demonstrated.

2.2.2 Ray-Optics Model

In order to reduce the complexity of calculating the optical trapping force, the handled objects are
usually considered as the homogeneous and transparent particles. The reason for this is that other

shapes are difficult to be calculated, the cell walls of the most animal cells and plant cells are
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spherical, and the polystyrene balls and silicon balls which are usually used as operation handles
are also the spherical. Hence, analysis of optical trapping force on Minovsky Particle imposed by
laser can apply the principles of RO model to analyse the force condition of particles and apply
the approximation algorithm of geometrical optics, as shown in Figure 2.11°"). Because of the
common occurrence of spherical center scattering, many efforts have been made to research the
interaction of linearly-polarized beams and spherical objects. In order to obtain the numerical
calculation of optical force under the RO model, researchers have developed many models. The

most common model of capture mechanics was proposed by Svoboda et al. in 1994.

2
wPT

PT2R?

Laser

Figure 2.11 Schematic diagram of Ray-Optics model”.

Figure 2.11 illustrates the RO model for the force acted on the medium sphere by single-beam
incident light with the power of p. The incident power in unit time is n,p/c, and the angle

between the incident light and the medium sphere is 6. The reflection light PR and the refracted
lights PT? and PT?R? are visible in Figure 2.11. In the scope of geometrical optics, light can be
divided into many single beams with the same strength, the consistent direction of transmission
and the same polarization. Each beam travels along a straight line in the same medium. The laws

of refraction, reflection and polarization of light at different medium interfaces comply with
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Fresnel Principle and the diffraction of light in the field is neglected. The force imposed on the
medium sphere is the sum of the light PR carried by the reflection light on the surface of sphere

and the lights PT? and PT?R? refracted from the inside of sphere!®®.
F=Qn,pl/c (2.13)

where Q is the non-dimensional coefficient, n; is the refractive index of environment around the

sphere, p is the laser power, and c is the light speed in the vacuum.

The force imposed on the sphere by light can be divided into the scattering force fy, that travels
along the light and the gradient force fy.4 that is perpendicular to the propagation direction of light.

According to Eq. (2.13), it is concluded that if the power of laser remains unchanged, for the same

particle, the acting force of light acted on the particle can be expressed as®

T*[cos(@—6 )]+ Rcos26

fe. =1+ RC0s26 - > .
1+R*+2Rcos26 (2.14)

2 - _ ' .
=R00520—T [sin2(6—-6 )]+ Rsin 26

f .
grad 1+R? +2Rc0s26 (2.15)

where R and T are the reflectivity and the refractive index of light on the surface of sphere,

respectively; 6 and 6’ are the angle of reflection and refraction, respectively.

In the RO model, the gradient force and the scattering force of light imposed on the sphere are the
vector sum of the gradient force and scattering force of all divided laser beams. This method is
simple in calculation and easy to discuss the factors of effects on the optical trapping force.
However, this method cannot present the relationship between the acting force of light acted on
the particle and the size of particle, it neglects the diffraction spots after the focus of laser.

Therefore, based on this method, the neglected optical polarization and scattering of light beam
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are taken into consideration to improve the calculation of optical trapping force of Minovsky

Particle.
2.2.3 Electromagnetic Scattering Model

If the particle diameter is much smaller than the light wavelength and in the scattering field of
Rayleigh, the acting force on the particle can be calculated through the electromagnetic scattering
model. For the electromagnetic scattering model, if the diameter of light spot generated by the
highly focused laser is larger than the particle diameter, it can be considered that the particle is in
a non-uniform electric field, which generally comes from the light distribution of laser. In general,
the laser intensity has a fundamental-mode Gaussian distribution, namely, the laser beam is the
strongest in the center and decreases gradually to both sides. If the particle is in a uniform
electromagnetic field, it is easily affected by the distribution of electromagnetic field to show
polarization itself. If the particle is in a non-uniform electromagnetic field, instead of polarization,
it receives the function of electric field in electromagnetic field and the particle moves to the place
where the electric field is the strongest. To sum up, if the particle is in a laser beam, it always
moves to the center of light beam which originates from the interaction of the light-induced dipole

moment between the electric component of light and the particle, as shown in Figure 2.12!2.
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Figure 2.12 Schematic diagram of the force of Rayleigh on electromagnetic fields®®.
Therefore, after the laser beam is focused, the light intensity at its focus is the strongest and the

particle finally moves to the focus being caught. Then, the gradient force caused by the Rayleigh
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particle can be expressed as'®”!

F, =—n avE?
2

(2.16)

where VE? is the gradient of light intensity, a is the polarizability of dipole moment of the

Rayleigh particle and it can be expressed ast”™

2
zm_l

a=3n
"m?+2

(2.17)

n
where m=—2 is the relative refractive index of the particle, R is the radius of particle. This is

n

m
the influence of the field induced by adjacent dipoles in the low-frequency case described by
Clausius-Mossotti relation. The force is directed along the opposite direction of field gradient
when « <0, and directed along the positive direction when ¢ >0. That means the particle will
be pulled into the centre of the light field maximum when its density is larger than that in the

surrounding medium.

Combining the above techniques, the model RO and EM show that the particle will automatically
move towards to the maximum of light intensity by the gradient dipole force. When the gradient
force equals to the scattering force, the particle will be tapped. Then combined with a high

magnification microscope, the particle can be manipulated in real-time.
2.2.4 Experimental Measurement

Theoretical calculation cannot substitute direct measuring results, because the optical force is
sensitive in the tiny movement on the geometric deflection. There are many methods that can be

used to calibrate the stiffness when the optical tweezers are in operation, such as the drag force
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method, power spectrum method and equipartition theory. The drag force method is normally
divided into the static method and the dynamic method. In the static method, after the particle is
captured, the sample driven by the location platform moves at a constant velocity (usually
trapezoidal movement). Subsequently, the particle deviates from the initial balance position due to
the drag force of medium and reaches a new balance between the drag force and viscous force of

light. The drag force can be calculated through Stokes' law!™!

F =677Rv (2.18)

where v is the velocity of the platform, R is the radius of the particle, and 77 is the viscosity of the
solution. Then we can calculate the drag force under a certain offset until the particle cannot be
captured. In the dynamic method, the particle is fixed at the position with a certain distance from
the laser focus and the capturing laser is off at the beginning. When the laser is on, the particle
will move to the focus of light beam. In the process, the motion curve of particle can be monitored

and recorded in real time. The following equation is suitable for this process’?

S = Ftrap (S) - I:drag (S) (2.19)

where s is the location of the object and m is the mass of the object. The drag force can be
calculated through the position of particle (function of time) and the Stokes' law. In addition to the
above two methods, limited escaping force method is also developed by researchers. Because the
tapping stiffness at the escaping point is different from the stiffness of the non-escaping point, the
drag force method could not determine the accurate tapping stiffness. When the tapping particle
vibrates at the balance point, the amplitude and frequency are related to the trapping stiffness. The

power spectrum of deviation of a sphere 'x"is given by the following formulal™.

K, T

S (f)=— b
() nr(f2+12)

(2.20)
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k . - _ _
where f, =ﬁ is the characteristic frequency, T is the temperature, k, is the Boltzmann
TT.

constant. In the method of power spectrum, the tapping stiffness can be induced by the
Levenberg-Marquardt (LM) algorithm. Here, the Lorentzian power spectrum of silica bead

moving within one optical trap is shown in Figure 2.13.
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Figure 2.13 The Lorentzian power spectrum of the Brownian motion of a silica bead moving within

one optical trap produced by a laser with 6mw(™!.

The calibration of the thermal noise only relies on temperature and can obtain accurate results. It
demands high precision measuring instruments, and the result can easily be affected by the band
width and noise of system. In general, such calibration result usually contains an error of 5%.
Accurate measurement of the cell force is significant to understand the physiological and
pathological states of cells and tissues. Many numerical computation methods and experimental
calibration methods have been used to obtain the optical force when optical tweezers are in
operation. The force imposed on an object by optical potential trap depends on the properties of
object (including size and composition) and the properties of optical potential trap (including the
shape and stiffness of light beam), which can be described through the methods of numerical

calculation and experimental calibration.
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2.3 Applications in Cytology Based on AFM and Optical Tweezers in Liquid

2.3.1 Characterization of Biological Cells Based on Liquid-AFMs

AFM has great potential in a broad range of research fields, including biomechanics, biophysics
and biochemistry, in particular, for the study of cells. AFM is used both as a tool for the 3D
topographical information observation of cells on the nano scale and as a micro robot for the
manipulation of cells. AFM can be directly used in the desired physiological conditions such as
surface measurement, manipulation and characterization of living cells, bacteria, viruses, DNAS,
protein molecules, and a variety of organic molecules. In addition, AFM still has been widely
concerned as a sensitive sensor for the measurement of the force curves over the sample surface,

such as elasticity, hardness, adhesion and friction.

2.3.1.1 AFM detection of topographical information

AFM was the most rapidly developed scanning imaging technique in the last two decades. It uses
a physical probe as a sensor to image the surface of samples with an impressive atomic resolution
by the interaction force between the tip of probe and the sample. Its resolution can be reached up
to 0.1nm transverse resolution and 0.01nm longitudinal resolution, more than several thousand
times of the resolution of optical microscopes. Moreover, compared to any other imaging
microscope techniques, AFM is particularly useful for the research of biological systems due to

the minimum preparation of the sample. The culture medium can be changed while scanning cells.

In cytology, AFM is capable of detecting the changes between transformed cells and normal cells
in terms of morphology, cell growth, cell to cell interaction, especially organization of
cytoskeleton!3IeIT7] AEM was used as a highly sensitive microscope for cell research. Barrera
et al. used AFM to obtain different magnification images of Ab-decorated receptors, and provide

the morphology information about the architecture of three types of ligand-gated ion channels, as
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shown in Figure 2.141"®1 In other studies, Braet et al. used AFM to investigate surface and
submembranous structures of living hepatic natural killer (NK) cells under the physiological

conditions.
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Figure 2.14 Different magnification images of 5-HT3A/B and 5-HT3A receptors scanned by AFMLl.

However, AFM has not been the straight microscopy in the majority of these applications.
Confocal microscopy, in particular fluorescent optical microscopy, is still superior to AFM for cell
imaging due to its quick imaging and provides robust statistics. The major advantage of AFM
comes from several features, including ability to detect surface interaction, capability to obtain the
force curve of cell stiffness and mechanics and extremely high sensitivity in the vertical

deformation of cantilever.
2.3.1.2 Atomic force spectroscopy of surface interactions

It has been shown that AFM is capable of measuring the force curve between single molecules
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attached to AFM tip and surfaces of interest. It has vast potential applications beyond biomedical
field. This mode of operation is usually called atomic force spectroscopy!’®. Any material of
the samples is generally available for the morphology imaging with AFM. Meanwhile,
ligand-receptor interactions on the cell surface are different interactions between the probe and

sample are usually identified as the supplement to the information of the samplel®*l.

Unlike the imaging function of the AFMs, atomic force spectroscopy usually needs to close the
feedback loop. Cantilever-probe is used as a force sensor to characterize the samples. The
characteristic information in each scanning point is more accurate than the surface information
obtained in scanning process. In general, the AFM tip approaches the cells sample at a certain
speed and indentation force by the movement of PZT. During the process, the deflection of
cantilever will be detected by PSD, and the characteristic information of cell mechanics and
surface interactions can be analysed. Moreover, it can also attain a considerable higher resolution,
especially along the vertical direction. The research of surface interactions is beneficial to
understand and explore the complicated development processes of physiological and biochemical

changes at the single-molecule level®.

The atomic force spectroscopy represents the deflection signal for each complete up-down
movement of the PZT. Typically, the cantilever stays in its balanced state and zero deflection of
the force curve if tip away from the sample surface with no long-range interactions, as shown in
Process A in Figure 2.15. The pull-down process continues, when the sample is brought close to
the tip, and due to the attractive forces between the tip and the sample, the tip adheres to the
sample, as shown in Point C in Figure 2.15. Then, the sample scanning is carried up as the PZT
continues to extend. Eventually, the spring force equals to the attractive forces with non-deflection,
as shown in Point D in Figure 2.15. When the PZT continues to extend, a strong repulsion force
between the sample and the tip will exist, and the cantilever bends against the sample, as shown in

Process F in Figure 2.15. After each approach, a force versus extension profile can be obtained.
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During the process, the AFM tip will form a slight upward bend by physical adsorption, covalent
bonding, or ligand-receptor interaction. When the tip and sample separates, the cantilever adheres
to the surface of sample due to an attractive force, and results in a cantilever bending towards the
substrate, as shown in Process G in Figure 2.15. Then, the cantilever performs a sudden rebound
as the bending stretched further, and finally is pulled free with non-deflection, as shown in Process

H in Figure 2.15.
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Figure 2.15 Schematic of the typical force-distance curve in atomic force spectroscopy. O Probe is
away from the sample with non-deflection. @ Probe is pulled down with the upward deflection due to
the attractive force. ® Probe sticks to the surface of sample. @ Probe is pulled down when it reaches a
balance with non-deflection. & Probe is pulled away from the sample as the indentation is completed.

(® Probe sticks to the sample with the downward deflection due to the attractive force. @ Probe
performs a sudden rebound when it leaves the surface completely. (8 Probe is pulled free with

non-deflection.

2.3.1.3 Cell mechanics

In the studying of cell mechanics, the AFM records viscoelasticity characteristics on the cell
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surface with sub-nanometer resolution. It has a unique advantage in the lateral manipulation and
enough loading force on the surface with extremely high precision. Moreover, the pathogenesis of
diseases can be attained with the AFM method by the correlation of elasticity of different
diseases®®]. Berdyyeva et al discovered that the cell elasticity could be changed quite considerably
in older versus younger cells, as shown in Figure 2.16®%. The Young’s modulus of older cells was

decreased two to four times than the younger cells, and the volume of older cells was increased.
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Figure 2.16 Statistics of the cytoskeleton!®”.

By now, there are many scholars researched on the detection of elasticity of cancer cells, which
shows differences from normal cells, including indentation measurement of living cells® and
viscoelasticity characteristics detection during cell division or bio-efficacy®. In addition, cell
adhesion refers to cell-cell and cell-matrix interactions, which is not only the main approach for
the communication between cells but also an important biological phenomenon for the
maintenance of morphology and functions in multi-cellular organisms®®. For instance, on the
research of artificial organs, the cell-cell adhesion and the cell-substrate adhesion are closely
related to the biological compatibility of artificial implants®. Hence, AFM has been used in the

research both as a terminal executor for the detection of the morphology character on the cell
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surface and as a manipulator for the acquirement of various mechanical properties on the cell
surface. Above all, great attention has been paid to the cell-cell adhesion, cell-matrix adhesion,
stiffness change of cells and viscoelasticity distribution, related cell morphology structure,

function, deformation ability and adhesion of cells.

2.3.2 Characterization of Biological Cells Based on Optical Tweezers

Compared with the cell test method in traditional medicine, the application of optical tweezers as
the cell testing tool could solve the problems existed in the test of biomedical cells. Optical
tweezers could control the living cells without any damage and rapidly isolate them from the
various clusters. Moreover, optical tweezers has a little impact on the surrounding environment
during the process of cell manipulation. Implementation of capture and separation experiments for
cells using optical tweezers could conveniently study the properties of cells, such as the adhesion
between two cells, the elasticity of the cell membrane and the strain capacity of the cell, thus to

effectively understand the real physiological process of cells!®"]

. However, applying optical
tweezers to the test of cells also has many disadvantages and its theory is still immature, which

needs further analysis and development.

2.3.2.1 Elasticity of cell membrane tested by optical tweezers

The red blood cell of human body has a small volume, with a diameter of only 7um, and has a
shape like a disc, down in the middle and thick at the edge, with good elasticity and plasticity.
Moreover, the diameter of blood capillary is smaller than micron. When it passes through the
blood capillary which the diameter is smaller than it, it can change its shape and restore the
original shape after it passes. Thus, it can be seen that the blood capillary must have good
orientation property to go through the blood capillary without any damage. The results show that
such deformation characteristic of blood capillary plays a critical role in the process of blood

circulation. Therefore, the elasticity of blood capillary is an important indicator to reflect the
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functional activity of blood capillary. Fontes et al used optical tweezers to measure the membrane
viscosity, cells adhesion, and the zeta potential of two RBCs (Red Blood Cells) in an electrolytic
solution, as shown in Figure 2.17°!. The cell adhesion was quantified by displacing two RBCs
apart until they were not agglutinated. The experimental results showed that the
force-displacement relationships for the red bloods could be obtained reproducibly in vitro and

further demonstrated the existence of elastic properties of the red blood cell.

Figure 2.17 Optical tweezers were used to measure the cell adhesion quantified by displacing two

RBCs apart until they are not agglutinate®!.

2.3.2.2 Quantity of electric charge on the surface of cell tested by optical tweezers

The electric charge on the surface of cell is closely related to the growth cycle of cells and directly
affects the changes of physical functions of cells. It plays an important role in the cell
differentiation, cell recognition, cell adhesion, swallowing and spitting of cells and transformation

from normal cells to cancer cells®®?. At present, the common method of biological medicine could
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not measure its quantity of electric charges, and could only know that the quantity of electric
charges on the surface of cell has changed, but could not demonstrate the variable quantity. The
variable quantity of electric charges on the surface of cell has an important meaning for further
research on physiological properties of cells. Therefore, the method for detecting the quantity of
electric charges on the surface of cell by optical tweezers has been proposed. Pesce et al used
optical tweezers to measure the surface electric charge of single Bacillus subtilis spores, as shown
in Figure 2.18". This technique was able to discriminate the three spore types of Bacillus subtilis

according to their hydrodynamic coefficient induced by the surface charge.
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Figure 2.18 Optical tweezers were used to measure the surface charge of Bacillus subtilis!®®.

Since the surface of cells has positive and negative changes, cells scatter in the solution in
suspended states. In an electric field, cells generate electrophoresis due to the influence of electric
field and the cell suspension will occur with electro-osmosis, thus to generate an electro-kinetic
phenomenon. At this time, cells and the reference sample start the relative motion with the

movement speed depending on the magnitude of external electric field, so controlling the
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magnitude of external electric field can control the movement velocity of cells. The combination
of optical tweezers and the electro-kinetic phenomenon reaches the purpose of detecting the
quantity of electric charge on the surface of cell. Since the cells have different suspending heights
in liquid, it causes inaccurate measurement results. Therefore, a method that could accurately
describe the mechanical characteristics of cell manipulation is needed to accurately express optical

force.

