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Contactless noninvasive probing of model cells
ARVID SKARRIE

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

This thesis covers three cases of contactless noninvasive probing of yeast cells and
model cells; exploring different ways of characterizing the cell, without any sort of
labelling. This enables studying single cells for a longer time period without affect-
ing the cell’s native behaviour.

A digital holography microscope records the interference pattern between two laser
beams. By transforming this pattern, the sample can be visualized as a map over
the phase differences, created by differences in refractive index of the sample and
its environment. By comparing the phase differences for yeast cells in two different
mediums, the geometry and refractive index of the cells in the sample can be deter-
mined. The refractive index for five yeast cells were determined to values between
n = 1.392 — 1.414.

The same type of cells were also observed in an optical trapping microscope. By
tightly focusing a laser beam, a yeast cell was trapped in the beam waist. They
were easily manipulated and positioned in three dimension. The trapping force for
3.6 ym yeast cells were determined to 2.6 uNm™~!.

Model cells in the form of giant unilamellar vesicles, GUVs, containing 5 % biotin,
were bonded to streptavidin-coated 2.0 pm beads and as a way of probing the surface
tension, membrane tethers were pulled out from a GUV. The force needed for tether
formation and tether extension were determined for different pulling velocities; a
maximum force of 1.8 pN was measured. The trapping strength were measured to

32.7pN/m.

Keywords: optical trap, optical trapping microscope, yeast cells, digital holographic
microscope, giant unilamellar vesicles, noninvasive probing, model cell, trapping
strength, vesicle tethers.
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1

Introduction

Since the first discovery of the cell by Robert Hooke in 1665, the study of cells have
been a continuously evolving field. The optical microscope have been a good tool
for studying the cell without interfering in its life cycle, giving information about its
reproduction, growth and death. The optical microscope can even see into the cell,
although its resolution is limited by the Rayleigh criterion z = 1.22\/NA, where
x is the minimum resolvable distance, A\ the wavelength of light, and NA is the
numerical aperture [23]. For a high NA| z ~ A > 400nm for visible light. Several
methods have since been developed to significantly reduce the minimal resolvable
distance [34].

Several methods have also been developed to gain information of the internal con-
ditions of the cell. A. Ashkin and J. M. Dziedzic published in 1989 an article about
optical trapping of a single living cells using an infrared laser [2]. Using the momen-
tum of light and a tightly focused laser beam, a particle, a cell, or even a part of
a cell, could be held suspended in i medium. The cell could in that way be totally
controlled and manipulated without the observer affecting the cell itself. If a force
were to affect the trapped particle, one could also calculate that force by finding the
particle position relative to the trap. In 2005, an article about digital holographic
microscopy, DHM, was published [18], based on previous work by F. Zernike [35, 36].
This was a non-invasive method of visualizing the composition of the living cell with
sub-wavelength resolution. By using the coherence of a laser beam, the geometry of
the sample cell will be reflected in a structured dephasing, which can be read out
from an interference pattern.

This thesis describes a way of using a digital holographic microscope and an optical
trapping microscope to enable the determination of the geometry, refractive index
and cytosolic composition of a cell in a non-invasive manner. In the DHM, yeast cells
will be exposed to solutions of changing refractive index by balancing sugars and
salt concentration, while the OTM shows how information of the internal composi-
tion of the cell can be extracted from tether formation. Data from giant unilamellar
vesicles, GUVs, will be used since they model the cell membrane without the ad-
hesive force from the cytoskeleton. The cellular membrane is the largest organelle
and responsible for several important processes of the cell, such as for example cell
division, endocytosis and exocytosis [8].

The mapping of the cells in the DHM has a very high axial accuracy, below 20 nm,
and the fact that the cells can be readily manipulated with an optical trap shows

1



1. Introduction

great possibilities of further experiments combining these techniques with other mi-
croscopy techniques. By using an optical trap to pull membrane tubes, one also
gains information about the lipid environment of the model cell.

Using label-free methods is a way to ensure studying cells in their native state, with-
out the investigation or labelling affecting the native cell behaviour. Studies have
shown that labelling with fluorescence might affect the cell behaviour [30, 16], while
phototoxicity poses another threat [15].

Important cell properties like mass, volume, refractive index or age may be probed
using label-free interrogation, and the transportation of cellular materials inside and
between cells can also be mapped. Studying the generation and aging of the yeast
cell, as a simple model in cell biology, have usage in a lot of separate disciplines;
biomedical research, genetics and medicine for example [7, 26, 6]. Without fluo-
rescence, label-free probing is often partially limited to optical resolution, although
some approaches of fluorescence-free super-resolution has been investigated [1].

To draw bigger conclusions from the experiments performed, more data would need
to be collected and the same experiment would have to be performed several times
to increase the statistical significance. Control experiments have not been performed
to verify the experimental setups, but comparisons to previous experiments are in-

cluded.

This thesis covers the basic principles and theory needed to understand the methods
used and results achieved in chapter 2, followed by a detailed explanation of the
method and schematic sketches and description of the experimental setup in chapter
3. In chapter 4, the results are shown and discussed, while the final chapter 5,
concludes the thesis and reflects on possible further studies.
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Theory

To understand how the microscopes can probe the inside of biological material with-
out contact, knowledge of optics are necessary. A brief introduction to electromag-

netic theory is presented, but for a more thorough description, see source literature
[12].

Section 2.2 describes how a light beam through the sample is affected by it, and
how the information of the sample can be reconstructed. Section 2.3 describes how
an optical trap works, with two different explanations for the two different trapping
regimes. The determination of the trapping force using the Stokes drag calibration
method is explained in subsection 2.3.1. Section 2.4 covers the biological aspects of
this project and how the interaction between biological material and microscopes
will affect the experiments performed.

2.1 Electromagnetic theory

Electromagnetic theory has been studied since 19th century, when visible light for
the first time found its place in the electromagnetic spectrum. Ray optics, that
was previously used, had to step aside for the more accurate description of wave
theory. In the early 20th century, Einstein revealed another form of light quantized
as a particle, the photon. This resulted in the wave-particle duality of light; two
contradictory pictures that both explained different phenomena. De Broglie later
showed that this duality concerned matter as well.

