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ABSTRACT

FABRICATION OF MICROFLUIDIC DEVICES FOR YEAST
CULTURING

Microfluidic technology has appreciated extensive success in recent years. Microfluidics
is a well understood physic domain and can be used to develop tools for a wide range of
platforms comprising engineering, biological applications and biotechnology. Some of the
driving advantages for increased usage of microfluidics are small volumes of reagents and
consumables, parallel processing, reduced processing time and high-throughput.
Therefore, well-controlled microfluidic devices were designed for cell growth
experiments. Saccharomyces cerevisiae has been an important model for studying cell
biology in higher eukaryotic systems. Within the scope of this thesis, the fabrication of
microfluidic devices for yeast culturing was achieved successfully. The microbioreactor
was designed by L-Edit software to serve the purpose of cell trapping. Fabrication was
done by hot embossing and thermo-compression bonding techniques. The microfluidic
devices were fabricated from PMMA, COP and PEN polymers by optimizing the
fabrication parameters for each of them separately. COMSOL Multiphysics3.5a program
was used to simulate velocity, concentration and pressure distribution within the device.
The main aim was to visualize the growth kinetics and expression of the GFP tagged Sld7p
(YORO060C) of S.cerevisiae under environmental stress by changing nutrient media and
the glucose concentration. The cell growth experiments were performed using either YNB
(2% and 0.2% glucose contained) or YPD (2% glucose contained) media. During the
experiments, brightfield and fluorescence microscope images were captured by Nikon
Eclipse-T inverted microscope at regular time intervals and then processed via ImageJ-Fiji
software. The results of cell count, area, perimeter and integrated density values were
analyzed and used further to calculate the specific growth rates of yeast cells. The duration
of budding and G1 phases in cell cycle were determined precisely. Using the in house

fabricated Lab-on-a-Chip platform, cell culturing in the microbioreactor was achieved.
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OZET

MAYA KULTURLENMESI ICIN MiKROAKISKAN CIHAZLARIN
URETIMI

Mikroakiskan teknolojisi son yillarda genis ¢apli basarisi ile takdir gérmiis bir teknolojidir.
Fizik alaninda iyi anlasilmis mikroakiskanlar, icerisinde mihendislik, biyolojik
uygulamalar ve biyoteknolojiyi de igeren birgok alanda gelisim saglamak igin
kullanilabilmektedir. Mikroakigskanlarin kullaniminin yayginlagmasinda etkili olan
avantajlardan bazilari; az miktarda reaktif ve sarf malzeme gereksinimi, es zamanli islem
yapabilme, azalan islem zamani ve yiiksek ciktidir. Bu yiizden hiicre kiiltiirlenmesi
deneyleri i¢in iyi kontrol edilen mikroakiskan cihazlar tasarlanmustir. S. cerevisiae
gelismis Okaryotik sistemlerde hiicre biyolojisi ¢alismalart i¢cin dnemli bir modeldir. Bu
tez kapsaminda maya kiiltiirlenmesi i¢in mikroakiskan cihaz basari ile tiretilmistir. Cihaz
tasarimi L-Edit programi ile, maya hiicrelerini yakalama amacina yonelik olarak
yapilmistir. Mikroakiskan cihazlar PMMA, COP ve PEN polimerlerinden, fabrikasyon
parametreleri ayr1 ayr1 optimize edilerek iiretilmistir. COMSOL Multiphysics programi
kullanilarak cihaz igerisindeki hiz, konsantrasyon ve basing dagilimi simiilasyonu
yapilmistir. Asil amag¢ S.cerevisiae mayasmin besiyeri ve glikoz konsantrasyonu
degistirilerek cevresel strese maruz birakilmasiyla olusan biiyiime kinetigi ve yesil
fliioresan ile isaretlenmis Sld7p (YORO060C) proteinini {iretme kapasitesinin
incelenmesidir. Hiicre kiiltiirlenmesi deneyleri YNB (2% ve 0.2% glikoz i¢eren) ve YPD
(2% glikoz igeren) besiyeri kullanilarak gerceklestirilmistir. Deney boyunca 1sik ve
floresan gortintiileri Nikon Eclipse-T ters mikroskobu ile diizenli araliklar ile ¢ekilmis ve
sonrasinda Image-J-Fiji programu ile islenmistir. Hiicre sayisi, alani, ¢evresi ve floresan
1stmasi yogunlugu sonuglari analiz edilmis, veriler maya hiicrelerinin spesifik biiylime
hizlarinin hesaplanmasinda kullanilmistir. Hiicre dongiisiinde béliinme ve G1 evreleri i¢in
gecen siireler belirlenmistir. Kurum ig¢inde fabrikasyonu yapilan Cip-iizerinde-Laboratuvar

platformu kullanilarak mikrobiyoreaktor iginde maya kiiltiirlenmesi gergeklestirilmistir.
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1. INTRODUCTION

In recent years, microfluidic devices have become popular because of its numerous
advantages as research tools. Microfluidics is a multidisciplinary field intersecting with
micrometer-sized channels. In these systems, at least one dimension of the channel should
be at the order of micrometer. The microfluidic devices were first developed in 1980s by
producing silicon based microfluidic devices, MEMS, and it gave rise to industrial
microfluidic applications. The applications of MEMS in biology, chemistry and
biomedical fields were investigated in 2000s and all the processes have been integrated on

a single microfluidic chip, so ‘Lab-on-a-chip’ devices have been developed [1].

Microfluidic technologies offer the usage of small volumes for high-throughput
reaction, separation and detection processes and decrease the cost of analysis by
necessitating small amounts of samples and reagents. Microfluidics also exploits its
characteristics such as large surface area to volume ratio providing good heat and mass
transfer in the devices. Laminar flow characteristics of these devices has numerous
advantages on flow control by pumps, valves, electrodes in micro channels. Due to the fast
reactivity at microscale, the environment of a chemical reaction can be controlled in real
time and this leads to more controlled results. Micro channels can be integrated so that tens

or thousands of analyses can be done simultaneously.

The fabrication of microfluidic devices are cheaper than those of other conventional
systems. Commonly, soft lithography and photolithography techniques are used to produce
the microfluidic devices from polymers such as PDMS, PMMA or COP [2]. The polymer
structures and properties such as optical transparency, mechanical strength,
biocompatibility and ease of fabrication allow scientists to create microfluidic devices for

their research studies.

Lab-on-a-chip devices are widely used for biological applications and many
organisms can be studied by these devices including yeast, bacteria and micro-algae [3].

Microfluidic cell culturing has significant advantages over conventional culturing



methods. The design of the microfluidic device can be tailored to the needs of cell types
or the aim of the study. The co-culture can be controlled by automatization and the real-
time analysis can be done on-chip. The contamination risk is also reduced by reduced
consumption of reagents. The conventional well-plate or batch systems used for cell
experiments takes long time and do not enable to monitor the behavior of cells during
budding or environmental stress. In a microfluidic system, a low number of cells is
sufficient for analysis. An overview of both macroscopic and microfluidic cell culture is

given in Figure 1.1.

Live-cell imaging, real-time
on-chip analysis

Cell culture chamber

Cell culture maintenance

= ‘!|4—

End-point analysis Cell culture plate

Figure 1.1. Overview of both macroscopic and microfluidic cell culture [4].

Yeasts are commonly used for biomolecular engineering applications, and they
duplicate asexually by budding and the time of duplication is around 90-120 minutes.
Studying yeast cells in a microfluidic device (microchemostat) provides convenient
conditions to visualize the reactions within the cells, in their natural environment unlike

conventional bioreactors [4].



For the applications of yeast cells, cell trapping has an important role on visualizing
single cell or a colony during their lifespan for relevant studies. Trapping methods are
classified as contact based (active) and noncontact based (passive) trapping. The contact
based methods are further classified as hydrodynamic and chemical-gel matrices, and
noncontact based methods include immobilization of cells by optical, electrical, acoustic
and magnetic fields [5]. The cell trapping in microfluidic devices becomes state-of-the-art
to visualize microbial cells at a single-cell level or as a colony during their lifespan for
aging, genetic interaction, cell growth, replicative lifespan, gene expression,

environmental response, metabolic and physiologic activities [6].

In this thesis, a microfluidic device was designed and fabricated for yeast culturing
applications. The design was modelled by L-Edit software, the device was to serve as a
passive cell-trapping device and simulated by COMSOL Multiphysics3.5a program. The
master mold for the fabrication was produced via photolithography and electrochemical
wet etching techniques. The fabrication of the microfluidic device was performed via
different polymers as PMMA, COP and PEN by hot embossing and thermal bonding
techniques. Yeast cells were trapped in the 0.13 nL c-shaped trapping regions and culturing
experiments were performed successfully in the COP made microfluidic device.
Brightfield and fluorescence microscope images were processed by Imagel-Fiji software.
The main aim is to follow the growth kinetics of the cells and expression of the GFP tagged
Sld7p (YORO060C) of S.cerevisiae under environmental stress by changing the glucose

concentration.

To provide an insight about fabrication of microfluidic devices and their applications
on yeast cells, the second chapter is designated as “Theoretical Background”. In the
“Materials and Methods” section, the fabrication steps, yeast culturing procedure and
image processing steps are explained in detail. In the fourth chapter, computational
simulations, critical points about the fabrication process, experiments done by the
microfluidic device and insights from the experiments are given. The optimized fabrication
steps, growth and product formation kinetics of the cells are examined and the role of SId7p
in cell cycle is discussed. The last chapter consists of the conclusions gained from this

study and recommendations for future work.



2. THEORETICAL BACKGROUND

2.1. Yeast Culturing Applications Using Microfluidic Devices

In recent years, microfluidic devices are preferable for cell experiments due to their
low cost and high-throughput characteristics. Most of the experiments related to cell
biology have been done with yeast cells as a model system for human biology. The studies
with pioneering designs reported in literature in the last 10 years are summarized below
and listed in Table 2.1.

Groisman et al. (2005) developed microfabricated elastomer chips to demonstrate
the growth of bacterial and yeast colonies in shallow microscopic microchamber arrays
[7]. The device consisted of 16 flow through symmetric channels and 340 chambers. This
two layer PDMS device was fabricated by using soft lithography and sealed by a
coverglass. Silicon wafer was used as master-mold then it was spin-coated with PDMS
prepolymer at 80°C. The first layer was for cells and medium and the second layer was the
water circulation layer. The walls of the chambers were designed as impassable for cells,
but allowed diffusion of chemicals and capillaries and become permeable at high pressure.
They used the advantage of height differences between channels and capillaries to grow
the colonies in each chamber. Figure 2.1 shows the design and operation of microfluidic
device. Depths of capillaries were increased by gauge pressure by using the advantage of
high flexibility of PDMS. The flow in the chambers was at least 1000 times weaker than
that of in channels (0.1 pm/s to 100 pm/s). The same pressure was applied to two inlets,
and each of inlet was connected to vents, a short distance upstream of the T-junction.
Hence, the medium in the array can be replaced by applied driving pressure quickly.
Thermostatic water circulator was set to 37 °C and the temperature profile along a line

through the center of the device was measured by an infrared camera.

Cell colony growths were determined for three different chamber widths and two
different temperatures by using three different chips at each temperature. The increase of

GFP (fluorescence) intensity by growth was measured to understand the cell proliferation



rates through the chambers. Fluorescence, bright-field and phase-contrast images were
captured by epifluorescence microscope at 3 minute intervals then colonies were calculated
by summing the intensity of all pixels in the chamber image and subtracting the

background noise.

(b) Capillaries (C)
Elastomer . A B ¢D
2 o s R
////&/////A////////T/A i /'\,f\
Cover Chamber 3
glass g {

Flowthrough L

o T T

Flowthrough 35 : 2 y !

channels

Circulating

10 um
fe——1

Position (mm)

Q’//////////////////////)

Figure 2.1. Chip design (a) micrograph of the PDMS device (b) schematic drawing of a
cross-section of the array showing two channels at low gauge pressure (c) capillaries

depth at high gauge pressure (d) temperature profile along a line [7].

Cookson et al. (2005) illustrated the operation of the Tesla microchemostat (TuC)
with single yeast cells and run the analysis of fluorescence data over many generations [8].
The cells could be observed for long period of times and the division periods were also
determined for both young and old cells. The classic Tesla diode loop was made of a single
PDMS layer to visualize growth of cells in a monolayer in 4um height chambers for long
time periods. The chip was created with channels and microstructures from a silicon wafer
template and treated with oxygen plasma. The chip had ports for cell loading, medium
supply and waste. Thermal lines (T1 and T2) were used to maintain the device at an
optimum temperature by running temperature-regulated water through lines. The strong
flow created a momentum to carry the cells into the region against resistance. Once cells
are loaded, flow was reversed to run both cell and waste ports to minimize the clogging
(Figure 2.2). Cells received nutrients via diffusion and advection. The device was mounted

to the microscope stage and optimal growth temperature was set to 30°C. Images were



captured with epi-fluorescent inverted microscope outfitted with a hardware-based

autofocus controller and analyzed by using a written LabVIEW software program.
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Figure 2.2. Chip design (a) ports for cell loading, medium and waste (b) a
zoomed diode loop (¢) trapping regions confine cells to a monolayer (d) TuC full of cells

after 24 hour growth [8].

Another study on yeast application in microfluidic device was performed by Ryley
et al. (2006) [9]. A microfluidics-based flow cell design was used to trap the yeast cells in
yeast jails. The aim of this study is to improve the previous trapping methods, as
micromanipulation on agar cannot be used to trap mother cells and remove the daughter
cells by media flow at the same time. In this study, different jail designs were compared
for tracking the mother cells (two different color tagged yeast strains). The most convenient
jail design for eliminating mother cells from daughter cells and for observation of most
jails per field of view was determined as three squared posts (Figure 2.3b). Yeast cells
were also chosen in this study because of their well-known ageing model. The device was
created by a software, and then a negative image in silicon wafer was used to create the
mold for the PDMS. The design included five devices on one wafer, each device contained
9 arrays, 400 individual yeast jails. There were 3600 yeast jails for single cell trapping per
device. The timing of the inlet flows were controlled by a pump at the same flow rate for
forward and reverse phases of media flow. Single drops of medium containing the

suspended yeast cells were placed into each jail, and after budding the mother cell was



kept in the jail and daughter cells were removed by media flow (Figure 2.3). The device
was mounted on the microscope stage and the fluorescence and bright-field images were
captured at 15 minute time intervals by inverted microscope equipped with camera. Image
correlations, shading and background corrections were performed by a software program.
Normalized fluorescence values were used to compare the yeasts and non-biological

fluorescence microspheres. Heat shock responses of budding yeasts were also determined.
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Figure 2.3. Chip design (a) schematic view of the device (b) negative silicon masters of

PDMS devices showing various jail designs [9].

A microfluidic imaging platform, developed by Luo et al. (2009), was used for
monitoring the diffusion based yeast monolayer cell culturing and determining the
distribution of patterning ratio as functions of injection times and cell cavity areas [10].
The device was made of PDMS to use the advantage of gas absorption property for fast
and simple cell patterning. PDMS devices were fabricated by soft lithography technique
on the master mold, this one consisted of two layers as cell cavities and main channel. For
the first layer 100 square cavities with the different side lengths of 100,125,150,175 and
200 pm; or side lengths of 150 pm and width of 40 pm, thickness of 4 um were created.
The PDMS layer for cell cavity was created with a thickness of 10 pm and height of 4 um
which is smaller than the size of the yeasts to limit the growth of the cells in a monolayer

colony. Figure 2.4 shows the 2-layer fabrication and views of the microfluidic device. The



working principle of yeast cell patterning was based on the changes of cell cavities by the
applied high velocity. Initially, yeast cell suspension was loaded at a high velocity
(1000ul/h), cell cavities plump up due to high pressure and that resulted in a higher volume
for the culture. Also, the capillary depth was increased by this pressure and allowed cells
to pass as shown in Figure 2.4c. After the first loading, gas was injected into the main
channel to keep the pressure at 1.1-1.2 atm and with the cavities deflating, cells were
trapped. If cell injection was repeated, the cell cavities were loaded with a certain volume
of cells which has the difference between the expanding volume and the original volume.
Pictures of each 100 cavities were taken every 20 minute to visualize the colony growth
and to determine the patterning ratio in order to understand the relation between length

changes of yeasts by time.
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Figure 2.4. Chip design (a) the top and side views of device (b) cell loading process into

cavities [10].

In the study of Falconnet et al. (2011), a high-throughput microfluidic system for
tracking single yeast cells over multiple generations was presented [11]. The GFP tagged
yeast cells were immobilized by using mechanical clamping and polymerization on
agarose gel and visualized over multiple generations. The main aim of this study was to
demonstrate yeast signaling response dynamics across various kinds of genotypes under

several different conditions. To achieve this goal, the matrix architecture system was



designed as 8 columns and 16 rows for a total 128 chambers, which allowed simultaneous
live cell imaging experiments for different strains (Figure 2.5). Firstly, cell suspension
including agarose gel and media was introduced to column channels, and column valves
were actuated to prevent contamination of strains. Then row valves were actuated to stop
the flow of cells and to isolate each chamber. Fluidic multiplexer was used to deliver
reagents to specific rows. The flow of media was continued to flush excess cells and
agarose out. Each row had their waste channel above the chambers to eliminate the possible
contamination. By using this device, 60,000 individual yeast cells from 8 strains were
monitored and response data were collected. A written MATLAB code was used to analyze
the large number of bright-field, fluorescence and DIC images captured during the

experiments.

Figure 2.5. Chip design (a) image of microfluidic device (b) working area of the device
(1) array of 128 chambers (2) column inlets (3) chemical inlets (4) outlet ports (5) fluidic
multiplexer (6) integrated peristaltic pump [11].

In the study of Lee et al. (2011), cellular polarization of budding yeast was measured
by a developed single-cell assay platform [12]. The platform allowed the analysis of single
cell chemotaxis, subcellular microscopic imaging and analysis of marked proteins. Finding
the molecular regulatory mechanism of chemotaxis in yeast cells will serve as a paradigm
to understand cancer metastasis. Polarized signaling response of two types of cells, wild
type and mutant, were compared. The device was made of PDMS by soft lithography
technique. The PDMS and a glass piece were bonded after UV ozone treatment. The

designed device was used to generate morphogenetic gradients across the cell culture
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chamber. These gradients were formed by diffusion of high and low concentrations of a-
factors flowing through the channels which were located above and below the cell culture
chamber (Figure 2.6a). Convection barriers were used to reduce the flow across the cell
culture chamber. Feeder wells were delivered to the cell culture chamber by compressed
air pressure at high and low concentrations. To control the gradient profile in cell culture
chamber the pressure ratios (APH/APL) were changed via controlling the volume of media
introduced to the channel. The chamber was loaded with medium before loading the cells.
Flow rate in the cell culture chamber was determined by COMSOL simulations. The device
was mounted on the stage of an inverted microscope and the temperature was set to 30°C.
Image analysis and data extraction were done by using a MATLAB script. Time-lapse
fluorescence microscopy imaging of yeast cells exposed to a-factor concentration

gradients were performed to see the polarization direction.
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Figure 2.6. Chip design (a) overview of the microfluidic setup (b) COMSOL simulation

of flow velocity in cell culture chamber [12].

Zhang et al. (2012) reported a microfluidic device consisted of four independent
modules operating in parallel channels with arrays of pensile columns to physically trap
mother cells at the gap while washing out the daughter cells by flow of fresh media [13].
Columns were created of 40 pm by 40 um dimension and with a trapping gap of 4 pm
which allowed to trap only mother cells and remove daughter cells efficiently. Bridges
were added to connect the main channel with the two side channels (Figure 2.7). The mold
for the chip was fabricated by the standard multilayer photolithography processes, the
PDMS device was then created by soft lithography technique, after treating with oxygen
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plasma. Lifespan curves of long and short-lived mother cell mutants are determined
without surface labeling and stress response between mother and daughter cell was
reported as a function of mother age. Initially yeast cell suspension was injected at high
velocity (1000uL/min). Later, the velocity was lowered and cells were started to trap under
the pensile columns. Each column can take 1-2 mother cells throughout their lifespan and
in each functional module 100 cells can be tracked. Mother cells’ bright-field images were
taken continuously at 10 minute time intervals by Nikon TE2000 time-lapsed microscopy
which makes it possible to study cell division dynamics throughout the entire lifespan of
100 mother cells in typically 2-3 days. Fluorescence images were taken every 2-4 hours
for single cell gene expression analysis and at 10 minute intervals for stress response
analysis. The total fluorescence signal of a cell normalized by its area was used to calculate
the fluorescence intensity. The timing of budding yeast was determined by using

convenient plugin of ImageJ and processed by MATLAB software program.
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Figure 2.7. Chip design (a) a schematic of the replicative aging of a yeast cell (b) the
design of the microfluidic chip (c) mother cells are physically trapped in the gap (d) The

experimental setup [13].
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Denervaud et al. (2013) reported a parallel microchemostat array system for yeast
growth and observed 1152 yeast strains at the single cell level with 20 minute time
resolution [14]. Protein abundance and localization changes were measured in GFP-tagged
strains, and 576 GFP strains were analyzed under five additional conditions. Cell size and
growth of cells were also observed by this microfluidic system. The microfluidic device
was designed as an array of 1152 microchemostats which were divided into three
independent sections (Figure 2.8). Medium supply could be done by two sources and
nutrients were supplied by diffusion to each chamber. The device was composed of two
layers; a flow layer and a control layer which were fabricated on separate molds by using

standard photolithography processes.
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Figure 2.8. Chip design (a) design of the parallel microchemostat array for culturing
1,152 yeast strains (b) schematic of a pair of microchemostats (c) the chip programming
process [14].

This mold consisted of flow channels (15 pum high), 260x300 pum small
microchemostats (5 um high), and shallow sieve channels (1.7 pm high). Channels were
used for creating microvalves, and the chamber outlet valve was utilized for avoiding the
contamination of cells during the experiment. By using a DNA array spotter, yeast strains
were arrayed on a microscope coverslip as shown in Figure 2.8c. When the arrayed cells
started to divide, in order to avoid crowding in the microchemostat, they were carried away
by the medium stream and eluted from the device. Pressure difference across the chamber

was generated by chamber button to force cells to grow in a monolayer and sieve channels
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were used to trap the cells, and hence cells could not go out from the bottom of the
chemostat. For imaging, a Visual Basic program was written to control the automated
fluorescence microscope and images were taken at 20 minute time intervals. The time
consumed for imaging the growth of cells and the switch of media was 6 and 7 hours,
respectively. After the experiment, chamber and cell segmentation, background correction,
signal deconvolution and protein localization analysis were done at single cell level via

custom written image analysis software.

Park et al. (2013) introduced a microchemostat array with two-depth chamber
design. This design was ensured small-volume replenishment of culture medium at 1% per
replenishment region in a 250 nanoliter volume [15]. The system had an array of 8
microchemostats on a 40 x 60 mm? footprint and operated automatically by a single
controller unit. The unique two chamber design minimized the fluctuation in cell density
and gave the opportunity to monitor and quantify budding yeast at different dilution rates
and two different cell densities (single-cell resolution). Saccharomyces cerevisiae strain
was used and cultured in synthetic carbon-limited medium. A smooth slope profile was
created between two depth regions, 100 um deep culture chamber and 20 pum deep
replenishment region. These two slope profiled depth difference avoided cells from
accumulation at the interface area where depth of chambers was changed. Circulation of
cells was controlled by peristaltic pumps and replenishment was controlled by two valves
(Figure 2.9) which were controlled by a custom LabVIEW software program for

automation of the system.
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Figure 2.9. Chip design (a) a schematic illustration of replenishment microchemostat unit
(b) an illustration of the 8-unit microchemostat array (c) a photographic image showing

an array of eight microchemostats [15].
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By using these two controlled valves, the replenishment region was disconnected
from the main loop, and inlet/outlet ports and the replenishment region were arranged
(Figure 2.10). This 8-unit microchemostat was controlled by a single 5-channel pneumatic
controller. The PDMS made chip was consisted of four layers, which were bridge channels
for pneumatic connection, pneumatic bridge layer, actuation layer and culture chamber
layer. PDMS molds were made by conventional photolithography technique and fabricated
layers were treated with oxygen plasma before assembled under optical microscope. The
microscopic images were captured every 10 minutes, counted and converted into cell

density.

Crane et al. (2014) designed a long-term culturing and trapping system, a
microfluidic device which allows to monitor budding yeasts [16]. Cell cycle dynamics,
replicative life span and history dependent behavior in the response to stress were studied
on up to 1000 single cells. The principle of this single cell trapping was based on the design
of the device. By using the advantage of this design 90% of cells were trapped by
continuous flow during the cell loading. The device had three inlet ports, middle inlet was
used to load cells and other two inlets were used for media flow. General design of the

chip is shown in Figure 2.11a.
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Figure 2.10. Culture chamber design (a) growth under continuous circulation using
peristaltic pumping (b) isolation of the replenishment region from the culture chamber (¢)

replenishing cells and old culture medium with fresh culture medium [15].
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Daughter cells were loaded to device by programmable syringe pumps and they were
trapped by two traps as shown in Figure 2.11a. Here the trapping principle was based on
the hydrodynamic pressure difference. While daughter cells were trapped, the
hydrodynamic resistance of pillars was increased and this caused a pressure difference
across the chamber from the top to the bottom. By this method mother cells are kept by
pillars and budded daughter cells were removed by continuous media flow. Daughter cells
were pushed away by two ways which depends on the polarity of mother cell. Bud could
be oriented towards the top of the trap and moved to the side by diverted flow to remove
the daughter cell. Secondly, the bud could be formed downstream of the mother cell during
the completion of cytokinesis as shown in Figure 2.12.

