











For this experiment, a Nikon Eclipse Ti-E inverted fluorescence microscope
was used to take time lapse images. A 100x NA 1.40 oil immersion phase contrast
objective was used to image the bacteria. A 200W Hg lamp was used to excite the
fluorescence through a ND4 neutral density filter. An Andor iXon DU897 camera was

used to capture the images and were recorded using NIS-Elements software.

Image Analysis

The goal of image analysis is to segment the cells from the background. The optical
image produced from the microscope is a 2D continuous image based on light
intensity in real space, ( , ).The digital representation of this image is a rectangular
grid of pixels in discrete positions ( , ). The intensity values are discretized as well,
creating a 2D image in the discrete space ( , ). Image segmentation aims to label
each pixel in an image to group similar pixels together. A common image technique is
phase contrast imaging, where the cells show up as dark regions on a light
background, if the cells as imaged on an agar pad. PDMS is used frequently in this
thesis and the difference in the index of refraction between that and agarose is
described above. Here, we label the cytosol of the cell, allowing us to analyze just the
fluorescent image, which is not affected by the presence of PDMS. The analysis utilizes
Cload, which is a function in the PSICIC software from Guberman et al. [30]. The
PSICIC, Projected System of Internal Coordinates from Interpolated Contours, uses

interpolated-contour analysis to accurately define cell borders while automatically
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(http://www.diplib.org/) and Matlab Image Analysis toolbox were used to analyze

the time lapse images.
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while flushing out old cells and any waste. This allows cells stay in log phase for an

extended period.

Growth of the Mother Cell

The cells were imaged over a time of 8 hours for each time lapse. Analysis was
run on all cells in the pockets. The innermost cell, termed the mother cell, produces
generations of daughter cells throughout the length of the pocket. To characterize the
growth of cells, the quantities studied were the doubling time of the mother cell and
the length, width, and volume at birth for all cells in the channel. These were then
compared across the different platforms to judge which platform allowed for the
fastest cell growth in nominally the same conditions. Figure 4.3 compares two
channel widths, 0.6um and 1.0um, showing the respective growth curve for 8 hours.

There is no noticeable difference in growth of the mother cell
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Figure 4.3: (A) Fluorescent and phase image of mother machine showing bacteria

growing in pockets. (B) Growth curve of two E. coli cells shown in (A).
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The first quantity analyzed was the doubling time of the mother cell. As stated earlier,

the doubling time is a known characteristic of bacteria and will be consistent amongst

a specific strain with given growth conditions. The doubling time in the mother

machine was compared with the measured doubling time for cells grown in a test

tube. E. coli was grown overnight in a test tube consisting of M9 minimal media with

0.2% casamino acids, 25ul/mL kanamycin, and 25pg/mL glucose at 28°C in a shaker

incubator then diluted to an ODsoo of 0.01 in the morning. The ODeoo, optical density,

of the cells was measured every half hour until they reached an ODeoo of 0.4 using a

spectrophotometer. The natural log was applied to the curve shown in Figure

4.4(left), which was then fit to calculate the doubling time (Figure 4.4(right)). This

was found to be 71mins. The mother machine was designed to compare five different

widths of channels ranging from 0.5um to 1.0pm.
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Figure 4.4: Growth curve (left) of AJ5 cells in 28°C tube measurement. The logarithmic

plot (right) of the growth curve shows best fit line used to find the doubling time in the

tube measurement during log-phase growth.
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Figure 4.5: (A) Averaged doubling time of mother cell across the different widths of
pockets showing both lengths, 15um (red) and 20pm (black). Each measurement is the
average of three independent measurements. The solid line shows the doubling time
measured for cells grown in a test tube. (B) Averaged cell width at birth across the
pocket widths. (C) Averaged cell length at birth, (D) average cell volume at birth. The

