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Abstract

Phenotype denotes the observable traits or behaviors of any living subject such as cells,
animals, and humans. In the post-genomics era, the next major challenge in the biological
community is establishing the link between genotype and observed phenotype. Even though
phenotypic characterization of higher mammals is complicated, it is possible to quantify the
phenotype of live cells and model organisms with relative accuracy. In this respect, engineering
platforms are being created with controlled microenvironments and ease of manipulation to
quantify visible behavioral differences. Such platforms are especially developed to enable
increased experimental throughput, data reproducibility, device robustness, and system
versatility. With these broad goals, this thesis focuses on two technology platforms families that
we built in our research group. The first platform family is microfluidic systems with real-time
imaging to characterize the behavior of Caenorhabditis elegans microorganisms under
chemical, electrical or mechanical stimulation. The second platform family is
microelectronic/microfluidic assays to quantify the degree of cell migration among different cell
populations. For each of the two platforms families, the process of device development, system
assembly, software interface, and experimental results are presented. The results demonstrate
the advantage of using microscale technologies, particularly high spatial and temporal
resolution, for studying phenotype and lead our discussion to future technological
considerations for successful adoption in biological laboratories. Lastly, this thesis also
emphasizes the need for sustained collaborations between engineers and biologists for proper

problem identification and proposed solutions.
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Chapter 1

Distinguishable Modes of C.elegans Paralysis upon
Exposure to Different Anthelmintic Drugs

1.1 Introduction

C.elegans has established itself as a model organism in the fields of genetics, molecular
biology, and neurophysiology. The key reasons that contribute to its wide acceptability in the
biological community are its matured genetics, short lifespan, conserved genes through
generations, and relative ease of culture. C.elegans has also been used in electrophysiological
studies geared towards the discovery of new drugs and the understanding of their molecular
modes of actions [1-3]. Traditionally, inhibition assays are used to assess the survivability of
worms in a certain drug or to quantify the dose-related effects of the drug on worm survivability
[4-7]. Besides measuring the percentage of worms surviving a given drug concentration, it is
difficult to measure any other key parameters in the inhibition assays because of the
macroscopic platform that is incompatible for real-time imaging. In this regards, we propose to
develop a two-dimensional microfluidic platform where we can observe worm behavior at real-

time and discover differences in worm motility under different drug environments.
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1.1.1 Objectives

The objective of this project is to build a microfluidic device where C. elegans will be exposed to
four drug solutions, their behavior recorded at real-time, and their motility parameters identified

to characterize the effects of drugs on the worm behavior.

1.2 Methods & Procedures

1.2.1 Device Fabrication

The microfluidic device is fabricated using standard soft lithography. The device design is drawn
in AutoCAD and sent out to an outside vendor (Fineline Imaging, Colorado Springs, CO) for
printing the black-and-white masks. A UV-sensitive polymer, SU-8 (Microchem Corpation,
Newton, MA), is spin-coated on a clean, 3-inch silicon wafer to create an 80 um thick layer. The
SU-8 is patterned with the features on the physical mask and developed. Later, PDMS polymer
(Sylgar 184 Silicone Elastomer Kit, Dow Corning Corporation, Midland, Ml) is poured on the SU-
8 master and allowed to dry in a low-pressure chamber. The dried PDMS is peeled off the SU-8

master, punched with holes for the fluidic ports, and irreversibly bonded to a glass slide.

1.2.2 Experimental Setup

2 [ 2 [
S— W
= g . TR
T &
Walli2 & Vv if 42!

L )
I

Figure 1.1: Photographs of each step in the loading procedure of the microfluidic device. Yellow media

represents 0.8% agarose gel and blue media represents drug solution. Scale bar is 2 mm.
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The device is filled in a two-step procedure as shown in Figure 1.1. In the first step, 0.8%
agarose gel is loaded in a syringe and slowly filled into the straight microchannel. The filling is
stopped when the forward profile of the agar reaches the tapered mouth of the microchannel.
Single L4-stage worms are picked from the culture plate with a sterilized wire and dropped at
the input port. After a wait time of around 5-7 minutes, the worms enter the microchannel and
migrate towards its tapered mouth. As the drug well is filled with air, the worms are restricted in
the microchannel. In the second step, a mixture of 0.8% agarose gel and the drug solution
under test is prepared and filled into the drug well through the side port. Two platinum
electrodes are inserted in the agarose gel, one in the input port and one in the side port, and
connected to a DC voltage supply. An electric field is applied (~ 5 Volts/cm) between the two

electrodes that attract the worms to the drug well and enter.

A Leica stereozoom microscope is connected with a high-speed Qlmaging Camera for real-time
recording of worm behavior in the drug well. In our present configuration, we could observe four
drug wells (of four individual devices) within the field of view, but only one drug well was imaged
at high resolution. The camera is programmed to record images every one second for 40

minutes, which are later sequenced into a single .avi video file for further data analysis.

1.2.3 Analysis Techniques

All experiments were conducted multiple times (N > = 4), each with a certain number of worms
(n >=5). The recorded videos were saved in a file folder. Before every drug test, control tests
were run in agar or DMSO to ensure the proper health of worm samples and functioning of the
microfluidic device. To minimize any human bias during data analysis, a team of two individuals
performed the following procedure: First person (A.P) prepared the drug solution, second
person (R.L.) ran the microfluidic experiments (without knowing the drug under test), first person
renamed the individual video files before data analysis, second person performed the data
analysis, and finally all the extracted data was assembled by the first person. Later, some
random tests were conducted by the two individuals using single blind analysis to verify the final

data sets. Statistical analysis was performed using the GraphPad Prism software.
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1.3 Results

We previously reported the dose response characteristics (i.e. percentage of worms responsive
to electric field) of C.elegans upon exposure to levamisole in the developed microfluidic device.
Similar dose response characteristics were measured for three other drugs: tribendimidine,
pyrantel, and methyridine. To test the mechanism of paralysis, we chose a critical drug
concentration where the percentage of worms responsive to electric fields was approximately
25%, see figure 1.2. At this concentration we previously observed worms paralyzing and
showing unique behaviors whereas at higher drug concentrations (lower percentage of worms
responsive) worms paralyzed too quickly to show unique behaviors and at low drug
concentrations (higher percentage of worms responsive) too few worms paralyzed for definite

characteristics to be observed.
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Figure 1.2; Drug response curves showing percentage of worms responsive after exposure to different
concentrations of the drugs levamisole, methyridine, pyrantel, and tribendimidine.
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Sample videos of worm locomotion in the drug well filled with four individual drugs are attached
as Supplementary files. Upon reviewing the videos, some differences in worm locomotion are
obvious to the human eye. For instance, worms tend to exhibit a ‘swimming’ behavior in
methyridine while demonstrating the usual sinusoidal ‘crawling’ behavior in the other three
drugs. Furthermore the videos reveal some fundamental differences in the nature of body
movements before a worm paralysis in the four drug cases. To accurately quantify the modes of
C.elegans paralysis in different drugs, we devised a list of movement parameters that can be

measured from our recorded videos.

Our initial tests suggested a marked difference in the rate of curling actions exhibited by the
C.elegans. Figure 1.3 shows a series of images to describe the progression of a curl exhibited
by a sample C.elegans in the microfluidic drug well. For our analysis, a curl is defined when a
worm’s head touches or overlaps its tail. Using this definition, we revisited the recorded videos
and manually counted the total number of curls exhibited by every active worm (i.e. worm that
has not yet paralyzed) in the video. Thereafter, the number of curls per second was calculated
by dividing the total number of curls by the total active time for every worm. The number of curls
per second is plotted for all the four anthelmintic drugs. The data suggests that number of curls
per second is significantly higher in levamisole, tribendimidine and pyrantel than in methyridine,
DMSO and agar.
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Figure 1.3: The curling rate observed for C.elegans in different drug solutions. The two groups labeled
by the green and red bars show significant difference for each drug to the other group (opposing color)
but no difference to drugs within the same group.
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Besides the prominent curling action upon exposure to drugs, an active worm also changed the
nature in which it carried their entire body in the drug well. Based on our observations, we
generalize their nature of body displacement into crawling, curling, and flailing. Crawling is the
undulatory, sinusoidal movement of the worm that results in forward or backward locomotion.
Curling, as defined earlier, is resulted when the worm’s head touches or overlaps its tail. On
several occasions, especially upon drug exposure, a worm appears to ‘flail’ or oscillate its body
in half waves about a fixed location. During an experiment, an active worm may exhibit any of
the abovementioned three modes of motion (i.e. crawling, curling, and flailing). We manually
counted the transitions made by an active worm among the 8 different positions which describe
the full range of a C.elegans’ motion within these 3 modes of motion upon exposure to the four
drugs. The number of mode transitions was counted within three time windows of worm entry
into the drug well: 30 seconds, 1 minute, and 2 minutes. The data is plotted in Figure 1.4. The
number of mode transitions is significantly higher in methyridine and pyrantel compared to the
number of mode transitions in levamisole and tribendimidine. Interestingly, worms exhibited

more frequent flailing motion in methyridine compared to in other three drugs.
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Figure 1.4: Observed mode frequency for C.elegans in different drug solutions for A) 30 seconds, B) 1
minutes, and C) 2 minutes. The mode frequency is calculated based on the transitions from one position
to another, thus giving an accurate representation of the worm’s overall activity level regardless of

forward motion.

