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Preface

This dissertation consists of studies of the flagellated bacteria swimming in vis-
cous and non-Newtonian environments and characterization of viscoelastic behavior

of dilute polymer solutions using microrheology. The contents are as follows:

Chapter 1. Introduction. Included are descriptions of properties in low Reynolds

number swimming problems and fundamentals of rheology.

Chapter 2. Three-dimensional real-time tracking microscopy. A description of
the development on the methodology that was applied in observing and analyzing

the swimming behavior of individual bacterium.

Chapter 3. “Changes in the flagellar bundling time account for variations in
swimming behavior of flagellated bacteria in viscous media.” Proceedings of the
National Academy of Sciences (2018): 201714187. by Zijie Qu, Fatma Zeynep
Temel, Rene Henderikx, and Kenneth S. Breuer. Experiments were conceived by
Qu, Temel and Breuer, Qu and Henderikx performed the experiment and analyzed

the data. The results and discussion were composed by Qu and Breuer.

Chapter 4. “Characterizing the viscoelastic behavior of dilute polymer solu-
tions using microrheology.” by Zijie Qu, Xiongfeng Yi and Kenneth S. Breuer. To
be submitted. Experiments were conceived by Qu, Yi and Breuer. Preliminary ex-
periments and analysis were done by Yi. Additional studies including data collection
and analysis were completed by Qu. Results were interpreted and summarized by

Qu and Breuer.

Chapter 5. “Non-Newtonian effects change flagellated bacteria motility.” by



Zijie Qu and Kenneth S. Breuer. To be submitted. Experiments were conceived,
executed and analyzed by Qu with Breuer providing assistance in interpretations of

the results and summaries.

Chapter 6. Conclusion. Remarks and recommendations for future work.
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CHAPTER ONE

Introduction



Living creatures move through their aqueous environment using various swim-
ming strategies. Fish propel themselves by beating their caudal fins [1], jellyfish con-
tract their body gently and create vortex ring to gain translational momentum [2].
Natural selection has ensured the mechanical systems evolved in animals are highly
efficient with respect to their habitat and mode of life. Generally speaking, swim-
ming refers to achieve a transportation in liquid by moving or deforming one’s body
in a certain manner. Such movement or deformation is usually cyclic as seen from

most of the aquatic creatures since they keep swimming to survive.

Analyzing the mechanics of swimming creatures is important to understanding
their behavior and swimming strategies and the physics of biological locomotion
depends dramatically on the animal’s scale. Osborne Reynolds [3] pointed out that
the ratio of the inertial force to the viscous force on an object with a dimension L
moving through a fluid with velocity U, is given by pUL/u, where p and p are the
density and viscosity of the fluid respectively. This ratio is called Reynolds number
(Re) which is also seen in the dimensionless Navier-Stokes equation:

oI +(u" - VHu" = -V'p +Re

V*u*,  Vreut =0, (1.1)

where * denotes the dimensionless variables and u* = /U, t* = tU/L, V* = LV

and p* = pL/uU.

The Reynolds numbers of aquatic creatures span a wide range from Re ~ 107
(whale [4]) to Re ~ 10~* (bacteria [5]). The swimming strategies adopted by the
creatures living in a low Reynolds number regime (Re < 1) are completely different
from those at high Reynolds number since they have to overcome the time reversibil-
ity of Stokes flow [5,6]. An interesting argument, proposed originally by Purcell [5]

to describe such differences in swimming strategy, is widely known as the “Scallop



Theorem”, and explains how reversible kinematics cannot be applied to swim at low
Reynolds number. In nature, microorganisms are able to achieve transportation in
low Reynolds number environment using certain swimming strategies [5,7]. Under-
standing their behavior is of great scientific interests [8] and provides insights into

potential engineering applications [9,10].

In this thesis, an example of swimming at low Reynolds number will be discussed
in detail - the behavior of flagellated bacteria Escherichia coli in both Newtonian
and non-Newtonian (polymer) solutions. In addition, a microrheology experiment is
performed to characterize the viscoelastic properties of the non-Newtonian polymer

solutions.

1.1 Swimming at low Reynolds number

Most microorganisms swim by moving flagella attached on their cell body [11].
The flagellar filaments can be a flexible filament or a semi-rigid helix. For instance,
Chlamydomonas, a biflagellated alga, swims by beating its flagella in a non-reciprocal
manner [12]. In each stroke, the cell starts with a rigid power stroke by moving its
flagella stiffly, followed by a flexible recovery stroke in which it folds its flagella closer
to the cell body, and pulls them back. The difference in the viscous drag during the
power and recovery strokes leads to the translational motion of the cell (Fig. 1.1).
Another example of low Reynolds number swimming is provided by bacteria E. coli
that propel themselves by rotating multiple helical filaments (Fig. 1.2). Although
each filament is connected to an independent motor which is randomly distributed
on the body, for the majority of the time, the cell rotates all motors in a coun-

terclockwise direction which forms a flagellar bundle and produces a translational



Figure 1.1: Sample snapshots of C. reinhadtii swimming in buffer solution; scale bar is 10 pm.
Reprint from [13].

movement, called a “run”. When the bacteria reverse one or more flagellar motors
from counterclockwise rotation to clockwise rotation, a sudden change in orientation,
called a “tumble” [8], is initiated. This “run and tumble” behavior not only allows
the cell to swim at low Reynolds number regime but also provides a simple and an
effective strategy for navigating through their environment, for example, to search

for food [5].

Figure 1.2: Fluorescently labeled flagella for bacteria E.coli. Reprint from [14].



The motility of flagellated cells has been studied extensively [15-19] and a key
focus has been on how changes in the ambient environment affect the cell’s swimming
behavior and patterns. Many experiments [20,21], simulations [13] and theoretical
calculations [22] have been conducted on this particular problem. Some of the classi-
cal and somewhat simplified studies [5,23] suggest that an increase in viscosity leads
to a decrease in cell swimming speed, however the opposite phenomenon has been
observed in some of experimental works [24]. Moreover, the flagella dynamics (beat-
ing patterns, bundling dynamics) have been shown to be strongly affected by the
change in viscosity or with the introduction of non-Newtonian effects [25,26]. Since
the change in flagellar locomotion usually leads to a change in swimming behavior, it
is important to understand how the filamentous structures interact with each other

and with the surrounding fluids.

1.2 Rheology of complex fluids

The word, “rheology”, was originated from Greek meaning the study of flow. This
subject is dominated by inquiry into the flow in different kinds of liquids, especially on
complex fluids such as polymer solutions, suspensions, biological systems, pastes and
other compounds. Complex fluids do not follow the Newton’s Law of Viscosity [27],

which describes the relationship between shear stress and shear rate:

o=y, (1.2)

where o is the shear stress, p is the viscosity and + is the shear rate. Such fluids,
usually known as non-Newtonian fluids, are very commonly seen in nature and a

knowledge of their behavior is essential in both industries and scientific researches.



It is important to emphasize the Newtonian behavior before concentrating on
non-Newtonian effects. In the context of shear viscosity, experiments done at con-
stant temperature and pressure with Newtonian fluid have the following charac-
teristics. First, the shear viscosity is independent on the shear rate. Second, the
viscosity has no memory, which means the shear stress falls immediately to zero
when the shearing stops. Lastly, a simple shear flow generates only shear stress and
normal stress differences are always zero. A fluid demonstrating any deviation from

these characteristics is considered a non-Newtonian fluid.

1.2.1 Shear-thinning and shear-thickening

Viscosity is one of the most important quantities in analyzing rheological prob-
lems. Many materials, including emulsions, dispersions and polymer solutions, ex-
hibit a shear-rate dependent viscosity. In most cases, the shear viscosity decreases
with increased shear rate and such effect is called “shear-thinning”. While an op-
posite behavior, that shear viscosity increases with increased shear rate is called
“shear-thickening”. The most commonly used model for such fluids is the power-law

model or the Ostwald-de Waele model [28]:

p(y) =my" (1.3)

where m is called the consistency index and is related to the magnitude of the
viscosity; the exponent of 7, n — 1, describes how strongly the viscosity depends on
the shear rate. In the case of Newtonian fluid, m = p and n = 1. Both m and n are

usually fitted with the data from experimental measurements.



1.2.2 Viscoelastic effects

One of the most spectacular non-Newtonian effects, which differs qualitatively
from the behavior of Newtonian fluids, is the viscoelastic effect. This particular
phenomenon is exhibited by polymers and their mixtures. It is commonly seen and
experienced in our kitchen. For example, when pure water is stirred with mixing
blade in a bowl, centrifugal force drives the water to move away from the blade
and towards the bowl walls. However, an opposite effect is observed while stirring
a water-flour mixture, even at high stirring speed. The mixture climbs the mixing
blade, a phenomenon called the Weissenberg, or rod-climbing, effect. This cannot be
explained by relations that govern the Newtonian fluid but is due to a shear-induced
normal force that acts on the mixture as a result of the viscoelastic nature of the

material.

Another interesting behavior about viscoelastic fluid is the memory effect. Ma-
terials such as toothpaste, silly putty and dough exhibit elastic behavior on a short
time scale, while on a longer timescale they flow as a liquid. When Newtonian fluids
are subjected to stress, they flow, and when the stress is removed, the deformation
stops immediately. Viscoelastic fluids also deform under external stress, but when
the stress is removed, the stress inside the fluid does not vanish instantly and the in-
ternal structure of such fluid allows it to sustain stress for some time, which is called
relaxation time. Several mathematical models including the Maxwell model [29] have

been developed to describe this nonlinear behavior.



1.3 Summary and scope of this thesis

The swimming motility of microorganism is of great interest in both biophysics
and biomedical applications. The mechanism of their transportation is relevant to
a wide range of problems including biofilm formation [30] and biodegradation of
environmental pollutants [31]. More importantly, since most of the natural living
environment for microorganism are complex polymer solutions, such as mucus, it
is then essential to understand how these creatures navigate through the polymer
networks and to be able to model the propulsion mode at low Reynolds number in

these complex media.

In this thesis, we study the motility of bacteria E. coli in both Newtonian (Chap-
ter 3) and non-Newtonian (Chapter 5) polymer solutions. In addition, we also char-
acterize the viscoelastic behavior of dilute polymer solutions (Chapter 4) used as
non-Newtonian agents in our bacteria motility studies. A microrheology experiment
based on standard fluorescence microscopy and Statistical Particle Tracking method
was performed in analyzing the mean-square displacements (MSD) of dispersive par-
ticles in such solutions. The relaxation time and viscoelastic moduli are calculated

from the MSD.



