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ABSTRACT OF THE DISSERTATION

Application of Microfludic device for the Study of Bacteria

by

Chih-Yu Yang

Doctor of Philosophy in Physics

University of California, San Diego, 2018

Professor Alex Groisman, Chair

Microfluidic device has been widely used in biological research, due to not only
the dimension, but also its ability of fresh medium supply, medium exchange, gradients
generation, and force control. This study applied microfluidic device in research of
bacterial behavior, including chemotaxis, thermotaxis, bacterial growth in a gut-like
channel, and mechanical stress response. E.coli was used in all our experiments because it
is a relatively well-studied organism.

Bacterial chemotaxis is a movement in response to spatially chemical gradients.
Similar to chemotaxis, bacterial thermotaxis is the response of bacteria toward spatial

temperature gradients. Linear temperature gradients were created by microfluidic device,
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and E.coli were loaded in the device to test its spatial. The result was surprising, showing
that temperature preference of E.coli is a function of temperature gradient rather than a
constant.

Organ-on-chip is one of the broad applications of microfluidic device, and we
applied it to study bacterial growth in a gut-like channel. The human microbiome in the gut
has been shown to play important roles in the health. To better understand the population
dynamics of microbes in proximal colon, a gut-like channel was built by a fluidic device
called “minigut”. Such device mimicked the contractions and peristaltic movement of
human gut. With the minigut device and theoretical analysis, the bacterial spatial density
profile could be studied. The results suggest that flow and mixing play a major role in
shaping the microbiota of the colon.

Moreover, microfluidic device was applied to study bacterial stress response. A
porous device was designed to physically confine E.coli while providing adequate nutrient
through diffusion for their growth. The goal was to test the response and molecular
regulation of E.coli toward mechanical stress.

Overall, microfluidic device provided appropriate environmental conditions to
study bacterial behavior, which could not be done by traditional methods. With such
combination between physics and biology, more experimental research could be reached

and conducted.
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CHAPTER 1

INTRODUCTION

Microfluidic device has been widely used in biological research. The order of
magnitude of its cross-section is between 0.1~500 pm, covering the size of many
microorganism from E.coli mammalian cells, to Caenorhabditis elegans. Such dimension
makes it an excellent experimental tool for microorganism. In addition, microfluidic device
has the ability of nutrient supply, cell sorting, gradient generation, and force control, due
to the continuous flow generated by the pressure difference between inlets and outlets.
Therefore, microfluidic device could be designed as a chemostat for cell growth, applied
to sort particles with different sizes, and manipulate single cell. There are a lot more
applications of microfluidic device such as digital PCR, electric field generation, droplet
manipulation, and so on, but this thesis only focuses on the application to gradient
generation, nutrient supply, and force control. Before further discuss, it is better to define
the coordinates in chapter 1 to simplify the explanation, by assuming x as the direction of
flow, y as the direction of the width of channel, and z as the direction of the height of
channel.

Based on the theory of flow dynamics (1), microfluidic device is able to create
laminar flow due to its low Reynolds number, which is proportional to the scale of cross-

sectional length and flow velocity. If the cross-sectional length scale of device is above the



order of 10 mm, turbulent flow will be easily generated, which influence the characterized
flow pattern. Laminar flow is the flow that there is no interruption between parallel layers
(along x direction). Each molecule in flow will follow the same streamline, and will not
move in the direction perpendicular to the wall. Therefore, with no external force,
microorganism such as bacteria will remain the same horizontal position (y position)
relative to the wall, which is extremely important especially when studying bacterial taxis.
In addition, flow velocity pattern along cross-section depends on cross-sectional shape. For
an instance, based on the Navier-Stokes equation, if the shape is a rectangular cross-section
with large width-height (y/z) ratio, the flow velocity pattern results in a parabola along z
direction but quite a plateau pattern along y direction. A plateau pattern means that except
the region close to two sides of walls, the flow velocity is almost a constant in the major
center region, assuming the width-height ratio is large enough. For an example, if the width
of channel is 10 (y position between -5 and 5) and height of channel is 1 (z position between
0 and 1), the velocity at y = 4, z = 0.5 is only 5% different from the velocityaty =0, z =
0.5. Consequently, most of particles in the same layer (x position) loaded in the channel
will proceed together with the same velocity. As a result, the traveling time between each
molecule in the same X position is the same, except molecules near the side walls. This is
important in biological experiment, because one can be sure that all cells at the same x
position experience the same amount of time interval in experimental setup, such as
nutrients, antibiotic, and so on. Therefore, rectangular cross-sectional microfluidic device
has a lot of advantages and was applied in this research.

There are several ways to manufacture microfluidic device. Traditional

photolithography is the most widely used method, due to the well-established



manufacturing protocol and fine structure it can reach. The photolithography process is as
follows. SU-8 photoresist is commonly used as the base of mold, which is spin-coated on
a silicon wafer. The thickness of SU-8 on silicon wafer depends on the speed and time of
spin-coating. After pre-baking process, the wafer with SU-8 is placed beneath photomask,
which has microfluidic pattern on it, and exposed under UV light. SU-8 absorbs
wavelength of UV region, allowing fabrication of thick structure with relatively vertical
sides. After post-baking process, UV-treated SU-8 is washed by SU-8 developer, to remove
the part not solidified. If the device has multilayers, same process is followed before
developing. After the SU-8 fabrication mold is made, Polydimethylsiloxane (PDMS) is
poured on the mold, baked, and solidified. As a result, a microfluidic device made of PDMS
is created and can be bound with coverslip to form a closed device.

However, photolithography is time consuming, especially for thick layer (>100um)
wafer. It takes several hours to make a single wafer. Although one layer contains several
independent molds, once making a mistake such as wrong thickness, one has to redo the
whole process all over again. Moreover, it is not convenient to make a device thicker than
300 um by photolithography. Therefore, to make a device with large thickness, such as the
minigut research in this thesis, one needs to take alternative methods. Laser cutting is a
faster way to make device. It only takes minutes to cut a mold controlled by programming
software. Laser is the tool to shape the device, which the focused beam is about 0.001
inches. Laser cutting is not able to create a fine structure comparing to photolithography,
but it is good enough for large scale device which those defects can be ignored. In this

study, acrylic is used as a material for laser cutting, and bound with solidified PDMS, to



make a minigut device. There are more ways for microfluidic device manufacturing such
as 3D printing, which is a novel way to create complicated 3D device.

In this study, microfluidic device was applied in research of bacterial behavior,
including chemotaxis, thermotaxis, bacterial growth in a gut-like channel, and mechanical
stress response.

Chapter 2 describes the research in bacterial thermotaxis, with linear temperature
gradients generated by microfluidic device. Comparing to chemotaxis, which E.coli
accumulate toward either the highest or the lowest concentration among a spatial chemical
gradient, thermotaxis involves an intermediate accumulation of E.coli in a spatial
temperature gradient. Instead of gathering toward the highest or lowest temperature in
environment, studies showed that E.coli are able to find and accumulate around
intermediate temperature. Experiment was conducted by loading cells in a spatial
temperature profile. Based on existing thermotaxis theory, bacteria are able to do random
walk and reach equilibrium with enough time. Results showed a linear relation between
accumulating temperature and temperature gradient, which means that the temperature
preference of E.coli is a function of temperature gradients rather than a constant.

Chapter 3 presents the study of bacterial growth in a gut-like channel under
contraction movement, supported from the Bill and Melinda Gates Foundation through the
Healthy Birth, Growth, and Development knowledge integration program. The human
microbiome in the gut has been shown to play important roles in the health. To better
understand the population dynamics of microbes in proximal colon, a device called
“minigut” was created to provide not only the environment for bacterial growth but also

peristaltic wave mimicking gut contraction. The net flow generated by pressure difference



between inlet and outlet supplied nutrients for bacterial growth, which worked as a
chemostat. However, force from the net flow drove bacteria toward outlet and eventually
resulted in bacterial washout. Therefore, repeated peristaltic movement is crucial for
maintaining steady-state density distribution of bacteria along the channel. The effective
diffusion driven from peristaltic contraction pushed part of the bacteria even faster toward
the outlet combing with the net flow, but also pushed part of them toward the inlet against
the net flow. As a result, part of bacteria stayed in the channel in equilibrium despite the
net flow. With experiments and theoretical simulations, this study provided a threshold
value of flow rate and peristaltic frequency to reach a steady-state spatial profile of bacteria
density, which can also be used to study the spatial density profile of cross-feeding
community.

Chapter 4 summarizes the contributions of this dissertation, and discusses possible

future works to understand more details relative to this study.



CHAPTER 2

THE AGGREGATION TEMPERATURE OF
E.coLI DEPENDS ON THE THERMAL
GRADIENTS

Thermotaxis is the temperature response of Escherichia coli toward temperature
gradients by run and tumble phase. Previous studies have shown that the aggregation
temperatures of Escherichia coli in nutrient-rich medium depended on the ratio of
chemoreceptors, Tar/Tsr. However, temperature response toward large and linear
temperature gradient has not been studied. Here, we report a series of thermotaxis
experiments in Escherichia coli with different linear temperature gradients, ranging from
~8°C/mm to 52°C/mm. Experiment was conducted by microfluidic device made of
polydimethylsiloxane (PDMS), with temperature gradient generated across 500 um wide
test channel (gradient channel). The results showed that the aggregation temperatures

decreased monotonically as gradient became steeper.
2.1 Background

Motile bacteria are capable of sensing and responding to a variety of environmental
cues. A paradigm for such responses is chemotaxis of E. coli in spatial gradients of soluble

chemoattractants, a behavior guiding E. coli towards spatial regions with greater



concentrations of various nutrients and, hence, improved growth conditions. E. coli
chemotaxis is physically achieved through a combination of smooth swimming and
tumbling, which are tied to two different states of cellular flagellar motors. During smooth
swimming streaks, a cell keeps swimming in a certain direction, whereas tumbling results
in a change in the swimming direction. When a cell moves up the gradient of an attractant,
the concentration of the attractant around the cell increases with time, making the intervals
of smooth swimming longer and the tumbling events less frequent (2, 3). The resulting
migration of a cell can be reasonably modeled by a biased random walk, with the bias being
provided by the gradient of attractant and increasing with steepness of the gradient (4, 5).
The frequency of tumbling is controlled through histidine kinase CheA, whose activity is
inhibited when the concentration of attractant increases in time (6-8). CheA phosphorylates
the response regulator CheY, which in its active phosphorylated state tends to induce
tumbling. Dephosphorylation of CheY by the phosphatase CheZ, which is usually
constitutively active, leads to smooth swimming.

The fact that chemotaxis of E. coli depends on temporal changes in the local
concentration of attractant, as experienced by a moving cell, has greatly facilitated studies
of the underlying molecular signaling networks. Cells are tethered to a substrate by a single
flagellum, exposed to step-wise changes in the concentration attractant, and the resulting
changes in the dynamics of rotation of the flagellum are monitored. In addition, E. coli
cells have been immobilized on a substrates and their responses to step-wise changes of
attractant have been monitored using Foster Resonance Energy Transfer (FRET)
microscopy and fluorescently labeled CheY and CheZ, with a stronger FRET signal

indicating a higher level of activity of CheY (9).



Other major types of directed migration of E. coli towards regions with better
growth conditions are aerotaxis (0xygen taxis), pH-taxis, and thermotaxis that, respectively,
occur in response to gradients of oxygen tension, pH, and temperature. Aerotaxis is similar
to chemotaxis in gradients of nutrients in the sense that it is largely unidirectional, because
both greater nutrient concentration and greater oxygen concentrations are usually
beneficial. E. coli is repelled from oxygen concentrations above the atmospheric level of
~21% (10), but there is no clear evidence of repulsion from physiological levels of oxygen
(11). Both pH-taxis and thermotaxis are essentially different, however. E. coli favor a near-
neutral pH of ~7.5 and are repelled by excessively acidic or alkaline pH environments that
are detrimental for E. coli growth (12, 13). The optimal temperature for E. coli growth is
usually considered to be 35 - 40 °C. The E. coli growth rate in reach medium is very low
below 10 °C, gradually increases to ~ 25% of the maximum at room temperature, reaches
the maximum at 35 - 40 °C and precipitously drops above 42 °C to as little as 10% of the
maximum at 47 °C and to nearly zero at 50 °C.

Given the pH preferences of E. coli, it is reasonable to assume that, if placed into a
spatial gradient of pH, E. coli would aggregate at pH ~ 7.5. The FRET biosensor data on
the responses of immobilized E. coli to stepwise changes in pH is suggestive of such
aggregation. It has not been shown directly, however. There is direct evidence of
aggregation of Serratia marcescens, another motile gram-negative bacteria, at intermediate
pH in a spatial gradient of pH (14). Similarly, it is reasonable to assume that, if placed in a
temperature gradient, E. coli would aggregate at 35 - 40 °C. The responses of tethered E.
coli (in terms of changes in the direction of flagellum rotation) to short 3 °C positive pulses

of the ambient temperature indicated that E. coli are thermophilic (warm-seeking) at



temperatures below 37 °C and cryophilic (cold-seeking) above 37 °C (15). This result
suggests that in a temperature gradient, free-swimming E. coli should aggregate at ~ 37 °C.

Nevertheless, until recently (16) there has been no clear experimental evidence of
aggregation of E. coli at an intermediate temperature in a gradient by means of thermotaxis,
and studying E. coli thermotaxis has proved to be difficult in general. One of the reasons
is that the two receptors that are commonly considered to be primarily responsible for
temperature sensing in E. coli, Tsr and Tar (16 - 19), are methyl-accepting chemotaxis
protein (MCP) chemoreceptors, which are most abundant in E. coli. Tsr and Tar have
strong affinities to serine and aspartate, respectively, and are also sensitive to a variety of
other chemoattractants. As a result, the response of Tsr and Tar to temperature changes
strongly depends on the concentrations of serine and aspartate in the medium and can be
completely suppressed or even reversed when the concentration of attractants is increased.
At a given temperature and medium composition, the responses of the Tsr and Tar receptors
to a temperature change may be opposite, and the outcome may be decided by the relative
abundance of the two receptors. This relative abundance is generally variable, and, for E.
coli grown in an exponential culture, the Tar/Tsr ratio has been reported to increase by as
much as an order of magnitude between ODsoo 0f 0.1 and 0.5 (16, 20). Hence, the results
on thermotaxis experiments depend on the stage of growth reached by cells used in the
experiment, and to make the results consistent, it is essential to always grow and prepare
cells in the same way. In addition, temperature sensitivity has also been reported for two
other MCP receptors, Trg and Tap (21), as well as for Aer (22), which is primarily

responsible for aerotaxis.



Another inherent difficulty in the studying of thermotaxis is that temperature has
major effects on E. coli physiology, affecting their growth rate, metabolism, and respiration,
as well the swimming speed, v, and the characteristic time between consecutive tumbling
events, 7 (23, 24). Therefore, when E. coli are exposed to a temperature gradient for a long
time, especially in a nutrient-rich medium, their concentration distributions may become
uneven due to different growth rates at different temperatures. Furthermore, spatial
variations in the rates of consumption of nutrients and respiration, especially at high cell
densities, may lead to gradients of chemoattractants and oxygen, causing chemotaxis and
aerotaxis (25). To avoid or, at least, minimize these secondary effects for thermotaxis study,
it is preferable to perform experiments at a small cell density, in a motility medium or
minimal medium, and in a setup where thermotactic response can be measured within a
short time interval.

In the absence of directional bias, the movement of E. coli can be modeled by
diffusion with an effective coefficient D ~ 7v? (4, 5). Hence, if E. coli are placed in a
compartment with a size w, their spatial distribution is expected to reach a steady state after
a time t; = w?/2D = w?/(2tv?), which represents the maximal time scale reaching
equilibrium. With directional bias in the environment with temperature gradient, the time
scale might be shorter than t;, but the bias is usually small and difficult to quantify.
Therefore, if the readout of a thermotaxis assay is the shape of the steady-state spatial
distribution of E. coli in a certain temperature gradient, a time scale t,; should be allowed
after the exposure of E. coli to the gradient, before reliable measurements of the steady-
state distribution can be taken. Importantly, the time t, increases as w?. With the

characteristic values of v and 7 at ~20 um/s and ~ 1 sec, respectively, the characteristic

10



value of D is ~400 um?/s, corresponding to t; of ~2 min, ~20 min, and ~ 3 hrs for w = 0.3,
1.0, and 3.0 mm, respectively. The time of 20 min is a physiological scale corresponding
to the doubling time of E. coli in an optimal medium at 37 °C. Therefore, to minimize
changes in E. coli physiology in a thermotaxis assay, with the readout in steady-state
distribution in a temperature gradient, it is preferable to limit the size of the compartment
with the gradientto L <1 mm.

In a number of studies on E. coli thermotaxis (23, 24-27), the temperature gradients
was relatively shallow and spread over lengths on the order of 10 mm, which E.coli take
larger time scale to migrate. On the other hand, experiments in those spatially extended
gradients brought to light the phenomenon of pseudo-thermotaxis, which is the migration
of bacteria in temperature gradients that is not directly related to their warm-seeking or
cold-seeking behavior, but solely due to temperature dependence of the swimming speed,
v, and time, 7 (5, 23). When v is position dependent, the steady-state local density of
bacteria is expected to be proportional to 1/ v (5). The variation of v with temperature
depends on composition of the medium. It can reach a factor of 2 between 20 and 40 °C
and can lead to migration of E. coli towards higher or lower temperatures (23).

