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Abstract
This thesis focusses on the measurement of the mechanical property, such as Young’s
modulus, of unicellular organism.
Unicellular organisms, such as cyanobacterium and yeast, play important roles in the
study of biofuel, gen analysis, protein production and so on. The mechanical property of
the cell is different according to the environment condition or the cell gene. Thus, it is
considered as an important parameter that present the cell living condition. But the
diameter of the cell is as small as several micrometers, which makes it difficult to operate
the cell. And it is also difficult to measure the cellular deformation and the applied force
because of their small size.
Firstly, to overcome the difficulties caused by the small size of the cell, I constructed
a measurement system. This system consists of a robot integrated microfluidic chip and
an optical tweezers system. The optical tweezers allow us to manipulate the cell. The
microfluidic chip integrated with a force sensor and a pushing probe allows us to deform
a cell. And then, we can measure the deformation and applied force accurately using the
chip. I succeed in measuring the stiffness of single cyanobacterium cell (Synechocystis
sp. strain PCC6803) whose diameter is less than 2 μm. I also measured the Young’s
modulus of single cyanobacterium cell in different osmotic environment conditions. Two
types of cell are measured, the wild type (WT) and the ΔmscL. The wild type is not
genetically modified. The ΔmscL is genetically modified and lacks a specific kind of ionchannel called mechanosensitive channel (MscL). I confirmed that the ΔmscL and WT
have different Young’s modulus in different osmotic conditions.
II

Secondly, for the purpose of comparing with conventional research which utilize the
atomic force microscopy (AFM) to study cell mechanical property, I studied the
measurement of single yeast cell using atomic force microscope and microfluidic chip.
There are lots of studies which studied the property of yeast cell using AFM. I measured
the Young’s modulus of single yeast cell using AFM with a sharp tip and a customized
flat tip respectively. The sharp tip indents the cell and measure the local property of the
cell, which is a conventional research method. While the flat tip compresses the whole
cell and evaluate the Young’s modulus of the cell as a whole. I confirmed that the Young’s
modulus measured by microfluidic chip and AFM with flat tip are similar, which prove
the reliability of this method. While the Young’s modulus measured by sharp tip (0.72 ±
0.36 MPa) (mean ± standard deviation, n = 10) and flat tip (5.09 ± 1.51 MPa) (mean ±
standard deviation, n = 10) are quite different with each other. This might because the
sharp tip measures stiffness of the local position on the surface of a cell, while the flat tip
evaluates the stiffness of the whole cell. Other researches which studied the Young’s
modulus of yeast cell using AFM with sharp tip had reported the Young’s modulus in the
same order. Thus, the sharp tip result in this research is considered to be reliable. The two
different tips evaluating the Young’s modulus of a yeast cell in different ways. And I
believe that both of them are suitable for evaluating the Young’s modulus of yeast cell.
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Introduction

1.1 Background

A unicellular organism is an organism that consists of a single cell [1-4]. It contains
lots of creatures such as cyanobacteria, Escherichia coli, and yeast. There are lots of
studies about unicellular organisms in different fields. For example, cyanobacteria are a
kind of photosynthetic bacteria which live in a wide variety of moist soils and water [5].
It has been used as a model microorganism in a wide range of studies in areas such as
photosynthesis [6-9], biofuel [10-12], and environmental stress adaptation [13-16].
Escherichia coli is a kind of facultative anaerobic, rod-shaped, coliform bacterium of the
genus Escherichia. It is widely studied in the field of ecology [17-19], public health [20,
21], and protein production [22, 23]. Yeast is a kind of eukaryotic which is widely used
in in studies involving protein production [24-26], gene analysis [27-29], cell cultivation
[30-32].
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Figure 1.1 Different fates of aged cultures of the cyanobacterium S. elongatus.
(A) Cultures maintained at stationary phase were characterized by dark blue-green
pigmentation up to about 3 months (culture No. 1). Older cultures either rapidly collapsed
(culture No. 2), or gradually acquired a yellowish color (culture No. 3) and further survived.
Cultures No. 1 and 2 are about 3 months old, whereas culture No. 3 is 6 months old. (B)
Conditioned medium (CM) of a collapsing culture induced rapid cell death of exponentially
growing cells of S. elongatus in contrast to medium from non-collapsing cultures, which did
not affect viability. Cells were inoculated into fresh medium (FM) as a control. 5 µl of

undiluted cultures or cultures diluted 1∶100 or 1∶1000 was 'spotted' on solid growth medium,
following exposure to the different media. [42]
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To study the cell, it is important to evaluate the cell condition. There are lots of
methods to analyze cells. One kind of method to study the cells is to operate or measure
cells in the form of liquid suspension or film on agar [42], as shown in Figure 1.1. Cells
are studied as a group and the parameter of a group of cells such as optical density [34,35]
and culturing conditions are analyzed [42]. Another method is to analyze a single target
cell using specific devices. The single cell analysis has drawn lots of attentions [33]
because its ability to analyze a cell specifically. The single cell analysis includes lots of
methods, such as the fluorescent label [36-38] and single nucleus RNA sequencing [3941].
Among the single cell analysis studies, the mechanical property of a single cell, such
as Young’s modulus, has drawn lots of attentions in recent years [43-47]. The mechanical
property of a single cell would be affected by numerous factors, including cell variation
[48,49], chemical treatment [50,51], viral infection [52,53] and environment conditions
[54]. Thus, measuring the mechanical property of a single cell can help us understand the
more about cells. Considering the fact that there are lots of cells with different size and
different properties to be studied, different methods have been proposed to meet different
needs. This research focus on measuring the Young’s modulus of unicellular organism
with small size, such as cyanobacteria and yeast cells. The diameter of cyanobacteria and
yeast cell is around several micrometers. The small size of these unicellular organism
makes it difficult to operate or measure the target cell. The methods proposed by other
researchers have different advantages which make them not suitable or convenient for
measuring cyanobacteria or yeast cells. Thus, it is important to propose a method to
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measure the Young’s modulus of cells with small size. Firstly, I will briefly introduce
some methods proposed by other researchers in the next section.
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1.2 Mechanical property measurement methods

To evaluate the mechanical property of a cell, it is usually needed to deform the target
cell and measure some related parameters. Most of the proposed methods are based on
such kind of principle. The methods used to evaluate the mechanical property of a single
cell including micromanipulation method, micropipette aspiration method, optical
tweezers method, micro-constriction channel method, robot integrated microfluidic chip
method, and the atomic force microscopy (AFM) method. Here I will briefly introduce
these methods.

1.2.1 Micromanipulation method
The micromanipulation method utilizes micro-structures which are fabricated using
the micro and nano fabrication technology to evaluate cell by deforming it and measuring
the force applied.
The micro-structure can be fabricated on a substrate. For example, Liu et al. fabricated
a poly(dimethylsiloxane) (PDMS) cell holding device for measuring forces applied to an
oocyte cell. The elastic and viscoelastic properties of a single oocyte cell was measured
by indenting the target cell using a micropipette as shown in Figure 1.3 [54], and analyze
the data using a large-deformation mechanical model which was developed to extract the
mechanical properties from the measured force–deformation data [55].
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Figure 1.3 Vision-based force measurement of mouse oocytes. (a) Schematic of the working
principle. (b) SEM image of a PDMS cell holding device. (c) Indentation forces deform the
mouse oocyte and deflect three supporting posts. (d) Force balance on the cell under
indentation. (e) Post deflection model [55].

Figure 1.2 (a) Micromanipulator with a wire-bonded force sensor. (b) Force-deformation curve

measurement of a mouse oocyte zona pellucida [57].

The micro-structures can also be fabricated to make an isolated micromanipulator.
For example, Sun et al. developed a micromanipulator consisted of a 2-degree of freedom
6

capacitive force sensor and a probe [56]. It was used to measure the stiffness of a mouse
oocyte, as shown in Figure 1.2, by indenting the cell with the force sensor attached probe.
Some other researchers succeeded in measuring the mechanical property of a tomato
cell by compressing the cells between the flat end of an optic fiber (the micromanipulation
probe) and a glass surface, as shown in Figure 1.4 [46]. The probe was mounted on a
force transducer, which in turn was mounted on a micromanipulator. This allowed the
probe to be driven at a chosen speed towards the slide, compressing the cell [47,65].

Figure 1.4 Video image of bottom and side views of a cell under deformation [46].
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1.2.2 Micropipette aspiration method
Micropipette aspiration method utilize a tube whose inner diameter is slightly small
than the target cell to aspirate it as shown in Figure 1.5 [58]. And then evaluate the cell
mechanical property according to the pressure applied on the tube and the cell
deformation [59-62]. This method is usually used to measure soft some cells with a
Young’s modulus smaller than 1 kPa, such as chondrocyte and endothelial cells [59].
There are also researches which study the force model for describing the aspiration of a
target cell to calculate the mechanical property of the target cell more accurately [63,64].

Figure 1.5 Micropipette aspiration test to evaluate cell stiffness. (a) Application of tare pressure
and (b)incremental pressure application [58].
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1.2.3 Optical tweezers method
The optical tweezers are technique which utilize a focused laser beam to manipulate
particles with a size in the order of nanometer or micrometer. It was proposed around 50
years ago [66,67] and has been widely used for lots of researches [68-70]. Measuring the
mechanical property of a single cell can also been achieved by using optical tweezers.
Because the optical tweezers can only apply force in the order of piconewton (pN) [71].
They are usually used to measure soft cells such as human red blood cell [72] or cancer
cell [73,74]. The optical tweezers trap microbeads to apply force on a target cell by
stretching, as shown in Figure 1.6 [72]], or by indenting, as shown in Figure 1.7 [74].

Figure 1.6 (a) Concept of the stretching experiment. The left bead is anchored to the
surface of the glass slide. The right bead can be trapped using the laser beam and stretching force
applied to it via the movement of the laser beam. (b) Experimental observations of the stretched

red blood cell loaded from 0 to 340 pN. Diameter of the bead is 4.12 μm [72].
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Figure 1.7 Schematic of the experimental procedure. (a) The cell is positioned below the trapped

bead, (b) the stage is moved up by SD and the cell interacts with the bead displacing it by BD,
while the bead indents the cell and (c) optical microscope image of the bead above the cell, bead
indicated by arrow, scalebar10 μm [74].
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1.2.4 Microfluidic chip method
Microfluidic chip is a chip with patterned microchannels and some other structures
such as microvalve, micropump and microsensors as shown in Figure 1.8. It has been
greatly developed for decades [75-77] in the field of particle sorting [79], DNA analysis
[80], cell analysis [81-83], biomedical [84] and so on [85-87]. There are several ways to
evaluate the mechanical property of a single cell using microfluidic chips.