CHAPTER TWwO

The three-dimensional real-time

tracking microscope



2.1 Introduction

Three-dimensional tracking microscopy has been widely used in the study of
bacteria motility [32-34] and particle dynamics on a microscopic scale [35]. This
technique has been evolving through the past few decades [7,32,36] and is becoming
an invaluable tool in various scientific disciplines including fluid mechanics, microbi-

ology, rheology etc.

Large ensemble measurements in microscopic system are useful in generating
average quantities such as mean bacterial swimming speed [34,37] and mean square
displacement (MSD) of diffusing particles [38]. Many imaging techniques such as
holography [37,39] and confocal microscopy [40] are used to track micro objects in
three dimensions. In these types of experiments, the positions (trajectories) of the
tracked objects are post-processed from the images and the samples are generally

observed upon a stationary microscope platform.

Although tracking micro objects using such techniques are effective and straight-
forward, the total tracking time for each object is highly limited due to the fact
cells may quickly pass through the observation window and particles may diffuse
out of the focal plane. Therefore, single object tracking, which extends the tracking
time for each individual, is desirable to provide a better insight of the system in
many aspects, for example the individual behavioral differences among a group of
cells [7,33] and interactions between passive particles [41]. For example, Berg and
Brown [7] discovered the “run and tumble” nature of wild type Escherichia coli by
tracking individual cells for a relatively long time. In general, the objective and the
sample need to be physically moved in real time to achieve such long-term individual

tracking [7,33].

10



In this chapter, a three-dimensional real-time individual tracking microscope is
applied to study cell motility and particle dynamics. Both phase contrast microscopy

and fluorescence microscopy can be used as imaging methods in this technique.

2.2 System configuration

The tracking system is based on a standard inverted optical microscope (Nikon
TE200). As shown in Fig. 2.1, additional components are implemented on the system
to achieve the tracking function. A micro stage (Prior H107) with motors and en-
coders is used to move the stage and read the stage position to achieve the real-time
tracking function on the plane (z-y plane) that is perpendicular to the optical axis.
It is connected to a step motor controller (Galil DMC-4020) to communicate with
PC. A piezo positioner (Physik Instrumente, PIFOC P-721.CDQ) is implemented
beneath a 20X objective (Nikon CFI Plan Fluor 20XMI) to adjust the height of
focal plane in real time to realize the tracking along the optical axis (z direction).
The piezo positioner is connected to a data acquisition board (National Instrument,
DAQ PCI6052¢) which generates and reads voltage signals that are proportional to
the height of the piezo. A camera (PCO edge 5.5 sSCMOS) is used to acquire images
and transfer them to PC in real time for cell position analysis. All hardware are

controlled with a single program written in C++ and OpenCV library.

To achieve the three-dimensional real-time tracking, the system is designed to
follow a negative feedback loop as shown in Fig. 2.2. Images are taken at a certain
frame rate (e.g. 60 fps), stored on the hard disk (solid state disk) and processed
in real time to find the position of the tracking object. Then a feedback signal is

generated and sent to the microstage controller and the piezo actuator to adjust the

11
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Figure 2.1: Schematic of the real-time three-dimensional tracking microscope.

position of the sample and the height of focal plane.

2.3 Methodology

2.3.1 Contour detection and tracking in z-y plane

The z, y positions of the object in the image are determined from its intensity. As
shown in Fig. 2.3, the object intensity is darker compared to the background in the
images taken with phase contrast microscopy (A) while brighter with fluorescence

microscopy (B). The object detection in z-y plane is realized using the threshold and

12



— Acquire a frame

Read x,y and z
position. Save
image and position.

Determine feedback
signal.

Figure 2.2: Flow chart of real-time three-dimensional tracking algorithm.

findcoutours function in OpenCV library. For a given image, a binary threshold is
first applied so that the normalized intensity of the objects is 1 and background is 0
1. Then all contours, which have an intensity of 1, are detected using findcoutours
function. The position of contour centroid is then calculated using moment function.
The centroid of the object in the image is analyzed and recorded as z, and y,. At the
beginning of each tracking event, the whole image is analyzed and a random contour
is chosen to be the object tracked in this single experiment. In the following images,
a small portion, which is defined as a square with 20 pixels in length centered at
(xp, yp) instead of the whole image, is analyzed to ensure the same object is tracked
throughout the experiment. Since the object position (trajectory) in the frame of
reference that is fixed on the sample is interested, the x-y position of the sample,
same as the position of the micro stage is read from the encoders (using 7'P command
in Galil library) and recorded as X, and Y. Linear combination of z,, x5 and y,, ys

gives the x and y position of the tracking object in the sample frame of reference.

! This is for the fluorescence microscopy, an inverted binary filter is applied on images taken with
phase contrast microscopy

13



Figure 2.3: Sample images taken with phase contrast microscopy and fluorescence microscopy.
Scale bar is 10 pm. A. E.coli cells in Ficoll solution, which are imaged using phase contrast
microscopy. B. 1 um particles diffused in water, which are imaged using fluorescence microscopy.

14
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Figure 2.4: A demonstration of tracking in z-y plane.

Once the position of tracking object is measured and recorded, a feedback signal
is generated to adjust the sample location. In order to move the stage as little as
possible (since each movement may introduce a perturbation to the system), a virtual
threshold (320 x 240 pixel®) on the image is created as shown in Fig. 2.4. As soon as
the centroid of the object (x,, y,) is detected to be out of the threshold as denoted
by a dashed rectangle, the stage will move in the opposite direction just enough to
bring the cell back into the threshold region. In the case shown in Fig. 2.4, the
physical movement of the stage Zmove = 2, — 160 and ypove = yp — 120, where 160
and 120 are the x and y location of the threshold edge. The movement function is

realized using PR and BG command from Galil library.

2.3.2 Two strategies on tracking along optical axis (z-axis)

Tracking along optical axis (z direction) depends strongly on the illumination and

imaging technique. Two methodologies on tracking in z direction are given here. The

15



first one is with phase contrast microscopy and is typically used for tracking cells
such as F.coli. A series of images (demonstrated in Fig. 2.5) are taken with a cell
that is stuck on the coverslip surface at various objective heights (z positions). The
normalized intensity (/) of the cell contour is plotted as a function of focal plane
height (H) as shown in Fig. 2.6. From the result of linear fitting on the data where
H > 0, it is noted that the normalized intensity increases linearly with respect to z

location and can be described by Equation 2.1.

I =0.04H + 047 (2.1)

From this linear relationship, the cell’s distance away from the focal plane (H)
can be interpolated from its normalized intensity value (/) from each image. In ex-
periment, the cell is set to be a bit off focus (H = 2 pum) which makes the tracking
along optical axis possible. The intensity of the cell is measured by averaging the
intensity over all pixels in the detected contour. The height of the objective (fo-
cal plane) is adjusted and monitored by a piezo positioner, which is connected to a
voltage signal generator/receiver. Voltage signals are generated to drive the piezo.
Feedback signals are read and recorded on PC at the same frequency as the frame
rate, keeping the z position of the tracking object. Although the intensity-distance
relation (Equation 2.1) is calibrated with a cell stuck on coverslip and the actual re-
lation for a freely swimming cell in bulk region may be slightly different, the tracking
still works since the displacement of the cell along 2z direction between consecutive
images are small (~ 1 um) and the height adjustment is fast enough to follow the

swimmer.

The second tracking method along optical axis is designed for fluorescence mi-

croscopy. Although it is not used for the experiments described in the following

16



Figure 2.5: Calibration of bacteria (E.coli) intensity (measured in the light blue zone as detected
from contour function) as a function of focal plane height. Cells are stuck on a coverslip and images
are taken at different objective height. A. H =7 pm. B. H = 0 pm. C. H = -7 pm. Scale bar, 3

pam.
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Figure 2.6: Normalized intensity of bacteria at different z positions. Images were acquired for a
stuck bacteria on surface. A linear fitting is given based on data point where z >0.

chapters, three-dimensional real-time tracking with fluorescence microscopy is ideal
for tracking fluorescent particles or fluorescently labeled cells. The intensity of fluo-
rescent particles as a function of distance away from focal plane has been previously
measured [36]. The idea and procedure of tracking in z-y plane is identical to the one
using phase contrast microscopy. Instead of intentionally viewing the object a bit
off focus, the piezo positioner is actively scanning the object at different z locations
to achieve a more accurate tracking result. The scanning and image acquisition is
described in Fig. 2.7. A sinusoidal wave is generated from a voltage signal generator
to drive the piezo and the fluorescent particle is located in between the focal planes
when the objective is at the peak and the valley of the waveform. Three images
are taken consecutively when the objective is at the peak, in the middle and at the
valley as shown in Fig. 2.7 position 1, 2 and 3. Since the intensity of the fluorescent
particles decreases as it locates further away from the focal plane, one can easily
determine whether the particle is located in the upper region (between plane 1 and

2) or the lower region (between plane 2 and 3). Once the region is measured, the
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Figure 2.7: A demonstration of tracking along optical axis using active scanning. Three consecu-
tive images are taken at location 1, 2 and 3. Intensity measurements from those three images lead
to an accurate detection of particle location in z.

precise z position of the particle (z,) is calculated using the relationship described
by Levi et al. [36], where the intensity of the particle center (I,) decreases to the
square of the distance away from focal plan (I, ~ 1/(z, — 2focar)?). Then a voltage

offset that moves the piezo from previous relaxing position to z = z, is added on the

scanning waveform for the following tracking.

It is true that tracking with objective scanning is more accurate and the objects
tracked on the image are clearer in the sense that they are closer to the focal plane.
It is highly inefficient since only one image out of the three consecutive images is
used for tracking reconstruction and a higher scanning frequency is necessary when
the objects have a large speed along z direction. This leads to an issue when the

system becomes underdamped [42] and the scanning amplitude is not guaranteed.
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2.4 Summary

In this chapter, we have proposed and illustrated a three-dimensional real-time
tracking microscope, which is achieved by physically moving the sample position
and objective height. Two imaging techniques, phase contrast and fluorescence mi-
croscopy are used in the system to provide a wide application on various engineering

and biophysics problems.