Thermotaxis-driven aggregation of E. coli at intermediate temperatures was
recently reported by Yoney and Salman (16), who generated non-linear axisymmetric
temperature gradients by heating water in a microchannel with an infrared (IR) laser. The
gradients were much sharper than in the previous literature, with the temperature changing
from 30 to 55 °C over 100 pum. The experiments were performed in a nutrient-rich M9CG
medium at a cell density ODesoo ~ 0.3, and the aggregation temperature was reported to

depend on the Tar/Tsr receptor ratio, which depends on the density the cells were grown to
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in an exponential culture prior to the thermotaxis assay (16). However, there was no
intermediate temperature aggregation observed for cells in motility medium, and the
temperature aggregation in steep 1-D linear gradient was still unknown,

While our manuscript was prepared for publication, a detailed study of the E. coli
thermotaxis published, which combined intracellular signaling experiments using FRET
microscopy with step-wise changes in temperature in different media, mathematical
modeling, and microfluidic experiments with an earlier version of the device used in our
paper (28). This study was focused on the signal transduction through the Tsr and Tar
receptors. The main conclusions of this study was that the thermotactic aggregation of E.
coli at an intermediate temperature in a gradient requires the presence of both Tsr and Tar,
which are largely interchangeable, and occurs when either one, but not both of the receptors,
is stimulated with its specific chemoattractant, serine and aspartate, respectively. This study
also suggested that thermotactic aggregation cannot occur in a motility buffer and in the
absence of chemoattractants for Tsr and Tar, in general.

Microfluidic technologies have been successfully used to study bacterial
chemotaxis (29). Notably, Kalinin et al. used microfluidic devices with microchannels
casted in hydrogel to perform detailed studies of E. coli chemotaxis in a variety of well-
defined linear gradients (30). The studies highlighted the large range of ambient
concentrations of attractant, to which E. coli can adapt, and indicated that it is more
appropriate to interpret E. coli chemotaxis as the sensing of fractional rather than absolute
concentration changes. A conceptually new type of directed migration assay enabled by
microfluidics is to continuously perfuse a suspension of swimming cells through a long

channel with a gradient of a migration-eliciting factor applied across the channel (31). If
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the cross-channel gradient does not change with the position along this gradient channel
and the residence time of cells in it is longer than the diffusion time w?/2D, where w is
the channel width, the cross-channel distribution of cells at the downstream end of the
gradient channel is expected to represent their steady-state distribution in the gradient. An
advantage of this approach is that the continuous perfusion makes it possible to collect data
on large numbers of individual cells, with the data collection done continuously, without
changing anything in the experimental setup.

This type of assay is difficult to implement for chemotaxis, because cross-channel
gradients of the common chemoattractants are normally set at the beginning (upstream) of
the gradient channel and gradually change along the channel due to molecular diffusion
(31). On the other hand, the continuous flow assay was successfully implemented for
aerotaxis (11). Stable linear cross-channel gradients of oxygen were generated by the
diffusion of oxygen through the porous microfluidic device between two parallel gas-filled
channels, which flanked the liquid-filled gradient channel with E.coli and functioned as a
source and sink. A somewhat analogous approach was used to generate gradients of
temperature in a microfluidic device, with the goal to study temperature dependence of
protein conformations (32). Warm and cold water were circulated at relatively high rates
through two large-cross-section parallel channels, which served as the source and sink of
heat and created a near-linear gradient of temperature across the strip between them (Fig.
2.1) (32).

Here, we performed a series of experiments on E.coli thermotaxis in various linear
gradients of temperature using a microfluidic device that combines elements from the

devices of Ref. (32) and (11). Two parallel channels with hot and cold water flank a 500
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pum test channel (gradient channel), generating a stable linear gradient of temperature
across the test channel, where a suspension of E. coli is slowly perfused. A new element of
the device is a cell motility filter (H-filter (33)), which is added upstream of the gradient
channel and makes it possible to exclude non-motile cells from the thermotaxis assays.
Importantly, experiments were performed in a motility medium (with glycerol as the
energy source) and at a low cell density (OD ~ 0.03), and the value of t; (maximal
equilibrium time) across the channel was only ~ 5 min. This experimental setup was
designed to minimize the secondary chemotaxis effects, effects of the medium composition
upon the thermal responses of the Tsr and Tar receptors, and long-term temperature-
induced changes in the E. coli physiology. When the temperature gradients covered
sufficiently broad ranges, we consistently observed distinct peaks in cross-channel
distributions of E.coli density versus temperature, indicating aggregation at intermediate
temperatures. To our surprise, however, as the gradients became sharper, the aggregation
temperatures steadily decreased, from ~41 °C for a gradient of 26 °C/mm to as low as ~30

°C for 52 °C/mm.
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Figure 2.1: Microfluidic device with magnified h-filter. The device has a network of 100 um microchannel
(black, orange) and two 1mm deep side channels (red, blue). The 100 um microchannel has one buffer
inlet, one cell inlet, and one outlet. Flows from two inlets converge at the inlet of h-filter (orange). Cells
with good motility had a chance to enter the main channel (gradient channel), which the gradient was
generated by two 1mm deep side channels, and finally flowed out toward the outlet. (b): Micrograph of cell
experiment near the entrance of gradient channel. The graph was the subtraction of two consecutive graphs
in 133ms. Each pair of dark and white dots represents one cell, which dark dot is the second picture of
consecutive graphs and white dot is the first one. Left side wall: 26°C, right side wall: 43°C. Blue arrows
show the position of cells in focus, which matlab counted as cells, and red ones show cells out of focus,
which were not counted. (c): Micrograph of cell experiment at downstream ( ~360 s from entrance). Left
side wall: 26°C, right side wall: 43°C. The total amount of cell at downstream is less than the upstream due
to sedimentation.
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2.2  Materials and Methods

2.2.1 Bacterial Culture

Thermotaxis experiments were performed on an E. coli strain RP437. E.coli from
a single colony in LB agar plate were grown overnight in TB (Tryptone broth, with 10 g
Tryptone and 5 g NaCl added to 1 L of water and brought to pH = 7 with NaOH) with
streptomycin at 34 °C. A 50 pL of the overnight culture was then added to 5 mL TB and
grown to ODego Of ~ 0.24 £ 0.02 (~2.5 hrs). Cells were washed three times and resuspended
in a motility medium (10 mM potassium phosphate, 0.1 mM EDTA, 50mM glycerol and 1
uM L-methionine; pH 7.0) via centrifugation (3600 rpm, 11 mins). The final OD was
adjusted to ODegoo ~ 0.1+0.01, and the suspension was immediately fed to the microfluidic
device.
2.2.2 Microfluidic Setup

The microfluidic device used in the thermotaxis experiments (Fig. 2.1(a)) is made
of a microfabricated monolith polydimethylsiloxane (PDMS) chip sealed with a #1.5
microscope cover glass. The device has a network of 100 um deep microchannels and two
separate 1 mm deep channels. The 100 um deep microchannel network has two inlets (cell
inlet and medium inlet), and a single outlet. The main element of this network is a
rectilinear gradient channel, which has a length of 15 mm and a width w = 500 um and
across which the temperature gradients are applied. The bacterial suspension is fed to cell
inlet and is perfused through the gradient channel towards the outlet at a mean flow velocity
vii = 30 um/s. Along ~13.5 mm of its length, the gradient channel is flanked by two 1 mm

deep channels, which are d = 834 um apart from each other (with 167 pm partitions
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between them and the test channel) and are both 1.6 mm wide. The circulation of cold
water, with a temperature Tc, through the 1 mm deep channel on the left, and hot water,
with a temperature Th, through the 1 mm channel on the right, creates a near-linear
temperature profile across the gradient channel with a slope of ~ (T, — T.)/d. This
technique of on-chip generation of a temperature gradient and this general layout of the
device are adapted from a previous publication (32).

To account for the edge effects at the upstream and downstream ends of the gradient
channel, we performed 3D numerical simulations of temperature distribution profiles in
Comsol. The simulations indicated that the temperature gradient across the gradient
channel remains unchanged (within the precision of the simulations or ~2%) along a
gradient channel segment with a length L = 12mm. The distribution of E. coli across the
gradient channel is expected to reach a steady state after a time t; = w?/2D = 310 sec,
where, as before, D ~ 400 um?/sec is the effective diffusion coefficient of motile E. coli.
This time is shorter than the residence time of bacteria in the segment of the test channel
with a constant temperature gradient, t,..; = L/vg; = 400 sec. Therefore, the distribution
of E. coli across the gradient channel measured near its downstream end is expected to
represent their steady-state distribution in the temperature gradient.

The flow through the 100 um deep microchannel network is driven and controlled
by the application of differential pressure between the two inlets and the outlet. To this end,
the reservoirs connected to the inlets (modified 1.7 mL Eppendorf tubes) are pressurized
with compressed air at ~ 14 kPa and the gradient channel is connected to the inlets and
outlet through long and narrow (60 pum wide) resistance channels. The experimental setup

and microfluidic device are conceptually similar to those that we previously used to study
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aerotaxis of E. coli (11). However, the thermotaxis device has an additional element, an H-
filter (33), which is a channel with a width wy = 150 pum and length Ly = 3.5 mm located
upstream of the test channel, serving to prevent non-motile E. coli from reaching the test
channel. The left and right sides of the H-filter inlet (upstream end) are connected,
respectively, to the medium and cell inlets of the device. At the outlet, the left and right
sides of the H-filter channel are connected, respectively, to the test channel and the device
outlet, with 1/3 of the stream directed towards the test channel and the remaining 2/3
directed towards the device outlet (through a dedicated bypass channel line; the 1:2 split is
set by the resistance channel). Under normal operating conditions, the motility medium and
bacterial suspension are fed to the H-filter inlet at flow rate ratios of ~1:1,controlled
through the pressures at the two inlets. Hence, in the absence of bacterial motility and
diffusion, the entire stream of the bacterial suspension is directed towards the bypass line
and does not enter the test channel (Fig. 2.51). The mean flow velocity in the H-filter
channel is vh = 300 pm/s, corresponding to a residence time Ly /v, = 12 sec, which is
comparable to the effective cross-channel diffusion time for motile E. coli, w,2/2D = 28
sec. Therefore, at the H-filter outlet, motile E. coli are broadly distributed across the
channel, and a substantial portion of them enters the gradient channel. An estimate,
ignoring the non-uniformity of the flow velocity over the channel cross-section, suggests
that, when bacterial suspension and motility medium are fed to the H-filter at 1:1 ratio, no
non-motile cells and as much as 30% of motile cells are directed towards the test channel.
On the way between the outlet of the H-filter and the inlet of the test channel, motile E.

coli then become nearly uniformly distributed across the channel width.
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In addition to enabling the positive selection for motile E. coli, the H-filter also
makes it possible to adjust the concentration of bacterial suspension in the test channel.
When the flow rate ratio between the bacterial suspension and motility buffer at the H-filter
inlet is reduced below 1:1, the concentration of E. coli in the test channel is reduced as well
(nearly proportionally). As compared with the E. coli the suspension fed to cell inlet, the
suspension in the test channel is normally diluted ~3-fold (as judged by counting individual
E. coli in the field of view), corresponding to ODeoo = 0.03. Another added benefit of the
H-filter is the refreshment of the E. coli medium. As a result of the cross-channel diffusion
of motile cells, >50% of the E. coli medium content is replaced with fresh motility medium
as short as ~30 sec before the beginning of the thermotaxis assay, which is the time in flow
between the outlet of the H-filer and the inlet of the test channel. The refreshment of the
medium immediately before the thermotaxis assays, low concentration of E. coli in the
medium, the absence of strong chemoattractants and rapidly metabolized nutrients in the
medium, and the relatively short duration of the assays (~7 min), were expected to facilitate
the establishment of well-defined, reproducible medium conditions during the thermotaxis
assays.

2.2.3 Temperature control and video microscopy setup

The thermotaxis experiments were done on an inverted fluorescence microscope
(Nikon TE2000) in an environmental enclosure. The temperature in the enclosure was set
at Te = 34 °C, the same as the E. coli culture growth temperature, and to further standardize
the experimental conditions, the reservoir with E. coli was placed inside the enclosure. In
experiments with relatively steep temperature gradients, corresponding to large

temperature differences between T and T, the temperature at the middle of the test channel
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(average between Tn and Tc) was usually close to Te. Therefore, the effect of the heat
exchange between the microfluidic device and air beneath it upon the temperature profile
in the test channel was minimal. To circulate cold and hot water through the two 1 mm
deep circulation channels, we used two separate circulation water baths, which were set to
different temperatures. The flow rates were ~2.0 mL/sec. To accurately assess the
temperatures inside the circulation channels (deep side channels), the tubing lines
connected to their inlets and outlets had in-line thermistors, which were placed at equal
short distances from the inlets and outlets. The temperature in a circulation channel was
calculated as the average between the temperature readings of the thermistors upstream of
the inlet and downstream from the outlet (32). The largest difference between the upstream
and downstream thermistors while Tr = 67 °C was measured as 1.0 °C.

Micrographs of E. coli in the gradient channel were taken with a 20x/0.75 Nikon
objective (1 mm working distance), 0.55x video coupler, and a 2/3” digital b/w CCD
camera (Basler A102f) under oblique brightfield illumination. The field of view was 550
pum along the test channel and covered the entire width of the channel. The objective was
focused at the midplane of the channel (50 um from the bottom). To detect individual
bacteria, two consecutive micrographs were taken with a short time interval (~133 ms). A
certain constant value was then added to all pixels of the first micrograph, and the second
micrograph was digitally subtracted from it. In the resulting image, regions without cells
appeared as uniform grey background, whereas each cell produced a pair of a dark and
bright spots at positions where the cell was located in the first and second micrographs (Fig.
2.1(b)(c)). Because of the motion of cells with the flow, these locations were on average

~4 um apart along the flow direction, which is the product of the average flow velocity of
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~30 um/s and the 133 ms interval. The image was processed with a home-made code -
im2bw, built in Matlab that used smoothing and thresholding to identify cells and their
locations. Because of the relatively large depth of the gradient channel, the defects at the
top and bottom of the channel (and bacteria stuck to the top and bottom) were very much
out of focus and had very little effect on the uniform grey background. The pairs of
micrographs were taken with an interval of At =5 sec, corresponding to an ~150 um
average displacement along the flow, which is ~1/4 of the size of the field of view.

However, within this interval, cells were expected to move a distance of as much as

vV2DAt = 60 um in the vertical direction, much greater than the depth of field of the video
microscopy setup (< 5 um). Therefore, a great majority of cells that were identified in the
images were counted only once.

To visualize the temperature profile in the test channel at various Tn and T¢, we used
a 10 ppm solution of HPTS (8-Hydroxypyrene-1,3,6-trisulfonic acid) fluorescent dye in
50mM Tris (pH 7.6, 25°C) buffer, which was perfused through the test channel at a low
speed. The pH of Tris buffer decreases with temperature, and HPTS becomes less
fluorescent as pH of the medium decreases, resulting in a reduction of fluorescence of the
HPTS solution by as much as 1.7% per 1 °C. Fluorescence microscopy was conducted with
a standard GFP filter cube and with stable illumination derived from a 455 nm LED, with
the 10x/0.25 objective focused at the gradient channel midplane. Fluorescence background
resulting from the camera noise, incomplete blocking by the fluorescence filters, and
residual autofluorescence was accounted for by taking micrographs of the test channel with
plain buffer in it. Flat-field correction was performed by taking fluorescence micrographs

of the gradient channel with the HPTS solution without temperature gradient applied and
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fitting the cross-channel distribution of brightness with a polynomial. To be able to convert
the local intensity of HTPS fluorescence in the gradient channel into local temperature, we
measured cross-channel profiles of fluorescence at different spatially uniform temperatures.
To this end, both circulation channels were connected to the same bath (Tn = T¢) that was
consecutively set to 25, 30, 35, 40 and 45 °C. The cross-channel fluorescence profiles were
practically flat after the proper background subtraction and flat-field correction in an ~340
pum wide central region of the channel at all temperatures, which fluorescence profiles were
distorted near the side walls. Due to the concentration gradient (Chap. 2.5.3; Fig. 2.55(b))
generated by temperature gradient, which causes a molecular concentration gradient across
500 pum channel, the net fluorescence gradient was the combination of temperature-caused
pH gradient and HPTS/Tris concentration gradient. To confirm such effect, we measured
the concentration gradient by HPTS/Phosphate (pH 7.4 in 25 °C), which the pH of
phosphate buffer is much less sensitive to temperature change (0.025 pH difference from
25 to 37 °C), comparing to Tris, and the resulting fluorescence gradient was mainly from
molecular concentration gradient. Therefore, the temperature gradient profile was deduced
by dividing the molecular concentration gradient from the net fluorescence gradient in

temperature gradient (Fig. 2.2).
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Figure 2.2: Fluorescence measurement of HPTS/Tris (pH 7.6, 25 °C). Three temperature gradients were
measured. The result was corrected by dividing molecular concentration gradient from the fluorescent
gradient (Fig. 2.55(b)). All other temperature gradient profile were mathematically deduced from this
measurement.

2.3 Results

Distributions of temperature across the gradient channel were measured for the T¢
and Th values of, respectively, 19 and 59 °C, 14 and 54 °C, and 14 and 64 °C (Fig. 2.2). In
all cases, the temperature profiles in the 400 um wide central region of the channel were
nearly linear, with slopes, AT /Ax, proportional to the difference T, — T,, AT/Ax =
a(T, — T,), with the pre-factor a = 0.87 mm™1, in a good agreement with the numerical
simulation prediction of a = 0.82 mm™!. Therefore, we adapted the formula AT /Ax =
a(Ty, — T,) for calculation of temperature gradients in our thermotaxis experiments. In
what follows, we report temperature gradients in terms of the temperature at the left wall

and right walls of the gradient channel, T, and T, which are adjacent to the cold and hot
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circulation channel, respectively. Based on our numerical simulations, we calculated these
two temperatures as T; = 0.2825T;, + 0.7175T, and T,, = 0.7175T,, + 0.2825T,..