Figure 1.8 Picture of a microfluidic chip [78].
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One of the methods to evaluate the mechanical property of a single cell using a
microfluidic chip is called micro-constriction channel method. The micro-constriction
channel method is a little similar with the micropipette method. The micro-constriction
channel method evaluates the mechanical property of the target cell by forcing the cell
going through a channel whose diameter is smaller than the cell [88,89], as shown in
Figure 1.9 [75]. Different from the micropipette aspiration method, the micro-constriction
channels are usually fabricated on a microfluidic chip and can realize high-throughput
single-cell mechanical property characterization [90-92]. This method is usually used to
evaluate soft cells such as red blood cells [89], white blood cells [90,93,94], and cancer
cells [92,95-97].

Figure 1.9 Schematic illustrating the geometry of the microchannel. The constricted segment of
the channel (width denoted by w) was sized at 8, 6, 4, and 2 μm. The white arrow represents the
direction of fluid flow. (Upper Inset) A differential interference contrast image of normal (smooth)

and infected RBCs. (Lower Left Inset) A normal RBC passing through a 2- μm constriction.
(Lower Right Inset) Infected RBCs blocking a 6- μm constriction. [89].
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Another way to evaluate the mechanical property of a single cell is to apply fluidic
force on a cell and record its deformation using high speed camera [98-100] as shown in
Figure 1.10 [97]. This method delivers the cells to a special flowing field uniformly by
using the inertial focusing. The cells are deformed at high strain rates, imaged with a

Figure 1.10 Principles of deformability cytometry. (A) A picture of the chip. (B) A
schematic of structure which makes cells to the channel centerline before delivering them
to the stretching extensional flow. (C) A schematic of the deformation of a cell delivered to
the center of an extensional flow by being previously aligned at an inertial focusing

position, (D) High-speed microscopic images of a deformed cell (Scale bar: 40 μm.) (E)
Definitions of the shape parameters extracted from images. (F) Summarized result of the
human embryonic stem cells [98].
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high-speed camera, and computationally analyzed to extract quantitative parameters. This
method has a high through output as much as 2000 cells per second. But only suitable for
soft cells which can be deformed easily by the shear stress in a laminar flow, such as
human stem cells [98].
Deforming the target cell with a probe or a pair of probes integrated on a specifically
designed microfluidic chip. And then, sensing the cellular force using an on-chip force
sensor is another method to measure the mechanical property (such as stiffness) of a
single cell [101-103]. The cell will be compressed between two flat surfaces which
connected to a force sensor to measure the force during compression, as shown in Figure
1.11 [102]. The force sensor on the microfluidic chip is usually a folded beam sensor. By
designing the force sensor properly, the microfluidic chip is capable to measure different
cells in different conditions.

14

Figure 1.11 (a) Diagram of a chip with force sensor structures and actuator structures (b)
Experiment figures of the compression of a single NIH 3T3 cell [103].
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1.2.5 AFM method
Atomic force microscopy (AFM) is a type of scanning probe microscope (SPM) with
high resolution. It is widely used device for studying biological structures and processes
on cellular [104,105] and molecular scales [106,107]. There are many different designs
of AFMs, but the main parts of almost any AFM are similar: a flexible cantilever (usually
mounted with a sharp tip) that acts as a spring, a laser diode whose light is focused on the
cantilever, a photodiode that detects the laser beam reflected by the cantilever, and a piezo
device for positioning the sample relative to the tip in three dimensions [108], as shown
in Figure 1.12 [107].

Figure 1.12 (a)Principal components of an AFM: cantilever with integrated tip, laser
diode and photodiode for deflection sensing, and a piezo device for positioning the
sample relative to the tip. (b) AFM cantilever. (c) Sharp tip of the AFM cantilever [108].
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It can not only scan the surface of a sample, but also measure the mechanical property
of the sample by indenting the sample with the cantilever, as shown in Figure 1.13 [112].
There are lots of researches who studied the cell mechanical property using AFM [109112]. By indenting the target cell using the cantilever with a sharp tip or a sphere tip, the
cell mechanical property could be evaluated according the indentation depth and the
cantilever deflection.

Figure 1.13 Principle of measuring cellular mechanical properties with a spherical AFM probe.
A, Cell is attached onto the substrate, while a sphere is glued onto a tipless cantilever. B,
Approach, contact, and retraction to obtain force profiles on the cell surface. C, Optical and SEM
images (inset) of a cantilever with a glued sphere [113].
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1.3 Measurement

of

unicellular

organism

using

robot

integrated microfluidic chip

As mentioned above, there are lots of methods to measure the mechanical property of
a single cell. The stiffness of several kinds of cell, human red blood cell and stem cell for
example, have been investigated. Even though there are several methods to evaluate the
mechanical properties of single cells which has been proposed by previous researchers, it
is not suitable to utilize those method for evaluating some unicellular organism, such as
the Synechocystis sp. strain PCC6803 (hereafter Synechocystis) because of its small size.
The diameter of a Synechocystis cell is approximately 2 μm, as shown in Figure 1.14
[116]. The micromanipulation methods need to operate a micromanipulator to operate or
deform the cell, but Synechocystis is so small to be operated using the micromanipulators.
Micropipette aspiration method, optical tweezers deforming method and micro-

Figure 1.14 Scanning electron microscopy (SEM) of Synechocystis sp. strain PCC 6803 cells
from agar plates. (a) magnification 12 000 (scale bars, 5 μm). (b) magnification 24 000 (scale
bar, 2 μm [116].
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constriction channel method can only deform soft cells such as cancer cells. The cell
wall around Synechocystis cell makes it stiffer than cancer cells. The Young’s modulus
of a Synechocystis cell might be in the order of million-pascal, but the cancer cell is in
the order of kilopascal [48]. Microfluidic chip can deform the Synechocystis cell, but it is
difficult to move the Synechocystis cell to the measurement point using the flow control
because it is too small. AFM method might be able to deform the cell, but it needs to
immobilize the cell on a substrate tightly, which means the Synechocystis cell is not
measured in a nature state. Considering the fact that Synechocystis is a model unicellular
phototrophic cyanobacterium [113,114]. And it has been widely used as a model
microorganism widely used and studied in different research areas such as,
photosynthesis [115], biofuel [10-12], and environmental stress adaptation[15,16]. It is
necessary to propose a method to evaluate the Young’s modulus of the Synechocystis cell
to help researchers understand more about the cellular mechanism.
The small size of the cyanobacteria leads to two difficulties to measure its mechanical
property. One difficulty is to evaluate deformation of the cell and the applying force
during the deforming process accurately. The other difficulty is to operate the cell
accurately, such as moving the cell to a specific point. The micromanipulation method
could manipulate or compress the cell. However, this technique does not have enough
accuracy or resolution to measure the Synechocystis cells. The micropipette aspiration
method and optical tweezers method are only suitable for soft cells as I introduced in
previous sections. Sugiura et al. [119,120] reported their work which utilizes the fluid
control for cell manipulation. But it is difficult to utilize the flow control on cells as small
as Synechocystis. The position of the small cells are easily affect by the fluid flow.
19

Therefore, it takes long time to move the cell to a proper position. Microgripper [121] is
another method for single cell manipulation. But it is not easy to isolate suspended cells.
It is well known that the microfluidic chips are widely used in the study of biology. It is
able to be designed specifically to realize different needs, including high sensing
resolution of course. In addition, optical tweezers can apply small force (in the order of
pN) on small transparent objects. It is possible to manipulate small particles suspended in
liquid, such as suspending cells. The trapping force of optical tweezers is not big enough
to deform Synechocystis cells, but large enough to trap and move them. Thus, I combined
the robot integrated microfluidic chip with optical tweezers to measure the mechanical
properties, such as stiffness, of single Synechocystis cells.
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1.4 Measurement of unicellular organism using atomic force
microscopy (AFM)

AFM is a widely used method to measure the mechanical property of a single cell as
I introduced previously. Even though there are few researches about the mechanical
property of Synechocystis cells using AFM. Lots of studies on yeast cells, which is also a
widely studied unicellular organism, have been reported. The measurement of cell
mechanical property using AFM is different with the robot integrated microfluidic chip
method. The conventional AFM measures the the mechanical property of a single cell by
indenting the cells using a tip mounted cantilever. While the microfluidic chip measure
the mechanical property of a single cell by compressing it between two flat surfaces. This
leads to a question that whether the measurement results of these two methods are similar
to each other. It is reasonable if the measurement results are similar when the target is a
PDSM beads because it is homogeneous. But cells are complicated and have lots of
structures such as cell wall, nucleus, and cytoplasm. It is necessary to know that whether
the AFM method and the robot integrated microfluidic chip have a similar result when
measuring the same cell strain in a similar condition. Thus, I proposed to measure the
stiffness of a single yeast cell using AFM and microfluidic chip.
There is another problem about applying AFM in measuring single yeast cells. AFM
is a popular device for investigating the mechanical properties of a single yeast cell [122124]. The yeast cells are usually trapped in a hole of a substrate for immobilization and
scanned, as shown in Figure 1.15.
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Figure 1.15 Imaging living yeast cells. AFM height images ((a), 6 μm × 6 μm, z-range: 400 nm;
(b), 6 μm × 6 μm, z-range: 1500 nm; (c), 7 μm × 7 μm, z-range: 400 nm; (d), 7 μm × 7 μm,
z-range: 1500 nm) of Saccharomyces carlsbergensis ((a), (b)) and S. cerevisiae ((c), (d)) recorded
in buffered solution (sodium acetate; pH 4.75; 1 mM CaCl2 + 1 mM MnCl2). While some cells
showed homogeneous surfaces ((a), (c)), others clearly showed the presence of a bud scar ((b),
(d)). Cells were trapped into a porous polymer membrane for non-invasive, in situ imaging [124].