In a very thin band of wavelengths between 400nm and 700 nm, electromagnetic
waves have just the right energies to be registered in human eyes as visible light.
Photons of higher energies, ultraviolet light, carries enough energy to break covalent
bonds, while infrared light could cause molecular vibrations at most.

One of the most important physical constants is the speed of light in vacuum, cy.
It can be formulated as a function of the vacuum permeability g and the vacuum
permittivity €y as

1

\/50/10'

In a material, permittivity is a measurement of the materials ability to resist an
electric field, often denoted with the relative permittivity e, = €/eqg. The refractive

Co = (2.1)
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2. Theory

index, n, is related to the relative permittivity and relative permeability as n =

/Erftr, which means that the speed of light will be affected by the refractive index
of a material as c
0

c=—. 2.2

: (22)

The refractive index also controls the angle refraction when light enters the medium
at an angle according to Snell’s law

ny sin @y = ng sin 0. (2.3)

Photons carries momentum, even though they are massless, with

=—=— 2.4
where p is the particle momentum, £ is the particle energy, h is the Planck constant,
and A is the wavelength. This means that it can exert forces on ordinary matter by
exchanging momentum.

2.2 Digital holographic microscopy

Digital holographic microscopy, DHM, is a noninvasive microscopy method that can
give information about geometry, optical properties and chemical properties of an
object.

Since the speed of light in a material is inversely proportional to the refractive
index, a beam of light propagating through a transparent object will carry informa-
tion about the object, when compared to an undisturbed beam. A DHM is based on
recording the interference pattern of two coherent laser beam, where one beam has
propagated through a transparent sample. Recording the interference pattern with
a camera enables a computer to recreate the sample from the interference pattern
together with knowledge of the setup.

A difference between DHM and other microscopy techniques is that it is the holo-
gram, the interference pattern, that is recorded, not the image itself. To get the
image, one has to digitally reconstruct it using Fourier analysis. A Fourier trans-
form of the interference pattern, see figure 2.1a, results in an image of the Fourier
plane, figure 2.1b. Everything but the area marked with a rectangle is cropped out,
resulting in the image in figure 2.1c, and an inverse Fourier transform produces the
final result that can be seen in figure 2.2.

2.2.1 Data analysis

To extract the phase information from the sample, the refractive index and cell
topology needs to be related to the measured phase difference, with the derived

4



2. Theory

(b) (c)

Figure 2.1: The interference pattern seen in (a) is continuously recorded by the
camera, with its Fourier transform seen in (b). The leftmost peak is moved into
the center of the coordinate system as in (c¢). An inverse Fourier transform will
then result in the final image seen in figure 2.2. Note that the image in (a) is best
resolved in digital forms of this thesis, but not much can be seen in any format.
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Figure 2.2: The image of several cell colonies in the DHM, inverse Fourier trans-
formed from the image in figure 2.1c. The difference in brightness corresponds to
phase difference created by the cells.

relation noted in equations (2.7) and (2.8).

The Helmholtz equation with inhomogeneous dispersion is denoted as [20]:
V20 (x) + k*n(x)?¥(x) = 0 (2.5)

with W(x) being the optical field, k¥ = 27/\ the wavenumber and n(x) the local
refractive index. When considering the refractive index and topology of the cell as
slowly varying functions, the WKB approximation could be used on equation (2.5):

Ay = kz(ng — neen), (2.6)

where z is the cell topology or cell height, ng is the refractive index of the solution
surrounding the cell, n.y; is the refractive index of the cell. If n. is known, the
topology of the cell can be calculated. If n.y is unknown, it can be calculated by
making a second measurement on the same cell in a different medium. This second
medium needs to be a solution with equal osmotic pressure but different refractive
index than the first buffer solution. So by measuring the phase difference between
cells and background for two different solutions, both cell topology 2z and refractive
index n..; can be extracted as:

{ASOO ~ kz(ncell — 7?,0)

=
A(,psol ~ kz(ncell — nsol)

ASOOnSOI - A(-;Osoan
ASOO - ASpsol

Neell =



2. Theory

—~ AQOO - ASosol
~ )
Ngol — No

kz (2.8)
where ng, is the refractive index of the second solution and ¢,y is the measured
phase difference when using the second solution. This equation calculates z as the
average height over the whole cell, and the maximum cell height will be 3z/2.

2.3 Optical trapping

Optical trapping is a way of controlling and positioning particles in three dimen-
sions by letting the momentum of light transfer into a trapped particle. This section
describes what parameters affect the trapping strength and how it is calibrated.

Consider a dielectric particle in a tightly focused Gaussian laser beam. With a non-
absorbing particle, the light will refract on the interfaces between the surrounding
medium and the particle and change direction, as according to Snell’s law, equation
(2.3). If the particle is not positioned in the beam waist, where the intensity is
the highest, the light will change direction as can be seen in figures 2.3a and 2.3c,
where a thinner line represents a smaller light intensity or less photons. Since the
light and its momentum vector changes direction, and the total momentum of the
particle and light must be conserved, the particle gains an antiparallel momentum.
The particle will therefore be pushed by gradient forces towards the waist of the
beam, both in lateral and longitudinal direction [2]. Exactly how it is pushed will
vary with the exact size and shape of the particle, why a predictable result is only
given from spheres or ellipsoids [37].

There will also be a scattering force, which inherently pushes the particle along the
light direction. When the particle is in the beam waist, the net momentum change
of the light pushes the particle upwards. The particle will therefore find its equilib-
rium position when gradient and refractive forces are equal, as in figure 2.3d, which
is slightly above the waist. This is commonly countered by using a high numerical
aperture, as seen in figure 2.3e. That means that the longitudinal energy will not
be as large as with lower numerical aperture, figure 2.3d. The displacement neces-
sary for the gradient force to equal the refractive force will be much smaller, so the
equilibrium position will be closer to the waist.