As a worm enters the drug well, it shows immobilization patterns that can be grouped into three
categories: active, temporarily immobilized, permanently immobilized. Based on our definition, a
worm is considered active if its body is displaced from its original location within a given
timeframe (15 seconds); after 15 seconds the worm is considered immobilized. A worm is

permanently immobilized if its entire body remains stationary for at least 600 seconds. On
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several occasions, an active worm appears to have ‘spasm-like events’ before becoming
permanently immobilized. In the case of temporary immobilization a worm is immobile for at
least 15 seconds or longer but returns to activity before 600 seconds and is never immobilized
for 600 seconds during the entire recording. Figure 1.5 shows an illustration of a worm
experiencing multiple temporary immobilizations within the microfluidic device. We used our
previously designed worm tracking program to locate the body centroid of individual worms in
the drug well over the length of the recorded video. The tracks of a sample worm are plotted this
Figure, showing the time periods when the worm is active, temporarily immobilized or
permanently immobilized. During the active period, the worm moves freely and its track appears
roughly as a straight line. During the temporarily immobilized period, the worm is motionless and
its track appears as a small circle or dot; this is the same as would be seen for a permanent

immobilization, except for at least 600 seconds.

Overall Track Active Period 1 Immobilized Period 1 Active Period 2

0-655 0-80 81-149 150-175

Immobilized Period 2 Active Period 3 Immobilized Period 3 Active Period 4

176-210 211-286 287-530 531-655
E—

Figure 1.5: Track of a C.elegans (in red) exposed to levamisole with active and immobilized periods
separated and tagged by frame count which corresponds to seconds after entering the drug well. The
worm above was only temporarily immobilized in this trial. Scale bar is 1 mm.

www.manharaa.com




Figure 1.6 plots the percentage of worms that were active, temporarily immobilized, or
permanently immobilized at the end of their 40 minutes exposure to the four drugs. As shown,
all worms appear active in agarose medium. The percentage of worms permanently immobilized
in pyrantel and tribendimidine is significantly higher than those permanently immobilized in
methyridine and DMSO. In levamisole, the percentage of worms permanently immobilized is

higher than in methyridine but lower than that pyrantel or tribendimidine.
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Figure 1.6: Bar-chart describing the percentage of worms that are never paralyzed, temporarily
paralyzed, or permanently paralyzed during their 40 minute exposure to drug for each drug (levamisole,

methyridine, pyrantel, tribendimidine, DMSO, and agar).

As mentioned before, an active worm entering the drug well may exhibit several cycles of
temporary immobilization before succumbing to the drug and permanently immobilizing. From
the recorded videos, we manually counted the number of times a worm enters the active phase
or the temporarily immobilization phase. Figure 7a and 7b plot the percentage of worms as a
function of the number of active cycles and immobilization cycles they demonstrate in the drug
well, respectively. All the plots start at 100% in the first active cycle as all worms entering the
drug well are active. In the control tests with agarose, 20% of the worms appear temporarily
immobilized before becoming active again (i.e. in the second active cycle). No worm entered the

second immobilization cycle in agarose. Compared to the other three drugs, we see fewer
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immobilization cycles in tribendimidine because most worms fail to recuperate and enter the
active cycle after a small number of immobilization cycles. In methyridine and DMSO, the

effects on active and immobilization cycles are similar. Similarly, the effects of pyantel and

levamisole are shown as an increased number of active and immobilization cycles.
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Figure 1.7: The percentages of all C.elegans entering the drug well that reached progressive cycle of (A)
activity or (B) immobilization. All drug show 100% worms active for the first active period because this
corresponds to the period when the worms first entered the drug well.

The time period a worm stays in each active or immobilization cycle also varies upon exposure
to the four drugs. Figure 1.8 and 1.9 plot the time spent in the active and immobilization cycles,
respectively. In general, the duration spent in each active or immobilization cycle decreases with
the progression of the drug exposure. In tribendimidine, the time spent in the initial

immobilization cycles is greater than that in the later cycles.
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Figure 1.8: The observed median active times for each active period when C.elegans were exposed to a

variety of drug conditions (levamisole, methyridine, pyrantel, tribendimidine, DMSO, and agar). All graphs
except the agar active times graph have the same axis units.
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Figure 1.9: The observed median immobilization times for each immobilization period when C.elegans
were exposed to a variety of drug conditions (levamisole, methyridine, pyrantel, tribendimidine, DMSO,
and agar). All graphs except the tribendimidine immobilization times graph have the same axis units.
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Based on the parameters we presented to quantify the effects of drug exposure on C.elegans, it
would be useful to generate a performance measure summarizing all the results. Figure 9
categorizes the results of drug exposure in the microfluidic experiment. We decided to use five
key parameters: curls per second, types of immobilization, mode frequency, number of active
cycles, and duration of active cycles. With respect to the curls per second, three drugs that
show similar effects are grouped as Group A (levamisole, pyrantel, tribendimidine), while the
remaining three chemicals (methyridine, agarose, DMSO) are grouped as Group B. Regarding
types of immobilization, methyridine and agarose are grouped as Group A , while tribendimidine
and pyrantel are grouped as Group B. The number of active cycles are similar for levamisole
and pyrantel (Group A), that for methyridine and DMSO (Group B), and that for tribendimidine
and agarose (Group C). Active times are similar for levamisole and pyrantel (grouped as Group

A), while methyridine and DMSO are grouped as Group B.

- Levamisole Methyridine Tribendimidine Pyrantel DMSO

Curls Per
Second

Number of
Active Cycles

Duration of Individual Individual
Active Cycles
Types of Individual Group B Group B Group A
Immobilizations
Mode Group L Group M Group L Group M Not Analyzed Not Analyzed
Frequency

Table 1.1: Table of drug groupings based on observations from measured parameters in C.elegans
behavioral analysis. Groupings of drugs that share traits across multiple parameters have been
highlighted in red and blue.

Based on these drug groupings of shared parameters we can hypothesize that drugs what
affect the C.elegans in similar manner do so using similar mechanisms such as chemical
receptors or molecular modes of activity. This could allow us to identify an unknown drug based
on its effect on C.elegans and without having to perform an expensive drug analysis to discover
its composition. We can also use this information to detect which drugs act upon the same
receptors or chemical pathways by observing which drugs cause worms to behave in similar

manners across multiple observed parameters.
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1.4 Discussion

In this chapter, we presented a microfluidic device for quantifying the effects of drug exposure
on C.elegans. Four drugs were used for the experiments and key motility parameters were
identified that delineate the differences in drug effects. Experimental videos were primarily
analyzed manually and statistical differences were observed in the different motility parameters.
To the best of our knowledge, such a detailed characterization of worm paralysis upon exposure
to anthelmintics has not been studied in the scientific community. We feel that the microfluidic
technology presented here will enlighten our understanding of worm behavior in the presence of
drugs and unravel new biological phenomena that were not possible with traditional inhibition
assays. Even though we investigated the behavioral changes in worm motility, additional
biophysical studies could be performed to establish the link between individual drug

mechanisms and the observed phenotype.
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Chapter 2

Electro-Mechanical Screening of Nematodes

2.1 Introduction

2.1.1 Background

The field of microfluidics has significantly advanced in recent years, providing new insights and
novel analysis methods in the fields of biology and medicine [1]. Of particular interest to our
research, microfluidic systems are being sought for the rapid screening and manipulation of
small microorganisms such as Escherichia coli, drosophila, and C.elegans [2-6]. This has
further fueled research efforts in gene analysis, pest management, and combinatorial drug

discovery.

Our research here is primarily geared towards discovering new microscale methods of sensing
and manipulating two categories of nematodes (or worms): the non-parasitic C.elegans
(Caenorhabditis elegans) and pig parasitic O. dendatum (Oesophagostomum dendatum).
Continuing our discussion from the previous chapter where we demonstrated a microfluidic
platform for screening chemical compounds on C.elegans, we now propose microfluidic

schemes employing electrical and mechanical forces to manipulate these nematodes.
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Development of such small-scale devices that use electro-mechanical forces will enable
researchers to build high-throughput animal sorting systems that can be easily integrated and

with minimal overhead cost.

2.1.1 Objectives

In this Chapter, we present three distinct microfluidic devices: (i) electrical valve to block or
allow worm movement, (ii) maze structures to study worm interactions with angled, hard

surfaces, and (iii) sinusoidal channels to sort worms based on their body vigor.