Cell cycle dynamics for each single cell was determined by following the localization
of Whi5p-GFP protein. Also, stress response was shown by glucose limitation effects on
Msn2p-GFP proteins using three periodic pulses. Heat-chock protein Hsp 104p-GFP was
used to determine the budding period by the help of kymographs which showed gene
expressions during budding. For the experiments yeast GFP clone was used and cells were

cultured in 2% glucose in synthetic complete medium (SC).
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Figure 2.11. Chip design (a) a DIC image of the cell traps (b) a schematic depicting fluid
flow in the flow cell during media switching (c) overview of the microfluidic device (d)
the switching rate and reliability of media switching in traps (e) schematic showing trap

dimensions in microns [16].
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Device fabrication was made by using soft-lithography techniques and AutoCAD
software was used for chip design. After the design was completed, it was printed to a
chrome-on-glass mask and mold was fabricated. The microfluidic devices were made by
using PDMS, holes were punched and devices were bonded by using oxygen plasma
treatment. Nikon Eclipse Ti inverted microscope was controlled by MATLAB script
written for micromanager for taking bright-field and fluorescence images. In addition to
image segmentation, the cell tracking and data extraction processes were also performed

by using a customized MATLAB code.

Joetal. (2015) developed a microfluidic device called “High throughput yeast aging
analysis” chip [17]. Particular changes in cell morphology such as critical cell size,
terminal morphology and protein subcellular localization were determined by using this
efficient device by trapping 8000 individual single yeast cells. The microfluidic device was
fabricated with soft lithography of PDMS and oxygen plasma was used to activate both

PDMS and glass side surfaces before PDMS replica was bonded to glass side.

In the device, 16 parallel discrete channels were grouped into 4 modules, each
channel consisted of 520 cup-shaped single-cell trapping structures (Design and working
mechanism of the chip for studying aging in yeast is shown in Figure 2.13). Four different
strains could be tested by four different media by using the advantage of multiple module
design. The height and the depth of the traps were determined as 12 um and 12um,
respectively. Firstly, culture media were introduced to main channel then the desired cell
suspensions were loaded through the subinlets at a lower flow rate. After the mother cells
were started to budding, the daughter cells were washed out of the device by a slower
medium flow than that of cell loading. Daughter cells could be removed from the small

outlet opening or larger opening against the flow without losing trapped mother cells.

With this method, the retention rate achieved was 90%, which allowed the high-
throughput analysis of replicative aging. Replicative life spans, cell cycle times and critical
cell size correlations were determined for selected yeast strains and shown as a marker for
longevity of yeast. Also terminal morphologies of yeast strains were shown by categorizing

them as budded and unbudded strains at the end of their lifespans and localization of GFP-
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tagged proteins were followed by using the merged images of fluorescence and bright-field
microscopy. For visualization, chip was mounted onto the stage of an inverted microscope
and time-lapse images were captured at 10 minute intervals for 96 hours. Images were
analyzed with ImageJ software to determine budding events, cell size, morphology and
localization changes. The results were consistent with those of conventional

microdissection method.

-— MOT4 VIA3IN—

Figure 2.12. Chip design principle (a) the removal operation of a daughter cell by the
media flow when the mother buds at the top of the trap or (b) at the bottom [16].

Hansen et al. (2015) introduced a multiplexed microfluidic device to measure the
dynamic gene expression response of individual yeast genes by single cell analysis [18].
Thousands of cells could be monitored by performing up to 20 different experiments per
day. The required silicon wafer master mold was fabricated by photolithography technique,
and the replica molding of PDMS was done by soft lithography. The device consisted of
400 um wide, 100 um wide channels separated by 150 um wide walls. Schematic view of
the device and two channels separated by walls are shown in Figure 2.14b and Figure
2.14c. All 5 microfluidic channels for cell growth could be controlled independently which
gives the opportunity to test different strains by multiple conditions simultaneously (Figure
2.14a). The budding yeast transcription factor Msn2 nuclear localization was determined
and controlled by a specialized molecule, which behaves as an inhibitor of kinases to study
the drug response. The gene was tagged by cyan fluorescence protein (CFP) and yellow

fluorescence protein (YFP) in diploid cells. For flow control, solenoid valves were used
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for each channel and controlled by a written MATLAB code. After cells were loaded into
channels, microfluidic device was mounted on the microscope stage and set to 30 °C.
Tubings for inlets, outlets and valves were inserted and the flow was started by pulling the
20 gauge needle syringe into the tubing which allowed 1pl per second per channel flow
rate for each channel in 4 hour experiments. Time lapse microscopy was used for
visualization and each channel was captured from 5 fields of view by microscope software

to see the separation between positions.
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Figure 2.13. Chip design (a) optical image of the chip (b) microscopic image of branched
trapping channels (c) SEM of trap arrays in the chip (d) chip working mechanism (e) a

single yeast cell showing the working mechanism procedure [17].

In the study of Bell et al. (2013), they designed a basin-style microfluidic device for
trapping single fission yeast cells of S. pombe [19].The aim was to demonstrate normal
growth and fission of S. pombe cells with highly controlled and reversible immobilization
by providing their natural environment. The device was fabricated by channel and control
layers and consisted of 69 rows, each with 28 basins along it, and each device has 7728
trapping sites (Figure 2.15). The working principle was based on hydrodynamic pressure
difference. While the cells were flowing through channels, they trapped individually in
small wells. The cells were prevented from external forces in deep small wells and the bulk
flow passed through the wells without effecting buried cells. The device was designed for

effective Photo-activated Localization Microscopy (PALM) imaging of fission yeast.
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There were three fluidic inlets to feed four trapping regions, and temperature was
controlled by rapid circulation of heated or cooled water through the device. The cells were
pumped into the device by a syringe pump at a velocity of 10L/h. The flowing cells were

trapped one by one and automatically scanned.
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Figure 2.14. Chip design (a) microfluidic setup (b) brightfield image of budding yeast

cells in microfluidic channels (c) device design [18].

The simulation of image trapping was also done by Comsol Multiphysics 4.0a. The
pressure drop and flow velocity profiles were obtained as expected (Figure 2.15b and
2.15c). The flow velocity and pressure values were lower in trapping sites. The results
were matched with Poiseuille’s model used for hydrodynamic flow resistances. The white
light transmission and single-molecule fluorescence super-resolution images were
captured with an inverted microscope automatically by a written MATLAB code, and each
cells position was replotted via custom written ImageJ. Table 2.1 below summarizes some

of the yeast applications of microfluidic devices from literature.
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Figure 2.15. Chip design (a) image of fabricated device with fluidic interconnections (b)
simulation of pressure difference through flowing (c) flow velocity (d) flow velocity over
11 rows [19].
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2.2. Protein Characterization in Yeast Strains Using Microfluidic Devices

Some studies are focused on the localization changes, hyphal growths and lipid

accumulations of specific yeasts to determine their functions and genetics. In most of these

studies, fluorescent tag is used for labelling and detection of the molecules. Some of the

pioneering studies in the literature done by fluorescently tagged yeast strains are given

below.

In the study of Bouchez et al. (2015), to find the role of Rab upon interaction with

other organelles was studied [20]. The goal was to identify new proteins associated with

both vacuole and LDs (lipid droplets) using proteomic, biochemical and microscopic
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approaches. Immunoblot experiments were done by using the Rab7-like Ypt7p yeast
protein as the marker of the vacuole and late endosome. Yeasts were grown in YNB with
low C/N until the early stationary phase. A modified strain (GFP-MYC-YPT7) was used
for microscopic visualization and the results were compared with another strain (ERG6-
RFP), which was associated with LDs. A partial co-localization was observed by
epifluorecence microscope by using these two strains (Figure 2.16). The study was also
showed the relationship between vacuole/endosome and LDs. Then biochemical analysis
and proteomics on LD’s were done to confirm these observations. A deletion mutant

(ypt7A) was used for genetic studies, to determine the role of YPT7 in LD dynamics.

GFP 488/509

Figure 2.16. Erg6p-RFP and GFP-Ypt7p in the GFP-YPT7/ERG6-RFP strain partly co-

localize (a) epifluorescence (b) confocal fluorescence microscopy images [20].

In the study of Breker et al. (2013), different kinds of external stimuli were used to
describe the dynamics of proteins [21]. Breker’s group was focused on the regulation of
protein levels and localization under three different stress conditions: DTT (dithiothreitol),
H20, and nitrogen starvation (Figure 2.17). Characterization of 5330 yeast proteins at
single cell level was studied by using the GFP-tagged yeast library. Cytosolic mCherry
was inserted into every strain of the yeast by using “Synthetic Genetic Array”. By this
method, images were segmented into single cell objects via extracting GFP intensity in a

single cell resolution.
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The images of hundreds of individual cells were captured during their growth under
control conditions (logarithmic growth in SD) and three stress conditions. The scatter plot
of median fluorescence values (r? values) of two different experiments showed high
reproducibility of the system and were also in agreement with literature. After the
determination of subcellular localization, new 72 proteins localizations were investigated
among, which 21 proteins were essential [21]. The abundance changes under stress were
expressed as the log, fold change, i.e. nitrogen starvation of up-regulated, down-regulated
and bi-modal distributed relative abundances. Survival strategies of each strain (Bet
Hedging) was represented for two types of GFP tagged strains (Pre3 and Ssb1). Low and
high GFP expressing fractions were sorted after one day nitrogen starvation. The results of

these experiments showed unique morphological characteristics for each strain.

Protein of unknown function (Pin3) was also studied to determine a new cellular
function by using the changes in protein localization. Proteins selected by their similarity
of localization change under the same stress condition (DTT treatment). The localization
shift under stress and four new connections of Pin3 protein were demonstrated. The

changes in protein localization was used to identify new cellular functions.



3. MATERIALS AND METHODS

3.1. Chip Fabrication

3.1.1. Polymers Used for Microfluidic Device Fabrication

25

The design and fabrication of the microfluidic device differ based on its application

area which may be genetic analysis, cell manipulation and culturing, diagnostics or tissue

engineering. Different polymeric materials are used for the fabrication depending on their

specific characteristics related to the aim of the study. For most of the biological

applications on cell analysis, specific polymers are chosen to control the transport of the

cells as well as to immobilize them in certain trapping regions.

In our study, the main aim is to trap the cells in C-shaped region without trapping in

channels or clogging. Also highly optical transparent polymers need to be used for better

imaging of cells. To achieve these goals, three different polymer types were tested to find

the best one for yeast culturing. These polymers and their material properties are given in

Table 3.1.
Table 3.1. Properties of polymers used for fabrication [22].
Thermal Young’s
Water
Density Tg Resistivity . Expansion (Tensile)
Name Trade Name adsorption .
(g/cm?) °C) (Qcm?) ) Coefficient Modulus
(1]
(10/K) (MPa)
Polymethyl- 85-
PMMA 1.18 1x10%5 2% 80 1800-3200
methacrylate 165
Cyclic Olefin 70-
COP 1.02 > 1x10%7 0.01% 70 2400
Copolymer 180
Polyethylene
PEN 1.36 122 1x 1015 0.4% 20-21 5200
naphthalate
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The stability and resistance properties against solvents and organic solvents are
important in fabrication process and also when dealing with cell applications. PMMA is a
hydrophobic polymer and it is resistant against media of diluted acids and bases, but it does
not show resistance to alcohols, acetone, benzole and UV radiation [23]. Acetone, benzene
or dichloromethane solvents can damage this polymer. COP polymer is also resistant
against acids and bases and it has the lowest water absorbency among all plastics.
Therefore COP polymer has good dimensional stability which is not changed under high

moisture conditions, and has an excellent structure for microfluidic device fabrication [24].

PEN polymer is in the class of biocomponent binder fiber materials and it was tested
because of its good bonding properties in thermal compression bonding process. The
polymer has good resistivity for concentrated and diluted acid solutions, alcohols and
alkalis [25]. The designed microfluidic device for yeast cell culturing was fabricated by
using these three polymers. Biocompability, background fluorescence and yeast cells’

response to these polymer structures were tested as the first step of this study.

3.1.2. The Improvement of the Previous Design

A microfluidic bioreactor was successfully designed by Gengtiirk E. (2015), to grow
yeast cells, as a part of her MSc Thesis [26]. The previously created model of Gengtiirk E.,
has a diameter of 400 um trapping region, which is not totally appropriate to observe all
ofa chamber shape in captured images with inverted microscope under 40X objective [26].

To solve this problem, the design dimensions need to be changed.

The area to be seen under the microscope was determined by following spatial
calibration procedure. A stage micrometer image of ruler was used for calibration and the
image was captured under 40X objective lens of Nikon Eclipse E200 Microscope. This
area is then used to measure the area seen under the microscope and to determine the

proportions for downscaling. The steps of calibration process are as follows;

(i)  The stage micrometer image was selected as captured image of 40X magnified

objective ruler in Fiji.
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(i) By using the line selection tool, a line of known length was drawn on the stage
micrometer image.

(iif) “Analyze — Set Scale’ menu was opened.

(iv) The known distance was drawn as a line and set in the ‘Know Distance’ Field.

The tool knows how many pixels long was the line you drew.

[ Set Scale

Distance in pirels: [42.6667
Known distance: 10.00
Pixel aspect ratio lm—

Unit of tengtn: [micron
Click to Remove Scale

¥ Global

Scale: 4.2667 pixels/micron

OK | cancel | Help

Figure 3.1. 40X objective stage micrometer and ‘set scale’.

(v)  The units of the measurement were set (um, mm etc.).
(vi) The ‘Global’ option was turned by clicking the check box, so all open images

take the same spatial calibration when you click ‘OK’.

All the area captured are given in terms of microns and written automatically at the
left top of the screen of images when opened. For our case under 40X objective the area
was 300 x 225 microns®. In the previous c-shaped chamber the trapping region had a
diameter of 400 pm. The captured image under 40X objective only showed a part of the c-
shaped region. This situation had numerous disadvantages. First of all, it was very difficult
to capture the same area each time and to unite the partial images of the chamber (to see
the chamber as one piece) and consequently led the cell counting results to be non-uniform.
By using these dimensions, the area seen in two designs are compared in Figure 3.2. The
possible areas seen under 40X objective lens are marked with grey rectangle. The improved
design offers the visualization of the trapping region along with the c-shape at the same

time.
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Figure 3.2. The area seen under the microscope by using 40X objective (a) previous

design (b) improved design.

The dimension reduction through the etching process should also be taken into
account. During the isotropic etching process, the channel widths, chamber diameters and
c-shape widths are reduced in determined technical orders taking additional size reduction
in etching process into consideration. In a conventional etching process, the objects get
smaller and the amount of change is approximately 15% of material thickness. In the light
of these criteria, new dimensions are given in Table 3.2 and Figure 3.3. R1, R2 and R3

refer to the radii of the chambers, respectively. The width values are same for all channels.

Table 3.2. Dimensions of previous and new designs.

Dimensions (microns) Previous Design | New Design
R1 (radius of the inner chamber) 500 60
R2 (radius of the middle chamber) 200 110
R3 (radius of the outer chamber) 300 160
w (widths of the channels) 300 90
Height of the reactor 12 10
c-shape thickness 100 50
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Figure 3.3. The dimensions of a c-shaped region.

3.1.3. Creating the Mask

To start the fabrication of a microfluidic device, the most important step is to design
a useful device to achieve the aim. In this case, the microfluidic device was designed to
investigate the molecular function of an uncharacterized protein in yeast. 8 chambers along
2 rows with inlet and outlet channels are designed. The number of chambers was taken
same as the previous design made by Gengtiirk E., 2015. The number of outlet ports was
reduced from six to two for taking all sample from one port at each row. The c-shaped
regions were created to trap GFP and RFP tagged yeast cells and to visualize the

localization of protein of interest during the cell-cycle process.

The design was modelled by L-Edit software program in two dimensional form
(Figure 3.4). The diameter of the trapping region is 120 um and c-shape thickness is 50
um. The inlet channels for yeast and nutrient supply, outlet channels for waste solvent and

side channels for carrying the excess flow to main channels, all have 90 pm width and 8-

10 um depth.

When the drawing was finalized, the file format was converted into .pdf and it is sent
to a high resolution printer (Coziim Tanitim, Ankara) to be printed on an acetate paper.

Printed mask is then used for photolithography process.
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Figure 3.4. General view of mask and chambers.

3.1.4. Photolithography

Photolithography process is an important technique for microscale fabrication and it
is limited to 2 dimensional lateral structures. A photosensitive emulsion layer is used to
transfer the desired pattern from a transparent mask to the substrate. Three steps of
photolithography process is; positioning, exposure and development [27]. First of all, the
substrate should be coated with resist and then substrate and mask are laterally positioned.
Here the distance between mask and substrate is an important parameter to achieve the
desired pattern. There are two types of resists used in this process; positive and negative.
Obtaining the desired resist type depends on the solubility characteristics of resist under
UV light exposure. The second step of the process is to expose the resist layer to UV-light
or X-ray. Usually a UV light of 254-365 nm wavelength is used. In positive photoresists,
exposure process changes the chemical structure of the exposed area of the resist and it
becomes more soluble in water, the process works inversely for negative photoresist. At

the end of this process, patterns are transferred to photoresist layer as shown in Figure 3.5.
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The development process is done by dissolution or etching of the resist pattern by a

developer solution for negative or positive photoresists, respectively.

/\

x 2 Positive photoresist:
Negative photoresist: sitve p .
H exposed photoresist
exposed photoresist

insoluble soluble l

Etched film
/ patterns

Figure 3.5. Photolithography process by using negative or positive photoresist [28].

In our case, the photolithography process was applied by using a 10x10 cm stainless
steel as the substrate. The aim is to obtain a positive photoresist mask to further create a
mold. First the steel plate was cleaned with acetone, isopropyl alcohol and distilled water.
Then dried by pressurized nitrogen to remove the dusts on the surface. The spots on the
surface was again cleaned by acetone, washed by distilled water and then dried. The steel
plate was positioned on the middle of the spin coater (SPS SPIN 150, Netherlands) and
fixed with vacuum. PR-1828 photoresist was poured on the middle of the plate and spread
over the plate to achieve uniform distribution on the square shape. The bubbles on the
surface was cleaned before starting the process. The rotation speed and time was based on
the photoresist type used. Here, for the PR-1828 photoresist, the spin coater was set to
2000 rpm for 30 seconds. The spin coater started to rotate at 500 rpm for 10 seconds, then
the process was completed after rotating at 2000 rpm for 30 seconds. After the spin coated
steel was soft baked at 95°C for 2 minutes, the curing process of the mask was applied
under UV lamp for 2 minutes. Here, the mask was put on the steel plate under UV light
and the areas exposed to light were cured at the end of the process. The development of
the mask was done by AZ-726 developer solution for 45 seconds. The cured steel was

submerged into the developer and UV light exposed and cured areas were dissolved in this
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solution. Then the steel was cleaned by distilled water and the shape of the design was
checked under the microscope. After all, the steel plate shaped with the design was hard

baked at 110°C for 3 hours. The general scheme of the process is given below (Figure 3.6).

Figure 3.6. Photolithography process (a) applying photoresist in spin coater (b)
photoresist coated steel plate after spin coating process (c) soft baking (d) UV light

exposure (e) development (f) drying mask before hard baking.

3.1.5. Creating Mold by Electrochemical Etching

Electrochemical (Electro) etching process is the etching process of metals via using
an electrolyte solution, an anode and a cathode. DC power is used to create a direct electric
current. The stainless steel metal piece to be etched is connected to the positive pole of a
source (anode) and another stainless steel metal piece is connected to the negative pole of
the source (cathode). These two pieces are submerged into an electrolyte solution. When
the current is started, the metal of the anode is dissolved and an equal amount of the cation
is deposited on the cathode. Electrolyte solvent and distance between two metal pieces are
determined according to the properties of solvent and metal pieces. At the end of the
process a mold is created [28]. A schematic description of the process is shown in Figure
3.7.
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Figure 3.7. Schematic view of electrochemical etching process.

For the wet etching of the steel plate with the design on it, NaCl : Distilled water
(20:80 w/w) solution was used as the electrolyte solution. The solution was prepared by
adding 8 liters of water to 2 kilogram of NaCl and mixed. The corners of the steel plate
was covered by insulating tape to reduce the etchant area and direct the flow on the
designed part uniformly. The steel attached insulator plate was the cathode electrode which
is positioned in container, the electrolyte solution was poured up to the level, where the
steel plate was submerged. The steel plate, which was the anode electrode, was submerged
into the container right across the cathode electrode. DC power supply was set to 60A to
create the current for electrochemical etching and applied for 35 seconds. The isotropic
etching setup was designed to create a 10 um depth in the steel plate. The setup and the

mold before the process are shown in Figure 3.8.

Figure 3.8. Electrochemical etching process (a) experimental setup (NaCl solution,

connections of power supply) (b) steel plate before etching.
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The steel mask took the form of the desired shape and the created mold under the

microscope is shown in Figure 3.9.

Figure 3.9. Microscope images of etched steel plate (a) left channel inlets (b) channels

(c) c-shape of an entire chamber (d) trapping region of an entire c-shape (40X objective).

3.1.6. Hot Embossing

Hot embossing process is a widely used process for the fabrication of polymer
based microstructures. This process is a simple and straightforward process with low
cost, and thus large range of materials can be used. There are two parameters taken into
account; temperature and pressure. The aim is to apply the pattern from the mask to the

material by using optimum pressure and temperature values.

Thermoplastics are reshaped near their glass transition temperatures (Tg). The
process consists of three steps. Firstly, Carver’s temperature is set higher than the transition
temperature of the selected polymer and it is placed on the middle of the lower hot plate
which is heated to just above the glass transition temperature of the polymer. The mold is

also heated to the same temperature and pressed into the polymer at an optimum pressure.
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After the process is done (approximately 10 minutes later), two substrates are isothermally
cooled below the transition temperature and demolded [22]. Simple schematic view of the

process and Carver machine used in experiments are shown in Figure 3.10.

Mold Insert Heat and apply Cool and de-mold
Polymer force

Figure 3.10. Schematic view of hot embossing process and hydraulic press machine

(Carver).

In the hot embossing process, the master mold created by the previous steps was used
to generate microchannels on polymer sheets. 3 cm x 5 cm PMMA (Polymethyl
methacrylate, commonly known as plexi) sheets with 3 mm thickness are used. Firstly, the
PMMA piece was cleaned by water, IPA and distilled water, respectively and dried by
pressurized N2 gas. The temperature of the upper and lower hot plates of Carver machine
was set to 120°C, which is slightly higher than the glass transition temperature of PMMA
(Tgpmma = 105°C). The PMMA piece was put on the steel mold and covered by aluminium
foil. The covered polymer piece and mold was put between the hot plates and pressurized
at 1250 Ibs for 10 minutes. Then the temperature was set to 65°C and polymer piece
inserted mold was cooled under pressure. The polymer and the mold were separated
(demolded) when the temperature reached 65°C. PMMA alignment on steel plate and

channel formation after demolding is shown in Figure 3.11.
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Hot embossing process for COP was carried out at 130°C which is also higher than
the glass transition temperature of COP (T gcop = 100-102°C). Firstly, the COP piece was
washed by acetone, IPA and distilled water, respectively and dried by pressurized N2 gas.
The hot embossing step was done on the 3cm x 4 cm COP piece and the piece was
pressurized at 130°C by 1330 Ibs pressure for 10 minutes by using the same aluminum
covering and demolding procedure of PMMA. The PEN sheets cleaning step was different
than those of PMMA and COP materials. The PEN sheets were cleaned by
Chloroform:Ethanol (1:1 volume/volume) mixture and dried by pressurized N2. The 3 cm
x 5 cm PEN sheet was pressurized at 135°C under 3800 lbs pressure and demolding was

done at 60°C.

Figure 3.11. Hot embossing process (a) PMMA alignment on steel mold (b) channel
formation by using PMMA polymer.

3.1.7. Thermo-compression Bonding

Thermo-compression bonding is a useful method for bonding of two polymer pieces.
For a successful bonding, selected polymers should have convenient properties for sticking
together. Because of this, before the bonding process, polymer surfaces are usually
activated by the methods of specialized solvents, oxygen plasma, atmospheric plasma or
UV/ozone treatment [22]. Thereafter, glass-glass or glass-polymer pieces are aligned and
bonding is done at optimum temperature and pressure and cooled to room temperature.

This method is used to cover the microfluidic pattern keeping its original shape without
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deformation, so optimum temperature, pressure and duration time are important. This

process is done by Hydraulic Press Machine (Carver).

Bonding strength is an important parameter and related to some factors such as
polymer type and surface properties, bonding temperature and pressure. Bonding strength
can be increased by hot press, post annealing or applying solvents. If hot press, without
using any solvent, results in weak bonding strength, the surface activation is usually done
by using a solvent for PMMA experiments. Bonding parameters such as temperature,
pressure, duration time and solvent applied on polymer were tested and optimized. The

tested parameters for these three polymers are given in the results section.