Even though the mechanical properties of cells are often determined using similar
AFM methods, different researchers often report different values for the Young’s
modulus. For example, Young’s modulus values reported by different groups range from
0.15 ± 0.02 MPa [54] to 2.62 ± 1.03 MPa [125], which corresponds to an order of
magnitude difference. Moreover, the results obtained from AFM can also be quite
different from those acquired using a microfluidic chip system with micromanipulators
22

such as 9.35 MPa (Hertzian model) or 276.4 MPa (Capsule Contact Model)[126]. Such
differences may be due to cell culturing conditions, measurement parameters, and/or the
immobilization method. Additionally, the sharp AFM tip itself presents some
disadvantages that may cause variations in measurement results. Specifically, differences
may arise if the value of the tip shape parameter applied in the deformation model is
different from the true value, or if the tip radius and the indentation depth are on the same
order of magnitude. The resulting modelling error causes miscalculation of the Young’s
modulus based on analysis of the indentation data.
To overcome this problem, I proposed to measure the yeast cell using an AFM
cantilever with a flat tip. The whole target cell would be compressed between the tip
bottom and the substrate, thereby avoiding any error caused by the tip shape. This
compression method is similar to the microfluidic chip system, which uses
micromanipulators with flat surfaces [128,129].
In this study, firstly, I measured the Young’s modulus of a poly(dimethylsiloxane)
(PDMS) bead using a sharp tip to reveal the error caused by the tip shape. Then, a PDMS
bead was measured using a flat tip to check the feasibility and accuracy of this method.
Finally, measurements were performed on single cells of a wild type strain of budding
yeast, Saccharomyces cerevisiae BY4741, which is a widely used laboratory strain
[130,131]. The cell is compressed between the flat tip bottom and the substrate, and the
Young’s modulus is calculated as the mechanical property of the whole cell. For
comparison, this property of the cell is also measured using a microfluidic chip with two
probes, based on a previously pubished method [129].
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1.5 Thesis Overview

1.5.1 Research aim and target
There are lots of methods to study the mechanical property of a single cell. It is
difficult to measure the mechanical property of a cell such as cyanobacteria whose
diameter is as small as 2 μm and whose Young’s modulus is in the order of million pascal.
Thus, I would like to propose a method which could be used to measure the mechanical
property of a stiff single cell with small size.
1.5.2 Outline of the thesis
This thesis consists of five chapters.
Chapter 1.
I introduce the background of the research and describe the research target in this
chapter.
Chapter 2.
I proposed the measurement system used to measure the mechanical property of a
single cyanobacteria cell. I introduce the concept of the measurement system,
microfluidic chip design and fabrication, and the calibration of the spring constant of the
beam sensor integrated on the chip.
Chapter 3.
I introduce the cell that I used for experiment. I showed the measurement process and
experiment data of two types of cells in three different conditions. The summarized result
24

of the Young’s modulus of the single cell shows clearly difference. While the diameters
of the cell have no obvious difference.
Chapter 4.
I introduce the measurement of a single cell using AFM and compare the result with
these obtained in the measurement system proposed in Chapter 2. A typical unicellular
organism, yeast, is measured using AFM. The yeast cell is measured by AFM in two
different methods. In one method, the yeast cell is indented by a sharp tip to measure the
local stiffness of the measurement point. In the other method, the yeast cell is compressed
as a whole and the Young’s modulus of the whole cell is measured. Microfluidic chip
method proposed in Chapter 2 is carried out and compared with the two methods using
AFM.
Chapter 5
I summary this thesis and discuss the future work.
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Measurement system used to
measure mechanical property of single
cell

2.1 Introduction

As mentioned in the previous section, to measure the mechanical property of a single
cell with small size such as cyanobacteria, I constructed a measurement system which
26

combines optical tweezers and microfluidic chip. The optical tweezers could apply a force
in the order of pN, which is used to trap the target cell and transport it to the gap between
the gap between two probes. And the robot integrated microfluidic chip is used to
compress the target cell and sense the reactive force.

27

2.2 Concept

2.2.1 Concept of the measurement system
As mentioned previously, it is necessary to deform the cell to measure its stiffness.
And the sensing during the deforming process should be high enough to evaluate the
deformation and force. But the small size of Synechocystis whose diameter is about 2 μm
leads to a challenge. In this thesis, I propose an on-chip measurement system to
investigate the mechanical properties of Synechocystis on the single cell level as shown
in Figure 2.1. I combined the robot integrated microfluidic chip with optical tweezers to
measure the mechanical properties of single Synechocystis cells. The main system
contains two parts, the optical tweezers and the robot integrated microfluidic chip. The
optical tweezers are utilized to trap and transport the cells. The chip is utilized to carry,

Figure 2.1 Schematic diagram of the system (probes on the chip and optical tweezers
transporting the target cell).
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deform and sensing the cell. There is a pair of probes with a flat top integrated on the chip.
The two probes are called the pushing probe and the sensing probe (or sensor probe). The
pushing probe can move in one dimension and is motivated by an external piezoelectric
actuator. The sensing probe is connected to the chip through a folded beam spring force
sensor. The concept of the cross section of the chip is shown in Figure 2.2. The
microfluidic chip is made of a silicon on insulator wafer.

Figure 2.2 Schematic diagram of the cross section of the microfluidic chip

The parameters of the beam are designed to achieve an appropriate spring constant,
as indicated in Section 2.3. A special displacement measurement method, called the
sampling moiré method, is applied for high resolution sensing (see Section 2.2.4 for
details). The cell is trapped by the optical tweezers at first. Secondly, it is transported to
the gap between the probes. An external piezoelectric actuator actuates the pushing probe
to compress the cell between the pair of probes. The displacements of the two probes are
recorded during the process. The cell diameter, deformation, and reactive force can be
calculated from the recorded displacement. At last, the force-deformation curve is fitted
with a Hertzian model [132] to calculate the stiffness of the tested cell.
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2.2.2 Compression model
Synechocystis cells from different test groups are tested to know their Young’s
modulus by compressing and sensing using the chip. The pushing probe pushes and
compresses the cell to the sensor probe. The sensor probe is connected to a spring force
sensor that can transduce the force to displacement. To measure the initial distance
between the pair of probes, the pushing probe is actuated to touch the sensor probe just
before compression, and their displacements are recorded. The schematic diagram of the
compression process of a cell is shown in Figure 2.3.

Figure 2.3 Schematic diagram of cell compression, (a) before compression, (b) start of
compression and (c) during compression.
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The target cell is moved to the gap between the probes as shown in Figure 2.3(a). The
cell is pushed and touch the sensor probe when the pushing probe moves forward.
Diameter of the tested cell, D0, is acquired during the compression process. The diameter
is measured by recording the distance between the two probes when the sensor probe
starts moving, as shown in Figure 2.3(b). The displacement of the sensor probe δs and
pushing probe δp are measured by recording the displacement of the sensor probe and
pushing probe. I employed a Hertzian model which is widely used in studies involving
Young’s modulus measurement of the cellular Young modulus Ec. The deformation of
silicon at the contact area can be ignored because the Young’s modulus of silicon is
approximately 170 GPa [133]. It is much greater comparing to the stiffness of cells (in
the order of million pascal). The equation for the Hertzian model used for the
measurement of single Synechocystis cell can be simplified as follows:

𝐹𝑐 =

4(𝐷0 ⁄2)1⁄2
3

𝐸

𝛿

3⁄2

∙ 1−𝜈𝑐 2 ∙ ( 2𝑐 )

(2.1)

The Poisson’s ratio ν is taken to be 0.5. This is to simplify the analyzing model and is
widely used base on the assumption that the measured target is made of materials which
are incompressible. The deformation of the cell δc and the cellular reactive force Fc can
be calculated from the spring constant of the on-chip force sensor k, the displacement of
sensor probe δs, and pushing probe δp as follows:
𝛿𝑐

= 𝛿𝑝 − 𝛿𝑠

𝐹𝑐 = 𝑘𝛿𝑠
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(2.2)

(2.3)

2.2.3 Optical tweezers and microfluidic chip
As mentioned above, the challenges in measuring the stiffness of Synechocystis are
manipulating, deforming, and sensing. To manipulate single Synechocystis cells, an
optical tweezers system that is developed by other members in Arai Lab, Nagoya
University [134] is used.

Figure 2.4 Schematic diagram of the optical tweezers used for cell manipulating.

The optical tweezer system is composed of a converted optical microscope, two
cameras and an external optical system. A spatial light modulator (SLM) is used to change
the phase distribution of the laser, which in turn changes the position of the focal point of
the laser, as shown in Figure 2.4. I could transport a single cell by controlling the position
of the focal point. An Yb fiber laser with a wavelength of 1064 nm is utilized as the laser
source of the system. Because it has low damage to cells [135]. And its low absorption
by the silicon substrate prevents the temperature rising at the exposed point. The chip and
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an external piezo actuator are installed onto the microscope stage using a jig. One camera
is used for recording the video during experiment for displacement measurement. Another
camera is connected to the computer which is used to operate the optical tweezers.
To specifically deform a single cell, the deformation part of the chip must be
fabricated on a scale similar to the diameter of the cell, i.e., less than 10 μm. However,
the chip must also have a rigid component in the order of one hundred micrometers in
size, so that it is strong enough for not being destroyed during the immobilization,
cleaning, or interacting with other devices. Thus, a silicon on insulator (SOI) wafer was
used. This kind of wafer consists of three layers, the device layer, the buried oxide (BOX)
layer and the handle layer. In this thesis, the thicknesses of those three layers are 7.5, 1,
and 225 μm, respectively. The device layer and handle layer consist of single crystal
silicon, on which structures can be fabricated as a plane. I fabricated the pair of probes
on the device layer and the rigid part, to triggered by an external actuator, on the handle
layer. As shown in Figure 2.1 and Figure 2.2, a pair of flat top probes was fabricated on
the device layer. One is called a pushing probe. It is triggered by an external piezoelectric
actuator and can move in one dimension. The other probe is the sensor probe, which is
connected through a folded beam spring force sensor and can transduce the force to
displacement. The folded beam sensor provides good linearity in actuation direction. It
also rigid in constrained directions [136].
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2.2.4 Sampling moirémethod to improve the measurement accuracy
Moiré fringes are large-scale interference patterns that can be produced when an
opaque ruled pattern with transparent gaps is overlaid on another similar pattern. For the
moiréinterference pattern to appear, the two patterns must not be completely identical,
but rather displaced, rotated, or have slightly different pitch [137].

Figure 2.5 Moiréfringe (generated by two similar gratings) can amplify mutual displacement.

Figure 2.6 Principle of the sampling moirémethod [119,120].
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As detailed above, the force sensing resolution is mainly decided by the spring
constant and displacement measurement accuracy. Displacement measurement by edge
detection using a microscopy image has a limit resolution of approximately 0.2 μm, which
is insufficient to establish the difference between the target cells. To realize high
measurement resolution, I used a technique called the sampling moirémethod. Similar
methods have been reported in other work [138,139]. The sampling moirémethod which
I used in this work is proposed by another member in Arai laboratory. This method can
greatly improve the resolution of the displacement measurement, which can improve the
accuracy of the experimental data [119,120].
The principle of this method is shown in Figure 2.6. First of all, grating patterns with
a constant period are fabricated on the chip. And a grayscale image is obtained from the
microscope using a charge-coupled device (CCD) camera. Subsequently, a down
sampling process is applied for every few pixels (every four pixels in the example shown
in Figure 2.6) of the image and an interpolation process is then applied to reveal the moiré
fringe. This fringe is called the sampling moiréfringe. The displacement of the probe
could be calculated by analyzing the phase shift before and after the moving of the probe.
To calculate the phase of the sampling moiréfringe, a Fourier transformation method is
applied to the intensity of sampled image. Thus, the position of the probe is related to the
light intensity distribution of the sampled fringe. I can establish the displacement by
calculating the phase shift. The details are described in the previous research in Arai
laboratory [119,120].
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2.3 Chip design and fabrication