2.2 Methods and Procedures

2.2.1 Device fabrication

The abovementioned three microfluidic devices are fabricated using standard soft lithography.
Even though their individual topologies are different, the three devices are all fabricated in a
similar manner. Firstly, the device design is drawn in AutoCAD and sent to a vendor (Fineline
Imaging, Colorado Springs, CO) for mask fabrication. The black-and-white masks are then
used in soft lithography to produce a SU-8 photoresist (Microchem Corpation, Newton, MA)
negative mold of the microfluidic device. The SU-8 is poured on a bare silicon wafer and spin-
coated (spin at 2800 rpm; soft bake at 65 C for 5 minutes; repeat once) to create an 80 pm thick
layer of photoresist. This photoresist is then exposed to near UV (375 nm) light (10 milliJoules
per square centimeter for 50 seconds.) followed by a post exposure bake. The unexposed SU-
8 is dissolved in a developing solution (Microchem Corpation, Newton, MA) and then hard
baked (150 C for 15 minutes). PDMS prepolymer (Sylgar 184 Silicone Elastomer Kit, Dow
Corning Corporation, Midland, MI) is then poured over the SU-8 mold and cured for 4 hours at
55 C. After curing, the hardened PDMS layer is peeled off the mold, cut to size, punched to
create ports, and finally bonded to glass slides by exposing the PDMS device and glass slide to

air plasma (Plasma Cleaner PDC-32G, Harrick Plasma).
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2.2.2 Maintenance of the Nematodes

For this study, three strains of C.elegans are used: wildtype, acr-16, and lev-8 (Caenorhabditis
Genetics Center (CGC) at University of Minnesota, St. Paul, USA). The C.elegans used in this
experiment are cultured at room temperature on Nematode Growth Media (NGM) plates seeded
with Escerichia coli OP50. During experiments, C.elegans are handpicked from the NGM

culture plate using a platinum wire scoop and dropped in the entry port of a microfluidic device.

The O. dentatum worms used in these studies are of two different strains, Levamisole-sensitive
(SENS) and resistant (LEVR) O. dentatum, and originally supplied by the Royal Veterinary and
Agricultural School, Frederiksberg, Copenhagen. The worms are reproduced at six to nine
months interval by passage in pigs at lowa State University. The L2 larvae isolates are
maintained between passages in tap water refrigerated at 11°C (changed every 2 - 4 months).
To load the O. dentatum during experiments, a 1 mL syringe is filled with a suspension of O.

dentatum in water and injected into the entry port of a microfluidic device.

2.2.3 Image Acquisition and Statistical Data Analysis

Images are recorded at a rate of 1 image per second using a Leica M205C and QImaging
camera software. The microscope and imaging system were purchased from North Central
Instruments, MN. Experimental recordings are performed for a finite time period, depending on
the specific nature of the tests. The videos are saved in 1 terabyte external hard drive, and later
analyzed either manually or by a custom image-tracking program. The extracted data is then

processed by a statistical data analysis program, GraphPad Prism.

2.3 Results

2.3.1 Device 1: Electrical valve to block or allow worm movement

The microfluidic valve device is fabricated using the standard procedure mentioned previously
(Section 2.2.1). The device comprises a central channel (length = 1 cm, width = 350 ym, height

= 80 ym) with worm entry and exit ports at either end. The central channel is intersected by
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thinner side channels (length = 500 uym, width = 25 ym, height = 80 ym) ending with smaller
side ports for the placement of electrodes. Because of the device dimensions, any C.elegans
that enters the central channel is restricted from entering into the thinner side channels. The

Figure 2.1 shows the microfluidic device and a three-dimensional view of the testing system.

After the microfluidic device fabrication, liquid agar is injected into the central channel. Platinum
electrodes (length = 2 cm) are inserted into two selected side ports and connected to an Agilent
E3630A power supply to generate the electric field. The distance between two side channels
was 2 mm. The electrical conductivity and the current between the electrodes are checked by
an Agilent 34401A digital multimeter. Our initial experiments gave us a good understanding of
the voltage and current levels that could be used in the setup. The voltage level was kept at 10
volts DC across the electrodes (0 V at the anode and -10 at the cathode) and an electric field of
33.33 V/icm. With the agarose gel having an approximate resistance of 0.98 MOhm between
the electrodes, the total current in this case is around 10 pA, which is lower than the minimum
current that is known to damage the C.elegans. Thereafter, L4 stage C.elegans are dropped
into the entry port and allowed to migrate into the central channel. We observed that worms do
not prefer to enter channel regions where the electric field is incident to its direction of
movement. On the other hand, worms move freely in channel regions with no electric field or in
channel regions where the electric field is in the same direction as its movement. Thus a virtual
electrical valve is created on-chip for C.elegans by changing the direction of the electric field in

the central channel.

Entry Port Virtual

A B B > / ‘,
L Open ¢ s . T —— '
i Gate i3 -

®

Central Channel

Figure 2.1: A) Close up of virtual valve and arrangement of electrodes (V- & V+) in reference to gate

(electric field shown in red). B) 3D design of the electric valve system.
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Our results are based on showing the effectiveness of the electrical valve in allowing or blocking
C.elegans movement within a particular section of the central channel. The first attribute of the
system observed in this study is the ability to ‘hold’ (i.e. to block) worms from passing through

the virtual valve. The worm percentage held for each strain of C.elegans in this study is plotted

in Figure 2.3 A. We notice that the virtual valve held almost all C.elegans with minor variations
between strains; 100% of the wildtype, 95+-5% of the acr-16 mutant, and 100% of the lev-8
mutants were held (n=21 for each strain and each worm was examined for 3 experimental
trials). In addition to examining the ability of the virtual valve to hold C.elegans, the penetration
depth of each C.elegans into the region of the virtual valve is analyzed. This penetration depth
is the longitudinal distance from the cathode electrode port to the farthest point that the
C.elegans moved into the virtual valve region (as shown in Figure 2.2). Based on the average
stopping distances for all tested strains of worms, the stopping distance for most worms is
approximately 175 um, with only a few nematodes penetrating much further (400 um) as
detailed in Figure 2.3 B.

Penetration Depth

Virtual Valve Closed Gate /

Figure 2.2: Diagram showing a usual C.elegans interaction with the virtual valve and how penetration
depth is measured. Dotted Red line is the virtual value and the solid red line is the furthest point of
penetration the worm achieved. The penetration depth is the distance between the virtual gate and the
furthest penetration point. Scale baris 1 mm.
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Figure 2.3: A) Chart displaying the percentage of worms held by the electric field for the different
C.elegans mutants. B) Graph describing the penetration depth into the electric field achieved by different
C.elegans mutants.

To ensure that the observed health of the worm is not affected by exposure of electric fields, we
measured the worm centroid velocity before and after coming in contact with the virtual valve.
Before coming into contact with the virtual value the different strains had the following average
forward velocities: wildtype = 238.8 £ 17.2 ym/s, lev-8 = 227.6 + 15.4 uym/s, and acr-16 = 242.3
+ 28.9 uym/s; n=10 for each strain. After contact with the virtual value the strains had the
following velocities wildtype = 245.9 + 29.9 ym/s, lev-8 = 235.8 + 27.7 ym/s, and acr-16 = 222.5
+ 19.3 um/s; n=10 for each strain. The differences between the before and after contact

forward velocities were shown to not be a significant change (p<0.05; ANOVA test).

In conclusion, we developed a virtual valve system that is purely electrical in nature and has no
mechanical or moving parts. The operating principle of our electrical valve is based on a simple
fact that, in an electric field region, C.elegans are attracted towards the cathode (or negative
polarity) terminal but do not prefer to enter channel regions where the field lines are incident to
its head [7-10]. Our electrical valve has a nearly 100% blocking rate and does not produce any
harmful effects on the animals. Such an all-electrical valve could be combined in multiple
configurations to produce an all-electrical method of controlling the locomotion of multiple
worms in an integrated system. Unlike pneumatic valves, our device requires a single mask

fabrication step and no extra mechanical parts (such as syringe pumps and fluid tubings).
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2.3.2 Device 2: T-Maze structures to study worm interactions with angled, hard surfaces

The second microfluidic device is fabricated using the standard procedure mentioned previously
(Section 2.2.1). Here our goal is to characterize worm behavior when it is challenged through
angled surfaces, such as those encountered in their natural soil environment. Because
C.elegans are deprived any limbs or eyes, they primarily rely on sensory neurons in their mouth
region to maneuver through hard or soft surfaces [10-14]. Numerous studies have delved into
the role of chemotaxis (i.e. taxis by smelling chemical) in guiding the direction of worm
movement and have modeled their chemosensory pathways [15-20]. But the role of mechanical
cues in guiding the direction of worm movement is largely unknown, and we aim here to

characterize this interesting behavior using microfluidics and real-time imaging.