3.2. Yeast Culturing in Liquid Medium

The strain used in all the experiments is wild type BY4741 yeast strain and its
YORO060C gene was tagged with GFP (an Aequorea Victoria GFP (S65T) tag at the C-
terminus end) to visualize the protein expression. The GFP fusion proteins are integrated
into the chromosome of yeast via homologous recombination and the proteins are
expressed by endogenous promoters. The GFP tagged strain was kindly provided by Prof.
Steve Oliver from University of Cambridge, Department of Biochemistry, Functional

Genomics and Systems Biology Laboratory.

For sterilization of the equipment, the capped erlenmayers flasks of different sizes
(50 mL, 100 mL, 1L and 2L) and micropipette tips were placed in autoclave and sterilized
at 121°C for 15 minutes. To prepare the YPD medium, 2% glucose containing YPD
medium was used to grow the cells. 6 gr yeast extract and 3 gr peptone was dissolved in
210 ml purified water and sterilized in autoclave at 121°C for 15 minutes. 6 gr glucose
were dissolved in 90 ml purified water and sterilized in autoclave at 121°C for 3 minutes.
Two solutions were left for cooling at room temperature under sterile hood. The yeast
extract-peptone and glucose solutions were mixed with the help of hand vortexing in 500

ml erlenmayer flask.
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The next step was to prepare the pre-cultures. 20 ml YPD medium was put into two
100 ml erlenmayer flasks. Previously prepared yeast cells grown on the solidified YPDA
medium were taken from the refrigerator at 4°C and used to inoculate liquid medium at
room temperature. The inoculation loop was sterilized at the tip of the flame (Bunsen
burner) and cooled down by pressing onto the edge of the solidified YPDA medium. A
colony of yeast cells with the help of the inoculation loop were scraped from the agar plates
and dipped into the 20 ml YPD medium in the erlenmayer flask. Same procedure was done
for the second 20 ml erlenmayer flask containing YPD medium. The liquid cultures
containing GFP tagged YORO060C strain were placed in the shaker at 28°C and 180 rpm,
and kept till exponential phase of growth. The time required for their growth was between
1-2 days overnight. They were then kept in the refrigerator at 4°C until their usage. The
grown yeast culture needed to be diluted before using in the experiment. The OD
measurements were done by spectrophotometer at fixed wavelength of 600 nm. The 2%
glucose containing YPD medium was used as blank and yeast culture was diluted to an
OD of 0.5.

For the second set of experiments (Caloric restriction), the pre-culture was grown in
2% glucose containing YPD medium and then in microbioreactor experiments 0.2%
glucose containing YPD medium was used. To prepare the YPD medium (0.2% glucose),
0.6 gr glucose was dissolved in 90 ml purified water and sterilized. 6 gr yeast extract and
3 gr peptone were dissolved in 210 ml purified water and sterilized. Two solutions were
mixed and used for medium loading step in microbioreactor. For the third and fourth set
of experiments, a new GFP YORO060C tagged strain was grown in low auto-fluorescence
YNB medium without histidine. To prepare the YNB medium (2% glucose), 20 gr glucose
was dissolved in 300 ml purified water and sterilized. 3.5 gr ammonium sulfate, 0.07 gr
leucine, 0.014 gr methionine and 0.014 gr uracile were dissolved in 700 ml purified water
and sterilized. Two solutions were mixed and used for both yeast culturing and medium
loading into the microbioreactor. For the last set of experiments, the YNB medium
contained 2% glucose was diluted to 0.2% glucose and used for the experiment. The new
strain grown in YNB medium reached the exponential phase faster than the older strain
grown in YPD medium. The size of the cells are compared in Figure 3.12. The size of the

cells grown in YNB and YPD mediums are 2-2.5 upm and 3-5 pm, respectively.
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Figure 3.12. The cells grown in YPD vs. YNB medium.

3.3. Image Processing

3.3.1. Brightfield Image Processing

Brightfield images of yeast cells taken during the experiments were analyzed and
processed by using Fiji - ImageJ software. The program was started and the image of a
chamber was opened. The region of interest (ROI) should be determined at the beginning.
For this aim, the interested area was drawn with Polygon selection in tool box and Edit 2
Clear Outside was used to eliminate the images out of the interested area. Thereafter, the
selected area was processed by using Process menu. This menu lists all commands related
to image processing, including point operations, filters, and arithmetic operations between
multiple images. Process - Smooth command was used to blur active image by replacing
each pixel with the average of its 3x3 neighborhood. Process = Sharpen tool increased
contrast and accentuated detail in the image or selection, but may also accentuate the noise.
Process = Filters = Variance sequence was applied for 4.0 pixel radius to highlight the
edges in the image by replacing each pixel with the neighborhood variance. Process =
Math - Subtract command was used and the value was entered as 25. Process - Enhance
Contrast was used to make images clear by contrasting it with the background. Figure 3.13

shows the image filtering steps of the process.

The images were opened in RGB format which was not suitable for putting threshold.
In this case the image was transformed into 8- bit image by Image - Type = 8-bit
commands. Threshold tool was used to set lower and upper threshold values, segmenting

grayscale images into features of interest. Image = Adjust - Threshold, Otsu Threshold
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with Red was selected and Dark Background was chosen. There were some noises on
images and Process - Filters = Median with 3.0 pixel radius was used to avoid these

noises.

Figure 3.13. Image filtering steps (a) the selected area (b) 2 pixels radius variance (c)

Subtract entered as 50 (d) the contrast is enhanced.

The outline of the images were cleared by using the shaped tool in tool box and then
Edit - Clear was chosen. The threshold application steps are shown in Figure 3.14. The
last step of the procedure was to analyze and count the cells in this processed area. In this
part, measurements were needed to be set by using Analyze = Set Measurements tool. The
area, minimum and maximum gray value, mean gray value and perimeter were chosen. To
analyze the number of cells in the ROI, Analyze = Analyze Particles tool was used, the
size was arranged between 30- infinity and it was adjusted to show outline. Display results,
clear results, summarize and add to manager options were chosen. If the cells are in cluster
form, the results are not reliable and these clusters should be divided into cells. Therefore,

Process = Binary - Watershed tool was used to divide cluster cells into separate cells.
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Figure 3.14. Threshold adjusting steps (a) image converted to 8-bit (b) otsu threshold is
selected (c) after applying threshold.
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3.3.2. Macro for Brightfield Images

The processing steps of brightfield and fluorescence images were automated by
writing macro codes. For a brightfield image, firstly the undesirable area of image was
cleaned. Then, for each image, the same procedure was followed by writing a macro code

as shown in Figure 3.15.

run ("Smooth");

run ("Sharpen");

run ("Variance...", "radius=4");
run("Subtract...", "value=25");
run("Enhance Contrast...", "saturated=0.4");
run("'8-bit");

setAutoThreshold("Otsu dark");
/lrun("Threshold...");

//setThreshold(64, 255);

setOption ("BlackBackground", false);
run(“Convert to Mask™);

run("Set Measurements...", "area mean min perimeter display redirect=None decimal=3");

run("Analyze Particles...", "size=30-Infinity show=[Overlay Outlines] display

Figure 3.15. Macro for brightfield images.

3.3.3. Fluorescence Image Processing

Fiji — ImageJ software was used to count the cells and see the cell integrated density,
perimeter and area. The image was in RGB format and the channels need to be splitted for
fluorescence image. This step, splits an RGB image (or stack) into three 8—bit grayscale
images containing the red, green and blue components of the original. To splitthe channels
Image -2 Colour - Split channels commands were followed. The window names were
appeared as ‘red’, ‘green’ and ‘blue’. Since the yeasts used in experiments were tagged by

green fluorescence, green channel image window was chosen for further steps. Process -
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Sharpen tool was selected to increase the contrast and emphasize details in the selected
area of the image. To perform grayscale dilation on non-thresholded images, Process =2
Filters = Maximum was applied and the Maximum was selected, the radius was entered

as 2.0 pixels.

To highlight edges in the image by replacing each pixel with the neighborhood
variance Process = Filters = Variance commands were followed. After clicking the
Variance, radius value was set as 2.0 pixels same as Maximum filter value. Then the
Process (active image or selection. Image J uses a Sobel edge detector to do this. The
commands in Math submenu added (subtract, multiply, etc.) a constant to each pixel in the
active image or selection. To apply this property in image, Process = Math - Subtract
steps were followed to subtract a constant from the image. Here, subtract value was set to

50. Image filtering steps is shown in Figure 3.16.

Figure 3.16. Image filtering steps (a) 2 pixels radius variance (b) after find edges

command used from process tool bar (c) subtract entered as 50.

Image section was used to apply a threshold and after Image - Adjust = Threshold
steps, the threshold type was selected as Otsu and color was Red. The resulting image
appeared after clicking the Dark Background button. The thresholding steps are shown in
Figure 3.17. As the last step, analyses and measurements were done by Analyze tool =
Analyze Particles tool. The size was selected as 0-Infinity, circularity 0.00-1.00 and Show
Overlay outlines was selected in the Show section. Also the Display results, Clear results,
Summarize and Add to Manager were selected. Analyze = Set measurements commands
were used to specify the measurements such as area, minimum and maximum gray value,

integrated density, mean gray value and perimeter. After Analyze particles was selected, a
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summary window appeared which showed the counted cell number, total area, average
size, perimeter and integrated density (intensity) values. In the Results section, all
properties of the cells were written individually and the specific cell from ROI manager

was selected to see its features.

@ ©) -

Figure 3.17. Threshold adjusting steps (a) otsu threshold is selected (b) after applying
threshold.

3.3.4. Macro for Fluorescence Images

For a fluorescence image, channels were split by using Image - Color = Split

Channels tools and then green channel was used for each image. After this step, a macro

code was written to follow the same steps for each image as shown in Figure 3.18.

run("Sharpen™);

run("Maximum...", "radius=2");

run("Variance...", "radius=2");

run("Find Edges");

run("Subtract...", "value=50");

/lrun("Threshold...");

setAutoThreshold("Otsu dark™);

setOption("BlackBackground", false);

run("Convert to Mask");

run("Set Measurements...", "area mean min perimeter integrated display redirect=None decimal=3");

run("Analyze Particles...", "size=100-Infinity show=[Overlay Outlines] display

Figure 3.18. Macro for fluorescence images.
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3.4. Procedure of CFD Simulation Studies by COMSOL Multiphysics

The designed microfluidic platform was drawn by COMSOL Multiphysics 3.5a
software to simulate the computational fluid dynamics (CFD) in the micro bioreactor. For
this aim, MEMS Module (Microelectromechanical Systems) was used as working module
integrated with ‘Incompressible-Navier Stokes’ and ‘Convection and Diffusion” modules.
Velocity and pressure distribution, glucose concentration distribution were determined by

these selected modules, respectively. The procedure is as follows;

(i)  Start COMSOL Multiphysics and set space dimension to 3D.

(i) MEMS Module -> Microfluidics > Flow with species Transport ->
Incompressible Navier Stokes - Steady State analysis> Add.

(iii) MEMS Module - Microfluidics = Flow with species Transport - Convection
and Diffusion - Steady State analysis—=> Add, click OK to start the program.

(iv) Draw menu > Work-Plane Settings. The xy-plane at z=0 is clicked in the quick
work plane.

(v) Byusing ‘Options menu’ add the constants of the model, click ‘Apply’ and ‘OK’.
The values of the constants such as density, diffusivity, initial concentration and
initial velocities for main and side channels were written in constants box as

shown in Figure 3.19.

WP Constants x
Mame Expression Value Descripkion

rha 1013.2 1013.2 (ka/m™3)

eka 0.000894 3.04e2-4 (Pa*s)

V_y 0.023148 0.023148 (mjs)

V_n 0.0023148 0.002315 (mfs)

D 6.334e-10 6.334e-10 (m~2[s)

c0 111 111 (malfm~3)

= n [o]4 Cancel Apply Help

Figure 3.19. The constants of the model.




(vi)

height of the reactor as 4x10® meters (half of the channel height).

(vii)
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Draw the model in 2D and extrude it to 3D by using draw menu and enter the

Right click the Navier Stokes mode at left side and enter the ‘Subdomain

Settings’. Write density and viscosity values as ‘rho’ and ‘eta’ by their

expressions.
(viii)
shown in Table 3.3.

Table 3.3. Boundary settings of incompressible Navier Stokes mode.

Boundary Definition Boundary Type Boundary Condition Uo
Inlets of main and side channels Inlet Velocity V_norV.y
Outlets of main and side channels Outlet Pressure, no viscous stress 0
Upper and lower sides of the Symmetry
surfaces boundary
All others Wall No slip

Enter the ‘Boundary Settings’ and write down the boundary conditions as

(ix) Right click the ‘Convection and Diffusion’ mode and enter the ‘Subdomain

settings’. Select D (isotropic) and write ‘D’ as defined in constants.

(x)  Enter the boundary settings of this mode as given in Table 3.4.

Table 3.4. Boundary settings of convection and diffusion mode.

Boundary Definition Boundary Condition | Quantity | Value/Expression
Main channel Inlet Concentration Co c0
Side channels Concentration Co 0

Outlets

Convective flux

Upper and lower sides of the surfaces

Insulation/Symmetry

All others

Insulation/Symmetry
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(xi)  Use Post processing menu-> Plot parameters to select predefined quantities as
velocity or pressure.

(xii)  Use Solve menu - Solver manager - Solve for and initially solve for the
Navier Stokes mode to see the velocity and pressure profiles.

(xiii)  Select “Initial value’ tab and click ‘Initial value expression’ and ‘Use setting
from initial value frame’ and click ‘Solve’.

(xiv) To see the concentration profile, change the selected quantity to concentration
in post processing menu.

(xv) Go to ‘Solver manager’ and solve for both ‘Navier Stokes mode’ and
‘Convection and Diffusion mode’.

(xvi) Select “Initial value’ tab and click now ‘Initial value’ and ‘Current Solution’

and click ‘Solve’ to see the concentration profile in the reactor.

Multiple inlet velocities were tested to optimize the flow behavior in side channels

and to trap the cells in c-shaped regions efficiently.
3.5. Simulation Studies by LT-Spice

The aim is to calculate the flow in channels as resistances in order to see how the
design works and how the flow is distributed throughout the channels. To achieve this aim,
the hydraulic resistances for each channel (flow) portion were calculated. There are several
factors that affect fluid resistance such as area and length of the pipe and type of fluid
flowing (n). To validate the design at each point, the flow was cut at each intersection point
and nodes were defined on these cut points. Hydraulic resistances between each node were
calculated. These nodes are determined as shown in Figure 3.20. The hydraulic resistances
were calculated using the hydraulic resistance formula given for a rectangular pipe.

In equation 3.1, n (N.s/m?) is dynamic viscosity of the fluid, L (m) is length, w (m)
is width and h is the height.

12nL (3.1)

R, =
" Wh3(1 - 0.630h/w)




47

0 0 0
v v v
Outlet Outlet Outlet

Figure 3.20. Resistances and nodes of the first chamber.

The resistance values calculated for each portion of the channel are given in Table

3.5.

Table 3.5. Resistance values of each portion.

R1=R12 R2=R11 R3=R10 R4=R8 R5=R9 R6=R7

Length (m) 0.00018 0.00028 0.00013 0.00007 0.00018 0.00025
Width (m) 0.00009 0.00009 0.00009 0.00009 0.00005 0.00005
Height (m) 0.000008 | 0.000008 | 0.000008 | 0.000008 | 0.000008 | 0.000008

Viscosity (N.s/m2) | 0.000894 | 0.000894 | 0.000894 | 0.000894 | 0.000894 | 0.000894

Rh (Pa.s/m3) 4.44E+13 | 6.91E+13 | 3.21E+13 | 1.73E+13 | 8.39E+13 | 1.17E+14

The calculated resistance values were used to determine the flow direction and
proportion from inlet to outlet by using LT-Spice program. The calculated values were
entered to program as shown in Figure 3.21. As it can be seen from Figure 3.20, starting
from the second line in the workspace, resistance name, inlet point, outlet point and
calculated resistance values were written one by one for each hydraulic resistance.

Thereafter, the flow values (11, 12, 13) for each of the three inlets were written, and to end
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up the code —op and —probe commands were used. When the file was run, another window
appeared on the screen showing the current values (I(Rh)) for each resistance as displayed
in Figure 3.20.

o LTspice IV - [Design] » -0
E Eile Edit View Simulate Tools Window Help - = *
B || # 0 B HB® B#las|
R1 1 2 4.34+13 »
- + *
R2 2 8 6.91E+13 = “
R3 3 2 3.21E+13 --- Operating Point ---
R4 4 5 1.737E+13
R 5 3 8.39E+13 v (1) : 3.11528e+013  voltage
R6 5 6 1.17E+14 v(2): 2.671282+013  voltage
R7 3 7 1.17E+14 I . .— ]
RE 7 B 1.73E+13 V(3): 3.58121e+013 woltage
RO 6 7 8.39E+14 v(4): 9.75469e+013 voltage
R18 6 9 2_21E+12 V(5): B.0176%e+013 woltage
R11 8 9 &6.91E+13 v (6) : 2.4804%e+013  voltage
R12 0 @ 4_44F+13 v(7): 7.71413e+012 woltage
118181 V(9 : 1.63176e+013 wvoltage
I2 80481 vi(8): 2.32276e+013 woltage
I3 6801 I(I3): 0.1 device_current
-op T(12): 1 device current
-probe I(I1): 0.1 device_current
I(R12): 0.367515 device current
I(R11): 0.1 device_current
I(R10): 0.267515 device current
I(R9): 0.2048%6 device_current
I(RB): 0.445904 device_current
I(R7): 0.241008 device_current
I(RE): 0.47241 device_current
I(R5): 0.5275%8 device_current
TI(R4): 1 device_current
I(R3): 0.2B6582 device_current
I(R2): 0.386582 device_current
I(R1): 0.1 device_current

Figure 3.21. Workspace and operating point window of LT -Spice.
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4. RESULTS AND DISCUSSION

One aim of this thesis was to improve the created design by Gengtiirk E. (2015) and
fabricate the microfluidic device by using different polymers as PMMA, COP and PEN.
These microfluidic devices were used to visualize the budding yeast and investigate the

unknown function of SLD7 protein by using this platform.

4.1. Design of the Microfluidic Device

The developed microfluidic system was shown in Figure 4.1. In this system, 3 inlets
were used for cell and nutrient loading and one outlet was used to remove the waste, to
avoid contamination in each symmetric side. The device was used to trap the yeast cells in
the c-shaped regions and remove the excess flow by using the side channels. The device
has 8 um height to achieve the monolayer growth of the cells and all channels have 90 um
width. The chambers have a diameter of 320 um and the c-shaped region’s diameter is 120
um. The microfluidic devices were made from PMMA, COP and PEN polymers bu using

different bonding parameters and techniques.

Figure 4.1. The developed microfluidic device.
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4.2. Simulation Studies by COMSOL Multiphysics

The microfluidic device was modeled by COMSOL Multiphysics 3.5a software and
various fluid dynamic computational fluid dynamics (CFD) simulations were used to
optimize the fluid flow within the chambers and the side channels. Microelectromechanical
Systems (MEMS) module was used with ‘Incompressible Navier Stokes’ and ‘Convection
and Diffusion” modes. Incompressible Navier Stokes mode was employed to identify the
velocity distribution and pressure drop inside the chambers, and Convection and Diffusion
mode was performed to elucidate the glucose concentration distribution within the device.
The fluid density was assumed to be constant during the process. Navier Stokes equation
(equation 4.1) and the equation of continuity (equation 4.2) were applied to run the
simulations using the conservation of mass assumption. The Navier Stokes equation

governs the motion of fluids.

p (Z—ltl+ u.Vu) = —VP+ V.(n(Vu+ Vo) + F (4.1)

Vu=20 (4.2)

In equation 4.1, u is the fluid velocity (m/s), P is the pressure (Pa), n is the dynamic
viscosity (Pa.s) and p is the density (kg/m3), and the gradient terms correspond to different

du

forces. p ( 5 T U P’u) corresponds to the inertial forces, —VP is the pressure force,

V. (u (Pu 4+ (Pu)T) is the viscous force and F shows the effect of external forces applied

to the fluid, but it was taken as zero during the simulations.

“Convection and diffusion” mode was selected for solving the equation 4.3 and
hence for understanding the effect of both of them on mass transfer rate of species. Mass
transport equation (4.3) was used with selected boundary conditions. For the walls and

outlets, boundaries were set to no-slip (u=0) and convective flux (V.(—DVc) = 0)

condition, respectively. At the channel outlets, the pressures were set to zero.

V.(—DVc + cu) = 0 (4.3)
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D represents the diffusion coefficient (m?/s) and c is the concentration (mol/m3). In
the simulations, the inlet concentration value was set to zero in two side channels and an
inlet glucose concentration of 2% of the weight (20 g/L, 111 gmol/m?) was set at the middle
channel. The density, dynamic viscosity and diffusion constant between glucose and water
values were calculated according to the inlet glucose concentration and they were found
as 1013.2 kg/m3, 0.000894 Pa.s and 6.334x107° m?/s respectively. Calculation of
parameters is shown in Appendix A. The cell and nutrient loadings were simulated in the

models and optimum values of velocity, pressure and concentration were determined.

4.2.1. Determination of Optimum Inlet Flowrates for Channels

The aim of this simulation was to trap the yeast cells in all c-shaped regions
efficiently. In order to achieve this aim, several inlet flow rates were tested and the flow
profile inside the device was analyzed. Table 4.1 shows the summary of flow profiles
which were tested to identify the optimum velocity values for the middle and the side

channels.

Table 4.1. Summary of inlet flow rates and velocities in the simulated models.

Flow rate in the o Chamber 8 velocity at the ]
. Flow rate in side . Flowin C-
Model middle channel ) middle of the chamber )
) channels (uL/min) shaped region
(uL/min) (m/s)
1 1 1 1.91x10°% Rapid
2 0.1 0.1 1.91x 10* Rapid
3 0.01 0.1 1.33x 10* Inefficient
4 0.01 0.001 7.6x10° Inefficient
5 0.1 0.01 7.6 x 10° Efficient
6 1 0.1 7.6 x10% Efficient
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In the first model, same inlet velocity of 1 uL/min was used for all the three inlets.
The general velocity field, first and last chambers’ velocity distribution and the velocities
inside the c-shaped regions of the chambers are shown in Figures 4.2, 4.3 and 4.4,

respectively.

Slice: Velocity field [m/s] Arrow: Velocity field Max: 0.0256

0.025

xle-3

0.015

0.005

nL

Figure 4.2. Velocity field of Model 1.
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Figure 4.3. Velocity field of the first and the last chambers for model 1.
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In the light of the simulation using Model 1, the colors inside the channels (orange
color) showed that the flow in two side channels were too rapid. The rapid flow inside the
channels and around the perimeter of the c-shape can cause the cells to be flushed away
from the trapping region which is not a preferred situation. The coordinates of the first
chamber is shown in Figure 4.4a for a clear explanation of the dimensions. Figure 4.4b
shows that the speed at c-shaped region (x=0) was around 2x10-® m/s and this speed may

cause the cells not to enter the trapping region efficiently.

—<— Chamber 1
—&— Chamber 2

Chamber 3
—&— Chamber 4
—— Chamber 5
—=— Chamber 6
Chamber 7
—<— Chamber 8

2.5

Velocity field [m/s]

i
w

Figure 4.4. The velocities inside the c-shaped regions of the chambers for model 1.
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The existence of small arrows close to the c-shaped region indicated that there was
still minor flow in this region (3x10-* m/s) and that flow may cause already trapped cells
to be flushed away. The right and left bridge channels (channels which connect the
chambers and side channels) are blue colored indicating that they did not carry the excess
flow to the side channels, despite their mission. Also, the number of arrows were less (seen
rarely) in these bridge regions supporting this comment. For this reason, inlet speed of 1

pL/min was not efficient for nutrient and cell loading.

In Model 2, inlet flow rates were decreased by 10 fold and same inlet velocities (0.1
uL/min) were used for all the inlets. The velocity field of Model 2 is shown in Figure 4.5
and the profile is nearly same as Model 1. It was again not a suitable model because of the
risk of flushing out of the cells from c-shaped trapping region without immobilization. The
velocities inside the c-shaped regions are shown in Figure 4.6 and Figure 4.7. The speed
at the center of the c-shaped region was around 2x10-*m/s in all the chambers and these

speed values were still too high for cell trapping.

Slice: Velocity field [m/s] Arrow: Velocity field Max: 2.555¢-3

X107

25

Figure 4.5. Velocity field of model 2.
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Figure 4.6. Velocity field of the first and the last chambers for model 2.
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Figure 4.7. The velocities inside the c-shaped regions of the chambers for model 2.

In order to see the effect of higher speed values of side channels than the middle
channel, 10 fold higher velocities than the main channel were used at the side channels in
Model 3. The inlet velocities are 0.01 pL/minand 0.1 uL/min for middle and side channels,
respectively. The velocity field is shown in Figure 4.8. The flow distribution in the
microbioreactor showed that the speeds at the side channel inlets started to decrease at the

inlet of the first chamber and remained constant until it reached the last chamber. The
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bridge channels between side channels and chamber regions did not work effectively and
the flow around the external perimeter of the c-shaped region was too rapid as shown in
Figure 4.9. This rapid flow might prevent the trapping of cells in determined region. Figure
4.10 shows the velocity profiles, in all the chambers, including c-shaped regions. In the
first chamber, the velocity was around zero and this made the first chamber useless. There
was no flow entering into this chamber. The other seven chambers’ speeds are around
1.33x10“m/s as shown in Figure 4.10. This profile was more preferable than the first two
models’ profiles, but still the flow rates in last seven chambers were too high and there was

a risk of flushing out. Therefore, this model was also not convenient for cell trapping.