This explanation, based on ray optics, holds for the Mie regime, where the particle
radius r > A. If r < A, the Rayleigh regime, ray optics is no longer valid. The
particle can then be considered as a dipole in an electromagnetic field. To minimize
its own energy, the particle will be attracted towards the highest energy area, where
the electromagnetic field has the highest intensity, i.e. in the waist. The trapped
particle is still subjected to scattering forces, why the particle will find equilibrium
slightly off the waist, the same as in figures 2.3d and 2.3e. In the Rayleigh regime,
the force is not as dependant of particle shape, since it is the energy minimization
that pulls the particle towards the waist, not geometry [3].
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(b)

(c) (d) (e)

Figure 2.3: (a) A latitudinal displacement, where the beam gradient will push the
particle to the left and the scattering force pushes upwards. (b) When the particle
is in the center, there is no gradient force. (¢) A particle below the waist will have
both gradient and scattering force pushing it towards the waist. (d) The refractive
and gradient force cancelling each other, leaving the particle slightly above the waist.
(e) A higher numerical aperture will cause larger gradient force with a longitudinal
displacement, meaning that the particle will rest closer to the waist compared to (d).

The most relevant regime for experiments is often between Mie and Rayleigh, 0.1\ <
r < 10\, the so-called meso regime. The theoretical framework around this regime
is not as clearly mapped as the others, but there are simulation toolboxes developed
for modeling how the optical trap works together with different shapes and sizes
[21].

2.3.1 Calibration and calculating forces

To convert voltage data from the quad detector to data on the forces affecting the
bead, both the linear relation between detector voltage and displacement and the
linear relation between displacement and force needs to be established.

When the particle is close to the beam waist, closer than half the particle radius
within the focal region, the force on the particle from the trap can be modelled as
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2. Theory

a spring force:
Firop = —kz, (2.9)

where k is the trap stiffness and x is the distance between the particle center and
laser beam center [37]. To calculate the trap stiffness, subjecting the trapped parti-
cle to a known force enables finding the proportionality to the particle deviation.

For a spherical particle moving in a medium, the Stokes drag force F' on a spherical
particle can be expressed as [37]:

Firag = 6010, (2.10)

where 7 is the medium viscosity, r the particle radius and v the velocity of the
particle relative to the medium. If the particle is moving at a constant velocity
relative to the medium, it may reach a stationary state, where the drag force and
the trap force are equal. By finding the distance x for a specific v, k could be
calculated as:

6mnro

Firap = Firag = —kz = 6mnro = k = ) (2.11)
—z

This is the Stokes drag calibration method and it is a common way of calibrating,
but requires precise distance determination and accurate and reproducible move-
ment of the translation stage holding the sample. It requires a constant velocity,
and measurements can not include acceleration or turning. To find the maximum
force applicable to a particle in the trap, one can see at what velocity the drag force
exceeds the trapping force. By increasing the relative velocity of the particle and
find the velocity where the particle leaves the trap, Fiqp < Fyrag = 6mnrov. The
minus sign in equation (4.2) originates in v and x being in opposite directions, and
should be neglected if absolute values are used.

When the stiffness of the trap is determined, the forces on the particle can be
calculated by the spring force equation. By registering the position of the particle
relative to the trap, the forces acting on the particle can be calculated. To efficiently
determine the position of the particle relative to the trap, a quad detector can be
used. Since the laser beam will refract because of the trapped particle, the deflection
can be used to determine the particle position. A particle off-center will therefore
change the angle of the beam as a function of its position, and this angular change
can be precisely registered by the quad detector. By scanning over a fixed particle
while simultaneously collecting data from the detector, the detector response to a
known particle displacement can be mapped.

2.4 Biological material

Even though Saccharomyces cerevisiae, the yeast cell, are one of the most robust
and vigorous cell types, there are some things one need to pay extra attention to.
Since a laser beam used in an optical trapping microscope will be focused as tightly
as possible, extra precautions has been paid to laser wavelength, laser power and
temperature. Theory connecting the model cell to a real cell membrane are also
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presented.

2.4.1 Using lasers on biological samples

One problem that occurs when studying biological samples with lasers is the ab-
sorption of light in the sample. This could cause damage to the material, or heating
of the sample or its environment. A wavelength with minimal impact would be one
with low energy and minimal absorption. Every organic material have a different
absorption spectra, but shorter wavelengths are more commonly absorbed and car-
ries more energy. Wavelengths above 800 nm has significantly lower absorption and
lower energy, causing considerably less damage on biological samples [37]. Since a
shorter wavelength decreases the size of the focus, and therefore increases the trap-
ping power for smaller objects, wavelengths between 790 and 1064 nm are commonly

used [37].

Another factor is the intensity used. For DHM, the qualiy of the image is basically
indifferent to intensity, which means that any intensity low enough to not damage the
sample can be used. The beam is not focused either, which allows for significantly
higher laser powers. For optical trapping, having a higher intensity means bigger
control of the trapped particle. The beam will also be focused with a lense, making
the matter more sensitive than for DHM. Using a high numerical aperture will also
increase the trapping strength, which allows reducing the laser power needed and
minimizing potential damage.

Since energy from the trapping light may be absorbed by the medium, this may
affect the temperature of the medium. For water, this effect is approximately
SKW! = 8mKmW™! [24]. For powers in the milliwatt range, this effect can
therefore be disregarded for experiments where the temperature is not of extraordi-
nary importance.

2.4.2 Giant unilamellar vesicles

Giant unilamellar vesicles, GUVs, consists of a single lipid bilayer. They are con-
ventionally accepted as a simple model that can approximate the behaviour of the
cellular membrane [§].

The membrane tension 7" of a cell is affected by the lipid surface tension 7,, and a
term ~y representing the membrane-cytoskeleton adhesion as [13]:

2

F,
T:Tm+7:8B[;TQ, (2.12)

where Fj is the static tether force from the cell surface and B is the bending stiffness
of the membrane. Since the GUVs do not have a cytoskeleton, only 7}, will con-
tribute, and by using Fgpy as the static tether force for the model of a cell without

10
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cytoskeleton, the tension can be denoted

Feuy
T, = ) 2.13
8B7? (2.13)
By comparing the difference in the static tether forces, the submission from the
membrane-cytoskeletal adhesion, F,4, could be calculated as F,q = Fy — Fauy.

B can be assumed a constant representing a typical value for lipid bilayers, B =
2.7 x 107 Nm [10].