The above mentioned are the main applications of optical tweezers in implementing cell tests. The
biggest difference between them and existing biomedical cells is that optical tweezers could test
living cells without any contact, ensure cell activity, and make test results more accurate. Medical
test method, for instance, the LFCM (Laser Flow Cyto Meters), needs to implement fluorescence
calibration for cells, and can only test the calibrated cells, thus to affect the cell activity and lead to
the error between the test results and living cells. However, optical tweezers technology is still
immature with many problems. For instance, optical tweezers implement tests by applying the
different refractive indexes of the media, while there are cells mixed in different sizes in cell
research. Therefore, it is meaningful for the combination of the optical tweezers technology and

medical test method.

2.4 Methodology in the Thesis

In this thesis, a hybrid nano handling and measurement technique based on AFM and optical
tweezers is presented and the techniques to realize innovative and multi-functional applications in
biomedicine are studied. Among them, the technique based on AFM is able to visualize and
quantify the dynamics of living cells in culture on the nano scale, especially the cellular shear
adhesion force was accurately measured in the research of the cell-substrate interaction in terms of
biophysical perspective. The innovative findings are conductive to study the cell-cell adhesion, the
cell-matrix adhesion, related to the cell morphology structure, function, deformation ability and

adhesion of cells and better understanding of the cellular dynamic behaviors. The technique based
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on multiple optical tweezers are able to characterize the optical trap stiffness and the escape
velocity, especially to realize the capture and sorting of multiple cells by a polarization-controlled
periodic laser interference output. It can trap and move hundreds of cells without any physical
contact, and has broad application prospects in general biology, cell biology, Immunology, cell
engineering and genetic engineering. The framework of methodology of my work is shown in

Figure 2.19.
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Figure 2.19 Framework of the research methodology.

Compared with the predominance and the deficiency of nano handling and measurement
techniques and combined with the background and motivation in this thesis, an integrated system
including liquid-AFM and OT based on laser beam interference is developed. Moreover, several
potential applications, including cell imaging, cellular viscoelasticity measurement, cellular shear

adhesion force measurement, cell escape velocity measurement and the capture and sorting of
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multiple cells, are experimentally explored. Among them, the cellular shear adhesion force
measurement and the capture and sorting of multiple cells by polarization-controlled three-beam
interference are the unique applications which can effectively improve the detection mechanisms

in medicine tests.

Benefiting from the methodology of the hybrid nano handling and measurement technique, several
chapters, which revealed in views of system development, theoretical derivation and applications
respectively, are well established. Chapter 3 describes a novel development of liquid-AFM system,
which is capable of imaging both in liquid environments and air conditions with high resolution. A
unique scanner head and liquid cell are developed which can overcome the limitations of current
AFM systems developed above. The innovations bring about a high level of system integration in
the structural design and provide a suitable environment for biological samples which can live for
a long time. In Chapter 4, the biomechanical analysis of quantities of individual single cell
applications is explored with high efficiency and straightforwardness. It shows the relationship of
biomechanical and cellular viability, which is not clearly provided in the state-of-art. The method
provides a way for the measurement of the cellular shear adhesion force between the cell and the
substrate, and for the simultaneous exploration of cells using the AFM imaging and manipulation.
Subsequently, Chapters 5 and 6 are to implement the development of nano handling technique
based on OT. The main objective of Chapter 5 is to develop single optical tweezers, and a novel
static viscous-drag-force method has been presented to characterize the optical trap stiffness and
the escape velocity. Inspired by the shortcoming of experimental results in Chapter 5, a sensitive
and highly efficient polarization-controlled three-beam interference set-up is proposed for the
capture and sorting of multiple cells in Chapter 6. With the theory of superposition of three beams,
simulations on the influence of polarization angle upon the intensity distribution and the laser
gradient force change with different polarization angles are carried out. Hence, the methodology
focuses into the innovation of nano handling and measurement of biological cells in culture and

the improvement of the detection mechanisms in medicine tests.
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2.5 Summary

In this chapter, two basic concepts in the traditional AFM and OT are introduced. These two
techniques have become the most basic tools for biomedical research with their unique working
method. This chapter mainly shows the generality and efficiency of biological characterization
based on the AFM and OT, and describes their working principle, working mode and working
process in the application of biomedical research. With the investigation of traditional products, it
is found that there are a number of limitations associated with the nano handling and measurement
problems in the physiological cases such as the structural design of AFM for the air condition may
not be suitable to work in liquid, few reports on OT has considered the dynamic analysis during
the automated transportation and most of studies for the creation of multiple optical traps are
limited to create a pattern of linear interference fringes or a few of dot traps without adjustable
formations. Hence, the methodology is addressed to overcome the deficiencies in Section 2.4. In
the subsequent chapters, the integrated system and its application in biomedicine research will be

described in detail.
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Chapter 3

Development and Optimization of Liquid-AFM

In the previous chapter, we discussed the working principle, the operation modes and the scanning
techniques of atomic force microscope for applications in the field of biomedicine and addressed
the shortcomings in current research. On that basis, this chapter designs and establishes the
completed liquid-AFM. The main tasks are to design and manufacture a new liquid-AFM probe
unit, establish new photoelectric detection system, develop and optimize the scanning control and
feedback circuit, and compile the scanning control software which is suitable for the cell imaging
used in air conditions and liquid environments to improve the working efficiency and accuracy for
the micro/nano manipulation. Each part of the liquid-AFM is described as follows, including the
structure of probe unit, the photoelectric detection system, the micro/nano feed mechanisms, the

external devices and the scanning software.

3.1 Design of Liquid-AFM

Figure 3.1 shows the schematic of a liquid-AFM currently under the investigation. It basically
comprises five main parts, including the liquid-AFM probe unit which consists of a quick-release
chuck for the attachment of probe holder and an unique liquid cell, the photoelectric detection
system which consists of an AFM scanner, the position control platform, the laser and the PSD
(Position Sensitive Detector) for measuring the deformation of the cantilever and an optical
microscope with CMOS (Complementary Metal Oxide Semiconductor) camera for monitoring the
position of the probe and the samples, the micro/nano feed mechanisms which consist of a coarse

adjustment displacement platform and a fine adjustment displacement platform, the external
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devices which consist of A/D (Analog to Digital) and D/A (Digital to Analog) converters, and the

human-machine interface system with the control software and the sample imaging in real time.
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Figure 3.1 Schematic set-up for nano handling and measurement of biological cells in culture.

In the liquid-AFM, the stepper motor positioning stage is the micrometer-ranged coarse
approaching mechanism placed on the table and it supports the PZT scanner. The 3D PZT scanner
is the precise approaching mechanism with the motion range of 150pum>150um>150um. The
sample to be measured is placed on the scanner. Hence, a typical optical detection method for
sample-scanning AFM is developed. The collimated laser beam is focused on the reverse side of
cantilever coating with the metallic reflector, and reflects the movement of cantilever through the
interface of air-solid and solid-liquid. Then, the atomic forces are transformed into a magnified
deflection displacement and detected by the PSD without the influence between the surface
tension and the probe. This method has enabled the elimination of the limitations of current AFM
systems which are hard to work in both air conditions and liquid environments. When the probe
approaches to the sample, the scanner drives the sample to implement the scanning in the direction
of X-Y and the cantilever deflects with the surface undulation of the sample. As shown in Figure

3.1, the red laser is reflected from the cantilever and probe, and detected by the PSD. It can detect
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the deformation of the cantilever, due to the external atomic force between the sample surface and
the probe. While the probe is brought to contact with the surface of the sample, the system starts to
scan over the sample. The square PZT, selected as the scanner in the AFM system can also remove
the scanning errors produced by PZT Tubes. After the conversion of A/D card, the human-machine
interface and the feedback control system can receive the detection signals. When the sample is
scanned along the direction of X-Y, the recording of the PZT displacement in the Z direction can
obtain the three-dimensional information of the sample surface. Meanwhile, the feedback circuit is
used to control and adjust the extending and contracting of PZT in the Z direction to implement
the feedback compensation, so as to adjust the distance between the probe and the sample, and
protect the sample free from the damage. The AFM system needs to keep the deflection of the

cantilever always in the Setpoint.

Figure 3.2 Photograph of the liquid-AFM system.
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Figure 3.3 Configuration of the liquid-AFM platform designed by Solidworks (A) and its photo (B).
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Figure 3.3 shows the schematic of the liquid-AFM platform which can be used in both air
conditions and liquid environments. The sample to be measured is up to a maximum size of
150umx150um in each scanning. Combining with the stepper motor positioning stage, the
scanning range can be improved from 100um to 25mm in 3D. The liquid-AFM has a number of

advantages, as described in the following.

1. The lateral resolution of the AFM measurement in culture is better than 2nm, and the vertical

resolution is better than 0.1nm, covering a scan range up to 150pm>150pum>150um.

2. A transparent window is designed to make the beam path across the interface of the air-solid
and the solid-liquid, rather than the air-liquid path. The probe tip is not influenced by the

interfacial force.

3. A special liquid cell is designed to make the cells survival for a long time while they are

manipulated. Cells can be observed by AFM during the whole growth and development.

3.2 Development of Liquid-AFM Probe Unit

The liquid-AFM probe unit mainly includes the quick-release chuck for the attachment of the

probe holder, the position control platform and the unique liquid cell.

3.2.1 Probe Holder

The probe holder is designed for the probe hold and quick-release chuck for the attachment of the
probe, as shown in Figure 3.4. It is designed by the Solidworks platform. As shown in Figure
3.4(A), the insulated circuit board provides enough layers for the electric signal input with no
distractions and the slots of probe holder support the quick-release chuck for the attachment of the
probe. As shown in Figure 3.4(B), the probe can be fixed by the iron band when it scans the

sample. From Figure 3.4(C), the ellipse section can totally put the probe into the culture during

60



scanning, and the angle of 11°makes up the incline between the cantilever and the sample.
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Figure 3.4 Design of the probe holder. (A) The bottom view of the probe holder. (B) The top view of

the probe holder. (C) The side view of the probe holder.

3.2.2 Liquid Cell

This is a novel method of AFM measurement in both air conditions and liquid environments. In
most of the previous versions of AFM measurement in culture, a liquid-drop was simply dropped
on the sample surface, and the probe was used to scan the surface in the liquid-drop. Firstly, the
sample was not totally submerged from above into the liquid cell. Secondly, the probe tip and the
optical beam path were undoubtedly disturbed by the interfacial force. While in our new design,
these problems can be successfully avoided. The transparent window fixed in the probe holder has
been designed over the probe, and it makes the beam path across the interface of the air-solid and
the solid-liquid, rather than the air-liquid path, as shown in Figure 3.5(A). The most significant
advantages of this structure are that the surface tension of liquid just acts on the crescent shape
part, the evaporation of liquid is decreased and the influence between the surface tension and the
probe can be avoided. Thus, the beam path of the AFM measurement in liquid is not disturbed by
the surface fluctuation of the liquid, and the cells can survive for a long time while they are
measured and manipulated. Furthermore, a specific liquid cell with the input/output ports and a
glass on the surface of the liquid, as shown in Figure 3.5(B), could remove the surface movement

of liquid and eliminate the air bladder.
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Figure 3.5 Schematic of light path of AFM in liquid (A) and the design of liquid cell (B).

3.3 Development Photo-electric Detection System in the Liquid Environment

3.3.1 AFM Scanner

The AFM scanner is mainly used for supporting the probe holder, as shown in Figure 3.7. There
are two parts in the AFM scanner, including the regulatory region of PSD and the laser,
respectively. Two of the same 2D displacement tables have been used for the movement of PSD
and laser with a maximum displacement of 25mm, as shown in Figure 3.6(A). It can provide a
large range of movement for the PSD to receive the optical signals when the scanning
environment is changed from different liquids. The distance between two regulatory regions is
70mm. Hence, there is enough space to place big samples. Moreover, three counterbores are
processed at the lower side of the scanner used to be fixed with the thread through the holes
located in the position control platform, as shown in Figure 3.6(B). The center of AFM scanner is
basically a point in the middle of three counterbores. Through the calculation of force acting on

the scanner, the design can be displayed more stable.

63



(A)

(B)

Figure 3.6 Design of AFM scanner by Solidworks. (A) The front view of the AFM scanner. (B) The

bottom view of the AFM scanner.
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3.3.2 Position Control Platform

The position control platform is mainly used for supporting the scan head which will be described
in the following section, and adjusting the location between the scan head and sample. As shown
is Figure 3.7(B), it is the drawing of the position control platform by Solidworks. There are three
threads through the holes used for fixing and adjusting the scan head on the horizontal position,
and the three threaded holes are on the lower side of the platform used for combining with the
adjustable supporting bar. The distance from the base line can be adjusted by the supporting bar
due to the height of sample. Hence, the height of sample to be measured can be reached up to a

maximum of 5cm.

10405

Unit: mm

(A) (B)

Figure 3.7 Design of the position control platform. (A) The photograph of position control platform.

(B) The design of position control platform by Solidworks.

3.3.3 Light Source

A semiconductor continuous laser made by CNI (Changchun New Industries Optoelectronics

Technology) operated in the TEMg, mode at 650nm, with the output power of 0-10mW and the
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beam divergency of 1.0mrad, is used as a light source. Its operating voltage is 10V and provided

by a DC power supply.

3.3.4 Detection System

PSD is the position sensitive detector with the current to voltage amplifiers that provide the
up-down and the left-right difference signals. Additionally, the PSD also provides a signal that is
the sum of all the four quadrant field signals, as shown in Figure 3.8. The detector active area of

PSD has the diameter of 7.8mm.

The sum signal: According to the light intensity, the probe can be adjudged whether it contacts the

sample. Moreover, the situation of probe can also be estimated to know if it is polluted.

The up-down signal: The deflection of cantilever and the forces acted on the sample can be

calculated by this signal, and then the topographical information can be obtained.

The left-right signal: This signal reflects the deflection of the cantilever in the twisted direction,
and the deflected information and the force acted on the probe in the twisted direction including

friction, shearing adhesion forces, and the step effect can be calculated by this signal.

The PSD used in the design made by PSS (Pacific Silicon Sensor, INC.) with the power supply

+15V and the output voltage +3V.
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Figure 3.8 Photograph of the PSD.

3.3.5 Real-time Visual Feedback System

In the current development of nano manipulation, AFM is often used to scan the whole area to
show the topography of the sample without the real-time visual feedback. To overcome the
shortcoming, there is an optical microscope above the liquid cell, as shown in Figure 3.9. The
optical microscope could show an area of the picture in real-time, and combine with the force
feedback. The visualization and quantification of the dynamics of living cells in culture can be

implemented.

Light source

Figure 3.9 Photograph of the optical microscope.
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The optical microscope consists of a CMOS color camera and a simple single lens microscope
with the maximum magnification of 5, as shown in Table 3.1. Table 3.2 shows the parameters of
CMOS color camera. It has more than 9 million pixels and the size of each pixel is 1.75um to
meet the requirements of biological sample imaging and positioning. According to the principle of
optical microscope, the working distance is inversely proportional to the resolution. Moreover, too
small working distance between the objective and the sample may block the light path emitted
from the laser onto the AFM cantilever. Hence, a suitable optical microscope with an enough

working distance and magnification is very important in the structural design.

Table 3.1 Parameters of the optical microscope.

Magnification Working distance Field of view NA Depth of field Resolution

5.0% 32mm 1.0>0.7mm  0.25 32um 1.3um

Table 3.2 Parameters of CMOS color camera.

Size of each Transmission  Scanning Optical
Type Pixel Sensitivity
Pixel rate mode size
progressive
RZ-F900CF 3488>2616 1.75umx1.75um 4FPS 550nm 1/2.3inch
scanning

3.3.6 Design of the Light Path in Liquid-AFM Probe Unit

According to the size and the operation parameters of the optical microscope, as shown in Figure
3.10(A), it is the design of the light path in the liquid-AFM probe unit. Because the optical
microscope is located over the probe holder, the light beam emitted from the laser cannot
perpendicularly incident on the cantilever. Hence, when the light beam intersects the edge of

optical microscope, it is the limiting position in the design. Then, the incident angle can be
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determined as the minimum design angle. Furthermore, as the active area of PSD is 7.8mm in
diameter, the beam divergency of laser is 1.0mrad, and the width of probe usually used in the
experiment is 50um, the light path in the design is less than 8cm and the distance between the
laser and probe is less than 3cm. Hence, a suitable angle of 48.1<is designed for the light path. As
shown in Figures 3.10(B) and (C), they are the schematics of the light path when the light passes
through the silica glass and emits into the solutions with different refractive indexes. Among them,
the laser passed through the silica glass will be expanded when ng<ngs>Niqie. Then, the manual
fine-tuning platform used to adjust the position of PSD is designed with a large motion range, so

that the whole light spot emitted into the PSD can be detected.

H\‘ Laser

Manual fine-

tuning platform

ight path across the

mterface of air-solid
and solid-liquid

(A)
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Figure 3.10 Schematic of light path passing through the silica glass into the liquid, reflecting from the
cantilever, and falling onto the PSD. The refractive index range of solutions is 1.33~1.72 and the
refractive index of silica glass for the laser with the 650nm wavelength is about 1.456. (A) The overall
structure diagram. (B) The schematic of light path when n,j<ngjass<njiquig- (C) The schematic of light

path when nair<ng|ass>nliquid-

According to the principle of optical lever, the magnification of cantilever deflection on the PSD

can be expressed as

L, 180
2(Q1+Q2)—_2'
R =«
(3.1)
o L 180
'R oz

where Q; is the slant angle of the probe relative to the horizontal plane and here is 11°, R' is the
length of cantilever, R is the distance between the laser and the probe, Q, is the deflection angle of
the probe when it scans the sample. L; and L, are the radians of the deflection of probe and the
whole deflection, respectively. Hence, the magnification of cantilever deflection on the PSD can be

expressed as
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L, R
where L, is the displacement of light spot on the PSD. The length of cantilevers which usually
used in the experiments is 100um or 200um. Hence, the corresponding magnification is 500> or
1000x. The vertical resolution is better than 0.1nm. As shown in Figure 3.11, it is the overview of
the photoelectric detection system which can be used both in air conditions and liquid

environments and the CCD performance in real time.

(A (B)

Figure 3.11 Schematic of the photoelectric detection system (A) and the CCD performance in real

time (B).

3.4 Development of Micro/Nano Feed Mechanism

The micro/nano feed mechanisms consist of an adjustment micro displacement platform and an
adjustment nano displacement platform. They are used not only as the tools for the scanning of
sample morphology and the movement of sample in a large area, but also as a sample stage for the
sample scanning applied in this design. The adjustment micro displacement platform is composed

of three high-accurate electrically-controlled micro displacement platforms which apply the
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high-resolution DC motor driving translation stages with the models of M-126.CG1 and
M-112.12S manufactured by PI (Physik Instrumente). Three dimensional micro displacement
platforms after combination are used to provide the scanning area of the nano displacement
platform, and locate the position of sample or probe. The travel ranges of three axes are all 25mm.
For the manipulation of samples, the micro-displacement platform is to improve its resolution and
repositioning accuracy. Since the Z axis is used for the micro-focusing of optical microscope and
the rapid insertion of probe, the relative resolution and repositioning accuracy of Z axis
displacement platform should be superior to those of X-Y axes, so as to avoid the damage of probe
in case of over adjustment and rapid insertion. In this system, it is not suitable to select a large Z
axis displacement platform due to the limitation of the working space, so we select the product

M-112.12S, which meets both the design requirements of the system parameters and the space.