The current limitation of this tracking technique lies in the sampling frequency
and working distance. A better real-time image processing strategy is crucial in
raising the sampling frequency, which is necessary in tracking swimmers with a higher
speed. GPU enhanced algorithm is one of the possible solution for such a limitation.
The working distance, especially along optical axis, is restricted by the traveling
distance of the piezo positioner. A combination of piezo driven adjustment (fast but
short in distance) and motorized stage along optical axis (slow but long in distance)
is probably a way to enhance the total working distance of the system, but requires

a delicate controlling strategy.
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CHAPTER THREE

Changes in the flagellar bundling
time account for variations in
swimming behavior of flagellated

bacteria in viscous media



3.1 Introduction

The survival of motile bacteria depends in part on the ability to navigate their
environment, swimming towards attractants (e.g. food) and away from repellents
(e.g. toxins). In order to move in a low Reynolds number environment and to
avoid the time-reversibility of Stokesian dynamics [5], flagellated bacteria such as
Escherichia coli exhibit a non-reciprocal swimming behavior first described by Berg
and Brown [7]. The “run-and-tumble” behavior is characterized by extended linear
movements (“runs”) punctuated by sudden changes in direction (“tumbles”). The
tumbling event is initiated by the clockwise (CW) rotation of one or more of the
flagellar motors [8,14] (7, in Fig. 3.1A). This precipitates the unravelling of the
flagellar bundle which causes the cell to immediately stall and re-orient (7, — 7).
As the motor returns to counter-clockwise (CCW) rotation (73), the flagellar bundle
re-forms (15 — T3) [14,26] and the cell accelerates back to its characteristic run
speed, U,. Note that the value of U, can vary, and depends on the cell metabolism,
the number, length and spatial distribution of flagella and the conditions of the

surrounding fluid (presence or absence of nutrients, etc).

This mode of cell motility has been studied extensively over the past decades
23,30, 32, 34, 43-47] and while it remains a compelling idealized model for multi-
flagellated motion, there remain questions. For example, Molaei et al. analyzed
thousands of individual cell motion histories [37] and reported that only 70% of
the F.coli cells exhibited run-and-tumble style of motion while the rest of the cells,
moved in a different mode, termed “slow-random-walk” and characterized by a slower
average speed and absent clearly-defined tumbling events. More recently, a close
examination of cell motility and flagellar motion [48] revealed intermediate states,

such as partial unbundling, which also contributed to a wider variety of swimming
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Figure 3.1: Demonstration of diverse swimming modalities. (A) Schematic of the tumbling
process, (adapted from Darnton [49]). 7T,: the initiation of tumble when motor starts to rotate
CW; Ti: the end of tumble according to the definition given by Berg and Brown [7]; T5: the motor
starts to rotate CCW and the re-bundling is initiated; T3: the completion of bundle process when
the swimming speed reaches the characteristic run speed U,. (B) Three-dimensional trajectory of
a representative E.coli cell swimming in 1.25% native Ficoll 400 solution (1.17 cP); color change
denotes the speed of the cell. (C) Time history of swimming speed (blue) and change in orientation
(yellow); the round markers on both (B) and (C) denote a tumble event using the definition of
Berg and Brown [7]. Markers with the same color refer to the same event. The black bars on
the z-axis of (C) identify periods of “slow-random-walk” [37]. (D) The corresponding probability
distribution function of the swimming speed; the two peaks at 12 pum/s and 30 pm/s correspond
to the “slow-random-walk” and run motilities.

modalities than the binary “run” and “tumble” states.

Bacteria live in varied fluid environments that can exhibit viscous and/or vis-
coelastic properties [50], measurements and calculations of cell motility in these
complex fluids have yielded seemingly contradictory results and explanations of
swimming behavior [24,32,34,51-57]. Even for cells swimming in (assumed to be)
Newtonian polymer solutions of varying viscosity, the picture is unclear. One of the
earliest experimental studies in polymeric solutions shows that the swimming speed

is increased even when the polymer concentration is low [24]. The authors explain
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this phenomenon by appealing to the properties of the loose and quasi-rigid polymer
network and its interactions with the nanoscale flagellar propulsors. Magariyama
and Kudo proposed a simple model based on Resistive Force Theory (RFT) [5, 58],
but modified by the introduction of two apparent viscosities that depend on the
length, morphology, and the interaction between polymer molecules [58]. A further
complication arises from the observation that the level of biological activity appears
to change with the addition of the thickening polymer [34], probably due to the

metabolism of small polymer fragments by the bacteria.

In order to fully understand the different swimming modes, cells must be ob-
served for relatively long time periods and in different fluid environments. Two
methodologies are commonly described. In most studies, cells are tracked under a
stationary microscope platform [34,37] which, though effective and straightforward,
only permits tracking for short times as the cells quickly pass through the micro-
scope’s field of view and focal plane. Alternatively, one can track individual cells
in three dimensions by physically moving the objective and the microscope stage in
real time [7,19,48]. Although the tracking microscope is inefficient in terms of the
number of observed individuals, the extended tracking time permits detailed obser-
vation of similarities and differences in the swimming behavior for both a single cell

and between individual cells in an identical genetic population.

In this experiment, in an attempt to understand the different swimming modal-
ities and the role of viscosity on cell motility, we report on the use of tracking
microscopy to measure the detailed behavior of wild-type E.coli swimming in New-
tonian fluids of varying viscosity. Solutions of polymers using two molecular weights
were prepared, and cell trajectories in both native and dialyzed polymer solutions

were recorded.
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3.2 Materials and methods

3.2.1 Cell preparation

The cells used in the experiments were wild type E.coli K12 AW405. A single
colony was picked from agar plate and cultured in 10 ml T-Broth (1 L of water,
10 g of tryptone and 5 g of NaCl) by rotating at 200 rpm for 16 h at 30°C. 20 ul
of bacteria suspension was cultured again in 10 ml of T-Broth for 4 h until mid-
exponential growing phase of E.coli. The bacterial suspension was washed three
times by centrifuging at 2000 rpm for 8 minutes and re-suspending in fresh motility
buffer (1 L of water, 11.2 g K2HPO4, 4.8 g KH2PO4, 0.029 g EDTA, 3.9 g NaCl; pH

7-7.5). The final suspension was diluted three fold before conducting experiments.

3.2.2 Polymer solutions

Ficoll 400 and Ficoll 70 have the same polymer structures, but different molecu-
lar weight. The molecular weights of Ficoll 400 and Ficoll 70 are 400,000 and 70,000,
respectively. A 10% (w/v) stock solution of both Ficoll 400 and Ficoll 70 (Sigma-
Aldrich) was prepared by dissolving the polymer in deionized water and rotating
overnight at 200 rpm. The polymer solution was dialyzed for a week (Spectra/-
Por 2 Dialysis Trial Kit, 12-14 kD MWCO, 23 mm flat-width membrane). The final
polymer concentration was calculated by measuring the weight before and after evap-
orating the solvent for 6 h at 60°C and placing the solution for 4 h in vacuum until
the final weight reaches a constant. The bulk viscosity of the solutions was measured
using a rheometer (TA Instruments, AR2000) at different shear rates. Ficoll solution

is known to be Newtonian [24] and our measurements confirm that the viscosity is
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independent of shear rate.

3.2.3 Test fixture

The cell motion was observed using a test fixture consisting of a “swimming pool”
cut from a 2 mm film of Polydimethylsiloxane (PDMS) sandwiched by a NO.1 glass

slide and a NO1.5 glass cover slide.

3.3 Results and discussion

3.3.1 Speed distribution and skewness

A typical time history of speed and angular change (Fig. 3.1B, C) shows good
qualitative and quantitative agreement with the classic results of Berg and Brown [7].
Using their definition of the run and tumble phases (Fig. 3.1A), we find that the run
time and tumbling frequency are not affected by the fluid properties (Table 3.1). This
is in contrast to the recent results of Patteson [32] who observed that both the mean
run and tumble times increased with viscosity, suggesting that the frequency with
the flagellar motor changes its sense of rotation decreases with viscosity. However,
the CW and CCW motor rotation intervals are relatively insensitive to viscosity as
long as the motor operates above a low speed nearing stall (w > 50 Hz) and below the
no-load conditions (w < 250 Hz) [59,60]. While the viscosity of the fluids considered
by Patteson et al. was as high as 19 cP [32] - conditions that would put the motor
frequency below 50 Hz - the present experiments were conducted in buffer solutions

whose viscosity never rose above 5 ¢P (Table 3.1). In this regime, the motor rotation
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speeds are quite moderate (Fig. 3.4A) and hence the motor reversal rates can be

assumed to be independent of viscosity.

The change in fluid viscosity also has no effect on the change in orientation expe-
rienced during a tumble (Table 3.1). Although a more viscous fluid does imply a re-
duced angular diffusivity [22,61], the cell reorientation is an active, not passive event,
driven by the splayed flagella pointing and rotating in different directions. During
the tumble, a rotation of 1 radian is achieved in roughly 0.1 seconds (Table 3.1).
In contrast, at the lowest viscosity, a 1 radian diffusive rotation (¢ ~ 6%/2D,) [61]
would take approximately fifty times longer. The detailed mechanics of the tumble
remain a complex problem, particularly since one or more flagella might even have
a different polymorphic shape (Curly, Semicoiled, Normal, etc.), depending on their

sense of rotation and the applied torque [49].

A close inspection of the time-traces (Fig. 3.1B,C) indicates that the run-and-
tumble description of motility may be too idealized to represent the observed swim-
ming history; we see that a single cell exhibits both classical run-and-tumble events
as well as periods of extended low-speed swimming or “slow-random-walk” [37]. This
is quantitatively reflected by the probability density function (PDF) of the swimming
speed during a single cell tracking sequence (Fig. 3.1D) which shows two peaks; one
at high speed, which we associate with the observed run behavior, and a second peak

at a lower speed, corresponding to the “slow-random-walk” behavior.

From these results, we assert that the “slow-random-walk” mode of motility is
not the result of different cells illustrating different swimming modalities. Rather,
over an extended period of time, a single cell can exhibit multiple modes of motility.
Indeed, more complex combinations of speed and orientation changes are observed,

(e.g. Fig. 3.1C, t = 0 - 4 seconds) which might be due to partial unbundling [48].
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A valuable means to quantify differences between swimming behaviors is given by
the shape of an individual cell’s speed (U) distribution during a tracking sequence. In
particular, the skewness, K = W, where bar denotes the mean value and o
is the sample standard deviation, is independent of the magnitude of the swimming
speed and can illustrates a co-existence between run-and-tumble and “slow-random-
walk” behaviors. One can imagine that a swimmer exhibiting a pure run-and-tumble
behavior would have a PDF characterized by a sharp peak at the run speed with
a broad low-speed tail. Such a speed distribution would have a negative skewness
(K < 0). Similarly, a cell that spends more time in a tumbling state, with only short
runs would have a low mean speed and a positively-skewed PDF (K > 0). Extreme
swimming behaviors exhibited by mutant strains would also have characteristic speed
distributions. For example, a “smooth” swimmer (one that does not tumble) would
have a PDF with a peak at a high speed and zero skewness, while a “tumbly”
swimmer - a cell that tumbles continuously - would have a speed distribution with

a low mean speed and zero skewness.