2.3.1 Design of the force sensor
For evaluating the stiffness of single Synechocystis cells, it is necessary to sense the
force applied on the cell during cell compression. Thus, a proper design of the force sensor
on is necessary. To design the force sensor, I firstly estimated the force applied on a
Synechocystis cell during compression. Considering the Hertzian model, as shown in
equation (2.1), it is necessary to know some parameter of a cell, such as diameter,
Young’s modulus, Poisson’s ratio, and deformation, to calculate the cellular reactive
force. The diameter is around 2 μm as mentioned in Section 1.3. The Poisson’s ratio is
set to be 0.5, which is common in researches about cell stiffness. The deformation
assumed as 0.2 μm which is 10% of the cell diameter to meet the small deformation
assumption of the Hertzian model. But Young’s modulus of the Synechocystis is not
known. Considering the presence of the cell wall of Synechocystis, the Young’s modulus
of Synechocystis should be bigger than animal cells. Yeast cell, which is also a kind of
unicellular organism with cell wall, is measured using AFM by other researchers to study
its stiffness. According to previous researches, Young’s modulus of yeast cell is around
several million pascals [122]. Thus, I assume the Young’s of Synechocystis to be 1 MPa.
Thus, the cellular reactive force at 10% deformation ratio F10% is calculated to be 56 nN
according to equation (2.1). Assuming that the resolution of the force sensor is one
percent of F10%, the required resolution of the force sensor on the microfluidic chip should
be 0.56 nN. In this thesis, a folded beam force sensor, as shown in Figure 2.7, is designed
to realize such a high resolution.
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Figure 2.7 Force analysis of the folded beam sensor

The resolution of a spring-based force sensor depends on two parameters, the spring
constant k, and the displacement measurement resolution δres. To design the force sensor,
both of these two parameters need to be considered carefully.
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As shown in Figure 2.7, the folded beam force sensor consists of four beams, two
trusses and a sensor probe. When force is applied to the sensor probe, beams are deformed,
and eventually the sensor probe moves. The trusses allow expansion or contraction of the
beams along the x-axis [140].
Assuming that the trusses and sensor probe are rigid, the applied force Fc and the
sensor tip displacement δs have a relationship which can be written by,

𝐹𝑐 = 𝛿𝑠 𝑤 3 𝑡𝐸/𝐿3

（2.4）

where E is Young’s modulus, L is beam length, w is beam width, and t is the beam
thickness. The value of t is decided by the chip used to fabricate the sensor. In this
research, force sensor is fabricated on the device layer of an SOI chip, thus t has the same
value with the thickness of the device layer as 7.5 μm. Since silicon is anisotropic material,
the value of E depends on the crystal orientation. Crystal orientation is a parameter
describing crystal structures. In this thesis, orientation of the crystal at force beams’
direction is <110>, thus E of the sensor beam should be 170 GPa. Therefore, the spring
constant can be decided by two parameters w and L. Thus, the resolution of the force
sensor is,
𝐹𝑟𝑒𝑠 = 𝛿𝑟𝑒𝑠 𝑤 3 𝑡𝐸/𝐿3

（2.5）

Considering that E and t are consistent value, the force resolution depend on three
parameters, w, L, and δres.
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It is well known there is a limit of the resolution of an optical microscope. The lens
used in this thesis has a numerical aperture of 1.4, thus the resolution of the optical
microscope is around 200 nm.

Figure 2.8 The relationship between length of the beam, L and the force resolution Fres
when δres is 200 nm.

As shown in Figure 2.8, the force resolution of different w and L cannot meet the
required force resolution (no curve intersect with the parallel purple line) when the
displacement measurement resolution δres is 200 nm, the force sensor can hardly reach
the requirement of the force resolution. This is because of the fabrication of the beam
sensor would be more and more difficult when the beam gets longer and thinner. If a
beam is longer than 3000 or thinner than 5 μm, it is difficult to fabricate. Thus, I
introduced the sampling moirémethod proposed by another member in Arai laboratory
[119,120]. In this thesis, the sampling moiré method is adjusted to suit better for the
microfluidic chip (see detail in Section 2.3.2). This method improved the displacement
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resolution to 4.7 nm. Thus, the situation is improved, and the required resolution could
be realized as shown in Figure 2.9. Considering the convenient for fabrications process
and force sensing resolution, L and w of the beam are designed to be 1500 and 5 μm,
respectively.

Figure 2.9 The relationship between length of the beam, L and the force resolution Fres
when δres is 4.7 nm.
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2.3.2 Improvement of the sampling moiréfringe
The sampling moiréfringe method is proposed and used by other members in Arai
laboratory. This thesis also used the sampling moirémethod to improve the displacement
sensing accuracy. The grating structures designed on the sensor probe and pushing probe
are usually has a pitch larger than 10 μm [117-120]. The grating structures of the chip for
Synechocystis cell measurement was initially designed to have a pitch of 10 μm， but
some big errors as much as 0.2 μm had occurred. This might because of the target cell in
this study is small. A lens of 100 times magnification is utilized to observe the small
Synechocystis cells. Thus, the view of the camera is quite narrow, only a rectangle area
of around 100 *75 μm. To include the pushing probe and sensing probe in this narrow

Figure 2.10 An example figure showing the analysis area in sampling moiréfringe method.
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view, they are designed small and only one or two grating structures could be included in
the sampling moiréfringe process.
To improve the performance of the sampling moirémethod in the measurement of
Synechocystis, a simulation is carried out based on C++ and OpenCV to study the
influence of the sampling length X, the down sampling number N, and the grating shape,
as shown in Figure 2.10. The accuracy of the sampling moirémethod could be affected
by lots of factors, such as light intensity, noise, camera pixel and so on. I only analyzed
these three factors because they can be controlled by chip design and coding the sampling
moiréfringe analysis software. Firstly, a pattern without noise is fabricated by coding as
shown in Figure 2.11. The pattern on the figure would move a constant displacement
every frame which is set in the program. And the accuracy of the moiréfringe is estimated
based on the error of the measured displacement using the sampling moirémethod. The

Figure 2.11 Simulation to study the sampling moiréfringe method.
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influences of X, N and grating shape are shown in Figure 2.12, Figure 2.13, and Figure
2.14.

Figure 2.12 Relationship between X and sampling moirémeasurement result.

Figure 2.13 Relationship between N and sampling moirémeasurement result
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Figure 2.14 Relationship between grating shape (distribution) and sampling moirémeasurement
result

According to above figures, by increasing X, setting an N similar with the grating
pitch, and using Linear distribution, the sampling moiré method would have a better
accuracy. To increase X means including more grating pitches in the sampling moiréarea,
thus, longer X should be used, and smaller grating pitch should be designed on the probes.
A proper N could be found by adjusting the N until moiré fringe reaches the biggest
magnification times. The linear distribution could be realized by fabricating diamond
shape gratings. But the small diamond gratings are very difficult to fabricate, as shown in
Figure 2.15. Moreover, there is a fabrication limit that it is difficult to make small grating
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structures lower than 2 μm because of diffractions, thus, a grating structure of 4 μm was
designed and fabricated.

Figure 2.15 Failure of the diamond shape gratings. (a) Diamond shapes have no uniformity
which makes the linear distribution nonlinear. (b)Diffraction occurred, turning diamond
gratings into sphere-like gratings

The accuracy of the fabricated chip was verified by measuring the displacement of
the sensor for 5 sec without motivating. The sensor should have a displacement of zero,

Figure 2.16 Stability of displacement measurement.
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but due to the noise, small displacement was detected by the sampling moirémethod.
The result is shown in Figure 2.16. Three times of the standard deviation is regarded as
the displacement resolution [118,119].
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2.3.3 Fabrication of the chip

Figure 2.17 Fabrication process of the chip used in this thesis.

As mentioned in previous section, the chip is integrated of two different chips, an SOI
chip and a borosilicate glass chip. The silicon chip has structure for sensing and pushing.
The glass chip is only used for supporting the silicon structure and be transport for
observing using a convert microscope. The fabrication process is shown in Figure 2.17.
There are nine steps in total to fabricate the chip. From step (1-a) to (1-c), the glass chip
is fabricated. From (2-a) to (2-b), the device layer of the SOI chip is fabricated. From (3a) to (3-d), the two chips are bonded and fabricated as a whole chip.
(1-a) SU-8 3010, a negative photoresist, is spin-coated onto the surface of a
borosilicate glass chip, and then patterned using a mask aligner.
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(1-b) The glass chip was etched using deep reactive-ion etching (DRIE) to
approximately 6 μm. This process prevents friction between the probes and the glass. A
thin layer of Cr was then sputtered onto the etched side of the glass. The Cr layer protects
the movable parts (the force sensor and the pushing probe) from bonding to the glass.
(1-c) The photoresist on the glass is removed using piranha solution. The Cr attached
to the photoresist is removed at the same time. Thus, only the etched part are covered
with Cr.
(2-a) OFPR, a positive photoresist, is patterned onto the device layer as an etching
mask. This photoresist is thinner than SU-8 and is therefore useful for fabricating small
structures on the device layer.
(2-b) The device layer is etched using a special etching process called deep reactiveion etching (DRIE). This etching process has a good performance in making vertical side
wall. The etching mask was then removed using piranha solution.
(3-a) The glass and device layer are bonded together using anodic bonding.
(3-b) SU-8 was spin-coated and patterned onto the surface of the handle layer as an
etching mask. The pattern on the handle layer do not need high accuracy and has a large
etching depth. Thus, it is better to use SU-8 than OFPR because of its thicker photoresist
layer.
(3-c) Handle layer is etched using DRIE and the etching mask is removed by oxygen
plasma ashing.
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(3-d) The BOX layer is removed using buffered hydrogen fluoride (HF) solution. HF
solution is a kind of highly poison and corrosive liquid.

Figure 2.18 (a) Complete view of the fabricated microfluidic chip. (b) Photograph of the probes
of the chip under optical microscope.

The fabricated microfluidic chip is shown in Figure 2.18 (a) and Figure 2.18 (b). The
complete view of the fabricated chip is shown in Figure 2.18 (a).Figure 2.18 (b) shows a
magnified picture of the chip under an optical microscope. The length of the fabricated
beam is 1500 μm. And the width of the fabricated beam is 4.5 μm measured by an optical
microscope. The sensor beam has a different width compared with its design value. This
is due to the errors of the machine, photoresist patterning, silicon etching and so on. The
thickness of the beam t was 7.5 μm, which is as same as the thickness of the device layer.
Therefore, the theoretical spring constant of the beam sensor which has been fabricated
on the microfluidic chip is 0.0344 N/m according to equation (2.4).
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2.4 Calibration of the force sensor

Figure 2.19 Fabrication process of PDMS beads (a) and the fabricated PDMS beads in a tube (b).