The nano displacement platform selected in the system is a three-dimensional PZT actuator with
the model of P-561.3CD manufactured by Pl company and its inside applies a flexure hinge
structure design to ensure that the return difference approaches zero value. The nano displacement
platform is mainly used to carry and drive the sample to implement the 3D movement that
accomplishes the morphology imaging and the characterization of samples. The travels of the
three axes are 150um>150um>150um in the open loop. Since the system is mainly used for the
characterization and the detection of morphology and mechanics in biomedicine, the larger travel
on the Z axis is helpful for the measurement of the characteristics of biological samples. The
resolution of this piezoelectric ceramic displacement platform under the condition of open loop
can reach 0.2nm and meet the needs of the surface morphology of biological sample and the
characterization of mechanics, as shown in Table 3.3 for the specific parameters.
Three-dimensional adjustment micro/nano displacement platforms can be combined into the

functions of scanning and positioning for the micro/nano feed mechanisms.
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Table 3.3 Specifications of micro/nano displacement platforms.

Translation  Active Max. Unidirectional Feedback
Travel range .

stage axes load repeatability controller

M-126.CG1  X/Y 25mm 200N lum Open loop

M-112.12S z 25mm 30N 0.1um Open loop

P-561.3CD X,Y,Z 150pum>150pum>150pum 50N 2/2/4nm Open loop

For the controllers of the micro/nano feed mechanisms, C-663 mercury step controller and C-863
mercury servo controller from Pl company are used to control the movement of M-126.CG1 and
M-112.12S micro-displacement platforms, respectively. Furthermore, the nano displacement
platforms in the system E501 modular piezo controller from PI are also used. This system selects

amplifier module to integrate into the controller, with an output voltage range of -20~120V.

3.5 Development of the External Devices and the Human-Machine Interface

The mechanical elements such as the micro/nano feed mechanisms are controlled by computer
with D/A and A/D converters which used to collect the PSD output data synchronously. Among
which the A/D converter with the model of USB-7646B manufactured by ZTIC (Beijing Zhongtai
Yanchuang Technologies) is used to convert three input analogue signals to three digital signals.
16 effective bits for input frequencies up to 400KHz can satisfy the requirements of data collection
from the PSD (45V). The D/A converter with the model of PC12303 made by ATD (Beijing Art
Technology Development) which has 16 effective bits for four output voltages of 0-10V. Hence,
the resolution of PZT actuator on the Z axis can be achieved. Moreover, the conversion time of the
D/A converter should not be more than 10us, and has a statistical time delay function with the

accuracy up to 100ns. Table 3.4 shows the specific parameters of the D/A and A/D converters.
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Table 3.4 Specifications of D/A and A/D converters.

Port number

. Sampling \oltage Conversion
Resolution for Bus type
rate . Input/output method
input/output
HOV/45V Software
A/D 16bit 400K 16 for input . . . UsSB2.0
for input triggering
. 0~10V/ for Software
D/A 16bit <10ps 4 for output . . PCI
output triggering

The secondary development for both D/A and A/D software can be applied to run on PCs under
the Microsoft Windows XP/2K/7, and the development of the human-machine interface system

with the control software will be described in Section 3.6

3.6 Development and Optimization of Feedback Control System

In addition to the design of physical structure, we also use the feedback control system to improve
the imaging quality. The feedback control system is a closed-loop control system formed on the
basis of feedback control principle. As shown in Figure 3.12, the feedback control system has four
fundamental parts in the design, namely the controlled process, sensor device, actuator and
controller. Among them, the controlled process refers to the AFM system built above, which is
immutable, the sensor device refers to the above mentioned detection of the force on cantilever,
the actuator refers to the part of actually executing control orders, which is the nano displacement
platform, and the controller refers to the digital PID controller, which will be introduced in details
below. It is mainly used to control and calibrate the behaviors of actuator through the programmes.
With the adjustment of feedback control system, AFM can reduce or remove the deviations and

improve the stability, the response speed and the accuracy of system.
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Figure 3.12 Block diagram of the feedback control system.

The concept of PID (Proportional-Integral-Derivative) controller was proposed by American
scientist in early 1920s. Compared with other controllers or control systems, PID controller has
several advantages, such as easy to use, convenient setting of parameters, good adaptability and
robustness. It is rapidly and widely adopted in industrial applications and then gradually
developed into a complete set of the control method. With the continuous improvement of
computer technology, the current PID controller has been developed into the analog and digital
ones. Analog PID belongs to the conventional control instrument of “hardware”; while digital PID
is realized through the computer “software” programming, which has stronger flexibility and more

convenient upgrading.

According to the principle of the atomic force microscope, in the topographical process of sample,
the scanning device needs to be controlled by the computer to track the surface of the sample.
Then, 3D topographical information of the sample can be obtained. The computer controller can
calculate the amount of control according to the deviation of the sampling values. Hence, the
traditional PID control algorithm is unworkable to meet the requirements. As shown in Figure 3.13,
the digital increment PID controller has been presented. The process of analysis for designing a
digital implementation of the PID controller is shown in the following. The deflection signal of
cantilever is received by PSD and is transformed into its corresponding voltage signal through the

preamplifier circuit, and then after the transformation of A/D converter, the digital signal is

75



calculated by the discrete PID control algorithm in the controller. The calculated data will be
transformed into the analog signal through the D/A converter. Moreover, through the power

amplifier, the nano displacement can be realized.

K k) /Increment PID t
v 3 "“ "0 control 2w D/A Controlled object ﬁ»
- algorithm
y(k)
A/D

Figure 3.13 Block diagram of the increment PID controller.

A

The digital PID controller based on the software requires the standard form of the PID controller
to be discretized. With a sampling time KT represented the continuous time, the integral term
which approximations for the first-order derivatives made by backward finite differences is

discretized, as follows

['edt=TY e(k)t~nT (n=012,..);
7 e(k)—ek-1) ek-1)-ek-2)

de(t) _e(k)-e(k-1) T T (33)
dt T T |
_e(k)—2e(k—1) +e(k—2).
T2 '

Then the difference equation for the digital PID controller can be written as®®"

e(k) —e(k —1)

T (3.4)

u(k) = kpe(k)+ki§e(j)+kd

Where ki=k,/Ti, and kq=koxTp. T is the sampling period. k is the sampling number, and e(k-1) and
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e(k) are the deviation signals at the time (k-1) and the time k. Since the output of the digital PID
controller is related to the output in the last time, u(k) is possible due to the jumping phenomenon
for some unexpected reason. Then the suddenly jumping in the voltage output for the nano
displacement platform will damage the probe and the sample. Hence, an increment PID control

algorithm is implemented further.

From Eq. (3.4), we can obtain®"

k-1 _ _ _

u(k-1) = k,e(k-1) + k3 e(j) + k, 26D Te(k 2) (3.5)
-0

Then, Eq. (3.4) minus Eq. (3.5), the control increment can be expresses as!*"

Au(k) =k, Ae(k) + kie(k) + k, SE D ek =2) (3.6)

T

where Ae(k) =e(k-1)—e(k —2)

Hence

Au(k) =u(k) —uk -1 = kp[e(k) —e(k —=D]+ke(k) +ky[e(k) —2e(k —1) + e(k — 2)]
(3.7)
The development of PID controller needs to estimate the values for finding out the optimal
parameters, namely k,, ki and ky. The proportional value reflects the instantaneous size of
deviation (error). When k; is too small, the ability of proportional control adjustment is weak.

When k; is appropriate, the deviation value of the system decreases so that the response speed and

the accuracy increase. When k;, is too big, it tends to make the system unstable.

The integral reflects the “memory” of historical value of deviation and this control is used to
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eliminate the system deviation. When k; is too small, it can result in system instability. When k; is
in a certain range, the bigger its coefficient is, the higher the system accuracy is. When k; is too big,

it has a poor effect of integral control.

The derivative reflects the change of deviation value and this control is some kind of “forecast”
for the change of deviation, thus it is used to generate advanced correction action. When the rate
of change of deviation is relatively small, the derivative control is basically invalid. When the
deviation value approximates to zero, namely the system is stable, and the derivative is zero.
When the rate of change of deviation is relatively big, the derivative has a strong control effect.
However, it is easily for the actuator to enter into the saturation, thus to fail the desired effect. The
process of searching for the optimal k,, ki and kg is given in Figure 3.14. The ranges of initial

values are started as k, [0.001-0.1], k4 [0.01-0.5], and k; [0.01-1].

< Start >

A
Initialization

v

Input rin(k) and yout(k)

v

Calculate the deviation

v

Calculate the control output

v

Updated parameter

Figure 3.14 Sequence diagram of the increment PID control programme.

According to the increment PID control programme, the step signal of the discrete system was
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simulated by Matlab. Then, the optimal parameters could be obtained as three criteria, such as the

minimum overshoot, and the minimum error in the minimum response time.
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Figure 3.15 The simulation result and the experimental result. (A) The simulation result performed by

MATLAB: the left is the input and the right is the output. (B) The experimental result.

The parameters k,, ki and ky were assigned with different values in the reference range as
mentioned earlier, and used to check the overshoot in system responses. Then, a good simulation
result was obtained, as shown in Figure 3.15 (k,=0.1, ki=0.3 and ks=0.01). However, when
applying the obtained PID parameters in the experiments, the oscillation in the error signals is
observed and the imaging performance is out of quality. As shown in Figure 3.16, there is a large
irregular stripe covering the initial standard 2D grating, and a blurred, poorly contrasted pattern is

displayed on the right-hand side of the diagram.
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Figure 3.16 Simulation result performed by MATLAB: the left is the input and the right is the output.
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Figure 3.17 Topography of a 2D grating (A) and the cross section through the pattern (B).

Then, k,=0.05, ki=0.3 and ks=0.01 were applied in the experiments. The tracking speed becomes
fast that the steady state error is displayed smaller than the previous experiments, as shown in
Figure 3.16. Besides, the standard 2D grating (material: silicon) was used as the sample in the
liquid environment, as shown in Figure 3.17, which was scanned by the contact mode with AFM
in two different liquids: water and culture (including about 30 different ingredients). In order to

avoid the influence of the cantilever dynamics, the cantilever with the nominal spring constant of
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k=0.2N/m, length of L=450um, thickness of H=50um, and the free resonance frequency of
f=300kHz was used. The scanning area was 80umx80um, and the scanning mode was the contact

mode.

0 20 40 60 80 ym

um

(A)

0 10 20 30 40 S0 pym

(B)

Figure 3.18 AFM images of colon cancer cells SW480 in the air, obtained in the contact mode with the

cantilever (k=40N/m, f<300kHz).
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Applying the obtained PID parameters to the topography of biological cells in the air conditions,
the results were obtained as given in Figure 3.18. The colon cancer cells SW480 of about 25um in
length with the typical fusiform structure and the highest point of 3.08um could be clearly seen in
Figure 3.18(A). Because the cells were scanned in the air conditions and then they showed the
fusiform type. The direct cellular damage exists in the imaging and it is formed by the shifts of
solute-solvent, which causes the cell dehydration. In these studies, the PID parameters can be

changed in real-time while the system is in operation.

living-sw430-1_00004, Topography (1 /4)

0 10 20 30 40 50 pm

375

pm

Figure 3.19 AFM image of colon cancer cells SW480 in culture, recorded in the contact mode with a

soft cantilever (k=0.01N/m, f<300kHz).

Applying the obtained PID parameters to the biologic cells scanning in culture, the result was
obtained as shown in Figure 3.19. The colon cancer cells SW480 of about 40pum in length with the

typical fusiform structure of the highest point of 4.08um can be clearly seen in the figure. The
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topographical image has been improved in contrast and displayed more details of the banding
pattern. A minimum overshoot in each movement of the nano displacement platform can avoid the
excessive damage to the cells which performs more flimsy than the standard 2D grating samples.
The fact that the feedback controller still reacts at the large size (close to 150um?) offers an enough
area to show the cell clusters. The experimental results show that the AFM system works well in
both the liquid environment and the air conditions. The variable parameters of the PID controller

can improve the image quality and the image contrast.

3.7 Development of Scanning Software

Based on the design of AFM structures, the human-machine interface system is developed under
Microsoft windows 7. It mainly includes the programme development for A/D and D/A converters
which have been described above, and the programme development for the Pl devices and the

control programmes for operations.

3.7.1 Software Development to Micro Feed Mechanism

This part is mainly used for the secondary development of three micro-displacement platforms. As
shown in Figure 3.25, it is the flowchart of the control for the Pl devices. Once the programme is
launched, a modal dialog box with the selection of connection parameters is given. After setting
the corresponding communication port and baud rate, click on the button ‘Connect’, the
connection function will be executed, and the communication between the computer and the
micro-displacement stage is established. The return value is zero for a successful communication.

An integer variable is defined in this programme to store the connection state.
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Figure 3.20 Flowchart of the control of micro feed mechanism.

Since the connection is accomplished, click on the button "PI" from the toolbar, then the working
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dialog of PI devices pops up, as shown in Figure 3.21. Then, three micro displacement platforms
can be operated to reach the place of destination. In general, the initial places of three platforms
should be the same as the places recorded before we exited out of the application in the last time.
If the position information is inconsistent, then the buttons of "Pos. Limit", "Neg. Limit" and
"Reference" can be clicked to reset the platforms to the positive limit position which are the
maximum displacements of three platforms, the negative limit position which are the minimum

displacements of three platforms and the reference position set to 12.5mm by the manufacturers.

Axis Position Speed Status Stop

(Positioning)

Pos. Limit Restore ‘ Connect

Reference Neg. Limit
Test Confirm ‘ Cancel

Figure 3.21 Schematic of the software of micro feed mechanism interface.

3.7.2 Design for Control Programmes

In the AFM feedback system, the control programmes are mainly divided into the following parts,
namely the initialization, sample approaching, scanning, sample withdrawing and equipment
releasing. The designs of those control programmes are briefly introduced below. As shown in
Figure 3.22, it is the human-machine interface of the control programme, including the setting
area of the scanning parameters, the display area of feedback data, the setting area of PI
parameters, the display area of sample imaging in real time, the buttons of system functions, the

display area of history images, and the display area of scanning curve with each line in real time.
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From the setting area of the scanning parameters, the parameters including the scanning area,
proportional gain, integral gain, Setpoint and scanning frequency can be set for the measurement

and handling of samples.
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Pl parameters
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Figure 3.22 Schematic of the human-machine interface.

3.7.2.1 Design for the initialization programme

The initialization part decides whether the programme can start running smoothly or not. In this
part, it is mainly used to initialize the A/D and D/A converters, and the corresponding initialization
programme is provided by the manufacturers. In addition to defining and distributing the variables,
and give an initial value, it needs to call the functions of USB7646B_ OpenDevice() and
USB7646B_ADInit() of A/D card to accomplish some important operations, including the device
enabling and the setting of variables. While the initialization for D/A card, it requires to call the
functions of PCI2303_CreateDevice() and PCI2303_InitDeviceProDA() to create the device
object, judge whether the device object is valid or not, and select the relay to realize the output of

D/A converter. Moreover, the micro displacement platforms also need to be initialized to make
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them at the initial positions. Before the completion of the initialized operations, all of the function

buttons are disabled.

3.7.2.2 Design for the sample approaching

The sample approaching programme aims to make the probe approach to the sample within a
given distance of nanometers before the scanning of AFM. Therefore, the successful sample
approaching is important since it directly determines if the AFM can accurately detect feedback
signals and implement the work normally. As shown in Figure 3.23, it is the flowchart of the
sample approaching of AFM system. When the system begins to make the sample approach to the
probe, some local variables are required to be firstly defined and initialized for the data acquisition
and processing of A/D converter. Then it is required to judge if the up-down voltage signal
outputted by the PSD reaches a certain range. If it is not in the range, the control voltage on the Z
direction of micro displacement is increased, which is from the conversion by D/A, then the nano
displacement platform in Z direction is driven to move, thus to make the sample approach to the
tip of probe gradually until it reaches a given distance, and this is the end of probe insertion
programme. In the design of the control programmes, multithread programming and overvoltage
protection are applied respectively, which can stop the sample approaching, sample withdrawing
or release equipment before the completion of sample approaching and a maximum voltage output

of 6V with the nano displacement platform in the Z direction will prevent the damage of probe.
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Figure 3.23 Flowchart of the sample approaching programme.

3.7.2.3 Design for scanning programme

The scanning programme begins after the completion of sample approaching. During the scanning
process, the implement of sample imaging and adjustment of the position of sample in real time
are performed through accurately detecting feedback signals and implementing series of data
processing. Therefore, in the AFM system, real-time sample imaging can intuitively reflect the
quality of feedback signals and the effects of system control. As shown in Figure 3.24, the
scanning of AFM includes the fast scanning (X direction) and the slow scanning (Y direction), so
the scanning programme also includes the control programmes of X direction scanning and Y
direction scanning. Moreover, this thesis refers to the scanning from the initial point to the end
point of each line as the trace scanning and refers to the scanning from the negative direction of

each line as the retrace scanning.
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Figure 3.24 Schematic of the scanning path of AFM.

The local variables of F_ScanDir and S_ScanDir are defined to control the variables of fast
scanning and slow scanning respectively. NxN is the scanning resolution which is set in the area
of the scanning parameters. As shown in Figure 3.25, it is the flowchart of the scanning
programme. At the beginning of scanning, the column loop is firstly started until the control
variable in the slow scanning direction equals to 0, then the row loop is started until the control
variable in the fast scanning direction also equals to 0. At this time, the scanning programme is
implemented with the setting parameters until the probe reaches the termination point. After the
completion of scanning, the sample can usually be withdrawn. If the scanned image is not good,
the sample position can be readjusted and then the system continues to implement the sample
approaching and scanning. The scanning suspension and the sample withdrawing can be

implemented at any time and any place in the scanning process.
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Figure 3.25 Flowchart of the scanning programme.

3.7.2.4 Design for the sample withdrawing and equipment releasing

The sample withdrawing makes the sample gradually get away from the probe in the Z direction.
It is the opposite process of sample approaching. With respect to the control programme, the
sample withdrawing is a little easier than the sample approaching, because it does not need to

consider the collision of probe and sample.

When implementing the operation of releasing equipment, the operator ends up all tasks of AFM
and makes the AFM system reset or return to zero. On the whole, the equipment releasing
programme is almost the same as the sample withdrawing programme. Two global variables are

defined in the programme of sample approaching and the scanning programme, respectively. The
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initial position of sample withdrawing is given by the defined global variable. Furthermore,
equipment releasing includes two parts. Operation of A/D mainly refers to calling the function of
USB7648A _ADStop() to stop A/D acquisition and calling the function of
USB7648A_CloseDevice() to shut down the A/D equipment. While the operation of D/A mainly

refers to calling PCI2303_ReleaseDevice() function to release the D/A equipment.