We first studied thermotaxis of E. coli, in two shallow temperature gradients with
AT /Ax = 8 °C/mm, one with T; = 36 °C and T, = 40 °C and the other one with T| =39 °C
and T, = 43 °C (Fig. 2.3). The distributions of E. coli across the gradient channel were
assessed at the downstream end of the channel (11mm from the beginning). The
experiments were run for ~30 min after E. coli suspension was first fed into the microfluidic
devices, with an average of 5000 cells analyzed per experiment. Each of the two
experiments was performed three times (N = 3) on three different sets. An obvious feature
of both distributions is that they are relatively flat, with only ~2-fold difference between
the highest and lowest cell densities across the gradient channel.

E. coli start showing cryophilic behavior in T; =39 °C and T, = 43 °C. This reversal
of behavior from thermophilic to cryophilic appears to be reasonable in view of the fact
that the E.coli growth rate (in a rich medium) sharply drops at temperatures above ~ 43 °C.
It is also worth noting that there was no sign of aggregation of E. coli at any intermediate

temperatures in either of these shallow gradients.
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Figure 2.3: In shallow gradient (8 °C/mm), E.coli showed thermophilic behavior in 36-40 °C but cryophilic
in 39-43 °C. Errorbars showed SD of three independent experiments.

We then studied thermotaxis of E. coli in steeper temperature gradients, with
temperature profiles in the gradient channel covering relatively broad ranges both below
and above the putative aggregation temperature of 37 °C. We performed four different
experiments (with N = 3 repeats of each, as before) with the values of T) and T of,
respectively, 33 and 46 °C, 31 and 48 °C, 28 and 50 °C, and 24 and 50 °C (Fig. 2.4). The
temperature gradients were AT /Ax = 26, 34, 43, and 52 °C/mm, respectively. The salient
features of cross-channel distributions of E. coli in all of these experiments are well-
pronounced single peaks and large ratios between the maximal and minimal local densities
of cells, clearly showing that in these gradients, E. coli aggregate at certain intermediate

temperatures. To our surprise, however, we found that the aggregation temperatures
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(temperatures at the peaks of the distributions) are not identical for different gradients, but
rather monotonically decrease, as the gradient becomes steeper, from peak ~ 41 °C at
AT /Ax = 6 °C/mm to 38 °C at 34 °C/mm, to 34 °C at 43 °C/mm, and to 30 °C at 52 °C/mm.

To verify that the aggregation in the temperature gradients is not a transient effect
depending on the residence time in the gradient channel, tres, we repeated the experiment
with the steepest gradient, 24 - 50 °C (AT /Ax = 52 °C/mm), while measuring the cross-
channel distributions of E. coli at two different positions: near the end of the gradient
channel (the regular position), with tres = 360 sec, and at 2/3 of the way from the beginning
to near the end, with tres = 240 sec (Chap. 2.5.4). The two distributions (Fig. 2.52) were
similar, both having peaks at ~ 30 °C, indicating that the aggregation around these
temperatures is stable, once established, and persists for at least 120 sec. This experiment
was performed only once, as a control, making the data more noisy than those in Fig. 2.4.

Next, we tested whether the aggregation temperature depends on the steepness of
the gradient or on the entire range of temperatures that E. coli are presented with and are
allowed to explore. To this end, we first performed another experiment with AT /Ax = 34
°C/mm, but with the interval T, - T, shifted by 5 °C, from 31 - 48 °C to 26 - 43 °C (Chap.
2.5.4; Fig. 2.S3). When plotted in the coordinates of the frequency of occurrence (bacterial
density) vs. temperature, the distributions of E. coli in both experiments had peaks around
37-38 °C (Fig. 2.S3(b)). On the other hand, when the abscissa was changed to the distance
from the left (cold) channel wall (Fig. 2.53(a)), the two distributions had peaks as far as
100 pum apart (1/5 of the channel width). Next, we performed an additional experiment with
AT /Ax = 43 °C/mm (Fig. 2.53(c)(d)), but with the interval T, - T, shifted by 5 °C, from 28

-50°C to 23 - 45 °C. Again, when plotted in the coordinates of the frequency of occurrence
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vs. temperature, the distributions of E. coli in the two experiments had peaks at about the
same temperature of 34 °C (Fig. 2.S3(d)). On the other hand, when the abscissa was
changed to the distance from the left channel wall (Fig. 2.S3(c)), the peaks of the two
distributions were ~100 um apart. It is worth noting, however, that there appears to be
systematic shifts between the two distributions in Fig. 2.S3(b) and the two distributions in
Fig. 2.53(d) at temperatures away from their peaks. Conversely, the distributions in Fig.
2.S3(a) and Fig. 2.53(c) somewhat converge towards the channel sidewalls, with bacterial
densities tending to reach zero at the physical boundaries (channel walls) rather than at
certain temperatures. The results of these two experiments indicate that the aggregation
temperature of E. coli depends on the steepness of the gradient rather than the total range
of temperatures that cells are allowed to explore. On the other hand, the detailed shape of
the distribution of E. coli in a temperature gradient depends on the range of temperatures

and region of space that cells are confined to.
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Figure 2.4: (a) E.coli distribution of relative frequency of occurrence with temperature in four temperature
gradients, 33 and 46 °C, 31 and 48 °C, 28 and 50 °C, and 24 and 50 °C. Errorbars showed SD of three
independent experiments. The horizontal bars on the top part of figure showed the range of actual channel
(500um), and the color of each bar corresponds to the same color code of curves. (b) The peak temperature
was defined by the temperature corresponding to the maximum value of relative frequency of occurrence in
(a). A fitted linear relation between peak temperatures and temperature gradients was found within these
four temperature gradients.

2.4  Discussion

We used a microfluidic device to study thermotaxis of E. coli in a variety of linear
temperature gradients, which spanned nearly an order of magnitude in steepness, from 8 to
52 °C/mm, and were all generated across the same 500 pum wide channel. The microfluidic
device and experimental setup have a number of features that facilitate carrying out
consistent, reproducible, and informative thermotaxis experiments. The arrangement with
continuous flow of an E. coli suspension through a long channel with a cross-channel
temperature gradient and with the assessment of the E. coli distribution at the channel end
makes it possible to analyze a large number of cells per experiment (high throughput), even
when the cell density is relatively low (ODsoo = 0.03). Low cell density leads to low rate
of global changes in the medium composition caused by cellular metabolism and also

minimizes cell-to-cell interactions mediated by the local consumption and secretion.
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Because of the low cell density and high gas-permeability of the microfluidic chip made of
PDMS, E. coli respiration is not expected to cause any substantial reduction in the oxygen
tension in the gradient channel (34). To further reduce the effects of changes in the medium
composition during the thermotaxis assays, we had E. coli suspended a motility medium
without major chemoattractants or rapidly metabolized nutrients, with glycerol as the
energy source. Our tests indicated that the growth rate of E. coli strain RP437 in this
medium at 34 °C was 0.

Rapid circulation of temperature-controlled water through two parallel, closely
spaced deep channels is a flexible and versatile way to generate temperature gradients.
Temperature gradients in the gradient channels always have the same, near-linear shape.
Both the steepness of the gradient and the range of temperatures that cells are presented
with can be varied in broad ranges. In addition, they both are linear functions of the
temperatures of the cold and hot water circulated through the two channels, T¢ and Th.
Hence, all parameters of the temperature gradients can be readily calculated from the
measured values of Tc and Ty, and the gradients do not need to be calibrated for each
individual thermotaxis experiment. In addition, the temperature gradients in the test
channel are largely one-dimensional, with relatively little temperature changes along the
channel depth. Based on our numerical simulations, the gradient along the depth is always
< 12% of the temperature variation along the same distance of 100 um in the cross-channel
direction. In low cell density, we believe that for the purposes of experiments on
thermotaxis, this technique is able to achieve stable temperature gradient and high

throughput with continuous flow.
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The proposed experimental setup, with a relatively deep gradient channel, h = 100
pm, also makes it easy to visualize and detect E. coli cells without fluorescent markers, by
the subtraction of images taken with a short interval under brightfield illumination.
Furthermore, we note that the ~18 sec time of passage of bacterial suspension flowing at
30 pm/sec through the 550 um field of view of the video microscopy setup is longer than
the characteristic time of the diffusion-like motion of E. coli along the channel depth,
h?/2D = 12.5 sec, making it possible to sample nearly all cells passing through the
channel. Thus, the maximal number of sampled cells is not limited by the relatively small
depth of field of the optical setup (~5 um) and, at a given cell density, is proportional to
the channel depth.

Another important feature of the experimental setup is the microfluidic H-filter (33)
upstream of the test channel. This filter does not allow any non-motile E. coli to enter the
gradient channel, thus improving the consistency and reproducibility of the thermotaxis
experiments and increasing the visibility of the peaks of cell density. Notably, in all
experiments with E. coli aggregation at intermediate temperatures, the ratios between the
maximal and minimal cell densities were >10, (Fig. 2.4 and 2.S3). The H-filter also enables
real-time adjustment of the concentration of E. coli in the test channel, and last, but not
least, it exchanges >50% of the content of the medium to that of fresh motility medium as
short as 30 sec before the beginning of the thermotaxis assay. This refreshment of the
medium and its minimal nutrient content, the low concentration of E. coli in the medium,
the oxygen-permeability of the device, and the relatively short duration of the assays (~ 6
min) all contribute towards the establishment of well-defined conditions during the

thermotaxis assays.

30



The main results of our study are: thermotactic aggregation of E. coli in a motility
medium at intermediate temperatures in temperature gradients, and the dependence of the
aggregation temperatures on the steepness of the gradient and the range of temperatures
that E. coli are presented with. Thermotactic aggregation of E. coli at intermediate
temperatures was reported in two previous publications in nutrient-rich medium (16, 28).
Nevertheless, none of them discovered the aggregation in pure motility medium with
energy source. In Ref. (16) the case is made that the two receptors are essentially different
and that Tsr always mediates thermophilic response, but loses its sensitivity at high
temperatures, whereas Tar mediates thermophilic response at low temperatures and
cryophilic response at high temperatures. Therefore, whereas the aggregation was only
shown in a nutrient-rich medium (M9CGQG), it was also predicted to occur in motility media.
In addition, due to the spatially dependent diffusion coefficient caused by temperature
gradient (Chap. 2.5.3), molecular concentration gradient is generated by the temperature
gradient, which turns out to be chemical gradient with strong chemoattractant existing in
the medium. In this case, the aggregation resulted not only from thermotaxis but also
chemotaxis. In order to study the effect, we measured the molecular concentration profile
(Fig. 2.S5(b)) by measuring the fluorescence of HPTS/Phosphate across temperature
gradient. The pH of phosphate buffer was relatively stable with temperature, with
temperature coefficient ~ 0.003 (temperature coeff. of Tris ~ 0.03). Therefore, almost all
the non-uniformity of fluorescence came from concentration gradient.

In contrast, the extensive data on the intracellular signaling in E. coli in response to
step-wise changes in temperature in Ref. (28) indicate that the temperature responses of

Tsr and Tar are surprisingly similar, both without chemoattractants and at equivalent
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concentrations of serine and MeAsp. Based on this data, a detailed model is built, in which
the inversion of the response of E. coli from thermophilic to cryophilic can only occur in
the presence of either serine or aspartate (or MeAsp). However, the aggregation is not
expected to occur in the absence of both chemoattractants or when they both are present at
comparable concentrations (28).

Therefore, the observed aggregation of E. coli in a motiltiy medium at intermediate
temperatures is a new result, which cannot be readily explained in the framework of the
model from Ref. (28). It is worth noting, however, that glycerol is a known attractant of
energy taxis for E. coli (35,36), which can sense glycerol concentrations as low as 1 uM
(36). However, glycerol was still a relative desirable energy source in this study (Chap.
2.5.1). The second main result of the study, the temperature shift of the E. coli aggregation
towards lower temperatures in steeper temperature gradients, is a surprising finding, for
which we do not have any satisfactory explanation.

To clarify the mechanisms of thermotactic aggregation of E. coli, it would certainly
be instructive to repeat the microfluidic experiments in the broad gradients (Fig. 2.4) under
the conditions used in the intracellular signaling assays in Ref. (28): with Azsr and Atar
mutants as well as with wild-type E.coli in a medium with either serine or MeAsp or with
equivalent concentrations of the two attractants. We note that, if needed, an attractants can
be added to the bacterial suspension at the inlet of the H-filter and its concentration will
then become completely spatially uniform by the entry of the temperature gradient channel.
The effect of serine was also tested in this study, and the resulting distribution supplied
with 10 uM was shown in Figure 2.S7. As a result, the time of pre-incubation of E. coli

cells in the medium with the attractant before the thermotaxis assay will be <1 min, thus
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improving the control of the medium composition and maximizing the consistency

experiments.
2.5 Supplemental Materials

2.5.1 Carbon source in motility medium

Without energy source, cells stopped swimming shortly after entering test channel
and stayed at the hot side wall without moving (data not shown). Therefore, energy source
was necessary for thermotaxis experiment, and glycerol was supplied in this study with the
following reasons. First, tethered buffer supplied with 50mM glycerol was used by Paster
and Ryu (15), who discovered inverse temperature response of E.coli with single cell
experiment, suggesting that E.coli might aggregate at around 37°C. Such concentration was
below the reported chemotaxis threshold of E.coli, which was 100 mM (37). Consequently,
the aggregation of E.coli was expected to be less affected by the existence of glycerol than
other carbon sources. Although research (36) showed that glycerol induced energy taxis of
E.coli, the mechanism involved in energy taxis required metabolism while chemotaxis and
thermotaxis did not, which means that energy taxis would not directly affect chemotaxis
and thermotaxis. In addition, study showed that glycerol is a chemorepellent with gradient
0.1 mM per mm (38), but another study showed that E.coli would not be repelled and move
away from glycerol below 50 mM concentration, while gradient not shown (36). In
consequence, the quantitative effect of glycerol in E.coli was still up in air. Though there
were possible concerns in using glycerol, it was still less complicated comparing to other
carbon sources. Research showed that lactate also induced energy taxis similar to glycerol,

and E.coli chemotaxis toward glucose was significant (37). Moreover, glucose and lactate
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stopped the synthesis of flagella in growth media while glycerol does not (39). Based on
these above studies, we decided to use glycerol as energy source in thermotaxis study, in
order to provide energy source without complicated confounding factors.
2.5.2 Revision of device

In an early version of the device, the test channel was 50 um deep rather than 100
pum. Such shallower channel caused two problems. First, a large portion of cells was lost
near the downstream of test channel due to cell sedimentation and sticking to the channel
bottom. Second, imaging plane was close to the top and bottom of the test channel (25 um
from the bottom and top ceiling). Cells stuck to the top and bottom were visible, after two
consecutive micrographs were subtracted (due to shaking of the whole device), making it
difficult to automate the identification of moving cells with Matlab. Therefore, cell
distributions were often unreliable in 50 um deep channel.
2.5.3 Concentration gradient caused by temperature gradient

Temperature gradient across the test channel was measured by HPTS (8-
Hydroxypyrene-1,3,6-trisulfonic acid trisodium) dye. HPTS fluorescence signal was
indirectly related to temperature. It becomes less fluorescent as pH of medium decreases,
and the pH of medium (Tris) decreases as temperature increases. However, temperature
gradient could cause diffusion coefficient gradient (spatially dependence D), which
resulted in non-uniform dye concentration in equilibrium (5). By the modified version of
Fick’s law, it claimed that concentration was inversely proportional to the square root of
diffusion coefficient in equilibrium state, which C1)/Cx2)=(Dx2)/Dix1y)*/2. Diffusion
coefficient is proportional to absolute temperature and inversely proportional to dynamic

viscosity, which the viscosity differs with temperature. As a result, if temperature gradient
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was zero (flat-temperature gradient), concentration was uniform across the channel.
Through calculation, diffusion coefficient at 30°C (Dzo3k) is about 23% less than diffusion
coefficient at 43°C (Dsiek), Which D3o3k=0.77*Da1sk. If such temperature gradient was
generated, from 30°C (left wall) to 43°C (right wall), there would be ~13% of concentration
difference across the 500 ym channel based on modified Fick’s law. Consequently, the
signal of HPTS across temperature gradient would be amplified by the molecular diffusion.
Without taking such effect into consideration and measuring temperature gradient only by
the slope of dye signals, the result of simulation was amplified by 30% (43% to 60% in test
channel of total gradient), which was significant. In order to prevent such molecular
drifting, the time scale between HPTS flowing into test channel and its distribution
measurement should be short enough comparing to molecular diffusion time scale but long
enough to reach thermal equilibrium, because thermal conduction is much faster than
molecular diffusion. The equilibrium time scale was ~ 100 seconds for molecular diffusion
and ~ 1 sec for thermal diffusion. To confirm the time reaching thermal equilibrium, we
tested it by setting both side channels 45°C, while incubator temperature = 25°C (Fig.
2.S5(a)). HPTS dye solution would not start equilibrating with 45°C-side channels until
entering test channel. Signal spatial profile was measured under different time intervals
after entering test channel, for 5, 10, 20, and 40 seconds, to see if they reached equilibrium.
The way setting the time was to apply 3 psi pressure difference between inlets and outlet
to run the flow fast, and start counting time right after turning off the pressure difference.
By applying 3 psi pressure difference, flow velocity was larger than 3mm/s in test channel,
which was fast enough to count the time accurately right after turning off the pressure. The

result showed that brightness between different time intervals are similar (with 0.25% error)
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after 10 seconds. After measuring thermal equilibrium time, we measured the molecular
diffusion equilibrium time scale by flowing HPTS/Phosphate (pH 7.4 in room temperature)
solution in temperature gradient with Th=51°C, Tc = 21 °C (Fig. 2.S5(b)). By simulation,
30°C temperature difference between side channels gave ~12°C temperature gradient
across test channel. The pH of phosphate buffer was poorly sensitive to temperature, with
only 0.025 pH difference between 25°C and 37°C. Therefore, the signal gradient across
channel mostly reflected molecular diffusion. Signal spatial profile was measured the same
way as thermal equilibrium test with different time intervals, 10, 20, 40, 80, 160, and 320
seconds. The slope of 320 s (Co um/Cso00 um = 7.63%) was 20 times steeper than the one of
10s (Co um/Cso0 um = 0.4%)), suggesting that molecular diffusion did amplify the slope of
signal with poorly temperature sensitive buffer. Based on thermal and molecular diffusion
equilibrium measurements, we chose 20 seconds intervals to calibrate HPTS/Tris
brightness profile, and analyzed the data by dividing the spatial slope of HPTS by measured
molecular concentration gradient as a background noise, which was 2% across 500 um at
20 seconds. The resulting ratio of temperature gradient in channel to temperature difference
between two side channels (Tw-Tc) was 43%, similar to simulation result.
2.5.4 Characterization of flow and cell distribution test

To verify whether it was laminar flow or turbulence flow, the distribution of
fluorescence beads (0.5um radius) across temperature gradient (34°C/mm) was tested. The
result showed a slight increase of beads count with increasing temperature (Fig. 2.56(a)).
To see if this increment was significant, we reduced the fluctuation by averaging the beads
count (relative frequency of occurrence) in every 94um interval, and the distribution

showed 33% difference between the maximum and minimum relative frequency of
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occurrence(Fig. 2.S6(b)), which was not significant comparing to the result of cell
distribution in the same temperature gradient (Fig. 2.4, 31-48°C).

