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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, 𝐼(𝑥, 𝑦). The digital representation of this image is a rectangular 

grid of pixels in discrete positions (𝑚, 𝑛). The intensity values are discretized as well, 

creating a 2D image in the discrete space 𝐼(𝑚, 𝑛). 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, 0.6µm and 1.0µm, showing the respective growth curve for 8 hours. 

There is no noticeable difference in growth of the mother cell. 

 

 

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, 25µl/mL kanamycin, and 25µg/mL glucose at 28oC in a shaker 

incubator then diluted to an OD600 of 0.01 in the morning. The OD600, optical density, 

of the cells was measured every half hour until they reached an OD600 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 0.5µm to 1.0µm. 

 

Figure 4.4: Growth curve (left) of AJ5 cells in 28oC 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, 15µm (red) and 20µm (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, 15µm and 20µm. 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 

0.5µm 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 20µm pockets are not significantly different from one 

another per the Mann-Whitney test. The same was true for the 15µm channels. The 

average doubling time in the 20µm and 15µm 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 0.6-0.8µm. 

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 (µm) Number of channels 

analyzed per each 

measurement 

Total number of mother 

cell doublings analyzed 

0.5 15µm: 4/7/14 

20µm: 3/8/15 

15µm: 161 

20µm: 165 

0.6 15µm: 12/16/19 

20µm: 14/15/27 

15µm: 408 

20µm: 346 

0.7 15µm: 17/24/18 

20µm: 17/19/26 

15µm: 369 

20µm: 415 

0.8 15µm: 21/27/14 

20µm: 23/26/25 

15µm: 382 

20µm: 458 

1.0 15µm: 24/24/18 

20µm: 30/29/21 

15µm: 415 

20µm: 492 
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different pockets, Figure 4.5(B) shows a positive linear trend that is significantly 

different than zero for the 15µm length pockets. This shows that the mother cell was 

wider at birth in the 1.0µm wide pocket than the mother cell in the 0.5µm pocket. 

There is a positive linear trend for the 20µm 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 0.6µm wide pocket showed a 

significant difference in the two means even though the 20µm 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 0.8µm channel. The line 
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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 20µm 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 20µm 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. 

 

Figure 4.6: Raw data for the gradient analysis from three measurements in the 0.8µm 

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 
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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 20µm. 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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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. 

 

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. 



 

39 

 

This is then placed in the oven at 194oF 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 20µm and 1.3µm 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 OD600 ~0.02. They are let to grow to log phase (OD600 ~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-

8µL/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 1-3µL/min. Once cells have entered the pockets, the flow can be increased back 

to about 6µL/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 cell, since the index of refraction of both is ~1.34. 

 

 

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 

0.6µm and are 20µm in length. 
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The agarose results were averaged between two measurements, but in neither 

measurement, did the cells fill the 20 µm long, 0.5 µm wide channels. Figure 5.4(B) 

shows a growth curve for a cell in a 0.7 µm 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 µm 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 0.59-0.64µm, whereas in the mother

 

 

Figure 5.4: (A) Phase contrast image overlaid with fluorescent image of agarose platform 

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

channel with an average doubling time of 68 mins. 
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Figure 5.5: (A) Average doubling time versus channel width for agarose based platform 

with a line at 71mins to show the doubling time from the tube measurement. (B) The 

average cell width at birth versus the channel width with best fit lines for each length of 

channel. The 20µm slope shows a significant difference from zero. (C) Average cell length 

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 0.585-0.605µm. 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 (µm) Number of channels 
analyzed per each 
measurement 

Total number of mother 
cell doublings analyzed 

0.5 15µm: 0/1 
20µm: 0/0 

15µm: 4 
20µm: 0 

0.6 15µm: 1/1 
20µm: 1/3 

15µm: 9 
20µm: 20 

0.7 15µm: 3/3 
20µm: 1/3 

15µm: 32 
20µm: 23 

0.8 15µm: 7/3 
20µm: 4/4 

15µm: 52 
20µm: 41 

1.0 15µm: 4/4 
20µm: 6/5 

15µm: 50 
20µm: 61 
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Figure 5.6: Comparison between PDMS and agarose for the different growth 

characterizations versus channel length. Data was averaged between all channel widths. 

(A) Average doubling time, (B) Average cell width and birth, (C) Average cell length at 

birth, and (D) Average cell volume at birth. Error bars are the standard error of the 

mean. 
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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 µm. There are 

two widths of channels, 0.6µm and 0.8µm. The length of the channel is 20 µm, which 

includes the length of the 3 µm 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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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 0.4µm connector (top) and a 0.3µm connector 

(bottom). The scale bar is 5µm. 
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0.4µm 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 0.2µm 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 0.3µm connectors showed the 

most promise, but a second Si wafer with only 0.3µm 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 

(0.8µm) with connector size 0.3µm 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. 

 

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

pushing through the 0.4µm constriction. 
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Figure 6.3: Top row shows raw data for flow through platform with channel width 0.6µm 

and connector width 0.3µm. 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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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, 0.6µm 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 µm while the 0.2 µm 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. 
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