error bars are standard error of mean.
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There were two lengths used as well, 15um and 20um. The goal was to see if the
bacteria would grow differently given different sized channels. Figure 4.5(A) shows
the average doubling time of the mother cell across all channel widths. Figure 4.5 is a
result of three separate measurements averaged together. All three measurements
were performed in the same manner. Table 4.1 shows far fewer cells entered the
0.5um wide channels when compared to the rest, resulting in few cells being analyzed
for this channel width. A Mann-Whitney test, which uses a null hypothesis saying the
means of two distributions are different from each other, was performed to compare
the average doubling time of the three measurements per each pocket width to see if
there was a significant difference; there was not. When comparing the channel
widths, the doubling time in the 20um pockets are not significantly different from one
another per the Mann-Whitney test. The same was true for the 15pm channels. The
average doubling time in the 20pm and 15um channels were 60.5mins and 60.42mins
respectively, resulting in no significant difference in the doubling time of the mother
cell between the two channel lengths as well.

The cell size was also studied since the size is a more sensitive characteristic
of all growth conditions than doubling time. I will first discuss cell width, followed by
cell length and volume. The average width for this strain is approximately 0.6-0.8pm.
As seen in Table 4.1, the smallest pocket has far fewer filled pockets than the larger
widths even though the cells were loaded in stationary phase for each measurement,
meaning they would be at their smallest size during growth. When analyzing the
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Table 4.1: Comparison of the number of channels analyzed per measurement and the

number of doublings analyzed with the channel width.

Channel width (um) Number of channels Total number of mother
analyzed per each cell doublings analyzed
measurement

0.5 15pum: 4/7/14 15um: 161
20pum: 3/8/15 20pum: 165

0.6 15pm: 12/16/19 15pm: 408
20um: 14/15/27 20um: 346

0.7 15um: 17/24/18 15pum: 369
20um: 17/19/26 20pum: 415

0.8 15um: 21/27/14 15pum: 382
20um: 23/26/25 20pum: 458

1.0 15pm: 24/24/18 15um: 415
20um: 30/29/21 20pum: 492
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different pockets, Figure 4.5(B) shows a positive linear trend that is significantly
different than zero for the 15um length pockets. This shows that the mother cell was
wider at birth in the 1.0um wide pocket than the mother cell in the 0.5pm pocket.
There is a positive linear trend for the 20pm long pockets as well, however, the slope
is not significantly different than zero. There may be slight variations in the sizes of
the pockets that arise when patterning the PDMS from the Si wafer and then bonding
the PDMS to the glass cover slip, resulting in a systematic error between the design
widths and the actual widths. Also, when the glass cover slip is bonded, it may change
the widths of the pockets slightly if pressed too hard. To decrease the error, the glass
cover slide was held by a tweezers and only tapped on one corner of the PDMS. When
comparing the two lengths of pockets, only the 0.6um wide pocket showed a
significant difference in the two means even though the 20um long pockets show a
slightly higher average width at birth across the pockets. However, when considering
the dependence on cell length and volume at birth for the mother cell, Figure 4.5(C)
and Figure 4.5(D), show no dependence on either as a function of channel width or

length.

Nutrient Gradient

We also analyzed the dependence of the cell length, width, and volume for newborn
cells on the position of the cell in the channel. This was done by analyzing frame-by-
frame and clicking on the daughter cells throughout the length of the channel. Shown

here is a representative sample of the raw data from the 0.8um channel. The line
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Figure 4.6: Raw data for the gradient analysis from three measurements in the 0.8um
wide channel. The cell length (left), width (middle), and volume (right) at birth confirm a
nutrient gradient as seen by the best fit lines. Their slopes are significantly different than