The independence of the skewness to the magnitude of the average swimming
speed is also of great value to the analysis of the data. Even though the average run
times and tumble frequencies are relatively constant (Table 3.1), there is consider-
able cell-to-cell variation in absolute swimming speed (the standard deviation, o, is
approximately five times larger than the standard error bars plotted in Fig. 3.2A),
most likely due to natural variations in the cell size, the length and number of flag-
ella and/or individual variations in metabolic level. In addition, we observe that
there is a marked difference between the swimming speed in dialyzed and native
polymer solutions despite the fact that these solutions have the same bulk viscosity.
Although the average swimming speed does decrease as viscosity rises, there does

not appear to be a uniform behavior. The average swimming speed in native so-
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Table 3.1: Run and tumble statistics in different polymers at different viscosities.

Viscosity [cP]

Run time [s]

Tumble time [s]

Tumble angle [°]

MB 0.00% 0.93 0.88 = 0.06 0.13 £ 0.01 71.72 £ 4.79
F70 1.67% 1.06 1.00 £0.02  0.11 £0.01 69.52 £4.21
2.00% 1.11 0.85 £0.02  0.13 £0.01 74.01 £3.11
2.22% 1.15 0.81 =0.03  0.13 £0.01 75.03 +£4.26
3.33% 1.24 0.83 £0.09  0.14 £0.02 74.30 £2.33
6.67% 1.76 0.81 £0.03  0.15 £0.01 84.60 +4.38
10.00% 2.52 0.92 £0.04  0.14 £0.01 68.84 £5.10
F70Di 1.00% 1.01 0.96 £0.04  0.11 £0.02 70.37 £4.13
2.50% 1.17 0.90 £0.06  0.13 £0.02 67.93 £4.46
3.33% 1.24 0.89 £0.08  0.12 £0.02 69.95 £5.58
5.00% 1.50 0.97 £0.06  0.12 £0.02 73.54 £3.51
6.67% 1.76 0.86 £0.05  0.11 £0.01 64.88 +4.78
10.00% 2.52 0.93 £0.10  0.11 £0.03 69.29 +7.62
F400 0.83% 1.11 1.00 £0.06  0.11 £0.01 69.07 £2.94
1.25% 1.17 0.99 £0.11  0.13 £0.02 65.42 £3.57
1.67% 1.25 0.89 £0.08  0.12 £0.01 68.89 £4.32
2.00% 1.32 0.91 £0.13  0.14 £0.01 78.84 £4.50
2.22% 1.37 0.82 £0.07  0.13 £0.01 74.45 £3.32
3.33% 1.61 0.99 £0.11  0.13 £0.01 73.93 £6.19
6.67% 2.73 0.89 £0.05  0.14 £0.02 67.86 +8.64
10.00% 4.85 0.89 £0.10  0.14 £0.02 73.99 £4.19
F400Di 0.83% 1.11 0.95 £0.10  0.11 £0.02 60.20 £4.38
1.25% 1.17 0.88 £0.11  0.10 +£0.02 66.56 £7.21
2.00% 1.32 0.80 £0.11  0.11 £0.02 65.14 £3.77
3.33% 1.61 0.95 =0.11  0.12 =0.02 69.08 +4.56
6.67% 2.73 0.92 £0.10  0.12 +£0.02 70.43 £3.41
10.00% 4.85 0.90 £0.06  0.13 £0.02 76.04 +£4.37
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Table 3.1: Continued Run and tumble statistics in different polymers at different viscosities.

Mean tracking time [s] Number of cells

MB 14.49 £ 0.48 28
F70 16.63 £ 0.72 27
14.37 £ 0.89 23

19.46 £ 1.47 27

18.41 £ 1.15 28

18.56 £+ 1.55 25

15.36 £ 0.91 27

F70Di 17.42 £ 0.91 28
18.07 £+ 0.83 26

17.87 £ 0.98 23

17.13 £ 1.22 25

18.41 £ 1.06 23

15.84 £ 1.11 22

F400 16.38 £ 1.08 28
16.74 £ 0.82 24

14.52 £ 0.81 22

13.34 £ 0.70 24

16.27 £ 0.80 22

15.12 £ 1.37 21

14.19 £ 1.07 22

14.98 + 1.02 23
F400Di 14.41 £+ 0.62 29
14.06 + 0.69 23

14.81 £ 0.66 22

15.13 £ 0.78 24

16.53 £ 0.72 25

16.30 £ 1.27 24
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Figure 3.2: (A) Average swimming speed as a function of viscosity for Ficoll 400 and Ficoll 70
solutions (native and dialyzed). (B) Skewness of the swimming speed distribution as a function of
viscosity. Although the average swimming speed exhibits variations as a function of the viscosity
and the specific polymer solution, the skewness of the swimming speed distribution demonstrates
a unified behavior, depending only on viscosity. The values is (A) and (B) are the mean + one
standard error (/v N). In the calculation of the mean speed and mean skewness, each bacterium is
weighted equally. The average swimming speed of each bacterium is a time-averaged speed without
trying to distinguish between run and tumble.

lutions increases initially before decaying, a phenomenon that has been previously
observed [24,58,62]. However, in dialyzed solutions, the average swimming speed
decays monotonically as viscosity rises. This discrepancy between average swimming
speeds in native and dialyzed media was also observed by Martinez et al. [34] who

attributed the difference to the presence of polymer fragments in the native solution

that increase the baseline cell metabolic rate and motility.

Characterizing motility purely by the average swimming speed thus appears to
be too blunt a tool; however, looking at the skewness of the speed distributions
(Fig. 3.2B) we see that as the viscosity increases, the skewness changes monoton-
ically reflecting a shift from a predominantly run-and-tumble style, characterized
by a negative skewness, to a predominantly slow-random-walk style of swimming,

characterized by a skewness close to zero. The same behavior is observed in all four
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Figure 3.3: Idealized numerical simulations of swimming are defined by a characteristic run speed
(U,, held constant at 18 pum/s), a tumbling frequency (1 Hz) and a bundling time, T} (varied, to
simulate the effects of viscosity on the flagellar bundling process). The distribution of swimming
speeds for (A) a “pure” run-and-tumble swimmer (T, = 0.06 s, K = —0.54), and (B) a combined
swimmer (T, = 0.35 s, K = —0.06), show the effects of bundling time on the overall distribution.
(C) A linear relationship is observed between the skewness of the swimming speed, K, and the
ratio of the average speed to characteristic run speed: U /U, = —0.185 x K + 0.627 (corresponding
t0 0.06 s < T}, < 0.70 s).

polymer solutions (two different molecular weights, dialyzed and native solutions).
This suggests that the shape of the speed distribution is a reliable fingerprint of the

cell’s swimming behavior, even while the mean value can show variability.

Note that the long-time speed histories of individual cells recorded using the
tracking microscope provide the ability to generate these individual cell speed dis-
tributions. Population speed distributions, assembled by aggregating measurements

from many cells [63,64] will have a different shape.
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Figure 3.4: (A) Flagellar motor torque, calculated using RFT and using the measured charac-
teristic run speed, U,, and a typical cell geometry [58]. The blue solid lines are upper and lower
bounds of the torque-speed characteristic, assuming a fixed “knee” speed at 175 Hz [65]. Previous
motor torque measurement by Reid et al. [66] and Darnton et al. [49] are shown for comparison.
(B) Calculated bundling time, T}, as a function of viscosity. Here the calculations are based on
RFT. Flagellar rotation rate wy is calculated using the characteristic run speed, U,, determined
from the skewnewss of the speed distribution from Fig. 3.3C. T} is then calculated using w; under
a fixed number of rotations. (C) Measured bundling time as a function of viscosity. The bundling
time is calculated from the swimming histories. In both (B) and (C), the solid lines are calculated
from RFT using motor torque characteristics given in (A).

3.3.2 The effects of viscosity on the bundling time

What might be the cause of this change in the swimming speed distribution?
Assuming that the geometry of the cell body and flagellar filaments do not depend
on the fluid viscosity, the hydrodynamics of the run scale linearly with viscosity [5,22].
Furthermore, the run and tumble durations are independent of viscosity (Table 3.1).
However, the time for the flagellar bundle to unravel and reform during the tumble
does change with viscosity. Kim et al. [26] showed that the flagellar bundling of
elastic helices depends on a non-dimensional parameter, M = puwL*/EI, where pu is
the fluid viscosity, w is the rotation rate, L the filament length, E the elastic modulus
and I the moment of inertia. M represents the balance between the viscous and
elastic stresses in the filament and Kim et al. demonstrated that flagellar bundling
occurs after about 15 rotations for values of M greater than about 100. For a fixed
torque motor [49, 65], the flagellar rotation rate will decrease as the fluid viscosity

increases indicating that the bundling process, which requires a fixed number of
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rotations [26] will take longer at higher viscosity. In addition, Turner et al. observed
that the swimming speed of the cell remains depressed after tumble due to the
rebundling process [14]. Thus it seems plausible that, as the viscosity rises, the cell
spends less time running at full speed, and more time at lower speed recovering
from tumbles. This hypothesis is consistent with our observation that the speed
distribution skewness approaches or passes zero as the viscosity rises (Fig. 3.2B).
The effect is obscured in the speed vs. viscosity data (Fig. 3.2A) by the confounding
factors of individual variations in cell morphology and metabolic activity as well as

the effects of polymers on cell activity level.

3.3.3 Numerical simulations

A numerical simulation confirms the relationship between the bundling time, the
scaled average speed, and the skewness of the speed distribution. We model the
swimming as a combination of a run at a given “characteristic run speed”, U, (18
um/s), punctuated by tumbles that occur randomly. The acceleration from the
tumble back to U, is changed by the effect of varying viscosity on the bundling

dynamics.