A GUV can be used as a first approximation of a cell membrane [33]. Without its

cytoskeleton, it is generally fluidic enough to allow manipulation and can therefore
be used for pulling membrane tethers.

11
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Method

Both microscopes are built in-house; designed and improved as the project went
along. The optical trapping microscope was built from scratch during this project,
which demanded creating a layout of the microscope for the components available,
adjusting the microscope after the experiments to be performed and buying optical
components that were needed; see details in section 3.2. The digital holographic
microscope was already assembled, but two methods of creating an efficient fluid
exchange were evaluated; the two different variants are described in section 3.1.

Sketches of the experimental setups can be seen in figures 3.2c and 3.5c. Every
detail is not included, but the basic components can be seen. There are also several
photographs of the microscopes. Procedures and protocols for handling the micro-
scopes and cell cultivation are noted, so that they may be reproduced. The basis
for the protocol for producing GUVs are based on the commonly used protocol at
the Biophysical laboratory at Chalmers University.

3.1 Digital holographic microscope

The holographic phase microscope uses a 633 nm laser together with two beamsplit-
ters, several lenses and polarizers and a CCD camera. The camera is connected to
a computer where a LabVIEW program collects and transforms the data.

(b)

Figure 3.1: In both cases, the cells were bonded to the glass using Concanavalin A.
(a) Setup using micropipette. (b) Setup using glass chip.

13



3. Method

A limiting factor of this setup when using the system in real time is the compu-
tational analysis. Since there are several transforms to every frame, the maximum
recording frame rate is around 5 fps. When instead doing the transformations in post
production, the maximum recording frame rate is at least 50 fps. The resolution of
the final images and data is limited by the resolution of the camera, imperfections
in optical parts and disturbances in the interference pattern from reflections in the
objective.

Initially an Epipen, a microfluidic pipette from Fluicell seen in figure 3.1a, was used
to replace the environment of the sample cells with different solutions. Later, a
glass chip was built with a single channel and a well at each side. The channel,
approximately 1.5 x 0.75mm?, can hold approximately 50 uL, and it can be seen in
figure 3.1b. To exchange the fluid inside the channel, a pressure is applied to a vial
connected to the chip, which forces the fluid into the chip. A complete exchange of
the medium in the chip takes less than 1 second.

To verify that the setup enabled a quick and complete fluid exchange, trypan blue
were used to enable a simple visual verification. A fluid pulse length of 8 seconds
at 150 mbar were deemed sufficient. The refractive indices of mediums used were
measured using a refractometer.

3.1.1 Experimental setup

The experimental setup can be seen in figure 3.2c. The Gaussian beam from a
Uniphase laser with P = 35mW, X = 633nm = k = 9.93pm™!, is polarized and
expanded. A beamsplitter divides the beam depending on polarity; the light distri-
bution is controlled by the angle of the first polarizer. One beam is going through
the sample and a 40x Leicha objective, while the other beam is undistorted. For
the interference pattern to appear, the polarization of the two beams needs to be
aligned, why a A/2 plate is used on the undistorted beam. Another beamsplitter
couples the two beams at an angle controlled by the mirror, which creates an inter-
ference pattern recorded by an Allied Vision Prosilica GX1920 CCD camera at 4 fps.

If the micropipette is used, the sample is placed in a Petri dish, and the pipette is
placed in a manual coarse manipulator. With the glass chip, the cells are placed in
the chip by pumping; both setups uses a Fluicell pump.

3.1.2 Data analysis

The camera images are saved in LabVIEW as .avi-files. A Matlab script transforms
the images as described in section 2.2. At this stage, crossection area and distances
can be measured by knowing the pixel size. The images are then analyzed with Im-
agelJ, to identify the cells and separate them from the background. This information
is imported into Matlab, where the average light intensity over each cell is calculated
and compared to the average background intensity. As described in section 2.2.1,
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M2 40x
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(c)
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Figure 3.2: (a) Photograph of the experimental setup, where the glass chip can
be seen connected to 15mL wvials, which in turn are connected to the pump by the
blue tube. (b) The beamsplitter to the left controls at what angle the two beams
are interfering, while the camera to the right records the interference pattern. (c)
Systematic sketch of the DHM, where the sample is placed in a glass dish or a glass
chip.
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Figure 3.3: User interface for the program controlling the translation stage. Con-
trols are placed to the left and detectors to the right.

the intensity of the light is directly related to the phase difference, so the phase
difference for each cell can then be calculated.

3.2 Optical trapping microscope

The optical trapping microscope is based on the modular optical tweezers system
with a force acquisition module from Thorlabs [31, 32]. Two variants of the lens
setup were used; one where the beam expander and divergence control were sep-
arated, and one where they were combined. The disadvantage with the combined
system is that the size of the beam is inherently coupled with the divergence, but it
reduces the experimental complexity. Ultimately, both system works fine, and the
latter were mainly used.

A 40x objective were chosen as the magnification were sufficient for this setup.
Different condenser lenses were considered but the 10x ultimately was easy to in-
corporate into the setup and proved sufficient.

For tracking the laser beam, a quad detector was used. The voltages from the quad
detector was fed into LabVIEW, where the laser beam deflection was calculated.

3.2.1 LabVIEW program

The software was created in LabVIEW and enabled computer control of the transla-
tion of the sample on the 3-axis stage, up to 15 um in each dimension. The interface
of the program can be seen in figure 3.3, where the controls are placed on the left
hand side of the screen, and detectors on the right hand side. The two larger graphs
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shows the temporal development of the detector voltages during one minute, where
the indices corresponds to data points collected.

The corresponding block diagram can be seen in figure 3.4, showing the major loop
of the program. The input to the translation stage can be either a prewritten vector
or matrix or manually moving the knobs seen on the front panel. The data is col-
lected to the very right, where it is saved to a .txt file. Some features, like autofocus
and automated synchronization between video and data where developed but not
compatible with the final program.

Several different setups were used with two different cameras. Initially, the video
recording using a Thorlabs CCD camera were done in the same LabVIEW VI as
detector data were collected. This resulted in good control and easy synchroniza-
tion of video and data, but significantly reduced flexibility. The setup did not allow
collecting data from the detectors at a different rate than the video framerate, and
the two processes slowed each other down. Another attempt were made at using the
same camera with Thorlabs separate video recording software. This allowed differ-
ent framerates, but it were not as flexible as when a LabVIEW program controlled
the camera.