zero. N=1766 newborn cells

represents the best fit and each shows a negative slope that is significantly different
than zero for cell length, width, and volume (Figure 4.6). This trend was observed in
all 5 channel widths at the 20pum length. The slope of the best fit line was used to
determine if there was a size gradient in the channel. This can be seen in Figure 4.7,
which compares the magnitudes of the size gradient for each channel width to zero.
Since the probability was found to be significantly different than zero in each channel
width, we determined there was a size gradient in the 20pum long channels, which led
us to believe there is a nutrient gradient in the channels. This can be attributed to the
lack of diffusion of nutrients through the PDMS as there is no nutrient flow to the end
of the channel. It may also be from the possible cytotoxicity from free oligomers in
the PDMS leaking into the medium and cell membrane. For this reason, we have
developed the agarose based design and the flow through platform that will be

discussed next.
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Figure 4.7: Gradient result for cell length (left), width (middle), and volume (right)

versus channel width. The channel length is 20pum. In all cases the gradient is

significantly different from zero. The slopes were found from the best fit line of the raw

data as seen in Figure 4.6 for each respective channel width. Error bars represent the

standard error. The P value shows the probability that the gradient is zero.
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CHAPTER FIVE
AGAROSE BASED DESIGN

Fabrication

To decrease any possible nutrient gradient and to improve the phase contrast
imaging, we developed a mother machine platform that uses agarose as the channel
material. Agarose, a polysaccharide polymer, is a much softer material than PDMS,
but can still be patterned to yield sub-micron sized pockets. The assembly of this chip
requires two steps; the first is to make the PDMS sidewalls and the second is to
pattern the agarose; a schematic of the completed chip is shown in Figure 5.1. A 10:1
ratio of PDMS to curing agent will be used to make the sidewalls and is prepared
similar to what was described in the previous chapter. However, here the PDMS was
degassed for about 40mins and then poured into an Al holder (Figure 5.2(A)). The lid

of the holder is screwed into place so the top of the PMDS is flat.

Cellsin Patterned 1o, olass slide
Agarose /

\
Flow medium in /X / Flow medium out
yd

PDMS sidewalls

Figure 5.1: Schematic of final agarose platform.
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Figure 5.2: Agarose assembly process. The Al mold the make the PDMS sidewalls shown
as a top view (A) and side view (B) with the center part to create the hole for the
agarose. (C) The PDMS sidewalls bonded to the glass cover slip. (D) Teflon mold to
pattern the agarose. (E) and (F) show the completed platform held together by screw

holder pressing evenly on the top glass slide.
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This is then placed in the oven at 194°F for 15 mins. Once cooled, the PDMS is carefully
taken out of the holder and about 0.5 mm of the top, inner corners of the center hole
are cut off to make a well for fluid build-up from the agarose to help reduce leaks
between the top glass slide and PDMS. Finally, entrance and exit holes are punched,
the chip is cleaned as before and bonded in a similar fashion to the PDMS chip. While
the PDMS is in the desiccator, 5% agarose is microwaved until melted and then
poured onto the Si wafer held in place by a Teflon mold (Figure 5.2(D)), which has a
hole 5% larger than the center PDMS mold. This is to ensure a close fit when the
agarose is placed in the center of the PDMS. The agarose will take 1 hour to solidify.
It can then be taken out of the mold and placed carefully in the center of the PDMS
sidewalls. As it is 5% larger and softer than the PDMS, there is a chance the corners
or sides of the agarose may be shaved off at this point. The goal is to reduce this
problem since cells can flow into those holes and grow exponentially causing further
problems during imaging. A small divot is cut on the top of the agarose where the
entrance and exit of the main channel resides to decrease the buildup of cells in the
main channel caused from the ceiling being collapsed in due to pressure. The agarose
must be about 5% higher than the PDMS so that, when pushed down using the top
glass slide, the bottom of the agarose is tight enough to not allow for wandering cells
outside the main channel. However, it cannot be too tight because the main channel

and pockets, which are only 20pm and 1.3pum in height, respectively, can collapse.
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This can be accomplished by placing the entire chip in an Al holder and using 3 screws

to hold the top glass slide down evenly (Figure 5.2(E)).