3.8 Summary

In this chapter, based on the principle of atomic force microscope and its applications in the field
of cytology, the liquid-AFM has been developed and optimized. This system aims to overcome the
shortcomings in current research such as the insufficient area in the sample scanning, the
inefficiency and less reliable in the scanning of living biological samples and the incompatible
AFM probe unit that cannot be used in the air conditions and liquid environments in one system.
Hence, a novel liquid-AFM probe unit has been established to decrease the evaporation of liquid,
avoid the influence between the surface tension and the probe, remove the surface movement of
liquid, eliminate the air bladder, and make the cells survive for a long time while they are
measured and manipulated. This structure is suitable for the topography of the cell samples in the
air condition and liquid environment. Furthermore, the increment PID control has been presented
to avoid the damage of probe, and the optimal PID parameters for the scanning of biological cells
have been simulated and experimented both in the air condition and in culture, thus to improve the
working efficiency and the accuracy of micro/nano manipulation. Finally, a human-machine
interface system with the control software has been developed. Multiple modular constructions
have been realized in the software of control system such as the secondary development to A/D,
D/A converters and Pl devices, the control programmes with the sample approaching, the scanning
control, the sample withdrawing and the equipment releasing. It lays a firm foundation for the
nano handling and measurement of biological cells and the applications of the liquid-AFM for

biological cells will be described in Chapter 4.
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Chapter 4

Nano Handling and Measurement of Biological Cells Based on

Liquid-AFM

The morphological structures and functions of cells, the cell growth, development, maturity,
proliferation, senescence, death and carcinogenesis, differentiation and their regulation mechanism
are related to the mechanical properties of the cells. The force and deformation of the membrane
have direct impact on the realization of their functions!®*1%! In the nano handling and
measurement of biological cells in culture, one or two kinds of changes in different shapes can
significantly mark the growth state of the living cells and provide more information to the clinical
diagnostics. Therefore, the demand for the analysis of living cells on the micro/nano scale is an
increasing trend for both fundamental biology and clinical diagnostics. In the previous chapter, a
liquid-AFM has been developed and optimized to overcome the shortcomings in current research.
The following sections describe several applications of the liquid-AFM for biological cells,
including the cell imaging in different liquids, studying of mechanical properties of cells in culture

and cellular shear adhesion force measurement.

4.1 Imaging of Cells Based on Liquid-AFM

In recent years, the sample imaging in liquid environments has gradually become an important
research topic, especially for the biological cell imaging. The measurement of living cells can
provide more accurate information on the clinical diagnostics. By comparison of the imaging in

air conditions, several studies have shown that the sample imaging in liquid environments can
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remove or reduce several influences between the probe and the sample when they are scanned in
air conditions including the capillary force and electrostatic force!®). However, there also exist
some problems in the liquid imaging, for instance the refractive index of liquid and the
inhomogeneity of the liquid concentration will restrict the sample imaging with high resolution
and the beam path across the interface of air-liquid will be disturbed by the surface fluctuation of
the liquid. The second problem has been solved by the novel design of liquid-AFM probe unit.
Hence, the biological cell imaging in different liquids has been studied to improve the image
quality. In this work, the model of forces acted on different liquids has been simulated and

demonstrated in the experiments.

4.1.1 Materials and Methods

4.1.1.1 Materials used in the experiments

SW480 human colon cancer cells were observed and manipulated in the experiment. The cells
were passaged simultaneously in the endothelial cell basal medium (RPMI-1640) with 10% FBS
and cultured in a controlled environment of 5% CO, at 37.5°C. The cells were cultured on a
non-coated cover-slip and used for the experiment under the same condition. Those cells were
separated from the same batch, and cultured in the same conditions, so that the influence of each
parameter in the different topographies can be obtained. The probe of the ContGB-G type made by
Bruker corporation, with the spring constant of 0.2N/m, length of 450um and width of 50um, is

used as the measurement tool.

4.1.1.2 Modeling of the measurement of cells in different liquids

To evaluate the drag force on the rectangular cantilever, many researchers have modeled the
cantilever of AFM as an equivalent cylinder, as shown in Figure 4.1, and the resulting force acted

on the cantilever in the scanning direction can be expressed as®®!
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speed of probe in the scanning, O is the concentration of the liquid and Re, = pDuv/ s the

Reynolds number for the equivalent cylinder, and £¢ is the viscosity of the liquid.
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Figure 4.1 Schematic of cantilever in the liquid.

In the contact mode, the force acts on the cantilever is not only in the scanning direction but also
in the friction direction when the probe approaches the surface of sample. Hence, the total
resulting force acted on the cantilever when it is scanning the sample can be expressed as

2
F-F +F =20 OY  r 42)

7.4 n
log(——
g(Red)

where « is the friction coefficient, F, is the loading force decided by the parameter of Setpoint.

Based on the above equations, the force acted on the cantilever is mainly influenced by the

parameters of v O M and F,. Hence, the different parameters are verified in the following

experiments.
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4.1.2 Experiments and Results

For the exploration of the imaging quality with different parameters, SW480 cells were used for
the cell imaging in different liquids. Firstly, it can be seen from Figure 4.2 that the same cell was
imaged in water, but with different scanning parameters. The parameters of k,, k;, Setpoint and the
line rate had been assigned with different values in the reference range as mentioned in Chapter 3.
Among them, Figure 4.2(A) shows the cell imaging with k,=0.001, ki=40Hz, Setpoint=0.84V
(loading force=1.68x10°N) and line rate=0.6Hz, which results in the cell morphology of about
42um in length with the typical fusiform structure of the highest point of 3um and the image is
clearly depicted but the brim has a tip toothed. Figure 4.2(C) shows the cell imaging with
k,=0.001, ki=60Hz, loading force=1.68x10°N and line rate=0.6Hz, which results in the oscillation
in the error signal that can be observed and the imaging performance in the brim is out of
clearness. Figure 4.2(E) show the cell imaging with k,=0.001, ki=60Hz, loading force=1.2x10"°N
and line rate=0.6Hz, which results in a blurred, poorly contrasted cell image. The low Setpoint
value causes the probe difficult to track the surface of the cell completely. Compared with the
imaging qualities with different parameters, it can be found that the Setpoint value is the main

influence in the cell imaging which affects the loading force F, acted on the surface of the cell.
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Figure 4.2 AFM image of colon cancer cells SW480 in the water, recorded in the contact mode. (A)
Cell imaging with k,=0.001, ki=60Hz, loading force=1.68x10°N and line rate=0.6Hz. (C) Cell
imaging with k;=0.001, ki=40Hz, loading force=1.68x10°N and line rate=0.6Hz. (E) Cell imaging
with k,;=0.001, ki=40Hz, loading force=1.2x10"°N and line rate=0.6Hz. (B), (D) and (F) are the 3D

views of the data of (A), (C) and (E), respectively.

Furthermore, applying the optimum PID parameters for the scanning of biological cells in different
liquids, we obtained the results as given in Figure 4.3. Among them, Figure 4.3(A) shows the cell
imaging with k,=0.001, ki=60Hz, loading force=1.68x10°N and line rate=0.6Hz in FBS. Figure
4.3(C) shows the cell imaging with k,=0.003, ki=70Hz, loading force=1.68x10°N and line
rate=0.6Hz in RPMI-1640. Figure 4.3(E) shows the cell imaging with k,=0.001, ki=40Hz, loading
force=1.68x10°N and line rate=1.0Hz in water. Compared with the imaging qualities in different
liquids, the concentration and the viscosity of the liquid can also affect the cell imaging which
conforms to all the discusses above. Then, the variable parameters of the PID controller can be
used to eliminate or reduce the system deviation so that the response speed and the accuracy

increase. Besides, the speed of probe in the scanning can also affect the image quality. As shown
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in Figure 4.3(E), the tracking speed becomes slow and the steady state error is high at the higher
line rate up to 1.0Hz. Hence, the experiments show that suitable parameters of the PID controller

can also improve the image quality and image contrast.

(A) (B)

(©) ®)


app:ds:quality

(E) F

Figure 4.3 AFM image of colon cancer cells SW480 in different liquids, recorded in the contact mode.
(A) Cell imaging with k,=0.001, k;=60Hz, loading force=1.68x10°N and line rate=0.6Hz in the FBS.
(C) Cell imaging with k,=0.003, ki=70Hz, loading force=1.68x10°N and line rate=0.6Hz in the
RPMI-1640. (E) Cell imaging with k,=0.001, ki=40Hz, loading force=1.68x10°N and line rate=1.0Hz

in the water. (B), (D) and (F) are the 3D views of the data of (A), (C) and (E), respectively.

4.2 Study of Mechanical Properties of Cells Based on Liquid-AFM

Up to now, the studies of mechanical properties of biological cells have paid more attentions to
the cell detection and observation. It can accurately measure the changes of the cell physiological
state after being given various drugs. Hence, it is significant to obtain the mechanical properties
for the research of cytology such as the early cancer detection, the test for the targeted therapy and
the clinical diagnosis. Rogowska et al used the OCT (Optical Coherence Tomography)
elastography to research the mechanical properties of phantoms and atherosclerotic arterial
samplest®. They found that OCT represents a potentially attractive and significant technique for

the measurement of the tissue mechanical properties. Karimi et al used a series of uniaxial tensile
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test techniques to investigate several mechanical properties of the human umbilical vein and
umbilical artery such as the Young's modulus, the maximum stress and the hyperelastic material
coefficient based on the UV owing to its long-term patency for CABG (Coronary Artery Bypass
Graft), and those investigations have implications for interventions and surgeries™. However,
none of these techniques can reach the nano scale in the manipulation. AFM is known both as a
tool for the imaging of cells on the nano scale and as a force sensor for the measurement of
mechanical properties based on the interaction between the cantilever and sample. Achterberg et al
used AFM to investigate the changes of mechanical properties of dermis when the skin was aging
or the tissue was remodeling™®. The Young’s elastic modulus E of human dermis is tended to
increase with the age in 26-55 years old donors. Zhu et al reported a new method to determinate
the mechanical properties of soft scaffold based on AFM nano indentation™™®. The data from the

measurements can provide a new insight to understand the cell fate regulation.

4.2.1 Materials and Methods

4.2.1.1 Cell culture

The present work studies for the tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)-induced apoptosis for the cancer cells. Two types of cancer cells were observed and
manipulated in the experiment, such as SW480 human colon cancer cells and the same type of
cancer cells with the immune expression of TRAIL. Those cells were passaged simultaneously in
the endothelial cell basal medium (RPMI-1640) with 10% FBS (Fetal Bovine Serum) and cultured
in a controlled environment of 5% CO, at 37.5°C. The cells were cultured on a non-coated
cover-slip and used for the experiment under the same condition. The final concentration of
TRAIL is 300ng/ml, and the cancer cells and cells with TRAIL were cultured for 16 to 20 hours.
Those cells were separated from the same batch, and cultured in the same conditions, so that the
different topographies and shear adhesion forces could prove that the TRAIL did work on the

cells.
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4.2.1.2 Modeling of the mechanical properties measurement of cells

Through the analysis of mechanical properties of cells, Young's modulus is one of the most
important parameters of the mechanical properties to evaluate the cell physiological state. It is
originated from the applications that the ability of resisting deformation of the cellular surface can
be described by the viscoelastic responses!’®l. Hence, based on the contact surface morphology,
many different mechanical models have been established by the researchers to calculate Young's
modulus under different indentation depths. Two of major mechanical models were used to
evaluate the mechanical behaviors of living cells including the sphere mechanical model and the

pyramid mechanical model, and the force acting on the cellular surface can be expressed as™™*!

14906 -Etan@ ;5
sphere 2(1_ UZ)

(4.3)

3ER®® 5?

L — 4.4
pyramid 2(1_02) ( )

where E is the Young's modulus of living cells, ¢ is the indentation depth, R is the radius of
curvature of the tip, 9 is the opening angle of the tip, and v is the Poisson’s ratio. The acting force
on the cellular surface can be calculated based on different indentation depths due to the different
shapes of the tip. In the experiment, the tip is pyramid and the top of tip is sphere. Hence, two of
the mechanical models have been combined to evaluate the mechanical behaviors of living cells in

our experiments, and the force can be expressed as™™*!

1.4906 - E tan &

5, 5<d
2(1-0%)
e = 05 (4.5)
SERT (5-d)2,6>d
2(1-0°)
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where d is the indentation depth changes in the experiment. the variation trend at the 99nm in the
probe of the ContGB-G type made by Bruker corporation, with the spring constant of 0.2N/m,

length of 450um and width of 50um, is used as the measurement tool™*.

4.2.2 Experiments and Results

After the cell indentation was modeled, the Young's modulus of the cell was calculated based on
the geometrical shape of probe tip in different indentation depths. The samples in experiments
were SW480 human colon cancer cells grown on an unsupported cover-slip in culture. Initially, an
inverted microscope was used to observe cancer cells. Then, the probe was moved to the selected
location showing only the non-overlapped cells in the scanning area, avoiding any damage of
single cells in the manipulation. In the cell indentation experiments, the cell was manipulated by
the nano displacement platform and the AFM probe after the cell imaging, and an indentation
force-displacement curve was obtained with a good expression of the whole indentation process.
As shown in Figure 4.4, it is the schematic of the force-displacement curve in one indentation. The
vertical axis of the curve shows the interaction force between the probe and the sample as the
probe penetrates into the surface of cell until it is pulled away from the surface, and the surface of

cell is smooth with minimal deformation.
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Figure 4.4 Force-displacement curve in one indentation.
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Figure 4.5 Nano scale topography of the SW480 colon cancer cells obtained by AFM in culture. (A)

Topography image of two SW480 cells, obtained in the contact mode, and the area of cell is about

416.25um?. (B) 3D topography image of the cells. (C) Cross section plot of a single cell in the upper

part of figure. It is oval in shape, which is 27.04um long, 19.60pum wide and 3.2um high. (D)

Histograms showing the Young's modulus-frequency count distribution of SW480 cells from 136 force

curves, and the mean standard deviation of the elastic modulus is 352.08 =241.81Pa..

104




(A) (B)

ce counts
-y
o

w
o

Fre%len
o

[y
o

Height (measured) (um)

M

0 2 4 6 8 10 12 14 100 200 300 400 500 600 700 800 1000
Offset (um) Elasticmodulus (Pa)
(@] (D)

Figure 4.6 Nano scale topography of a SW480 colon cancer cell with TRAIL obtained by AFM in
culture. (A) Topography image of a single SW480 cell with TRAIL, obtained in the contact mode, and
the area of cell is about 254.47um? (B) 3D topography image of the cell. (C) Cross section plot of the

single cell. The cell in the upper part of figure is round with the radius of 14.34pum and the height of
4.3um. (D) Histograms showing the Young's modulus-frequency count distributions of SW480 cells
with TRAIL from 131 force curves, and the mean standard deviation of the elastic modulus is 1121.59

1+943.54Pa.

In the experiments, the cell samples with 30%-40% of cell confluence were collected for the
topographical measurement of cells. The scanning rate was 0.4Hz and the image size was
512>512 pixels by the contact mode. Figures 4.5 and 4.6 show the topographical images of
SW480 cells without and with TRAIL (Figures 4.5(A) and 4.6(A)) and their cross section plots.
The experiments reveal a phenomenon in the measured topography of two cells. These findings

indicate that the cells treated with TRAIL show the round shapes, and the apoptosis of SW480 is
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appeared. Moreover, there might be some proteinaceous adhesive secretions around the cell
surface and interfered with the cell imaging. Hence, the edge fuzzy phenomenon exists in the cell
scanning. The cross sections of the cells are shown in Figures 4.5(C) and 4.6(C), and the highest
point of the cell can be observed. An appropriate indentation location toward the highest point was
selected in this study. The histograms of Young's modulus-frequency count distributions are
shown in Figures 4.5(D) and 4.6(D). The average Young's modulus of SW480 colon cancer cells
is 12034253Pa at the indentation depth of 110nm, and the Young's modulus of SW480 colon
cancer cells with TRAIL is 364+79Pa. It clearly shows that the viability of SW480 cells with
TRAIL is much smaller than that of the cells without TRAIL. Hence, from the results shown, a
significant change of the Young's modulus of the cell is found, which is associated with the
TRAIL action. The underlying reason for the decrease of Young's modulus of the cell can be
attributed to the disruption of the viability of cells. For evaluating the TRAIL-induced apoptosis
precisely, a novel sensitive and fast cellular shear adhesion force measurement method based on

the AFM was presented in Section 4.3.

4.3 Cellular Shear Adhesion Force Measurement Based on Liquid-AFM

Cell adhesion refers to the cell-cell and cell-matrix interactions, which is not only a main approach
for the communication between cells but also an important biological phenomenon for the
maintenance of morphology and functions in multi-cellular organisms™®!™%!. For the research of
artificial organs, the cell-cell adhesion and cell-substrate adhesion are closely related to the
biological compatibility of artificial implants. Meanwhile, the cell-substrate adhesion is the key
factor critical for the success of the implantation operation of artificial organs. Thus, great
attention has been paid to the cell-cell adhesion, cell-matrix adhesion, related cell morphology

structure, function, deformation ability and adhesion of cellsM1081109]

To understand the mechanical properties of single cells as well as their variations, it is necessary

to establish a proper method for the measurement of cell-cell adhesion or cell-matrix adhesion in
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vivo and overcome the limitations of current methods™*'%. There were several methods developed
for the measurement of cell adhesion, including the mechanical method, isotope, PPFC
(Parallel-Plate Flow Chamber), cell isolation, micro fluidic method, micropipette, optical tweezers
and atomic force microscope™ M4 The mechanical method evaluated the cell adhesion
through calculating the percentage of tumor cells™™*l. Isotope, PPFC and cell isolation methods
detected cells in groups™®.. Currently, the micropipette and micro fluidic methods are the two
significant approaches to determine adhesion forces of cells™®). However, as a result of the
complicated deformation features of cells, it is difficult to obtain the precise value of an adhesion
force. Optical tweezers could manipulate cells accurately on the pN-scale. However, during the

manipulation, cells could be injured due to the high-intensity laser beam!**".