It is necessary to calibrate the force sensor before using the microfluidic chip. Usually,
there are several methods to calibrate a beam force sensor. For example: measuring the
geometry accurately to compute the spring constant, applying a known load using a
calibrated force sensor, and measuring the resonate frequency. For the force sensor
described in this section, it is very difficult to measure the geometry accurately because
of its small size and the resolution limit of the optical microscope. Another method which
utilizes another calibrated force sensor is neither suitable. The force sensor is so sensitive
that few force sensors can be used to apply a proper force to the chip sensor. Resonate
frequency is neither suitable for this sensor calibration because the size of the sensor beam
is not easy to be measured accurately, which means the mass of the spring cannot be
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calculated accurately. Thus, the spring constant cannot be calculated from the resonate
frequency.
In this thesis, the spring constant is calibrated using polydimethylsiloxane (PDMS)
beads. A commercial viscous prepolymer (Sylgard 186, Dow Corning) was used. The
prepolymer consisted of a viscous base and a liquid curing agent. The fabrication process
of the PDMS beads is shown in Figure 2.19(a). The base and cross-linking agent were
mixed at a ratio of 10:1 by weight. The mixture was then poured into deionized water (DI
water). One drop of surfactant (Ajax dish soap) is added into the DI water to prevent the
beads from gathering. The vessel containing the DI water and PDMS mixture was then
vibrated using Vortex-Genie-2 at 3200rpm to form spherical beads. The container was
subsequently baked at 80°C for 2 hours. The fabricated PDMS beads are shown in Figure
2.19(b).
A piece of PDMS film was also fabricated under the same conditions from the same
mixture. The Young’s modulus of the PDMS film is measured using a commercial tensile
test device (EZ-LX, Shimadzu Cooperation). The average Young’s modulus of the PDMS
film is approximately 1.15 MPa. Considering that the PDMS has a risk that the crosslink
reaction is not totally finished during baking, which might lead to increasing the Young’s
modulus of PDMS have the possibility to become stiffer after baking, 4 PDMS film
samples are measured once a day for 14 days. And no obvious increase is observed as
shown in Figure 2.20. The PDMS beads are measured in day 14 for calibration. The
Young’s modulus of PDMS beads and PDMS films should be same because of their same
fabrication process.
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Figure 2.20 Young’s modulus of four PDMS film samples measured in 14 days.

Ten PDMS beads were measured using the robot integrated microfluidic chip to
calibrate the force sensor’s spring constant. For each bead, the spring constant is
calibrated using equations (2.1) to (2.3) assuming the E to be 1.15 MPa. The average
calibrated spring constant was 0.0326 ±0.0017 N/m (mean ±standard deviation, n = 10).
This value is close to the theoretical value from equation (2.4). Figure 2.21 shows an
example of the calibration data. The blue dots represent the force data measured by the
chip, and the red curve is the theoretical value of force after calibration. From these results,
the spring constant is 0.0326 N/m. This value is used in later calculations.
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Figure 2.21 An example of the calibration data of the folded beam force sensor. Blue dots are
the data measured using the microfluidic chip after calibration and red curve is the theoretical
value when the Young’s modulus is 1.15 MPa.
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2.5 Summary

In this chapter, I propose a system for measurement of the stiffness of single
Synechocystis cells. Firstly, I showed the design of the measurement system and the chip.
My system uses optical tweezers to trap and transport a cell, and two probes fabricated
on a microfluidic chip to deform it. The chip has an external actuated pushing probe and
a force sensor probe. A single cell could be located between the tip of both probes using
the optical tweezers and was then deformed using the probes. The sampling moirémethod
was used to achieve high measurement resolution. A Hertzian model is used to fit force
curve for calculating the Young’s modulus. Secondly, I described the fabrication process
of my chip. After that, pictures of the fabricated chip are shown. Finally, I show the
calibration of the force sensor. The sensor is calibrated using PDMS beads whose
Young’s modulus is known.

54

Measurement
mechanical

property

of
of

the
single

cyanobacteria cell

3.1 Introduction

As mentioned in the previous sections,

Synechocystis is a model unicellular

phototrophic cyanobacterium that has been used as a model microorganism in a wide
range of studies in areas such as photosynthesis [115], biofuel [10-12], and environmental
stress adaptation[15,16]. Cells have developed lots of mechanism to survive from
different environmental conditions. It is well known that the cell membrane is a kind of
semipermeable membrane. Thus, the osmolarity is an important factor for cell life
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because it affects the water flow across the semipermeable membrane, as shown in Figure
3.1.

Figure 3.1 The process of osmosis over a semi-permeable membrane. The dots represent particles
driving the osmotic gradient. [141]

Synechocystis has an osmoadaptation mechanism that allows it to survive
osmotic concentration shifting in the external environment. This mechanism is of
fundamental importance for growth and survival [142]. Mechanosensitive (MS)
channels, one of the ion channels on the cell membrane, play important roles in the
osmoadaptation mechanism. MS channels are reported to sense the cell membrane
tension and release intracellular material into the extracellular environment to
protect the cell in osmotic down shift [143,144]. To maintain intracellular pressure,
Synechocystis regulates ion channels. When extracellular osmotic concentration
increases, intracellular water molecules pass out into the extracellular environment,
resulting in an intracellular pressure decrease. In this situation, MS channels does
not work. Conversely, when extracellular osmotic concentration decreases, water
56

molecules enter into the cell across the cell membrane (and cell wall).
Simultaneously intracellular pressure and the cell membrane tension increase. MS
channels sense the change of the tension and release intracellular materials from
the cells by opening their gate to keep the cell integrity from hypo-osmotic change.
I previously reported on the function of several ion channels in the osmoadaptation
mechanism using size differences observed in microscopy images [16]. However,
when the size changes are too small to be detected, I must consider an alternative
method of evaluating the activity of the MS channels.

Figure 3.2 Assumptions of the effect of the MS on the stiffness of single Synechocystis cell.

Because intracellular pressure is regulated by the MS channels under external low
osmotic conditions, I propose that the activities of MS channel could be evaluated by
measuring stiffness of the cell. For this purpose, I tested Synechocystis wild type (WT)
(without genetic modification) and MscL-defective mutant (ΔmscL). As mentioned above,
MS channels have different activities in different osmolarities. Thus, I measured the
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stiffness of WT and ΔmscL cells in different osmolarities to evaluate the activities of MS
channels. As shown in Figure 3.2, I assume that the WT and ΔmscL cells should have
similar stiffness in high osmolarity because the MS channels do not work. While in
normal osmolarity, the stiffness of the WT cells should increase, while ΔmscL cells should
have a higher stiffness than WT cells. This is because MS channel on the cell membrane
of WT cells allow the efflux of intracellular materials. Furthermore, in low osmolarity,
the stiffness of cells should be higher than that in normal osmolarity because of higher
tension of cell membrane.
As described in Chapter 2, I proposed a measurement system which consists of optical
tweezers and a robot integrated microfluidic chip to investigate the stiffness of
Synechocystis on a level of single cell. I evaluate the Young’s modulus of WT and ΔmscL
cells in three different osmotic concentrations.
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3.2 Sample preparation

3.2.1 Cell culturing and preparation
The cells used in this thesis are the model cyanobacterium Synechocystis sp.
strain PCC6803. Two types of the Synechocystis cells are measured, the wild type
(WT) (without genetic modification) and MscL-defective mutant (ΔmscL). WT
cells and ΔmscL cells were grown at 29°C in liquid BG11 medium [144].
Continuous illumination was provided by a 3.5 W LED white light source (AS
ONE CORPORATION, BLS/3-6229-02) which was set 150 mm away from the
cell suspension. The mutant type ΔmscL was genetically modified by insertion of a
Spe resistance cassette into SyMscL (slr0875) as described in previous research
[144]. To evaluate the influence of MS channels, WT and ΔmscL cells were
measured in three different solutions, as shown in Figure 3.3.

Figure 3.3 The diagram of sample preparation for further experiment.
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BG11 is a liquid culture medium used for culturing Synechocystis and was
therefore used as the normal osmotic concentration solution. BG11 containing 1
mol/L sorbitol was used as the high osmotic concentration solution. The
concentration of sorbitol is based on previous research. And BG11 mixed with
deionized water at a ratio of 1:9 (by volume) was used as the low osmotic
concentration solution. Before measurement, both WT and ΔmscL cells were
centrifuged at 4°C and resuspended in one of the three solutions. The cell is
assumed to be made of incompressible materials as mentioned previously. But
water flowing across the cell membrane after applying osmolarity stress will makes
the cell swell or shrink. Therefore, cells were cultured in the particular solution for
more than 2 hours prior to measurement, and I assume they are considered as stable
state when I measure them [144].
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3.2.2 Chip cleaning before each experiment
To measure reactive force of the target cell when it is deformed, the most
important parameter is the width of the sensor beam because it greatly affects the
spring constant as shown in equation (2.4). In the fabrication processes of
microfluidic chip, the width of beam may have the small difference of several
hundred nanometres. Thus, I decided to use the same chip which has the calibrated
force sensor in my experiments to compare the results. To prevent contamination
between cell types and culture medium with different osmolarity, I clean the chip
to make sure there is no residual cells or culture medium after measuring one group
of cells. The chip cleaning process is described as follows. Firstly, the chip is put
into acetone for two hours. Then, wash the chip using ethanol and deionized water
(DI water) separately to remove all the acetone attached on the chip. After that, the
chip is put into piranha solution (sulfuric acid: Hydrogen peroxide = 2:1 in volume)
and wait for half hours. Then, I put the chip into a cup of new piranha solution and
wait for another half hours. Finally, the chip is washed gently and carefully using
deionized water for three times. Thus, the chip is totally clean and no cells
remaining on it. For each experiment, the chip would be wetted using the
corresponding solution to make sure the concentration of the cell culture medium
does not change.
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3.3 Experiment

Figure 3.4 Photograph of the experimental setup.

The setup of the measurement system is shown in Figure 3.4. This system is mainly
made up of two parts, the optical tweezer system and the robot integrated microfluidic
chip. The chip was fixed to the microscope. A PC controls a piezoelectric actuator
according to a D/A converter. There were two CCD cameras assembled on the
microscope. One was used to observe the target cell during manipulation. The other was
used for the sampling moirémethod.
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Figure 3.5 Experimental process for one single cell. (a) Before compression. (b) Cell transported

to measurement point by optical tweezers. (c) Start of compression process. (d) Continued
compression

An example of a measurement is shown in Figure 3.5(a) to Figure 3.5(d). The chip is
fixed onto the stage of the microscope and a drop of cell suspension is added to the surface
of the microfluidic chip. The process of measurement is described below. First, a single
cell is trapped by the optical tweezers and transported close to the measurement point, as
shown in Figure 3.5(a). The pushing probe is then actuated to contact the sensor without
a cell present, to record the initial distance between these two probes. Following this, the
cell is transported to the gap between the probes, as shown in Figure 3.5(b). Finally, the
pushing probe is actuated again compressing the cell between the two probes, as shown
63

in Figure 3.4(c) and Figure 3.5(d). During this compressing process, the displacement of
the two probes was recorded by the CCD camera.
As mentioned previously, I used Hertzian model to calculate the Young’s modulus of
a single cell. There are lots of contact force models to describe the contact between two
objects. The Hertzian model is a small deformation contact model. It is necessary to know
the deformation limit of the small deformation ratio. There is a research show that when
the deformation of a sphere compression test is less than 10%, Hertzian model and Tatara
model [145] which is a contact force model suitable for both of small deformation and
large deformation, would be similar with each other [146]. Thus, I calculated the Young’s
modulus for cases where deformation was less than 10%.
In Hertzian model, the material is considered to be elastic. Previous researchers
discovered that animal cells have poroelasticity [147] and viscoelasticity [148]. Moreover,
another research shows that living mammalian cytoplasm exhibits different mechanical
properties, including viscoelasticity, poroelasticity and elasticity in different conditions
[149]. In this thesis, the target is to evaluate the influence of MS channel on the stiffness
of the whole cell, and the poroelasticity is ignored in the calculation of Young’s modulus.
In the case of Synechocystis cells, dynamic property is not well investigated. What’s more,
the difference between the fitting curve using viscoelastic model and poroelastic model
is very small [147]. In this experiment, the compression of a single cell takes several
seconds, the damping effect of the viscoelasticity could be ignored. This can be proved
because the experiment data fits Hertzian model well. In this thesis, the focus is to build
a system which can evaluate the stiffness of a single cell whose diameter can be as small
as 2 μm and compare the measurement result between wild type and ΔmscL to evaluate
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the function of MS channel and how does it influence the stiffness of cell in different
osmolarity conditions. Thus, I choose a simple and commonly utilized model, Hertzian
model, with the elastic assumption to calculate the Young’s modulus.
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3.4 Result and discussion

To investigate the function of MS channels in the osmoadaptation mechanism of
Synechocystis, I conducted a series of six experiments. WT and ΔmscL cells were
separately measured in three different osmotic concentrations.