Two types of angled interfaces are designed: single T-maze structures with varying angles of
intersection and a sequence of multiple T-maze structures of pre-defined angles of intersections.
The first structure, single T-maze, comprises a central channel (Length = 10 mm, Width = 300
pum, Height = 80 um) with an entry port at one end and bifurcating into two shorter side channels
(Length = 2 mm, Width = 300 ym, Height = 80 uym) with their individual exit ports. In the different
designs, the side channel intersects the central channel at angles of 15, 30, 45, 60, 75 or 90
degrees. The second structure, sequenced T-maze, is a series of five T-maze (Width = 300 pm,
Height = 80 pym), each having an exit port on the left side and leading into the next T-maze on
the right side. Each T-maze in the series either has the same intersection angle or decreasing
intersection angles following the first 90 degree intersection. Figure 2.4 shows a diagram of both

T-maze devices used in this study.

A :

200um  heancls - 75
G 4

2 e

Figure 2.4: A) Photograph of single 75 degree T-maze device and B) Photograph of Sequential
decreasing angle T-maze device with angles of intersections in red. Scale bar for both A and B is 100 pm
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After the microfluidic devices are fabricated, 0.8% agar is injected into the microchannels.
Because of the diverging channel geometries, it is easy to trap air bubbles at random locations in
the device that may impede or obstruct the worm movement. To avoid any air bubbles, the filling
is continued several times till no air bubbles are observed. Next, either L4-stage C.elegans are
hand-picked and dropped into the entry port or O. dentatum are loaded into a syringe and
injected into the entry port of the device. The worms are allowed to migrate freely without any
chemical or electrical stimulation and their movement is recorded with a Leica microscope as
described before (Section 2.2.2).

We manually analyzed the recorded videos and calculated the percentage of worms that would
turn right or left upon impacting the intersection wall of a single T-maze. Figure 2.5 shows the
percentage of worms that made a left or right turn in the different T-maze structures. When the
intersection angle of the T-maze is 90 degrees, the both C.elegans and O. dentatum showed
roughly 50% preference for a right or left turn. As the intersection angle is increased from 15 to
90 degrees (by using different T-maze devices), the percentage of worms making a left turn
decreases almost linearly (and inverse for turning right). These results allow us to build a
probabilistic model for the turning behaviors of C.elegans and O. dentatum simply based on the

intersection angle of a T-maze.
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Figure 2.5: Observed percentages of worms turning either left of right the angle of the intersection, ©, is
increased from 15 degrees to 90 degrees.

After characterizing the turning behavior of worms using single T-maze structures, we realized
that the most important factor guiding the direction of worm movement is the intersection angle

of a T-maze. To further verify that the intersection angle still plays a major role in guiding worm
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directionality, we designed a sequenced T-maze structure. Here a series of five T-maze
structures are connected serially and, at each intersection angle, the worm is provided an option
to exit the maze. We tested worm locomotion in three types of sequenced T-maze structures:
one where all intersection angles are 60 degrees, one where all intersection angles are 90

degrees, and one where the intersection angle keeps decreasing from 90 degrees.

During experimentation, worms are dropped into the entry port and allowed to navigate through
the T-maze structures. After 30 minutes of recording, the number of worms that collect at the
different exit ports are counted. Using the simple probabilistic model built earlier using single T-
mazes, we are also able to calculate the probability of finding a worm in a given exit port. Both
the theoretical and experimental values are plotted in Figure 2.6. To determine the percentages
of worms that turned left or right at each intersection we monitored the exit ports on the device
and counted the number of worms that arrived at each port; once a worm arrived in a port it was
no longer tracked. Using this technique to count the number of worms turning at each
intersection we observed worms behavior in microfluidic devices with angles of 60 degrees, with
90 degrees, and 90, 75, 60, 45, 30, and 15 degrees in series. The percentage of C.elegans and
O. dentatum turning in each of these cases is shown in Figure 2.6. There was no significant
difference in the theoretical and experimental results. This further reaffirms our previous
hypothesis that the intersection angle plays an important role in guiding worms through angle

maze structures.
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Figure 2.6: Percentages of worms collected at each exit for each sequenced T-maze: (A) sequence 90
degrees T-maze, (B) sequence 60 degrees T-maze, and (C) sequence decreasing T-maze.

Besides characterizing the turning behavior of worms, we investigated their body behavior at the
intersection of each T-maze. The recorded videos were reexamined to understand how the

worms made impact with the PDMS wall at the intersection regions. Then we tried to classify the
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observed body behavior into discrete categories for the ease of understanding. In the case of
C.elegans, the possible discrete states of body impact follow the pattern: physical impact, slide
on impact, slide off surface, back off body, back off head, turn head around, and leave
intersection. In the case of O. dentatum, the possible discrete states of body impact are:
physical impact, slide on impact, slide off surface, dig head in, back off head, back off body, and
leave intersection. Analyzing the impacts from all videos, we generated the following Figure 2.7

to describe their behavior.

Figure 2.7: Flow diagrams for the interactions for A) O. dentatum and B) C.elegans when impacting and
navigating a T-maze intersection. The number of worms transitioning from one state to the next is
labeled at the start of each arrow. Bold arrows denote primary paths through the flow diagrams.

Based on this impact analysis, we observe that C.elegans and O. dentatum do not have similar
body behavior upon reaching the intersection region. O. dentatum perform a simple impact,
slide, and slide off behavior at intersection regions. In contrast, C.elegans exhibit a wide range
of actions upon reaching the intersection region, with no single path describing a majority of
worm turn actions. In addition, C.elegans also demonstrated a “probing” behavior where they
probe the surface multiple times with their head. This probing behavior is distinctly absent in O.
dentatum. These observed differences may, in turn, be related to the larger body size and more

developed neurosensory of C.elegans compared to those of O. dentatum.
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2.3.3 Device 3: Sinusoidal channels to sort worms based on their body vigor

The third device used to study the mechanistic behavior of C.elegans consists of a series of
sinusoidal channels. We have earlier seen that worms move in a sine-wave fashion, and the
amplitude or wavelength of their inherent locomotion cannot be changed externally [21-27]. We
hypothesized that, if worms are restricted in tight sinusoidal channels, they would have to
conform their body shape according to the channel geometry. Thus we would be able to test the
adaptability of different worm mutants, each having different amplitude and wavelength of

inherent locomotion.

Entry Entry
Ports Ports Exit Ports

AM Width=60, Wavelength=360, Amp=10-133 @ 3incr for 2 periods B AM Width=60, Wavelength=360, Amp=135-399 @ 6incr for 2 pericds

Exit Ports

A

A=135um A =399 pm

icm

Figure 2.8: Design of sinusoidal channels microfluidic devices for amplitudes of A) 10 — 135 ym and B)
135 — 399 uym. C) Zoomed view of channels for both A and B.

The device is fabricated in the same method as previously described in Section 2.2.1. Each
device consists of multiple sinusoidal channels of fixed wavelength but varying amplitude. Each
sinusoidal channel has a wavelength of 360 um and amplitude varying from 135 um to 10 um or
from 135 ym to 399 ym. The design of the microfluidic device is shown in Figure 2.8. During
the experiment, the sinusoidal channels are filled with standard M9 buffer and L4 stage
wildtype, lev-8, or unc-38 C.elegans are dropped into the entry port. Once into the sinusoidal
channel, the worms are allowed to migrate through the channel without any external electrical,
chemical, or mechanical manipulation. As the worms traverse the sinusoidal channels, their
movement is recorded using the method described in Section 2.2.2. Analyzing the videos of the
C.elegans as they traverse the sine channel microfluidic devices, we were able to quantify a
wide range of behavioral characteristics of the different worm strains. In particular, the average
forward velocity, range of contact angle, and cut-off region were examined for the three different

strains in this study.
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Figure 2.9: This graph displays the C.elegans forward velocities within sinusoidal channels with changing
amplitude from 10 to 399 ym.

We noticed that the forward velocity can be used to describe the ease at which the worms are
able to navigate the sine channels; the higher the speed, the better suited the worm is to the
channel. For the regions of the channel where the worms move slower the worms must contort
their body in the channel to move forward in the channel for low amplitudes or simply to
squeeze through the high amplitude sections of the channel that do not match the worm’s
natural sinusoidal motion. Figure 2.9 shows the average forward velocity of C.elegans (wildtype,
lev-8 and unc-38) as a function of the channel’'s amplitude. For each strain, the velocity curve
has a peak (303+-25.3 um/s for wildtype, 139.60+-19.8 pm/s for lev-8, and 163.42+-25.7 ym/s
for unc-38, mean+-S.E.) at a certain amplitude (180 um for wildtype, 122.5 um for lev-8, and
180 um for unc-38, n=15-20, N=3) and decays on either side of this amplitude. From this data
we can see the average forward velocity for wildtype is the highest out of all mutants, with a
peak at the amplitude 180 um, and exhibits a standard Gaussian distribution. The unc-38
mutant has a similar Gaussian distribution and peak at 180 um, but only at 53% of the speed of
the wildtype. Lev-8 mutants exhibited a skewed distribution in contrast to the other mutants and

a velocity similar to that of unc-38.