Slice: Velocity field [m/s] Arrow: Velocity field Max: 2.555e-3

x10”

25

05

Figure 4.8. Velocity field of model 3.

In order to direct the flow into the c-shaped regions, the inlet velocity at the middle
channel was increased to a level which is greater than the side channels’ inlet velocity
values. In Model 4, the flowrates at middle channels and side channel were determined as
0.01 pL/min and 0.001 pL/min, respectively. Figure 4.11 and 4.12 show the flow profiles

in the device. In this model, flow distribution from the entrance to the end of the device is
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more uniform than those obtained by the first three models. The excess flow within the
chambers was carried efficiently by bridge channels but this carriage was decreased from
the first to the last channel. Figure 4.12 also shows the flow directions by arrows at the
first and last chambers (Model 4) and no arrows are seen in the last bridge channels. Figure
4.13 shows the velocities inside the c-shaped regions of the chambers. The speed at the
center of the first chamber (x=0) was around 2.25x10-°and higher than the speeds obtained
in other seven chambers (at x=0 around 0.76x10-> m/s). This model was more reliable than
the first three models for cell loading and flushing out the untrapped cells by side channels

but still not the optimized one.
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Figure 4.9. Velocity field of the first and the last chambers for model 3.
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Figure 4.10. The velocities inside the c-shaped regions of the chambers for model 3.



Figure 4.11. Velocity field of model 4.

Figure 4.12. Velocity field of the first and the last chambers for model 4.
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Figure 4.13. The velocities inside the c-shaped regions of the chambers for model 4.

In Model 5, the side and channel inlet values were increased by 10 fold for a faster
loading process, i.e. the velocity values for middle and side channels were determined as
0.1 uL/min and 0.01 pL/min, respectively. The general velocity field profiles were looked
very similar in Figures 4.11 and 4.14. From these similar profiles, the more convenient one
for efficient cell trapping was determined by analyzing the velocity values at the center of
the chambers and concentration profiles within the devices and velocity fields in all
chambers. For the most efficient trapping, low speed values at the center of the chambers
were necessary to immobilize the cells in the determined trapping region. In this model,
the speed value at the center of the first chamber was around 2.3x10-* m/s and the speed
values at the center of other chambers were 0.76x10* m/s as shown in Figure 4.16. The
velocity distribution profile in Model 5 was selected as the most efficient flow profile for
cell trapping. The speed differentiation between the trapping region (c-shaped region) and
around its external perimeter was not high (Figure 4.15). Additionally, the velocity values
at the center of all the chambers were very small. The velocity field arrows also showed
that fluid did not enter the trapping region rapidly but the excess flow was efficiently

carried to the side channels by the bridge channels throughout the device.



Figure 4.14. Velocity field of model 5.

Figure 4.15. Velocity field of the first and the last chambers for model 5.
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Figure 4.16. The velocities inside the c-shaped regions of the chambers for model 5.

In Model 6, the velocity values in Model 5 was increased by 10 fold. The inlet
velocities for side and middle channels were selected as 0.1 uL/min and 1 pL/min,
respectively. The flow profile and first and last chambers’ velocity fields are shown in
Figure 4.17 and Figure 4.18. The velocity distributions in Model 4, 5 and 6 are very similar
according to their velocity field profiles and arrows. The speed values in the c-shaped

regions are also small enough in Model 6.

The velocity values at the center of all chambers are shown in Figure 4.19. The speed
value is around 2.3x103 m/s for the first chamber and it decreases to 7.6x10-4 m/s for last
seven chambers. The speeds inside the c-shaped regions and around its perimeter were
very similar and velocity values at the center of the chambers were also low. In the light

of these velocity profiles, the last three models were found to be convenient for the nutrient
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and cell loading processes. By considering the syringe pumps properties, Model 6 was

selected for the operation.

Slice: Velocity field [m/s] Arrow: Velocity field Max: 0.0243
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Figure 4.17. Velocity field of model 6.

Figure 4.18. Velocity field of the first and the last chambers for model 6.
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Figure 4.19. The velocities inside the c-shaped regions of the chambers for model 6.

4.2.2. Radial Velocity Distribution in the Microbioreactor

Some other analysis were next done to ensure that the optimized inlet velocity values
are appropriate for cell loading. The inlets of the side channels were cut into 5 sections to
see the velocity distribution through the inlets. The velocity profiles of the left and right
entrances of all the chambers are shown in Figure 4.20. For the left inlet of the
microbioreactor (Section 1 and 2), the velocity profile of the first chamber was different
than those of other seven chambers. The velocity increased very rapidly at the beginning
and after a short time period it increased exponentially until it reached the entrance of the
chamber. When the fluid entered into the trapping region, the velocity started to decrease
linearly (Section 3). This showed that the velocity inside the trapping region was slow

enough to trap the cells and keep the trapped cells in this region.

For other seven chambers, the velocity first increased rapidly and then after a short
time period, it started to decrease exponentially (Section 1) till the starting point of the

bridge channel (the channel between the side channel and the chamber). As shown in
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Figure 4.20, in Section 2, the velocity increased slightly. This velocity was small enough
to carry the fluid efficiently to the trapping region, i.e. the fluid was coming to the trapping
region as expected. In the third section, the velocity (speed) started to decrease again to
achieve an efficient trapping in this region. At the right entrance of the first chamber, the
velocity profile was again different than those obtained in the other seven chambers. First,
the velocity increased very rapidly for a short time, followed by a slight increase until
reaching the entrance of the chamber (Section 4). In Section 5, the velocity started to
decrease slowly again. For the other seven chambers, the velocity profile significantly
changed. In the side channels (Section 4), the velocity values increased very rapidly in a
short time and then started to decrease exponentially until the entrance of the chamber. In
Section 5, the fluid coming from the side channels met with the fluid coming from the main
channel and velocity values increased as expected.
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Figure 4.20. The velocity profiles of left and right entrances of all chambers.
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4.2.3. Pressure Distribution in the Microbioreactor

The pressure profile was created via using the optimized inlet velocity values (1
pL/min middle inlet, 0.1 pL/min side inlets) as shown in Figure 4.21. At the
‘Incompressible Navier Stokes’ operation mode, the boundary conditions for the outlets of
the main and side channels were selected as ‘Pressure, no viscous stress’ and the outlet
pressure value was set to zero and the result of the simulation verified this for the flow
rates of 0.1 pL/min at the entrance of the middle channel and 0.01 puL/min at the entrance
of side channels. The pressure drop was found to be around 550-600 pascal, which is a

suitable value for a microfluidic system.

Slice: Pressure [Pa] Max: 617.205
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Figure 4.21. The pressure profile of the microfluidic device.

Figure 4.22 shows the pressure drop in the microbioreactor in the vertical direction.
The pressure drops occurred in middle and side channels were around 600 and 500-550

Pa, respectively. At the outlets of the channels, the pressure values were almost zero.
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Figure 4.22. Pressure drop throughout the microfluidic device (y-vertical distance)
(y=0, inlet).

4.2.4. Nutrient Distribution in the Microbioreactor

The concentration profile of the nutrient (glucose) was simulated in addition to the
velocity and pressure profiles. In the simulation, the nutrient was fed through the middle
channel only, however it will be fed from all the inlets in experiments. This simulation was
performed to see the concentration distribution of glucose along the device. For this aim,
2% by weight concentrated glucose was fed through at 0.1 puL/min inlet flow rate through
the middle channel. The side channels’ flow rate was 0.01 pL/min and concentration value
was zero. The concentration distribution of glucose in the microbioreactor is shown in
Figure 4.23. The uniform red color in all the chambers showed that the glucose
concentrations in all the trapping regions of the chambers were same. In fact, all c-shaped
trapping regions’ immobilization behavior need to be same and concentration profile in all
these areas need to be uniform to achieve the best nutrient distribution efficiency. Figure

4.23 shows that the concentration distribution in all the trapping regions were almost the
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same (shown with red color). Figure 4.24 shows the concentration profiles in both vertical
and horizontal directions. In the vertical direction, the concentration values in first six
chambers were almost the same and it was 111 mol/m?3, which was entered as the initial
concentration value of the middle inlet in simulations. In the last three chambers, the value
was decreased to 108.46 mol/m? until it reached the last chamber. The decreased values
showed that there was a concentration lost of 2.2% of the initial value. This small
decelaration was not an effective one, so all concentrations in all chambers were assumed
to be uniform in horizontal and vertical directions. The concentration analysis for both
vertical and horizontal directions were depicted in Figure 4.24. Additionally, the analyses

of concentration profiles were done for the left and right entrances of all the chambers.

Sloe: Concentratn, ¢ {moyn”) Ao Vilocty Sed

Figure 4.23. The concentration profile of the microfluidic device.

Figure 4.25 shows that for both sides, the concentration values in side channels were
small and started to increase through the chambers and remained constant in the trapping

regions of each chamber. At the entrance of side channels, the nutrient concentration values
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were set to zero. After passing through the second chamber, some mixing occurred and

concentration values in the side channels were increased to some extent.
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Figure 4.25. The concentration profiles of the left and right entrances of all chambers.
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The concentration value of the nutrient remained same after entering the c-shaped
region. The concentration profiles at different heights (z=0, 2x10**, 6x10* pm) were
analyzed for Chamber 1 (Figure 4.26). The high concentration of nutrient loaded through
the middle channel was diluted by the fluid coming from side channels, the concentration
started to decrease. However, it stayed constant in the trapping region. This process was
same for different heights and it showed that concentration values were not changed at

different heights (Figure 4.26).
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T T 120 T T T

120
- z=deb ——2=4e6

e L 2 4 |8 z=2e-6 " PR —1 o Po— H -8 22206

3

i

60

Concentration, ¢ [mol/m
Concentration, ¢ [mol/m>]

20 i J ; : ; 20 ;
/ : f \
0 . 1 7

Figure 4.26. The concentration profiles of left and right entrances of chamber 1.

4.2.5. Discussion on the Optimized System

In the COMSOL simulation, six models were first tested to optimize the velocity
distribution within the microbioreactor. The inlet flow rates 0f 0.1 uL/min and 0.01 pL/min
were selected for cell loading and nutrient loading, respectively. The aim was to trap the
cells in the c-shaped regions efficiently and remove the untrapped cells without flushing
out all fluid from the region by the side channels. The velocity fields of Model 4, Model 5
and Model 6 were convenient to achieve this aim (Figure 4.11, Figure 4.14 and Figure
4.17). The velocity values at the center of the c-shaped regions of all the chambers were
small enough to immobilize the cells. This value should not be zero because this means

there was no entrance to that chamber. In the Model 3 the problem of zero speed occurred
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and the first chamber was useless because of no flow. The outer perimeters of the c-shaped

regions were also analyzed to prevent cells from flushing out via fast fluid flow.

In first three models, the velocities in side channels and around the outer perimeter
of c-shaped regions were very high and carried the risk of flushing out. The inlet velocity
pairs of 1 uL/min and 1 pL/min, 0.1 pL/min and 0.1 pL/min, 0.01 pL/min and 0.001
uL/min for middle and side channels were inefficient, respectively. After the optimization
of velocity distribution, concentration profiles of nutrient were simulated for all the
models. Figure 4.23 shows the optimized concentration profile which belongs to Model 5.
Figure 4.14 and Figure 4.11 show that the velocity profiles of these two models were very
similar. Figure 4.27 shows the concentration profiles of these two models which had close
velocity profiles. For Model 4, after loading the cells and nutrients, mixing began from the
second chamber. The concentration of the fluid was set to almost 97.21 mol/m?in all the
chambers. Because of this huge concentration drop in Model 4, it was not selected as the

optimized one.

The concentration was nearly same at all chambers in Model 5 and Model 6. In model
5, the mixing occurred in the last two chambers but the diversion from the initial value of
111 mol/m?® was only 2.2% (Figure 4.24). In model 6, the diversion from the initial value
was only 2.1%. Also the velocity profiles at the left and right entrances of the side channels
showed that the possibility of flushing out of the cells was nearly zero (Figure 4.25). The
concentration characteristics at different heights were also same (Figure 4.26). Besides,
pressure profile of the microbioreactor was simulated at the optimized velocities (1 pL/min
at middle channel, 0.1 pL/min at side channels). The pressure was set to zero at outlets
open to air and the pressure drop in all the channels were very small (500-600 Pa) in the
device (Figure 4.22).

As a conclusion, the inlet velocities were determined as 1 pL/min for the middle
channel, 0.1 pL/min for the side channels for the cell feeding. For the nutrient feeding, all
the inlet velocities were determined as 0.1 pL/min. In these COMSOL simulations, role of

beads or yeast cells was neglected. The optimized parameters were expected to guide for
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a better loading process in experiments and they provided an insight into possible future

problems in the microbioreactor.

Slice: Concentration, ¢ [mol/m3] Arrow: Velocity field
Max: 111

F 180

k440

20

MODEL 4 MODEL 5 MODEL 6

Figure 4.27. The concentration profiles of model 4, model 5 and model 6.
4.3. Validation of the Flow Profile by LT-Spice

In order to estimate the flow direction and distribution in the microbioreactor, LT -
Spice was used to calculate the hydraulic resistances in the channels and at the perimeter
outside of the c-shaped region. The nodes were located to the possible inlets of the flow

and an electric circuit was drawn according to these nodes.

The flow profile was estimated for the first chamber only. The channels and flow

paths were assumed to have rectangular cross section, and hydraulic resistances for each
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cross section were calculated via using the equation. The hydraulic resistances and their

locations in the first chamber are shown in Figure 4.28.

Inlet Inlet Inlet

R12

Outlet

Outlet

Outlet

Outlet

Figure 4.28. The resistances of the first chamber.

Ry

12ul

~ Wh3(1 — 0.630h/w)

(4.4)

In the equation 4.4, p (N.s/m?) is the viscosity, L(m) is the total length, h(m) is the

Table 4.2. Resistance values of each portion.

height and w(m) is the width. The calculated resistances are shown in Table 4.2.

R1=R12 R2=R11 | R3=R10 | R4=R8 R5=R9 R6=R7
Length (m) 0.00018 0.00028 | 0.00013 | 0.00007 | 0.00018 | 0.00025
Width (m) 0.00009 0.00009 | 0.00009 | 0.00009 | 0.00005 | 0.00005
Height (m) 0.000008 | 0.000008 | 0.000008 | 0.000008 | 0.000008 | 0.000008
Viscosity
0.000894 | 0.000894 | 0.000894 | 0.000894 | 0.000894 | 0.000894
(N.s/m2)
Rh (Pa.s/m3) 444E+13 | 6.91E+13 | 3.21E+13 | 1.73E+13 | 8.39E+13 | 1.17E+14
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The calculated resistance values were used to determine the flow direction and
proportion from inlet to outlet by using LT-Spice program. The current distribution shows
the direction of the flow which is important for cell trapping. The schematic representation
of the current distribution in the first chamber is shown in Figure 4.29. The back flow
through the inlets did not occur and the side channels were removing the excess flow
efficiently according to the calculated values in LT Spice.

Figure 4.29. The current distribution in the flow (uL/min).

4.4. Experiments Done by New Design

In order to demonstrate the functionality of the developed microbioreactor for cell
culturing, yeast (Saccharomyces cerevisiae) was used as the model organism. The yeast
strain used in this study was obtained from Prof. Steve Oliver, Cambridge University,
Department of Biological Sciences, UK. The wild type (WT) BY4741 strain was derived
from the parental S288C strain and has the following base genotype: MATa his341 leu2A40
metl540 ura340. The WT strain was transformed with the genome coding for enhanced
green fluorescent protein (GFP) and GFP tagged Y OR060C strain was obtained by proper

biological construction.



74

The materials used for fabrication of the microbioreactor were selected according to
their chemical properties such as the stability and resistance properties against solvents,
water absorption properties and thermal expansion coefficients as mentioned in Section
3.1.1. The thermal bonding parameters for each polymer (PMMA, COP and PEN) were
optimized. The flow in channels were tested by water for PMMA, by acetone for COP and

by ethanol for PEN made microbioreactors, respectively.

After ensuring the channels were open enough for the flow of the medium, experimental
setup was started to be prepared. The connections of channels on the fabricated
microfluidic device were arranged with 20 pL sterile pipette tips (ExPellPLUS, CAPP
Denmark), silicon tubings (SCI, Micro Medical Tubing, 0.86 mm ID x 1.52 mm O.D.) and
epoxy (BISON 5 minute epoxy). First, the pipette tips were cut until they tightly fitted the
drilled inlet hole. Then, the intersection of the pipette tip and the polymer were connected
with the help of epoxy and let to dry at room temperature. Here, the sizes of the pipette tips
were properly adjusted to the size of the holes, which were drilled by hand. This process
was applied for 6 inlet and 2 outlet holes, respectively. The silicon tubings were connected
to these tips by the help of the pipette tips, and used as yeast and nutrient inlets and outlets.
Figure 4.30 shows the inlet and outlet connections of the microbioreactor. The timing of

all the process is given in Table 4.3.

Figure 4.30. The inlet and outlet connections (a) silicon tubing (b) pipette tip to connect

the silicon tubings to inlets (c) fixed pipette tips on holes (d) epoxy connection.
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Table 4.3. Timing.

Process Steps Time (h)
All process 6-7
Photolithography 3-4
L Electrochemical Wet Etching 1
Fabrication - _
Hot embossing (includes cleaning step) 0.5
Drilling and cleaning before bonding 0.75
Bonding 1

Setting up auxilliary
equipment (connections by 3

using epoxy and pipette tips)

Preparing yeast strains and

media

Preparing an inverted
fluorescence microscopy 1

experiment

There were approximately 100 chips fabricated with this design. Unfortunately, 80%
of them were discarded due the problems occurred during the fabrication process. About
20 chips could be tested on the microscope stage, i.e. on Lab-on-a-Chip platform.
Nevertheless, each time the process had to be stopped some time after the medium loading.

Proper medium flow could not be achieved due to leakage or clogging problems.

Several problems encountered during the experiments are exemplified in following
text. In the fabrication process, it was difficult to control all the heights throughout the
microfluidic device during the bonding process. Some wider sections of the channels
extending either from the inlet to the first chamber or from the last chamber to the outlet
were collapsed during bonding and the flow cannot pass through these sections. The height
of the microbioreactor in some sections was lowered too much, i.e. more than half of its
original height (z-direction 8 um), especially in the channels towards the outlets (collapses
occur in these channels), and the outlet of the reactor behaved as a close system (not open
to atmosphere) and this caused a very big pressure difference during the experiment. The

collapsed area in outlet channel is shown in Figure 4.31.
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Figure 4.31. The collapsed area in the middle of the outlet channel.

Moreover, during the experiments, the visualization of all the chambers had to be
done to monitor yeast cells. When the microscope stage was moved sideways or forward
or backward, the silicon tubings (shown in Figure 4.32) were pulled and stretched, that in
turn pulled the pipette connections, and the case generally ended up with the damage of
epoxy connection. Hence, the inlet and outlet connections shown in Figure 4.32 were the

major source of failure (damp squib).

Figure 4.32. The distance between pipette tips and the condenser.

The epoxy connections were damaged and they broke up during the medium loading

process. This situation caused the leakage of the medium through the intersection of epoxy
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and the polymer piece. Also, the distance between the end of the pipette tips and the
condenser was not high enough to zoom in the image. When the condenser was fully
zoomed in to capture the images via 40X objective, the microbioreactor could not be
moved easily to sideways. Figure 4.33 shows the distance between condenser and pipette
tips. The inlet tubing system needed to be revised for proper visualization via the inverted
microscope. The critical points for the proper design and fabrication process
(electrochemical wet etching, cleaning, drilling and bonding) are given in detail in the

following section.

45. Critical Points of the Fabrication Process

The chemical properties of the different polymers used in this study affect the
bonding process and the flow in the channels and chambers of the microbioreactor. Several
problems needed to be resolved during the bonding process of PMMA, COP and PEN

polymers, in order to avoid the clogging of the channels as well as the leakage.
4.5.1. Cleaning Process

An important point during the fabrication process is the cleaning procedure of the
pieces to be bonded. As the first step of this process, chemical resistances of the polymers
need to be known. The chemical resistances of COP, PMMA and PEN polymers to most

commonly used chemicals are listed in Table 4.4.

Table 4.4. The chemical resistance properties of the polymers.

2-propanol, pure
Polymer Name Acetone, pure Ethanol Chloroform, pure
(Isopropyl alcohol)

PMMA Not resistive Not resistive Not resistive Not resistive

COP Resistive Resistive Resistive Resistive

PEN Resistive Resistive Resistive Resistive
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Before the bonding process the surface cleaning of three different polymers were
varied. For the cleaning of the PMMA polymer pieces, as the first trial, cleaning was done
by washing with 2-propanol and distilled water. There were still some contaminations on
the polymer piece. After a while the cleaning procedure was started by baby shampoo to
clean the oil like particles on the surface caused by hand or environment. After the
optimization process, baby shampoo, water, 2-propanol and distilled water were used,

respectively (Table 4.5).

After drilling, solvent treatment was done using various solvents such as 2-propanol,
dimethyl sulfoxide, acetone and chloroform. For acetone and chloroform, the solvent was
evaporated through the polymer surface for a short time to achieve a uniform solvent
distribution on the surface. As a result of these experiments, 2-propanol was selected as
the most effective solvent for the solvent treatment and the polymer pieces were submerged
in 2-propanol for 2 minutes before bonding. Eventually, for a better bonding strength after
the drilling of the inlets, two PMMA pieces were washed following the same steps as

explained above and submerged in 2-propanol for 2 minutes.

Table 4.5. Cleaning agents for polymers.

Cleaning agents used
Polymer sequentially before Treatment after drilling

drilling process

Baby shampoo, water,

o Repeat cleaning steps and submerge in 2-
PMMA | 2-propanol and distilled

propanol for 2 min
water

Repeat cleaning steps, then put into ultrasonic
cop Acetone, 2-propanol and | bath for 15 min, put on a 80°C heated hot plate
distilled water for 15 minutes, clean remaining residual flakes

by pincer

Acetone, 2-propanol, ]
PEN o Chloroform-Ethanol solution (1:1 by volume)
distilled water
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The COP pieces are more resistant to alcohols. The cleaning process of COP was
done by washing with acetone, isopropanol and distilled water before drilling the inlets.
There were some polymer residuals near the inlet and outlet holes owing to the drilling.
The cleaning step was repeated and the drilled piece was put into ultrasonic bath for 15
minutes to flake of these residuals, and after that the visible residuals were cleared by the
help of a pincer. The polymer pieces were dried by pressurized nitrogen and put on a hot

plate heated at 80°C for 15 minutes to evaporate all the solvents on the surface.

For the PEN pieces, the cleaning procedure was optimized by washing with acetone,
2-propanol and distilled water. Then, a solvent treatment was applied by submerging the
PEN polymer into Ethanol:Chloroform (1:1) mixture for 5 minutes, and then PEN pieces

dried by pressurized nitrogen (Table 4.5).
4.5.2. Drilling Process

The drilling direction was a problem while working with COP pieces. The COP
material was prone to melt by the heat appeared in the drilling bit. As a result of this
melting, polymer made bulges appeared on the inlets. These bulges on the inlets were
obstacles for the thermo-compression bonding. If the inlets were drilled from the upper
side of the reactor piece, the bonding was started from these bulge sides, which caused a

clogging at the inlets and no flow was observed in this closed channel (Figure 4.33).

(a) (b) |

13

Reactor side g p— ]
I \/—| | |
Cover side

Figure 4.33. Drilling process (a) drilling of the polymer pieces from the reactor side (b)

the polymer bulges appeared after drilling (c) the bonding started from the inlets.
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This bulge problem was solved by changing the drilling direction of the polymer

piece. The problem appeared on the reactor side of the polymer (the side where the shape

was appeared after hot embossing) hence the drilling direction was changed to the cover
side of the reactor.

4.5.3. Optimization of Temperature and Pressure for Bonding

After the optimization of cleaning and solvent treatment steps, to optimize the

bonding parameters, different temperature, pressure and duration times were tested.

4.5.3.1. PMMA. The bonding parameters were needed to be optimized to achieve a strong

bonding. The parameters tested in hot embossing press (carver) and in oven for the
optimization of the temperature and pressure are listed in Table 4.6 and Table 4.7,

respectively. For our hydraulic press system, 2 bar equals to 95 Ibs.

Table 4.6. Bonding parameters tested for PMMA in hot embossing press.