The AFM is used as a tool for the imaging of cells on the nano scale™®. It can implement the
mechanical detection of a single cell with high precision based on the optical lever, and obtain the
cell morphology in real-time. The probe cantilever can detect the morphology character on the cell
surface as a terminal executor. Meanwhile, as a manipulator, it can also acquire various
mechanical properties on the cell surface. Applying lateral forces to characterize cell detachment
forces by AFM has been investigated in numerous studies. They used AFM cantilevers to detach
cells and characterize detachment forces!**921241122] "Ho\wever, current studies for the detection
of the cell adhesion force with an AFM are unable to measure the shearing adhesion force of
living cells and obtain the morphology character at the same time. Moreover, the shearing
adhesion force was usually calculated by the deflection of cantilever with one direction. There
might be some extent errors in the lateral direction and without including the effects of pushing
speeds. Thus, in this work, a simple and sensitive method to measure the cellular shear adhesion
force by AFM is presented. The AFM was used both as a tool for the imaging of cells on the nano
scale and as a force sensor for the measurement of the adhesion force between the colon cancer
cell and the substrate. The method displaced the cell using the AFM cantilever tip along the

sample surface and measured the resulting deflections with the lateral signal and vertical signal of
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the cantilever. An optical feedback system based on a CCD (Charge-Coupled Device) camera was
used together with an AFM to manipulate cells in real-time, so that it was able to perform the
morphology measurement of some specific targeted cells. Moreover, different pushing speeds of
probe were firstly used in experiments to study their influences. The experimental results have
shown that the method can provide an effective way for the measurement of the horizontal
shearing adhesion force between the cell and substrate, and for the exploration of adhesion forces
of cancer cells using both the AFM imaging and manipulation systems. The method is described

in detail in the following sections.

4.3.1 Materials and Methods

4.3.1.1 Force modeling of the cantilever

During the operation to manipulate cells, the nano scale tip of AFM will suffer from the various
forces such as the Van der Waals force, electrostatic force, capillary force, friction force, surface
tension and Coulomb force. All of the forces can make the twist and bend deformations of the
cantilever. A model for the deformation of the cantilever in three dimensions has been established
for the forces along with the three orthogonal coordinate axes (Fy, F, and F,), as shown in Figure

4.7.
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Figure 4.7 Modeling of a cantilever-tip in three dimensions. (A) AFM cantilever deformation model in
three dimensions. (B) SEM side view of the tip of the AFM cantilever used for the single cellular shear

adhesion force measurement. (C) SEM front view of the AFM cantilever.

The cell manipulation task is implemented by the developed AFM system, and the cellular shear
adhesion force acts on the probe tip and makes it bending due to the adhesion force between the
cell and substrate. When the torsional force of the cantilever is greater than the cellular shear
adhesion force, the cell will be separated from the substrate. Thus, the cellular shear adhesion

force can be obtained by the cantilever deflection.

In the components of the three forces along with the three orthogonal coordinate axes, the force Fy

will produce the twist of the cantilever around its central axis, and it can be expressed as™**!

F,(H +%):kt6’ (4.6)
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where H is the height of probe, S is the thickness of cantilever, k; is the torsion spring constant of

cantilever, and 0 s the twist angle from the rest position. The torsion strength of cantilever ist**

k, =GpAwS®/L 4.7)

where G is the shearing elasticity modulus of the cantilever material, w is the width of cantilever,
L is the length of cantilever, and  is the constant calculated by S/w. Here, L=450pm, H=18um and

k=1.71>10"N.m/rad can be obtained.
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Figure 4.8 Model of F, acting on the cantilever.

As shown in Figure 4.8, the torque is generated on the cantilever by F,; which is the component of
the force F, and perpendicular to the OP. According to the triangle OPQ, the following equations

are obtained:

(H+s/2)
L?+(H+S/2)

sinfg = (4.8)

op=+L?+(H+S/2) (4.9)

Hence, the torque T can be calculated as

(H+S/2)
L2 +(H+S/2)

T =0pxF, =F, xsingxop=F,x L +(H+S/2f =F,(H+S/2) (4.10)
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where [ is the torque angle of cantilever in the vertical direction. Moreover, there is no torque
generated by Fy, which is along with the other component of force F,. When the probe acts on the
cell, the force Fy in the Y axis direction will make the cantilever bend in the vertical plane, and it
can be calculated by

FL+F,(H+S/2)=kd (4.11)

where L is the length of cantilever, k is the force constant of cantilever, and o is the vertical

deflection of cantilever induced by the force F,.

When the probe acts on the cell, the cantilever will be deflected and detected by the PSD through
the optical lever collecting the reflected laser signal. The PSD will output two signals. One is the
up-down signal in the vertical direction representing the deflection of cantilever in the Z direction,
and the other is the left-right signal in the horizontal direction representing the twisting deflection

of cantilever. Then the offsets can be expressed as

0=k,S
Y (4.12)
6=k,S,

where k, and k;, are the deflection and torsional sensitivities of the optical lever detection system,
Sy is the vertical signal output, and S;, is the horizontal signal output of PSD. A large displacement
of the light spot introduced by the optical lever can be detected using the PSD. Since the light
intensity distributions are different, the deflections of cantilever can be measured through the

differential signals from the up-down and left-right outputs.

When the cellular shear adhesion force reacts on the probe tip, the deflection of cantilever can be
measured by PSD. Assume that the sample is pushed away from the substrate by cantilever with

the angle a, the relationship between F, and F, can be expressed as
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F =Ftana (4.13)

With the modeling of the manipulation of cells under pushing, the 3D force can be obtained.

Hence, the resultant force of cantilever F can be calculated by

F=JF +F +F;
(4.14)

In order to realize the accuracy of manipulation, the relation constants in each equation need to be
obtained and calibrated. Firstly, a standard grating is used to calibrate k,, and the relationship
between the PSD vertical signal and the vertical deflection of cantilever, as shown in Figure 4.9.
Moreover, a hard probe with the spring constant of 30N/m and the length of 129um was used in
this experiment to avoid the influence of ambient noise. According to Eq. (4.11), the parameter k,

can be calculated based on the linearly regressed fitting, and here k,=72.6nm/V.
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Figure 4.9 The relationship of the cantilever vertical deflection and the PSD detection signal.

Secondly, when the vertical deflection angle equals to the twisting angle, the PSD signal outputs
should be equal. Moreover, the two angles are so small that 8 is approximately equal to tané.

Hence, the relationship between k, and k;, can be expressed as
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where | is the cantilever length used in the calibration experiment. For the PSD with the same

sensitivity in both deflections, it can be calculated as k, =k, /1. Hence, k,=0.56x10"* rad/V.

According to the thermal noise measurement method, the thermal energy calculated from the
absolute temperature is equal to the energy measured from the oscillation of the cantilever. The

frequency measured in the experiment is used to calculate the spring constant as
k=13 (4.16)

where k is the spring constant, 7 is the coefficient based on the tip type, and f is the measured
resonant frequency. Here, k= 0.6N/m. According to Eq. (4.14), the force value can be calculated,
and the cellular shear adhesion force between the cell and substrate can also be obtained by the

force modeling of the cell described in the following.
4.3.1.2 Modeling of the force on a cell

After the modeling of the force on the cantilever, the force on the cell can also be modeled. A cell
can be seen as a rheological body model covered with soft membranes. When a cell is manipulated,
the probe can apply a horizontal push force to the cell. According to the condition of static

equilibrium, the cellular shear adhesion force can be expressed as***!

F, = [r.dA (4.17)
A

where F. is the cellular shear adhesion force, A; is the adhesion area between the cell and

substrate, and 7. is the shear adhesive stress. The adhesion force between the substrate and

sample in unit area can be calculated by Eq. (4.17).
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Figure 4.10 Model of probe-cell interaction.

When the probe acts on the cell, it has a certain distance to the substrate. Thus, the deformation of
the cell mainly occurs in the upper domain of its surface. Considering the stress relaxation
phenomenon of the cell, the cellular shear adhesion force can be approximately equal to the
horizontal component of the cantilever twist force, and the force is applied to the cell, as shown in
Figure 4.10. The relation between the cellular shear adhesion force and the horizontal component

of resultant force of cantilever can be expressed as

F=FR-F-n (4.18)

where F,=F +F’ is the horizontal component of resultant force of cantilever. 7 is the

friction coefficient between the cell and the non-coated substrate. It is calculated by each of the

two measurements of cellular shear adhesion force due to the correlation of the area of cells and F,

here 7 ~0.9M.

As the pushing force acts only on the cell parts close to the probe and the probe displacement is
zero in the Y direction, the pushing force is considered too far to affect the measurement of

cellular shear adhesion forces. In this case, the friction between the probe and the cell is neglected.

If the cell is further pushed away from the substrate surface, the adhesion force will cause the
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cantilever twist in the opposite direction until it is completely detached from the surface, and there
are no additional forces acting on the Z axis since the probe is non-contact with the substrate
during the manipulation. Hence, according to the superposition principle of forces, when the
horizontal component of the cantilever twist force equals to the cellular shear adhesion force, there

is a balance between the forces on the cell-probe.

4.3.2 Experiments and Results

4.3.2.1 Cell manipulation with different working speeds

In the cell manipulation, the probe was set to a distance of about 1um from the substrate.
According to the Saint-Venant’s principle!®?®!, the horizontal component of the cantilever twist
force was approximately equal to the cellular shear adhesion force when there was a distance
between the manipulating position and the substrate. The image of cell populations captured by

CCD camera is shown in Figure 4.11.

(A) (B)

Figure 4.11 The image of cell populations captured by CCD. (A) CCD image of cell populations before
manipulation. The AFM tip was moved to the target single cell. (B) CCD image of the cell population

after manipulation.

115



The cells under the probe were used for scanning and manipulation by AFM, and those cells were
independently grown on the unsupported cover-slip and easily manipulated. After the
manipulation, the cell was separated from the substrate and floated in the culture indicated by the
arrow, as shown in Figure 4.11(B). Furthermore, the maxima of probe deflections both in the
up-down and left-right directions were selected and calculated by the manipulated model as
established above. In this work, the probe pushed the different surfaces along the highest cross
section with the PZT from the right to the left direction at the speeds of 15um/s, 20um/s and
30um/s, respectively. The cantilever was deformed in the vertical direction and the torque
direction due to the effects of cellular shear adhesion force and the angle & between the probe
lateral direction and the manipulating direction. The up-down and left-right signals detected by
PSD are shown in Figure 4.12, and the cellular shear adhesion force can be calculated by Eg.

(4.18).
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Figure 4.12 Experimental results. (A) The left-right signal detected by PSD when the probe speed is
15um/s. (B) The up-down signal detected by PSD when the probe speed is 15um/s. (C) The left-right
signal detected by PSD when the probe speed is 20um/s. (D) The up-down signal detected by PSD
when the probe speed is 20um/s. (E) The left-right signal detected by PSD when the probe speed is

30um/s. (F) The up-down signal detected by PSD when the probe speed is 30um/s.

By comparison with these measurements, it clearly indicates that the faster the probe manipulates

the cell, the fewer the outside influence on the results. The impact of cell adhesion between the
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cell and probe can be reduced by the increase of pushing speed. However, the faster speed might
cause the oscillation during the manipulation, and due to the viscosity of culture, the horizontal
component of the twisted direction will generate a certain deflection in the initial state which will
affect the measurement of the lateral force. Thus, a suitable manipulation speed is more important

to reduce the extra effect without any distortion in the experiment.

4.3.2.2 Cell manipulation in different locations

According to the highly precise imaging for the cell, various locations of the cell can be
manipulated on the nano scale. Moreover, the trisection locations in the middle part and the both
sides of different similar cells were manipulated respectively at the speeds of 20um/s, as shown in
Figure 4.13. Among them, the cellular adhesion force measurements in the both sides of the cell
were implemented on the same cell. It can be seen that the maximum deflection of the probe
manipulated on the middle part is far greater than that of the other two sides. Since the cell was
separated from the substrate and floated in the culture, the measurement in the middle side must
reflect the holistic shear adhesion force of the single cell. Furthermore, the cell manipulation in
both sides of cells was not completely the same in the measurements. After the manipulations in
both sides, the cell was not separated from the substrate due to the effect on the major part of the
cell, then the force curve of the two output signals showed the difference with the manipulation in
the middle part. Moreover, the measurement of the cell adhesion in the upper portion of the cell is
twice as much as the measurement in the lower portion. It may reveal that the cancer cells have
the metastasis tendency after cultured for 16 to 20 hours. The cell adhesion is the most important
factor for the research of the cell metastasis. On the basis of mechanic research of physical
translocation with a novel perspective on the metastatic process, it is important for preventing

metastasis in the patients diagnosed with early cancer lesions™"),
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Figure 4.13 Experimental results. (A), (B) and (C) are the left-right signals and up-down signals
detected by PSD when the cell was manipulated in the middle part, and the schematic diagram of the
manipulation, respectively. (D), (E) and (F) are the left-right signals and up-down signals detected by

PSD when the cell was manipulated in a relatively slender part on one side, and the schematic diagram
of the manipulation, respectively. (G), (H) and () are the left-right signals and up-down signals

detected by PSD when the cell was manipulated in a relatively large part on the other side, and the

(H)

schematic diagram of the manipulation, respectively.

4.3.2.3 Cell manipulation for different types of cells

Cell manipulation can study the metastasis of cancer cells, and identify the cell viability. The

experimental conditions were kept the same with the cell culture during the measurement. Figure
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4.14(A) shows the cellular shear adhesion force measurements of twenty SW480 cells. The cell
adhesion can be quantitatively expressed by the adhesion force of the unit area. Thus, combined
with the morphology character of cells on the nano scale, the cellular shear adhesion force of the
unit area can be calculated, and the adhesion changes on different surfaces can be obtained. Figure
4.14(B) shows the corresponding measurements of each cell adhesion force per unit area. It clearly
shows that the adhesion forces of unit area are performed in the same level when the cells are

cultured in the same batch.
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Figure 4.14 Cellular shear adhesion distributions. (A) The cell adhesion force measurements of twenty

cells. (B) The corresponding measurements of each cell adhesion force per unit area.

The experimental environment was kept to the same conditions during the culture and
measurements. Figure 7 shows the average shear adhesion force measurements with three types of
samples on each substrate from 20 force curves. The shear adhesion forces of cancer cells were
1.740.3<10”'N on the non-coated cover slip. On the other hand, the shear adhesion forces of the
same type of cancer cells with the TRAIL of 300ng/ml were 0.7140.2x10”'N on the same cover
slip, and the cancer cells with the TRAIL of 200ng/ml were 0.8740.2x10"N. The results show that
the shear adhesion force is decreased when the cells are cultured with TRAIL, which agrees well

with the previous research. The proposed method of cellular shear adhesion force measurement is

120


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);

easy to perform and quantitatively identify the viability of single cells. Moreover, combining with
the high resolution images of cells before and after cantilever manipulations, the cells of interest

can be presented with more information in single cell analysis.

18
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Figure 4.15 Average adhesion force measurement with the deviation of two kinds of samples on each

substrate.

Cell adhesion is a biological phenomenon to maintain the morphology structure and functions of
cells. It is mainly mediated by the adhesion molecules on the cell surface involved in signal
transduction and recognition of normal cells to maintain the integrity of tissues. In cancer cells,
the adhesion force is weakened, and changes in adhesion between the cancer cell and the substrate
are important factors for the invasion and metastasis of cancer cells®®, The other methods for
measuring the shear adhesion force deformed cells in AFM only using the back of cantilevers to
detach cells. Because of the heterogeneous density inside of the biological cell, samples were

occasionally not detached by the probe in the pushing direction, which ignored the other
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directional components of the deformation force and the impact of pushing force. Moreover, the

visual feedback with an optical microscope or an environmental scanning electron microscope

(ESEM) could not present an accurate position of the cell and obtain the morphology character at

the same time. With this method, a model for the deformation of the cantilever in three dimensions

was established for the forces along with the three orthogonal coordinate axes, and the probe with

the elastic deformation property was placed horizontally adjacent to the cell. Based on the

superposition principle and the transferability of the force, cells and probes were subjected to a

critical status for the detachment through a horizontal force introduced by PZT. When the probe

was twisted by the force for the detachment between the cell and the substrate, the maximum

horizontal component of the twisted force was used to calculate the cellular shear adhesion force.

In the measurement, the accurate manipulation on the nano-scale can be performed based on the

cell morphology, especially for the different locations of the cell manipulation which is potentially

beneficial to the mechanic research of physical translocation with a novel perspective on the

metastatic process. Thus, the cellular shear adhesion force per unit area can be obtained and

analyzed, combined with the adhesion changes on different surfaces. It reflects the physiological

state of cells more accurately in molecular level.

Furthermore, in this work, the experimental results show that the cellular shear adhesion force will

be reduced when the cells are cultured with the immune expression of TRAIL, as shown in Figure

4.15. TRAIL expressed by in vitro can protect from tumor metastasis and suppress the growth of

cancer cells. In addition, the cell indentation research also shows that the elastic modulus of
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SW480 cells without TRAIL is much smaller than that of the cells with TRAIL, and it reflects that
the viability of SW480 cells with TRAIL will be reduced due to the declined shear adhesion force
and the gradually-hardened cell surface. In the experiment, two different concentrations of TRAIL
have been used to study their impacts on the shear adhesion force of cells. In this method, the
variation tendency of shear adhesion forces and the morphology changes can be performed
simultaneously on the nano-scale. Before the measurement of the shear adhesion force of the
cancer cell, the cell was adhered to the substrate for more than 16 hours, so that the shear adhesion
force between the cell and the substrate was almost unchanged, and the measurement deviation

was minimized. With this method, the cellular shear adhesion force can be obtained.

4.4 Summary

There are recently a number of emerging methods for the characterization of living biological
samples in vitro. The progress in the disease treatment and cancer cell study has been made.
However, there is still lack of low-damage, efficient, straightforward methods for the
biomechanical analysis of individual single cells. To solve those problems, the biological cell
imaging in different liquids was studied to improve the image quality. Moreover, in this chapter,
the AFM was used both as a tool for the imaging of cells on the nano scale and as a force sensor
for the measurement of the adhesion force between the cell and the substrate and the mechanical
properties of biological cells in culture. After the cell imaging, the measurement of cellular shear
adhesion forces can be made based on the different positions of the cell on the nano scale.
Moreover, different pushing speeds of probe and various locations of cells were used in
experiments to study their influences. In this study, the measurement of the cell adhesion in the

upper portion of the cell is different from that in the lower portion. It may reveal that the cancer
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cells have the metastasis tendency after cultured for 16 to 20 hours, which is significant for
preventing metastasis in the patients diagnosed with early cancer lesions. Furthermore, the cellular
shear adhesion forces of two types of living cancer cells were obtained based on the measurements
of AFM cantilever deflections in the torsional and vertical directions. The results demonstrate that
the adhesion force of cancer cells is twice as much as the same type of cancer cells with TRAIL.
The method can also provide a way for the measurement of the cellular shear adhesion force
between the cell and the substrate, and for the simultaneous exploration of cells using the AFM

imaging and manipulation.