Synthetic swimming speed histories were created using a Matlab code designed to
explore the connection between the bundling time and the skewness of the swimming
speed distribution. The cell was assumed to swim with a characteristic speed of
U, = 18 um/s. The duration of each run, in which all flagellar motors are assumed
to be rotating in a CCW direction, is sampled from a exponential distribution [8,48]
with an average run time of 0.86 s. [7|. Following the schematic in Fig. 3.1A,
the tumble is modeled as a rapid deceleration in speed, from U, to a tumble speed

of Uy = 5 pm/s in 0.1 s. The cell remains at U, for the duration of the tumble,
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T, = T} — Tj, sampled from an exponential distribution with a mean time of 0.14
s. The rebundling process, Tysim, = 13 — 11 = Ty, + 0.32 — T}, is modeled as a linear
recovery in speed after tumble where 0.32 s is the duration of CW rotation [8,14,49].
Simulations were performed with 7, ranging from 0.06 to 0.70 s, mimicking the
change in the viscosity. Characteristic run and tumble speed are held constant
through the simulation since the statistics remain unchanged with linearly changed
U, and U; as a result of change in viscosity. The run-tumble cycle is repeated to
generate a time series lasting 2000 s. Finally, Gaussian white noise is added (1 dBW)

to the entire series representing measurement uncertainty and diffusivity.

Using this idealized simulation, we generate synthetic speed histories and speed
distributions associated with different bundling times (Fig. 3.3A, B) that are both
qualitatively and quantitatively similar to the experimentally-measured distributions
(e.g. Fig. 3.1D). From the simulated speed histories, we plot the distribution
skewness against the ratio of the average swimming speed to the characteristic run
speed, U/U,, and find that the data exhibits a linear trend: U /U, = 0.627 — 0.185K
Fig. 3.3C. More importantly, the simulation results allow us to use measurements of
the speed distribution skewness, K, and the average swimming speed, U, to estimate
the characteristic run speed, U, - a parameter that varies from cell to cell and is

difficult to measure directly.

3.3.4 Evaluation of motor torque using Resistive Force The-

ory

Our approach follows Magariyama et al. [58]. However the details are reported

here for completeness and convenience. For the force and torque on cell body we

35



have

— (3.1)
Th 0 Db Wy
and for the flagellum we have
Ff - Af Bf v (3 2)
Tf Bf Df Wy

where Fy,, Fy and 73, 74 are the force and torque on the cell body and flagellum, v is
the swimming speed of the cell. w, and wy are the rotation rate of the cell body and
flagellum respectively. For the elements of the matrix in Equation 3.1, we assume
that the cell body is a spheroid with length a and width b. The drag coefficient is a

result of traditional low Reynolds number hydrodynamics [67] and is given as

b 1 a

Ay = —6mpc[1 - (1- 2)] (3.3)
Dy = ~8mu(2)’[1 — 2(1 - ] (3.4

where g is the viscosity of the fluid. The resistance matrix for the flagellum in

Equation 3.2 is also a result of standard Resistive Force Theory (RFT) [58,68,69]:

_ 2mplL x (87*R* 4 p?)
T Tlog(%) + §)[am2R2 + p?
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2l x (=27 R*p)

B =
" Tlog () + llamtRE +

(3.6)

and
_ 2mpl x (4w R* + 2p*)r?
" Tlog(2) + LJl4m?R2 + p?]

(3.7)

where L is the length of the flagellar filament, p is the pitch the helix, R and r are
the radius of the helix and filament respectively. The geometry of the cell body and

flagellum used in our calculations is given in Table 3.2.

The coupled system is force free and torque free [5]:

Fr+F=0 (3.8)

and

Tf+Tb:0. (39)

Table 3.2: Geometric parameters used in cell swimming calculations.

Symbol Value

a 2.00 pm
b 0.60 um
L 8.00 um
p 2.00 pym
R 0.35 um
r 0.03 um

To solve for the swimming speed at a given viscosity, we assume a motor with

the Torque-Speed, 7,,(w), behavior (Fig. 3.5):

Tstall if w l Wknee

(W) =7 = (3.10)

7o(1 — %), otherwise.
This describes the motor torque behavior reported previously by Chen and Berg [65]
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and used by Magariyama and Kudo [58]. If we assume 7 = 0.75 x 1078N - m,
To = 1.5 X 107N - m and w, = 350 Hz [58,65], we generate the light blue curve
in Fig. 3.4 which serves as an upper bound for our calculations. However, there is
debate about the value of 744, and a smaller value, closer to that estimated by
Darnton et al. [49], is given by Ty = 0.25 x 107N -m, 7, = 0.5 x 1078N - m,
which generates the dark blue curve in Fig. 3.4 and provides a lower bound to our

experimental results.

3.3.5 Evaluation of bundling time

With the estimate for U,, and typical values for the geometry of the cell and
flagella (Table 3.2), we use RFT to calculate the motor torque, 7, as well as the cell
and flagellar rotation rate, w. and wy respectively. Although there is scatter in the
data, the motor torque (at stall) is estimated to lie between 0.25 and 0.75 x107'®
Nm (Fig. 3.4A), which agrees well with the measurement of Darnton et al. [49]
who used a similar technique, but is lower than the measurement of Reid et al. [66].
It is worthwhile to note that the motor torque in the native polymer solutions is
higher than the torque in the dialyzed solutions (Fig. 3.4A, circles and squares
respectively), consistent with the observations both here, and by Martinez et al. [34]

that the cell activity is generally higher in the native polymer solutions.

Using the motor torque and flagellar rotation rate obtained from RFT, we cal-
culate the bundling time, 7, = T3 — T» (Fig. 3.4B), assuming that 20 rotations
are required for complete bundling. The results support the hypothesis that the
bundling time is a function of viscosity, rising from approximately 0.1 seconds in

pure motility buffer to about 0.2 seconds in the most viscous medium.
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A second, independent, estimate of the bundling time can be found from the
measured speed vs. time history of each cell. To accomplish this, we first use the
skewness of the measured speed distribution to determine the characteristic run
speed, U, (Fig. 3.3C). Using Berg and Brown’s definition of a change in angular
orientation greater than 35°/0.08 s we identify the start of each tumble (7, in Fig.
3.1A) and mark the completion of the re-bundling process as the time at which the
swimming speed first reaches the characteristic run speed (73 in Fig. 3.1A). Since
we do not measure 75, we define the bundling time, T}, as T3 — T, — 0.32, where 0.32s

is used as the duration of the CW rotation, 7, — T, (Fig. 3.1A) [8,14,49].

The estimate of the flagellar bundling time obtained using this method (Fig.
3.4C) agrees well with the results obtained using RFT (Fig. 3.4B), demonstrating
that the bundling time increases with viscosity, rising from about 0.08 to 0.3 seconds
over the five-fold increase in viscosity. The scatter in the data likely results from our
inability to accurately estimate the exact duration of the CW rotation, T, — T, and

the variability associated with the determination of T5.

3.3.6 Flagellum length changes

As the surrounding fluid viscosity increases, the flagellar filament might deform
due to the hydrodynamic force and this deformation would change our calculations.
To estimate the length change we first estimate the extensional stiffness of the flag-
ellum. From Figure 4 of Darnton et al. [70], we estimate the linear compliance near
zero extension, dx/JF, to be

ox 3 um

— ~ . 3.11
oF|,._, 10pN (3:.11)
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Figure 3.5: Typical flagellar motor torque speed relation [65]. Motor torque is constant for
W < Whnee, after which it decreases linearly to wo.

The hydrodynamic force on flagellum is, at most, given by the drag force experienced
by the cell body (Equation 3.1 and 3.3). The largest viscous drag coefficient A, under
our experimental condition is approximately —4.0 x 107% Ns/m (u = 4.9 cP; a, b
given in Table 3.2); the velocity, v, is 10.0 uwm/s and the estimated drag force is
~ 0.4 pN. Using this, and the extensional compliance, Equation 3.11, we estimate
that the largest change in flagellar length would be 0.5 x 0.3 x 0.4 = 0.06 um which
is much smaller than the total filament length of 8 um!. We conclude that it is safe

to ignore this effect and assume a constant geometry.

'Note the 0.5 in calculating the change of flagellum length uses the fact the force acting on the
flagellum balanced by the drag force on cell body is evenly distributed through the flagellum, not
a point force applied at the tip.
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3.3.7 Mean square displacement of wild-type E. col:

The mean square displacement M.SD, defined as
T
_ 2 2
MSD =< (v —2,)° >= ;:1 (xi(t) — x;(0))7, (3.12)

is widely used to characterize low Reynolds number swimming phenomena [32,71,72].
The motion of a particle undergoing random diffusion exhibits a MSD that increases
linearly with time [73]:

MSD = 6Dt (3.13)

where D is the effective diffusion constant. In contrast, a ballistic swimmer with a

constant speed, ¢, exhibits an MSD that increases quadratically in time:
MSD = *t*. (3.14)

The MSD of the E. coli measured in our experiments are shown in Fig 3.6 for
all cells swimming in native Ficoll 70 of different viscosities. Ballistic behavior is
observed for short times while diffusive behavior is seen for times greater than about
t = 1 second, in consistent with previous observation by Patteson et al. [32]. There
is no observable dependence on viscosity of the crossover time between ballistic and
diffusive behavior, consistent with our observation (Table 3.1) that the run times are
independent of viscosity. Similar MSDs are obtained for all four media tested (Ficoll

70, Ficoll 400, both native and dialyzed).
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Figure 3.6: Mean square displacement of the swimming cells with respect to time at different
viscosities in native Ficoll 70 solution. Each data point is averaged over 15 individuals.