In an attempt to relate the forward velocity measured in channels with those on planar, open
space, we quantified the amplitude and wavelength of inherent locomotion on agarose plates
[22]. The three strains of C.elegans mutants are examined on agarose plates to determine their
natural amplitude (A) and wavelength (A) ratio. The A/A ratio for the three strains (n=12—-15) on
agarose plates are: A/A =0.46 for wildtype, A/A =0.33 for lev-8, and A/A =0.54 for unc-38. From
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Figure 2.9, the peak velocities occur at channel regions where A/ A =0.5 for wildtype, A/ Lambda
=0.34 for lev-8, and A/A =0.5 for unc-38. Where the natural A/A ratios of the worms match
closely with that of the channel, the worm velocity is the greatest. This agrees with our earlier
expectation that the C.elegans move fastest in channel regions whose dimensions match their

natural sinusoidal wave.
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Figure 2.10: A) Image showing a C.elegans in the sinusoidal channel and the criteria used to measure
range of contact angle. The contact point of the worm with the side wall (shown in red) furthest from the
central peak is taken as the greatest point in the range of contact angles. B) The range of contact angle
C.elegans make while maneuvering through sinusoidal channels.

As worms navigate through the sinusoidal channels, they push different regions of their body
against the PDMS sidewalls to generate the forward thrust. In the extreme cases when the
channel amplitude is very small or very large, one would expect the worm to struggle a lot
harder [27]. In these cases, most of its body would be touching the sidewalls. Reexamining the
videos, we marked regions of the worm body that made contact with the channel sidewalls. We
used these points of contact to define the range of contact angle where the worm’s body had a
specific posture (i.e., where body’s middle section is centered at the channel’s crest and the
head and tail regions are outside the two troughs on either side of the crest) as shown in Figure
2.10 A. Then we identified the two extreme contact points of the body’s middle section and
extrapolated them individually to a vertical line corresponding to the channel’s crest. The angle
between these two lines is denoted as the range of contact angle and is measured for individual

worms at different sections of the sinusoidal channel.

In Figure 2.10 B we observed that when most worms strains were within the optimal amplitude

range for motion (region of the sine channel where the worm have the greatest forward

www.manaraa.com



27

velocity), they make less contact with the sidewall of the microfluidic device and have a smaller
range of contact angle. All wildtype and unc-38 are within their optimal ranges when the range
of contact was less than 180 degrees, but lev-8 showed optimal motion when have its highest
range of contact angles. Wildtype worms exhibited the lowest range of contact angles for the
entire range of channel amplitudes. This finding agrees with the earlier observation that
wildtype worms had a greater forward velocity than all other strains. Unc-38 performed similar
to wildtype, but at higher range of contact angles overall. Of interest are the contact angles of
the lev-8 mutant, which has its highest forward velocity in the range of channel where it has the
greatest range of contact angle immediately before where it has its lowest range of contact

angles, approximately 100-150 pm.
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Figure 2.11: This Figure shows the A) low cut-off range and B) high cut-off range of amplitudes which
C.elegans can traverse within the sinusoidal microfluidic device. Amplitudes above the low cut-off region
and below the high cut-off region can be navigated by the worms; beyond these amplitudes, the worms
are unable to pass through the channel.

Figure 2.11 shows the cut off regions for the different C.elegans mutants. The cut-off region is
defined as the channel region beyond which a worm is unable to pass through. The first half of
the graph represents the cut-off region for sinusoidal channels having the lower amplitude
range, while the second half of the graph corresponds to the cut-off region for sinusoidal
channels having the higher amplitude range. Lev-8 mutants display the widest range of
amplitudes of the three mutants. In other words, they could traverse a wider range of channel
amplitudes. The lower cut-off for the individual strains are 78.73+-6.6 ym for wildtype, 31.41+-
8.0 um for lev-8, and 44.43+-8.1 um for unc-38 (mean+-S.E., n=15-20, N>3). The upper cut-off
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for the individual strains are 322.7+-14.1 um for wildtype, 390.7+-14.3 uym for lev-8, and 278.9+-
15.6 ym for unc-38 (mean+-S.E., n=15-20, N>3).

The modulated amplitude sine channel provides us with an accurate means to analyze the vigor
of different C.elegans mutants, in this study wildtype, lev-8, and unc-38. By using sinusoidal
channels, we were able to restrict the motion of C.elegans and force them to navigate within the
channel. By decreasing or increasing the channel amplitude, we were passively able to

differentiate mutants that can exert less or more force without any sophisticated system.

2.4 Discussion

In this chapter, we presented three devices for isolating and highlighting a certain electrical or
mechanical behavioral aspect of nematodes. The use of microfluidics with real-time imaging
provided us a unique advantage of probing worm behavior with high spatial and temporal
resolution. Even though some of our results were extracted manually, we envision the
development of automated image-tracking programs that could eliminate human intervention.
Overall we were able to show that nematodes, which are traditionally classified into genetically
distinct groups, may show differences in behavioral patterns. This link between the genetic
makeup of an organism and its associated behavioral patterns is imperative in today’s next-gen

sequencing era.
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Chapter 3

Electronic Platform for Culturing Neuronal Cells

3.1 Introduction

3.1.1 Background

Studies on the architecture and functioning of the human brain pose daunting challenges to
scientists. As brain signals arise from numerous interconnected neurons, researchers have
developed various schemes to cultivate and study neuronal cultures in vitro [1-10]. Cell
migration is an important parameter of study in these in vitro neuronal cultures, which basically
analyzes the ability and rate of live cells to migrate towards a known stimulus. While studying
patterns of cell migration, we can envision how the brain responds to stimuli, injury, and
changes in body fluid compositions. Furthermore, with a greater understanding of cell behavior,
we can discover how neuro-pathological illnesses arise and how alternate treatments can be

developed to combat these illnesses.

Classical methods of characterizing neuronal cell migration rely on cultivating cell populations in

incubation chambers and taking images at fixed time intervals (usually every 12 or 24 hours).
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After the end of the growth period, cells are fixed and stained for fluorescence studies. This
method of cell analysis has been widely adopted by the scientific community because of its
simplicity and reliability. Some limitations of this technique include low image-capture rate, risk
of contamination associated with frequent removal of cell cultures from incubation chamber, and
cost of human labor. Today a number of companies have emerged that sell cell culture/imaging
systems. Such systems are usually expensive (> $100k) because of the level of automation

and sophistication they incorporate.

As an alternative to the classical methods of characterizing cell migration, we propose an
electronic biosensor to perform the same function. The proposed electronic system will be
capable of detecting the position, size, and surface adherence of neuronal cells by electrically
sensing the amount of surface charges from embedded field effect transistors (FET) (rather than
by visual analysis). Our integrated chip contains arrays of CMOS floating-gate FETs, previously
developed by our group at lowa State University [1]. Our group had earlier shown that the
floating-gate FET devices could measure and differentiate charged amino acids placed on its
surface. The electronic readout of the FET devices was performed using a HP 4145
Semiconductor Parameter Analyzer, which is capable of simultaneously applying required
voltages and measuring the current from individual devices. One attempt was also made to
culture neuronal cells on the integrated chip and the cells appeared to have survived for around

48 hours. However, the health of the cell population was not clearly assessed.

Following the above-mentioned progress made by our group, we attempted to enhance the
electronic readout capabilities of the integrated chip and grow sustainable, viable cell cultures
on their surface. Currently, the HP 4145 is used to measure response of individual transistors
but is incapable of reading the performance of an array of transistors. Furthermore the HP 4145
is bulky and a portable, stand-alone system is required to accompany the incubation chamber.
Besides, we will focus on methods of improving chip surface modifications for better cell

cultures on electronic chip surfaces with continuous recording.
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3.1.2 Objectives

The objective of this project is to develop electronic readout system that will use the CMOS
floating-gate biosensor previously developed by our lab to sense real-time neural cell migration.
This requires the design of an electronic readout system to analyze the biosensor, incorporation
of chip modification techniques to enhance cell growth conditions, and an analysis of surface

treatments to support a viable culture of neuronal cells on the CMOS floating-gate biosensor.

3.2 Methods and Procedures

3.2.1 CMOS Floating-gate Biosensor

The CMOS floating-gate biosensor was developed at lowa State University. This biosensor was
fabricated through an outside vendor (MOSIS Integrated Circuit Fabrication Service, Marina del
Rey, CA) and housed within a standard 40-pin case. Design of the CMOS biosensor’s sensing

surfaces are shown in Figure 3.1.
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Figure 3.1: Overhead photographs of two of the CMOS biosensor designs: A) T7BL-AJ and B) T78J-AG.
These images show the sensing surfaces of the individual FETs and FET arrays of the CMOS biosensor.
Scale bar is 1 mm.
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The CMOS floating-gate biosensor is essentially a very sensitive charge sensor. When charged
molecules are placed on its surface, the threshold voltage of the biosensor device changes.
This change is detected by measuring the output current of the device. The differential threshold
voltage can be mathematically correlated to the amount of surface charges on the chip surface.
This biosensor has been shown to accurately detect poly-L-lysine, poly-L-histidine, polyglutamic
acid, poly aspartic acid, poly styrenesulfonic acid sodium salt, and poly diallyldimethyl
ammonium chloride solutions on the biosensing surface [1]. As the surfaces of cells are
negatively charged, this biosensor chip could be able to detect the presence of neuronal cells

on its surface.