Although AFM has become the versatile tool according to the functions for biological cell
handling, imaging and force feedback, the trapping and manipulation of cells with less damage are
still not achieved by the single instrument. Hence, the integrated manipulation for biological cells
based on liquid-AFM and optical tweezers is proposed. For effective manipulation and better
observation of biological cells, the key technical properties and the application extensions of

optical tweezers for biological cells are studied in the followed chapters.
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Chapter 5

Force Characterization of Biological Cells Based on Single Optical

Tweezers

An optical tweezers system is the instrument that can trap and move the micro/nano objects
without physical contact based on the transfer of photon momentum. The rapid and precise
manipulation of living cells can benefit the cytology, such as the cell microsurgery, the cell-cell
interactions, and especially the isolation and collection of particular cells!**11*31 For the
integration of liquid-AFM and optical tweezers, according to the basic components of the
traditional optical tweezers, a single optical tweezers system was developed to manipulate the
biological cells by the nano displacement platform in the liquid AFM system and the light beam
phase shift. Moreover, the dynamics analysis of the trapped cell is used to determine the
movement velocity of the cell which is the most important parameter to test the physical
properties of cells. However, little research has been reported on the synergy of dynamic analysis
for the prediction and interpretation of the movement velocity of the cell with the analysis in the Z
direction. Hence, a new experimental method integrated with the positioning in the Z direction
was used to improve the fluid force method for the calibration and characterize the mechanical

forces exerted on the optical traps and the living cells.

5.1 Development of Single Optical Tweezers

Optical tweezers can be considered as the optical trap, which is formed by a laser beam, after the

expanding and collimation, entering into the objective lens with a high magnification and high
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numerical aperture. Meanwhile, optical tweezers also needs to use the optical microscope to
observe the dynamic changing process of the particles. For instance, using the optical microscope
can obtain the capture, fixation and movement of the biological cells when they are manipulated
by the optical tweezers. The core of optical tweezers generally consists of five parts, including
laser, optical path adjusting system, operating system and real-time visual feedback system, as

shown in Figure 5.1.

Optical path .| Operating .| Real-time visual
adjusting system . system " | feedback system
A A
Laser Computer-human
interface

Figure 5.1 Block diagram of the traditional optical tweezers.

According to the principle of optical tweezers, the optical trap can be formed by the focusing
system to trap the cell and other particles. The laser passes through an optical path adjusting
system, and it is reflected by a mirror which can totally reflect the laser with 532nm wavelength.
Then, the objective lens is used to focus the laser in the sample plane, thus to capture and move
the biological cell. Among them, the nano displacement platform is implemented to control the
movement of platform and an eyepiece and CMOS camera are used to integrate the objective lens

into a real-time visual feedback system, as shown in Figure 5.2
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Figure 5.2 Configuration of optical tweezers. A: optical path adjusting system; O: operating system; R:

real-time visual feedback system; L: lens; M: mirrors; F: optical filter; E: eyepiece.

5.1.1 Light Source of Optical Tweezers

After the focusing of objective lens, laser can form an optical trap near the focus. In order to
ensure the accurate and nondestructive manipulation of the particle, it is required to select the laser
that has an appropriate wavelength and power parameters with stable and reliable performance as
the light source of optical tweezers. At present, the high-power continuous laser with the single

mode is mostly used in relevant applications of optical tweezers.

127



Figure 5.3 Photograph of laser with the 532nm wavelength.

In the system, the laser can output a Gaussian beam with linear polarization. The beam has a Imm
waist diameter, less than 1mrad divergence angle, and the adjustable power of 0-1086mW, as
shown in Figure 5.3. Light with the short wavelength has a small diameter of light spot after
passing through the objective lens, which is helpful for capturing the particle. However, the
shorter the wave length of laser, the larger the energy of single photon, which causes the adverse
effects on the capture. Therefore, in the case of selecting the wavelength of laser, it is required to
keep away from the light absorption bands of the cells, or they will be damaged. In the
manipulation experiments of the cell by using optical tweezers, the laser with the wavelength of

533nm-1064nm was selected, which was the most suitable for the cell manipulation experiments.

In order to make the full use of the energy of laser on the exit pupil of objective lens, the
expanding and collimation system is used to adjust the size of light spot and reduce the angle of
divergence. In the design of optical tweezers, it is required to add a small hole at the back of laser
so as to filter the stray light at the edge of laser to improve the quality of light spot and adjust the

size of light spot coordinated with the beam expanders.
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5.1.2 Optical Path Adjusting System

In order to improve the quality of light spot and generate a steeper light field gradient, the laser is
required to implement expanding and collimation for the beam before the incidence to the
objective lens and focusing of the beam, thus to compress the divergence angle of beam, reduce
the waist radius, increase the gradient of light spot, and stably capture the cell. According to the
demands of the optical path, the adjusting system includes the focusing lens, the optical filter and
other optical elements to adjust the deflecting direction and the intensity of laser, as shown in

Figure 5.4.

Output lens

ns —

\

fl —

A
Y

A
A

Figure 5.4 Overview of optical path adjusting system.

Although the divergence angle can make Gaussian beam focus better, we still need to take
measures to further improve its calibration in the precision measurement. Thus, the Gaussian
beam is aligned and expanded, and further the divergence angle is compressed and the spot size is
expanded. Meanwhile, the alignment with the spatial filter can raise the spatial coherence, and
make the light energy distribution more uniform. When the laser passes through an attenuator
assembled with a half wave plate and polarizer, the energy of laser can be adjusted that the

polarization state can also be detected. The Gaussian beam keeps on the same characteristic when
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it goes through the lens, and satisfy the following relations™*!

1 1 1
RTRT 6D
0= (5.2)

where W is the waist radius of Gaussian beam, and f is the confocal parameter of Gaussian
beam. With the short focal length lens, the Gaussian beam is focused, and got a tiny waist spot.
After that, a long focal length lens is used to improve the direction of laser, and make it have a
good alignment effect. The waist spot after the focusing just falls on the focal plane of long focal

length lens system. The alignment rate can be expressed ast**!

M= _m 1+( Iz jz (5.3)

where @, is the waist radius of incidence laser, @ is the divergence angle, | is the distance

between the lens and the waist radius of incidence laser. The new waist will fall in the focal plane
of the output lens, which is longer than the input. M is the alignment magnification of telescope

(geometry compression ratio). The confocal parameter after alignment can be expressed as!**!!

d =M 270, (5.4)

1
2

so that the divergence angle of the output laser will reduce to 1/M, and the confocal parameters is

increased to M?.
5.1.3 Operating System of Optical Trap

The objective lens is the key part of the whole system, and the gradient force of optical trap is
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formed by using it to focus the laser. With the action of gradient force, the particle will be
restricted near the focus. Meanwhile, the objective lens is the most important component of optical

tweezers both in the visual feedback and the device for the cell manipulation.

Through the expanding and collimation system, laser enters into the objective lens and focuses on
the sample plane. Then the cell can be stably captured on the sample stage by the focused laser.

Hence, the following issues need to be considered for the use of the objective lens:

1) Since the parameters of numerical aperture of the objective lens decide the maximum angle of
laser focusing, the objective lens with a large numerical aperture is usually selected so as to obtain
the required convergence angle. The objective lens selected for optical tweezers is usually the oil
immersion objective lens, which needs to add a drop of oil between the front surface and slide
when it is used, so as to improve the numerical aperture of objective lens by increasing the

refractive index of medium between the slide and the objective lens.

2) The size of numerical aperture is in inverse proportion to the working distance. Thus, in
consideration of convenient placing, operation and observation of the samples, the optical
tweezers need to be designed as an inverted type, which has a similar imaging part with that of an

inverted microscope.

As shown in Figure 5.5, it is the oil immersion objective lens which is used for this system. The
mechanical tube length of objective lens is 160mm, which requires that the actual distance
between the objective lens and eyepiece is also 160mm, thus to clearly observe the state of cells
on the focal plane. The other parameter is required that the thickness of standard slide for the
experiments needs to be 0.17mm. Before the experiments, add a drop of cedar oil on the front
surface of objective lens, with a refractive index of 1.52, lower the object stage to make it fully
contact with slide, and avoid the production of bubbles and the influences on experimental

performances. Meanwhile, the objective lens is a part of microscope imaging system, as shown in
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the dotted portion R in Figure 5.2.

L]

Figure 5.5 Photograph of the objective lens which is used in the optical tweezers.

5.1.4 Real-Time Visual Feedback System

In order to implement the detailed recording and the analysis for the motion process of the
particles, the observational system of optical tweezers with high resolution is required and the
whole monitoring system must have the functions for the real time observation and the continuous
record of the particle motion. In general, the experimental operation process is recorded with the
computer in real time. Sometimes, an ocular lens with the filter is used to make the operation more

easily and reduce the damage caused by the high-intensity laser
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(A) (B)

Figure 5.6 Overview of CMOS (A) and the imaging of the yeast cell obtained by CMOS (B).

As shown in Figure 5.6(A), the system uses the color CMOS 500 megapixel camera with
maximum frame rate of 18fps, the number of effective pixel of 2592x<1944. Thus, each pixel
occupies an area of about 3.9umx3.9um. In addition, the blue monochromatic cold light is applied
as the light source so as to avoid the damage of cells, as show in Figure 5.6(B). The particle
restricted by optical tweezers can move along with the position of the light focus. In the
experiments of optical tweezers, it is required to accurately control the position of particle and
manipulate the particle. Moreover, accurate and effective manipulation of optical trap is also the
premise of measuring particle displacement and stress. Thus, it is vital for the optical tweezers to
stably control the position of optical trap. The following section will introduce the manipulation

method with the platform and optical tweezers.

5.2 Manipulation Method of Optical Tweezers

After the realization of stable capture, the placement manipulation of particles on the submicron

scale by optical tweezers is the premise of implementing the cell tests. There are two methods for
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optical tweezers to manipulate and control the particle, one is to keep the position of optical trap
unchanged, and use the platform to drive the samples to realize the manipulation of the particle;
the other is to change the position of optical trap through moving the laser beam and the moving

distance of optical trap is the displacement of the particle.

5.2.1 Cell Movement by the Platform

In general, the common method for verifying if the biological particle is captured is to make sure
that the position of optical trap remains unchanged, and slightly vibrates object stage. Then the
relative motion of free cells and the cell restricted by optical tweezers can be observed by the

real-time visual feedback system.

In the single optical tweezers, the micro/nano feed mechanism applied in the liquid-AFM has been
used to control the sample moving on the micro/nano scale. After the area is selected, in order to
implement the capture experiments for the target cell, the motion of nano displacement platform
can be used to stably capture the target cell. This platform realizes the control of the movement
speed and the displacement. In addition, the optical trapping force imposed on the cell can be
obtained according to the motion and the escape velocity of cells, thus to quantify the stiffness of

optical trap.

134



(A) (B)

Figure 5.7 Schematic of the cell movement by the platform from (A) to (B) in the vertical direction.

Figure 5.7 shows the manipulation of the cell by using nano displacement platform. The cell near
the light spot in the figure was stably captured by optical tweezers and the particle pointed by
arrow moved along with sample stage from the top to bottom. By comparison, the captured cells
do not move along with the sample stage and remain at the position of optical trap, so this system

can manipulate cells through the mobile sample stage.

5.2.2 Cell Movement by the Laser Beam

The other method to implement the manipulation of particles is to keep the sample stage still and
move the laser beam to realize the relative movement of optical trap and particle, thus to reach the
purpose of particle manipulation. There are two modes to realize the transverse positioning of
optical trap, namely translating the reflector and turning the mirror. The principle of both modes is
to change the direction of transmission of light beam to make the light enter into the objective lens
and change the focus position in the focal plane, thus to realize the purpose of manipulating
particle. Figure 5.8 shows the movement of mobile light beam and focus position, after the laser

enters into the objective lens.

135



\ \ ———— 51 ‘
Spot 2f f f 2f
(0]
(A)
| | Iy
Spot’ 2f f f 2f
(@)
(B)

Figure 5.8 Schematics of the laser focus position when it is moved. The focus is moved by the laser
phase shift. (A) The spot is placed beyond the two focal lengths, and it focuses between the focal

lengths. (B) The focus is moving down with the movement of the spot.

Figure 5.9 shows the operation of the cell realized by the movement of laser beam. It can be seen
clearly that the cell was moved from the middle of visual field to the edge of the left side, with the
change of position of optical trap. The yeast cell indicated by the arrows is stationary as the

reference cell and the trapped cell was moved by the laser phase shift from the right to the left.
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Figure 5.9 Cell movement by the laser beam from the right (A) to the left (B).

5.3 Measurement of the Cellular Escape Velocity

5.3.1 Yeast Cell Samples and Preparation

As a kind of microorganisms with the biggest direct edible amount by human, yeasts belong to
unicellular fungi, which have stronger vital force and can survive in aerobic or anaerobic
environment. Yeast cells have the typical structure of eukaryotic cells, such as cell wall, cell
membrane, cell nucleus, cytoplasm and mitochondria, without flagella. The optical refractive
index on its surface is 1.34, with an oval shape and the size of 6-10um. Since the method of yeast
cultivation is simple, rapid in the growth speed and easy in survival, it is widely used in biological
research, especially in demonstration experiments where yeasts are usually selected. Moreover, in
genetics and molecular biology, yeasts are important research objective. When preparing samples,
the prepared dried yeasts are mixed with distilled water and white granulated sugar. At the
temperature of 20°C, the yeast cells breed at the fastest speed. Thus, the yeast cells shall be placed
in the environment at the temperature of about 20°C, so as to make them grow in a good condition.
The breeding stage of yeasts is 2-5 days and the stage to keep a stable quantity of cells is about 8

days. In general, the yeast cells in breeding stage are applied to implement the experiment.
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Because too long time in liquid will make the metabolite increase gradually, together with some

dead cells, which will affect the manipulation of optical tweezers on the yeast cells.

Figure 5.10 Prepared yeast cells under the optical tweezers.

Figure 5.10 shows that the prepared yeast sample is placed on the slide with a thickness of 0.17um
under the optical tweezers. Since the working distance of numerical aperture of the objective lens
is very short, and if the slide is too thick, laser cannot focus in liquid that affects the utilization
rate of numerical aperture, and the cell cannot be captured. To make it convenient for optical
tweezers to have enough space for the cell manipulation and get better experimental results, the
quantity of yeast cells in suspension and the scatter cells need to be reduced in the visual field.
Thus, before the experiments, it is required to dilute the prepared suspension of yeast cells.
According to the ratio of suspension of yeast cells and distilled water of 1:4, a sucker has been
used to absorb appropriate amount of prepared suspension mixed with water and blow the diluted
liquid to make yeast cells scatter completely, thus to implement the capture experiments of optical

tweezers.
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5.3.2 Methods

As described in Chapter 2, theoretical calculation could not substitute direct measurements, since
the optical force is sensitive to small geometric deflections. Hence, the experimental methods such
as the drag force method, the power spectrum method and the equipartition theory have been
presented. Among them, the drag force method is the most frequently used to calibrate the optical
stiffness in the optical tweezers operation. Huang et al used the method of fluid mechanics to
make the particle trapped with relative uniform motion, then the relative speed of the particle was

calculated when the particle and the resistance reached equilibrium statest**?.

However, little work has been reported on the dynamic positioning analysis of the drag force
method in the Z direction. When the particle deviates from the initial balance position due to the
drag force of medium and reaches a new balance between the drag force and viscous force of light,

the drag force could be calculated through the Stokes' law. Then an improved Stokes' law can be

expressed as™>!

67zrluvmax (55)
.9 r, 1lr. 45 r, 1. r. '
1= 2 () + () = () - = (—
160 Telh) Tams ) T16

where r is the radius of the particle, h is the distance from the focus sample, x is the viscosity of
the liquid, Ve is the maximum escape velocity of cell. Here, h is introduced into the Stokes' law
and the algorithm of IFA (Image Focus Analysis) is used to obtain the distance. In this algorithm,
the blurring level around pixels is decided by the distance between the planes of focus and
objective lens. To obtain the different focus distances corresponding to the different blurring levels,
continuous images of cells were acquired every 1um, and the Laplacian function was used to

analyse the blurring levels, which can be expressed as™™**!
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where C(x,y) is the result after the image processing by Laplacian function, and its template for the

processing can be expressed as

1 1
1 -8 1
1 1

The search space corresponding to the distance is shown in Figure 5.11. From the focus plane to
either the left edge or right edge, the clarity of images can be calculated by Laplacian function, as
shown in Figure 5.11. Hence, the distance from the focus sample for each cell image can be
judged from the result of Figure 5.12. The new experimental method integrated with the
positioning analysis in the Z direction can characterize the mechanical forces applied to the living

cell in the optical trap more precisely.
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Figure 5.11 Schematic of the judgment of the image blurring level in each focus. The distance from the

focus plane to either the left edge or right edge is about 1um.
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Figure 5.12 Corresponding focus curve calculated by the Laplancian function in the sequence of cell

images.

5.3.3 Experiments and Results

In the experiments, the laser was focused on the sample plane, and the yeast cells were placed on
the slide and they were driven to move with respect to the focus. The different optical trapping
forces were calculated by the different drag velocities. When the drag velocity exceeded a speed
limit, the cell came out of the focus. Then the drag force caused by the critical velocity was the
cellular escape velocity. The output of the laser power was 100mW, and the oil-immersion
objective lens with the NA of 1.25 and 100> magnification was used for the measurement of

cellular escape velocity.

The yeast cells were used for the movement experiments in culture. The CMOS camera was set to
record the whole manipulation process in real time. As shown in Figure 5.13, through the method

of background superposition, the trajectory of that yeast cell can be seen clearly. The arrow points
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the movement direction. From the image focus analysis, the height in the Z direction was about
1um. The numbers of 1, 2, 3 showed the location of yeast cell at different times, and the time
interval was 0.5s. Meanwhile, the operational velocity of the nano displacement platform was
increased constantly as time increases until the yeast cell disengaging from the laser focus. The
experiments were conducted under 20°C. Hence, the coefficient of culture viscosity was
0.963mPa/s, obtained by the capillary viscosimetry. The cellular escape velocity can be calculated

by Eq. (5.5)"*,

(A)
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(©)

Figure 5.13 Schematics of the yeast movement. (A) The yeast cell has been dragged from the right
to the left at the speed of 10.4um /s. (B) The yeast cell has been dragged from the bottom to the top
at the speed of 10.2um/s. (C) The yeast cell has been dragged from the left to the right at the speed of

9.8um/s.
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As shown in Figure 5.13, the yeast cell is driven from the right to the left (A), the bottom to the

top (B) and the left to the right (C), respectively. The cellular escape velocity can be calculated as

10.4pm/s, 10.2um/s and 9.8um/s, respectively. Hence, the mathematic model of least square

surface fitting is utilized for the optical stiffness that the stiffness coefficient of the trapping force

is k=(16.2540.83)pN/um, as shown in Figure 5.14, which is similar to the numerical computations

by the RO model.
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Figure 5.14 Comparison of the stiffness coefficient of the trapping force obtained by the numerical

computations and the experimental results.