Cleaning & Pretreatment Bonding
Sample
4 Solvents used for surface | Time | T | Load | Time Results
Cleaner . . Comments
treatment (min) [(CC)| (Ib) (min)
Solvent remained in device,
1 IPA 2 85 | 600 10 .
shape deformation
2 IPA applied by brush - 85 500 10 Shape deformation
3 min IPA, 5 min DMSO No deformation, weak
4 . - 85 | 500 10 . Leakage
dried by N, bonding
Surface is whitened, channels
5 5 Acetone 5 85 400 10
< are deleted
B
2 Acetone evaporation on .
6 = 3 85 | 400 10 Weak bonding Leakage
2 channel side
[a)
:E Chloroform evaporation .
7 a . 2 85 | 400 10 Weak bonding Leakage
- on channel side
No leakage on one side, strong | Flow is not
8 - - 95 | 500 45 .
bonding observed
9 - - 95 | 400 45 Weak bonding Leakage
Chloroform evaporation
10 . 2 95 | 400 30 Weak bonding
on two sides
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Table 4.6. Bonding parameters tested for PMMA in hot embossing press (cont.).

11 IPA 2 105 | 750 120 -
All shapes are deleted, good
12 IPA 2 105 | 500 120 ) -
bonding strength
13 e IPA 2 105 | 500 90 -
2
g5 ) No leakage or
14 = IPA 2 105 | 500 75 Shape is blurred
2 flow
o
<+,: Shape is blurred, bonding
16 a IPA 2 105 | 500 60 o -
T strength is still good
o
o
g Shape is good, bonding
17 IS IPA 2 105 | 500 45 . Leakage
@ strength is weak
2
18 & IPA 2 115 | 500 30 All shape is deleted -
Strong bonding, shape is Water flow was
19 IPA 2 105 | 95 15
blurred not observed
Table 4.7. Bonding parameters tested in oven for PMMA.
Cleaning & Pretreatment Bonding
Sample
Solvents used for | Time | T | Load | Time Results
# Cleaner Comments
surface treatment | (min) |(°C)| (Ib) (min)
1 95 45 Shape is OK but weak bonding
2 95 60 Weak bonding
3 g 95 45 Weak bonding
=
3 Weak bondin
4 = 100 120 g
(%2}
.5 .
5 <JE PA ) 105 4 60 Shape is blurred
% clamps
8 Good bonding strength, shape is .
g ¢ blurred to b d Flow is not observed
not blurred, can not to be opene
6 1‘:(: 105 55 by syringe and pump
> by hand
Qo
©
0
Good bonding strength, shape is | Flow is observed at
7 105 50 not blurred, can not to be opened one side but not
by hand repeatable

The glass transition temperature of PMMA is almost 105°C and the trials on the

bonding temperature were started from 85°C by using the hydraulic press machine

(Carver). The bonding operation was done by using two 3cm x 4cm PMMA polymer
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pieces. As the first step of this process, cleaning was done as described in Table 4.6. Then,
the two clean polymer pieces were aligned between two 2 mm thick glass pieces to achieve
a uniform heat distribution and covered by aluminum foil, and put between two plates of
Carver machine. The initial temperature values tested were between 85-95°C after the
solvent treatment. After many trials listed in Table 4.7, the best results were achieved at
105°C under 500 Ibs pressure for 45 minutes. Unfortunately, the leakage was still observed

and the heat distribution was not uniform enough.

In order to achieve more uniform heat distribution, the two clean polymer pieces to
be bonded were aligned between the two 2 mm thick glass pieces, covered by aluminum
foil and pressurized by 4 clamps at each side and this system was put into oven to test
several temperature and duration times (Table 4.7). The duration time was optimized as 50
minute at the temperature of 105°C. After the fabrication of the microfluidic device
(microbioreactor), the channels need to be tested whether they are open or clogged. The
PMMA made devices were tested by water. The water flow through the channels is shown
in Figure 4.34.

Figure 4.34. The water flow in the PMMA made microbioreactor (a) left side inlets
(b) filling the channels by water (c) right side inlets (d) the water droplet in the c-shaped

region.
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COP. The bonding parameters for two COP polymer pieces needed to be

optimized again because of the different characteristics of this polymer. The temperature

and pressure parameters tested to optimize the bonding process are given in Table 4.8.

Table 4.8. Bonding parameters tested for COP.

Cleaning & .
Bonding
Sample Pretreatment
Results
# Time | Temp | Load | Time
Cleaner | Solvent ) . Comments
(min) | (°C) | (bar) | (min)
Parameters were determined by .
1 95 9 30 . No bonding
using reference [29]
. Good bonding
Parameters were determined by
2 135 4 5 . strength but shape
using reference [30] )
is blurred
3 135 2 5 Shape is blurred -
Bonded but opened after a
4 130 4 5 -
while
Bonded but opened after a
5 . 130 2 5 -
o while
s
= E Bonding strength i 4 sh Flow is observed at
= onding strength is good, shape
6 G % 130 2 30 g . g J ® one side, only
Vo) ) is not blurred
+ E - leakage at outlet
<L [3)
o % Inlets are corrected by knife
+ w
7 @ S 130 2 30 before bonding (to avoid the Weak bonding
o
@ clogging because of inlets)
<
Inlets are opened at cover slide )
8 130 2 30 . Weak bonding
and corrected by knife
9 90 10 30 No bonding -
10 110 20 10 No bonding -
11 110 20 30 No bonding -
Strong bonding, channels are
12 130 10 10 also bonded (tried with a -
dummy sample)
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Cleaning & Pretreatment Bonding
Sample
Results
#
Time | Temp | Load | Time
Cleaner Solvent . . Comments
(min) | (°C) | (bar) | (min)
Strong bonding,
No solvent
13 130 8 10 channels are also -
treatment
bonded (dummy sample)
14 130 2 30 Weak bonding Acetone leakage
Treated by O2 plasma- | Good hydrophilic
15 _ 130 2 30 | 180W /20 Torr/13.56 | properties, water
% 10 MHz / 4 min leakage
<
w Bonding strength is OK,
C-shapes cannot be Acetone flow
16 % 130 10 30 cleared under without leakage, no
=
3 microscope (dummy water flow
= sample)
2
<+E Bonding strength is OK,
o C-shapes cannot be Acetone and water
+
17 b 10 130 9 30 cleared under flow are observed
[}
2 microscope (dummy without leakage
<
sample)
Bonding strength is OK,
shape cannot be seen
= Shape cannot be
18 8 10 130 10 30 clearly under
E= . seen clearly
w microscope (new
sample)
Bonding strength is OK,
shape cannot be seen
Shape cannot be
19 10 130 8 30 clearly under
. seen clearly
microscope (new
sample)
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Table 4.8. Bonding parameters tested for COP (cont.).

Cleaning & Pretreatment Bonding
Sample
- - Results
# Time | Temp | Load | Time
Cleaner |Solvent . . Comments
(min) | (°C) | (bar) | (min)
- Bonding was done
g 5 Shape is clear. Channels and
20 v o 2 é ) 130 6 30 between two glass
5 c_g_ 2 5 pieces. c-shapes are also bonded.
= =
S 5 |©
o) <
= f_: Shape is clear. Channels are
21 7 £ 4 30
Fa also bonded.
Te]
+ —
< £ Shape is clear. Channels are
22 & 5 4 30
+ L also bonded.
[«}) c
S 2
g s Shape is clear. Acetone flow
o X
23 < 2 2 15 is observed. Some inlets
may also bonded.
Shape is clear. Acetone flow
24 2 15 is observed in all three
channels. (triangle piece)
130 Acetone flow was observed
25 2 30 in all channels wo leakage
g ir;‘ (bigger triangle piece)
gz
s 9 Acetone flow was observed
26 B8 ¥ 4 45 )
= = (rectangular piece)
2 &
e 2] b= Acetone flow without
27 | £ 8 5 50 | 60 leak
a S g eakage
j') E = - Middle channels collapsed
c -
S 2 o Bonding was done
[ S Acetone flow without
< 35 2 between two glass
28 Z 45 60 . leakage
pieces.
Some channels collapsed
120 Acetone flow without
29 35 60 leakage
Some channels collapsed
Acetone flow without
leakage
30 25-30 | 60
Open and not collapsed
channels
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The solvent treatment was not used for COP polymers because of their high
resistance to chemicals. The chemicals do not change their surface properties easily. The
most important beginning step was the cleaning procedure and it was optimized. Both hot
embossed and cover pieces were cleaned by acetone, 2-propanol and distilled water
respectively and put into ultrasonic bath for 15 minutes, dried on the hot plate heated at

80°C. Two polymer pieces were aligned between two glass pieces as shown in Figure 4.35.

Figure 4.35. The alignment of two to be bonded COP polymer pieces.

The optimized temperature for the bonding process of two COP pieces (2 mm
thickness each) is 130°C, no bonding was materialized at 125°C and the channels were
collapsed at 135°C. Therefore, the temperature is a very critical parameter for the bonding
of two COP pieces. The dimension of the polymer piece is also critical. The bonding of
small triangular pieces with dimensions of 4cm x 3cm x 3cm (2 mm thickness) were
optimized at 130°C by applying 2-4 bar for 30 minutes. The bonding of rectangular COP
pieces (area of 3cm x 4cm, thickness of 2 mm) were optimized at 130°C by applying 4-6
bar for 45 minutes. The bonding of square COP pieces (area of 3cm x 3cm, thickness of
1.5 mm) were optimized at 120°C by applying 25-30 bar for 60 minutes. The uniform heat
distribution through a big surface area is more difficult.

The COP polymer showed very high hydrophobicity and because of this reason, the
flow in the channels was tested by injecting acetone through the inlets. The acetone flow

in the microbioreactor and the empty and filled sides of COP made microbioreactor are
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shown Figure 4.36. The devices, in which acetone flow occurred in channels without

leakage, were then tested with water by inserting the tubings to inlets and outlets (Figure
4.37).

Filled channels Empty channels

Figure 4.36. The COP made microbioreactor after acetone injection (a) the parabolic
flow in inlets at the beginning (b) the first two channels loaded with acetone (c) the

difference between a filled and an empty channel (d) the outlet of the device.

Figure 4.37. Filling of the channels of the COP made microbioreactor with water.
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4.5.3.3. PEN. The parameters tested to bond 3cm x 4cm PEN polymer pieces are shown
in Table 4.9. The solvent cleaning procedure was first optimized as washing with acetone,
2-propanol and distilled water. The solvent treatment was applied by submerging into
Ethanol:Chloroform (1:1) mixture for 5 minutes. The optimized temperature, pressure and
duration times are 135°C, 1500 lbs and 90 minutes, respectively. The PEN made
microbioreactor’s channels were also tested by injecting acetone through the inlets. The
thickness of PEN sheets were 125 micron and keeping the pieces clean was more difficult
because of the charging of PEN surface by the environment. Figure 4.38 shows the acetone

flow in the PEN made microfluidic channels.

Table 4.9. Bonding parameters tested for PEN.

Cleaning & Pretreatment Bonding

Sample # Results
Time T Load Time
Cleaner | Solvent . . Comments
(min) | (CC)| (Ibs) (min)

Bonding ok, collapse at inlets

1 5 120 | 2350 150 Solvent procedure repeated. & outlets, acetone flow is
ko observed.
s
3 Bonding ok, collapse at inlets
2 B 5 120 | 1800 180 - & outlets, acetone flow is
a
T observed.
<
a
3 5 120 | 1200 180 - Leakage observed (acetone)
= Bonding ok, big bubble is
=4 Load >2500 at the end of the
4 = 5 120 | 1500 210 observed at the center of the
L process (unknown reason) .
2 chip.
K=}
= - -
5 g Bonding ok, collapse at inlets
5 E % 5 125 | 1800 180 - & outlets, acetone flow is
=} ey
= i observed.
2
e Bonding ok acetone flow is
6 < 5 125 | 1200 120
a observed (less collapsed area)
+
2 Bonding ok acetone flow is
7 £ 5 125 | 1200 240
2 observed (less collapsed area)
Bonding ok, collapse at inlets
8 5 125 | 1200 360 - & outlets, acetone flow is

observed.




Table 4.9. Bonding parameters tested for PEN (cont.).
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Cleaning & Pretreatment Bonding
Sample
“ Time | T | Load | Time Results
Cleaner Solvent . . Comments
(min) | (°C) | (Ibs) | (min)
load >2000 at
the end of the Nonhomogeneous
9 5 125 | 1200 | 420 process bonding, leakage
(unknown observed (acetone)
Acetone + reason)
IPA + Bonding ok, collapse
o Ethanol+Chloroform(1:1) .
Distilled at inlets & outlets,
10 5 125 | 1500 | 90 - .
water acetone flow is
observed.
Nonhomogeneous
11 5 135 | 500 60 - bonding, leakage

observed (acetone)

Filled channel

Empty channgls

Figure 4.38. The inlets of the PEN made microbioreactor after acetone injection (a)

filling of the channels after injection (b) the acetone filled c-shapes (c) a filled and an

empty channel (d) the outlet of the device (4X objective).
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4.5.4. Clogging Problem

After testing the channels with acetone, experimental setup was established. As the
first step of loading, acetone and ethanol were perfused to channels to remove the air
bubbles. First acetone was introduced through the inlets and when the microbioreactor was
fully filled with acetone, ethanol perfusion was done through the channels in order to
remove acetone so that it did not harm the COP and PEN polymer pieces and sterilized the
microbioreactor. The acetone and ethanol were loaded through all inlets at a rate of 20
pL/min for 30 minutes to fill all the channels and remove the air bubbles. The acetone flow
and air bubble formation are shown in Figure 4.39. Acetone and also ethanol filled the first
c-shaped region and then continuously filled all the chambers including c-shapes one by
one (Figure 4.40).

=

Figure 4.39. The acetone flow in the COP made channels (a) air bubbles occured in the
cell perimeter (b) a fully filled channel (20X objective) (c) the first c-shaped region (d)
the last c-shaped region (40X objective).
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Figure 4.40. The COP made microbioreactor (a) channels started to fill with ethanol (b)
empty and filled channels (4 X objective).

The air bubbles in the device was also removed by the perfusion of ethanol in PEN
made microfluidic device. Figure 4.41 shows the auto white images of the empty and filled

PEN made channels with ethanol.

Figure 4.41. The ethanol flow in the PEN made channels (a) the empty channels (b)
ethanol flow in the first chamber (20X objective).

After this perfusion process, the syringes containing liquid medium were connected
to three inlets of COP made microbioreactor and medium loading was started. When the

liquid medium was forced by the syringe pump at a rate of 5-20 uL/min through the inlets,
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a very high pressure difference occurred in the microfluidic device and no medium flow
can be observed. This could be because of the high resistance caused by the hydrodynamic
pressure difference in the 8 pm depth channels. Due to high pressure drop through the
channels, the fluid started to flow in the opposite direction, backflow occurred. As it can
be seen in Figure 4.42, the fluid flow was divided into two parts because of the backflow

in the COP made microbioreactor.

Figure 4.42. The auto white image of the backflow in the middle inlet channel of COP

made device (20X objective).

Considering these problems, the microbioreactor height was increased from 8 um to
17 um enable proper flow in the channels and consequently to visualize the cells. Also the
inlet and outlet channels’ shapes were changed to avoid the clogging possibility of the
wider sections. For this aim, a new mask was created by using the L-Edit software. The

problems and their solutions are given in Table 4.10.
4.6. The Second New Design
4.6.1. Creating the Second Mask
The previous design was found to be not appropriate for cell and nutrient loading. Hence,

a new design was created by taking the problems mentioned in Section 4.5 into

consideration.



Table 4.10. Troubleshooting Table.
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Step

Problem

Possible Reason

Solution

Design

The entire c-shaped region cannot
be seen under Nikon inverted Ti-
microscope by using 40X

objective

The inappropriate dimensions

of the design

A 40X objective stage

micrometer was set and

measured by using 40X
objective.

New dimensions were specified
for seeing all area of the c-
shaped region.

The possible undercuts
appeared during the etching

process were also considered.

Electrochemical Wet
Etching

Thicker c-shape dimensions than

expected

Longer electrochemical etching
duration than needed
Etching of the perimeter of c-
shaped region more than

expected

The electrochemical etching
duration is optimized for

different depths individually.

Cleaning

Unexpected dust or
contamination on the polymer
surface and difficulty in imaging
step

Insufficient cleaning steps or

solvents for a clear surface

The most proper solvent was
chosen for each polymers
cleaning specifically.
Ultrasonic bath was used to
clean the COP pieces.

Drilling

The bulges appeared during the
opening of inlet and outlet ports
Inefficient bonding of the channel

side

Melting of the COP polymer
because of the heat of the

drilling bit

The bulges were appeared on
the side where drilling bit first
touches.

The drilling was done from the
opposite side of the COP

polymer piece.

Bonding

Non uniform heat distribution

Not enough uniform heat
spreading in the polymer by

carver’s upper and lower plates

The polymers were aligned
between 2 mm thick glass

pieces.

Bonding

The clogging of the channel walls

Too much temperature or

pressure

Lower pressure and
temperatures were applied for

longer times.

Loading

Leakage from the inlets during

fluid loading

Insufficient bonding or weak
sticking of polymer piece and

the inlet ports

The tubings were safely
attached by using more epoxy

to strengthen the access.

Furthermore, the inlet and outlet channels’ polygonal shape causes some clogging in

the middle of the inlet and outlet channels leading to chambers. Therefore the channels

were designed as straight lines to eliminate this problem (Figure 4.44). Another problem

was the narrow channels around the perimeter of the c-shaped region. The fluid could not
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pass through these channels easily. The diameters were reconsidered in the new design, by
estimating the reduction in these areas resulted by electrochemical wet etching process.
Also, because of the new height of the microbioreactor expected to be 20um, consequently
the dimensions were changed as shown in Table 4.11. The new dimensions are shown in
Figure 4.43.

Table 4.11. Dimensions of design-1 and new design-2.

Dimensions (microns) New design-1 New design-2
R1 (radius of the inner chamber) 60 100
R2 (radius of the middle chamber) 110 150
R3 (radius of the outer chamber) 160 310
w (widths of the channels) 90 160
Height of the reactor 10 20
C-shape thickness 50 50

Figure 4.43. The dimensions of a chamber for new design-2.

The new design again consists of 8 chambers along 2 columns with 6 inlet and 2
outlet channels. The diameter of the trapping region is 200 pm and c-shape thickness is 50
um. The inlet channels for yeast and nutrient supply, outlet channels for waste and side
channels for carrying the excess flow to main channels, all have 160 pm width and 20 um
depth. The design modelled by L-Edit software program in two dimensional form is shown

in Figure 4.44 and the microscope images of mask is shown in Figure 4.45.
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Figure 4.44. General view of mask and chambers for new design-2.

Figure 4.45. Microscope images of second etched steel plate (a) channels by 5X
objective (b) one entire c-shaped region by 10X objective (c) 20X objective (d) 50X
objective (captured by Nikon Measuring Microscope MM-400).

The mask was printed on an acetate paper and used to shape the steel plate with this

new design by following the same procedure in Section 3.1.3. The wet etching setup was
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prepared to create a 20 pm depth in the steel plate. DC power supply was set to 22.5A to
provide the current for electrochemical etching and applied for 60 seconds. The steel mask

was then formed and its depth was measured as 17-20 um as shown in Figure 4.45.

The microfluidic device with its channels was produced by using the stainless steel
mask via hot embossing. The hot embossing process was carried out at 130°C. The 3cm x
3cm polymer piece was put on the steel mask and pressurized at 30 bar. The stainless steel

mask used for hot embossing is shown in Figure 4.46.

Figure 4.46. The stainless steel mask used for hot embossing.

Figure 4.47. The COP made microbioreactor after bonding.
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The inlets and outlets were drilled and polymer pieces were cleaned by following the
same cleaning procedure as mentioned before in Section 4.5. The bonding parameters were
also optimized for this new design. The two COP pieces were aligned between two glass
pieces, pressurized at 50 bar (2375 Ibs) and 120°C. The microbioreactor’s channels were
tested after bonding (Figure 4.47), by injecting acetone through the inlets. Acetone flow in

channels is shown in Figure 4.48.

Figure 4.48. Acetone flow in the COP microbioreactor (a) an empty chamber (b) the

channels filling with acetone (c) the outlet channels (d) acetone flow at the outlet.

4.6.2. Determination of Optimum Inlet Flowrates for Design-2

The aim of this simulation was to find the efficient inlet flow rates to trap the yeast
cells in all c-shaped regions. In order to achieve this aim, several inlet flow rates were
tested and the flow profile inside the second revised design was analyzed. Table 4.12 shows
the summary of flow rates which were tested to determine the optimum velocity valuesin

the middle and the side channels.
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Table 4.12. Summary of inlet flow rates and velocities in the simulated models for new

design-2.
Flow rate in the o Chamber 8 velocity at the .
. Flow rate in side . Flowin C-
Model middle channel ] middle of the chamber )
) channels (uL/min) shaped region
(uL/min) (m/s)

1 1 1 2.2x10% Rapid

2 0.1 0.1 1.92 x 10 Rapid

3 0.1 0.01 5x 10 Irregular

4 1 0.1 7.6x10% Efficient

5 10 1 0.00126 Efficient

In the first model, same inlet velocities of 1 uL./min were used for all the three inlets.
The general velocity field, first and last chambers’ velocity distribution and the velocities
inside the c-shaped region of the chambers are shown in Figures 4.49, 4.50 and 4.51,

respectively.

Slice: Velocity fiekd [m/s] Arrow: Velockty field Max: 0.0106

Figure 4.49. Velocity field of model 1 for new design-2.
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Figure 4.50. Velocity field of the first and the last chambers of model 1 for new design-2.

The color distribution through the microbioreactor showed that the flow in two side
channels, between the chambers and around the perimeter of the c-shape were very rapid.
The velocity in all the chambers showed the same behavior and these rapid velocity values
may cause the cells to be flushed away from the trapping region. In Model 2, the inlet
velocity values were decreased by 10 fold and entered as 0.1 pL./min. Model 2 had similar
velocity profile as Model 1 (Figure 4.51 and 4.52). Again, the high velocity values

throughout the microbioreactor appeared in all sections continuously.

Slice: Velocity field [mys] Arow: Velocity field Max: 1.06e-3

Figure 4.51. Velocity field of model 2 for new design-2.
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Figure 4.52. Velocity field of the first and the last chambers of model 2 for new design-2.

The velocities inside the c-shaped regions of the chambers for Models 1 and 2 are
givenin Figure 4.53. The velocity curves showed the same trend for these models. In model
1, the speed value at the center of the first chamber (x=0) was 1.8x10* m/s and higher
speeds were seen in other seven chambers (2.2x104 m/s). In model 2, the speed value at
the center of the first chamber (x=0) was 1.59x10-° m/s and higher velocities were seen in
other seven chambers (1.92x10° m/s). These proportionally rapid flows may cause

inefficient trapping in the first c-shaped regions of the first chambers.

Velocity field [mys] Velocity fied [m/s]

—v— Chamber 1 : ] : —v— Chamber 1
~&— Chamber 2 ¢ k —8— Chamber 2

Chamber 3 . Chamber 3
—e— Chamber 4 ~&— Chamber 4
=% Chamber 5 —%— Chamber 5
—&— Chamber 6 —— Chamber 6
—— Chamber 7 "1 |— Cnamber 7
~%— Chamber 8 —+— Chamber 8

Velocity field [m/s]
~
Velocity field [m/s]

Figure 4.53. The velocities inside the c-shaped regions of the chambers of model 1 and

model 2 for new design-2.
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In Model 3, the inlet velocities of side channels were decreased by 10 fold. The inlet
velocity values for middle and side channels were determined as 0.1 and 0.01 pL/min. The
velocity profile given in Figure 4.54 showed that the velocity values in side channels were
slower than those obtained by first two models. Also, flow was not so rapid in connection
channels and around the perimeter of the c-shaped region (Figure 4.55). The velocity in
the first chamber was higher than those in other seven chambers, though, there was not a
significant velocity difference among all chambers. In Model 4, the inlet velocities of
Model 3 were increased by 10 fold and almost same velocity profiles were obtained as
those in Model 3 (Figure 4.56). Also, the velocity fields of first and the last chambers

showed the same trend in two models.

Sike: Velocty feld [mys] Amow: Velocty field Max: 8.89%¢4

Figure 4.54. Velocity field of Model 3 for new design-2.

In Model 3, the velocity inside the first c-shaped region was irregular (Figure 5.57
and 5.58). The velocity showed a meaningless decrease from the center towards the walls
of the c-shaped region. Also, it reached zero in some region (x=-0.65x10* m) which may
cause inefficient trapping. The speed values at the center of other seven chambers (x=0)
were nearly 5 x 10 m/s and almost zero, which shows that cells could not reach the
trapping region. In Model 4, the speed at the center of the first chamber (x=0) was 2x10

m/s and lower speeds were seen in other seven chambers (8x10-° m/s). The velocity values
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were convenient for an efficient cell trapping. Also, the colors showed that the flow was

not as rapid as in other models, which may prevent the flushing out.

Figure 4.55. Velocity field of the first and the last chambers of model 3 for new design-2.

Slice: Velocity field (m/s] Arrow: Velocity field Max: 8.88e-3

xlO3

Figure 4.56. Velocity field of model 4 for new design-2.
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Figure 4.57. Velocity field of the first and the last chambers of model 4 for new design-2.

Velocity field [mys]
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Figure 4.58. The velocities inside the c-shaped regions of the chambers of model 3 and

model 4 for new design-2.