The best solution for both flexibility and speed were when the video recording
were controlled and saved by a different computer, running a parallel LabVIEW
program. With an Allied camera connected to the Ethernet outlet, combined with
the possibility to crop the image, frame rates of 100 fps were possible, while the data
collection via USB on the first computer ran at 24 data points per second.

3.2.2 Calibration

The calibration is done in two steps. First, the trap strength is to be determined.
For every combination of particle, medium, and laser settings, the trapping strength
will differ. It is important to calibrate for exactly the setup that is to be used. The
Stokes drag calibration method was used to find the trap constant. The translation
stage was moved, and the particle deviation was registered with the quad detector.
Because of the limited range of the automated movement of the translation stage,
the movement will be back and forth for 25 cycles, and the average displacement in
full velocity will be used. The calibration was done at a distance of 10 pum, since a
proximity to the glass surface could affect the calibration [9]. To calibrate the quad
detector, a grid scan was performed over a fixed particle and the detector response
was mapped against the known grid distances. Data analysis were done in Matlab,
while ImageJ was used to extract distances and sizes.

The Stokes drag calibration method should optimally be used when particles can be
dragged at a constant velocity for some time. Since a certain velocity was needed
to get deviations significantly higher than the background noise, restrictions on the
automated movement only allowed constant velocities for a very finite time period,
less than 0.3s. This means that the particle had to be dragged back and forth with
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rests in between, and only the particle deviation at the middle of the movement was
used for calibration. This may be a source of error in the calibration of the trapping
strength; other calibration methods were not used to verify the trapping strengths.
An average of 50 data points were used.

3.2.3 Experimental setup

The experimental setup can be seen in figure 3.5c. A Thorlabs laser was used at
A = 1064 nm, mounted in a butterfly mount. The laser beam is expanded by the first
two lenses, and two 50 mm lenses were used to control the divergence of the beam.
To compensate for the scattering force, the beam came into the objective slightly
converging, which made the trapped particle in the optical focus. An oil immersion
40x Olympus objective was used, together with a 10x Olympus objective used as a
condensator. Two dichromatic mirrors was used to separate the visible light, repre-
sented by yellow arrows, from the infrared light, red arrows. The light source is a
single emitter white light LED and the optical microscope image is recorded by an
Allied Manta G-235 CCD camera.

The automated movements were performed using a Thorlabs 3-Axis NanoMax Flex-
ure Stage connected to a computer with LabVIEW by using Thorlabs T-cube piezo
driver and T-cube strain gauge reader. The quad detector is a Thorlabs T-Cube
PSD Auto Aligner, also connected to LabVIEW. The post-processing of data were
done in Matlab.

3.3 Cultivating cells and vesicles

Saccharomyces cerevisiae were initially brought frozen from Sahlgrenska University
Hospital and the yeast is cultivated in the lab by diluting a small sample from previ-
ous cultivation in a solution of glucose and nutrients. 1 mL of yeast cells were added
to 10mL of a nutrient solution and 1 mL glucose. To make the cells stick to glass
surfaces during experiments, Concanavalin A was used. ConA is a common protein
used for immobilizing the cell without limiting its ability to change size or bud [27].

The GUVs were grown out of 5L lipids, treated in a vacuum desiccator for 18 min-
utes to reduce fluids, and then wetted with 350 nl. HEPES buffer. The production
of GUVs from MLVs, multilamellar vesicles, are spontaneous, and with this process,
there will be GUVs of different concentrations and sizes.

Several lipids with biotin in the range of 5% to 20 % were investigated, but ulti-
mately only lipids containing 5% biotin was used. The lipids using more biotin
were not as inclined to creating GUVs. The lipids were a blend of 48.4 % ATT0488-

DOPE, 31.3% SPE and 30.3 % DOPS. The ATTO488-DOPE was purchased from
Atto-Tec, all other products from Avanti Polar Lipids.
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Figure 3.5: (a) Photograph of the experimental setup. A USB cable is connecting
the control tower to the left with a computer running the LabVIEW script control-
ling the translation stage. (b) Photograph of the top of the translation stage, the
objectives and the sample holder. The sample is placed on a glass coverslip, firmly
held in place by two clips. (c¢) Systematic sketch of the experimental setup.
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Polystyrene beads with a diameter of 2.0 pym where mixed with the lipids after 6
minutes in the vacuum desiccator. The beads, ordered from Polysciences Europe,
were coated with streptavidin. The streptavidin binds the bead to biotin in the
lipids with an association constant of K, = 10'® mol™!, which makes the bond fast
and basically irreversible. The bond is also very strong, almost as a covalent bond
[25]. The beads, originally with a 1.25% particle concentration, were diluted 1:500
before 1.0 pLL were added to the lipids.
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Results and discussion

The results from the three main parts of this project is here presented. The discus-
sion following each part will also examine and contextualize the result. The main
results from analyzing the refractive index and volume of the cells can be found in
figure 4.1c and table 4.1, while the results from tether formation of the GUVs can
be seen in figure 4.6a-4.6d.

Attempts were also made at trapping beads smaller than 1 pm. Though the trap
should optimally handle 1.0 pm beads well, it did not result in a high enough trap-
ping strength. For smaller beads, 0.5 pm and 0.2 pm, the gradient forces could not
match the refractive forces, and no consistent trapping were possible.

Note that the experiments here presented have not been verified using repeatedly
performed experiment, but a platform were established to enable the interrogation
of samples in a label free way and the results here presented shows proof of principle,
validating the design and implementation strategy.

4.1 Yeast cells in digital holographic microscope

This first section describes experiments using the DHM. An evaluation of the two
different sample holders is followed by the results from extracting refractive index
and geometry of a cell colony.

The initial DHM setup was using the microfluidic pipette, seen in figure 3.1a. These
experiments could not produce valid reproducible data, because of practical limi-
tations of both the setup and material properties. Since the image is produced by
interference of light, the background scattering needs to be minimal. The pipette
would therefore need to be placed at a large distance, at least 100 pm, and that
made it hard to position it with full control. Even though there were clear evi-
dence of the cell being surrounded and affected by the medium flowing out from the
pipette, there was no way of saying if the cell were completely surrounded by the
new medium.