3.3.8 Population speed distributions

The speed distributions for all cells are shown for three viscosities in Fig. 3.7
A1, B1 and C1. This includes all cells tracked at this viscosity for a given buffer
(in this case, dialyzed Ficoll 400). The shape of the PDFs is in agreement with
previously reported population speed distributions [63,64] (measured using statistical
techniques, not using long-time tracking of individual cells). Fig. 3.7 A2,B2 and
C2 show the corresponding normalized speed distributions in which each individual
cell’s speed history is divided by its characteristic run speed, U, (Fig. 3.1) before
combining to compute a population speed PDF. As discussed in the main text, the
normalization accounts for individual variations in average swimming speed due to
cell and flagella size and metabolic activity. As the viscosity rises, the change in
the skewness of the normalized population PDFs is evident, corroborating the result
shown in Fig. 3.2B, which is the same data, but plots the average of the skewness of

each individual cell’s speed distribution.
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Left column, the un-normalized speed distribution of all individuals tested at a
given viscosity. (Al) pu = 0.93 cP, (B1) p = 1.61 cP, (C1) u = 4.85 cP. All three plots show a
similar distribution as suggested by [63,64]. Right column, the corresponding normalized (by the
characteristic run speed of each individual) speed distribution, a clear transition from negative
skewness in (A2) K = —0.37, to a intermediate skewness in (B2) K = —0.05 and finally a positive
skewness K = 0.18. This transition is observed in Fig. 2B as the increase of average skewness with



3.4 Summary and conclusions

We have shown that the motility of a wild-type E. coli cell is quite nuanced,
exhibiting both run-and-tumble and slow-random-walk modes of locomotion. The
balance between these natural swimming behaviors can be quantified using both the
average speed, U and the skewness of the speed distribution, K. A distinct feature
of the skewness is that it is independent of differences in the characteristic run speed
that arise due to cell-to-cell variations and the uncontrolled presence of biological

stimulants in the surrounding medium.

We believe that these results clarify some of the confusion surrounding cell motil-
ity in viscous media by demonstrating that the swimming behavior changes as the
viscosity rises due to the fact that the flagellar bundling process takes longer at
higher viscosity slowing the rotation of the flagellar motors. Future experiments,
theory and simulations, including using viscoelastic media [32,34,51,55,57] and vi-
sualizing the flagella [14,48] will be critical in providing a full understanding of this

mechanism.
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CHAPTER FOUR

Characterizing the viscoelastic
behavior of dilute polymer

solutions using microrheology



4.1 Introduction

The rheology of complex fluids has been studied extensively through the last few
decades [74-76]. It is highly related to not only industrial applications, such as paints
[77], plastics [78] and printing inks [79], but also to many research areas especially on
biological application and processing [80,81]. The rheological properties, especially
viscoelasticity of complex fluids, give important details on micro-structural features
and dynamics of the system [82]. In general, the relaxation time of the system varies
and spans over a wide range of time scales depending on this viscoelastic moduli
(G" and G") [83,84]. For dilute polymer solutions with small molecule sizes, the
relaxation time is usually short. Measurements with high frequency are indispensable

to resolve their rheological behavior [85,86].

The viscoelastic behavior of such solutions can be measured using an oscillating
shear rheometer [87, 88|, which however requires a precise and sensitive measure-
ment of the torque of the shear plate at a high frequency and is difficult to achieve
using a conventional rheometer [88]. Microrheology based on the particle disper-
sion in non-Newtonian solutions has been previous proposed [85,89] to overcome
such difficulties. The typical experimental technique in microrheology for resolving
the statistics of the particle displacement is Dynamic Light Scattering (DLS) [89].
However, the experimental system includes a monochromatic light source, usually a
laser plus additional specialized equipment [90] which makes it hard and expensive
to implement. Measuring particle dispersion from regular fluorescence microscopy is
challenging at high sampling frequency (~ 500 Hz), which however is necessary in

resolving the viscoelastic behavior of dilute polymer solutions [84].

The most general way of measuring particle displacements or mean square dis-
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placement (MSD) is by calculating the position differences of the same particle in
consecutive images. However, the positions of fluorescent particles are difficult to
detect accurately with short exposure at high frame rate. Camera noise, especially
generated from the CMOS camera, including the general Gaussian noise [91], pho-
ton shot noise [92] and signal read noise, becomes severer as the image acquisition
frequency increases. Image intensifier is capable of detecting and amplifying low-
light-level images to overcome the limited exposure at high frame rate for fluores-
cent systems [93], however it brings additional noise to the resultant image. All these
noisy signals may lead to a false measurement of particle displacements during im-
age post-processing. In addition, not only optical noises, overlapping due to particle

dispersion itself could also bring difficulties in displacement detection [38].

Another drawback of traditional particle displacement detection is that it requires
a precise particle-to-particle matching between frames. The most widely used algo-
rithm for particle matching is nearest-neighbor matching [94], which however does
not guarantee a correct match and gets worse with all the false signals introduced at
high frequency. Even in dilute particle suspensions, it is possible that multiple parti-
cles cluster locally and the nearest-neighbor algorithm does not lead to a one-to-one
matching. Particles may also disperse out of focus or outside the observation window
so that a particle pair is not physically exist. For images taken at high frequency,
some background noise can be detected as "particles” and such random appearance

breaks the one-to-one matching using nearest-neighbor algorithm.

To address these issues when measuring the MSD at high frequency, Statistical
Particle Tracking Velocimetry (SPTV) technique [38] is applied on the image and
data post-processing. With a similar approach, SPTV requires all particles in each
frame to be detected using intensity threshold [36] or diffraction ring [95]. Instead

of finding a precise particle matching, SPTV purposely utilizes a large interrogation
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window to include multiple tracer particles (and noise “particles”) and measures
the displacement distribution. Drop-in/drop-out particles due to dispersion and
noise “particles” are all included for particle matching to generate the statistics but
eliminated later by exploiting the nature of correct particle matching [38]. Therefore,
we used SPTV as suggested by Guasto et al. [38] to overcome the difficulties when

implementing traditional particle displacement measuring techniques.

In this paper, we present our study on the measurement of viscoelastic behavior
of Methocel 90 HG solutions at various concentrations with low shear viscosities
(up to 18 cP) and weak elasticities using microrheology. SPTV is applied in data

processing for the MSD measurement at different frequencies.

4.2 Experimental setup and procedure

The schematic of the experimental configuration is shown in Fig. 4.1. A 0.500%
(wt/vol) Methocel 90 HG stock solution was prepared by dissolving the polymer in
deionized water and rotating overnight at 200 rpm. Lower concentration solutions
were diluted from stock solution. The particle suspensions were prepared by dilut-
ing the fluorescent beads (Molecular Probes, 200 nm, 540/560) 500,000 times into
polymer solutions at various concentrations. Paraffin film (Parafilm M) was cut into
squares (~ 1 ¢cm) and punched with a hole (~ 0.3 cm) in the middle. It was gently
put upon a NO.1 coverglass (Fisher Scientific) and loaded on a heat plate (Cole
Parmer) for 30 s until the film was melting. A small volume (50 uL) of the test fluid
was placed in the middle of the film hole and sealed by a NO.1.5 coverslip (Fisher
Scientific) on top. The sample was cooled down at room temperature for 5 min

before experiment. The motion of the particles was observed using an inverted mi-
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Figure 4.1: Schematic of the experimental configuration. The tracer particles are illuminated
using a mercury lamp with excitation filter, the beam is introduced along the optical axis. The
emission light follows the same light path until it reaches the dichroic mirror and passes through
the emission filter. The light is captured via an image intensifier by a CMOS camera at up to 1000
fps.

croscope (Nikon ECLIPSE TE2000-U) equipped with a 100X oil immersion objective
(Nikon, Plan Apo TIRF). Images were recorded using a high speed CMOS camera
(Photron Fastcam SA-5) fitted with a high-speed image intensifier (Hammamatsu

V9501U-74-G240).

In order to resolve the frequency-dependent viscoelastic moduli of the polymer
solutions at various concentrations. Images were recorded at different frequencies [89]
ranging from 5 Hz to 1000 Hz using Photron FASTCAM Viewer (PFV) software.
2000 images were saved for each sample suspension and each experiment was repeated

3 times to reduce measurement errors and to ensure consistency.
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4.3 Image analysis and data processing

Images were processed using custome software written in C++ and using the
OpenCV library. A bilateral filter [96] was applied to the image to reduce background
noise. This filter was used since it reduces the noise without sacrificing the sharp
intensity gradient near edges [97]. Following the filter, the positions of particles
(along with any leftover background noise) were detected using the contour and
moment functions in the OpenCV library. An interrogation window with size [,
centered with an arbitrary particle was assumed. The displacements between the
central particle and all particles detected in the following image within the same
interrogation window was calculated and recorded (Fig. 4.2). All displacements
between consecutive images were calculated by applying interrogation window on all
particles in the first image. Then the whole displacements histogram was generated

by repeating the same procedure to the complete image sequence.

As suggested by Guasto et al. [38], the distribution of particle displacement in
the i-th direction (i = 1,2) Aux;(t) should have the form of a modified Gaussian

distribution with zero mean:

Si(a1) = Ch(t) + ——— exp(— E D)

270, (1) PO (4.1)

which is simply a Gaussian distribution plus a constant offset, or “table”. The
Gaussian part is due to the correlated particle displacements [98] while the table
derives from the un-correlated particles and particle-noise correlation [38], which are
random and have uniform distribution. Note that the MSD of particle dispersion is
defined as

MSD;(t) =< (x;(t) — 2;(0))* >=< (2;())* >, (4.2)
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and by definition, the standard deviation o;(t) of the Gaussian part in Equation 4.1

is given as

0it) = /< (wi(t) — mi(t)? >. (4.3)

pi(t) quantifies the mean speed of the flow field and in our case it is close to 0. o;(t)?

is then a good estimation of M SD;(t).

The measured displacements histogram is fitted using Equation 4.1 to retrieve
the MSD in the z and y directions. The size of the interrogation window (I) is
chosen to be larger than at least three times o;(t) for each fitting process. The

MSD is often overestimated in this case when [ < 30;(t).

4.4 Results and discussion

Sample images are shown in Fig. 4.2 illustrating randomly seeded particles (diam-
eter: 200 nm) in 0.125% Methocel solution. Fig. 4.2 A1 and A2 are two consecutive
images taken at 250 fps, while images B1 and B2 are zoomed-in parts of each image

denoted by the red squares, illustrating the interrogation window.

Following the statistical particle tracking process [38], the displacement distri-
bution is generated and shown in Fig. 4.3 as the green histograms. It is noted that
the distribution, shown by the fitted curve in a solid line, follows a Gaussian dis-
tribution plus a constant [38]. The same data is processed choosing three different
interrogation window sizes. A, [ = 0.2 yum. B, [ = 0.3 pym. C, [ = 0.5 ym. The
standard deviation of fitted curve in A is 0.108, while 0.097 and 0.098 in B and C
respectively. This demonstrates the effect of interrogation window size [ on fitting

result. It is observed previously that for particle dispersion in non-Newtonian flu-
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Figure 4.2: Particles (200 nm) dispersion in 0.125% Methocel solution at two consecutive frames
(Al and A2). BI1 and B2 are zoom-in images of the parts shown in Al and A2 by a square
(interrogation window) respectively. The circle marker in B1 shows the central particle and markers
in B2 are all particles detected within the same interrogation window in the following image. The
displacements are measured between all particles in B2 to the one in B1.

ids, the displacement distribution forms a Gaussian center plus a non-Gaussian tail,
especially for the case when observation time is close to relaxation time [99, 100].
However, the non-Gaussian tail contributes around 5% to the total distribution as
suggested by Weeks et la. [99], which brings a subtle change in the estimated MSD

compared with the one by assuming a Gaussian distribution.