Cell loading procedure

The cells are grown overnight in liquid culture to stationary phase and then diluted
to ODeoo ~0.02. They are let to grow to log phase (ODeoo ~0.07) for about 3 hours and
then concentrated at 6000RPM for 1:30mins. This design requires a constant flow of
medium during the loading process otherwise the cells get stuck to the agarose in the
main channel. A syringe pump is connected and flows in medium at a rate of about 6-
8uL/mint before the cells are loaded. This takes about 20mins to even get a steady
flow out the exit tube. The height of the top glass slide is checked to make sure fluid
can flow while also checking for leaks. Once all air bubbles are flowed out and there
is a steady flow, the cells can be loaded. A second entrance hole, further in than the
flow hole, labeled “cells in” (Figure 5.2), is unplugged and cells are brought up in a
small tube using a syringe. The end of the tube is then placed in the hole and a small
push of the syringe is enough to flow cells in. The flow rate may need to be lowered
during this part so that it does not flush out all the cells immediately. It should be
about 1-3uL/min. Once cells have entered the pockets, the flow can be increased back
to about 6uL/min. The cell loading tube is replaced again with a plug to avoid leaks.
The height of the top glass slide can be adjusted again depending on where the cells

are flowing. If the cells cannot enter the side channels, the screws may be loosened
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slightly to allow more room for the cells. The cells will be in log phase and therefore

time lapse imaging may start shortly after the cells are in the pockets.

Results

The agarose platform improves the contrast of cells in phase contrast images. As seen
in Figure 5.3(A), the phase contrast image shows the PDMS and cells appear black
leaving the program with little room to be able to successfully find the outline of the
cell. Whereas Figure 5.3(B) shows the phase image of the agarose platform where the
outline of the cell is easily found due to the good contrast between the agarose and

the cel, since the index of refraction of both is ~1.34.

A

t=6.5hrs

Figure 5.3: Phase contrast image of PDMS (A) and agarose (B) and (C) taken 2.5 hours
apart showing how the cells push themselves up slowly. The width of the pockets is

0.6pum and are 20um in length.
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The agarose results were averaged between two measurements, but in neither
measurement, did the cells fill the 20 pm long, 0.5 pm wide channels. Figure 5.4(B)
shows a growth curve for a cell in a 0.7 pum wide channel (Figure 5.4A). The average
doubling time for this channel was 68 mins. When analyzing the average doubling
time across the channels they show more variation than in the PDMS mother machine.
In the 0.7 um wide pocket, there is a significant difference in the mean between the
two lengths of channels. The error bars show the standard error. However, the
agarose pockets are more form-fitting than PDMS so the cells can grow closer to their
true width since they are not being as constrained by the stiffness of the material.

Figure 5.5(B) shows the variation of width to be 0.59-0.64um, whereas in the mother

Average doubling time 68mins
%7 Channel width 0.7um .
S d
34 . 5]
5 . I
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Figure 5.4: (A) Phase contrast image overlaid with fluorescent image of agarose platform

showing channel width 0.7pum and length 20um. (B) The growth curve of the selected

channel with an average doubling time of 68 mins.
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at birth, (D) Average cell volume at birth versus channel width. The asterisk in (A) and (B)
represents the channel width shows a significant difference in the two averages shown.