In order to test if cell distribution depends on the residence time in T gradient, cross-
channel distribution at 2 different position: near the end of test channel with residence time
~ 360 sec, and 2/3 of the distance from the beginning to near the end with residence time
~ 240 sec, was measured (Fig. 2.52(a)). The measurement was conducted in the same
experiment set (Set 1). The results of distribution in two different residence time were
similar, peaking around 30 °C. This means that cell aggregation was stable and persisted
for at least 120 sec. The cell distribution versus temperature was measured again in
residence time 360 sec and 720 sec in another experimental set (Set 2). As Fig 2.S2 (b), the
distribution at 720 sec is not as sharp as the one at 360 sec. To quantitatively analyze the
sharpness of peak, we applied similar idea as the full width at half maximum (FWHM) of
distribution, which was used in Q factor to analyze the bandwidth, and compared it to the
the test with residence time 240 sec and 360 sec (Set 1, Fig. 2.52(a)). In addition to the half
maximum, we calculated the full width at 70% maximum. Larger full width represented
shallower peak. Moreover, the kurtosis was calculated to analyze the sharpness of each
distribution, comparing to normal distribution which the kurtosis is 0. Positive and larger
kurtosis means sharper peak comparing to normal distribution, and negative means
shallower peak comparing to normal distribution. The results were shown as (table 2.1). It
is not obvious to see the difference of FWHM between each distribution. However, by
comparing the full width at 70% maximum, the bandwidth of the distribution of 720 sec
was significantly larger than the others. In addition, all of the distributions showed positive

kurtosis except the 720 sec one. Therefore, we concluded that the peak of cell distribution
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versus temperature became shallower in 720 sec residence time comparing to the
distribution of 240 sec and 360 sec residence time. To observe the favored temperature of
E.coli, cell distribution with sharp peak was relatively more suitable for this study. Based
on these statistical results, we chose 360 sec as residence time for thermotaxis experiments.

To test cell distributions in gradients with the same steepness but different
temperature ranges, we measured the distribution across temperature gradients with the
same steepness of gradient but different temperature (Fig. 2.S3). The aggregation
temperature (peak) of each distribution in Fig. 2.S3(b) was nearly independent of the
temperature range (~1.5°C discrepancy), but the shape of the distribution changes with the
range versus temperature (systematic shift). The possible reason for the systematic shift in
might be wall effect. In 26°C-43°C, the peak (~300 um) is closer to the right side wall,
meaning that once cells hit the right side wall, the time that they needed to reach back
toward the peak was shorter. In comparison, the distance from peak to left side wall was
larger, which means that cells needed more time running back toward the peak once they
hit the left side wall. Thus, a slight aggregation in the left part of test channel was caused.
In converse, in 31°C-48°C experiment, peak is closer to the left side (~200 um). Therefore,
there would be slightly less cells between the left side wall and center, comparing to the
26°C-43°C distribution. Similar situation in Fig. 2.S3(d), two peaks differed by ~1°C,
which was closer to the one in Fig 2.S3(b). Same reason as before, two peaks were now
both closer to left side wall, so the wall effect affected them similarly. If shifting
temperature to 10°C (Fig. 2.54), unlike Fig. 2.S3, cell distribution did not shift that much

comparing to temperature shift. One possible reason is that the lowest temperature under
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18°C-40°C is too low, so that cells didn’t respond normally. That might be the reason why
the peak in 18°C-40°C is not as sharp as the one in 28°C-50°C.

2.5.5 Supplementary Figures

Figure 2.S1: h-fliter function (a) and (b) show cells with bad motility. (a) Upstream of h-filter, with buffer
flowing from left side and immotile cells flowing from right side. (b) Downstream of h-filter. Immotile
cells all flowed toward outlet(right side). None of the cells flowed downside toward test channel. (c) and
(d) are cells with good motility. (c) Upstream of h-filter, with buffer flowing from left side and motile cells
flowing from right side. (d) Downstream of h-filter. There are some motile cells (~1/3) flowing downside
toward test channel.
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Figure 2.S2: Cell distributions were measured at different position along the test channel, which represents
different time intervals for them staying in temperature gradient. (a) Set 1. Measurement of cross-channel
distribution at 2 different position, with residence time 240 sec (blue) and 360 sec (red) respectively. (b) Set
2. Measurement of cross-channel distribution at 2 different position, with residence time 360 sec (blue) and
720 sec (red) respectively.
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Figure 2.S3: Temperature gradients were shifted in order to compare distribution curve with different
temperature ranges under the same gradient. (a)(b) Temperatures of hot and cold circulators was shifted
from 59°C-19°C to 54°C-14°C, which corresponded to 31°C-48°C and 26°C-43°C in test channel. (a) shows
that the peak shifted from position ~ 200 pm to 300 um, with temperature shifting from 31°C-48°C to 26°C-
43°C. (c)(d), distribution with x-position shifted with temperature gradient changing from 64°C-14°C to
59°C-9°C, which corresponded to 28°C-50°C and 23°C-45°C in test channel.

41



0.07

e
o
e

o
o
&

Relative frequency of occurrence
‘ o 3 ¢
p=4 =
2 2

0 50 100 150 200 250 300 350 400 450 500
Position(um)

Temperature(°C)

Figure 2.54 Temperature gradient was shifted by 10°C in the steepness of 22 °C/500 um, from 28°C-50°C
and 18°C-40°C inside test channel.

a 46 h 0.035
o 10s + 10s
4538 20s o 20s
X 40s 00045 * 40s
456 80s
X 160s |
s 320s |
454 LV i
£ oosat X2
o £ N
LdS,Q 5 g )('
© Q F RNk
5 . © go o4 R e ok * X
B 45— j§§%§*4§uﬁx9§12?‘9~¥x3.‘x'x>-(s’-5xx 8ooaas| oooooooooog%ﬁéé
g5 ¥ % 3 N D x ‘*i%ig i
E 44.8 % 0o & 3 : N
= E oos3f ,;,f‘**o 289
446 e e e
BxaA
444 32
0.0325 X
442
44 . . . . . . ) 0.032 . . . . . "
50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
position(pm) position(um)

Figure 2.S5: (a) Temperature equilibrium test with HPTS/Tris. The temperature distribution along position
with different time imterval. (b) Molecular diffusion test. Molecular concentration measured by
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Figure 2.S6: (a) Distribution of beads across temperature gradient (34°C/mm), versus position between
50um and 450um. b) Distribution of beads across temperature gradient by averaging the beads count
(relative frequency of occurrence) from (a) in every 94um to reduce the fluctuation data in (a).
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Figure 2.S7: Cell distribution versus temperature with 10 uM serine added. The temperature gradient in
this experiment was 26°C/mm. The aggregation temperature in temperature gradient 26°C/mm shifted from
above 40°C (Fig. 2.4(a)) black curve, motility medium without serine) to 32~34°C.
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2.5.6 Supplementary Tables

I I e N

9.59 8.41 7.30 9.17

FW at 70% 5.24 5.04 5.82 7.59
maximum(°C)

0.0351 1.1667 0.4353 -0.4016
Peak 30.62 30.38 29.95 32.6

emperature(°C)

Table 2.1: Statistical result between distributions at different residence time. Full width at half maximum,
full width at 70% maximum, kurtosis, and peak temperature of each distribution were shown.
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CHAPTER 3

THE EFFECT OF FLOW AND PERISTALTIC
MIXING ON BACTERIAL GROWTH IN A
GUT-LIKE CHANNEL

The ecology of microbes in the gut has been shown to play important roles in the
health of the host. To better understand microbial growth and population dynamics in the
proximal colon, the primary region of bacterial growth in the gut, we built and applied a
fluidic channel that we call the mini-gut. This is a channel with an array of membrane
valves along its length allowing to mimic active contractions of the colonic wall. Repeated
contraction is shown to be crucial in maintaining a steady-state bacterial population in the
device in spite of strong flow along the channel that would otherwise cause bacterial
washout. Depending on the flow rate and the frequency of contractions, the bacterial
density profile exhibits varying spatial dependencies. For a synthetic cross-feeding
community, the species abundance ratio is also strongly affected by mixing and flow along
the length of the device. Complex mixing dynamics due to contractions is described well
by an effective diffusion term. Bacterial dynamics is captured by a simple reaction-
diffusion model without adjustable parameters. Our results suggest that flow and mixing

play a major role in shaping the microbiota of the colon.
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3.1 Background

The large intestine of vertebrates harbors vast amounts of bacteria. The importance
of this gut microbiota to the health of the host has been a topic of intense recent interest.
The composition and function of this complex microbial community have been shown to
have a strong influence on host physiology and affect pathological conditions as diverse as
cancer (41), inflammatory bowel diseases (42), intestinal infections (43), malaria (44),
autism (45), and obesity (46). Many of the connections between the pathologies and
microbiota have been found by using fecal samples as a proxy for the content of the gut,
and much effort has been invested in characterizing the composition of the microbiota with
sequencing of bacterial genomes in fecal samples (47, 48). It is also known that bacterial
composition show spatial variation along the human gut in healthy and diseased subjects
(49, 50, 51).

To better understand the spatiotemporal composition of the gut microbiota and how
it is formed, it is important to analyze and understand the different physiological conditions
and the resulting physical forces affecting bacterial growth dynamics in the colon and how
these conditions change with time and space. One obvious feature of these dynamics is the
movement of luminal content down the colon. In adult humans, this movement has a mean
velocity of approximately 20 um/s in the proximal colon, the prime site of bacterial
fermentation (see Sl for velocity estimation). Importantly, the inflow to the colon from the
small intestine has very low bacterial content (52, 53). Therefore, the movement down the
colon alone can be expected to rapidly deplete bacterial density in the lumen of the

proximal colon (even if the bacteria have high growth rates), a situation we refer to as
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“washout” (Fig. 3.1A). In the real colon, different factors might counter-act this washout.
One possibility would be active swimming of bacteria (Fig. 3.1B). However, while some
bacteria in the colon may be motile (54), many abundant members of the gut microbiota
do not carry genes for flagella (e.g. B. thetaiotaomicron, B. ovatus, F. prausnitzii (57).
Correspondingly, flagellin, the main protein of flagella, is not strongly expressed in the
colon (55) and flagellar activity might even be actively disrupted by the host (56).
Furthermore, effective countering of the movement of the luminal content would require
persistent swimming of the bacteria up the colon at a speed on the order of 20 um/s, which
is unrealistic. Another possible mechanism preventing washout would be replenishment of
the lumen microbiota by bacteria shed from a bacterial reservoir adhering to the mucus
layer and the epithelium on the colon walls (or “wall growth”, Fig. 3.1C) (58-60). However,
for realistic bacterial growth rates, simple estimates indicate that a proper replenishment
would require the number of wall-bound bacteria to be comparable to that of bacteria in
the lumen, whereas the observed abundance of the wall-bound bacteria is several orders of
magnitude lower (see Supplementary Text). Further, oxygen levels are still high in the
mucus layer but very low in the lumen (61). Given that most bacteria in the lumen are strict
anaerobes, they can hardly grow within the mucus layer(62, 61). Correspondingly, the
composition of the bacterial community inhabiting the mucus layer is very different
compared to that in the lumen (51, 61, 63, 64). Thus, while all these proposed mechanisms
to maintain bacterial densities observed in the colonic lumen probably play a role, we argue

that they are not sufficient, even if combined, to explain the high bacterial density observed.
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A Flow in the ascending colon B Motility and chemotaxis

C Wall-growth

D Active mixing by contractions

Time

Figure 3.1. Washout by flow and possible counteracting factors. (A) Flow alone leads to emptying of
channel content over time. Additional factors are required to counteract this ‘washout’ and help to maintain
a stable bacterial density over time. Such factors may include: (B) Active motility by bacteria to swim
towards the nutrient source; (C) Wall-growth; (D) Peristaltic mixing, with backflow generated by
contractions of colonic walls.

In this work, we investigate another mechanism which might be essential for
preventing washout: contractions of the intestinal walls. For the human colon, these
contractions include relatively frequent but uncorrelated contractions in the proximal colon
as well as less frequent but more coordinated peristaltic movements along the whole colon
(65). Importantly, these contractions can lead to a mixing of luminal content, here referred
to as “peristaltic mixing”. Due to this mixing, some volume elements are displaced against
the main flow-direction (backflow), as illustrated in Fig. 3.1D. Simple simulation of the
hydrodynamic flow indicated that local movement of the luminal content up the colon
coupled with bacterial growth can prevent the washout and generate a steady state with a
high-density bacterial population under large-scale movement of the luminal content down
the colon, see Fig. 3.S1. There have been multiples studies of the gut microbiota using
various in vitro setups and flow systems. Early studies have focused on the effect of
chemical composition of the medium, for example employing a 3-stage chemostat setup
(66). Over time, this approach has become increasingly advanced, with more robust cell

seeding and automated control, (67-69). To mix the medium and emulate the intestinal
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contractions, peristaltic contractions of the walls were used; but these setups can be view
as chains of discrete compartments, without the possibility to study continuous spatial
structure (70). A continuous flow system involving differential water and acid uptake from
a flexible tube has also been developed (71); however, wall contraction and mixing were
not implemented there. Peristaltic-like perturbations have also been recently used in
microfluidic gut-on-chip devices (72, 73, 74); however, the perturbations studied were of
small amplitudes, mainly designed to stretch and stimulate epithelial cells. To study the
role of wall contractions and mixing for bacterial growth, we built and tested a new
laboratory model of the large intestine, the mini-gut. The mini-gut differs from the in vitro
gut-like devices discussed above by emulating wall-contractions with an array of flexible
membrane valves evenly spread along the length of the channel. Longitudinal flow rate as
well as the amplitude and timing of contractions of different valves are adjusted and
controlled separately. We studied the dynamics of bacterial growth in the mini-gut device
at different medium perfusion velocities with periodic contractions of the valves generating
a peristalsis wave. Confocal microscopy was used to observe bacterial growth dynamics
continuously over space and time. Several distinct regimes are observed: the washout
regime (with near-zero bacterial density), the chemostat regime (with near uniform density),
and a third regime where the steady-state distribution of bacteria exhibited spatially varying
density along the channel. We then characterized the dynamics of an engineered bacterial
community of two cross-feeding strains in the mini-gut and observed distinct spatial
dependence of bacterial composition. Our results establish that growth dynamics in the

device can be effectively modeled by a reaction-diffusion system, with the complex mixing
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dynamics due to channel contractions described by a simple diffusion term. The model

effectively captures the experimental results without freely adjustable parameters.
3.2 Results

3.2.1 Model and Analysis

To study the role of flow and mixing on bacterial growth, we first develop a
mathematical model. We consider growth occurring in a tube geometry of length L, with x
denoting the position along the tube. Nutrient (but not bacteria) enters the tube at x=0, and
the culture (medium and bacteria) exits at x=L. The rate of flow is constant along the tube,
denoted by v. Mixing generated by the contraction of the channel is modeled by an effective
diffusion coefficient, D (eddy diffusivity). A more detailed hydrodynamic model taking
flow-vortices and laminar flow-profiles into account leads to similar predictions regarding
growth and washout; see Sl and Fig. 3.S1. We explicitly model the dynamics of bacterial
density p(x,t) and nutrient concentration n(x,t) over time t with reaction-diffusion
equations. With that, the model shares similarities with previous description of growing
populations under constant influence of convection (wind, water-flow, etc.), see e.g. (75,

76). The equations for density and nutrients are given by:
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Here, flow is described by a convection term with flow-velocity v. Bacterial growth

follows Monod kinetics, given by a nutrient-dependent growth rate A(n) = A, - n/(Ky +
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n), with the Monod constant being K,,, and the maximum growth rate in the medium being
Ao (77). The yield Y gives the conversion factor between nutrient concentration and
bacterial density. Boundary conditions ensure a constant inflow of nutrients with

concentration n;,, at x = 0, and a constant outflow at x = L; see SI.