Measuring the MSD of dispersive particles is the first step in resolving the vis-
coelastic behavior of complex fluids such as polymer solutions [84,101]. In Newtonian
solutions, the MSD of diffusive particles increases linearly with respect to time [102]
which is observed in our system and shown in Fig. 4.4. Particles with two sizes (100
nm and 200 nm) are seeded in water, the resolved MSD show a good agreement with

theoretical approximation [102] denoted by the solid lines. Then the MSD of 200
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Figure 4.3: Measured displacement distributions of 200 nm dispersive particle in 0.125% Methocel
solution. The green histogram is the experimental data and the fitted curve is generated using a
least square non-linear fitting using a model equation given in Equation 4.1. The constant of the
fitting result is marked by the dashed line which distinguished the particle diffusion result from the
noise and un-correlated particle displacement. The same data is processed choosing three different
interegation window size. A, [ = 0.2 ym. B, l = 0.3 pm. C, [ = 0.5 pym.

nm particle in non-Newtonian solutions at different concentrations are measured and
calculated as shown in Fig. 4.5. It is observed that the MSD decreases as the poly-
mer concentration increases, indicating an increased viscous behavior. The slopes
of MSD over time at longer time are 1 in logarithm scale [85] for all concentrations
used in the experiment, suggesting a predominating Newtonian behavior. The slope
becomes less than 1 at shorter time scale, suggesting the existence of elastic behavior.
Moreover, it is directly observed from Fig. 4.5 that the crossover time (relaxation

time), which is indicated by the transition point when the slope of the curve becomes

less than 1 increases with respect to polymer concentration.

The relaxation time 7; and viscoelatisc moduli G';, G” (Fig. 4.6) are calculated
following the method given by Mason et al. [85]. In general, the relaxation times 7;
are chosen logarithmically to cover the desired range of s [54,85]. The fitting result
in Table 4.1 shows that there is no significant difference between the cases of i = 1

(single relaxation time) and ¢ > 1 (multiple relaxation times).
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Figure 4.4: MSD of diffusive particles in water. Particles with two sizes (100 nm and 200 nm)
are tested to calibrate the measurement and processing algorithm. The black lines are estimated
MSD over time theoretically using Stoke-Einstein equation. Temperature is 18°C.
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Figure 4.5: MSD of particle dispersion in Methocel solutions at different concentrations as a
function of time. The slope of MSD over time is 1 in four different concentrations at long time
scale and becomes less than 1 at short time scale. In addition, the transition time increases with

respect to polymer concentration.
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Figure 4.6: Calculated elastic and viscous modulus of the Methocel solutions tested in the experi-
ment at different concentration. A, 0.062% B, 0.125% C, 0.250% D, 0.500%. The non-linear fitting
model assumes a single relaxation time as it is similar to the result of multiple relaxation time.
The cross over point, which also indicates the relaxation time increases as a function of polymer
concentration which is observed from Fig. 4.5.

Table 4.1: Relaxation time of Methocel solutions at varying concentrations.

Concentration 7 [ms] Gy
0.063% 0.76 11.34
i=1 0.125% 2.99 6.76
0.250% 4.68 7.23
0.500% 9.00 3.39
Concentration 7 [ms] G T [ms] Go
0.063% 0.76 11.34 1.00x107% 1.00x10~3
i=2 0.125% 3.13 6.65 4.53x107% 3.13x1073
0.250% 4.70 7.20  2.42x107°% 1.92x1072
0.500% 899 346 543x107* 6.52x10°°
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4.5 Concluding remarks

Statistical Particle Tracking (SPT) has been introduced and applied to a mi-
crorheology experiment as a replacement of more conventional tracking techniques.
The advantages of SPT are that it removes concerns of spurious particle tracking
which is particularly problematic when tracking small particles with highly-amplified
intensified images. The data presented here demonstrate that the sampling frequency
of microrheology measurement with intensified high speed image acquisition and flu-
orescent microscopy works up to 1 kHz. It thus extends the measured spectrum of
a conventional mechanical shear rheometer. The result indeed shows that the relax-
ation times of dilute Methocel solutions, which are on the order to 10 ms, are short.
Our result provides a robust basis for a complete study of the viscoelastic behavior

of dilute polymer solutions.

Despite its appeal, this method is still limited. First, the rheology of the fluid
is resolved at zero shear rate. Second, for solutions with higher viscosity, smaller-
sized particles (or quantum dots) are needed for displacement detection [38], which
may not be guaranteed to observe the Stokes-Einstein relation even in Newtonian
solutions [38]. Lastly, the SPT method requires a known physical distribution which
makes it difficult to implement on particle dispersion in concentrated polymer solu-

tions, where the distribution is non-Gaussian [99, 100].
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4.6 Materials and methods

4.6.1 Polymer solutions

Methocel 90 HG, also known as Hydroxypropyl Methylcellulose (HPMC) type
K was used in this experiment. A 0.5% (w/v) stock solution of Methocel 90 HG
(Sigma-Aldrich) was prepared by dissolving the polymer in deionized water and
rotating overnight at 200 rpm. Methocel solutions are formally known to be non-
Newtonian [24] at high concentration with elastic behavior. Most previous research
resolved the rheology behavior of Methocel solutions at high concentration [103]

while our study focused more on the rheology of dilute Methocel solutions.

4.6.2 Test fixture

The particle suspension was observed using a test fixture consisting of a micro
channel made by heating a paraffin film (Parafilm M) punched with a hole in the

middle on top of a NO.1 glass slide and then covered with a NO1.5 glass cover slide.

4.6.3 Non-linear curve fitting for displacement distribution

A non-linear curve-fitting based on Equation 4.1 is applied on the histogram
from the experimental data. The fitting is processed using Matlab (MathWorks)
using fitnlm function. An demonstration of the fitting is shown in Fig. 4.3 black
curves, the standard deviation o;(t) of the Gaussian distribution is retrieved directly

from the fitting result.
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4.6.4 Viscoelastic spectrum calculation

To accurately measure the relaxation time (7), we follow the method proposed
by Mason et al. [85]. Assuming the fluid is isotropic and incompressible, the fluids

viscoelastic spectrum G (s) is calculated using Equation 4.4.

~ kT
Gls) ~ mrMSD()T[1 + (9ln(MSD(t))/dln(t))] l=1/s o

where kg is the Boltzmann constant, 7" is the absolute temperature, r is the radius
of the particle and I' stands for I' function. We calculate the fluids viscoelastic
spectrum G (s) using the result from Fig. 4.5. The partial derivative is numerically
approximated using the first order finite difference. A non-linear curve fitting of G (s)
to Equation 4.5 with a least-squares routine is performed to find the relaxation time

T;-

~ GZ'S
G(s) = . 4.5
(s) ; s+1/7 (4:5)
The storage (G') and loss (G”) modulus for polymer solutions at different concentra-
tion using a single relaxation time are calculated using Equation 4.6 and 4.7 and

plotted in Fig. 4.6. The inset of Fig. 4.6 D is the same viscoelastic moduli as plotted

in D but with two relaxation times.

G0 =3y S (4.6)
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CHAPTER FIVE

Non-Newtonian effects change

Hagellated bacteria motility



5.1 Introduction

Many microorganisms propel themselves by rotating rigid helical flagella [7] or
undulating flexible cilia [23,104]. The physics of swimming at low Reynolds number
in both viscous and non-Newtonian fluids has been studied extensively not only for
its implications in Engineering [105-107], such as on the design of microrobots [108],
but also for the insight into many aspects of natural science. For example, low
Reynolds number swimmers provide experimental models for the study of active

suspensions [109].

Flagellated bacteria lived in various aquatic environments and many of these
biological fluids, such as mucus [110], are complex non-Newtonian fluids. One par-
ticular area in low Reynolds number problem that has been recently focused on
is to understand swimming behavior in such fluids. Flagellar locomotion in non-
Newtonian fluid received lots of attention primarily on theoretical and numerical
perspectives. One of the early work done by Lauga [51] showed that the trans-
lational speed of Taylor Sheet [111] decreased with the appearance of viscoelastic
effects. Similarly, Fu et al. [52] demonstrated that the swimming speed of a rotating
helix of small amplitude was slowed down by elastic stress. However, recent studies
have also shown that viscoelasticity can lead to an enhanced locomotion. Spagnolie
et al. [55] performed numerical simulations on rotating helical swimmers with vary-
ing geometry in an Oldroyd-B fluid [112] and discovered that the swimming speed
can be enhanced for certain geometries over a range of Deborah numbers De = wy,
where w; and 7 were the rotation speed of the helix and the relaxation time of the
fluid. Riley and Lauga [113] found the swimming speed for modified Taylor Sheet,
which included multiple superposed traveling waves, was enhanced in viscoelastic

fluid. In addition, inelastic shear-thinning effects have also been shown to play a
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significant role in changing the swimming speed. Montenegro-Johnson et al. [114]
studied two-dimensional swimmers in generalized Stokes flows and found that even
with identical morphological swimmers, the swimming speed could be either en-
hanced or hindered, depending on the flagellar locomotion (strokes), the swimming
speed was very sensitive to the kinematics. Similarly, Datt et al. [115] studied a
three-dimensional squirmer in a shear-thinning fluid using a combination of numer-
ical simulations and asymptotic analysis and found that the change in swimming

speed was non-monotonic and depended on surface actuation.

Experiments have also been conducted to explore the complex swimming behavior
of living cells in non-Newtonian solutions. One of the earliest results was presented
by Berg and Turner [24] who measured the rotational speed of wild type tethered
E.coli and discovered a non-monotonic change in rotational speed as a function of
viscosity. In addition, the rotational speed was different in Ficoll (branched polymer,
Newtonian) and Methocel (unbranched polymer, non-Newtonian) solutions, even in
the media exhibited the same bulk viscosity. They concluded the difference was due
to the interactions between flagellar filaments and the quasi-rigid polymer networks.
More recently, experiments have been designed to measure the effects of both the
viscoelastic and shear-thinning on bacteria swimming speed. Patteson et al. [32]
tracked wild type F.coli in viscoelastic polymer solutions and found that the cells
swam faster with increased elasticity. They concluded this speed enhancement was
possibly due to the shear-induced normal stress acting on the cell body, forcing the

cell to swim straighter at a higher efficiency.