Error bars show the standard error of the mean.
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machine it was 0.585-0.605um. Figure 5.6 shows the comparison between the PDMS
and agarose mother machine for the given growth characteristics. The data were
averaged together for all the channel widths to get an average for both channel
lengths. The mother cell in cell length, width, and volume at birth for the agarose chip
shows the cells are consistently larger than in the PDMS chip. It is noted that the
sample size for the agarose chip is much smaller than in the PDMS chip (Table 5.1).
However, since nutrients can diffuse better through agarose, it would make sense that
the cells would be larger. This should correspond to a faster doubling time, which is
not the case here. Although, the agarose chip shows a doubling time more like the
doubling time found in the tube measurement, so with that, the agarose platform may
allow for a more normal growth of cells when compared to liquid culture cells. This

can be attributed to better diffusion of nutrients or less mechanical stress on the cells.
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Table 5.1: Number of channels and cell doublings analyzed for agarose based design

Channel width (um)

Number of channels
analyzed per each

Total number of mother
cell doublings analyzed

measurement
0.5 15um: 0/1 15pum: 4
20um: 0/0 20pm: 0
0.6 15um: 1/1 15um: 9
20um: 1/3 20pum: 20
0.7 15pum: 3/3 15pum: 32
20pum: 1/3 20um: 23
0.8 15um: 7/3 15pum: 52
20um: 4/4 20um: 41
1.0 15um: 4/4 15um: 50
20um: 6/5 20pm: 61
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CHAPTER SIX
FLOW THROUGH PLATFORM

Design

The third platform was also designed with the aim to eliminate a possible nutrient
gradient in channels. The design also aimed to reduce the loading time of cells. A flow
through small channels was set up via a small opening in the end of these channels
(Figure 6.1A). The designed width of the opening was 0.2, 0.3, and 0.4 um. There are
two widths of channels, 0.6pum and 0.8um. The length of the channel is 20 um, which
includes the length of the 3 um connector. In this design the cells do not have to be in
stationary phase to load into the chip, unlike in the mother machine design. Once the
medium is flushed into the chip, the cells are loaded. A pressure difference is created
by placing a valve on the loading side exit hole to ensure the cells flow into the
channels. Once cells are in the channels, which only takes about 20mins, the valve is

opened so that waste and extra cells are flushed out.

Preliminary Results for Nutrient Gradient

The motivation for this platform was to eliminate a possible nutrient gradient, Our
analysis therefore focused on determining the cell size as a function of cell position in
the channel. Similarly, we tested the length, width, and volume of cells at birth as in

the mother machine. However, we found the cells can push through the
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Flow out

Figure 6.1: (A) Schematic of flow design chip showing cells flowing in on the top left. The
connector is shown which allows medium to pass through to the right channel. The
bottom left exit hole is where the valve is placed to control the pressure and flow of cells.
(B) Phase image of flow design showing a 0.4pm connector (top) and a 0.3um connector

(bottom). The scale bar is 5pm.
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t=1:32hrs t=1:36hrs

Figure 6.2: Time sequence of flow design platform over 7.5 hours showing the cells

pushing through the 0.4pum constriction.

0.4pum connector if there is too much pressure, resulting in cells growing
exponentially in the opposite channel (Figure 6.2). Once the population was large
enough the cells started to push back through the connectors. This did not allow for
the constant flow of nutrients as the design was meant for. The 0.2um connectors
have the problem of collapsing due to the width being too small. This effectively
reverts the pockets back to the dead-end design. The 0.3um connectors showed the
most promise, but a second Si wafer with only 0.3um connectors will need to be
created to fully test this design. Preliminary results (Figure 6.3) show the flow
through platform does improve the nutrient gradient. Only one channel width
(0.8um) with connector size 0.3um showed a significant gradient in the cell width at
birth, however this could be due to the low sampling size in the measurements.
Further testing will be necessary to determine if this platform will be able to fully

eliminate the nutrient gradient.
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Figure 6.3: Top row shows raw data for flow through platform with channel width 0.6pum
and connector width 0.3um. The line represents the best fit of the data. The bottom row
shows the length (left), width (middle), and volume (right) gradients with the asterisk

representing a gradient significantly different than zero.
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CHAPTER SEVEN
CONCLUSIONS