We explored the criterion for washout, i.e., the disappearance of a stable culture
(p = 0) in the long-time limit (t — o), by solving Egs. (1) and (2) numerically starting
with a uniform initial bacteria density. The effect of flow and mixing was studied by
varying v and D, using growth and yield parameters that we measured (Supplementary
Table S1). The results are shown in Fig. 3.2A for fixed L and 4,, by plotting the spatially
averaged bacterial density (p) obtained in the long-time limit for different v and D. We see
that high density is attained for low flow and strong mixing, whereas in the opposite limits

of high flow or weak mixing, bacterial density vanishes, indicating washout.

The nature of the parameter dependence can be understood qualitatively by a simple
consideration (see Box 1 for more details). There are two important dimensionless
parameters, the ratio of the diffusive mixing length, # = D /v , to the channel length, L, i.e,
£/L, and the ratio of local dilution rate, v?/D, to growth rate A,, i.e., « = v?/(DA,). The
entire channel may be regarded as a well-mixed chemostat if #/L = 1, i.e., above the
dashed cyan line in Box 1. There, washout occurs if the flow rate exceeds a critical value
v* = A, - L (dashed white line in Box 1). In the opposite regime, where /L < 1 (below
the dashed cyan line in Box 1), the channel is a chain of locally mixed regions (of lengths
£). Spatially varying density profiles are expected in this case for ¢ < 1 (teal region in

between the dashed red and cyan lines). Washout occurs to the right of the dashed red line.

52



We compared this qualitative picture to the numerical solution of Egs. (1) and (2).
From the results shown in Fig. 3.2A, we defined a washout condition, the combination of
v and D values where the average density drops to zero for long times; see the solid white
line in Fig. 3.2A. This white line is reasonably well captured by the condition @ = 1.8,
shown as the dashed red line. Note that the phase boundary towards washout (white line)
flattens for large D, as v approaches the chemostat washout limit (dashed white line). The
results obtained for different combinations of L and A, are shown in Fig. 3.S2.

Convergence towards a steady state is shown in Fig. 3.S3.

We next show the spatial density profiles of the steady-state solution, p(x,t — )
for different flow and mixing rates; see Fig. 3.2C and 2D, with the different values of v
and D used in the simulation indicated in Fig. 3.2B. In agreement with the qualitative
picture presented in Box 1, the density profiles are essentially flat above the cyan line (i.e.,
for £/L = 1); see conditions V1 and D5. Washout is observed to the right of the red line
(a = 1); see conditions V5 and D1. In between the cyan and red lines, the profiles exhibit

substantial spatial dependencies.
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Figure 3.2. Model predictions for bacterial densities when varying degree of mixing and flow. (A) The
bacterial density averaged over the channel length predicted by the model is plotted against v and D values.
Solid white line denotes boundary towards washout, where average density has reached zero (<0.1% of the

maximum value). Dashed red line shows a=1.8, dashed cyan line show D/v=L. Chemostat washout
condition v/(AL)> 1. is denoted by the dashed white line. Steady state spatial density profiles in (C) for
fixed D=2x10* um?/s and various values of v, and in (D) for fixed v=2 um/s and various values of D, as
shown in (B). The solid black line is the empirical phase boundary obtained from (A). Growth rate and
nutrient inflow concentration used are A=0.42 1/h and ni» =2 mM, respectively.

3.2.2 Experimental Setup

Intestinal flow and contractions are difficult to control or characterize in vivo. To
test the predictions of the above model, we constructed a fluidic mini-gut device (Fig. 3.3A
and S4). In this device, bacterial growth occurs in a rectangular channel, 7 cm long with a
2x4 mm cross-section. Fresh medium containing nutrients is continuously supplied from
one end of the channel, setting a mean flow velocity that can be changed from zero to over
50 pm/s. The ceiling of the channel is made of a silicone elastomer and has a regular array
of 8 individually addressable, pressure-actuated membrane valves (4 mm wide valves with

7 mm period of the array)(78). The application of pressure to a valve leads to its
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contraction, emulating local contraction of intestinal walls (see the Sl for a detailed
technical description). The application of different levels of pressure to the valves at
different times generates a broad range of spatial-temporal patterns of valve contraction
and partial channel occlusion (from a minor reduction of the channel height all the way to
the ceiling touching the floor). As expected, the flow in the channel resulting from
contraction of the valves led to efficient mixing along the channel, especially, when the
ceiling touched the floor, resulting in major occulusion. The efficiency of mixing was
characterized for different patterns of valve contraction that involved the actuation of each
of the eight valves during each cycle of valve contraction (e.g., a peristaltic wave, valves
actuated in a random order, etc). To this end, a small blob of a fluorescent dye (or particles)
was injected near the middle of the channel, and the spreading of the fluorescence intensity
(proxy of dye concentration) along the channel was measured as a function of the number

of cycles of valve contraction (Fig. 3.S5 and SI).

For periodic peristaltic waves and an aqueous solution of the fluorescent dye, the
spreading, quantified as the standard deviation of the spatial dye distribution along the
channel, was well fitted by a square root of the number of cycles (Fig S5A,B). Hence, the
spreading was a diffusion-like process with an effective diffusion constant, D, set by the
valve-generated hydrodynamic flow (known in fluid dynamics as the eddy diffusivity). At
the shortest feasible period of the peristaltic wave (~10 sec), D reached ~10° um?/s,
more than 3 orders of magnitude enhancement as compared to the molecular diffusion of
the fluorescent dye (Supplementary Information and Fig. 3.S5). Importantly, the value of
D for an aqueous suspension of 2 um fluorescent beads (similar in size to bacterial cells)

was close to the value measured for the fluorescent dye (Fig. 3.S5 C and D), in spite of
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~100 times lower particle (molecular) diffusivity of the beads (0.2 vs. 25 um?/s). This
result suggests that flow-induced effective diffusivity, D, is universally applicable to
particles and molecules of all sizes (an expected outcome for D significantly greater than
the molecular diffusivity). Furthermore, when random patterns of valve contractions were
applied instead of the regular peristaltic waves, the spreading of the fluorescent dye along
the channel was substantially slower (~5 times reduced effective D; Fig. 3.S5 E and F).
Last, we measured the spreading of the fluorescent dye when the carrier liquid had an ~10x
greater viscosity than water (Fig. 3.S5 G-J) and found D to be ~2 times lower than for the
aqueous solution. (The reduction in D was likely mostly caused by changes in the flow
pattern rather than in the molecular diffusivity of the dye.) The tested range of viscosity
agrees with direct observations in the gut (79). For most of the experiments with bacteria,
we applied peristaltic waves with a period of 120s and had a solution with viscosity 2 times
higher than water, resulting in an effective diffusion constant D= 2-10* um?/s (Fig. 3.3B).
This diffusion constant is ~20 times greater than the molecular diffusivity of small

molecules and ~10° greater than the particle diffusivity of non-motile E. coli.
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Figure 3.3: Qualitative description of the behaviors of the reaction-diffusion model. The combined
effect of flow and mixing defines a “diffusive mixing length” I=D/v. For length scale below 1, the culture is
locally well mixed. If mixing is sufficiently strong such that « becomes comparable to the length of the
channel, i.e., I~L, then we may regard the entire channel as a well-mixed chemostat, with a “dilution rate”
v/L. A chemostat can only sustain a stable culture below the chemostat washout condition (90), i.e., when
the ratio of dilution and growth rates, o .=(v/L)/A, is below 1. This translates to a critical flow velocity
v*=\L above which washout occurs (dark blue region). This condition is shown as the dashed white line,
together with the dashed cyan line, | =L, which indicates the boundary of the chemostat regime (region in
yellow). For lower degrees of mixing where | <L (to the left of the dashed cyan line), chemostat results do
not apply. Here, the system consists of a number of locally well-mixed segments of length 1, and the
characteristic ratio of dilution to growth becomes a. =(v/ 1)/A=v?/(D1), for each of these segments. We may
expect a=1 as an approximate criterion for washout in a long channel. This condition is shown as the
dashed red line, above which washout occurs (dark blue). In between the cyan and red line (teal region), we
expect a stable solution to exist in the channel. Solution in this regime is generally not expected to be
spatially uniform, as it is no longer well mixed.

3.2.3 Spatiotemporal Density Profiles in the Mini-gut

To study bacterial growth under the influence of flow and mixing and to test the
predictions of the reaction-diffusion model, we grew fluorescently labeled E. coli cells
(strain EQ403, see Sl) in minimal medium in the device. Cells were first grown in batch
culture to the mid-log phase before transferring to the device. Flow of the medium was then
turned on and mechanical contractions were applied at set amplitude and frequency for the

duration of the experiment. At regular intervals, cell density was monitored along the
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device by counting cells in a fixed volume using a confocal microscope, see Sl and Fig.
3.56. We characterized the spatiotemporal dynamics in the device for different
combinations of mixing and flow conditions (Fig. 3.S7A). In agreement with the theoretical
predictions, weak peristaltic mixing (low effective diffusivity) led to washout (blue
symbols, Fig. 3.S7B; see also Fig. 3.S8A), while stronger mixing stabilized the culture (red
symbols, Fig. 3.57C). Conversely, for a given effective diffusivity, fast flow led to washout
(orange symbols, Fig. 3.S7B) while reduced flow rate stabilized the culture (red and green
symbols, Fig. 3.57C). The full spatiotemporal dynamics were measured for a constant rate
of cycles of membrane contractions (constant effective D) and varying flow rates, v, (Fig.
3.3C-E) as well as for varying D and constant v (Fig. 3.S8A,B). The drop in bacterial
density over time for the fast flow (Fig. 3.3C) indicated washout that occurred despite
mixing. At lower flow rates (Fig. 3.3D, 3E), stable bacterial densities were obtained. The
culture in Fig. 3.3E had a steady state with a weak spatial dependence, while the one in
Fig. 3.3D exhibited a strong spatial dependence, with ~4x higher density at the exit

compared with the entrance.

To compare the experimental results to the predictions of our model (Fig. 3.2 and
Box 1) qualitatively, we use the experimental values of v, D, and A to obtain the mixing
length £ = D/v and the a-parameter (Fig. 3.3 and Fig. 3.S7A,B). For the conditions
corresponding to Fig. 3.3E, we have £ = L and « ~ 0.1, indicating that the entire channel
can be regarded as a well-mixed chemostat, and hence little spatial dependence should be
expected. For the conditions corresponding to Fig. 3.3D, ¥ = L/6 and a = 1.2, indicating
that the system is in the regime where a strong spatial pattern is expected. For the conditions

of Fig. 3.3C and S8A, we have ¢ «< L and a > 1, corresponding to the washout regime.
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For more quantitative comparisons, we simulated the reaction-diffusion model
(Egs. 1-2) using the same experimental values of v, D, and A (Table S1, Fig. 3.S10AB).
The spatiotemporal density profiles predicted by the model are shown below the
corresponding data in Fig. 3.3F-H, and Fig. 3.S8C,D. The agreement between the predicted
and observed density profiles is remarkable given the lack of any fitting parameters in the
model. We note, however, that bacterial growth at the channel walls inevitably leads to
deviations from model predictions. Moreover, there is a steady increase in the experimental
noise due to increased scattering of light by cells growing on the walls and gas bubbles

emerging on the walls, practically limiting the duration of experiments to ~20 hrs.

The model also predicts that, at long times, the effect of small variations of v, D,
and A on bacterial density distribution is strongest at conditions leading to non-uniform
bacterial density along the channel, « < 1 and ¢ < L (Fig. 3.3D, G). We performed two
more experiments at the same flow conditions as in Fig. 3.3D (D = 2 - 10* um?/s, v =
um/s), and the results (Fig. 3.S9) indicated general robustness of the experimental system
and reproducibility of the growth dynamics. Similarity and slow evolution of the density
distributions at long times were also consistent with the existence of a final stable

distribution that, according to the model, the system converges to.

Together with the direct characterization of mixing dynamics (Fig. 3.S5), our
results establish that complex hydrodynamic mixing due to channel wall contractions is
captured by the reaction-diffusion model and that regularly occurring wall contractions can
effectively prevent washout. A combination of bacterial growth, flow, and mixing can

generally lead to systematic variations in bacterial density along the min-gut.
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Figure 3.4. Effect of mixing and flow on bacterial growth. (A) Schematic of the mini-gut device with
controlled “contractions” implemented by pressure-induced membrane deformations. (B) Mixing dynamics
due to wall-contraction is quantified by locally injecting fluorescent dye near the middle of the channel and
measuring the spreading of the dye distribution along the channel with time. The width of the distribution
is shown after different numbers of cycles of peristaltic contractions. The data is shown for a waiting time

of 120s between cycles, and it is fitted to diffusion-like spreading (solid line), with an effective diffusion
constant of D=2x10* um?/s; see Fig. 3.S5 for further details. (C-E) Cells from strain EQ403 grown in the
device at different flow-conditions. Bacterial densities measured at various times and locations are plotted.
Each line is a snap shot of the density profile, with the time color-coded. (C) Flow-dominated regime with

no cells in steady state (washout). (D) Intermediate regime with distinct spatial dependence of bacterial
density. (E) Mixing-dominated regime with little spatial dependence. The flow and mixing parameters are

indicated in the legend table. Panels (F), (G), and (H) show numerical simulations of the corresponding

system using the reaction-diffusion model with only independently measured parameters, see text.
Experimentally measured cell-counts are converted to optical density (OD) using a constant conversion
factor, see Fig. 3.56 and Supplementary Information. Relative errors in density are below 20%.

3.2.4 Effect of Spatial Coupling on Cross-feeding

We next considered the effect of flow and mixing on interacting microbial
populations. A common form of interaction among gut microbes is assumed to be cross-
feeding (80). Examples include the breakdown of polysaccharides by Bacteriodetes and the
utilization of the resulting monosaccharides by Bacteriodetes and other species including
Firmicutes and E. coli; see e.g., Ref. (81). Cross-feeding on many fermentation products

has also been described, including the uptake of acetate and lactate (81), and hydrogen
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uptake by methanogens and sulfate reducing bacteria (82). To observe the possible effect
of flow and peristaltic mixing on cross-feeding dynamics, we conducted experiments to
investigate a simple mode of cross feeding using two synthetically designed E. coli strains,
as illustrated in Fig. 3.4A. For the Producer (P), we used strain EQ403 whose properties
were described above. This strain can break down lactose into glucose and galactose, but
only metabolize glucose. As the Consumer (C), we constructed strain EQ386 which could
not utilize lactose, but could grow on glucose or galactose; see Sl for strain details and Fig.
3.510 for characterization. The two strains were labeled by mCherry and GFP respectively,
so that the abundance of each strain could be followed in the device over time using
fluorescent microscopy. The two strains were first grown together in lactose batch culture;
see Fig. 3.S10CD. Although the P strain grew faster initially, the two strained approached
the same final density eventually since each strain could metabolize half of the nutrients
(lactose). To study the result of flow and mixing, P and C were grown separately in batch
cultures, in lactose and galactose minimal media respectively. Exponentially growing cells
were harvested, washed and transferred together to the device, which is perfused with
lactose minimal medium. Flow and mixing were set to the intermediate level described
above (Fig. 3.3D), and cell count for each strain was monitored by microscopy as described
above. The results are shown in Fig. 3.4B, 4C. Since C is not expected to affect the growth
of P, the density profile of P is very similar to that obtained previously when P was grown
alone (compare Figs. 3.4B and 3.3D). The density profile of C (Fig. 3.4C) is clearly very
different from that of P. The average density is much lower, and the overall change in
density of C at the entrance (x=0) and exit (x=6m) is larger, and the rise in density is shifted

towards the distal end. (The mid-point of density increase is at x=1.5cm for P and x=3.5cm
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for C.) Two effects may likely account for the shifted density profile for C: (i) C is closer
to washout due to its slower growth rate in galactose. (ii) galactose accumulation increases
along the proximal part of the device (due to the rise in P, Fig. 3.4B), so that C grows better
towards the distal end. We examined bacterial growth for this cross-feeding system
mathematically by expanding the reaction-diffusion model to two strains and two types of
nutrients (lactose and galactose, assuming that glucose derived from lactose degradation is
completely consumed by P), and including the differences in metabolism for the two strains
(SI). Using previously determined physical parameters for the device and the measured
growth properties of the two strains (Table S1, Figs 3.S10AB and Sl), the model provides
good predictions for the spatiotemporal bacterial and nutrient profiles with the bacterial
profiles shown in Figs. 3.4D, 3.4E. Nutrient profiles are shown in Fig. 3.511. Model
predictions for the density of C (Fig. 3.4E) capture the observed density profile remarkably
well again, given the lack of any adjustable parameters. The predicted spatial profiles of
nutrient concentrations (Fig. 3.511) show that the availability of galactose is indeed distal-
shifted. Thereby reduced growth makes it even harder for C to maintain in the channel.
Compared to batch culture growth, flow limits strong cross-feeding to occur in the channel

when mixing is limited and does not lead to a well-mixed situation.
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Figure 3.5. Two strain cross-feeding ecology. (A) The Producer strain (EQ403) that breaks down lactose
(disaccharide of galactose and glucose, shown as linked red and green hexagons), but is able to metabolize
only glucose (red hexagon), releasing galactose (green hexagon). The Consumer strain (EQ386) only
metabolizes galactose released by the producer. The density profiles for the producer and consumer are
shown in panel (B) and (C) respectively. Corresponding numerical solutions of the model are shown in (D)
and (E). Producers and consumers were initially uniformly distributed (ODg0=0.01) and lactose was the
only carbon source provided. In both theoretical model and experiment, the parameters used correspond to
the intermediate regime shown in Fig. 3.3C. Relative errors in experiments are below 20%.