Figure 3.6 Examples of the result of a single WT cell and a single ΔmscL cell in low osmolarity.
Blue and green dots represent for experimental data of WT and ΔmscL, respectively. Red and
orange curve show the fitting value of Hertzian model of WT and ΔmscL, respectively.

Two examples of the typical measurement data and their fitting curves are shown in
Figure 3.6. One is the WT cell, and another is the ΔmscL cell. Both cells are measured in
66

the low osmolarity condition. Blue and green dots represent for experimental data of WT
and ΔmscL cells, respectively. Red and orange curves are the fitting curve of WT and
ΔmscL cells using Hertzian model, respectively.

Figure 3.7 Young's modulus (a) and diameter (b) of WT cells and ΔmscL cells in three osmotic
concentrations. Blue data is WT and red data is ΔmscL. The sample number for each series is

ten. The error bars show standard deviation. A significant difference between WT and mscL
was analyzed by Student’s t test (* p < 0.05).

67

In total, ten cells were measured in each experiment and the summarized Young’s
modulus data are shown in Figure 3.7(a). The blue bars represent WT cells and red bars
represent ΔmscL cells. The error bars show standard deviation (SD). In high osmotic
concentrations, the Young’s modulus of WT and ΔmscL were 0.46 ± 0.17 MPa (mean ±
SD, n = 10) and 0.47 ±0.25 MPa (mean ±SD, n = 10), respectively. There is no significant
difference between the two cell types. At normal osmotic concentration, a Young's
modulus of ΔmscL cells (2.57 ±0.57 MPa) (mean ±SD, n = 10) was significantly higher
than to that of WT (2.14 ± 0.57 MPa) (mean ± SD, n = 10). And in low osmotic
concentrations, a Young’s modulus of ΔmscL cells (3.16 ± 0.66 MPa) (mean ± SD, n =
10) was significantly higher than to that of WT (2.59 ± 0.82 MPa) (mean ± SD, n = 10)
respectively. These results show that cells without MS channels were stiffer than cells
with MS channels in solutions with normal and low osmotic concentrations. What’s more,
the Student t-test is also carried out to test whether there is a significant difference for the
same bacteria strain between normal and low osmolarities. As a result, there is a
significant difference for ΔmscL between normal and low osmolarities. While, t-test for
WT between normal and low osmolarities shows that the difference is not significant. The
diameter of each cell is also summarized in Figure 3.7(b). As stated, the diameter of each
cell was also measured. The distance between the pushing and sensing probe was
recorded when the sensor started moving during the compression process. I regarded the
distance as the diameter of the cell. Although the displacement measurement is very
accurate using this chip, no clear difference between cell types or osmotic concentration
was observed.
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The diameters measured in this research revealed no clear variation between different
osmotic concentrations or different cell types. It was difficult to see the change in the size
of the cell including cell wall in different osmolarities. As mentioned above, the diameter
of the cell is measured by recording the distance between the two probes when the sensor
probe starts moving. I think that there is no significant difference in cell size between
each condition because of the tiny change of the cell wall in this measurement method.
However, distinct differences in Young’s modulus were observed.
The diameter of the cell is not change obviously in this experiment. But in some
previous studies, which evaluating the volume of the cell in different methods (such as
electron paramagnetic resonance (EPR) spectrometry [13], light microscopy analysis [16]
and optical density measurement [144]), show that the volume of the cell decreased when
it is coming across hyperosmolarity condition. The volume of the cell which is treated
with hyperosmotic condition is around 60%~70% of the volume before hyperosmotic
treatment [13, 16]. The difference between this thesis and previous studies might be
caused by the usage of different methods. It is well known that plasmolysis would happen
when a cell with cell wall comes across the hyperosmolarity environment [150] as shown
in Figure 3.8. The cell membrane would separate from the cell wall, the size of the cell
wall does not change much, but the size of cytoplasm decrease. In this thesis, the diameter
of a cell is measured during the compression process, the distance between the two probes
when the sensor probe starts moving in the cell compression test is considered as the
diameter of the cell. It means that the diameter measured is the diameter of the cell wall.
Thus, the diameter did not change in different osmolarity conditions in this thesis. But in
previous studies, where the cells are observed or measured using indirectly, the volume
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Figure 3.8 Schematic of the two major plasmolysis forms; (a) convex plasmolysis; (b) concave
plasmolysis [150].

of cytoplasm is evaluated. Thus, the volume would decrease when the cell come across
hyperosmolarity environment.
MS channels work by opening a protein gate and releasing material from the
intracellular materials to the extracellular environment in response to changes in cell
membrane tension [151,152]. The mechanism of an MS channel is shown schematically
in Figure 3.9. When the tension of the cell membrane is low, the MS channel is closed
(Figure 3.9(a)). When the membrane tension increases due to osmotic down shift, the MS
channel reacts to the increase and opens (Figure 3.9(b)). Some materials inside the cell,
such as water and ions, can then flow out of the cell from this gate to protect the cell from
bursting. In this chapter, when cells were kept in an environment with high osmotic
concentration the cell membrane was consequently not tight. While in normal and low
osmotic concentrations, the cell membrane was kept tight, and the membrane tension was
high. The MS channels were stimulated and responded to the tension increase by releasing
some materials inside the cell into the extracellular environment. In contrast, ΔmscL cells
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Figure 3.9 A schematic representation of the mechanism of an MS channel sensing
membrane tension and opening to allow materials to flow out of the cell. (a) Membrane
tension is small and MS channel is closed. (b) Membrane tension increases, and MS
channel opens a gate for materials inside the cell to flow out

could not respond to the tension increase because of a defect in the MS channel, therefore,
materials inside the cell could not be transported across the membrane. Consequently, the
ΔmscL cells have a higher Young’s modulus than WT cells. In general, the results are
consistent with the biological function of MS channels. These results support the theory
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that MS channels can sense the tension within the cell membrane and release materials
inside the cell to the environment as a result. When the cell size change cannot be detected,
the developed measurement system helps to dissect the function and physiological role
of MS channels in single microorganism in response with the natural osmotic changes.
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3.5 Summary

In this chapter I utilized the measurement system proposed in Chapter 2 to measure
single Synechocystis cells. The diameter and Young’s modulus of WT and ΔmscL cells
in high osmotic concentration (BG11 containing 1 mol/L sorbitol), normal osmotic
concentration (BG11), and low osmotic concentration (BG11: DI water = 1:9 in volume)
were studied. There was no clear variation in cell diameter between different cells types
or osmotic concentration conditions, however there was a distinct difference in Young’s
modulus. Clear differences in Young’s modulus between WT and ΔmscL cells were
detected. The proposed evaluation method for comparing WT and mutant cells could
contribute to clarifying the effect of ion channels based on the measurement of the
stiffness of single cells in three different osmotic concentrations. The study about
Young’s modulus can help reveal more about the function of MS channels in the
osmoadaptation mechanism.
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AFM measurement system for
the mechanical property

4.1 Introduction of yest cell
Yeast is a type of eukaryotic cell, and it is widely used in studies involving protein
production [24], gene analysis [27], cell cultivation [30], and biofuels [153]. The rigid
cell wall of yeast leads to a Young’s modulus as large as millions of pascals (Pa). It has
been reported that the mechanical properties of yeast can be influenced by numerous
factors, including genetic modification [122], cell viability [102], chemical pretreatment
[159], and environment conditions [54]. Therefore, evaluating the mechanical properties
of a single yeast cell can help us understand more about it. In this chapter, I evaluate the
Young’s modulus of individual yeast cells as an indicator of its mechanical properties,
specifically stiffness.
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4.2 Concept

AFM is a type of scanning microscopy technique. It can scan the sample surface and/or
measure mechanical properties by indenting the sample with the cantilever, as shown in
Figure 4.1. The deflection of the cantilever, d, is measured by a photodiode detector when
the holder moves downwards causing the tip of the cantilever to make an indentation in
the sample. The indentation depth, δ, is calculated based on the displacement of the holder,
D, and the cantilever deflection using equation (4.1).
𝛿 =𝐷−𝑑

(4.1)

Figure 4.1Schematic diagram showing how AFM measures a sample’s

mechanical properties.
75

The force, F, is calculated from the cantilever spring constant, k, and its deflection
using equation (4.2).
(4.2)

𝐹 = 𝑘𝑑

By fitting the force curve (F vs. δ) using the Hertzian model [132] shown in equation
(4.3), or the Sneddon model [154] shown in equation (4.4), Young’s modulus, E, can be
determined. These calculations assume the sample to be incompressible which means that
their Poisson’s ratio, ν, should be 0.5.
4

𝐸

(4.3)

2

𝐸

(4.4)