The goal of this study was to study different microfluidic platforms for their suitability
to study the cellular organization of E. coli. The first platform investigated was the
mother machine. This platform was based on PDMS and was designed with a main
center channel for constant flow of nutrients and dead-end side channels of varying
lengths and widths for single cell studies. This advantage to this platform is the
simplicity of its assembly and the large number of side channels. The disadvantage is
the poor phase contrast imaging and as it turned out, the nutrient gradient in the
dead-end channels. When the growth parameters were compared across channels
widths, there was no significant difference in doubling time, cell length, width, or
volume at birth for the mother cell. Only one channel width, 0.6pm showed a
significant difference in mean when the two channel lengths were compared in cell
width, length, and volume at birth. To improve the nutrient gradient, a platform with
flow through channels was designed. The flow through pockets shortened the loading
time to approximately 20mins and preliminary results show no cell size gradients
implying that nutrients reached all cells in the channel equally. However, the size of
the connector in this design needs to be fabricated with a very small margin of error
(100 nm). We tried three connector sizes and found the cells can push through the
connector if it is 0.4 pm while the 0.2 pm connectors could easily collapse. As an

alternate approach, we fabricated the mother machine chip using agarose as the
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material. Agarose is a material E. coli are typically grown on. It allows for the diffusion
of nutrients through the material. The index of refraction of agarose is much more
like that of water than is PDMS, resulting in a more analysis friendly phase contrast
image. The disadvantage of this platform is the assembly of the chip. Agarose is much
softer than PDMS and cannot be bonded to glass therefore when the patterned
agarose piece is put into place, the user must push it into place with a top glass slide.
If pressed too hard the ceiling of the channels does not allow for normal flow of
nutrients and cells. If not pressed enough, the cells are free to roam without being
constrained in the side channels. They can also lift the agarose up and start to grow
exponentially if there is enough of a pressure build-up. A more repeatable assembly
process is required for the agarose chip to be used consistently. It gives better phase
contrast of the cells to the material and allows for nutrient diffusion, but does not hold
its shape like PDMS which decreases the number of cells that can be analyzed. Once
this is solved, the agarose design will be a better platform than the original mother
machine for cell growth and analysis.

With improvements in the connector width for the flow through platform and
a more stable and reproducible assembly of the agarose platform, these platforms can
eliminate the nutrient gradient and improve the phase contrast imaging. These
platforms will help to study single cells in log-phase for extended periods with the

goal of studying cellular organization in E. coli and other bacteria.

52



LIST OF REFERENCES

53



. Locke, J. C,, & Elowitz, M. B. (2009). Using Movies to Analyse Gene Circuit
Dynamics in Single Cells. Nature Reviews. Microbiology, 7(5), 383-392.
http://doi.org/10.1038 /nrmicro2056.

. Veening, ], Smits, W. K,, & Kuipers, O. P. (2008). Bistability, Epigenetics, and
Bet-Hedging in Bacteria. Annual Review of Microbiology,62, 193-210.
d0i:10.1146/annurev.micro.62.081307.163002.

. Gefen, O. & Balaban, N. Q. (2009), The importance of being persistent:
heterogeneity of bacterial populations under antibiotic stress. FEMS
Microbiology Reviews, 33: 704-717. d0i:10.1111/j.1574-6976.2008.00156.
. Moffitt, ]. R, Lee, ]. B., & Cluzel, P. (2012). The single-cell chemostat: an
agarose-based, microfluidic device for high-throughput, single-cell studies of
bacteria and bacterial communities. Lab on a Chip, 12(8), 1487-1494.
http://doi.org/10.1039/c21c00009a.

. Bennett, M. R,, & Hasty, . (2009). Microfluidic devices for measuring gene
network dynamics in single cells. Nature Reviews. Genetics, 10(9), 628-638.
http://doi.org/10.1038/nrg2625.

. McDonald, J. C., & Whitesides, G. M. (2002). Poly(dimethylsiloxane) as a
Material for Fabricating Microfluidic Devices. Accounts of Chemical Research,
35(7), 491-499. D0i:10.1021/ar010110q.