3.4 Discussion

In this work, we developed a new fluidic device, the mini-gut, to study bacterial
growth in a gut-like system with controlled flow and wall contractions. The device allows
the continuous observation of bacterial densities over time. The goal of this study was not
to engineer a realistic model of the colon, but to evaluate the interplay between flow,
mixing, and bacterial growth. Through mathematical modeling and experiments in the
device, we demonstrated that the physical forces of flow and mixing could have a
significant effect on bacterial growth and ecology: When combined with bacterial growth,
recirculation flow generated by the channel wall contractions is sufficient to counter the
washout effect that longitudinal flow along the channel exerts on the bacterial culture.
Whereas strong and frequent wall contractions lead to homogeneous bacterial density and

infrequent contractions do not prevent washout, contractions at an intermediate frequency
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create a stable distribution with bacterial density substantially increasing along the channel.
In this regime, different locations along the channel become different niches with distinct
steady states. When a second bacterial strain is introduced into the channel, cross-feeding
of metabolites of the first strain, these niches become even more distinct, with large
variations of the density of the second strain and of the ratio of densities of the two strains.
At a quantitative level, our work shows that despite the complexity of hydrodynamic flow
associated with the contraction of the channel wall, its effect on bacterial growth can be

captured by an effective diffusion term (eddy diffusivity) in a reaction-diffusion model.

For adult humans, with 1.5L/day of luminal fluid entering the colon (83), the
average flow rate in the proximal colon is very high, 20 um/s or even higher across the
first 20-cm of the proximal colon (see Supplementary Information). The degree of physical
mixing by colonic contractions has not been systematically characterized in vivo. However,
uncoordinated but continuous mixing has been observed in the proximal large
intestine(84). Research also indicated that the balance of drift and diffusion was relevant
in the real human gut (85). Further, observations with radiolabeled particles confirmed
mixing in the proximal colon (86). Given the presence of strong flow and mixing, we
expect the interplay of these two processes with bacterial growth to play an important role
in maintaining a steady microbial population in the proximal large intestine. Some aspects
of our model and the in vitro predicitions could be tested in future animal experiments.
Interventions in mice to change the transit times through the gut, a proxy for flow velocity,

have been successfully implemented (87) and could be adapted to test our predictions.
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The prospect of partial local mixing, together with other changes along the length
of the proximal colon not considered in this work, including changes in the flow rate (due
to water absorption) (88), the oxygen content (61), and pH profile (89), makes it likely that
growth and abundance of primary strains from the main phyla Bacteriodetes and
Firmicutes are also strongly position-dependent in the proximal colon. This would in turn
trigger a Domino effect that imposes spatial dependence on species that depend
metabolically on these primary producers. Given that most of bacterial growth in the gut is
happening in the proximal large intestine, these effects can contribute substantially to the

microbiota composition of feces.
3.5 Supporting Information

In this supplementary text we give detailed information on the device construction,
the used bacterial strains and growth-conditions, as well as the experimental procedures.

We also present the details of the mathematical model.

The device is assembled of several parts, which are made of acrylic,
polydimethylsiloxane (PDMS, silicone elastomer), and glass (Fig. 3.S4A). The 4 mm wide,
2 mm deep, and 60 mm long channel, serving as model of the colonic luminal tube, is
machined in 2 mm thick acrylic by laser cutting. The acrylic part is 84 mm long and 20
mm wide. The channel is tapered at its inlet, a 0.6 mm diameter hole is drilled through the
2 mm thick face of the acrylic, and a short segment of hypodermic tubing (gauge 25) is
glued into the hole to provide an inlet to the channel. To facilitate the assembly of the
device, both sides of the acrylic part are coated with ~130 um thick layers of a pressure-

sensitive adhesive transfer tape (468MP by 3M), which are applied to the raw sheet of
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acrylic prior to the laser cutting. To emulate flexible walls of the colon, the mini-gut
channel is sealed from the top with a two-layer structure made out of flexible PDMS
membrane and has an array of 8 identical and evenly spaced pressure-actuated valves. The
valves are 4 mm wide with 3 mm spacing between them, such that the array spans 53 mm
along the mini-gut channel. The upper layer of the PDMS structure is a ~84x20 mm (same
as the acrylic part), ~10 mm thick chip, which is cast from a lithographically fabricated
master mold. The master mold is a polished silicon wafer with ~300 um tall micro-relief
on its surface and is made using photolithography with an SU8 UV-curable epoxy (SU8-
2100 by Microchem). The PDMS chip has an array of eight identical 300 um deep
microgrooves, which are 8 mm long, parallel to the shorter dimension of the chip, and
evenly spaced by 7 mm along the longer dimension of the chip. The grooves are 4 mm
wide at one end and are tapered to ~2 mm at the other end. ~1.5 mm holes are punched
through the chip at both ends of the grooves and the engraved side of the chip is bonded to
the lower layer of the PDMS structure, which is an ~150 um thick flat-parallel sheet. The
150 um sheet of PDMS is made by spin-coating a silicon wafer for 30 sec at 1000 rpm with
a PDMS pre-polymer (50:50 mixture of Sylgard 184 by Dow Corning and XP565 (XP565
without Slygard 184) by Silicones Inc.) and curing the PDMS on the wafer in an 80°C oven
for 2 hours. To promote good bonding, the surfaces of the PDMS chip and sheet are both
treated with oxygen plasma. Upon bonding, the 300 um deep microgrooves on the chip
become cavities sealed at the bottom with the thin (150 um) layer of PDMS, and the holes
punched in the chip are used to pressurize the cavities, making the thin membrane at the
bottom bend outwards. Two more holes are punched in the two-layer PDMS structure at

the locations corresponding to places at the end and near the beginning of the mini-gut
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channel. These holes are used as the min-gut outlet and a dedicated inoculation inlet for
the injection of bacterial suspensions into the mini-gut channel. To assemble the mini-gut
device, the bottom of the PDMS structure (the side of the 150 um sheet not bonded to the
chip) is treated with oxygen plasma and bonded to the adhesive on the top of the acrylic
part by the application of pressure. Finally, the bottom of the acrylic part is sealed with a
7525 mm microscope slide. Because PDMS is highly gas-permeable, pressurizing the
cavities in the PDMS structure results in flow of air through the thin membranes at the
bottom and can eventually lead to the formation of air bubbles in the mini-gut channel. To
suppress the air bubble formation, the cavities are filled with water, which is injected from
the narrow (2 mm) ends of the cavities. After the cavities are filled, the holes at the wide
(4 mm) ends of the cavities are blocked, and the holes at the narrow ends of the cavities are
used to pressurize the cavities. The application of air pressure to a cavity bends a 4x4 mm
segment of the thin PMDS membrane (the region where the 4 mm wide cavity in the PDMS
chip intersects with the 4 mm wide mini-gut channel) towards the bottom of the channel.
The cavities are pressurized individually through eight separate lines of PVC tubing, with
each line ending with an L-shaped segment of hypodermic tubing inserted into the PDMS
chip. The other end of each line of tubing is connected to the “common” port of a dedicated
miniature 3-way solenoid valve (LHDX0514600BA by LeeValves). The tubing line is
vented to the atmosphere, when the valve is not powered, and connected to a pressure-
regulated source of compressed air, when the valve is powered. The eight solenoid valves
were individually switched on and off using a board of eight relays and an Arduino Mega
microcontroller. The controller is programmed to periodically repeat certain patterns of

actuation of the solenoid valves and thus of bending of the PDMS membrane valves. The
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individual membranes and cavities, as well as their pressure inlet ports, tubing lines, and
solenoid valves, are numbered 1 to 8 starting from the valve most proximal to the mini-gut
inlet. Because of inevitable minor differences in the actual thickness of the PDMS
membranes (and their Young’s moduli) between different batches, to ensure that the
bending of the membranes at the top of the mini-gut channel is consistent between
experiments with different devices, each device is individually calibrated. The calibration
is performed by applying varying air pressure to the valve ports and observing the
membranes under a microscope. Whereas the pressure is switched on and off individually
for different valves, the pressure applied to different valves in the “on” state is the same
and, because of inevitable minor differences between individual membranes, their
deformations in the “on” state are somewhat different as well. To minimize the effect of
this variability, the standard choice is to use a pressure just above the level at which the
least compliant membrane touches the bottom of the mini-gut channel (the membrane
deformation of ~2 mm). Once a membrane touches the channel bottom, its deformation
becomes less pressure-dependent, because of the opposing reaction force. These relatively
large membrane deformations might be comparable to what happens during haustrations
and coordinated peristalsis in the colon in vivo, providing major displacements of the
content of the lumen in single events. In addition, the point (pressure level) when the
membrane touches the channel bottom is practically simple to register under a microscope.
The pressure at which the least compliant membrane touched the mini-gut channel bottom
varied between 24 and 31 kPa (3.5 to 4.5 PSI). This level of pressure, which is set by the
diameter (4 mm), thickness (150 pm), and Young’s modulus (~2 MPa) of the membrane

valves, and the depth of the mini-gut channel (2 mm) is a reasonable compromise. On the
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one hand, it corresponds to relatively high effective spring constants of the valves, such
that the valves remain largely flat when there is no pressure applied and rapidly recoil to
near-flat shapes when depressurized. On the other hand, this pressure is sufficiently low to
minimize the risk of delamination of the 150 um membrane from the PDMS chip and of

the chip from the acrylic part.

The standard pattern of actuation of the valves is a peristaltic wave propagating
from the mini-gut channel inlet to its outlet (Fig. 3.S4B). The valves 1 and 2 are pressurized
first, then valve 1 is depressurized and valve 3 is pressurized, then valve 2 is depressurized
and valve 4 is pressurized, and so on. The standard interval between consecutive steps is
0.5 sec, with the interval between consecutive peristaltic waves being an experimentally
controlled variable defining the time-averaged rate of movement of the content of the mini-
gut channel (peristaltic mixing) induced by the deformation of its top wall. Whereas this
spatial pattern may be a closer emulation of coordinated peristalsis than more disordered
haustrations in the colon, for this pilot study, we have chosen to select mostly one simple
spatial-temporal pattern of deformation of the top wall in order to have a single variable
quantifying the rate of mixing in the channel (frequency of the peristaltic waves). As a
different limit of contraction modes, we also checked the effect of randomly chosen
contraction patterns for mixing (Fig. 3.S5 C,D). Here, during a contraction cycle, each
valve was chosen to contract once, with the order following a random sampling. For
repeated cycles, orders were newly determined from a random sampling. Timing was
similar to the peristaltic patterns as described before. Timing was similar to the peristaltic
patterns as described before. For shown mixing behavior, drawn contraction order was {(6,

1,4,5,7,3,2,8),(4,6,1,7,8,2,5,3),(7,2,8,4,5,1,3,6),(2,57,8,3,6,4,1), (2,5,
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1,3,8,7,4,6),(6,4,37,25,81),(526,48,1,37),5 21,7, 43,6, 8)} for the 8

cycles.

During the normal operation of the mini-gut device, the movement of the content
of the mini-gut is due to a combination of continuous perfusion from the inlet to the outlet
and periodic peristaltic waves (Fig. 3.54A). (The inoculation inlet is blocked immediately
after the bacterial suspension is injected into the mini-gut channel.) The channel is perfused
by connecting both the inlet and outlet to reservoirs with growth medium and by connecting
the inlet reservoir to a source of pressure-regulated compressed air, thus applying a higher
pressure to the inlet than the outlet. To achieve the desired flow rate through the mini-gut,
with mean flow velocities around 10 um/sec, at practically convenient air pressures (~70
kPa), the tubing line connecting the mini-gut inlet with the inlet reservoir has a fluidic
resistor in it, which is a 75 mm long segment of PEEK tubing with an inner diameter of 63
um. The mean flow velocity in the mini-gut is readily adjusted by varying the pressure
applied to the inlet reservoir. The velocity is proportional to the pressure (with a coefficient
of proportionality of ~1 um/sec per 4 kPa). The mini-gut outlet is connected to the outlet
reservoir through a low-resistant PVC tubing line. Therefore, when the membrane valves
bend down, thus reducing the effective volume of the mini-gut channel, the medium is
pushed from the channel nearly exclusively towards the channel outlet and the outlet tubing
line, and the pressure in the mini-gut channel remains nearly unchanged. As a result, the
membranes that are not pressurized always remain nearly flat. (When the peristaltic wave
is over and the mini-gut channel regains its full volume, the medium from the outlet tubing

returns to the channel.)
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To test the effect of the peristaltic waves (or random contraction patterns) of the
advection of a low-diffusivity species (such as ~1 um size bacteria) in the mini-gut channel,
we tracked the spreading of a fluorescent dye (high molecular weight dextran, FITC, FD-
500S from Sigma). Alternatively, we aslo tracked fluorescence beads2um in size. To
adjust viscosity we used different concentrations of a glycerol solution (no glycerol for 1x
viscosity of water (~ 4 cPs at room temperature), 25% for 2x viscosity, 50% for 10x
viscosity). A small volume of solution of the dye was injected into the mini-gut channel
between valves 4 and 5 (through a specially made hole), and the distribution of the dye
along the length of the channel was visualized under light sheet fluorescence illumination
using macro-photography with a Canon EOS-1D Mark I. The image covered the entire
channel. The light sheet illumination was derived from a solid state 450nm laser, whose
beam, illuminating the mini-gut channel from a side, was expanded to a line along the
length of the channel cylindrical lenses (“line” mode of the laser beam). The camera had
two f/1.4 lenses attached to it, with the second lens mounted in reverse to the first one
(reversed lens macrophotography) and an optical filter blocking the laser light inserted
between the lenses, such that only the fluorescence light emitted by the dye was collected
by the camera. To prevent scattering from laser cutting strip patterns, the side part of the
acrylic channel was polished. Further, to prevent scattering by changed refraction index a
solution of 15% NaBr and 35% KI was used to match the refraction index of PDMS, which
is about 1.41. By aiming the laser from the side, we were able to illuminate across the entire
channel, which gave us the signal from the entire channel, not just a single plane. The
device was photographed after the dye was injected into the channel and also after 1, 2, 4,

8, and 16 complete cycles of contractions. The images were digitally processed by
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subtracting the background (intensity with no dye in the channel) and calculating the
distribution of the mean intensity across the channel as a function of the position along the
channel. To correct for non-uniformity of the illumination (uneven intensity of the laser
beam) and light collection, the distribution of intensity was then normalized with the
distribution obtained with the min-gut channel filled with a uniform solution of the
fluorescent dye (flat-field correction). The reduction of the complex three-dimensional
distributions of dye in the channel to simplified one-dimensional profiles is justified by the
results of our numerical simulations, which indicate that in the context of prevention of
bacterial washouts, the main effect of secondary flows in the channel is the displacement
of the channel content upstream along the channel. To quantify spreading of the fluorescent
signal, we normalized the intensity and corrected for variations in illumination intensity by
setting the background signal (boundary of profile which has not been reached) to zero for
each cycle. Calculations were then performed with the proper conversion factor from pixels
to actual position along the channel. Intensity patterns shown in Fig. 3.3 show signals

averaged over 10 pixels.

All the strains used in this study were derived from E. coli K-12 strain NCM3722
(91), and are summarized in Table S2. Strains NQ1242 and EQ356 are deleted for galK
and laclYZ, respectively. Fluorescence is expressed by plasmids with mCherry and GFP
under the control of a constitutive tet promoter. Constructs are described in the following.

All oligos used for making constructs are listed in Table S3.

The lacl, lacZ and lacY genes involved in lactose utilization were deleted from the

chromosome of MG1655Seq following the methods of Datsenko and Wanner (92).The
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Kmr gene present in pKD4 was amplified using primers lacl-P1 and lacY-P2
(Supplementary Table 3). The PCR products were treated with Dpnl, gel purified, then
electroporated into electro-competent cells of MG1655Seq expressing a lambda
recombinase encoded in pKD46. After 1 hr incubation at 37 oC with LB, the cells were
plated onto LB + Km agar plates. The plates were incubated at 30 oC overnight. The Kmr
colonies were verified for the replacement of the laclYZ genes with the Kmr gene by
colony PCR, followed by sequencing with primer lacY-ver-R. Then the Kmr gene
replacing the lac genes was transferred to the NCM3722 strain by P1 transduction. The
Kmr gene was flipped by transformation of pCP20 (92), yielding strain EQ356. The
deletion of galK in MG1655Seq background is described in (93). Such deletion was

transferred to NCM3722 by P1 transduction, yielding NQ1242.