In Model 5, the inlet velocity values of Model 4 were increased by 10 fold. The
general velocity field, first and last chambers’ velocity distribution and the velocities inside
the c-shaped regions of the chambers for Model 5 are shown in Figures 4.59-4.61. The
speed at the center of the first chamber (x=0) was almost 0.0042 m/s which was higher
than those obtained in other seven chambers (0.00126 m/s). The velocity profiles in

chambers were same in Model 4 and 5 and selected as suitable models for an efficient cell
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trapping. In the light of the simulations of velocity, pressure and concentration profiles,
Model 4 (inlet velocities of 1 pL/min and 0.1 pL/min for cell and nutrient loading,
respectively) is selected as the best model for efficient cell trapping. The nutrient
concentration value was decreased from 111 mol/m3 to only 107.68 mol/m3 (2.99%
decrease) and the profile was as expected. Pressure distribution and nutrient distribution

graphs of Model 4 are given in Appendix B.

Sice: Veloriy fid [ms] Amow: Veloaly fiéd Mox 00872

L]

Figure 4.60. Velocity field of the first and the last chambers of model 5 for new design-2.
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Figure 4.61. The velocities inside the c-shaped regions of the chambers of model 5 for

new design-2.

4.7. Yeast Culturing in Microfluidic Device (Microbioreactor)

In order to visualize the cell culturing in the home-made microfluidic device, GFP
tagged YORO060C strain (Saccharomyces cerevisiae) was used for the experiments and

medium types were varied for each experiment.

4.7.1. Growth Experiments with Rich YPD Medium (E1Y)

The Lab-on-a chip platform was prepared for yeast experiments. The microfluidic
device (consists of chambers of 0.13 nL volume) was mounted on the stage of Nikon
Eclipse Tiinverted fluorescence microscope. 4 connection tubings for inlet and outlet ports
were inserted by using epoxy and dried at room temperature for 3 hours. The syringe
pumps were prepared for yeast cell and media loading. Diluted yeast preculture (Optical
Density=0.5) was filled into 5 mL syringe. Three 50 mL syringes were filled with YPD
medium. Tubings connected to the device were located on the microscope stage. The three
YPD medium filled syringes were located in the syringe pumps and their rates (1puL/min)

and diameters were set and perfusion through the chip was started. When all the chambers



106

were filled with YPD medium, yeast cell loading was initiated through the middle inlet at
a rate of 0.1uL/min. After cell loading, nutrient feeding at a rate of 1 uL/min through all
channels was done for 12 hours. The experimental setup is shown in Figure 4.62.

Figure 4.62. Experimental setup.

The yeast cells were imaged under 40X objective by using Ph2 condenser filter and
both bright field and fluorescence images were taken at one hour time intervals. All the
taken photos were processed by using Fiji/lmageJ software and the parameters such as cell
count, cell area and cell perimeter of GFP tagged yeast strain (YOR060-GFP) were
determined and the results are given in the following sections. The integrated density
values obtained from fluorescence images were used to obtain the amount of luminescence
for cell concentration.

The duration of experiment was 20 hours. Approximately, 15 chips of Design-2 were used
in this experiment (E1Y). The preparation of inlet connections took 3 hours. After the
connections were done, the first chamber was filled with YPD medium in 1 hour and
perfusion of the whole microbioreactor approximately took 5 hours. After the perfusion,
the yeast cells were loaded through the middle inlet and the experiment was stopped after
12 hours. The problem in this setup was the leakage of the medium from inlets through the

intersection of the epoxy and polymer. Because of the leakage, direction of flow changed
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after 10 hours and some air bubbles appeared in the channels. After a while, yeast cells

were started to flow back and the experiment had to be finished.

4.7.1.1. Chamber 1. Most of the yeast cells were efficiently trapped in the first chamber.

Because of the narrow gap between the c-shape and the cover, medium also filled on top
of the c-shape and some cells were trapped in this area beside the determined trapping
region. Here, Figure 4.63 shows the initial yeast cells started to be trapped in the first
chamber after one hour from the start of the cell loading. Figure 4.64 shows the perfectly

trapped cells at 60", 120™ and 180" minutes of the experiment.

Figure 4.63. The yeast cells in the first chamber.

Figure 4.64. The trapped yeast cells in the trapping region of chamber 1.
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The yeast cells in the images were processed by taking the area of trap region without
considering the cells trapped on top of the c-shape. The cell count, cell area and cell
perimeter were determined for each chamber respectively (Figure 4.65 and 4.66).
According to Figure 4.65a, the cell number was zero at the beginning of the yeast cell
loading experiment. After 60 minutes, cells were started to fill in the c-shaped trapping
region. The cell number started to increase slowly between 60" and 240™ minutes and

sharply increased between 240™ and 360" minutes.

(a) Cell count vs Time (b) " Cell count vs Number of
Generations
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Figure 4.65. Graphical display of processed data for chamber 1 (a) cell count vs time
graph (b) cell count vs number of generations graph (c) log(cell count) vs time graph

(brightfield images) (d) integrated density vs time graph (fluorescence image)-ELY.

The cell cumber was increased from nearly 200 to 800 throughout 5 generations
(Figure 4.65b). Here the exponential growth of the GFP tagged YORO060C yeasts can

clearly be seen in Figure 4.65c. At the time interval of 300 to 480 minutes, the cell number
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remained same which showed the stationary phase of the cell growth. After 480" minute,

cell number started to decrease and remained same until the end of the experiment. Yeast

culturing was performed successfully in the first chamber. The integrated density of GFP

tagged cells were also analyzed to see the change in the amount of luminescence during

the culturing. The fluorescence images were processed and results are shown in Figure

4.65d. The integrated density vs time graph showed similar behavior as cell count. At 420t

minute, a sharp increase was also seen. This may be because of the distribution of

fluorescence signals of yeast cells. In some cases, while the cells started to form clusters,

the signals come closer and seen as one big signal point. In Figure 4.66a, the change in cell

area with time is given for the first chamber. The behavior of the area change was very

similar to that of cell count change.
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Figure 4.66. Graphical display of processed data for chamber 1 (a) cell area vs time graph

(b) cell perimeter vs time graph (c) cell area/cell count vs time graph (d) cell

perimeter/cell count vs time graph (brightfield images)-E1Y.
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The cell area was started to increase from 60™ to 240™ minutes and sharply increased
between 300" and 480" minutes. The cell area difference between 420" and 480" minutes
was greater than those in other intervals. This may be due to the aggregation of the cells
and the separation of these cells in image processing was more difficult. The cell perimeter
for the first chamber showed an increase through at the experiment. After 480" minute,
cell perimeter started to decrease and remained same. The cell perimeter/cell count vs time
graph is given in Figure 4.66d. As cell number increases the cell perimeter should also
increase and this ratio need to remain same for all time. The cell area/cell count values at
60, 180" and 360™ minutes were smaller than others, the values almost remained same at

all times (Figure 4.66c).
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Figure 4.67. Graphical display of processed data for chamber 1 (a) integrated density/cell
area vs time graph (b) log(integrated density) vs time graph (c) integrated density/cell

area vs number of generations (d) log(integrated density)/cell area vs time graph-EL1Y.
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As the cell numbers increase by time, the total cell area is expected to increase like
cell perimeter/cell count relation. The cell area/cell count ratio was almost same but at the
420" minute there was a sharp increase. As the cell number was increased during the
experiment, area of the cells was also increased and fluorescence signals become more
detectable. According to Figure 4.67c, integrated density/cell area ratio was shown a

constant trend along the generations.

4.7.1.2. Chamber 2. The cells were trapped in the c-shaped region of the second chamber

efficiently. Figure 4.68 shows the perfectly trapped cells at 300™, 360™ and 420" minutes

of the experiment.

Figure 4.68. The trapped yeast cells in the trapping region of chamber 2.

The brightfield images of Chamber 2 were processed and cell count, cell perimeter,
cell area and integrated density graphs are given in Figure 4.69. The cell number was zero

at the beginning and first cells were started to be trapped in the c-shaped region at about
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120™ minute. Cell number increased slowly in 3 hours, between 120™ and 360™ minutes.
There was a sharp increase in cell number from 240™ to 300" minute interval. The cell
number almost remained same between 360" and 660" minutes (Figure 4.69a). The
logarithmic change in cell number with time is shown in Figure 4.69c. Here, at first two
hours, no cells were trapped in the trapping region. From the 120" minute onwards, the
cell number started to increase exponentially (exponential growth phase) and remained
same until the experiment stopped (stationary phase). The cells were first trapped at 120

minute and number of cells were reached almost 400 during 5 generations (Figure 4.69b).
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Figure 4.69. Graphical display of processed data for chamber 2 (a,b) cell count vs time
graph (c) log(cell count) vs time graph (brightfield images) (d) integrated density vs time

graph (fluorescence image)-E1Y.

The fluorescence images were also processed to see the integrated density change

during the experiment. When the cells started to grow and divide, the integrated density is
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expected to increase by the increasing fluorescence signals. The integrated density was
found to increase until 360" minute in agreement with cell count, but there was a
degradation at 300" minute (Figure 4.69d). Some signals might become invisible under
microscope because of the sedimentation of cells. After 300™ minute, integrated density
again started to increase as expected. The cell area was increased as the cell number
increased which was as expected result (Figure 4.70a). At the 480" minute of the
experiment, the increment in cell area was bigger than those obtained in other time
intervals. This may be because of the aggregated cells in this region and while processing,
the cells could not be divided more than twice. The cell perimeter was expected to increase
by time and Figure 4.70b supports this. Same as cell area graph, at 480" minute the
perimeter increased more than those in other time intervals. This may also be explained by

aggregated cells with bigger area and perimeter.
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Figure 4.70. Graphical display of processed data for chamber 2 (a) cell area vs time graph
(b) cell perimeter vs time graph (c) cell area/cell count vs time graph (d) cell

perimeter/cell count vs time graph (brightfield images)-EL1Y.
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Cell area/cell count change by time was also analyzed for chamber 2. As shown in
Figure 4.70c, there was a constant ratio seen after the cells started to be trapped in the
determined c-shaped region. Also, cell area/cell count ratio remained almost same during
the experiment. The cell perimeter/cell count vs time graph is shown in Figure 4.70d. The
ratio was higher at 240™ and 480™ minutes but the difference among all data points was
not significant. According to Figure 4.71, log2 based values of integrated density were

remained constant at the value of nearly 22.5 throughout the generations.
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Figure 4.71. Graphical display of processed data for chamber 2 (a) integrated density/cell
area vs time graph (b) log(integrated density) vs time graph (c) integrated density/cell

area vs number of generations (d) log(integrated density)/cell area vs time graph-E1Y.



115

4.7.1.3. Chamber 3. The brightfield and fluorescence images of the third chamber were

also analyzed. The cell count, cell area and cell perimeter graphs are given in Figure 4.72
and Figure 4.73. According to cell count vs time graph, the cells started to be trapped at
about 120" minute. Integrated density changes with time graph (Figure 4.72d) also
supports this. The decrements in Figure 4.72a may be because of the sedimentation of the
cells. The number of cells trapped in the third chamber was less than those of first two
chambers. The backflow, happened after a while, may cause the forward flowing cells to
go in opposite direction and may lead to cell loss in chamber 3. Therefore, a very low
number of cells were trapped in the fourth chamber and the cells could not reach beyond
4™ chamber. First cells were trapped in the c-shaped region at 120" minute and counted
cell number was 100 at the 5™ generation (Figure 4.72b). Figure 4.72c shows the

logarithmic change in cell number with time.
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Figure 4.72. Graphical display of processed data for chamber 3 (a,b) cell count vs time
graph (c) log(cell count) vs time graph (brightfield images) (d) integrated density vs time
graph (fluorescence image)-ELY.
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The changes in cell area and cell perimeter with time were expected to increase with
increasing cell number in the c-shaped region. Figure 4.73a and 4.73b also show that, the
cell area and perimeter started to increase at 120™ minute and there was an increasing trend
in the area during the experiment. Some small fluctuations may be due to the image
processing step. The cell area / cell countand cell perimeter / cell count graphs were plotted

to see whether the ratios were constant or not (Figure 4.73c and d).
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Figure 4.73. Graphical display of processed data of chamber 3 (a) cell area vs time graph
(b) cell perimeter vs time graph (c) cell area/cell count vs time graph (d) cell

perimeter/cell count vs time graph (brightfield images)-E1Y.

While cells were started to be trapped and budding, some budded cells were seen as
one big cell in the processing step. The cells could be divided mostly twice in the imaging
software but it was not possible to portion the cells as much as we want. Therefore, the cell
clusters were sometimes counted as one big cell. The change in the ratio of cell

perimeter/cell count with time was almost constant during the experiment, as shown in
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Figure 4.73. The log2 based integrated density to cell area ratio was high at the beginning
of the experiment. After 240" minutes, the grown daughter cells were started to separate
from mother cells and their area were also taken into account. The ratio almost remained
constant after this point (Figure 4.74d). Integrated density / cell count change by time
graphs are given in Appendix C.
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Figure 4.74. Graphical display of processed data for chamber 3 (a) integrated density/cell
area vs time graph (b) log(integrated density) vs time graph (c) integrated density/cell

area vs number of generations (d) log(integrated density)/cell area vs time graph —-EL1Y.
4.7.2. Growth Experiments on Caloric Restriction with YPD medium (E2Y)
The second type of experiments were done via using the chips bonded at different

parameters. The chips bonded at 125 °C by applying different pressures (45, 35, 30 and 25

bars) were tested. Approximately, 15 chips of Design-2 were used in this experiment
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(E2Y). The medium loading was started at an inlet flow rate of 1 pL/min and continued

until all channels were filled with 0.2% glucose containing medium.

For the chips bonded at 45, 35 and 30 bars, after a while leakage of the medium from
the inlets through the intersection of the epoxy and surface of the polymer piece occurred.
The flow could not reach to outlet of the microfluidic device because of this leakage
problem. The chip which was bonded at 25 bar was filled with medium faster than other
three chips and no leakage occurred. Also, the excess flow was collected from outlet ports
continuously during the experiment. After all the channels were filled with medium, the
diluted yeast culture started to be introduced through the middle channel at a rate of 1
uL/min. The cells reached the first chamber rapidly and filled in all chambers one by one.
Unfortunately, a vortex flow occurred in the c-shaped regions and the cells left the c-
shaped regions immediately. The flow rate was decreased to 0.1 pL/min and the medium
flow was stopped to get rid of this vortex. Rapid removal of the cells slowed down, but the
vortex flow was still not prevented by the 10 folds decrease in flow rate. The medium
loading was continued for 8 hours to reach steady state. After 8 hours, the vortex flow did
not stop and this experiment had to finish. The leaving path of the cells is shown in Figure
4.75.

Figure 4.75. The leaving path of the cells.

4.7.3. Growth Experiments with Low Auto-fluorescence YNB medium (E3Y)

The third set of experiments were done by the chips (microbioreactors) bonded at
25-30 bar. Approximately 10 chips of Design-2 were used in this experiment (E3Y). The

YNB medium (2% glucose) without histidine was used for both cell culturing and medium
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loading steps. At the medium loading step, the flow rates were set to 5 uL/min and the
medium was observed to fill all the channels. The leakage of the medium from the
intersection of the polymer and epoxy occurred in some devices. The cell size used in this
set of experiments (E3Y) was larger than the cells used in first two experiments (E1Y and
E2Y). Yeast cells were at their exponential phase of growth when they were introduced

into the microfluidic device.

The cell culture was filled into a 5 mL syringe. In yeast loading step, at the beginning
very low flow rates were used for the middle inlet (0.01 pL/min). Even at very low flow
rates, the cells started to trap at the wall of the inlet hole. The rate was increased step-wise.
At the flow rate of 0.1 pL/min, the cells still could not overcome this wall barrier. The cells
then forced to flow at the flow rate of 1 uL/min through the channel. Nevertheless, they
could not pass the inlet of the first chamber and caused a clogging in this region. The
explanation of the problems faced during the experiments up to now and possible reasons
are discussed in Section 4.8. After clearing out all the problems, a new set of experiments
using YNB medium (2% glucose) without histidine was performed and explained in the

following section.

4.7.4. Growth Experiments with rich YNB medium (E4Y)

The device (microbioreactor) was revised by integrating a new inlet unit. The yeast
cells were again cultured in rich (%2) YNB medium without histidine. After all the
channels were filled with YNB medium, yeast loading was started through the middle inlet.
The yeast cells were trapped in the first four chambers efficiently. The growth of yeast
cells and the expression of SId7p-GFP fusion protein were monitored. After 15 hours, air
bubbles appeared in the channels and these air bubbles started to sweep away the cells
from their trapping regions. The experiment was stopped at this point and collected images

of all chambers were processed.

4.7.4.1. Chamber 1. The yeast cells started to be trapped at the c-shaped region of the first

chamber after 30 minutes. The image of the colony of yeast cells after 240 minutes is

shown in Figure 4.76. As the behavior of yeast cells was similar to those of previous
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experiments, the results of first chamber were analyzed for this experiments. Except some
deviations, the cell count was increasing with respect to time over about 4 generations
(Figure 4.77). The integrated density also showed an increasing trend with respect to time

(Figure 4.77d).

Figure 4.76. The colonies of yeast cells-E4Y (40X objective).
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Figure 4.77. Graphical display of processed data for chamber 1 (a,b) cell count vs time
graph (c) log(cell count) vs time graph (brightfield images) (d) integrated density vs time
graph (fluorescence image)-E4Y.
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The time profiles of cell area and cell perimeter also showed the same trend as the
cell count (Figure 4.78a and Figure 4.78b). Thereafter, no significant change was observed
for cell count. Except the fluctuation at some points, the cell area/cell count and cell
perimeter/cell count results showed almost constant trends during the experiment (Figure
4.78c and Figure 4.78d).
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Figure 4.78. Graphical display of processed data of chamber 1 (a) cell area vs time graph
(b) cell perimeter vs time graph (c) cell area/cell count vs time graph (d) cell

perimeter/cell count vs time graph (brightfield images)-E4Y.

When the change in integrated density/cell area with respect to time was analyzed,
there was an increasing trend in expression of Sld7p-GFP fusion till the 400" minute which

corresponds to duplication time and end of budding phase (Figure 4.79a). After 400%™
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minute, the signal appeared to increase up to 800™ minute, which corresponds to the end

of second budding phase.
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Figure 4.79. Graphical display of processed data for chamber 1 (a) integrated density vs

time graph (b) logz(integrated density) vs time graph (c) integrated density/cell area vs

time graph (d) logz(integrated density)/cell area vs time graph-E4Y.

4.7.4.2. Chamber 2. The number of trapped cells also increased by time in the second

chamber for 7 generations (Figure 4.80b). When the logarithm of cell count was analyzed,

the cells did not show a strong increment as shown in Figure 4.80c. The integrated density

was very small for first 360 minutes, then radically increased until the end of the

experiment (Figure 4.80d). The area and perimeter of the cells showed the same behavior

as that of cell count. The ratios of cell area/cell count and cell perimeter/cell count

remained almost constant as expected (Figure 4.81c and Figure 4.81d).
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Figure 4.80. Graphical display of processed data for chamber 2 (a,b) cell count vs time
graph (c) log(cell count) vs time graph (brightfield images) (d) integrated density vs time

graph (fluorescence image)-E4Y.

The changes in integrated density/cell area and log-2 based integrated density with
respect to time were very similar to the first chamber. The log-2 based integrated density

was at a range between 20 and 25 during the experiment (Figure 4.82D).

4.7.4.3. Chamber 3. In the third chamber, the number of yeast cells trapped at the c-shaped

region was smaller than those of first two chambers. The number of cells slightly increased
from about 10 to 100 in 15 hours (Figure 4.83a). Likewise, the integrated density increased
very slowly in the first 360 minutes, and thereafter integrated density increased

significantly till the end of experiment (Figure 4.83d). This may be because of very few
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number of cells trapped at the region. As the cells grew, their area and perimeters also
rised simultaneously as shown in Figure 4.84. Except some fluctuations at some points,
cell area/cell count and cell perimeter/cell count were almost constant for 7 generations
(Figure 4.84 c and Figure 4.84 d).

The change in integrated density were also figured out by taking the cell area into
account. For the third chamber, there were slightly increasing trends in expression of
Sld7p-GFP fusion at intervals of about 200 minute which corresponds to duplication time
and end of budding phase (Figure 4.85b). After 5" generation, the signal appeared to be
constant till the end of experiment. As the other chambers showed similar behavior, the

results were in Appendix C but not discussed.
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Figure 4.81. Graphical display of processed data of chamber 2 (a) cell area vs time graph
(b) cell perimeter vs time graph (c) cell area/cell count vs time graph (d) cell

perimeter/cell count vs time graph (brightfield images)-E4Y.
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4.7.5. Experiments on Caloric Restriction- YNB medium (E5Y)

In this experiment, culturing of yeast cells in glucose limited (0.2%) YNB medium
without histidine was observed. The experimental setup was prepared as mentioned in
Section 7.7.1. All the channels were filled with YNB medium in 2 hours. Then yeast cell
loading was started at a rate of 1 uL/min through all channels and the experiment was
stopped after 60 hours. After 12 hours, some leakage from inlets through the intersection
of the epoxy was observed. However, the medium flow was continuously collected from

outlet port which showed that medium was still continuously fed to the chambers.
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Figure 4.82. Graphical display of processed data for chamber 2 (a) integrated density vs
time graph (b) logz(integrated density) vs time graph (c) integrated density/cell area vs
time graph (d) logz(integrated density)/cell area vs time graph-E4Y.
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4.7.5.1. Chamber 1. The yeast cells were efficiently trapped at the first c-shaped region.

Figure 4.86 shows budding of some immobilized yeasts in the first chamber.
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Figure 4.83. Graphical display of processed data for chamber 3 (a,b) cell count vs time

graph (c) log(cell count) vs time graph (brightfield images) (d) integrated density vs time

graph (fluorescence image)-E4Y.

The yeast cells were processed and cell count, cell area, perimeter and integrated

density results of first chamber were analyzed. The cells were started to trap in the first

chamber after 30 minutes. The cell number was increased slowly between 30t to 1530™

minutes and increased faster between 1530" to 3510" minutes in first chamber (Figure

4.87a). According to Figure 4.87b, the cell division continued for 29 generations.

Exponential growth of yeast cells was seen in low glucose containing YNB medium

(Figure 4.87c). The integrated density (fluorescence intensity) was followed and increasing

trend in fluorescence signal of Sld7p-GFP fusion was observed (Figure 4.87d). Sharp
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increases at certain time points may be because of the position of cells, which caused higher

signal intensity.
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Figure 4.84. Graphical display of processed data of chamber 3 (a) cell area vs time graph

(b) cell perimeter vs time graph (c) cell area/cell count vs time graph (d) cell

perimeter/cell count vs time graph (brightfield images)-E4Y.

The cell area and cell perimeter profiles matched with the profiles of cell count

(Figure 4.88a and Figure 4.88b). Similar to the cell count, the cell area and cell perimeter

were slowly increasing between 30" and 1530™ minutes, followed by a strong rise between

1530™ to 3510™ minutes (between 23th and 29t generations). The values of cell area/cell

count and cell perimeter/cell count remained almost same throughout the experiment

(Figure 4.88c and Figure 4.88d). When the change in integrated density/cell area with time
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was analyzed, it can be seen that the ratio stayed almost constant at a value of 3000

throughout the experiment (Figure 4.89). As cell area increased, the fluorescence signal

also increased regularly.

(@) Integrated density vs Time (b) Log,(ID) vs Time
__ 6,00E+06 25
S 5.00E+06 2 R T e
& 4,00E+06 BT ot ttee
2" 3,00E+06 315
[y o
|
3 2,00E+06 10
S 1,00E+06
£ 0,00E+00 5 w !
g 500 1000 0 500 1000
- Time (min) Time (min)
(©) ID/Cell area vs Time (d)  Log,(ID/Cell area) vs Time
10000 5
B
3 8000 ..0.. ° g4 SRR 0 t0.00000,
S 6000 e T3 e®e0g,
=0 - . 3
S 4000 e - Q2
S 2000 0g" =P
o
¢ ooq, 3
: 0
0 500 1000 0 500 1000
Time (min) Time (min)

Figure 4.85. Graphical display of processed data for chamber 3 (a) integrated density vs

time graph (b) logz(integrated density) vs time graph (c) integrated density/cell area vs

time graph (d) logz(integrated density)/cell area vs time graph-E4Y.

Figure 4.86. Budding yeast cells (40X objective).
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4.7.5.2. Chamber 2. The cells started to get trapped in the second chamber at the same

time as first chamber. Figure 4.90 shows the formation of a colony of yeast cells by time
in the second chamber. Yeast cells increased exponentially in the second chamber from
30" to 2520™ minute interval. After this point, the cell number remained same (Figure
4.91a). First cell was trapped in the c-shaped region after 30" minute and cell growth
continued for 30 generations (Figure 4.91b). The integrated density (fluorescence
intensity) showed an increasing trend up to 2310™ minute (Figure 4.91d), i.e. almost same

behavior was followed as the cell number.
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Figure 4.87. Graphical display of processed data for chamber 1 (a,b) cell count vs time
graph (c) log(cell count) vs time graph (brightfield images) (d) integrated density vs time

graph (fluorescence image)-E5Y.
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Figure 4.88. Graphical display of processed data of chamber 1 (a) cell area vs time graph
(b) cell perimeter vs time graph (c) cell area/cell count vs time graph (d) cell

perimeter/cell count vs time graph (brightfield images)-E5Y.