. Qin, D, Xia, Y., & Whitesides, G. M. (2010). Soft lithography for micro- and
nanoscale patterning. Nature Protocols, 5, 491-502.
D0i:10.1038/nprot.2009.234.

. Mannik, ], Driessen, R,, Galajda, P., Keymer, ]. E., & Dekker, C. (2009).
Bacterial growth and motility in sub-micron constrictions. Proceedings of the
National Academy of Sciences of the United States of America, 106(35), 14861-
14866. http://doi.org/10.1073/pnas.0907542106.

54



9. Balaban, N. Q., Merrin, J., Chait, R.,, Kowalik, L., & Leibler, S. (2004).
Persistence as a Phenotypic Switch. Science, 305(5690), 1622-1625.
D0i:10.1126/science.1099390.

10. Wang, P., Robert, L., Pelletier, ]., Dang, W. L., Taddei, F., Wright, A., & Jun, S.
(2010). Robust growth of Escherichia coli. Current Biology: CB, 20(12), 1099-
1103. http://doi.org/10.1016/j.cub.2010.04.045.

11. Whitesides, G. M. (2006). The origins and the future of microfluidics. Nature,
442,368-373. D0i:10.1038/nature05058.

12.Monod, J. (1949) The growth of bacterial cultures. Annual Reviews
Microbiology, 3, 371-394.

13. Widdel, F. (2007). Theory and measurement of bacterial growth. Di dalam
Grundpraktikum Mikrobiologie, 4(11).

14. Wy, F., Dekkler, C. (2016). Nanofabricated structures and microfluidic
devices for bacteria: from technology to biology. Chemical Society Reviews, 45,
268-280. D0i:10.1039/C5CS00514K.

15. Takeuchi, S., DiLuzio, W. R., Weibel, D. B., & Whitesides, G. M. (2005).
Controlling the Shape of Filamentous Cells of Escherichia Coli. Nano Letters,
5(9), 1819-1823. http://doi.org/10.1021/nl0507360.

16. Nichols, D., Cahoon, N., Trakhtenberg, E. M., Pham, L., Mehta, A., Belanger, A,
... Epstein, S. S. (2010). Use of Ichip for High-Throughput In Situ Cultivation of
“Uncultivable” Microbial Species. Applied and Environmental Microbiology,
76(8), 2445-2450. http://doi.org/10.1128/AEM.01754-09.

17. Taniguchi, Y., Choi, P. |, Li, G.-W., Chen, H., Babu, M., Hearn, ], ... Xie, X. S.
(2010). Quantifying E. coli proteome and transcriptome with single-molecule
sensitivity in single cells. Science (New York, N.Y.), 329(5991), 533-538.
http://doi.org/10.1126/science.1188308.

55



18.

19.

20.

21.

22

23.

24.

25.

Taheri-Araghi, S., Bradde, S., Sauls, . T., Hill, N. S., Levin, P. A, Paulsson, |, ...
Jun, S. (2015). Cell-size control and homeostasis in bacteria. Current Biology:
CB, 25(3), 385-391. http://doi.org/10.1016/j.cub.2014.12.009.

Regehr, K. |, Domenech, M., Koepsel, |. T., Carver, K. C,, Ellison-Zelski, S.].,
Murphy, W. L., ... Beebe, D. ]. (2009). Biological implications of
polydimethylsiloxane-based microfluidic cell culture. Lab Chip, 9, 2132-2139.
D0i:10.1039/B903043C.

Chien, A.-C,, Hill, N. S, & Levin, P. A. (2012). Cell Size Control in Bacteria.
Current Biology, 22(9), R340-R349.
http://doi.org/10.1016/j.cub.2012.02.032.

Youngren, B., Nielsen, H. ]., Jun, S., & Austin, S. (2014). The multifork
Escherichia coli chromosome is a self-duplicating and self-segregating
thermodynamic ring polymer. Genes & Development, 28(1), 71-84.
http://doi.org/10.1101/gad.231050.113.