As shown in Figure 5.15, it is the drag experiment for yeast cell with different heights in the Z

direction. From the image focus analysis, the height in the Z direction is about 5um, and then the

cellular escape velocity is about 4.4um/s.
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Figure 5.15 Schematic of the yeast movement with different positions in the Z direction.

Compared with the images of yeast cells on the different positions, they become apparent that the
cell near the focus shows bigger than that placed higher from the focus, and the cellular escape
velocity also appears quite different. Hence, the new experimental method includes the positioning
analysis in the Z direction and can improve the fluid force method for the calibration and
characteristic of the mechanical forces exerted on the optical trap and the living cell. Moreover,
the algorithm of image focus analysis can help us precise position the yeast cell. When we
perform an experiment, the cell must be placed on the same level. In addition, the environment is
also the important condition for the cell testing. The background noise will severely affect the
success of the cell trapping due to the trap force acted on the cell on the pN-scale. Hence, the yeast
cells placed on the slide will be stilled for half an hour before the experiments and the whole

experimental processes need to be conducted under quiet conditions.
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Nowadays, the identifications of cancer cells are of the intriguing interest for researchers,
especially for the early detection and diagnosis of cancer. The morphology of biological cells has
no obvious changes in the early disease until to the terminal cancer. Actually, the cytoskeleton of
the cancer cell has already changed at the early stage of cancerous tissue, which causes the
different refractive-index distributions on the surface of the cell. Hence, the measurement of
cellular escape velocity can provides a powerful tool for the early detection and diagnosis of

cancer.

5.4 Summary

This chapter introduced the basic structure of optical tweezers, and an inverted imaging optical
tweezers system was established. Moreover, the static drag force method of measurement was
used to measure the cellular escape velocity in culture, and further obtained the trapping stiffness
similar to the numerical computations by the RO model described in Chapter 2. Among them, the
new experimental method included the Z direction analysis and was used to improve the fluid
force method for the calibration and characterize the mechanical forces exerted on the optical traps
and living cells. Different focus distances were selected to check the validity of the new
measurement method, and the algorithm of image focus analysis was used to calculate the distance.
The experimental results have shown that the cellular escape velocity of the biological cells in
different levels of sample plane appears quite different. In conclusion, the key technical properties
and the applications of optical tweezers can realize more effective manipulation and better
observation of biological cells due to its inherent advantages, including remote contact, less
mechanical damage and accurate manipulation. The cellular escape velocity provides a powerful
tool for the early detection and diagnosis of cancer which improves the nano handling and
measurement technology by liquid-AFM. However, due to the focus of one trap on the object
surface, the traditional optical tweezers cannot achieve the manipulation of multi-objects in a high

efficiency and it cannot isolate the particular type cells which usually exist in the mixture of
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several different morphologies of samples. Hence, a sensitive and highly efficient
polarization-controlled three-beam interference optical tweezers is developed in the followed

chapter.

147



Chapter 6

Capture and Sorting of Multiple Cells by Polarization-Controlled

Three-beam Interference

6.1 Introduction

In recent years, the optical technology has been actively developed to play an important role in
bioscience, especially in targeted drug delivery™®!, trapping of macromolecules such as RNA and
DNAMIB and living cellular adhesion measurement™®. Moreover, in the research field of
biophysics, the particular type cells usually exist at the mixture of several different morphologies
of samples, which need to be isolated and purified for further observation and analysis, such as the
recent research of CTLs (Cytotoxic T Lymphocytes) to find and kill cancer cells***. How to find
CTLs and control them close to the cancer cells are both important for the work. Hence, the

optical trapping has been presented with the features of remote manipulation and less damaging.

In contrast to the current experimental methods based on one beam optical trap that it just
manipulates one particle in one operation, there is a need to trap a number of particles
simultaneously using the basic theory of optical tweezers. Some techniques to create spatially
distributed multiple optical traps on various applications have been reported such as the SLM
which uses computer generated diffraction patterns!™*®!, fast laser-scanning which is usually

created by time-sharing of a single laser beam*!*42

, and multiple light sources which are usually
generated by diffractive elements or and LBI (Laser Beam Interference)!***l. The most approaches

so far are those of using the spatial light modulator based on the high numerical aperture objective
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lens to create computer-generated holography optical traps, which could independently trap
micro/nano particles in 3D. However, such methods are limited to manipulate small number
particles in real-time due to their complex and expensive constructions. Those still prevent the

multiple optical traps from being used as the general research instrument.

LBI is a promising technology for the volume creation of a large regular array of optical traps with
easily constructed and inexpensive micro-lenses. This method does not require strongly focused
beams and provides a way to generate periodical and quasi-periodical optical traps with adjustable
periods and less damaging, so that simultaneous spatial manipulation of a large number of
particles can be achieved™*. However, compared with the current approaches, most of studies for
the creation of multiple optical traps are limited to only create a pattern of linear interference
fringes or a few dot traps without the adjustment of the formation. Furthermore, the trapping force

is only adjusted by the changing of laser intensity and it is not stable due to the output variations.

Addressing these shortcomings, a novel adjustable three-beam interference method was presented.
It combined the optical tweezers to generate hundreds of optical traps in one focus, with its simple
form requiring several interfering laser beams whose spatial frequency components lie on the
vertices of an equilateral triangle. The resulting interference pattern has a sinusoidal modulation of
its intensity distribution along the lattice vector directions. Incorporating additional beams can
make these maxima better defined, but more importantly, it can introduce an axial intensity
modulation such that these maxima are localized in the 3D. The different sizes of cells could be
manipulated by the adjustable periodic structures focusing on the yeast suspensions. We
demonstrated the trapping of yeast cells in an interference array of dots with regular triangle
structures, and provided the force analysis of yeast cells in the laser interference fields. From the
real-time visual feedback by CCD, the different sizes of cells were manipulated by laser

interference with different polarization angles in the same case.
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6.2 Interaction of the Periodic Structures of Gradient Laser Field with Yeast Cells

6.2.1 Generation of the Periodic Structures of Gradient Laser Field

In this work, three-beam laser interference was used to generate laser interference patterns in the
sample plane, as shown in Figure 6.1. The theoretical equations based on the three-beam laser
interference were derived with proposed polarization modes. Laser interference pattern can be
seen as the superposition of the electric field vectors when two or more coherent beams focus on

one point.

Sample o

Figure 6.1 Schematic set-up for the three-beam laser interference system.

The electric field vector E, of each coherent beam can be expressed as!**!

E,=ADp,explikk, - r—at+0,)] (6.1)

where A, is the amplitude of each beam, P, is the polarization vector, K, is the wave
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number, I is the position vector, the wave surface of plane wave is the plane when Kn-T

equals to the constant. @ is the angular frequency, i is the imaginary number, and 9, is the

initial phase. In the adjustable three-beam interference experimental setup, the three beams are

allowed to form a symmetrical configuration with the same incident angles and the azimuthally
angle @, is fixed as 0< 120=and 240< respectively. Therefore, P, and K, (n=1, 2, 3) can be

expressed as

p, =—(cos@cosy,)- Xx—siny, -y —(sindcosy,) - z
p, = (%cosﬁcos://2 +\/2§sin W,) X— (\/2500590031//2 —%sin w,)-y—(sin@cosy,)-z

(6.2)

P, = (%cosecosy/3 —\fsin Ws)- x+(fcos@cosw3 +%sin w,)- Yy —(sin@cosy,)-z
k, =Kk(sin@cosg, - x+sindsing, -y —cosf - z)
where X, Y and z are the unit vectors in the three directions of coordinates. &, is the

incident angle, v, is the polarization angle, k=2z/4 is the wave number, and A is the

wavelength of light.

According to Egs. (6.1) and (6.2), the intensity distribution of three-beam interference can be

expressed as

3.3 3 3 _
1) =YY |E,|E,|cos(E, -E,) =D Y A p, - A,p,, et 6.)

n=l m=1 n=l m=1
with the spatial period™*!

A

= - 6.4
2n,sin @ ©4

0
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where M s the refractive index of the surrounding medium.

The distributions of interference patterns generated by computer simulation with different
polarization modes are shown in Figure 6.2. The intensity distributions of interference patterns can
be changed by the polarization mode, such as regular triangle distributions, elliptical distributions
and circular distributions. Compared with other multi-beam interference methods, three-beam
interference has the advantage of generating no modulation which can be easily controlled in the
interference field. Hence, the polarization angle becomes a potential parameter for controlling the
intensity distribution of the interfering field. By changing the polarization angle of three

interference beams, various intensity distributions are obtained, as shown in Figure 6.2.
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Figure 6.2 Computer simulations of laser interference. (A), (C) and (E) 2D intensity distributions for
three-beam interference with the polarization modes of TE-TE-TE, TE-TM-TM and TE-TE-TM,
respectively. (B), (D) and (F) 3D intensity distributions for three-beam interference with the

polarization modes of (A), (C) and (E), respectively (4 =532nm,& =30").
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In addition, the angles between three beams in the adjustable three-beam interference
experimental setup are also varied, as shown in Figure 6.3. If the three beams have the same
polarization, the intensity distributions in Figure 6.3 are calculated using three beams, which give
an approximation to the optical field in the regions close to the optical axis and the image plane,
and are shown to be consistent with the experimental results in different azimuthal and incident
angles. Those different shapes of the interference pattern are used to form different trap shapes,
which can realize the selection of the specific cell type. However, the azimuthal angle in the
interference system is difficult to be adjusted in real time, and the incident angles of three beams
are also needed to provide the equilibrium conditions along the axial direction, or the interference
plane is not leveled and the interference structure is not appeared with the uniformly periodic
distributions. Hence, the azimuthal angles keep their locations at the fixed values, respectively.
The polarization angle becomes the prime parameter for modulating the intensity of the interfering
field in real time. Then, the gradient force will be changed with the polarization angle in the

interfering field.
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Figure 6.3 Three-beam laser interference patterning with simulations: (A) azimuthal angles of
@, =120°, @, = 240° ¢, =360° and the incident angles of & =6, =6, =30°; (B) azimuthal angles
of @, =180°, ¢, =270°,¢,=360° and the incident angles of & =6, =6, =30°; (C) azimuthal

angles of ¢, =180°, @, =@, =0° and the incident angles of & =6, =30°6,=0°: (D), (E) and (F)

the cross-sectional views of (A), (B) and (C), respectively.
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6.2.2 Gradient Force in the Interference Field

In the previous work, it demonstrated that only the gradient force existed in the transverse
direction without any component of the light pressure force when the standing wave acted on a
particle[146]. The gradient force could originate from the interaction of the light-induced dipole
moment between the electrical component of light and the particle™"). In this section, we discuss
the influence and the orientation of gradient when the particle is placed in the three-beam
interference field, and the sample is considered as a spherical particle. According to the report of
Rohrbach et al., the polarizability of particle can decide the strength of both forces. Only the
gradient force acts on the particles placed into the interference field, they can move towards the

maximum intensities of the periodic interference structures™*!,

Laser

Figure 6.4 Schematic of the laser incident upon the lower side of the particle!*.

As shown in Figure 6.4, it is the typical transparent particle assumed to be located close to the
central axis of a stream of photons. On the surface of the particle, part of the photons are reflected
and another are refracted which are deviated from the initial direction and incident onto the upper
surface of the particle. Then the photons continues to be reflected and refracted in the next

location. Hence, due to the reflected or transmitted photons at the lower or upper parts of the
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particle surface, the gradient force can be expressed as !

Forad = —.[0”/2 j:” | (p,z )%sin(29)|rl|2r2 cos(g) xsin(20)d¢d 9
i jo”/ 1oz )%sin(e — )|t r* cos(p) x sin(20)dgd 0
1, 2) 22 [5in(36, ~ 6) —sin(6 - )]t I 'r* cos@)sin(2e)agde  ©9)

* foﬁ/zf:” I (Z;Z)- {nysin[2(0 - 6))] - n,sin(6 - )t 1t r* cos(p) sin(26)dgd 0

where ng is the refraction index of the particle, ng is the refraction index of the surround, r is the
radius of the particle and c is the speed of the laser in the surround. In the equation, the power

reflectance for the lower surface of the particle can be written as™”!

(n,n,)?*[cos’ (@) — cos’ (6,)]

2
n = 6.6
g {nons[cos2 (0) +cos’(B)] + (nZ + n‘f)cos(ﬁ)cos(ﬁl)}2 (8)
Moreover the power transmittance can be written as

2 2
It =1-]r] (6.7)

The intensity profile of the beam | (p,z) can be written as the lowest-order Gaussian

mode*>%

2P
I(p,Z)—ﬂW

. exp[_Vifz] (6.8)

where P is the gradient distance from the axis of the laser. W is the width of the laser which

given byt
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W =W, [L+ (Zi)z]]/2 (6.9)

0

where z and z, are the distance measured along the beam’s direction of propagation with z=0 and
| (p,z)=1_,1/2, respectively.

Hence, the TE-TE-TE mode, TE-TE-TM mode and TE-TM-TM mode were programmed in
Matlab with Eq. (6.5) for the numerical computation purposes. Each dot in the interference field
was used as one incident beam in the simulation. Figure 6.5 shows the force in a sphere cell as a
function of the interaction between the dot center and the central axis of cell. The radial offset a is
the relative offset between the beam center and the central axis of cell. Wy is the width of each dot
in the three-beam interference pattern. The parameters for the particle and the beam were chosen
as ng=1.5468 and ny=1.333. The laser power for each dot was 20mW, the wavelength of the laser
was 532nm and the radius of the particle was 2.5um. As shown in Figure 6.5, the laser gradient
force acted on the cells can be changed by the different sizes of dots in the interference field. The
comparison of the laser gradient force curves with different widths of dots shows that the gradient
force can be much larger when the size of cells is approximately equal to W,. The gradient forces
also act over a smaller range around the dot center. Moreover, the trapping force will start falling
when the offset is greater than 3um which has almost the same conclusion as that in the following
section. Hence, the neighboring optical trap will not influence the particle due to the rapidly

decreased trapping force.
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Figure 6.5 Laser gradient force versus the radial offset. The cell located in the interference field

experiences a centering force pulling it into the alignment with the central axis of dot.

6.3 Experimental Setup

The polarization-controlled three-beam interference experimental set-up is shown in Figure 6.6. It
is essentially based on two blocks: an adjustable three-beam interference system for producing the
periodic structure and a real-time visual feedback system for monitoring and photographing the

capture and movement of cells.
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Figure 6.6 Beam geometry for polarization-controlled three-beam interference experimental set-up. The

three interfering beams are placed symmetrically around the z axis and with the angle 6. IT, inverted

Kaplerian telescope system; M, mirror; BS, beam-splitter; WP, half-wave plate and polarization prism;

L, lens; O, microscope; CCD, charge-coupled device; PZT, piezoelectric ceramic transducer; PC,

personal computer.

A semiconductor continuous laser with output power from 0 to 2W made by CNI (Changchun

New Industries Optoelectronics Technology) operating in the TEMgo mode at 532nm is used as the

light source. It can provide both the distinct periodic structure in the visible spectral range with a

long coherence length and the necessary gradient force by the intensity, as shown in Figure 6.7.

The beam diameter at the aperture is about 2mm and its divergence is less than 1.5mrad.
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Figure 6.7 Photograph of the semiconductor continuous laser.

Firstly, due to the non-uniform Gaussian beam interference produced in the same non-uniformity
distribution of periodic structures, an inverted Kaplerian telescope system including two positive
focus lenses with different focal lengths and a pinhole of 50um was used to improve the quality of
laser. Unlike the general application, the focal length of f; is larger than that of f,. In the
experiment, the f;=100mm and f,=35mm lenses were used, and the magnification was 1/2.85
times. Moreover, due to the uneven intensity distribution in the input Gaussian beam, a diameter
of 50um pinhole is used in the experiment to improve the spatial quality of the beam, as shown in

Figure 6.6.

Diap

Figure 6.8 Schematic of the inverted Kaplerian telescope system.
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The emerging beam from the alignment and filtering system has a diameter close to 1mm and is

split by two 50:50 BSs (Beam Splitters) into three beams and focused by the 10cm focal length
lens L on the sample plane.

In the experiment, the interference pattern in the sample plane was formed into about 100pm spots
overlapping in space. Meanwhile, a 3D PZT (piezoelectric ceramic transducer) controller together
with the sample stage was used to operate the sample moving on a flat surface and make the
sample matching to the three-beam focus, and a stackable PZT stuck with the mirror 5 was used to

achieve the accuracy of phase shift and stabilize the interference gradient force on the sample
plane, as shown in Figure 6.8.

Sample plane

Y M5

Figure 6.9 Schematic of the phase shift on the sample plane.

Figure 6.9 shows the phase shift in the sample plane, and the beam incident angle equal to 6,/2,

the lens and base angle is 0, 1f the PZT moves b, then the base beam shift a can be calculated

as following
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The stackable PZT is ferroelectric crystal, which consists of many tiny grains that inset irregularly.
Thus, because of the artificial polarization, it will emerge the piezoelectricity effect. Along the
direction of the polarization, it has a rotational axis of symmetry. In terms of the essence of PZT,
the crystal lattice of dielectric distortion through the polarization has been made under the action
of the electric field. These effects represent mechanical strain in the macroscopic
electromechanical coupling. The output displacement and the driving voltage of piezoelectric

ceramics can be calculated as™!

Ah =D(V)V (6.11)

AO . . . . . .
where Ah= E-/l is the stretching quantity , which represents the phase shift (A@) of a single

wavelength (A ), D(v) is the piezoelectric coefficient, V is the voltage exerted on the PZT. It is an
excellent phase shift device, which has many advantages, such as easy adjust, stabilization and

small size .

In applications, PZT can produce some characters like the hysteresis or the creep which affects the
accuracy of the phase shift. In order to precisely control the PTZ operation in the experiments, we
need to know the quantitative relationship between the voltage and displacement by PZT, and how
to determine the best linear interval of PZT in the repeatability experiments. As shown in Fig.
6.10(A), the phase shift of the interference pattern introduced by the PZT is implemented with a
voltage of 0-60V and the CCD detection in real-time. Fig. 6.10(B) shows the phase shift between

two adjacent voltage values 5V.
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Figure 6.10 Phase shift of the interference pattern induced by the PZT. (A) Phase shift with voltages

from OV to 60V. (B) Phase shift between two adjacent voltage values 5V.
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The observation part consisted of a flat mirror HM for the reflection of 532nm laser beam, and the
microscope O for imaging the sample plane on a CCD camera. Finally, the images were
transmitted to the computer. Three polarizers were chosen as the modulation devices to change the
output energy and the polarization angles. The various interference patterns were formed by
different combinations of polarization angles when they had the same incident angles. According
to the real-time visual feedback by the CCD camera, the computer was able to obtain the
information of sample cells. Then, the matching interference pattern was adjusted by changing the

laser polarization angles. As shown in Figure 6.11, it is the photo of the polarization-controlled

three-beam interference experimental set-up.