The construction of the glass chip significantly improved the setup. The millifluidic
system made sure that the medium exchange was fast and that the new medium
completely surrounded the cells. All results published from the DHM is using the
glass chip, as no reliable data was extracted using the pipette.
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- - -
B @ @
—

Phase difference [rad]
-

Time [s]
(c)

Figure 4.1: (a) Yeast cells as seen in the DHM. A larger brightness contrast
corresponds to a higher phase difference. (b) A 3D wisualization of the cell colony
where the topology corresponds to phase differences, not height of the sample. (c)
The phase difference between light passing through the cells and the medium. The
fluid exchange at 18 seconds can clearly be seen from the drop in phase differences.

A colony of yeast cells, Saccharomyces cerevisiae, was studied in the DHM, see figure
4.1a. A 3-dimensional visualization can be seen in figure 4.1b, where the height cor-
responds to the light intensity in figure 4.1a. The interference pattern was recorded,
and the phase differences were extracted as described in section 2.2. In figure 4.1c,
the resulting change in phase difference can be seen when the medium around the
cells are completely exchanged from phosphate citrate buffer with ng = 1.337 and
a 0.45 mMol sucrose solution with n,, = 1.355. The concentration of the sucrose
solution used is to maintain the same osmolarity of the phosphate-citrate buffer,
0.45 mOsm, which means that the cells should not be affected by the fluid exchange
in the short term.

By calculating an average of the phase difference A¢pg = 1.520 in the phosphate-
citrate buffer and A¢,, = 1.070 in the sucrose solution for the biggest cell and using
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Cell | Agy — Adso | Refr. index | Height /pm | Volume /pm?
1 0.450 1.398 3.78 123.4
2 0.383 1.407 3.22 69.0
3 0.349 1.412 2.93 60.9
4 0.298 1.392 2.86 39.0
5) 0.341 1.414 2.50 30.2

Table 4.1: Data from analyzing the phase differences in figure 4.1c and equations
(2.7) and (2.8). The calculation of the volume is assuming a spherical or ellipsoid
cell.

equation (2.7), the refractive index for the cell is calculated to ng; = 1.398. The
refractive indices for the other cells may be found in table 4.1

By using equation (2.8), the maximum height of the particles as numbered in figure
4.1a was calculated, with a maximum for cell 1 with 3.78 pm. Assuming that the
cell maintains an approximately ellipsoid shape, the volume V' of the cell can be
calculated as V' = 2A4z/3, where A is the cross section area and z is the cell height.
By measuring the cross section cell area from the DHM images, the volume of the
cells can be calculated, with the biggest cell measuring 123.4 pm?®. The volume for
the other cells ranged between 30 pm?® and 69 pm?, as can be seen in table 4.1.

4.1.1 Discussion

These cells are being observed in a living and growing period, which causes them
to change over time. In the images, a small bud is clearly visible. That means that
material from the connected cell will be transported into the bud, while the parent
cell will produce new material, not necessarily at the same rate. This experiment
only took 35 seconds, but a longer measurement would definitely be affected by this.

The small bud may also affect the computer analysis. Since a particle analysis rou-
tine in ImageJ is used for recognizing the individual cells, a small bud may be hard
to identify. A filter is therefore used to disregard potential cells that are too small.
The imaging programs will therefore recognize the small bud that can be seen in
figure 4.1c as background, which slightly skews the final result, since the software
compares the background intensity to the cell intensity.

After budding, the cells still have a covalent bond between them for a longer time,
and will stay very close to each other. The cell identification software may therefore
have a harder time separating the different particles, since they are all so close to
each other. At 6 seconds in figure 4.1c, a decrease in phase difference can be seen
for three cells, while two cells have an increase in phase difference. This may be
explained by an error in identification of the cells in these frames, since no material
should be exchanged by these cells, nor this fast. If just a few frames were used,
every frame could be checked manually, but even for this short experiment at low
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frame rate, 4 fps, the amount of work is not practicable.

The video footage shows a particle or air bubble quickly passing by next to the cells
out of focus at 34 seconds in figure 4.1c. This leads to a smaller phase difference
between the cells and the background, which causes the dip. Other sudden fluctua-
tions is probably because of similar effects that is not visible on the footage. There
is no flow of the fluids at this time, but there may still be remnants of previous
fluid exchanges. This can also explain the slight turbulence right before and after
the drop in phase difference at 18 seconds. During a couple of seconds, the new
fluid will be pressured into the system, but the interface between the fluids have not
yet passed the region of interest. The fluids will be flowing for a couple of seconds
before and after the fluid interface has passed the region of interest. Even though
the cells should be anchored to the glass with ConA, some biological material may
still be released.

When trying to compare these results to literature, no data for the refractive index of
single yeast cells were found. An approximation for the refractive index for biological
material consisting mostly of proteins, which yeast cells do, is the product of the
refractive index increment for proteins and the concentration of macromolecules in
the cell:

na~1.33+dn/dc-C~1.33+0.18mLg ' -0.40gmL™" ~ 1.40. (4.1)

The fact that this approximate value is in the range of the measured values in this
experiment, strengthens the reliability of the DHM.

4.2 Yeast cells in optical trapping microscope

The same type of cells were also put in the trapping microscope, see figure 4.2,
where a single cell is trapped. One can see from the difference in focus that the
trapped cell is not in the same plane as most other cells and by moving the sample,
the trapped cell will not move. Figures showing the linear relation between detector
voltage and particle position relative to the trap can be seen in figures 4.3a and
4.3b. When calibrating the cell as described in section 3.2.2, the cells were moved
at a velocity v = 34.3um/s, and the average distance between the trap center and
cell center 0 = 485 nm; this can be seen in figure 4.3c. According to equation (4.2),
the trapping constant can thus be computed to

K = 6mnro

= 2.57uN/m, (4.2)

where the cell radius » = 1.78 um and 7 = 1.001 mPas is the viscosity for water at
20°C [17].