.Amir, A. (2014). Cell size regulation in bacteria. Physical Review Letters,

112(20-23). http://doi.org.10.1103 /PhysRevLett.112.208102.
Velve-Casquillas, G., Le Berre, M., Piel, M., & Tran, P. T. (2010). Microfluidic
tools for cell biological research. Nano Today, 5(1), 28-47.
http://doi.org/10.1016/j.nantod.2009.12.001.

Kang, L., Chung, B. G, Langer, R., & Khademhosseini, A. (2008). Microfluidics
for Drug Discovery and Development: From Target Selection to Product
Lifecycle Management. Drug Discovery Today, 13(1-2), 1-13.
http://doi.org/10.1016/j.drudis.2007.10.003.

Whitman, W. B,, Coleman, D. C., & Wiebe, W.]. (1998). Prokaryotes: The
unseen majority. Proceedings of the National Academy of Sciences of the

United States of America, 95(12), 6578-6583.

56



26.K. R. Spring and M. W. Davidson, Nikon Microscopy.
https://www.microscopyu.com/techniques/fluorescence/introduction-to-
fluorescence-microscopy.

27.Datsenko, K. A., & Wanner, B. L. (2000). One-step inactivation of
chromosomal genes in Escherichia coli K-12 using PCR products. PNAS,
97(12) 6640-6645; published ahead of print May 30, 2000,
doi:10.1073/pnas.120163297.

28.Wu, F., Van Rijn, E., Van Schie, B. G. C., Keymer, J. E., & Dekker, C. (2015).
Multi-color imaging of the bacterial nucleoid and division proteins with blue,
orange, and near-infrared fluorescent proteins. Frontiers in Microbiology, 6,
607. http://doi.org/10.3389/fmicb.2015.00607.

29. Bertani, G. (2004). Lysogeny at mid-twentieth century: P1, P2, and other
experimental systems. Journal of Bacteriology, 186(3), 595-600.
D0i:10.1128/]B.186.3.595-600.2004.

30. Guberman, J. M., Fay, A., Dworkin, J., Wingreen, N. S., & Gitai, Z. (2009).
PSICIC: Noise and asymmetry in bacterial division revealed by computational
image analysis at sub-pixel resolution. PLOS Computational Biology, 5(7).
D0i:10.1371/annotation/1087d9ce-af96-49c¢7-8074-8da2542cb005.

57


http://doi.org/10.3389/fmicb.2015.00607

VITA

Anna Dawn Jennings was born in St. Paul, Minnesota. She grew up in Lakeville,
Minnesota and went to high school at Lakeville South High School. She graduated in
2007 and went to college at the University of Minnesota where she received her
bachelors in physics and physiology with a minor in psychology. During college,
Anna was volunteered at the Red Cross and the Fairview Children’s Hospital, where
she worked in the playroom helping both the children and families in the hospital.
She was a personal care assistant for a teenage boy with autism for four years,
helping him learn basic life skills and socialization. She was involved in the learning
assistant program that aimed to increase high school physics teachers. It increased
her appreciation for teaching and helping others and decided to be an
undergraduate teaching assistant in physics. She graduated in December 2012. Anna
was a competitive gymnast for 16 years at Gleason’s Gymnastics School and danced
ballet at Lakeville City Ballet for 15 years. After college, she was involved in research
at the muscle lab at the University of Minnesota under the direction of Dave Thomas
studying the calcium ATPase channel in heart muscle. Anna began her graduate
studies at the University of Tennessee, Knoxville in 2013 and began her research in
Dr. Jaan Mannik’s biophysics lab studying the growth of E. coli in microfluidic chips.
Anna has many interests and feels her true passion is people and intends to pursue a
career aimed at helping those who cannot help themselves in the healthcare

industry.

58