Prior testing of the biosensor has been performed using the HP4145 Semiconductor Parameter
Analyzer. The HP4145 essentially has four outlets, each capable of applying a voltage (or
current) and measure the output voltage (or current). This instrument has been widely used to
characterize the performance of transistors. Even though this instrument is suited for single
device testing, it is bulky and difficult to integrate with any cell incubation chambers. There are
also the same limitations with cell migration studies as discussed before, such as manual

intervention, lack of parallel readout of multiple devices, and risks of sample contamination.

3.2.2 Microfluidic Reservoirs for CMOS Floating-gate Biosensor

The first attempt of growing cells on the CMOS floating-gate biosensor was done in 100 mm
petri plate that housed the entire chip. Within this petri plate, adult hippocampal progenitor cells
(AHPCs) were suspended within culture media and manually plated onto the chip surface. Small
amount of deionized (DI) water was added to the base of the container to reduce fluid
evaporation. This setup functioned satisfactorily for cell growth but was difficult to connect to the

electronic hardware and posed risks of exposing the cell culture to the outside environment.

To modify the existing fluidic system, a microfluidic reservoir comprising a 50 mm petri plate
was chosen and attached to the top of the biosensor using superglue. A hole was drilled into the
bottom of the chamber and the interface between the culture chamber and the biosensor was
spanned by PDMS (Sylgard 184 Silicone Elastomer Kit, Dow Corning Corporation, Midland, MI)
poured into the chamber. The PDMS directly above the biosensor is cut away to expose only
the biosensing surface (2.2 mm x 2.2 mm). By adding a chamber to the top of the biosensor, a

constant sterile environment for the cell culture is established rather than enclosing the entire
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biosensor temporarily within a sterile chamber. The smaller chamber also reduces the
evaporation rate of cell media. Figure 3.2 shows a diagram detailing the changes made to the
chamber and the final system design. Figure 3.3 shows a before and after photographs of the

CMOS biosensor that is now securely attached to a petri dish.

PDMS
A B 50 mm petn plate C

. I
\ S Biosensor

100 mm petri plate \ /

CMOS Biosensor Sensor Surface

Figure 3.2: This image describes the design of the modified biosensor microfluidic reservoir. Top image
A) is the original setup, B) is the modified setup, and C) is a close up of the modifications made,
specifically the connection between the petri plate and the CMOS biosensor.
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Figure 3.3: Image A shows the CMOS biosensor in the original 100 mm petri plate, and image B shows
the modified design.

3.2.3 Surface Treatment of CMOS Biosensor for on-chip Cell Culture

The surface of the CMOS biosensor is silicon oxide, which is non-toxic to AHPCs but not
sufficient to support a viable cell culture. To create a viable cell culturing substrate, we chose to
test two different surface treatment solutions: cell attachment matrix ECL (ECL) and poly-L-
lysine (PLL). ECL and PLL were chosen for this study based on a literature review of devices

that supported similar neural cultures [2, 3-4].
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To chemically treat the CMOS biosensor chip with ECL, the chip is cleaned by washing with
water for 1 hour, rinsing in a 70% ethanol bath, rinsing in deionized water, and finally leaving it
under ultraviolet (UV) light for 1 hour. Once the chip is sterile, 0.01% ECL is added to the
biosensor surface and left for 24 hours at 5 degrees C. The ECL is then aspirated off and DM is

added to culture the cells. Cells are then added on the chip and incubated until imaging.

The preparation for the poly-L-lysine coated biosensors follows a similar method as that of the
ECL devices. The devices are first sterilized by washing with water for 1 hour, then rinsed in a
70% ethanol bath, followed by a rinse in deionized water, and finally left under UV for 1 hour.
The sterilized devices are coated with 10 uyl of PLL for 1 hour. After an hour, the PLL is
aspirated off and the device is washed with HBSS 5 times. Once washed, 13ug/ml laminin is
added to each of the devices and incubated for 1 hour. Later, the devices are placed in a
refrigerator at 5 degrees C overnight (12 hours). The laminin solution is aspirated off the next
day and DM solution is added to each of the devices before plating AHPC’s onto the surface of

the biosensor.

3.2.4 On-chip Cell Culture and Imaging

For this study, rat adult hippocampal progenitor cells (AHPC) were used as the primary neural
cell culture. AHPCs were selected because of their pluripotent properties, ease of culturing, and
the wealth of literature related to its functioning. AHPCs are pluripotent cells. These cells can
differentiate into a wide range of neuronal cells and even into additional AHPCs if there is no
differentiation factor present. This allows for research on neural cell differentiation as well as an
examination of different cell types produced by the differentiation of AHPCs. Additionally, the
same AHPC culture can be used repeatedly for successive experiments, thus reducing the
variation between ftrials. AHPCs are also a robust neural cell type and can survive in conditions
too harsh for other cell types such as neurons. This robustness of AHPCs is particularly useful

in our studies where the chip and microfluidic designs are continuously being changed.

During our experiments, a culture of AHPC is always maintained for future experiments and also
as a control. This colony is cultured in T-25 flasks coated with polyornithine and laminin; flask
coating is performed in same manner as for biosensors coated with poly-L-lysine except
polyornithine is used in place of poly-L-lysine. The colony is maintained with maintenance

media and passed every 3 to 4 days after plating, at approximately 80% confluence. To pass
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the maintenance media in the culture flasks, cells are washed with EBSS. The EBSS is then
aspirated off and 0.66 ml of tripsin EDTA is added to the flasks to detach the cells from the
flask. The flask is then placed within an incubator (37 degree C) for 2 minutes and cells are
suspended with 1.7 ml of DMEM/F12. This cell suspension is then centrifuged at 800 RPM for 5
minutes. All media is removed, leaving only a cell pellet which is re-suspended in 100 ul to 400
pl maintenance media depending on size of pellet. The newly re-suspended cells are then used

for passing or plated into microfluidic devices.

Devices are imaged at 6, 24, 48, and 72 hours after AHPCs have been plated onto the CMOS
biosensor surface. The devices are imaged using a fluorescence microscope (Nikon Microphoto
FXA; Nikon, Melville, NY, USA) equipped with a Retiga 2000R digital camera using QCapture
software (QImaging, Surrey, BC, Canada). In the case where no cells are present on the chip

surface, the chip is cleaned, sterilized, and discontinued from future imaging.

3.2.4 Electronic Readout System

The construction of the electronic readout system is performed in three sections: control unit,

control program, and interface circuitry.

The control unit is the component that generates and analyzes electric signals. We chose the
National Instruments USB 6009 as our control unit. The USB 6009 has sample rate of 48 Ks/s,
8 analog input ports (0 - 10 v), 2 analog output ports (0 - 5 v) and 10 digital input output ports
(0/5 v) with independent control for each port. Powered and controlled through a USB cable,
the USB 6009 provides a portable analysis system that can be run from a compatible laptop.
This feature makes the system portable and ideal for on-site or field-based research. The USB
6009 also provides an all-in-one solution to the analysis of the biosensor chip, especially for
repeated testing an array of devices. In addition to portability and functionality, the USB 6009 is
fully enclosed, allowing for sterilization and introduction into a cell incubation environment. This

is an enviable advantage of USB 6009 over the previously used HP 4145 instrument.

To operate the National Instruments USB 6009, a control program was written in LabView.

Controlling the USB 6009, the control program simultaneously generates signals, reads

signals from the CMOS biosensor transistors, and displays readout values to the user. Due to

the large number of FET sensing regions on the biosensor, the USB 6009 uses a two stage
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selection system to read signals from the biosensor. The first selection stage is for quadrant
selection, which selects what quarter of the device to read from. This is performed by sending
selection signals to multiplexers in the interface circuitry. The second selection stage is for
individual FET selection, where a single device is selected from an array of FETs. This is
performed by activating the gate voltage for a row in the array and the drain voltage for a
column; thus activating and selecting a single FET to read from in the array. Column and row
excitation is performed directly from the USB 6009 using the analog and digital output ports. To
accelerate biosensor analysis, multiple columns (up to 8) can be activated and read at once.
Figures A.1 and A.2, in the appendix, show the GUI frontend and the logical block diagram of

the control program respectively.

Current values from the biosensor are converted to voltages by the interface circuitry and read

by USB 6009. Once read, the voltage values are converted back to current values based on
constant element values used in the interface circuitry. To convert the current of the biosensor’s
FET to a corresponding voltage, an array of resistors is used. The design of the conversion
circuit for a single FET is shown in Figure 3.3. The current passing through the FET is obtained

by measuring the voltage across resistor R1 and dividing by the resistor value for R1 (1 kOhm).