The same calibration were done for a perpendicular direction, vertically in figure
4.2. The result of that calibration were a trapping constant k, =3.42 1N /m.
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Figure 4.2: The image of the cells as seen in the OTM, with a single cell captured.
The scalebar is 10 pum.

4.2.1 Discussion

The fact that the trapping strength is quite asymmetric regarding the different di-
rections of calibration can be because of slight difference in focus, since the optical
setup is not completely symmetrical. It makes the microscope less versatile, consid-
ering that the microscope would have to calibrated in the specific direction it will
later be used. Another setup that does not use mirrors in the same extension as this
setup may reduce or remove the difference.

When the IR filter was removed and the beam could be viewed in the camera, it
could easily be seen that the beam had two small foci just above and below the main
focus at the same plane. This could be another reasons why the calibration results
differed so much between z and y direction. The first calibration were therefore
judged as more reliable and was used for the following experiments.

A hypothesis explaining the low trapping strength, compared to the beads described
in the next section, may be that the trap is not holding the entire cell, but an or-
ganelle or part of the cell [22]. Since the trap has its strongest intensity in an
approximately 1 pm? volume, this is significantly smaller than the cell, see table 4.1.

Note that the calculated trapping strengths is varying with the size and refractive
index of the cells, the viscosity and refractive index of the medium and the power
and focus of the laser [14]. Since the cells are living and growing, the size and re-
fractive index of the cells will also slowly change with time when they grow or bud
off, even though the budding process normally takes a couple of hours.
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Figure 4.3: (a) By scanning over a fized cell and registering the voltage response of
the detector this correlation is detected. In a close distance to the center of the cell,
the relation between voltage response and position is approximated by a linear fit.
(b) The sensitivity p is calculated from the slope of the linear fit. (¢) The deviation
of the cell from the trap center as a function of time when using the Stokes drag

calibration method.
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(a) (b)

Figure 4.4: Image of the MLV, GUV and bead. Since the GUV only consists of a
single or a few lipid bilayers, it is not possible to resolve in this optical microscope.
The scalebars are 10 pm. (a) The non-trapped bead stuck on the side of the GUV
(b) The bead is pulled 14 pum, creating a membrane tube between bead and GUYV.

No further measurements have been done on the yeast cell, but this serves as ev-
idence that cells are easy to manipulate, even though the cells are too large for
optimal trapping in this microscope. By comparing with the results from the cali-
bration of 2pm beads in the next section, it can be seen that the cell is slower to
react to movements of the trap, because of its larger size. This can also be seen in
the much lower trapping constant.

4.3 Model cells in optical trapping microscope

The main barrier for creating tethers from the cell is the cell membrane. It is one
of the largest and most complex organelle of the cell, and a vital part of keeping
the cell healthy. It does not only hold proteins that enables communication between
the inside of the cell and the outside, but have also been suggested for intercellular
communication [9]. The results here presented are one way of characterizing the
dynamics of the cell membrane.

Since the basis of the trapping microscope is an optical microscope, the contrast
comes from absorption and transmission of light. Considering that the GUVs have
a very thin shell, they are sometimes but not always visible in the microscope. Ex-
cept for seeing the GUV itself, one can also recognize a deformation of the MLV it
is grown from. A visible GUV, as in figure 4.4a, may be a sign that it is not a true
GUV with a membrane consisting of one single lipid bilayer, but instead comprising
of a few layers [28].

In figure 4.4b, the bead on the GUV has been pulled out and a membrane tube
created. The membrane tubes generally have a diameter below 100nm [29], which
is far below the resolution limit of the optical microscope. Even though the tube
cannot be resolved in these pictures, watching the video footage clearly shows ev-
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Figure 4.5: (a) Voltage response to scanning over a fized 2 pm bead. (b) The
sensitivity p is calculated from the slope of the linear fit. (c¢) The deviation of the
bead from the trap center as a function of time when using the Stokes drag calibration
method.

idence of a string between the bead and the GUV. When the bead is released it
will immediately return to the surface of the GUV. One can also see that the GUV
is slightly deformed when a membrane tube is pulled out, at just the spot where
the bead previously were. The MLV in the figures 4.4a and 4.4b has a diameter of
14.5 pm, the membrane tube has a length of 14.0 pym, and the beads are 2.0 pm in
diameter. The viscosity of the buffer at 20°C is 1.64 mPas [5].

Calibration of the beads were made in the same way as for cells, with the results in
figures 4.5a - 4.5¢; the sensitivity was measured to p = —226 nm/V, and the trapping
constant k = 32.7uN/m. This was computed as an average of 3 and 4 measurements
respectively. The translation stage holding the cells could not perform automated
movements fast enough to find the maximum trapping force. To get an estimation
of the maximum force, manual movement of the cell were performed, and a rough
approximation of the maximum velocity, before the bead is lost, gotten from analyz-
ing the video footage is 250 pm/s, which corresponds to a maximum trapping force
of approximately 8 pN.

The force profiles from pulling membrane tubes at different velocities can be seen in
figures 4.6a - 4.6d. In all figures, three distinct phases can be seen. There is a part
with a high force, around 1.5 pN, being exerted on the bead from the GUV, and that
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Figure 4.6: Force profile from creating 14 um tethers in the model cell. The red
bar indicates for how long the bead was in movement,

(a) Pulling for 3.3 seconds, using an average of 6 measurements.

(b) Pulling for 3.3 seconds, using an average of 9 measurements.

(¢) Pulling for 6.8 seconds, using an average of 5 measurements.

(d) Pulling for 22.5 seconds, using an average of 4 measurements.
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is before the tube is created. Then comes a part where the tube is extended, around
0.5-0.75pN. Lastly there’s a relaxing part when the bead is no longer moving. The
red bar in the figures shows for how long the extension was going on.

The difference between the measurements in 4.6a and 4.6b is that the measurements
used in 4.6b were done after 4.6¢c and 4.6d. If there are significant differences be-
tween the two, this may be because of development or movement of the vesicles. The
measurements for 4.6b were also done using shorter pauses between measurements.

In figure 4.6a and 4.6b, there is a very quick relaxation after the movement has
stopped. There seems to be no force required to hold the bead after a couple of
seconds in these two measurements. The trend for the lower pulling velocities seems
to be that the relaxation is slower. In 4.6d, the movement ends after 22.5 seconds,
but the force does only very slowly decline.