The changes in values of cell area and cell perimeter are shown in Figure 4.92. As expected,
the cell area and cell perimeter were concurrently increased by increasing cell count
(Figure 4.92a and Figure 4.92b). Cell area/cell count and cell perimeter/cell count were
almost same throughout the experiment. When the integrated density/cell area ratio was
analyzed (Figure 4.93), as cell area was increased by time, the ratio remained constant at
a value of 4000.
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Figure 4.90. Yeast colony in the second chamber (40X objective).

Figure 4.89. Graphical display of processed data for chamber 1 (a) integrated density vs
time graph (b) logz(integrated density) vs time graph (c) integrated density/cell area vs
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4.7.5.3. Chamber 3. The brightfield and fluorescence images of the third chamber were

also analyzed. Cell numbers were increased at a slower rate than those in first two
chambers (Figure 4.94a). In the third chamber, first cell was trapped after 40 minutes and
almost 160 cells were grown throughout 20 generations (Figure 4.94b). Also, the number
of trapped cells were less than those of first two chambers. According to Figure 4.94d,
there was a fluctuating trend in integrated density with time. The highest fluorescence

signals were obtained at 2190" and 2340™" minutes.
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Figure 4.91. Graphical display of processed data for chamber 2 (a,b) cell count vs time
graph (c) log(cell count) vs time graph (brightfield images) (d) integrated density vs time
graph (fluorescence image)-E5Y.

The cell area and cell perimeter changes with time are given in Figure 4.95a and
4.95h, respectively. The cell area and perimeter increased properly between 40" to 1140%

minutes and the increments were not considerable after this point. The ratio of cell area/cell
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count was lowest at the 40™ minute. After this point, it sharply increased and remained
almost constant (Figure 4.95c). According to Figure 4.95d, the cell perimeter/cell count vs
time graph also followed the same trend. The small values at 40" minute were because of
the very small number of cells initially trapped. When cells grew and started to form
daughter cells, their areas also increased. At the same time, the expression of fluorescence
signal continued and integrated density increased. As a result of this concurrent increment
of cell area and integrated density, the ratio of integrated density/cell area remained almost
constant at a value of 2000 throughout 20 generations (Figure 4.96). As the remaining
chambers showed similar behavior, the results were presented in Appendix C but not

discussed.
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Figure 4.92. Graphical display of processed data of chamber 2 (a) cell area vs time graph
(b) cell perimeter vs time graph (c) cell area/cell count vs time graph (d) cell

perimeter/cell count vs time graph (brightfield images)-E5Y.
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In all these experiments there was no constant decrease either in cell perimeter or

cell area, so we understand that the yeast cells did not enter death phase after 2500 hours

of operation and they were living perfectly well in microfluidic system of 1nL volume.
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Figure 4.93. Graphical display of processed data for chamber 2 (a) integrated density vs

time graph (b) logz(integrated density) vs time graph (c) integrated density/cell area vs

time graph (d) logz(integrated density)/cell area vs time graph-E5Y.

4.8. Insights from the Experiments

Approximately 40 chips of Design-2 were used in experiments for yeast culturing up

to this point. There are several problems needed to be solved which are repeated in most

of the experiments. Some of the problems are exemplified via the images taken during an

experiment (E3Y) are given in follows.
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When all of the microfluidic system (from inlet to outlet) was filled with medium,

yeast cell flow was started. In most of the chips, cells started to trap and accumulate at the

inlet wall (Figure 4.97). This may be because of opening of the inlets with drill by hand.

Laser micromachining might be needed for improvement [31].
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Figure 4.94. Graphical display of processed data for chamber 3 (a,b) cell count vs time

graph (c) log(cell count) vs time graph (brightfield images) (d) integrated density vs time

graph (fluorescence image)-E5Y.

Even at low flow rates (0.01 pL/min, syringe diameter : 15 cm), the flow of cells was

very fast at the inlet of the channels, then started to slow down in the channel before the

first chamber, and the cells accumulated at the inlet of the first chamber as shown below.
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This may be because of the design and collapse of channel. Therefore, the depth differences
throughout the microbioreactor were measured (Figure 4.99, Table 4.13). As it can be seen
from Table 4.40, the depth was dramatically reduced at the entrance of the first chamber,
preventing the passage of yeast cells. Flow profile is not uniform through the channels. At
the inlet of the channels, the yeast flow was generally too fast, but when it reached the first
chamber, the flow started to slow down and it took extremely long time (about 15-30
minutes to pass Region 2) to enter into the chambers. This may be because of the depth
differences (the depth values belong to the chips, into which yeast cells were loaded). The
collapse of channels were given in Figure 4.98. The flow was mainly staggered (Figure
4.100).
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Figure 4.95. Graphical display of processed data of chamber 3 (a) cell area vs time graph
(b) cell perimeter vs time graph (c) cell area/cell count vs time graph (d) cell

perimeter/cell count vs time graph (brightfield images)-E5Y.
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Figure 4.96. Graphical display of processed data for chamber 3 (a) integrated density vs

time graph (b) logz(integrated density) vs time graph (c) integrated density/cell area vs

time graph (d) logz(integrated density)/cell area vs time graph-E5Y.

Figure 4.97. Cells trapped at the wall of inlet hole.
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Flow profile is not uniform through the channels. At the inlet of the channels, the
yeast flow was generally too fast, but when it reached the first chamber, the flow started
to slow down and it took extremely long time (about 15-30 minutes to pass Region 2) to
enter into the chambers. This may be because of the depth differences (the depth values
belong to the chips, into which yeast cells were loaded). The collapse of channels were
given in Figure 4.98. The flow was mainly staggered as shown in Figure 4.100.

Figure 4.98. Cells trapped at inlet of the first chamber.

Leakage through the epoxy and polymer intersection occurred in almost all chips.
After the yeast loading, the flow was generally stopped due to the leakage. A new inlet was
designed and fabricated to prevent leakage and connection problems which were
mentioned in Section 4.4. A PMMA block was drilled from right and bottom sides and a
path was created for fluid flow. This block was attached on the inlet holes by the help of
double-sided tape. Then pipette tips were inserted into the holes at the right side of the
block and consolidated by the help of epoxy. The design of new inlet is shown in Figure

4.101. The summary of all experiments is given in Table 4.14.

Table 4.13. Depth differences along the microbioreactor.

Inlet of Middle Middle of the
Inlet of First ) .
] channel trapping region
Chip Chamber (um)
(pm) ) (um)
3 1
1 10.47 3 7.87
2 8 35 8.2
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Figure 4.99. Regions selected to measure depth differences along the microbioreactor.

Figure 4.101. The design of new inlet (a) The inlet apparatus fixed on the chip (b) Flow
direction through the created path.
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Table 4.14. Summary of experiments.

Design Bonding Situation
parameters
130 °C Acetone and water flow were observed.
D1 o4 bar High pressure differences and back flow occurred.
El Channels were collapsed too much (8um height mask)
L hour Yeast could not be loaded.
Acetone and medium flow observed.
Back flow and leakage of medium from inlets through the intersection of epoxy and the
polymer occurred.
D2 123%¢ Flow filled this area instead of channels and chambers.
E1lY 50 bar Air bubbles occurred.
1 hour
Yeast cells trapped in first three chambers.
The size of cells were not big, most likely they were at their early growth phase.
No outlet flow was observed.
Back flow and leakage of medium from inlets through the intersection of epoxy and the
D2 123°C polymer occurred.
E2 35-40-45-50 bar Same problems seen as chips bonded at 50 bar.
1 hour Yeast could not be loaded.
Channels filled with medium without any problem.
Outlet flow collected continuously (19 hours)
D2 125 °C Yeast cells introduced and they reached all chambers (1 pL/min)
E2Y 25 bar A vortex flow occurred in all chambers.
1 hour The vortex cannot be prevented even though liquid flow rate slowed down to 0.1 ul/min or
stopped and continued for 8 hours and outlet flow observed continuously.
The size of cells were not big enough to be trapped.
The medium filled channels easily.
The flow was slower in chambers rather than inlet channels.
Flow profile was not uniform.
. Yeast was introduced to middle channel, started to be trapped at walls of inlet hole.
D2 1237¢ The size of cells were big enough.
E3Y 25-28 bar At even low flow rates (0.01 uL/min), cells were trapped at the intersection of middle channel
1 hour and inlet of the first chamber.
Leakage of medium from inlets through the intersection of epoxy and the polymer occurred
(generally after cell loading).
(10 chips were tested)
The medium filled channels easily.
125 °C The flow was slower in chambers rather than inlet channels.
EZ?( 25-28 bar Cells were trapped at first four chambers efficiently.
1 hour After 15 hours, experiment was stopped because of the air bubbles appeared in channels.
Air bubbles were started to sweep away the trapped cells.
D 125 °C The medium filled channels easily.
Esy 25-28 bar Cells were trapped and grown at first seven chambers efficiently.
1 hour Experiment was stopped after 60 hours.




4.9.1. Choice of Materials for Fabrication Process

4.9. Discussion
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The polymers have important properties, that must taken into account, as chemical,

optical, thermal and mechanical properties, biological inertness and optical transparency.

In the light of these properties, three polymers were chosen to study, PMMA (polymethyl

methacrylate), COP (cyclo olefin polymer) and PEN (polyethylene naphthalate) and to

fabricate the microbioreactor for yeast cell culturing. The properties of polymers given in

Table 4.15 need to be considered to construct a high-performance microfluidic chip. The

chemical properties of the polymers were important for the steps of surface treatment and

loading test of the channels. Because of the low chemical resistance of PMMA polymer to

solvents, the solvent treatment was applied to PMMA substrates before bonding to

strengthen the bonding of two pieces. PMMA is a polar and amorphous polymer and its

surface properties change by most of the solvents easily. 2-propanol was here used as a

polar solvent to change the surface properties of PMMA and to achieve a strong bonding

[34].

Table 4.15. Properties of materials used for the fabrication of the microbioreactor

[32,33].

Property COP PMMA PEN

Acids, bases (medium conc.) Good Poor Good

Chenmical Resistance Alcohols, acetone Good Poor Good

Esters Good Poor Good

Ketones Moderate Poor Good

Optical Transparency Good Good Good
Low Fluorescence Good Moderate Moderate

Moisture barrier Good Poor Good

Dimensional stability Good Moderate Good

Processing (macro/nano scale) Good Moderate Good

Break resistance Good Good Good
Water adsorption Poor Moderate Moderate
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The solvent treatment was not used for COP and PEN because of their good chemical
resistance properties to polar solvents, strong acids and bases. To modify the surface of
COP polymer, oxygen plasma or UV radiation exposure methods are commonly used. The
solvents were only used for cleaning of COP and PEN. The dimensional stability of the
polymer is another important point for the fabrication step. The water absorption of COP
polymer is 10 times less than that of PMMA and this provides excellent dimensional
stability in changing environmental conditions (Figure 4.102). The high moisture barrier
of COP is beneficial when working with cell cultures, the cells are consuming oxygen of
water more instead of its absorption onto the surface of the polymers [31]. The low water
absorption is also directly related to the high dimensional stability of the COP polymer
(Figure 4.102). The glass transition temperatures of COP and PMMA are close, but their
Young’s modulus values are different. COP polymer has smaller Young’s modulus than
PMMA and its rigidity and strength are higher. This also makes the dimensional stability
property of COP polymer better.

Water Absorption / %

0 50 100 150 200

Time / h Condition: 50°C, submerged in water

Figure 4.102. Moisture absorption of COP and other optical polymers [33].

The COP made microfluidic devices have been used for analysis of biological
materials such as blood and DNA [33]. The COP is a fully saturated olefin polymer and it
shows very little interaction with various proteins. The materials’ ring structure provide
high stability and COP material shows an inert low binding surface property. Therefore,

the materials’ reaction chemistry show stability against various proteins. The zeta potential
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change is not significant at different pH values and protein types (i.e. BSA, lysozyme).
The low adsorption on COP is shown via comparing with polypropylene (PP) in Figure
4.103. High transparency and low fluorescence characteristics of the material are required
to visualize the cells under microscope and to process the images. The optical transmission
properties and the low fluorescence background signal of COP is good enough to visualize
the fluorescently tagged cells. Figure 4.104 shows the excitation emission sweeps of COP
polymer. High background fluorescence can cover up the fluorescence signals of the GFP
tagged cells and cause inefficient imaging. In the light of the advantages of COP polymer,
the COP made microfluidic devices were used for yeast cell trapping and imaging
experiments [32].
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Figure 4.103. Low absorption properties of COP [33].

Figure 4.104. Excitation emission sweeps of non-polar optical polymer (COP).
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4.9.2. Fabrication Steps

The reliability of the in house fabricated device was tested over 300 replications of
single mold. Lee et al. (2008) reported a value of 30 replications of a single mold [34].
Replication of the channel by hot embossing and thermal bonding of polymer pieces were
performed by using Carver Hydraulic Press Machine. The thickness of the polymer sheets
were 3 mm, 2 mm and 125 um PMMA, COP and PEN, respectively. The surface areas of
these polymers were 3 cm x 4 cm for PMMA, 3 cm x 5 cm for PEN and 3 cm x 3 cm

square, 3 cm x 4 cmrectangular and 3 cm x4 cm x 3cm triangular shape for COP polymers.

In literature, hot embossing and thermal bonding methods are used by optimizing the
parameters by considering the specific polymeric properties, structure of the design, height
of the channels and surface area of the polymer pieces. The fabrication of polymeric
microstructures via hot embossing method is widely used in the last 10 years because of
the simplicity of the process, the low cost of master structures and the large range of
suitable polymer materials [35]. The thermal bonding (to bond the thermoplastic structures
by heat and pressure) can also be done by same machine used for hot embossing. The
bonding quality can be improved by surface treatment (i.e. solvent treatment, UV/ozone,

oxygen plasma) [34].

Depending on the material of the master molds, design and the type of the polymer,
process parameters need to be optimized. The channel formation via hot embossing can be
performed about 20-30°C above the glass transition temperature of the plastic resin [36].
Kricka et al. (2002) performed the replication of channels using PMMA polymer. The
replication of the polymer was performed about 20°C above the glass transition
temperature of PMMA by applying 3 N/mm? pressure. After hot embossing, each plastic
piece was drilled from the inlet and outlet positions of the channels and 1 mm holes were
created. Each polymer piece was covered using the same material via a proprietary method.
The micropart was tested with an aqueous dye solution to investigate whether the channels
were open or clogged [36]. The replication accuracy of the hot embossed part was
measured to find the optimum hot embossing parameters [37]. The PMMA of 3 mm

thickness was used to create 27 um depth and 110 pm width channels. Several temperature
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(160, 180, 200, 220, 240°C) and pressure (10, 15, 20, 25, 30 kN) values were tested, and

the chosen parameters were 20 kN applied force, 180°C temperature and 5 min embossing

time. The polymer was cooled down and separated from the mold at 80°C.

Table 4.16. Fabrication parameters for polymers in literature.

. Hot. Surface Bonding Cleaning
Reference | Material | Tg Area Embossing
Treatment Parameters Procedure
Parameters
190°C 126°C
[29] zeonor | 136 | 110110 1 5 195 Mpa . 0.9 MPa Not
ZF14 mm . announced
120 sec 30 min
107°C
. 448 N
[36] Zeonor 105 3.3x3.3 ég? ﬁ i 10 min Not
1020R cm? 5 min Anneal at announced
115 C for 10
min
180°C
[37] PMMA | 105 NA 20 kN - - -
5 min
Cleaned by
Zeonor 130°C 851C aZC ?;?rr:stl;zr
[38] 105 | 4x2cm? | 2.50 MPa - 200 psi .
1020 . . in
7 min 10-15 min .
ultrasonic
bath
Sonication
for 30 min
in
ultrapure
water,
sequential
UV ozone rlljr;?:]ng
30 min 3.45 MPa g
2 -ph for 1 min at methanol,
[39] Zeonor 105 3x3 cm i vapor-phase 2-propanol
1020R cyclohexane room and ’
container for | temperature
. ultrapure
6 min .
water, dried
with N2
and
deaerated at
50 °C
in vacuum
oven for 8 h

Another study was done by Kameoka et al. (2001), the embossing of Zeonor pieces

occurred at 130°C at a pressure of 1.7 MPa applied for 7 min. Two pieces to be bonded

were cleaned by acetone for 2 minutes in an ultrasonic bath. The capillary electrophoresis
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chips having 60 um wide and 20 um high channels were bonded at 85°C under 200 psi
pressure for 10-15 minutes [38]. Chen et al. (2015) used another cleaning procedure, i.e.
they sonicate the Zeonor 1020R polymer pieces in ultrapure water to remove the debris,
sequential rinsing using methanol, 2-propanol and ultrapure water, drying with pressurized
N2 and deaeration at 50°C in vacuum oven for 8 hours [39]. The microembossing
parameters of 0.8 mm thick Zeonor ZF14 COP pieces were optimized by Pemg et al.
(2010). Several temperatures (170, 180, 190°C), embossing pressures (1.875, 2.5, 3.125
MPa), duration (60, 90, 120 seconds) and de-molding temperatures (40, 60, 80°C) were
tested. The optimized hot embossing parameters were 190°C, 3.125 MPa and 120 seconds,
demolding temperature of 80°C [29]. Some of the hot embossing and bonding parameters

tested in literature are given in Table 4.16.

The fabrication steps of PMMA made microbioreactor isas follows; first the polymer
piece was cleaned by baby shampoo, 2-propanol and distilled water, dried by pressurized
nitrogen. Then the microchannel formation was done at 120°C (Tg = 105 °C) under 1250
Ibs pressure for 10 minutes. The polymer was demolded at 65°C. After replication, the
microchannel featured 3 mm thick PMMA piece was drilled at the inlet and outlet positions
of each channel. The 1 mm thick cover piece and featured piece were again washed by the
same cleaning procedure and solvent treated by rinsing into 2-propanol for 2 minutes and
dried by pressurized nitrogen. For the bonding process, these two pieces were aligned
between glass pieces of 3 cm x 4 cm and 1.5 mm thickness and clamped from four sides.
The optimized bonding for oven was done at 105°C for 50 minutes. The bonded device
was tested with distilled water to investigate the ease of the channels and the effectiveness

of bonding of the hot embossed and the cover part.

The fabrication of COP made microbioreactor was also optimized effectively. The
COP polymer piece was cleaned by acetone, 2-propanol and distilled water, and dried by
pressurized nitrogen. Then the hot embossing was done at 130°C (Tg = 102°C) under 1330
Ibs pressure for 10 minutes and demolded at 65-80°C. The inlet and outlet holes were
drilled on the microchannel featured COP piece. Two pieces were then washed by same
cleaning procedure and ultrasonicated in ultrasonic bath for 15 minutes, dried by nitrogen

and annealed at a 80°C hot plate for 15 minutes. The two pieces were aligned between two
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glass pieces. The bonding parameters were optimized for each size. The 2 mm thick, 3 cm
X 4 cm x 3 cm triangular pieces were bonded at 130°C under pressure of 190 Ibs for 30
minutes. The 2 mm thick, 3 cm x 4 cm rectangular pieces were bonded at 130°C and 380
Ibs for 45 minutes. The 2 mm thick, 3 cm x 3 cm square pieces were bonded at 125°C and
2375 Ibs for 1 hour. The COP polymers were bonded between 2 mm thick glass pieces.
Because of the heat transfer time from the glass to the polymer piece, the bonding of
rectangular and square pieces took longer than that of small triangular pieces. Also pressure
values needed for bonding were varied for different sizes. The bonded chip was tested with
acetone to investigate the channels whether open or clogged. Because of the high
hydrophobicity of COP polymer, water cannot easily enter the channels, it must be forced

by syringe pump.

The fabrication of PEN made microbioreactor was started by cleaning with
Chloroform:Ethanol (1:1 volume/volume) mixture and followed by drying by pressurized
N2. The 125 um thick, 3 cm x 5 cm PEN polymer piece was hot embossed at 135°C under
3800 Ibs for 10 minutes, demolded at 60°C. The inlet and outlet holes were opened by laser
before hot embossing of the polymer piece. Two pieces were then cleaned by acetone, 2-
propanol and distilled water and submerged into Chloroform-Ethanol solution (1:1
volume/volume) for 5 minutes. The optimized temperature, pressure and duration times
for the bonding was 135°C, 1500 lbs and 90 minutes, respectively. The PEN made

microbioreactor was also tested by acetone to see the effectiveness of the bonding.

4.9.3. Growth Kinetics in the Microbioreactor

Growth has been considered as one of the most important performance indicators in
biotechnological production processes [40]. In the present study, the behavior of S.
cerevisiae cells was followed in Lab-on-a-Chip platform under environmental stress
conditions, i.e. rich YPD medium and low auto-fluorescence YNB media containing both
2% and 0.2% glucose as the primary carbon source.

In this section, the behavior of the trapped cells in all the chambers were analyzed
via cell count and integrated density/cell area values and compared with those of other

experiments. For the first experiment (E1Y), cells were grown in 2% glucose containing
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YPD medium for 15 hours. As the medium was continuously supplied to the reactor, the
environment was favorable for cell culturing, i.e. enough nutrient supply. The cells were
trapped in first three chambers and the number of cells was highest in the first chamber.
Figure 4.105a shows that the number of cells trapped decreased from the first to third
chamber. After 420" minute (7 hours) of the experiment, the number of cells showed a
constant trend in all chambers. When the integrated density/cell area results were analyzed
(Figure 4.105b), the ratio was high at the beginning for all chambers because of the very
small starting areas of cells. The value of the integrated density/cell area became constant
after 120" minute of the experiment. With the growth of the cells by time, the expression
of fluorescence signal of SId7p-GFP also increased. This parallel trend of integrated

density and cell area resulted in a constant ratio throughout the experiment.
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Figure 4.105. Results for E1Y (a) cell count vs time graph (b) integrated density/cell area

vs time graph for all chambers.

The results were then analyzed for the experiment done by 2% Y NB medium without
histidine (E4Y). The cells were trapped in first four chambers and grown under continuous
medium supply for 15 hours. The number of cells trapped in the c-shaped region of the
first chamber was around 200 at the beginning (Figure 4.106a). There was an increasing
trend for the first chamber and the number of cells was around 500 at the end of the
experiment. The number of cells trapped decreased from the first to the third chamber. The
variance of counted cells through the experiment was around 100 for the second and third

chambers. The medium has a low auto-fluorescence characteristic and the fluorescence
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signals of cells were observed more clearly during image processing. The ratio of the
integrated density/cell area in all the chambers reached constant values after 400" minute

of the experiment as shown in Figure 4.106b.

For the experiment E5Y (caloric restriction, 0.2% glucose containing YNB medium
without histidine), the number of cells trapped from the first to seventh chamber showed a
decreasing trend same as first two experiments (E1Y and E4Y). Most of the cells were
trapped in the c-shaped region of the first chamber and no cell was trapped at the eighth
chamber. According to Figure 4.107, the cell number was around 2600 after 60 hours of
operation for the first chamber and cells were alive for almost 60 hours. Between 2700™
and 3510™ minutes, a sharp increase of cell count was observed. After 2500™" minute, there

was a radical increase in cell number and that cannot be explained by ordinary nutrient

supply.
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Figure 4.106. Results for E4Y (a) cell count vs time graph (b) integrated density/cell area
vs time graph for all chambers.

The number of cells was around 1500 at this point, which indicated huge colonies of
cells. Yeast cells consume glucose and prefer any fermentable carbon source over any
source such as glycerol, ethanol or acetate [41]. At anaerobic growth 90% of the glucose
carbon was converted into ethanol and carbon dioxide [42]. In our system, S.cerevisiae

cells were grown anaerobically in a glucose limited environment for 60 hours. This sudden
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increase at the end of the experiment can be correlated with the ethanol production of cells
and consumption of this product for cell growth. Actually, this radical increment can be
due to growth of cells on products and byproducts (ethanol and glycerol respectively),
which were produced and secreted into the medium. There were high number of cells
trapped and grown in the first chamber and the production of ethanol, glycerol etc. might
be high during the first 45 hours. Cells may consume these products for their growth
between 2700" and 3510™ minutes resulting in 2.5 fold increase in cell number. The
number of cells trapped in the c-shaped region of the second chamber was significantly
lower, i.e. it decreased from 2600 cells (15t chamber) to 300 cells (2™ chamber), but all the
cells were alive for 60 hours. According to Figure 4.107, the number of cells increased by
time in each chamber, but the total cell count decreased towards the last chambers. The
number of cells reached a constant value after 2000™ minute except the first chamber
(Figure 4.107b).
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Figure 4.107. Cell count vs time graphs of E5Y (a) for all chambers and (b) for last six

chambers.

As there was no constant decrease either in cell perimeter or cell area, we understand
that the yeast cells did not enter death phase (shrinkage of cell volume) after 15-60 hours

of operation and they were living perfectly well in the in house fabricated microchemostat.
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The number of cells per chamber (cultivation volume) gets smaller towards the 7t or 8t
chamber, that allows us to control the environment around the cells more accurately, as it
was mentioned in Griinberger et al. (2004) [40]. As the areas of cells were increasing by
time, the expression of fluorescence signals were also increasing in parallel to it. The
expectation was a constant ratio throughout the experiment. The ratio in all the chambers
reached a constant value as shown in Figure 4.108. The protein level of SId7p:GFP fusion
did not increase with age. Similar behavior was observed for Gshlp by Xie et al. (2012)
[43]. The number of cells and the ratios of integrated density/cell area are given at steady

state for all the chambers in Table 4.17.
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Figure 4.108. ID/Cell area vs time graph of all chambers for ESY.