PtetM2 is a stable version of Ptet. PtetM2 was amplified from Ptet using the primers
Ptet-mod-F2 and Ptet-mod-R. The PCR products were digested with Xhol/Kpnl, gel
purified and then were substituted for Ptet in pZA31Ptet-gfp (94), yielding pZA31PtetM2-
gfp. This plasmid was transformed into EQ356, yielding green fluorescence-producing

strain EQ386.

mCherry was amplified from pRSET.B-mCherry (95) using primers mCherry-Kpn-
F and mCherry-Bam-R. The PCR products were digested with Kpnl and BamHI, gel
purified and then substituted for gfp in pZA31Ptet-gfp (94), yielding pZA31Ptet-mCherry.
This plasmid was transformed into NQ1242, yielding red fluorescence-producing strain

EQ403.
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Growth was carried out in MOPS-buffered minimal media, following Neidhardt
(96). pH was adjusted to pH 7.4 with NaOH. For experiments with plasmids, 30 ug/ml
chloramphenicol was added. 10 mM NH,Cl was added as nitrogen source. When not

stated otherwise, 2mM lactose or galactose was added as carbon source.

Cells were grown at 37°C, in a water-bath shaker (220 rpm) or in the mini-gut
device. For initiation of growth, strains from a fresh colony on an LB plate were grown
first as seeding cultures in LB broth. At 0Dg,, ~ 0.5, strains were transferred to fresh
minimum medium containing the described carbon and nitrogen sources. Cells were grown
over night. The next morning, with cells still in exponential phase, cells were washed twice
by centrifuging at 10,000 RPM for 1.5 min. For batch culture growth, cells were then
diluted to OD¢y, ~ 0.05 and growth was observed over time. For growth in the mini-gut,
one or two strains where diluted to OD¢,, = 0.01 for each strain. Cells were then loaded
into the device via the inlet-channel of the device. For growth experiments in the device,
viscosity has been adjusted using... leading to a viscosity of approximately 2x higher than

water.

Growth-rate and yield has been observed for strains EQ403 and EQ386 in medium
supplemented with the proper carbon source. No growth was observed for EQ403 and
EQ386 for growth with galactose or lactose as sole carbon source respectively. Exponential
growth was observed with strains EQ403 and EQ386 when growing in lactose and
galactose as sole carbons source respectively, c.f. Fig. STAB with growth rates 0.32 h™!
and 0.61 h~1, respectively. To estimate yield, growth of EQ403 and final 0D, was

observed for different lactose amounts supplemented to the media, giving a yield of Y =
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0.184 :l—;. The Monod constant, K,,, = 0.1 was estimated from the same experiments by

fitting Monod growth Kkinetics to the observed growth curve.

To analyze lactose consumption in the delta galK strain NQ1242, four samples of
200ul were taken at regular intervals during exponential growth. These samples were
filtered by centrifugation using 0.22um nylon filter centrifuge tubes (Corning Costar Spin-
X Centrifuge Tubes). The filtrate was then analyzed using a Shimadzu Prominence HPLC
using RID detection. Isocratic HPLC was used with 10mM H,S0, as mobile phase at
0.4ml/min pump speed. Samples were separated using ion exchange chromatography; the
column (Phenomenex, Rezex ROA-Organic Acid H+ (8%), LC column 300 x 7.8mm) was
kept at 40°C; data from the RID detector (Shimadzu RID-20A) was recorded for 40 min.
Data was subsequently exported and analyzed in Ref. (97) to determine the areas under the
peaks of interest. The corresponding concentrations were determined by comparing these

areas to a measured standard curve.

Cell growth in the device was observed with a Leica SP8 laser scanning microscope
(inverted). Fluorophores were excited with lasers at wavelengths 488 and 552 nm.
Detectors were scanning in the wave-length range 495 — 545 nm for GFP and 585 —
700 nm for mCh. Temperature was controlled using an environmental chamber with
temperature stabilized at 37°C. Cells were observed with a 10x long distance objective
(NA = 0.3). Cell-densities were determined by observing within defined volumes of 100 -
100 - 300 um3 (3nl) at different positions along the length and depth of the device. We
took 9 images at equidistant locations along the length of the device, then for each of those,

2 images across the width of the device and for each of those 5 images across the height of
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the device (total 9x2x5 = 90 images). It took about 7 minutes in total to do this entire scan,
which includes moving the stage between each of the 90 positions. Distance of 6z =
250 um was used between different z-slices. Conversion to cell-counts was done by a
customized script using ImageJ (Fiji). High contrast allows reliable detection of cell
densities up to OD of ~0.5 (approx. 10° cells per ml). Cell count was confirmed by a
calibration curve. For this, a device was loaded with cell-cultures from batch culture growth
at different 0D, levels. The behavior is shown in Fig. 3.S5. Linear behavior is observed

To investigate the role of laminar flow-profiles, we performed simulations
explicitly considering flow-velocity profiles. The results are shown in Fig. 3.S1. In this
paragraph, we describe these simulations in detail. The domain of numerical simulations is
a two-dimensional channel, 70 mm long and 2 mm tall. The flow in the channel is a
superposition of a longitudinal flow from left to right and a recirculation vortex. The
longitudinal flow represents the time-averaged flow of the luminal content down the colon
and has a parabolic (Poiseuille) profile along the vertical direction, uniform profile along
the channel (horizontal direction), and a maximal velocity of 3 um/sec. The recirculation
vortex represents the effect of haustrations and peristalsis in the colon that result in relative
displacements of different parts of the cross-section of the lumen, with zero net mass
transport along the colon. The recirculation vortex is localized to an upstream part of the
computational domain (18 mm long, 6 to 24 mm from the channel entry) and has a maximal
longitudinal velocities of 15 pum/sec upstream in the lower half of the channel and 15
pum/sec downstream in the upper half of the channel. Growth of the bacterial concentration,

¢, is modelled by an exponent with a characteristic time T = 40 min and a non-linear
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saturation (representing the depletion of nutrients and accumulation of metabolites) at a

relative concentration ¢ = 10: dc/dt = (c—0.1c?)/T . The diffusion constant for bacteria

is set at 5 pm?/sec. The initial condition is a uniform seeding of bacteriaatc=1ina2 mm
long segment between 2 and 4 mm from the channel entry. In Fig. 3.S1A, we show the
schematics of the computational domain with color-coded distribution of the bacterial
concentration, c, at a steady state reached with the recirculation vortex (1000 hrs after
seeding of the bacteria). The steady state has non-zero concentration of bacteria in the bulk
of the channel, with the highest level of ¢ (~70% of the saturation) reached at the location
of the recirculation vortex. In Fig. 3.S1B we show the dynamics of bacterial relative
concentration, c, along the central axis of the channel at different time points from the
beginning of the simulation with no recirculation in the channel (only longitudinal flow
with no recirculation vortex). The inoculum initially seeded at the channel entry reaches
the channel exit at ~7 hrs and by ~10 hrs there is a nearly complete washout. Now with
added recirculation vortex (Fig. 3.S1C), the inoculum reaches the channel exit by ~10 hrs,
but a part of it is retained in the region of the recirculation vortex. The concentration of
bacteria in the region of recirculation steadily increases (up to ~70% of the saturation in
the steady state), and those bacteria end up populating the channel downstream to a relative
concentration of up to ~2. Hence, the simulation indicates that the combination of bacterial
growth and of the flow upstream in the region of recirculation prevents the washout and
leads to a steady state with characteristic concentrations at substantial percentages of the

saturation level.
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The main model used is defined by Eq. (1) and (2) introduced in the main text. The
explicit consideration of both bacterial density and nutrients allows the investigation of
how those quantities are coupled in a flow environment. Further, it allows the natural
implementation of boundary conditions. Boundary conditions are chosen to match the
conditions in the device, as follows: at the inlet (x = 0) there is zero cell flux j,(x = 0) =
—D0,p|y=o + vp(x = 0) =0 and fixed nutrient flux j,(x = 0) = —Ddyn|y—g + vn(x =
0) = vn;,. At the outlet, (x = L), there is an unobstructed outflow of both cells and
nutrients, with zero diffusive flux: j,(x =L) = —Ddyply=, =0 and j,(x =1L) =
—Do,n|,—;, = 0.

Numerical solution of the partial differential equations was done employing an

implicit scheme using python and the module FiPy, (98). Integration over time was

performed with time steps dt = 0.1 s and a grid resolution with spacing dx = 0.1 mm.

In the limit of very high mixing rates, where spatial differences vanish, the system
behaves like a chemostat. Mathematically, this can be seen by noting that the main

Equations (1) and (2) transform into the chemostat equations in this limit,

= Y
1.r=f(rn) 7 r,

Y %
Yn=-f(rn)+—n_ -—n.
t f;1( ) L m L

Here, L denotes the length of the channel, and the dilution rate is given by v/L,
compare with (99) (100). Nutrient concentration and bacterial density in the steady state

are given by
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Typically, n;, < K,,, and thus washout is given at v,,, = LA.

Producer strain EQ403 (d4gal/K) growing on lactose is unaffected by the consumer
EQ386 (dlaclYZ), which grows on galactose produced by the producer strain. Yield of
galactose was set equal to the consumption of lactose by the producer strain, one molecule

of galactose is obtained by breakdown of own molecule lactose; galactose production is

nL

described by the local source term 2p pp. Here Ap is the maximal producer growth

Ypnp+Km,L
rate, Yp the yield factor for the producer growing on, n; the lactose concentration, pp the
producer density and Kj,; Monod constant for lactose uptake by the producer. The

complete set of equations is given by

np

0¢pp = DOZpp — vOypp + Ap mpp
Ap np

d.n, =Dd*n, —vo,n, ————

Ny x L XL YPnL+KM,LpP
2 ng

0tpc = DOxpc — vOxpc + Ac mpc

Ac Ng Ap np
dn, =Dd*n; —vi,n, —-————pr + ————— pp.
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Boundary conditions are similar to those described before with galactose inflow set
to zero. Parameters are based on published results or separate experiments shown in this
study. Values used for shown simulations comparing with experiments (Fig. 3.5) are

summarized in Table S1.

To estimate flow velocities in the proximal colon (including cecum and ascending
colon), we consider the fluid volume reaching the large intestine each day, Q;;: Typical
values are given by Q;; = 1.5 — 2.0 [/day (101, 102). Average flow velocity is following
by taking the diameter of the colon into account and assuming a tubular shape. Measured
values fluctuate a bit, given in the range of 2 — 3 ¢m for the ascending colon (103, 104).
For such a diameter range, flow velocities at the beginning of the colon are in the range of
24 — 74 um/s. Water uptake is happening along the whole colon, not only in the proximal
part. Thus as rough estimation, we argue with an average flow-velocity of at least 20um/s

in the proximal colon.

Different factors add to this picture making the whole dynamics more complex. For
example, flow velocities are expected to vary over the day and depend on meal intake.
However, a basal permanent flow rate has been observed. Furthermore, water uptake along
the colon is leading to a reduction in flow-velocity along the colon (with fluid outflow
clearly lower in the distal colon and rectum, and fecal weights typically reaching not more
than 200 ml/day)(105). However, as indicated by the accumulation of fermentation
products and local pH values, bacterial growth is mostly happening in the proximal colon,

were flow velocities are still high.
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In addition to mixing, wall growth might be an important factor contributing to a
stable bacterial population in the ascending colon. Bacteria attached to the epithelial mucus
layer and associated wall growth help to prevent removal of bacterial cells even for very
large flow-velocities. For example, in the large intestine bacteria attached to the mucus
layer can help to recolonize the colon after diarrhea and the related strong drop in bacterial
density within the colon. However, wall growth might be not so important for high bacterial
densities in the colon observed for normal flow conditions. One reason is that microbiota
composition in the mucus layer has been shown to be different compared to the microbiota
composition in the lumen (see discussion in the main text). Another reason is given by
growth dynamics alone: here we estimate the effect on wall-growth on bulk bacterial
growth in the luminal tube. The results indicate that wall-growth alone is unlikely to
account for high bacterial densities in the channel and that instead mixing is required for

high cell densities to be maintained.

To study the effect of wall-growth, let us consider growth without mixing, but an

additional growth term. Change of density is given by

dep(x, t) = —vd,p(x, 1) + Anax (p(x, 1) + po).

We here consider nutrients to be non-limiting, p, account for bacteria sitting in the
mucus layer. Bacterial density is equal to the bacterial load from the ilium effluent entering

the colon. Steady state solution with this boundary condition p(x = 0) = p;; is given by:

A
p(x) = (po + pu) €7 — po.
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That is, the growth profile is exponential. Assuming growth rates A = 0.4 h~1 and
v = 15 um - s~1, the doubling length scale is given by [, = ln(Z)g ~ 9.4 cm. So even for
these rather overestimated growth-rates and underestimated flow-velocities, the bacteria

could undergo at most 3 doublings as they transit the human ascending colon (~20-30 cm),

and not even one full doubling in the device described here.

As an extreme case mucus layer wall-growth, let us assume a very densely packed
mono layer of cells, likely already an overestimation of real bacterial densities in the mucus
layer (106). Consider a segment of the luminal pipe with width dl, surface area A4 and
Volume V,;, the number of cells sitting in the mucus layer is given by N5¢* = A4, /a,. The
occupied area of a single bacterial cell is aq ~ 1 um?. With a dry weight of a single cell,

me.; = 0.3 pg, the effective density of the monolayer is given by:

cell
dl Mcell _ 4 Mceey

_c 9
~ 610752,
le aod ml

Po =

Observed densities in the feces are about 1000 fold higher and of the order 6 -
1072 % (107, 108). Now in addition to bacterial growth, there is water uptake in the colon.
This uptake can lead to higher bacterial densities even if there is no bacterial growth. For
a direct comparison of p, with fecal densities we have to take this effect into account.
Given that inflow and outflow volumes are changing by a factor of 15 (see numbers stated
before), the total density which is expected at the end of the ascending colon is still at least

50 times higher than the generously estimated density of cells provided by growth in the
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mucus layer alone. Based on wall growth alone and without additional mixing, growth of

this order of magnitude is unlikely to occur in the proximal colon.

In conclusion, since bacterial densities in the mucus cannot account for substantial
densities p, (see below) and with growth limited to a few doublings, wall growth alone is
unlikely to be the main factor supporting growth towards very high densities in the

ascending colon.

For comparison between the cell counts / volume obtained experimentally and
optical cell density as measured from batch culture steady-state growth and as used in the
model (two scales in Fig. 3.3C-E and Fig. 3.4 in the main text), we use constant conversion
factors. These conversion factors were obtained from linear fits to the calibration data (Fig.
3.56). Since cell-size is changing with growth-rate, this approximation is justified if
growth-rate is not changing much compared to the maximum growth-rate observed in

balanced growth in batch-culture as used for the calibration in Fig. 3.S6.
Used conversion for both strains are:

Prac(counts) = 11122p,,.(0D) + 13.17
Pgai(counts) = 7448.6p,4,(0D) + 14.88
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3.6 Supplementary Figures
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Figure 3.S1. Hydrodynamic simulations of bacteria growth in a channel with
longitudinal flow and recirculation. (A) Schematics of performed simulations. Laminar
flow profile with locally set recirculation vortex centered close to the channel entrance.
(B) Spatiotemporal density profile without the recirculation vortex. A band of bacteria is
seen to be flushed down the channel without much dispersion. (C) Spatiotemporal density
profile with the recirculation vortex. A region of stable bacterial density (corresponding
to the location of the vortex) is maintained indefinitely. See section “Mathematical model
-- Laminar flow profiles and recirculation by mixing” for details. Note the different
vertical scale than in B.
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Figure 3.52. Phase diagrams in the v - D coordinates showing the dependence of
washout conditions on the growth rate and channel length. Solid lines indicate
boundaries between washout and steady states with stable bacterial populations. (A)
Washout at different growth rates, 1y: 0.21/h (blue), 0.42/h (red), and 0.84/h
(green) for a channel length L = 6 cm. Vertical dashed lines correspond to the
chemostat washout, v = v* = LA,, for different values of A,; tilted dashed lines
correspond to @ = 1.8 (a characteristic value for which the combination of effective
diffusion and growth can balance the flow, preventing the washout) for different values
of A,. Black dashed line corresponds to L = D/v. (B) Washout at different channel
length, L = 3 cm (green), 6 cm (red), and 12 cm (blue) for , 1, = 0.42/h . Vertical
dashed lines correspond to chemostat washouts, v* = LA,. Tilted dashed lines are
drawn along D /v = L. Black dashed line corresponds to @ = 1.8. Other parameters
are set as in Fig. 3.2, with n;, = 2 mM.