𝐹 = 3 1−𝜈2 𝑅1/2 𝛿 3/2

𝐹 = 𝜋 1−𝜈2 𝛿 2 𝑡𝑎𝑛 𝜃

Equation (4.3) is applicable when the tip shape is nearly spherical with a radius of R.
Alternatively, equation (4.4) is applicable when the tip radius is ignored, and the tip is
treated as a cone with a half opening angle of θ.
This is a method that is widely utilized for evluating the mechanical properties of cells
or tissues [155,156]. However, the use of a sharp tip has some disadvantages in the case
of yeast cell indentation.
According to equations (4.3) and (4.4), the tip radius and the tip half opening angle are
very important parameters for calculating Young’s modulus. However, the values of these
tip shape parameters used in the equations might differ from their true values. Usually,
the typical or nominal value provided by the production company is input into the
equations (4.3) and (4.4) [157], but the value provided by the company may not be the
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real value. For example, a sharp tip cantilever (MLCT, Bruker Nano Inc.) has a nominal
tip radius of 20 nm, but the maximum radius can be as large as 60 nm, which can
potentially lead to an error of up to 50%. Additionally, many sharp tips have pyramidal
shapes, but they are considered cone-shaped in calculations [122]. Moreover, a sharp tip
has a higher risk of fracturing or introducing contamination during measurements [158],
which would also cause measurement and calculation errors. Generally, it is not easy to
manually check these parameters before each experiment.
Another complication stems from the fact that the indentation depth and the tip radius
are on the same order of magnitude. Many sharp AFM tips have a radius between 10 nm
and 60 nm, and the indentation depth during the experiment ranges from 40 nm [125] to
100 nm [54]. This means that the sharp tip can neither be treated as a sphere (because the
indentation depth would sometimes be larger than the tip radius), nor as a cone (because
the tip radius is too large to be neglected). Consequently, neither presented model
(Hertzian or Sneddon) is proper for accurately calculating the Young’s modulus in this
situation. The Hertzian model may only be viable in cases where the indentation depth is
smaller than the tip radius. However, this requires the tip radius to be checked before each
experiment, which is not practical.
Herein, I describe a method of measuring Young’s modulus, E, of a single yeast cell
using a cantilever with a flat tip whose surface area would be larger than the cell, as shown
in Figure 4.2(a). The procedure involves compressing the target cell between the flat
cantilever tip and the substrate. Thus, the Hertzian model is effective for the analysis.
𝛿𝑓 = 𝛿1 + 𝛿2
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(4.5)

(4.6)

𝛿1 = 𝛿2
4

𝐸

3/2

𝐹𝑓 = 3 1−𝜈2 (𝐷𝑐𝑒𝑙𝑙 /2)1/2 𝛿1

(4.7)

In equations (4.5) to (4.7), δ1 and δ2 represent the deformation at the flat tip and the
substrate, respectively, δf is the deformation measured by the AFM instrument, Dcell is
cell diameter, and Ff is the force applied by the flat tip, as measured by the AFM. Based
on equations (4.5) to (4.7), the relationship between F and δ is expressed as shown in
equation (4.8).
1

𝐸

1/2

𝐹𝑓 = 3 1−𝜈2 𝐷𝑐𝑒𝑙𝑙 𝛿𝑓 3/2

(4.8)

Figure 4.2 (a) Schematic diagram depicting how the mechanical stiffness of a single
cell is measured using a flat AFM tip. (b) An SEM photograph of the flat AFM tip
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The F vs. δ curves generated in this study were obtained using an AFM (Cellhesion
200, JPK) which was assembled on an inverted microscope (IX73, Olympus Corporation).
A sharp tip (BL-AC40TSA, Olympus Corporation) with a spring constant of 0.097 N/m
and a customized flat tip (Nanotools GmbH), as shown in Figure 4.2(b) with a spring
constant of 48 N/m, are used to obtain the force curve.
PDMS beads are measured to determine the measurement error occured when using
the AFM cantilever with the sharp tips. The measurements on PDMS beads and single
yeast cells were performed after immobilizing the respective samples on the glass bottom
dish (substrate) and compressing them using the AFM cantilever with the flat tip. The
force curves were fitted using equation (4.8). Then, measurements were performed on
single cells of a wild type strain of budding yeast, Saccharomyces cerevisiae BY4741,
which is a widely used laboratory strain as mentioned in Section 1.4. This method
employs an AFM cantilever with a flat tip whose area is larger than a single yeast cell.
The cells are compressed between the bottom of the flat tip and the substrate, and
Young’s modulus of the whole cell is calculated to evaluate its mechanical property. For
comparison, this property of the cell is also measured using the microfluidic chip with
two probes, based on the method proposed in Chapter 2. Also a sharp tip is utilized to
measure the mechanical property at the surface of a single yeast cell to compare the result
between sharp tip measurement and flat tip measurement.
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4.3 Sample preparation

The Saccharomyces cerevisiae BY4741 was used for the experiments in this chapter.
The cells were cultured on a YPD (1% (w/v) yeast extract, 2% (w/v) polypeptone, 2%
(w/v) dextrose) containing 2% (w/v) agar plate stored at 29 °C. Before the experiment,
the cells were transferred into liquid YPD medium and cultured for one day. Then, 0.1
mL of the preculture was added to 4 mL liquid YPD medium by scratching the cell on
the agar medium slightly using a pipette tip and dipping it into a tube containing the liquid
medium. the cells in the liquid YPD medium are cultured for 6 hours to allow growth to
reach the log phase. The log phase is a period the number of new cells appearing per unit
time is proportional to the present population. This yeast cell in log phase is usually used
for analyzing cell properties in other researches [153,156,159]. The cells were then
collected by centrifugation at 2000 rpm for 1 min and resuspended in liquid buffer
solution (20 mM sodium acetate, adjusting the pH to 5.5 using sodium hydroxide and
acetic acid). All buffer solutions used in this research had the same pH and composition.
In the next step, the cells were washed using the acetate buffer to remove the YPD culture.
After repeating the washing process twice, the cells were suspended in the buffer solution.
They were ready for the measurements at this point.
Microorganisms such as bacteria and yeast have a small area of contact with a flat
substrate, so these cells can easily detach from the substrate when compressed by the
AFM probe. Therefore, it is necessary to immobilize the target cell on the substrate during
the AFM measurement. Several immobilization methods have been reported, such as air
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drying [155], using a chemical-coated substrate [160], or mechanical trapping [161]. In
this chapter, I used a concanavalin A (ConA)-coated glass substrate to immobilize the
yeast cells [123,166].
ConA is a lectin that binds specifically to a mannose residue of mannan polymers on
the yeast cell surface, and it has been widely used to immobilize yeast cells [166]. The
ConA from Canavalia ensiformis (Jack bean), Type VI, lyophilized powder, was
purchased from Sigma-Aldrich. The ConA solution contained 20 mM sodium acetate, 1
mM CaCl2, 1 mM MnCl2, and 1mg/mL ConA, and was adjusted to pH 5.5, which is
similar to other studies [123].
To immobilize a yeast cell, the ConA solution was added to a glass bottom dish and
allowed to stand still for 1 hour at room temperature to fully coat the glass substrate with
ConA. Then, the ConA solution was drained using a pipette, and the dish was washed
gently three times using the buffer solution containing 20 mM sodium acetate. Then, yeast
cells suspended in the buffer solution were added to the ConA-coated glass bottom dish
and left for 30 mins at room temperature. Finally, the cell suspension was drained, and
the buffer solution was gently added to the dish.
The PDMS beads and PDMS film used in this study were fabricated using a viscous
commercial prepolymer (Silpot 184, Dow Corning), employing a similar process as
described previously [129]. The base and cross-linking agent were mixed completely in
a weight ratio of 10:1, degassed, and then poured into deionized (DI) water. The vessel
containing the DI water and PDMS mixture was then vibrated using a Vortex-Genie-2 at
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3200 rpm to form spherical PDMS beads. The container was subsequently baked at 80 °C
for 2 hours. The PDMS film was fabricated under the same conditions.
The Young's modulus of the PDMS film is acquired from a commercial tensile test
device (EZ-LX, Shimadzu Corporation) for comparison with the PDMS beads and yeast
cells. The average measured Young's modulus of the PDMS film was approximately 1.45
± 0.06 MPa (mean ± SD, n = 10) (the value is different from that in Section 2.4 because
these two experiments are not operated at the same time, and thus the samples are
different). Because the PDMS beads and PDMS film are fabricated under the same
conditions, they are assumed to have the same value of Young's modulus. To eliminate
the effect of measurement error, the PDMS beads are immobilized on a glass bottom dish
following the same procedure used for the yeast cells. The mechanical properties of these
beads were then measured using the AFM cantilever with sharp tip and flat tip separately.
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4.4 Experiment and result

4.4.1 PDMS experiment
First, I conducted measurements on the PDMS beads by indenting the samples using
a sharp cantilever tip as mentioned previously. I used the analytical model expressed in
equation (4.3), because this equation better fit the experimental force curve, relative to
the model expressed by equation (4.4). The tip radius used for the calculation was 10 nm
(the value provided by the company), and Poisson’s ratio is 0.5 [122]. Ten different beads
were tested, and the average Young’s modulus was determined to be 2.08 ± 0.95 MPa
(mean ± SD, n = 10). This is much larger than the Young’s modulus measured by the
commercial tensile tester, which was 1.45 ±0.06 MPa (mean ±SD, n = 10).
Next, PDMS bead stiffnesses were measured by compressing them between the flat
AFM tip and the glass substrate. Ten PDMS beads were measured in this way, and the
average Young’s modulus of a PDMS bead calculated from equation (4.8) was 1.49 ±
0.27 MPa (mean ±SD, n = 10), which is similar to the tensile test results.
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4.4.2 Cell experiment using AFM
After measuring the PDMS beads using AFM, single cells from the yeast strain are
subjected to measurements by compressing a target cell between the glass substrate and
the flat tip. Also, to compare the result between sharp tip measurement and flat tip
measurement, a sharp tip is utilized to measure the stiffness of yeast cell. The sample cells
are immobilized on a glass bottom dish using ConA as described in Section 4.3. The
immobilization is verified by checking the location of the tested cell before and after the
compression. The maximum force applied during sharp tip indentation is 2 nN. And the
maximum force applied during flat tip compression is 1000 nN so that the deformation
of the sample is smaller than 10% to meet the small deformation assumption [146] of the
Hertzian model.

Figure 4.3 (a) Force curve for a single yeast cell obtained using AFM with a flat-tipped cantilever.
The blue curve is the experiment data, and the red curve is the data fitted with the Hertzian model
(equation 4.8). (b) A photograph of the flat AFM tip and immobilized yeast cells, taken with a

converted optical microscope.

A photo of a target cell and a plotted force curve are shown in Figure 4.3. The stiffness
of a yeast cell is calculated by fitting the experimental force data using equation (4.8).
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The radius of each cell is measured according to the images acquired from the inverted
microscope before compression. Ten yeast cells are measured, and the Young’s modulus
of the yeast cells is 5.09 ±1.51 MPa.

4.4.3 Cell experiment using microfluidic chip
In the measurements using the microfluidic chip system, cells are floating in the buffer
solution and transported to the measurement point using optical tweezers. Therefore, this
method is quite convenient because the immobilization process is not necessary.