Surface Sensor Source Voltage
of FET

Gate Voltage

Cells _

To USB 6009

| o
voltage sensor

4

Figure 3.4: Circuit diagram for single current to voltage converter of the interface circuitry.
The chip is designed to have four independent arrays of FETs. To choose any one of the four
arrays, quadrant selection is used. Quadrant selection is implemented using 4-to-1 multiplexers

[07DGPEK CD4052BE] for each of the 8 analog input ports of the NI USB 6009. The 4 inputs of

each multiplexer come from a different quadrant on the biosensor chip and the output is directly
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wired to the NI USB 6009. The control signals for all multiplexers are shared and are connected
to digital output ports on the NI USB 6009. A complete diagram of the interface circuitry is

shown in Figure 3.4 and photo of the completed circuit is shown in Figure 3.5.

Figure 3.5: Circuit diagram for interface circuitry. Leads at top of the diagram correspond to ports on the
National Instruments USB 6009.

National Instruments
USB 6009

Interface Circuitry

Figure 3.6: Photograph of prototype implementation of the electronic readout system.
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3.3 Results

3.3.1 Evaluation of Electronic Readout System

Initial tests on the electronic readout system were performed on individual, commercially-
available MOSFET devices [PART#: CD4007UB]. By wiring the USB 6009 directly to the
MOSFETs and running the electronic readout system, we observed the current through
MOSFETs as shown in Figure 3.6. The screenshot shows the electronic readout system after
an analysis of a set of NMOS and PMOS MOSFETS of the control chips [PART#: CD4007UB].
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Figure 3.7: This snapshot of the running version of the electronic readout system shows the user
interface after a test. The right panels show the input and recorded response voltage at run-time. The
middle panel shows the input and recorded response for the entire duration of the test. The right panel
shows the current calculated from the observed voltage and the constant resistor values (1 KOhm).

Further testing of the electronic readout system was performed using a test CMOS floating-gate
biosensor designed by our group. The test biosensor consisted of 27 FETs and no FET arrays.
Several FETs were of different dimensions and were used to check the robustness of our
electronic readout system. The analysis of the test biosensor was performed by sweeping the
gate voltage from 0 to 5 volts for all the FETs in the biosensor chip. We observed that the FETs
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produced current values that roughly matched the expected range and plotted the desired IV

curves, confirming the ability of the electronic readout system to analyze a CMOS biosensor.

The quadrant selection functions were tested by implementing a manual channel selection in
the program interface, see Figure A.2 in appendix, and running the electronic readout system
with several output channels of the biosensor disabled, open circuit, in each quadrant. However,
while selecting different regions of the CMOS biosensor, we noticed that certain channels
produced no signals, indicating an open circuit or broken bonding wires. We also tested another
batch of CMOS floating-gate biosensor, equipped with individual sensing FETs and sensing
FET arrays. We noticed that most of the array devices were not functioning. This may be due to
the repeated tests we performed on them or some corroded on-chip electrodes. Still we were
able to successfully test the basic operations of the electronic readout system for future chips

that we plan to get fabricated.

3.3.2 Cell Growth and Viability on CMOS Floating-gate Substrates

In developing a system to analyze neural cells, we examined chemical treatments applied to the
biosensor chip surfaces to create a sustainable and viable environment for neural cell cultures.
Specifically we examined two surface treatments, poly-L-lysine (PLL) and ECL, and evaluated
their effectiveness in promoting cell adhesion and growth by measuring two parameters:

duration of surviving cells on surfaces and number of healthy cells in the surviving cultures.

Figure 3.8: Progression of a cell culture over 96 hours after plating. Each image in the sequence is
taken 24 hours at 24, 48, 72, and 96 hours for each image respectively. Scale bar is 100 uym.
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Figure 3.9: Graph of the percentage of viable (cell sustaining) CMOS biosensors versus the time after
plating for the surface treatments ECL and PLL.

‘Figure 3.10: Images taken with florescent microscope, cells expressing GPF appear bright. The image on
the right shows a culture of AHPC cells on the ECL coated CMOS floating-gate substrate, 48 hours after
plating (The contrast of this image was increased by 40% and brightness decreased by 20% to enhance
cell visibility). The image on the right is of the same region on the CMOS floating-gate substrate coated
with PLL, 48 hours after plating. Scale bar is 100 um.

As shown in Figure 3.8, the poly-L-lysine coated biosensor chip supported healthy cell cultures
for up to 96 hours after plating. The ECL coating supported the cell culture for 48 hours after
plating. Further, we observed that cells on poly-L-lysine coated biosensors had more projections
than their ECL coated analogs. This is an important metric in determining cell health, as
projections represent how well the cells adhere to the surface and make physical/chemical

connections with neighboring cells.
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3.4 Discussion

In this chapter, we discussed the development of an electronic platform for culturing cells and
recording their migration as a function of time. Such an electronic system could negate the use
of any time-lapsed microscopy for cell imaging and provide a cheaper alternative to automated
stages for such applications. We developed a microscale fluidic reservoir to isolate and
encapsulate cell cultures on chip and tested two surface treatment options for long-term cell
growth on electronic substrates. We found that poly-L-lysine and laminin are much better for the
growth of AHPCs, compared to ECL coatings. We also built a portable electronic readout
system to read multiple FET devices in an array using a LabView-controlled National Instrument
USB 6009 instrument. Testing with individual transistors shows the proper functioning of this
electronic readout system. Upon fabrication of new floating-gate biosensor chips, we will be able

to fully test and build upon the first prototype of the electronic readout system.
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Chapter 4

Development of Microfluidic Filter Devices for
Neuronal Cell Culture and Migration Studies

4.1 Introduction

4.1.1 Background

In the past decade, several techniques have been developed for observing brain functioning
and neural cell signaling. Studies on rat brain, for example, have revealed interesting insights
into how the brain responds to a range of stimuli - from injuries, drugs, and even diseases
whether any combination of these stimuli can be employed to treat known neurological
illnesses. To this end, we present microfluidic filter devices to culture neuronal cells on glass
plates to study cell functions such as cell migration and cell signaling in co-culture populations.
The use of microfluidics, compared to traditional petri dishes, for cellular studies comes with
several key advantages including low reagent volumes, higher throughput, better resolution, and

scope of fluid encapsulation.

We plan to follow the in vitro cell culture technique that has been widely used by researchers

and has standard protocols that are well published in the literature. In vivo testing, even though
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being closer to the real scenario, poses challenges during experimentation and later analysis.
Besides, in vivo studies must be ethically justifiable (thus making exploratory studies difficult),
are far more expensive, and are limited by lack of real-time analysis of the cellular system. As
such, we chose to follow the in vitro cell culture approach that allowed us to testing multiple
experimental conditions on different cell populations. Specifically, our microfluidic devices are
designed to allow the user to apply/change any media, promote reliable cell adhesion, and even
retrieve the cells after growth period. The filter stripes help us to dissociate the physical factors
from the chemical factors that affect cell signaling. The development of such co-cultures,
especially with different cell types, can ultimately be useful in constructing artificial tissues and

organs using the patient’s own stem cells.

4.1.2 Objective

The goal of this study is to investigate the migration characteristics of rat adult hippocampal
progenitor cells (AHPC) AHPCs in microfluidic filter devices. Working closely with a Neurology
lab (Dr. Donald Sakaguchi, ISU), we are designing and testing microfluidic devices to analyze

cell migration and co-culture conditions for AHPCs and some other neural cell types.

4.2 Methods and Procedures

4.2.1 Cell Migration and Co-Culture Microfluidic Device Fabrication

The fabrication of the cell migration and co-culture microfluidic devices is performed using
similar approach described before in section 2.1.2. The mask layers are designed in AutoCAD
for the individual feature layers and additional alignment features are added. The SU-8
fabrication is performed in two phases: first for the 5 um thick layer and then repeated for the
100 pm thick later. The fabrication of the 5 ym and 100 ym layers are performed using a
different SU-8 (SU-8 2005 and SU-8 75 respectively) and adjusted spin speeds.

The co-culture microfluidic device used in this study is composed of three open top 6 mm

diameter wells interconnected by 10 um wide x 5 ym tall channels that are spaced apart by 50

um; each well connects to other two in a triangular formation. In contrast, the migration
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microfluidic device consists of two cell culture chambers (100 pm tall x 300 pm wide x 6000 um
long channels) interconnected by 10 um wide x 5 um tall channels spaced apart by 50 um along
the length of the culture chambers. The end of each culture chamber is connected to an 8 mm
diameter open top well; creating 4 wells for each device. For both devices, the length of
interconnecting channels varies from 100 um to 1000 um by 100 ym increments. Photographs

of the fabricated co-culture and migration devices are shown in Figure 4.1.

A Culture Interconnecting B
Chambeﬂ | | | ¥ channels

Interconnecting
Channels

Figure 4.1: Designs of the A) cell migration device and B) co-culture device. Scale baris 1 mm.