The growth trends of cells in different media were compared by plotting the time
profiles for the first chambers (Figure 4.109). For all experiments, in first 5-6 hours, the
number of cells increased exponentially and reached at steady state. The experiments E1Y
and E4Y were ended after 11 and 15 hours, respectively, due to the leakage appeared
through the intersection of epoxy and the polymer as well as air bubbles in channels. The
experiment E5Y was carried out for approximately 60 hours and even after that time no
contamination was observed within the chip. The ratio of integrated density to cell area

showed the same trend as the growth profile for experiments done using YNB medium.
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The time profiles were constant after a slight increment at the beginning. However, for
experiment E1Y, which was done using YPD medium, the ratio decreased by time and
stayed constant after 125" minute. This can be linked to the volume of the cells in
experiments. The diameter of the cells grown in YPD medium were around 2-3 pm but the
cells (new strain) in experiment done by YNB medium were around 4-5 pm. The typical
haploid cell was reported to have 5+/- 0.5 micrometer in diameter [34]. When the volumes
of the cells were small at the beginning, in E1Y the data points were at higher values in

first 125 minute.

Table 4.17. Cell count and integrated density/cell area at steady state.

Experiment Chamber Cell count ID/Cell area
(Steady State) (Steady State)

E1Y 1 700-800 50-100

2 400 100-150

3 100 100-150
ESY 1 400-500 75-100

2 200-250 200-300

3 80-100 300-400

4 80-100 400-500
E4Y 1 1250-1500 100-200

2 275-300 75-100

3 200-250 200

4 300-350 300-400

5 175-200 300-400

6 150-200 200-300

7 50-75 50-100

On the other hand, in the experiments done using YNB medium, the ratio of
integrated density to cell area slightly increased in the first 270 minute and stayed constant
until the end of the experiment. Nevertheless, similar expression values of Sld7p:GFP
(300-400 A.U) were obtained in YNB medium without histidine independent of glucose
concentration. Rich YPD medium with 2% glucose resulted in higher cell number, but
lower SId7p:GFP (100-150 A.U) expression compared to YNB medium with 2% glucose.
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Figure 4.109. Results of the first chamber for all chambers (a) cell count vs time graph

(b) integrated density/cell area vs time graph.
4.9.4. Determination of Maximum Specific Growth Rates

The specific growth rates of S. cerevisiae cells and product formation kinetics of
Sld7p:GFP fusion protein were estimated using the data collected from image processing.
After selecting the time intervals for unsteady and steady state, the maximum specific
growth rates were calculated for all chambers in each experiment. The cells in the
continuous microfluidic system had a growth profile which fits the Monod kinetics (Figure
4.110). The specific growth rate was estimated by the slope of the semi-logarithmic growth

curve, according to the equation below,

1dX X
In—= pn.At (4.3)

S T X,

Here, W is specific growth rate (h1), X is the cell count at this time, Xo is the cell

count at previous time and At is the time difference between two consecutive time points.

Table 4.18 shows the specific growth rates in all chambers in each experiment. In
experiment E4Y, apparent growth of cells were mostly observed in the first and third
chambers and their specific growth rates were determined as 0.117 and 0.200 (h%),

respectively. For the second and fourth chambers, the number of cells did not increase
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more than 1% fold and growth rates were determined as 0.017 and 0.05 h-. For the
experiment done using 0.2% glucose containing YNB medium (E5Y), the maximum
specific growth rate was between 0.142-0.256 h™. These values (0.1-0.2 h?) are in
agreement with literature reports for S. cerevisiae [46]. The group of Alberghina (1998)
studied the growth of yeast cells by controlling the nutrients. In this pioneering study, 2%
glucose containing YNB medium was used and pumax Was obtained in a range of 0.156 —
0.327 h' for daughter cell populations of S.cerevisiae cells [47]. In the study of
Govindaswamy et al. (2006), S.cerevisiae 424A strain was used for the fermentation using
YPD medium containing 2% glucose and a maximum specific growth rate (tmax) 0f 0.291

h"t was obtained [45].
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Figure 4.110. Log (cell count) vs time graphs for all experiments.
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In another study done by Oliveria et al. (2015), a diffusion-based microfluidic device
was used to investigate the yeast (S.cerevisiae ATCC 7754) growth by generating
concentration gradients in a microchannel. The specific growth rate was 0.24 h* at an
initial glucose concentration of 2% in YPD medium. In this study, the maximum specific
growth rate values were between 0.234-0.330 h't in YPD medium containing 2% glucose
[46] . The dilution rate is defined as the flowrate of medium per time (F) over the volume
of culture (V) in the bioreactor. The flow rate of fluid was as follows (COMSOL
simulations, Model 4): 1 pL/min for middle inlet and 0.1 puL/min for side inlets. The
volume of one chamber is 15.6 x10% um? (diameter of 310 um). The dilution rate gives

the growth rate of cells in a chemostat at steady state.

Table 4.18. The specific growth rates in all experiments.

Experiment | Chamber Exponential Growth Mmax
Phase (min) (hh

ElY 1 60-300 0.225
2 120-300 0.330

3 240-420 0.234

E4Y 1 60-240 0.117
2 60-240 0.017

3 60-240 0.200

4 60-240 0.050

E5Y 1 40-270 0.142
2 40-270 0.227

3 40-270 0.218

4 90-270 0.256

5 90-270 0.180

6 40-270 0.221

7 40-270 0.204

A lead study was done by Verduyn et al. (1989) to observe the physiology of S.
cerevisiae in anaerobic glucose-limited chemostat cultures. At a 0.1 h-* dilution rate, the
microorganism had a pmax 0f 0.31 h't in 2.3% glucose containing medium [47]. Boender et
al. (2009) also researched about the physiology of S. cerevisiae at near-zero specific
growth rates, i.e at dilution rates below 0.025 h-L. In their anaerobic glucose limited system,
the value of umax decreased from 0.2 to 0.001 (h?) after 22 days of experiment. In
chemostat studies on S. cerevisiae, the steady state specific growth rate were usually
between 0.03 — 0.4 h"1 [43]. When the results of specific growth rates were compared with

those in literature, our results were all in agreement.
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4.9.5. Product Formation Kinetics

The rates of growth and product formation of viable cells were calculated and the
graphs were plotted for all experiments. The growth associated product formation was also
analyzed via using the equations given below.

Cell growth 1, = px, (4.4)

Product formation 1, = a.r, (growth associated) (4.5)

The rate of formation of viable cells (r,) and rate of formation of simple energy-
producing product (r,) for each time interval were calculated for unsteady state phase and
the results are given in following figures. At the exponential growth phase, pu decreased
linearly with increasing product concentration (log-2 based integrated density) until it
reached the steady state (E1Y). The product formation rate, rp, = dP/dt, showed an
increasing trend with cell formation rate, dX/dt during the initial unsteady state phase
(Figure 4.111). However, a uniform trend cannot be obtained for all the chambers
(Appendix D) using the data after image processing. Some opposite behavior may be

because of the loss of fluorescence signals, which cannot be processed properly.
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Figure 4.111. Product formation kinetics (a) u vs log2(ID) graph (b) dP/dt vs dX/dt graph
of chamber 1 for E1Y.



157

4.9.6. Cell Cycle Mechanism of SId7p

The budding yeast S. cerevisiae is commonly used for studying DNA replication
because the average firing time of each phases has been mapped and the initiation of DNA
replication has been described [48]. SId7 protein in Saccharomyces cerevisiae is an
uncharacterized protein with a putative role in chromosomal DNA replication. SId7 protein
has genetic interactions with other proteins of DNA synthesis including SId3 and Cdc45
(SId4) as shown in Figure 4.112, and that creates the question on the role of SId7 in cell
cycle process. Although, SId7p protein is found at a limited amount in yeast, its depletion
slowed down the growth of cells by causing a delay in S-phase [49]. SId3 protein is known
to play a role in DNA replication and it is a required replication protein at the origins of
the replication process. Sld7p binds to the domain in the N-terminal side of Sld3p,
stabilizes it, reduces its binding affinity to Cdc45 (cell division cycle protein) protein,

which isa DNA replication initiation factor.

Genetic

Physical

Figure 4.112. Physical and genetic interactions of SId7p.

The role of Sld mutations (-2,-3 and -5) in the mechanism of eukaryotic
chromosomal DNA replication was determined. In the study of Tanaka et al (2011), the
role of Sld7 protein in cell cycle was studied and Sld7p was found to function in
cooperation with Dpb11 and other Sld proteins during cell cycle [50]. The initiation of
DNA replication delayed when Sld7 protein was deleted. The characteristics and close

features of SId7 protein given in literature are summarized in Table 4.19.
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Table 4.19. Characteristic features of SId7 in S. cerevisiae [51].

Feature SLD7
Systematic Name YORO060C
Molecular Function Unknown

Biological Process | Manually curated Regulation of DNA-dependent DNA
replication initiation

Cellular Manually curated | Chromosome, centromeric region, DNA
Component replication preinitiation complex
High-throughput Cytoplasm, endoplasmic reticulum,

nuclear envelope, nucleus, co-localized
with spindle body

In the present study, the fraction of total budded cells (FBC) was assumed as 0.3 for
all experiments. The duration of budding phase during the balanced growth period or the
time of budding (Tb), comprising the S, G2, M phases and the duration of G1 phase were

calculated from the equation below [44];
Th = [In(1 + FBC)|Td/In2 (4.6)

Here, Td refers to the duplication time (Td = In2/umax). Duplication times, budded

and G1-phase durations are given in Table 4.20.

In budding yeast, the main control of the cell division cycle takes place late in the
Gl phase and essential processes as budding, DNA replication and spindle-body
duplication begin. The duration of G1 phase is longer than the budding phase for cells born
during exponential growth phase on glucose. At the initial stages of chemostat operation,
duplication time, duration of G1 phase and budding phase were changing in ranges of 2.10-
5.90, 1.30-3.67 and 0.79-2.23 hours, respectively. These values were in agreement with
literature data published by Alberghina et al. (1998) [44]. Z-score values of product
concentration were estimated to find the high expression intervals of SId7p:GFP fusion
protein (Figure 4.113). Although the product expression signals per cell volume were more
or less constant within each chamber, they increase above the mean value at steady state

operation in all the experiments.
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Table 4.20. Duplication time, budded and G1 phase durations at exponential growth

phase.
Experiment Chamber Duplication time G1 phase Budding phase
(hr) (S, G2, M)
E1Y 1 3.08 191 1.16
2 2.10 1.30 0.79
3 2.96 1.84 1.12
E5Y 1 5.90 3.67 2.23
2 40.77 25.34 15.43
3 3.46 2.15 131
4 13.86 8.61 5.24
E4Y 1 4.88 3.03 1.84
2 3.05 1.89 1.15
3 3.17 1.97 1.20
4 2.70 1.68 1.02
5 3.85 2.39 1.45
6 3.13 1.95 1.18
7 3.39 211 1.28
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Figure 4.113. Z-score vs time graphs for experiments (a) EL1Y (b) E4Y (c) E5Y.
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4.9.7. Diffusion phenomena of cells and nutrients and shear stress

In order to achieve an efficient cell culture experiment in a microfluidic device, the
cells need to be trapped in the determined regions and fed by nutrient flow continuously.
The flow phenomena is used to determine the characteristics of the device. The Reynolds
Number (Re) is the most commonly used dimensionless number which defines the flow

regime being laminar or turbulent [52]. The Reynolds number is defined as follows;

_ p.u.D inertial forces 4.7)

Re = —
n viscous forces

In this equation, p is the density (1013.2 kg/mq), u is the inlet velocity (6.127 x 103
m/s), D is the diameter of the c-shape (200 um) and 1 is the viscosity of the fluid (0.000894
Pa.s). By this calculation, Reynold number is estimated as 1.38 which dictates that flow
regime is laminar and no mixing was occurring in the fabricated microbioreactor. Also at
the center of the first c-shape, Re number is equal to 0.04, which supports the laminar flow

behavior.

Another most commonly used number in microfluidics is the Peclet number. This

number represents the relative strength of convection over diffusion and defined as;

convective forces (4.8)

L
P = — =
e=u D dif fusive forces

The Peclet number is calculated to determine whether sufficient glucose is reaching
the first chamber by convection or diffusion process. The length (L) from the inlet hole to
the entrance of the first c-shape is 6000 um and Peclet number is calculated as
approximately 58000 through this path. The transportation of the glucose molecules
mainly depends on diffusive forces, which are created via syringe pump in the experiments.
The diffusion time is defined as the time taken by a molecule to travel distance x by

diffusive process as shown in Equation 4.9 and calculated as 16 hours. The calculated
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diffusion time indicates that glucose molecules directly reach the chambers by advection

without diffusing in the channels.

X (4.9)

The statistical movement of a molecule (y) is characterized as random and described

by Einstein-Smoluchowski relation as given below.

y=2.D.t (4.10)

According to equation 4.10, after 3 hours one glucose molecule is transported for
approximately 30 micrometers by diffusion. This value shows that a significant diffusion
of glucose molecule cannot be obtained through the channels. The molecular transport

occurs via diffusive transport.

While studying cell culturing on microfluidic platforms, shear stress need to be kept
below a level to avoid the trapped cells washed off from the surface. The local shear stress
is a function of the device geometry, volumetric flow rate and viscosity. Wall shear stress

can be manipulated by controlling the inlet flow rate and calculated by following equation,

)

nae

w h2

T= (4.11)

When the wall shear stress is estimated at the velocity of 0.1 pL/min (at the middle
of the first chamber), it is found as 2.62 dyne/cm?. This low value of the wall shear stress
in the c-shaped region shows that the cells were trapped in this region efficiently and were
not flushed away by fluid flow. Park et al. (2015) reported that at maximum wall shear

stress of 8.2 dyne/cm?, all cells were flushed off from the surface [53].
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5. CONCLUSION

5.1. Conclusions

This thesis described the work on culturing yeast cells in well-designed home-made

microbioreactor. The following achievements were obtained from this study:

e The previous design of the microfluidic device was successfully scaled down for
the visualization of the trapping region along the C-shape during the experiment.

e The new designed microfluidic device was successfully produced via hot
embossing and thermal bonding techniques from PMMA, COP and PEN polymers.

e The simulations of velocity, concentration and pressure profiles were executed via
COMSOL Multiphysics program and the favorable inlet velocities were obtained
for the nutrient feeding and cell loading steps of the experiments.

e Yeast cells were trapped and cultured in predetermined c-shaped regions (0.13 nL
volume) within the chip as it was purposed.

e The yeast cell experiments were performed by rich YPD medium and low auto-
fluorescence YNB media containing both 2% and 0.2% glucose as the primary
carbon source. The longest experiment lasted for about 60 hours and cells were
visualized successfully.

e The brightfield and fluorescence images of the cells were captured by Nikon
Eclipse-T inverted microscope at regular time intervals during the experiments.
The images were processed via ImagelJ-Fiji software by use of the macros written
for brightfield and fluorescence images. The change on cell count, cell area, cell
perimeter and integrated density parameters in each experiment were analyzed for
all chambers of the microbioreactor. Despite the low protein abundance of Sld7
protein, the fluorescence signals were processed successfully.

e The behavior of GFP tagged Sld7p (YORO060C) of S. cerevisiae cells was followed
in the fabricated Lab-on-a-Chip platform under environmental stress conditions.
The maximum specific growth rates were calculated by using the results of

processed images and were compared with those in literature, the results were all
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in agreement. The product concentration (SId7p:GFP expression) was found to
increase in accordance with cell count, cell area and perimeter.

The durations of G1 phase and budded phase in cell cycle were determined. The
duration of G1 phase was found to be longer than the budded phase for cells born
during exponential growth phase on glucose. The application of caloric restriction
on yeast cells caused a decrease both in time of budding (S, G2, M phases) as well

as G1 cell cycle phase.

5.2. Recommendations

The ultimate aim of this study was to fabricate a microfluidic device from different

polymers and visualize the growth of green fluorescently tagged S. cerevisiae yeast cells

by applying environmental stress via changing nutrient media and concentration. The

results were used to get an insight on expression behavior of Sld7p which has a role in

DNA replication of the cell cycle process. Nevertheless, some additional studies should be

done to annotate a function to uncharacterized Sld7p (YORO60C) protein by using the

fabricated microbioreactor.

To get an insight about the molecular function of SId7 protein, another protein (e.g.
Sld3p), which has an interaction with Sld7, can be used. The localization of GFP
tagged Sld7p protein and RFP tagged Sld3p can be followed and their expression
profiles can be compared.

In order to have a deeper understanding of the role of Sld7 protein in DNA
replication step of the cell cycle, the abundance changes of GFP tagged Sld7 protein
in yeast can be followed by applying replication inhibitors such as HU or MMS.
The analyses done in absence and presence of inhibitor should be compared to
figure out the DNA damage response of the cells.

Since the optical transparency and biological inertness of COP and PMMA
polymers were good, they were advantageous for the fabrication of a
microbioreactor. The experiments were mainly performed in the COP made

microfluidic device (microbioreactor). In order to compare the effects of different
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polymers (used for fabrication of the device) on cell growth, additional experiments
can be done using polystyrene (PS) made microfluidic devices.
As long as the created microfluidic platform provides efficient cell trapping, it can

be used for other type of cell experiments except yeast cells.
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APPENDIX A: DENSITY AND DIFFUSION CONSTANT
CALCULATIONS

A.1. Density Calculation for CFD Simulations

The density value for COMSOL simulations were calculated by using the equation

A.1 via considering 2% glucose solution was used as nutrient:

1
Pmix = %7, x5 (A-l)
Yoy + %/,

In the equation, density of the mixture is defined as pmix, X1 and X2 represents weight

fractions of the components and p1 and p2 are densities of components.

A.2. Diffusion Constant Calculation for CFD Simulations

The diffusion constant was calculated by using the following equation and selecting
the constants given in the paper of Ribeiro et al. (2006). The concentration depence on
diffusion coefficient and other equation for dilute solutions (¢ < 0.1 mol.dm-) are given as

follows;

c
— no -9 -3
D=0°10"(1+B(—.dm™) (A2)

Here, D is the diffusion coefficient (m?.s%), DCis the diffusion coefficient at infinite
solution, c is concentration, y is the thermodynamic activity coefficient of the solute and
B is a constant(c/mol.dm-3). Here In y equals to B and the value of y constant was selected
as 0.9734 for the glucose concentration of 0.1 mol.dm-3at 303.15 K. By using this value,

B is calculated as 2.64 and DO is taken as 0.767 for the glucose and water solution [54].
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APPENDIX B: OPTIMUM CONCENTRATION AND PRESSURE
PROFILES OF DESIGN-2
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Figure B.1. Concentration profile of model 4 for new design-2.
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Figure B.2. Pressure profile of model 4 for new design-2.
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APPENDIX C: RESULTS OF EXPERIMENTS

C.1. Results of Integrated Density/Cell Count for E1Y
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Figure C.1. Integrated density/cell count vs time graphs for (a) chamber 1 (b) chamber 2
(c) chamber 3.
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Figure C.2. Graphical display of processed data for chamber 4 (a,b) cell count vs time

graph (c) log(cell count) vs time graph (brightfield images) (d) integrated density vs time

graph (fluorescence image)-E4Y.
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Figure C.3. Graphical display of processed data of chamber 4 (a) cell area vs time graph
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perimeter/cell count vs time graph (brightfield images)-E4Y.
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Figure C.4. Graphical display of processed data for chamber 4 (a) integrated density vs

time graph (b) logz(integrated density) vs time graph (c) integrated density/cell area vs

time graph (d) logz(integrated density)/cell area vs time graph-E4Y.
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Figure C.5. Graphical display of processed data for chamber 4 (a,b) cell count vs time
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graph (fluorescence image)-E5Y.



180

(a) Cell Area vs Time (b)  Cell Perimeter vs Time
>
%5 3000 S 4000
c (&)
o 2500 L
£ 2000 Lf, 3000
= 1500 S 2000
£ 1000 g
S "= 1000
= 500 II g "
O O O O O O O O o 8 o O O O O o
OO I~ O 0 W I OO O O [} (O ~N O O O
N O O « — N~ O N 07 o — I~ O
1 4 <4 N N M — H — N N ™M
Time (min) Time (min)
(©) cell area/Cell count vs Time ) cell perimeter/Cell count vs
Time
£ 10 =
3 g § 15
B 6 8 10
8 4 £
S 2 £ 5
o 5
O 0 Q. 0
o O O O O o =
N O© N~ OO O O [<5] o O O O O o
NOSH\_.&'RS O R8&8g§s8¢e¢g
— i — N N [ep]
Time (min) Time (min)

Figure C.6. Graphs of processed data of chamber 4 (a) cell area vs time graph (b) cell
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Figure C.7. Graphical display of processed data for chamber 4 (a) integrated density vs

time graph (b) logz(integrated density) vs time graph (c) integrated density/cell area vs

time graph (d) logz(integrated density)/cell area vs time graph-E5Y.
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Figure C.8. Graphical display of processed data for chamber 5 (a,b) cell count vs time

graph (c) log(cell count) vs time graph (brightfield images) (d) integrated density vs time

graph (fluorescence image)-E5Y.
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Figure C.9. Graphs of processed data of chamber 5 (a) cell area vs time graph (b) cell

perimeter vs time graph (c) cell perimeter/cell count vs time graph (d) cell area/cell

count vs time graph (brightfield images)-E5Y.
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Figure C.10. Graphical display of processed data for chamber 5 (a) integrated

density vs time graph (b) logz(integrated density) vs time graph (c) integrated

density/cell area vs time graph (d) logz(integrated density)/cell area vs time graph-E5Y.
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Figure C.11. Graphical display of processed data for chamber 6 (a,b) cell count vs time

graph (c) log(cell count) vs time graph (brightfield images) (d) integrated density vs time

graph (fluorescence image)-E5Y.
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Figure C.12. Graphs of processed data of chamber 6 (a) cell area vs time graph (b) cell

perimeter vs time graph (c) cell perimeter/cell count vs time graph (d) cell area/cell

count vs time graph (brightfield images)-E5Y.
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Figure C.13. Graphical display of processed data for chamber 6 (a) integrated

density vs time graph (b) logz(integrated density) vs time graph (c) integrated

density/cell area vs time graph (d) logz(integrated density)/cell area vs time graph-E5Y.
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Figure C.14. Graphical display of processed data for chamber 7 (a,b) cell count vs time

graph (c) log(cell count) vs time graph (brightfield images) (d) integrated density vs time

graph (fluorescence image)-E5Y.
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Figure C.15. Graphs of processed data of chamber 7 (a) cell area vs time graph (b) cell
perimeter vs time graph (c) cell perimeter/cell count vs time graph (d) cell area/cell

count vs time graph (brightfield images)-E5Y.
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Figure C.16. Graphical display of processed data for chamber 7 (a) integrated density vs
time graph (b) logz(integrated density) vs time graph (c) integrated density/cell area vs

time graph (d) logz(Integrated density)/cell area vs time graph-E5Y.
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APPENDIX D: RESULTS OF PRODUCT FORMATION KINETICS

D.1. Results of Product Formation Kinetics for E1Y
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Figure D.1. Product formation kinetics (a) pu vs logz2(ID) graph (b) dP/dt vs dX/dt graph
of chamber 2 for E1Y.
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Figure D.2. Product formation kinetics (a) p vs logz2(1D) graph (b) dP/dt vs dX/dt graph
of chamber 3 for E1Y.
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D.2. Results of Product Formation Kinetics for E4Y
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Figure D.3. Product formation kinetics (a) p vs log2(ID) graph (b) dP/dt vs dX/dt graph
of chamber 1 for E4Y.
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Figure D.4. Product formation kinetics (a) p vs log2(ID) graph (b) dP/dt vs dX/dt graph
of chamber 2 for E4Y.
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Figure D.5. Product formation kinetics (a) pu vs logz2(ID) graph (b) dP/dt vs dX/dt graph

of chamber 3 for E4Y.
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Figure D.6. Product formation kinetics (a) p vs log2(ID) graph (b) dP/dt vs dX/dt graph
of chamber 4 for E4Y.
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D.3. Results of Product Formation Kinetics for E5Y
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Figure D.7. Product formation kinetics (a) p vs log2(ID) graph (b) dP/dt vs dX/dt graph
of chamber 1 for E5Y.
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Figure D.8. Product formation kinetics (a) u vs logz2(ID) graph (b) dP/dt vs dX/dt graph
of chamber 2 for E5Y.
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Figure D.9. Product formation kinetics (a) p vs logz (ID) graph (b) dP/dt vs dX/dt graph
of chamber 3 for E5Y.
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Figure D.10. Product formation kinetics (a) pu vs logz (ID) graph (b) dP/dt vs dX/dt graph
of chamber 4 for E5Y.
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Figure D.11. Product formation kinetics (a) p vs logz (ID) graph (b) dP/dt vs dX/dt graph
of chamber 5 for E5Y.
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Figure D.12. Product formation kinetics A) p vs log2(ID) graph B) dP/dt vs dX/dt graph
of chamber 6 for E5Y.
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Figure D.13. Product formation kinetics (a) p vs log2(ID) graph (b) dP/dt vs dX/dt graph
of chamber 7 for E5Y.