Figure 6.11 Photograph of the polarization-controlled three-beam interference experimental set-up.
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6.4 Results and Discussions

6.4.1 Optical Trapping and Manipulation of Yeast Cells

The yeast cells with spherical shapes were manipulated in culture for the experiment. All of
pelleted cells were grown for 24 hours. An aliquot of sedimentated yeast cells amount was diluted
in 10 times with the deionized water without stirring. The yeast suspensions were placed on a
non-coated cover-slip when the cells were captured by the adjustable three-beam interference
experimental setup described above. The period of interference pattern was chosen slightly larger
than the average diameter of yeast cells, and the laser intensity at the centre of the interference
pattern was about 950mW. We observed the multiple yeast cells captured by the laser gradient
force originated from the interaction of light-induced dipole moment. Figure 6.12 shows that the
optical trapping of tens of yeast cells in the interference field was achieved. With the laser gradient

forces, the whole array of optically trapped yeast cells could be dragged by the movement of PZT.

(A) (B)
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©) (D)

Figure 6.12 Spatial distributions of the yeast cells in the interference field. (A) Experimentally obtained
patterns generated on the sample plane. (B) Initial spatial distribution of yeast cells in the sample plane
in the case when the interference was switched off, and the yeast cells were in equilibrium. (C) The
yeast cells were moved at a velocity of about 2um/s in the case when the interference was switched off.
(D) The yeast cells were moved at a velocity of about 2um/s in the case when the interference was

switched on.

According to the Stokes' law, the maximum deviated speed of yeast cells oriented from the centre

of each dot, formed by three-beam interference, could be calculated by!™

F

drag

=6znRv (6.12)

where p is the viscosity of the fluid surrounding the cells and R is the cell radius. The yeast
cells were deviated by the maximum Stokes force and settled in a new equilibrium location where
the drag force was compensated by the laser gradient force in the opposite direction. Figure 5
demonstrates this effect for yeast cells. Figure 6.12(A) shows a picture of regular triangle
distribution of dots in an interference pattern observed by CCD. Thus, according to Eg. (6.5), the
incidence angle is about 4< and the period of the 2D hexagonal lattice array is about 5um. Figure

6.12(B) gives a picture of the initial spatial distribution of yeast cells when they were illuminated
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by three-beam interference with the TE-TE-TM mode, and the yeast cells were in equilibrium.
Figure 6.12(C) shows the movement of the yeast cells in the interference field where the
interference was switched off. In this case, all of the yeast cells dragged by the movement of PZT.
Figure 6.12(D) shows the movement of the yeast cells in the interference field where the
interference was switched on. Then, most of yeast cells were dragged by the laser gradient force
except the bigger object indicated by the arrows in the figure which could be agglomerated cells.
Figure 6.12(D) shows that the yeast cells were dragged at a velocity of about 2um/s, and then the
small cells moved more rapidly towards the movement direction than large cells. Because the
yeast cells are trapped by the multiple optical tweezers and the stage is dragged by the movement
of PZT, the bigger object shows the relative movement of other yeast cells. According to the
measurements, the interference trapping of yeast cells took place in the equilibrium at a steady rate

as high as 11.6um/s, and the trapping force started falling when the offset was greater than 1.5um.

Pixel

Pixel

(A
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Figure 6.13 Spatial distributions of the yeast cells in the interference field dragged by the stackable

PZT. (A) Initial spatial distribution of yeast cells in the sample plane in the case when the interference
was switched off. (B) The yeast cells were moved at a velocity of about 1.5um/s in the case when the

interference was switched on.

Figure 6.13 shows the whole array of optically trapped yeast cells dragged by the movement of the
stackable PZT. The movement of yeast cells via laser manipulation needs to realize the phase shift
on the focus by the change of light path of one beam. Hence, it can achieve a high precision on the
nano scale and hundreds of yeast cells in the interference field can be controlled, which has not

been achieved by the alternative multiple optical tweezers. The correlation coefficient of the cell

movement patterns can be calculated by!*%

covll,(x, y), I, (X£r,y<£r,
O,

rk(rl’rz) =

)] k=123 (6.13)

O
0 k
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where I, and Iy are the intensity distributions of the pixels in the patterns,

cov[ly(x,y), I, (x£r,y£n,)] is the covariance, and O, and O, are the standard deviations

of intensity distributions, r; and r, are the phase shifts in the pixel numbers. As shown in Figure
6.13, the changes of each small cell correspond to the big cell showing that the whole array is

moved from the left to the right.

6.4.2 Optical Sorting of Yeast Cells with Different Polarization Angles

Cell sorting is accomplished through the changing of laser gradient force which is proportional to
the specific polarizability of the cells and the light intensity distribution in the interference field.
The cell array was moved at a constant speed in the experiment, which avoided the effects of
traditional manipulation with the trapezoidal acceleration motion. Then, the light intensity
distribution in the interference field could be redistributed with the change of polarization angle,
and the cells of interest were captured from the trap array via the different drag force. We also

investigated the effect of optical sorting of yeast cells with different polarization angles.

The cells of interest could be isolated by a suitable Stokes force or drag speed corresponding to
the laser gradient force. Only the cells within a certain critical size could be captured and
transported by a moving gradient force and also be in the equilibrium in the motion. As shown in
Figure 6.14, PZT is moved at a constant speed, and the cells have been dragged in different
interference fields. Figure 6.14 demonstrates the experimental implementation of the sorting of
yeast cells when the distribution of interference field is changed. By controlling the polarization
angles of beams, various intensity distributions and different sizes of dots were obtained. Figure
6.14(A) shows ten cells in the illuminated field in the case where the interference was switched off.
In Figure 6.14(B), the interference was switched on with the TE-TE-TM mode, and the
interference field was moved by PZT at a sustained speed of 2.5um/s. It can clearly be seen that

there are three cells relatively moved toward the lower right, indicated by arrows, and the other

170



seven cells were trapped by the laser interference field. Then, the polarization angle is changed
from the TE-TE-TM mode to the TE-TE-TE mode. The dot width in the interference field is
reduced to provide the laser gradient force which is smaller than that provided by the TE-TE-TM
mode. As shown in Figure 6.14(C), there are five cells relatively moved by the movement of PZT
due to the change of dot size and laser intensity distribution which is in accordance with the
conclusion from Figure 6.2. Moreover, two cells which are indicated by the triangles have been
moved less than the three other cells due to the insufficient dragged force. With the change of the
polarization angle, the shapes of the interference patterns and the value of maximum intensity
change correspondingly. The simulations and the experiments have shown that the polarization
angles of three interference beams have a significant impact on the shapes of the patterns and the

laser gradient force.
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Figure 6.14 Sorting dynamics of the interested cells with different polarization modes. (A) Cell
distribution in the illuminated field where the interference was switched off. (C) Cell distribution in the
illuminated field where the interference was switched on with the TE-TE-TE mode. (E) Cell
distribution in the illuminated field where the interference was switched on with the TE-TE-TM mode.
(B), (D) and (F) The spatial relationships with each cell generated by MATLAB corresponding to (A),

(C) and (E), respectively.

Compared with other multi-beam interference optical tweezers, without changing the device
alignment of the setup, a variable and stable laser gradient force can be produced by the
polarization-controlled three-beam interference experimental set-up. The set-up can generate
various periodic structures with different intensities and dot sizes. Moreover, manipulation at a
constant speed can avoid the influence of PZT acceleration. The selective capture and sorting of
cells of different sizes by controlling the polarization angles of three beams can have new
interesting possibilities of applications in cytology. In particular, applications such as sorting and
separation of CTLs from a mixture of cells, capture and transportation of multiple cells are
expected. The capture and sorting of biological cells are two important issues in biophysical
research, and the polarization-controlled three-beam interference method can provide a way to

generate various intensity distributions of optical traps with easily adjustable periods.
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6.5. Summary

In this chapter, we have demonstrated a method for the capture and sorting of hundreds of cell
samples using a novel polarization-controlled three-beam interference method. Firstly, three

beams interference have been simulated by Matlab with the different azimuthal angles and same

incident angles of 6, =6, =6, =30°. Then, based on the symmetrical configuration with the

same incident angles and the azimuthally angles @ fixed as 0< 120=and 240< respectively,

various intensity distributions are presented by changing the polarization angle of three
interference beams, including the TE-TE-TE mode, TE-TE-TM mode and TE-TM-TM mode.
Subsequently, the capture and sorting of yeast cells in the interference array of dots based on the
change of polarization angle have been discussed. The Ray-optics model has been used to analyse
the gradient force in the interference field. Finally, we have experimentally observed multiple
optical tweezers and the sorting of cells with different polarization angles, which are in accordance
with the theoretical analysis. Two manipulation methods based on the nano displacement platform
and the stackable PZT have been implemented for the cell capture with high precision. The
experimental results have shown that hundreds of yeast cells in the interference field could be
realized, which has not been achieved by the alternative multiple optical tweezers, and the
polarization angle affects the shapes and feature sizes of the interference patterns and the trapping
force. The proposed method has its unique potential in biological research, which will be useful

for the capture and sorting of cells, and the manipulation of them for further analysis.
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Chapter 7

Conclusions

7.1 Summary of Thesis

The work presented in this thesis concerns the nano handling and measurement techniques for
biological cells in culture. Chapter 1 provides the overview of current nano handling and
measurement technologies of biological cells and describes both the advantages and limitations of
each application in cytology, respectively. Chapter 2 reviews the fundamental theories and the
biological cell applications of AFM and optical tweezers. With the deep investigation of traditional
products, it is found that there are a number of limitations associated with the nano handling and
measurement issues in the physiological cases. For instance, they cannot be used to study the
suspension cells and the adherent cells simultaneously. The structural design of AFM for the air
condition may not be suitable to work in liquid. There is still lack of satisfactory experimental
methods and techniques for us to study cells from different aspects. Furthermore, few reports on
optical tweezers have considered the dynamic analysis during the automated transportation and
most of studies for the creation of multiple optical traps are limited to create a pattern of linear
interference fringes or a few of dot traps without adjustable the formation. Hence, the combination
and improvement of liquid-AFM and multiple optical tweezers are incorporated into the
methodology of this thesis. The novel characterization methods of biological cells based on the
methodology are implemented throughout the experiment research. Among them, the liquid-AFM
is used both as a tool for the obtaining of true 3D surface topographical information of the living
cells in vitro on the nano scale and as a force sensor for the measurement of various physical

properties of biological samples, such as elasticity, adhesion, hardness and friction. Moreover, the
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multiple optical tweezers can remotely manipulate the biological cells on the nano scale with less
damage and provide the measurable forces and distances which are well suited for the study of cell
dynamics, especially using the different forces to move and select multiple living cells. To
visualize and quantify the dynamics of living cells in culture on the nano scale and accurately
measure the interaction force on the surface of biological cells in the molecular level, the aim and

objectives are determined accordingly.

In Chapter 3, the liquid-AFM has been developed and optimized based on the principle of atomic
force microscope and its applications in cytology. Several shortcomings in current research
including the insufficient area in the sample scanning, the inefficiency and less reliable in the
topography of living biological sample and the incompatible AFM probe unit which cannot be
used in the air conditions and liquid environments in one experiment have been solved in the
novel structures. Among them, a new liquid-AFM probe unit and an increment PID control
algorithm have been implemented suitable for the scan detection of cell samples in gas phase and
liquid phase environments. The problems with the influence between the surface tension and the
probe and the damage of probe in the sample scanning have been overcome. The proposed system
is useful for the nano handling and measurement of living cells in both the air conditions and

liquid environments.

In Chapter 4, by taking the strategy of the liquid-AFM, a number of emerging methods for the
characterization of living biological samples in vitro were implemented based on the new
structures. The biological cell imaging in different liquids was studied to improve the image
quality. Subsequently, the AFM was used as a force sensor for the measurement of the adhesion
force between the cell and the substrate and the mechanical properties of biological cells in culture.
The Young's modulus and the cellular shear adhesion forces of two types of living cancer cells
were obtained based on the measurements of the cell indentation and the deflections of the AFM

cantilever in the torsional and vertical directions, respectively. The experimental results
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demonstrate that the Young's modulus-frequency count distribution and the shear adhesion force
of normal cancer cells is twice as much as the same type of cancer cells with TRAIL. Moreover,
based on the sensitive and fast cellular shear adhesion force measurement method using an atomic
force microscope, the measurement of cellular shear adhesion forces can be made based on the
different positions of the cell on the nano scale. Moreover, different pushing speeds of probe and
various locations of cells were used in experiments to study their influences. In this study, the
measurement of the cell adhesion in the upper portion of the cell is different from that in the lower
portion. It may reveal that the cancer cells have the metastasis tendency after cultured for 16 to 20
hours, which is significant for preventing metastasis in the patients diagnosed with early cancer

lesions.

In Chapter 5, to overcome the limitations of liquid-AFMs including the trapping and manipulation
of the cell damaged, which were difficult to achieve the manipulation in a large area and to
improve the cytological diagnosis with the physical properties of the cell, the single optical
tweezers was developed to integrate with the liquid-AFM. The moving nano displacement
platform of liquid-AFM and the light beam phase shift were used in the optical tweezers to
manipulate biological cells in culture. Moreover, the static drag force method was used to
measure the cellular escape velocity, and further obtain the trapping stiffness which was similar to
the numerical computations by the RO model. Among them, a new experimental method
integrated with the position analysis in the Z direction was used to improve the fluid force method
for the calibration and characteristic the mechanical forces exerted on optical traps and living cells.
The experimental results show that the cellular escape velocity in different levels of sample plane
appears quite different, and it can provide a powerful tool for the early detection and diagnosis of

cancer which improves the nano handling and measurement technology by liquid-AFM.

Due to the focus of one trap on the object surface, the traditional optical tweezers cannot achieve

the manipulation of multi-objects in a high efficiency and it cannot isolate the particular type cells
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which usually exist in the mixture of several different morphologies of samples. Chapter 6 gives a
sensitive and highly efficient polarization-controlled three-beam interference set-up for the capture
and sorting of multiple cells. With the theory of superposition of three beams, simulations on the
influence of polarization angle upon the intensity distribution and the laser gradient force change
with different polarization angles were carried out. By controlling the polarization angles of the
beams, various intensity distributions and different sizes of dots were obtained. Among them, the
theoretical equations of gradient force in the interference field with the TE-TE-TE, TE-TE-TM
and TE-TM-TM polarisation modes were derived and corresponding analyses demonstrated that
the same particle placed on the different polarisation modes of interference fields were dragged by
different gradient forces. Subsequently, we have experimentally observed multiple optical
tweezers and the sorting of cells with different polarisation angles, which are in accordance with
the theoretical analysis. The experimental results have shown that the polarization angle affects

the shapes and feature sizes of the interference patterns and the trapping force.

In conclusion, an integrated system including the liquid-AFM and the multiple optical tweezers
based on laser interference has been developed in this work to combine the advantages of high
accuracy and efficiency for the nano handling and measurement of living cells. Table 7.1 shows
the specifications of the integrated system. The developed system is useful for the nano handling

and measurement of living cells in biomedicine.
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Table 7.1 Specifications of the integrated system

Liquid-AFM Multiple-OT
Scanner
Scan ranger 150pm>150umx150pm 150pm>150umx150pm
Open-loop resolution 0.2nm 0.2nm
Repeatability in X, Y, Z 2/2/4nm 2/2/4nm

Linearity

Laser

<0.03% Full range

650nm

<0.03% Full range

532nm

Video Microscope

Type Top-down video microscope Top-down video microscope
Focus Manual focus and zoom Manual focus and zoom
Camera type 9M pixel color CMOS camera  9M pixel color CMOS camera/
Resolution 1.75um 1.75um
Magnification 5.0x 5.0x

Sample Size

Manual X/Y stage 25mmx25mm -

Motorized X/Y/Z stage 25mmx25mmx25mm 25mmx25mmx25mm

Standard Modes

Contact mode

Laser movement/Platform

movement

7.2 Future Work

The work presented in the thesis aims to develop a new system and new technique which will be

able to visualize and quantify the dynamics of living cells in culture on the nano scale and
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accurately measure the interaction force on the surface of biological cells in the molecular level.
An integrated system including the liquid-AFM and OT based on laser interference is developed
and a number of significant achievements of nano handling and measurement of biological cells
have been obtained, but there are still some limitations to be overcome and other potential tasks to
be carried out in the future work, such as the coordination of the working speed and the accuracy
for the liquid-AFM, the working mode of the liquid-AFM that may induce the cell damage in the
manipulation, and the working efficiency of the multiple optical tweezers which is difficult to
realize in the system adjustment Moreover, there are still lack of the significant methods for the

study of both suspension cells and adherent cells at the same time.

Although the AFM has become a versatile tool with the functions for biological cell handling,
imaging and force feedback. However, the scanning area is too small for many applications of
cells in bioengineering, which requires a new structure of AFM or develop new scanning method
for the large area scanning™.. Besides, AFM is expected to have more functions at a high speed,
high precision and large area simultaneously in the sample scanning. Recently, some AFMs with
two stages appear gradually. However, the AFM based on the large area and high speed usually
cannot achieve the less damaged results in the scanning due to the noise and vibrations in the
integrated manipulation™*. Hence, the requirement for the scanning of the sample with a high
speed, high precision and large area simultaneously will be the indispensable improvements in the

future work.

The optical tweezers system is currently the vital member of pico-Newton force spectroscopy as
well as the micromanipulation tools with vast applications in the interdisciplinary research. One of
the important developing trends is to integrate with various new types of light fields to carry out
special or complex manipulation tasks. For instance, integrating with the ultrashort pulsed Bessel
beams can realize the stable manipulation with the transferred distance in the radial direction more

than 3mmt**3I8I57] ntegrating with the optical vortex beam or Laguerre-Gaussian beam can be
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used to study the rotation dynamics of biological cells™®1*%% Integrating with the Airy beams can
trap multiple particles along the accelerating trajectory™. Hence, with the theories of novel

optical fields, optical tweezers can be used to realize more applications in cytology.

Furthermore, the further study of the integrated system based on the liquid-AFM system and
multiple optical tweezers can also offer unprecedented functionalities of the cytology examination.
Since the optical tweezers system is the instrument of pico-Newton force spectroscopy and the
particles in the optical field are usually suspended into the liquid, the common biological cells are
not suitable for the trapping and selection. The force caused by the probe is greater than the
gradient force acted on the surface of the biological cell. Hence, for these reasons, the biological
cells are separated from the substrate with less damage, and the novel method with higher
precision of real-time sensory information feedback has the excited potential for the future work
of functionality of the cytology examination. In addition, some new methods will be further
developed to the targeteding drug-delivery and study the immune function based on the integrated

system.
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