85



A 0.20 v=1.2um/s B 020 v=1.6um/s

80
0.15 0.15 =
— — 0 =
8 0.10 8 0.10 40 g
< 0.05 5 < 0.05 20 B
0.00 0.00 0
0 0 2 4
z [em]
— velocity [um/s]
D o020 E o020 v=28pm/s F 020 ———— 1.2
50.15- g 50.15- 1-:
S o.10} S o.10} 20
< 0.05}f < 0.05}f —_ 22
— 2.4
0.00 0.00 k— . — 5
0 2 4 0 20 40 60 80 100 2
z [em] z [em] time [h] ——

Figure 3.S3: Convergence to steady state. Dynamics of reaching steady states. (A)-(E)
Spatial profile of bacterial density changing over time for different inflow velocities v as
noted above the panels. The simulation run-time (color-coded) was 96 hours. (F)
Convergence to steady state illustrated by average density in channel reaching a constant
value. Lines correspond to different flow velocities as stated in the legend. Effective
diffusion is fixed to D = 2 - 10~* um?/s. Other parameters are set as in Figure 3.2.
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Figure 3.54. Mini-gut device. (A) Schematic of the mini-gut device showing a cross-
section of the mini-gut channel and the PDMS structure with the valves and cavities. The
shape of the membrane valves corresponds to a phase of the peristaltic wave, when valve
3 has just got depressurized, valve 4 has been pressurized for 0.5 sec, and valve 5 has just
got pressurized. (B) Cross-sections of the device at three consecutive stages of a
peristaltic wave. (C) Photo of the device.
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Figure 3.S5: Spreading of fluorescent dye and fluorescent beads along the mini-gut
channel as a result of peristaltic mixing. In each experiment, a small amount of low-
diffusivity fluorescent dye (500 kDa FITC-dextran, D ~ 20 pm?/s in water) or 2 pum
fluorescent beads was injected into the mini-gut channel between valves 4 and 5, and the
distributions of fluorescence intensity were measured after different numbers of cycles of
valve contractions (each cycle includes a single contraction of each valve in the device);
see Sl text for detailed setup description. Left column: normalized fluorescence intensity
along the channel (after flat-field correction and fluorescence background subtraction).
Right column: characteristic width of the dye distribution (square root of the 2" moment;
standard deviation) as a function of the number of cycles of valve contraction. Solid lines:
standard deviation fitted with a square root of the number of cycles, corresponding to a
diffusion-like spreading of fluorescent dye (or beads) along the channel; dashed lines
correspond to diffusion-like processes with twice and half as large diffusion constants.
The diffusion constants are calculated based on a 120 sec periodicity of the valve
contraction cycles. (A,B) Regular peristaltic contraction patterns with valves contracted
from left to right, with fluorescent dye, and with the carrier fluid with the viscosity of
water. (C,D) A random contraction pattern with the order of contractions randomly
chosen for each cycle, with fluorescent dye, and with the carrier fluid with the viscosity
of water. (E,F) Regular peristaltic contraction patterns, with 2 um fluorescent beads, and
with the carrier fluid with the viscosity of water. (G,H) and (1,J) Regular peristaltic
contraction patterns, with fluorescent dye, and with the carrier fluids with the carrier fluid
having a viscosity 2x (G,H) and 10x (1,J) higher than water.
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Figure 3.56. Cell-density measurements by image analysis. (A) Representative image
of the 465x465 pum confocal field of view at one z-level. In our characterization of the
spatiotemporal dynamics of bacteria in the mini-gut, 90 such images were taken every 30
min along the length and across the depth of the mini-gut; see Sl for details. (B)
Calibration of cell-density. Measured cell counts (y-axis) for device loaded with
exponentially growing cultures at different O D¢ (X-axis). Counts are performed for a
volume of 3nl. Strain EQ386 (C, AlaclYZ) (green) was grown with galactose as the sole
carbon source, while strain EQ403 (P, AgalK) (red) was grown with lactose. Difference

in the two counts can be attributed to the difference in the size of cells grown in the two
cultures due to their different growth rates.
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Figure 3.S7 Bacterial growth in the mini-gut for different flow velocities and mixing
strengths. (A) Experimental paraments are shown by dots in the v - D phase diagram,
with the values of v and D listed in the table. Dashed red and cyan lines are the same as
those in Fig. 3.2B, delineating boundaries between different regimes in the theoretical
model. Black line denotes the chemostat washout condition, v* (the white dashed line in
Fig. 3.2B in the main text). (B) and (C) Experimentally observed (circles) and model
predicted (lines) density for EQ403 cells as a function of time for different combinations
of D and v . Cells are growing in lactose and cell density is averaged over the channel
volume. (B) Washout conditions; (C) conditions resulting in steady states with stable
bacterial populations in the channel. The agreement between the model and experiment is
good, especially given that the model does not have any fitting parameters. The relatively
large deviation between the model and experiment when both v and D are small (slow
flow and weak mixing; blue symbols and line in B) may be because the simplified 1D
model is not a completely accurate representation of the 3D mini-gut channel, especially
at a low rate of peristalsis and weak mixing. In the real experiment, the cross-channel
distribution of bacteria is not completely uniform (starting from the time of seeding), and
this non-uniformity is expected to be coupled with the parabolic velocity profile (not
captured by the 1D model). In addition, the low-rate peristaltic mixing in the channel may
be less well approximated by a diffusion-like process.

91



A

E' 0.020

c 0.015

=}

O 0.010

8.

N 0.005
0.000 ==

time [h]

0.10
0.08
0 0.06
% 0.04
0.02
0.00

0.00
0 2 4 0 2 4

x [em] x [cm]
Figure 3.S8 Effect of mixing in the mini-gut. (A) and (B) Experimentally measured and
(C) and (D) model predicted spatiotemporal growth dynamics. Flow velocity is constant,
v =2 um/s. (A) and (C) Weak peristaltic mixing, with D = 0.2 - 10* um?/s. (B) and
(D) Stronger peristaltic mixing, with D = 2 - 10* um? /s . (B) and (D) are same as Fig.
3.3D,G in the main text.
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Figure 3.S9 Reproducibility of spatio-temporal dynamics. Growth dynamics in three
separate experiments (EQ403 strain grown on lactose) at conditions resulting in non-
uniform bacterial density along the channel, D = 2 - 10* um? /s, v = 2 um/s (cf. Fig.
3.3D,G in the main text). R1 (A) same as Fig. 3.3D and R2 (B) is same as Fig. 3.4B. In
the latter case, there were also bacteria from the EQ386 strain in the mini-gut channel, but
they were not expected to have any effect on the growth of EQ403 bacteria. (D)
Temporal evolution of bacterial density averaged over the channel volume in the three
experiments shown in A-C.
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Figure 3.510 Growth and yield in batch culture. (A) Exponential growth in batch
culture for strain EQ403 (P, 4 gal, Ptet:mCherry) and strain EQ386 (C, 4lac, Ptet:gfp),
with lactose and galactose, respectively, as the sole carbon source in the medium. The
lines are exponential fits with growth rate of 0.32 A= and 0.61 h~1. (B) Saturation ODs
for strain EQ403 growing in media with different lactose concentrations (with lactose as
the sole carbon source). Line shows linear fit with a slope of 0.184 OD/mM. (C) and (D)
Co-culturing of strains EQ403 (P) and EQ356 (C). Cells growing exponentially in a
medium with lactose and galactose, respectively, were harvested, washed, and mixed into
a new culture tube with fresh medium containing lactose as the sole carbon source, and
with equal density fractions for each strain to initial total 0Dy, = 0.025. Cell density
was measured by confocal imaging and counting: 1 ul droplets of medium with cells
were taken from the culture and put on a cover slip. The imaging and cell counting
followed the same procedures as in the mini-gut device (Fig. 3.S5 and supplementary
text). (C) shows cell density over time, (D) the relative fraction of the producer strain
EQ403. (E) NQ1242 (delta galK strain without fluorescent plasmid) was grown in
medium containing 10mM lactose, and lactose consumption as well as excretion of
metabolites was monitored using HPLC. The lactose peak (at around 14.4 min retention
time) got increasingly smaller as growth occurred, whereas the galacose peak rose (at
around 17 min retention time). Glucose (at around 16 min retention time, see insert) was
not detected during growth of NQ1242, indicating that the glucose moiety of all lactose is
metabolized nearly instantly. The insert shows a chromatogram of 10mM standards of
lactose (Lac), glucose (Glc), and galactose (Gal).
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Figure 3.511 Model simulation of galactose profiles for the cross-feeding setup. In (A),
(B), and (C), the velocity is by 0.5, 2.0, and 8.0 um/s , respectively. Other parameters
are the same as in Fig. 3.4 main text.
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3.7

Supplementary Tables

Table S1. Simulation parameters used for comparison with experiments. If not stated
otherwise, used parameters for simulations are as given in this table.

Parameter Symbol Value Source
max growth rate Ag OF 1 .
of EQ403 on lactose Ao s 0.61h measured in batch culture
max growth rate 1 i
of EQ386 on galactose Aoc 0.32h measured in batch culture
lactose yield of EQ403 Yp 0.184 OD/mM measured in batch culture
galactose yield EQ386 Ye 0.184 OD/mM measured in batch culture
Km of EQ403 for .
lactose Kwm,L 0.1 mM measured in batch culture
Km of EQ386 for .
galactose Kme 0.1 mM measured in batch culture
channel length L 6 cm set by device construction
105...107 yum? - s71 values estimated by
effective diffusion coeff. D varied by device the method of Fig. 3.54 in
setting this study
0..10u-s7t
flow rate v varied by device set according to calibration
setting
nutrient inflow : .
concentration Nin 2—-10mM varied by medium prep

Table S2. Strains used in this study. Details of constructs are given in the

supplementary text.

Strain Genotype Plasmid Parent Source

NCM3722 (91)

MG1655Seq (109)

EQ356 AlaclYZ NCM3722 construct this
study

EQ386 AlaclYZ | pZA31 Ptet-M2-GFP | EQ356 plasmid
construct this
study

NQ1242 AgalK NCM3722 (93)

EQ403 AgalK pZA31 Ptet-mCh NQ1242 plasmid
construct this
study
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Table S3. Primers used in this study.

Primer Sequence (5’ to 3°) Use
lacl-P1 GTAACGTTATACGATGTCGCAGAGTATGCCGG | laclzyY deletion
TGTCTCTTATCAGACCGTTGTAGGCTGGAGCTG
CTTCG
lacY-P2 GTGAAGCCCAGCGCCACCAGACCCAGCACCAG | laclzy deletion
ATAAGCGCCCTGGAAACCCATATGAATATCCT
CCTTAG
lacY-ver-R TGTTCAATGCGATCACTCCGTTATG Verification of
AlaclZY
Ptet-mod-F2 ATACTCGAGACTCTATCATTGATAGAGTTTGAC | PtetM2 cloning
Ptet-Kpn-R AATGGTACCTTTCTCCTCTTTAATG PtetM2 cloning

mCherry-Kpn-
F

ATTGGTACCATGGTGAGCAAGGGCGAGGAGGA
TAAC

mCherry cloning

mCherry-Bam-
R

TATGGATCCTTACTTGTACAGCTCGTCCATGC

mCherry cloning
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CHAPTER 4

CONCLUSION AND FUTURE WORKS

This thesis summarizes the application of microfluidic device on several bacterial
experiments. Microfluidic devices are able to generate microenvironment that traditional
methods could not achieve. Linear temperature gradients were created with different
steepness, to study thermotaxis. Rather than aggregating at a certain range of temperature,
E.coli aggregated around different temperature with different steepness of gradients. To
establish a complete experiment, physics rules were applied to estimate time scale and
calibrate non-uniform concentration. Although there is no study explaining such effect,
repetitive experiments were done and shown as errorbars. Future work should be done in
single cell level to further understand the mechanism.

For the study of the effect of flow and peristaltic mixing on bacterial growth in a
gut-like channel, a “minigut” device was able to generate contraction-like motion and
supply nutrient for bacterial growth. Without contraction, net flow caused washout and no
steady state spatial profile of bacterial density was found. However, with contraction or
peristaltic motion, spatial profile was found not only experimentally but also theoretically.
The diffusion term in Fokker-Planck equation with growth rate term represents the

peristalsis. Similar spatial distribution was shown between simulation and experiment,
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which means contraction is critical for a steady state distribution of bacteria in gut. This
device and experiment were the first step to human gut research. To understand more
complicated mechanism, the device needs to be improved and renewed. For an instance,
epithelial cells could be included with the device and oxygen gradient could be generated

to achieve an environment closer to real gut.
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APPENDIX A

POROUS DEVICE MADE OF
POLYETHYLENE GLYCOL TO STUDY
ENVIRONMENTAL STRESS RESPONSE OF
BACTERIA

A.1l Background

Escherichia coli (E.coli) are able to respond toward environmental stress including
extremes of temperature, mechanical forces, and antibiotic. Although some stress response
were well-studied, molecular regulation of mechanical stress response were still unknown.
Years ago, Groisman lab in UC San Diego created a device allowing E.coli to grow within
confined space. The device had three layers, vacuum chamber made of PDMS, microfluidic
channels, and coverslip, from top to bottom. The microfluidic channels were made of
agarose hydrogel, which was a porous material allowing molecular diffusion from nutrients
channels to growth chambers. In order to seal the device with coverslip, PDMS surrounding
agarose channels was connected to vacuum pipe, which generating pressure differences
between vacuum chamber and atmosphere. Such pressure differences provided strong force
to bind the microchannels and coverslip, forming a stable closed network. However,
experimental results showed that even under high vacuum, E.coli were found to break the

mechanical force and expand through the gap between microchannels and coverslip. One
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possible reason was that agarose was not hard enough to generate strong and uniform force
against coverslip. The expanding force of E.coli growth was high enough to break the
binding force. A better strategy was needed to confine E.coli effectively. Here, we replaced
agarose with polyethylene glycol (PEG), which was a porous material with higher rigidity
comparing to agarose. Nonetheless, molding PEG to form microchannels was much more
difficult due to its fragility. In consequence, we introduced a different protocol to perform
the experiment. Microchannels and vacuum outlet were both made of PDMS as top layer.
Coverslip was treated and covered by a PEG surface. The top layer was bound to PEG-
treated coverslip, forming a closed network. Experiments showed that diffusion between

nutrients channels and growth chambers though PEG surface were adequate for cell growth.

A.2 Materials and Methods

A.2.1 Multi-layer Device

The device has three layers, Polydimethylsiloxane (PDMS) channel as top layer,
polyethylene glycol (PEG) as middle layer, and coverslip as bottom. There were three inlets
for nutrients supply, one outlet, and two vacuum outlets for the top PDMS layer. The
PDMS has 12 main channels (50um depth) and 33 shallow channels (3um depth)(Fig. B1).
The main channels were filled with nutrients for the growth of E.coli, and the shallow
channels have one dead-end aligning with the outlet, which created a semi-closed well for
cell growth. The goal of the device was to contain single layer of cells throughout the
chambers, which the depth should be slightly larger than the width of E.coli (0.5 um).
However, once applying the vacuum to seal the device, the ceiling of PDMS would be

lowered due to the force generated by pressure differences between atmosphere and
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vacuumed channels. Therefore, the depth of shallow channel should be much larger to
allow rooms to prevent collapse of ceiling. The vacuum was adjusted strong enough to seal
the top PDMS with middle and bottom layers, but not too strong to collapse the shallow
channels, which 3 um was about the suitable depth to reach the balance. The middle layer
was made of polyethylene glycol (PEG, average Mn 700). With the PEG layer, nutrients
from main channel in top PDMS could diffuse and expand horizontally toward the shallow
channel, providing cells for growth. Middle PEG layer and bottom coverslip was stuck and
bound firmly. First, in order to create a sticky surface on the coverslip to stick and bind the
PEG layer, the coverslip was cleaned and plasma treated 40 seconds with oxygen, and was
treated with the vapor made of a single drop of 3-Trimethoxysilyl propyl methacrylate on
120 °C hot plate for 10 mins, covered and sealed by a glass lid. After cooling down, the
coverslip was taped on two sides with 250 um tape as a spacer. The PEG-water solution
made of 40% PEG with 5%(??) VA-086 initiator was filled into the space made by the 250
um tape and covered with another glass to seal and thus create a flat surface. The
solidification of PEG-water solution was conducted by illumination of LED light (365nm)
for 2 minutes. After illumination, the top glass was removed carefully and the PEG was
well bound with coverslip. The PEG-treated coverslip was stored in purified water to
prevent cracking.
A.2.2 Experimental Setup

A droplet of E.coli culture was loaded on PEG-treated coverslip and immediately
covered with PDMS channel from top. The vacuum was turned to ~ -20 kpi to bound the

entire device. Three inlets and outlet were all filled with LB(Lysogeny broth). The
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hydrodynamic flows from inlets to outlet in microchannels were driven by gravity with
ambient pressure ~ 2 psi to prevent bubbles.
A.2.3 Microscope and Imaging

The experiment was recorded overnight with Basler A102f camera, with inverse
microscope and 40X/0.95 objective. Air pressure ~ 10 psi for several minutes was applied
from inlets to force the E.coli flowing toward the end of the dead-end channels. One of the
dead-end channels (shallow channels ~ 3 um) was chosen to be recorded overnight,

focusing on the bottom of channel. The image was taken every 20 minutes.

A.3 Results and Future Work

Our goal was to create a limited size of space for bacteria growth, with nutrients
provided by main channels through molecular diffusion. However, the results showed that
vacuum was not strong enough to trap cells in the semi-closed chamber. E.coli were able
to grow and expand through the gap of PDMS and PEG-treated coverslip, even before they
grew and filled the entire semi-closed chamber (Fig. B2). One solution was to change the
vacuum from -20 to -80 (full vacuum strength) kpi to increase the trapping force. In
addition, the Sylgard184 PDMS was replaced with 1:1 mixed XP565/184 for higher
rigidity to prevent the ceiling from collapse under strong vacuum. Nevertheless, the device
was still not able to trap the cells. There was no significant difference comparing to the
experiment with -20 kpi vacuum.

Since plasma treating would break the PEG surface, chemical treating between PEG

and PDMS might be the next method to bind the entire channel. By treating 3-
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trimethoxysilyl propyl methacrylate on the surfaces of PEG and PDMS, permanent binding

might be achieved.

Figure A.1: Top PDMS network. Three inlets and one outlet are shown. Channels connecting from inlets
to outlet are main channels, to supply nutrient for cell growth in shallow chambers, which are T-shapes
with one dead end.
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Figure A.2: (a)(b) E.coli started growing on one end of the chamber, (c) broke the downside wall, and
(d)(e) expanded through the whole device. Time scale was shown.
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