Figure 4.4 On-chip experimental process for measuring the stiffness of a yeast cell: (a)
Before compression; (b) Yeast cell transported to the gap between the two probes; (c)
Pushing probe moves towards the cell when compression is about to start; (d) The cell is
compressed by the pushing probe and sensor probe.
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The measurement procedure is shown in Figure 4.4. First, a single cell is moved to
the gap between the two probes. Then, the pushing probe is activated by an external
piezoelectric actuator. It is motivated to move towards the sensor probe. The cell is
compressed by the two probes, and the displacements of both probes are recorded and
analyzed using a sampling moirémethod [129].
In this chapter, the spring constant of the sensor probe (0.066 N/m) is determined by
calibration as described in Chapter 2. The PDMS beads used for calibration here is same
with the beads used in AFM measurement. Then, ten yeast cells are measured using the
same microfluidic chip. The stiffness of the yeast cells measured using this method is
4.54 ± 0.81 MPa. This is slightly different from the result obtained from AFM
measurements. However, there is no significant difference based on Student’s t-test.
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4.5 Discussion

The PDMS beads experiments clearly demonstrated the problem with performing
measurements with the sharp-tipped AFM cantilever. The Young’s modulus obtained by
this technique (2.08 MPa) was 43% higher than the value acquired by the tension test.
This error may be due to the difference between the true tip radius and the typical tip
radius provided by the company.

Figure 4.5 Comparison of the values of Young’s modulus of a single whole yeast cell, as
measured by a microfluidic chip system (red), by AFM with a flat tip (blue) or by AFM with
a sharp tip (green). The error bars represent the standard deviation, and there is no
significant difference between red and blue bar according to Student’s t-test. While obvious
difference is shown between sharp tip method result and two other methods result.

But there are possibilities that the difference might be caused by the difference
between PDMS sheet sample and PDMS beads, or the error in AFM cantilever calibration.
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Thus, anther experiment is carried out to verify the error caused by the sharp tip. A PDMS
sheet was fixed on a glass substrate and measured by AFM. The PDMS sheet is measured
by a sharp tip, and a tip with a sphere (diameter 3.7 μm measured by optical microscopy).
The PDMS sheet measured by sharp tip has a Young’s modulus of 2.57 ± 0.41 MPa (mean
± SD, n = 10). But the PDMS sheet measured by sphere tip has a Young’s modulus of
1.47 ± 0.06 MPa (mean ± SD, n = 10). Since the diameter of the sphere tip could be
measured by optical microscopy, the error caused by the shape parameter error is
prevented. Thus, the result of the sphere tip AFM measurement is considered to be
accurate, and it is similar with the tensile test. But the sharp tip measurement result of the
PDMS sheet has a big difference with both the tensile test and the sphere tip measurement
result. Even though there might be some other possibilities leading to the error of sharp
tip measurement result beside the shape error, it is obvious that the sharp tip indentation
measurement using AFM might have some errors.
The use of a flat-tipped AFM cantilever, which compressed the PDMS beads between
two parallel surfaces, effectively eliminated the error, and a Young’s modulus of 1.49
MPa (similar to the tension test result) is obtained. These results confirm that using a
sharp tip for such measurements can introduce errors when evaluating the Young’s
modulus, whereas using a flat tip helps avoid this problem.
To verify the reliability of the flat tip measurement method, I measured single cells
of the yeast strain with the flat-tipped AFM and with a microfluidic chip system. Both of
these processes compressed the individual yeast cells between two parallel surfaces. The
small difference in the results provided by these two methods may originate from the
variation of cell properties, the error in measuring the cell diameters, or the calibration of
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the AFM cantilever spring constant. Despite these uncertainties, similar values for
Young’s modulus are acquired using two different measurement systems described.
These results indicate that the proposed flat-tipped method is effective for determining
the stiffness of a whole yeast cell.

Table 4.1 Summary of the stiffness of yeast cell measured by other researchers.

Stiffness of yeast cell

Measurement method

Analysis model

AFM

Sneddon model

(mean ±SD)
0.6 ±0.4 MPa [162]
0.7 ±0.2 MPa [124]

Sneddon model

1.12 ±0.02 MPa [162]

Hertzian model

0.483 ±0.061 MPa [164]

Sneddon model

0.389 ±0.007 MPa [165]

Sneddon model

1.62 ±0.22 MPa [122]

Sneddon model

2.62 ±1.03 MPa [125]

Sneddon model

0.15 ±0.02 MPa [54]

Sneddon model

9.3 ±3.1 N/m [128]

MEMS squeezers

Spring model

9.35 ±4.81 MPa [126]

Flat tip optical fiber

Hertzian model

In this thesis, I discussed the problem of sharp tip indention experiments designed to
evaluate Young’s modulus of whole yeast cells. This issue was evident in the error
produced when calculating Young’s modulus of a PDMS bead using the AFM cantilever
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with a sharp tip. Then, PDMS beads were compressed between the substrate surface and
the bottom surafce of the flat tip attached on the AFM cantilever. The obtained force
curve was fitted with a Hertzian model and utilized to calculate Young’s modulus. The
result from these measurements was similar to the data obtained by the commercial
tension test. Therefore, the error was effectively avoided by using the AFM cantilever
with a flat tip.
Table 4.1 showed some measurement result of different researchers who studied the
stiffness of single yeast cell. It shows that the range of the Young’s modulus measrued
by AFM with sharp tip indentation is in around 1 MPa. A research which compress the
yeast cell using flat optical fiber reported a cellular Young’s modulus of 9.35 MPa by
analyzing the force curve using Hertzian model. And the Young’s modulus of the cell
wall would be 276.4 MPa when the same force curve is analyzed using capsule contact
model [168]. The yeast cells are also tested using conventional AFM sharp tip method.
The measurement result 0.72±0.36 MPa (mean ± standard deviation, n = 10), which is
quite different from the flat tip measurement result in this research, as shown in Figure
4.5. But it is similar with some other researches which studied yeast cell using sharp tips
[122,157]. On the other hand, the flat tip measurement result is similar with the results
obtained by some researches when the yeast cell was compressed between two flat
surfaces which is about 9.35 MPa[126]. This result indicates that the stiffness of the whole
cell is different from the stiffness of the local point on the surface of the cell. For a PDMS
bead, it is reasonable to expect a similar result from the sharp tip and flat tip measurement.
Because the bead is made of the same material and can be considered as homogeneous,
which means that the whole stiffness and the local stiffness at the surface should be the
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same. A yeast cell consists of cell wall, cytoplasm filled by organelles and so on, therefore,
it is reasonable that the whole stiffness is different from the local stiffness at the surface.
Actually, a cell is more like a capsule than a sphere. Considering a sphere shell full of
water, the stiffness of the whole sphere is decided by its shell thickness, Young’s modulus
of the shell, and its turgor pressure which is applied by the water in the shell. But the
thickness of the cell wall cannot be measured in vivo, and the turgor pressure is also
difficult to evaluate, thus it is difficult to calculate the stiffness of the cell wall and the
turgor pressure accurately. Even though there are researches which analyzed the cell wall
thickness, cell wall material stiffness, and the turgor pressure[167], it is not appropriate
nor accurate for single cell analysis. That is for the reason that an average of cell wall
thickness was utilized. And the cell wall thickness cannot be measured in real time. In
conclusion, both of the sharp and the flat tips can be utilized to evaluate the mechanical
property of a single yeast cell. Measurement using sharp tip evaluates the stiffness of the
cell wall. And the flat tip evaluates the stiffness of the whole cell.
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4.6 Summary
In this chapter, I discussed the problem of sharp tip indention experiments designed
to evaluate Young’s modulus of whole yeast cells. This issue was evident in the error
produced when calculating Young’s modulus of a PDMS bead using the AFM cantilever
with a sharp tip. Then, PDMS beads were compressed between the AFM cantilever with
a flat tip and the substrate surface. The obtained force curve was fitted with a Hertzian
model and used to calculate Young’s modulus. The result from these measurements was
similar to the data obtained by the commercial tensile tester. Therefore, the error was
effectively avoided by using the AFM cantilever with a flat tip in the case of PDMS bead
measurement.
The method employing the flat tip was further used to measure the Young’s modulus
of the yeast cells, and the results were compared with those obtained using a microfluidic
chip system. The Young’s modulus value for a whole yeast cell measured by these two
methods was 5.09 MPa and 4.54 MPa, respectively, and no significant difference was
observed according to Student’s t-test. Thus, I determined that employing AFM with a
flat cantilever tip is an effective method for evaluating the mechanical stiffness of a single
yeast cell based on whole cell deformation. A measurement using sharp tip is also applied
on the yeast cell, and different Young’s modulus of 0.72 MPa is acquired. This indicates
that the surface stiffness measured by sharp tip and the whole stiffness measured by flat
tip is different from each other, which meet the fact that the yeast cell is composed of cell
wall, cytoplasm and so on. Thus, the flat tip method should be used when analysing the
stiffness of the whole cell, and the sharp tip method should be used when analysing the
stiffness of a local point.
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Conclusion

5.1 Summary

In summary, I proposed a measurement system which is capable of measure small
unicellular organism with a size as small as 2 μm. The measurement result of wild type
and mutant type of Synechocystis in different osmotic condition prove the fact that
mechanical measurement could help us understand more about unicellular organism. I
also carried out experiment on yeast BY4741. The measurement result using AFM with
sharp tip, AFM with flat tip and the robot integrated microfluidic chip shows that Young’s
modulus of the whole cell and the cell surface is greatly different with each other.
Measuring the mechanical property of the whole cell give us another view to understand
the cell structure.
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Chapter 2
I proposed the measurement system used to measure the mechanical property of a
single cyanobacteria cell. I introduce the concept of the measurement system,
microfluidic chip design and fabrication, and the calibration of the spring constant of the
beam sensor integrated on the chip.
Chapter 3
I introduce the cell that I used for experiment. I showed the measurement process and
experiment data of two types of cells in three different conditions. The summarized result
of the Young’s modulus of the single cell shows clearly that wild type cell and mutant
cell (ΔmscL) have different Young’s modulus in different osmolarity conditions (BG11
condition and BG11 mixed with DI water condition). In contrast, the diameters of the cell
have no obvious difference.
Chapter 4
I introduce the measurement of a single cell using AFM and the measurement system
proposed in Chapter 2. A typical unicellular organism, yeast, is measured using AFM by
two different methods. The yeast cell is measured by AFM in two different methods. In
one method, the yeast cell is indented by a sharp tip to measures the local stiffness of the
measurement point. In the other method, the yeast cell is compress as a whole and the
Young’s modulus of the whole cell is measured. Microfluidic chip method proposed in
Chapter 2 is carried out and compared with the measurement result using AFM with sharp
tip and flat tip. The yeast cells are measured in buffer solution (pH 5.5) containing 20
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mM sodium acetate. This condition is similar with some other researches which studied
yeast cell using AFM.

5.2 Future work
As I mentioned previously, I have succeeded in measuring the Young’s modulus of
small unicellular organisms using robot integrated microfluidic chip and AFM. In the
future, the research could be developed to several directions.
Combine the robot integrated microfluidic chip with other microfluidic systems such
as temperature control and microvalve. By combining different functions and systems, I
would be able to measure the mechanical property of the target cell in different
environment conditions.
Measuring different types of genetically modified cells to understand more about the
cell life, gene expression and environmental adaptation.
Integrating the microfluidic chip with computer and coding. It would be able to
achieve automatic measurement for cell properties.
Only cells of sphere shapes are measured in this study. In the future, it is possible to
measure cells with other shapes such as ellipse or thin rod. This might need to propose
special force models.
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