Notice that there is a slow increase in pulling force in figures 4.6a - 4.6¢ after the
membrane tube have just been created; it takes more force to prolong the tube the
longer it is. Any effect like this is not visible in figure 4.6d.

The maximum force required to exit the membrane is significantly higher for the
lowest pulling velocity, 1.83 pN, as seen in figure 4.6d. For the other three, maximum
forces are 1.26 pN, 1.35 pN and 1.28 pN respectively.

In two of the measurements used for figure 4.6d, the video recording shows larger
pieces of lipid material stuck on the membrane tube, but the material is not resolv-
able on the video. This may however have effected two of the four samples at this
pulling velocity.

Since the beads will experience drag force from the surrounding medium while being
moved, the drag force was calculated for each measurement, and deducted from the
measured force. The force is proportional to the velocity, see equation (2.10), so
this had the biggest effect on the faster attempts, with a maximum of 0.29 pN.

4.3.1 Discussion

There are a few studies that has been done on measuring forces on membrane teth-
ers, but no study was found with premises close enough for a direct comparison. One
study of blebbing cells, where the plasma membrane and the cytoskeleton temporar-
ily are separated, were done in 1999, where tethering forces between 16 pN and 8 pN
were measured for blebs in a renal cell and melanoma cell respectively [10]. Even
though these forces are both significantly higher than the tethering forces between
1.81 pN and 1.16 pN in this experiment, it shows that the values for the model cell
are at least comparable to blebs.

The increase in pulling force in figures 4.6a - 4.6c may be because the GUV has a
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harder time transporting enough material towards the tube for the higher velocities.
For the slowest tether formation, the GUV might be able to satiate the membrane
tube with enough material, and therefore exert a lower extension force.

The result in figure 4.6¢ is an average of five separate measurements. Worth noting
may be that the overall force required for each attempt were lower than for the
one before. This may be a coincidence, but it may also be that the tension in the
GUV was somehow reduced with every creation of the membrane tube. There was a
slight tendency for this in the measurements for figure 4.6d as well, but not as clear.
Maybe this calls for an even stricter protocol than the one used, but no definitive
conclusions can be drawn with this small sample size.

There are a lot of factors that may have affected the results. The system is quite sen-
sitive to vibrations, and placing it on a vibration isolated optical table may reduce
noise originating in vibrations from the floor. The vesicles are, just like the cells,
continuously growing. The changes are too small to change anything on a shorter
timescale, but may vary over the time of the whole experiment. In this case, the
GUVs grown for 30 minutes before the experiments began. Changes to the GUVs
may also stem from the experiment itself, since the induced membrane tension may
affect the membrane. Since the optical microscope has a short depth of field, there
may be objects out of focus that disturbs the laser beam but cannot be seen on the
video recording.

It was also possible to trap MLVs that weren’t stuck to the glass surface, if they were
small enough. Vesicles larger than 8 pm in diameter could occasionally be trapped,
but with a very low trapping constant.

Membrane tethers has been suggested as a way of cell communication, which would
require the cell to internally produce forces stronger than the tether force [9]. Since
the motor protein dynein can create forces stronger than 7pN [11], it is evident that
tethers in this model cell could be created by the motor proteins active in the yeast
cell.
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Conclusion

This thesis has described two ways of probing cells and model cells. The experi-
ments using the DHM shows great potential, since it is easy to use and gives good
results. An expansion of the DHM experiment described in this thesis would be to
keep measuring the refractive index over time while changing the osmotic pressure
of the solution around the cell. Several experiments like this has been performed by
Daniel Midtvedt, and unpublished results show high accuracy and time resolution.
By doing this, the density of the cell may also be determined [4].

To increase the statistical relevance of the force measurements, more data would
have to be collected. Since there are a lot of properties of the GUV that affects
the final result, several GUVs would have to be analyzed with the same protocol.
Unfortunately, the creation of GUVs are spontaneous and cannot be controlled using
the method described.

One of the desired properties of the streptavidin-coated beads was a very quick and
flexible binding to the biotin in the cells. When working with lipids, there will be
free floating lipids, micelles, proteins et cetera, as well as free ions. This can cause
screening between the biotin in the vesicles and the streptavidin on the beads, with
the streptavidin being satiated with biotin before bonding to the GUV. In one study
using this combination, bonding between beads and biological material was created
by holding the bead against a cell and waiting for 1-3 seconds [10]. This method
was never successfully used in this project, but the bonding instead occurred spon-
taneously during the vesicle culturing. This would probably be a requirement if
further analysis requiring tether creation in different GUVs with specific properties.
The method of creating GUVs using electroformation technique could also be used

8].

There are a lot of factors separating the measurements of cells and the model cells,
since the yeast cell membrane is not as simple as the model cell’s. By experimenting
with different types of MLVs, adding a combination of surface modifiers, a more
realistic model may be realized. Analysis of the yeast cell without its cell wall by
exposing the cell to Zymolyase could also be an alternative [19].

The optical trapping microscope is a very flexible tool with a lot of features. The
biggest disadvantage of this setting is the range for automated movements and the
low resolution of the optical microscope. If the range of automated movements were
larger, further analysis of the membrane could be performed, since a longer tube
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would start different processes in the membrane. The tether holding force for longer
distances could also be analyzed. A higher resolution of the image would enable
analysis of the membrane tube, since visual analysis could be used as a complement
to the quantitative data. Fluorescence could also be used, since that heavily in-
creases the visibility of GUVs and membrane tubes [33].

If these different microscopy techniques were combined, more rigorous studies of
membrane tubes can be performed. Membrane tubes could be created using optical
trapping while a DHM can produce data of the thickness and density of the mem-
brane tube. The DHM could also follow the transportation of material in the tube
or between cells, while enabling total control over the environment of the cells.

The studies of optical super-resolution the last decades has greatly expanded the
magnifications of biological samples, where electron microscopes is not possible.
Hopefully, further explorations into cell probing can follow, complementing high
resolution imaging with high accuracy information of cell content and cellular de-
velopment.
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