Once the master mold is fabricated, PDMS is poured and bonded to glass slides in the similar
manner as previously mentioned. Each device is rinsed in DI water and autoclaved to sterilize
the substrates. The devices are coated with an extracellular matrix surface treatment. For this
study, two surface treatments are used polyornithine & laminin and ECL. The application of the
two surface treatments follows the same steps we used in Chapter 3 to coat the biosensor chip,

except that polyornithine is used in place of poly-L-lysine.

Once the devices are coated with either polyornithine & laminin or ECL, AHPC'’s and other cell
types are plated onto them. The GFP expressing AHPCs used in this study belong to the same
line as those used in the previous CMOS biosensor study discussed in section 3. The non-GFP
expressing AHPCs used were donated by Dr. F. Gage (Salk Institute for Biological Studies, La
Jolla, CA. All media in the channels is aspirated off, followed by a rinse with base cell culture
media, and then a fill with cell culture maintenance media. Devices are then placed into an
incubation chamber for 20 minutes to warm the media before adding the cells. Cells are taken
from culture flasks and suspended in maintenance media as described in section 2.2.2. Varying

amounts of cell suspensions, between 1 ul and 10 ul, are added to the device cell wells.
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Maintenance media is then added on top of the cell wells to create a meniscus of media to

prevent dry-out. Devices are then placed within the incubator to culture.

4.2.2 Culturing and Live Imaging

Plated co-culture and migration study chips are kept within an incubator (Temperature = 37
degrees C, CO2 concentration = 5%). Every 24 hours, the devices are removed from the
incubator for imaging and renewal of the cell media. To renew media new maintenance media,
differentiation media or drug solution is added to the wells. The exact media added to the well
depends on specific experiment being performed. The accompanying container of water is also
checked to ensure that an adequate amount of sacrificial water is present (at least 1 ml) to
prevent evaporation of the cell media. Live imaging is performed every 24 hours after plating
AHPCs on the devices using a microscope equipped with QCapture software (Qlmaging,
Surrey, BC, Canada). Devices are imaged at 40x and 100x in each cell well and regions of

interest. Images are saved for analysis.

4.2.3 Fixing and Florescent Imagining

After being plated for at least 72 hours, the cells are fixed, stained, and imaged. The media is
removed from all the device wells and washed with a chilled PO4 buffer before adding
paraformaldehyde fixative. The fixative is left in the device wells for 30 minutes before being
rinsed and replaced with chilled PO4 buffer. The devices are stained with a 1/50 dapi and 1/200
rhodamine phalloidin staining solution in 0.1 M PO4 buffer solution for 30 minutes, followed by a
rinse of PO4 buffer solution. Prepared co-culture and cell migration devices are imaged using a
fluorescence microscope (Nikon Microphoto FXA; Nikon, Melville, NY, USA) equipped with a
Retiga 2000R digital camera and QCapture software (QImaging, Surrey, BC, Canada). When a
device is being imaged, a glass slide is placed over the cell wells and the device is flipped to
view through the glass slide. If the device is to be imaged with the 100X oil-immersion lens, then
after the fixative is removed and washed away with PO4 buffer before mounting media is placed
into the wells. Once the mounting media is placed into all the wells a glass slide is placed over

the wells and the device is flipped to image through the glass coverslip.
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4.3 Results

4.3.1 Viability Study

In the development of a robust in vitro testing environment, the initial sets of experiments were
aimed at culturing healthy neural cells. For this purpose, we plated AHPCs on devices with
different surface treatments (polyornithine and ECL) and observing the health and growth of the

cultures over time.

In this experiment 13 devices were plated with AHPCs and allowed to culture for 7 days (168
hours after plating). Every 24 hours after plating, the cells were imaged to survey the health of
the cells and growth characteristics. The viability of the cells was determined by looking at the
following parameters: cultures with surviving cells, cultures with cell projections, and cultures

with migrating cells.
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Figure 4.2: Graph “Percentage of Devices with Cell projections” describes the percentage of devices that
had cell with healthy cell projections present on the device. Graph “Percentage of Devices with
Clustering Cells” describes the percentage of devices that showed cell clustering, the forming of neural
spheres. 12 devices were analyzed for this data out of original 13; one ECL coated device became
infected at 48 hours and was removed from the study.

For all devices, cell cultures survived the full period of 168 hours (1 week), but 96 hours after
plating and beyond cultures showed a slow deterioration in health, as expected in a prolonged
culture with only maintenance media. As can be seen from Figure 4.2, polyornithine and ECL
have similar effectiveness for culturing cells; although polyornithine coated devices lose cell

projects earlier than ECL coated devices, and ECL coated devices have cells grouping before
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polyornithine coated devices. Overall, the two surface treatments yielded viable cell cultures

and showed little difference in number of surviving cells, cell projections, and clustering cells.

Even though both the surface treatments were effective for our microfluidic devices, we chose to
continue our work using the polyornithine coating technique rather than ECL coating technique.
polyornithine was chosen over ECL because polyornithine coated devices can be frozen and
used at a later date (even for weeks or months); whereas ECL coated devices cannot be stored

more than a week. This is particularly advantageous while preparing a large number of devices.

In addition to the successful growth and culture of AHPCs in our devices, we observed that
some growing cells were able to migrate into the interconnect channels between wells; figure
4.3. This illustrates that our devices also allows cell migration between two chambers, which
can be easily viewed in our transparent device setup. By designing channels with suitable
dimensions (10 um wide by 5 um tall), we are able to force the cells to migrate in a single file

with clear visual distinctions of the cell body and cell projections.

Figure 4.3: AHPCs growing into connecting channels in a co-culture device. To the right is a zoomed
view of the central channel shown on the left. Scale bar is 50 ym for both images. Brightness increased
by 20% and contrast increased by 40% to enhance cell visibility.
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4.3.2 Co-culture Study

After establishing an effective method of surface treating that promotes healthy cell growth, we
planned to culture different cell populations in individual interconnected wells (i.e. co-cultures)
and study their communication. For the co-culture experiments, 8 devices are coated with
polyornithin and laminin surface treatment; 3 co-culture devices and 5 cell migration devices.
The devices are prepared and loaded with AHPC GFP expressing cells, AHPC non-GFP
expressing cells, and rat RT4 neural cells as described before. For the co-culture devices, all
cell types are plated with one cell type per well. The cell migration devices are plated with two
cell cultures - one in each chamber with cell pairings of GFP expressing AHPCs with non-GFP
expressing AHPCs and GFP expressing AHPCs and RT4 cells. After 72 hours, the cultures are
fixed and mounted for subsequent viewing. The images taken over the active growth period are

analyzed for any signs of co-culture interaction.

Analyzing the active cell growth images, we found that the AHCP GPF expressing cells showed
very low cell counts throughout the experiment. It may be possible that the initial GFP AHPCs
cell density was pretty low to develop into a self-sustaining colony. Only a few AHPC GFP
expressing cells survived the full 72 hour incubation period. In contrast to the GFP lines, the
other two cell types (AHPC non- GFP expressing and RT4 cells) showed healthy growth and
network formation. Assuming that all other experimental parameters were the same, this
observation supports our hypothesis that the GFP expressing AHPCs failed to growth healthily

because they were plated at a low density.

Analyzing the images of fixed cell samples, we found no direct evidence of co-culture
interaction. This may be due to the fact that the GFP expressing AHPC cultures were not
surviving long enough to interact with the other populations. On a positive note, we did observe
that in the healthy cell wells there were a number of cells that approached and entered into the
interconnecting channels as shown in figure 4.4. These images also show the high quality of
cell imaging possible with the microfluidic devices, as well as the possibility of observing healthy

cell growth and interaction across individual wells.
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Figure 4.4: Three image series A, B, & C show non-GPF expressing adult rat hippocampal
progenitor cells imaged at 600x magnification. Each series of images are comprised of 3 exposures
from left to right: light and rhodamine phalloidin fluorescing, rhodamine phalloidin fluorescing, and
dapi fluoresce. The first image in series C had its brightness decreased by 20% and contrast

increased by 20% to enhance cell projection visibility. Scale bar for all images is 10 um.

4.4 Discussion

In this chapter, we developed multiple devices for neuronal cell culture based on a
microfluidic filter topology. A number of tests were conducted to choose the best surface
treatment for cell adhesion in the microfluidic devices. We found that polyorithine and
laminin coating works better than ECL coating for neuronal cells. The devices were plated
with two or three cell types and their growth was observed for least three days. In some
cases, we observed cell projections and cell clustering that indicated a certain level of

chemical communication between individual cells. We showed that these cells can be
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easily fixed, stained, and imaged with good resolution. Further work is being continued by
our group to get reproducible cell growth results in the developed microfluidic filter devices

and to develop ways to improve the experimental throughput.
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Figure A.1: LabView block diagram code for the control program of the Electronic readout system.
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