E.coli cells swim by rotating multiple flagellar filaments [7] and form a flagellar
bundle, which can be modeled as a single rigid helix [33,49,58]. In the low Reynolds
number regime, the force and torque imposed on the cell body are balanced with the

force and torque generated by the flagella [23]. Thus, to balance the torque from the
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flagella the cell body of bacteria F.coli is also rotating as it swims but in the opposite
direction compared to flagella. In general, since the flagellar motors are randomly
distributed on the cell body [8], it is unlikely that flagellar bundle and cell body orient
perfectly in the same direction as it propels through the fluid. It has been shown that
this off-axis configuration (shown in Fig. 5.1 angle ¢) results in a wobbling trajectory
as the cell swims in Newtonian solutions [49,116]. The shear flow generated by the
rotating cell body leaded to a normal force pointing inwards the centerline of the cell
and reduced the wobbling effect, which thus improved the swimming efficiency and
resulted to a enhanced swimming speed. However the swimming speed of C.elegens,
which undulated itselt to navigate through the fluidic environments, was observed
to be decreased with elastic stress by Shen and Arratia [117]. Meanwhile, swimming
speed of E.coli cells [34] was tested by Martinez et al. in shear-thinning fluids and

a speed enhancement was observed.

N

cell rotation w-

shear induced
normal force

flagella rotation wr
N\

Figure 5.1: Schematic of bacteria E.coli swimming in non-Newtonian solutions. Shear-induced
normal force generated by the rotational flow around cell body points inward and is perpendicular
to the swimming direction.

Evidently, results from theoretical, numerical and experimental perspectives re-

main controversial and there is still no clear understanding of the relatively impor-
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tance of non-Newtonian effects on swimming behavior. Three non-Newtonian effects
have been proposed to explain the speed change in polymer solutions: shear-induced
normal force [32], elasticity [54,55] and shear-thinning effect [34,118]. In particular
for the experimental results that use E.coli [24,32,34], a wild type strain, which is
known to have a “run and tumble” motility [7], was used. It has been shown pre-
viously by Qu et al. [33] that the flagellar bundling process of a wild type swimmer
during tumble is very sensitive to the change in viscosity. Therefore, the speed mea-
surement with wild type cells in non-Newtonian solutions also include the change in
bundling process due to varied viscosity and non-Newtonian behaviors which poten-

tially leads to a biased result.

In this study, in search for better understanding on how non-Newnotian effects
change bacteria swimming speed, a smooth swimming FE.coli strain, which has no
tumble behavior, is used to quantify the swimming speed changes with respect to
polymer concentrations. In addition, a wild type strain is tested to explain the
non-Newtonian effects on flagellar bundling process. A three-dimensional tracking
technique [33] is used in analyzing the swimming behavior. It is found the swimming
speed is significantly enhanced and we believe this is due to shear-thinning effect.
Plus the shear-induced normal stress plays an important role in forcing the cell to

swim straighter [32] and reducing the bundling time.
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5.2 Materials and methods

5.2.1 Cell preparation

The cells used in the experiments were smooth swimming F.coli (Strain: K12
HCB1736) and wild type E.coli (Strain: K12 AW405). The wild type cell is known
to have a “run and tumble” motility [7] while the smooth swimming cell does not
tumble. The culturing procedures for both strains are identical. A single colony was
picked from agar plate and cultured in 10 ml T-Broth (1 L of water, 10 g of tryptone
and 5 g of NaCl) by rotating at 200 rpm (Southwest Science, Incu-Shaker Mini) for
16 h at 30°C. 20 ul of bacteria suspension was cultured again in 10 ml of T-Broth
for 4 h until mid-exponential growing phase of F.coli. The bacterial suspension was
washed three times by centrifuging at 2000 rpm (Eppendorf, MiniSpin Plus) for 8
minutes and re-suspending in fresh motility buffer (1 L of water, 11.2 g K2HPO4, 4.8
g KH2PO4, 0.029 g EDTA, 3.9 g NaCl; pH 7-7.5). The final suspension was diluted

three-fold before conducting experiments.

5.2.2 Polymer solutions

Ficoll 400 and Methocel 90 HG were prepared in this experiment as Newtonian
and non-Newtonian polymer solutions. A 15% (wt/vol) stock solution of Ficoll 400
(Sigma-Aldrich) and a 0.5% (wt/vol) stock solution of Methocel 90 HG (Sigma-
Aldrich) was prepared by dissolving the polymer in deionized water and rotating
overnight at 200 rpm (Southwest Science, Incu-Shaker Mini). The polymer solution
was dialyzed for 1 wk (Spectra/Por 2 Dialysis Trial Kit; 1214 kD MWCO, 23 mm

flat-width membrane). The final polymer concentration was calculated by measuring
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the weight before and after evaporating the solvent for 6 h at 60°C and placing the

solution for 4 h in vacuum until the final weight reaches a constant.

5.2.3 Shear viscosity measurement

The shear viscosity of the solutions was measured using a rheometer (TA Instru-
ments, AR2000) at different shear rates, ranging from 500 s~ to 20000 s~!, using

40 mm, 0.5° cone.

5.2.4 Text fixture

The cell motion was observed by placing a small volume of the cell suspension
into a test fixture consisting of a swimming pool cut from a 1.5-mm film of poly-
dimethylsiloxane (PDMS) and sandwiched between a No. 1 glass slide and a No. 1.5

glass cover slide.

5.2.5 Real-time 3D digital tracking microscopy

A 3D digital tracking microscope was used to observe the swimming behavior
of the cells. The cells were observed using a Nikon TE200 inverted microscope
with a CFI Plan Fluor20XMI objective and PCO edge 5.5 sCMOS camera. A 2D
translational stage (Prior) was used for tracking the cells in the 2D plane parallel
to the glass slide. A piezo objective positioner (Physik Instrumente, PI P-725.4CL)
was used to rapidly control the position of the focal plane in real time so that the cell

always remains in the field of view. Images were acquired at 80 fps with a resolution
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of 320 pixels x 240 pixels. A real-time algorithm, written in C4++ and OpenCV
detected the position (centroid) of a single cell in the image and moved the stage

and objective to maintained the cell in focus and within the field of view.

5.2.6 Modified Resistive Force Theory for wobbling cells

Our approach follows Darnton et al. [49]. For the force and torque on cell body

we have

Fb Ab 0 (%

= (5.1)
Ty 0 Db Wp
and for the flagellum we have
F A; B v
(A Br | (5.2)
Ty Bf Dy |wy

where Iy, Iy and 7, 74 are the force and torque on the cell body and flagellum, v
is the swimming speed of the cell. w, and w; are the rotation rate of the cell body
and flagellum respectively. The modification due to wobbling with an angle ¢ is to
change the calculation of the drag coefficient of cell body. We assume that the cell

body is a spheroid with length 2a and width 2b, then A, is given as

Ay = —(A18in*(¢) + Agcos®(9)) (5.3)

and

Dy = —((Dy + a®Ay)sin*(¢) + Dacos*(9)). (5.4)
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For given viscosity j, eccentricity e = (a? — b?)"/?/a, and E = log[(1+¢€)/1 — €], the

values of the coefficients are

Ay = 3271pae?/[(3e* — 1)E + 2¢], (5.5)
Ay = 16mpac®(¢)/[(1 4 e*)E — 2e], (5.6)
Dy = 32npab®e® (2 — ) /3(1 — *)[(1 + *)E — 2¢] (5.7)
and
Dy = 32mpab’e® /3[2e — (1 — €*)E). (5.8)

The resistance matrix for the flagellum in Equation 5.2 is a result of standard

Resistive Force Theory (RFT) [58,68,69]:

2rul x (87 R* + p?)

= , 5.9
! Tlog(g) + IR+ 7 o
B, — 2L x (=27 R*p) (5.10)
" llog () + §[4n2R2 4 7] |
and
_ 2mpul x (4rR* 4 2p*)r? (5.11)

T llog(p) + Slam R 7
where L is the length of the flagellar filament, p is the pitch the helix, R and r are
the radius of the helix and filament respectively. The geometry of the cell body and

flagellum used in our calculations is given in Table 5.1.
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Table 5.1: Geometric parameters used in cell swimming calculations.

Symbol Value

a 2.00 pm
b 0.60 um
L 8.00 um
P 2.00 pm
R 0.35 um
r 0.03 um

The coupled system is force free and torque free [5]:
Ff+Fb:O (5.12)

and

Tr+1=0. (5.13)

5.2.7 Quantify average curvature of 3D swimming trajectory

Since the tracking microscope records the cell motion at a slighly out-of-focus
position, we were unable to directly measure the cell body wobbling [32]. Instead,
we use the curvature of the swimming trajectory to quantify the overall wobbling
effect. By definition, for any given object moving in a 3D space, the position of the

object can be simply described as r(t). The curvature, x(t), is defined as

- ‘r/(\tift;;'—“” : (5.14)

To calculate the curvature from the cell trajectory in motility buffer, we choose the
first 7 data points r;(t;) (i = 1,2,3 and j = 1 ~ 7) and fit with a third order
polynomial. The first and second order derivative of 7(t) is evaluated from the fitted

polynomial, and a local curvature k(¢ = ;) is calculated using Equation 5.14. Then
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a moving window with a time step 0t = 1/80, where 80 is the frame rate used
in the experiment, is applied and in this way the local curvature at different time
(location) is estimated. Averaging over all time gives an measure of the trajectory
curvature. For the trajectory in polymer solutions, the number of data points (j) for
local curvature estimation was chosen depending on the average swimming speed.
More data points were chosen for slower swimming cells so as to ensure a similar
length was used for estimating local curvature. The number of time intervals (j — 1)

were chosen to be inversely proportional to the average swimming speed.

5.3 Results and discussion

5.3.1 Characterizing smooth swimming bacteria motility in

Newtonian solutions

Starting with characterization of the smooth swimmer flagellar motor behavior,
25 individual cells were tracked in dialyzed Ficoll 400 solutions at various concentra-
tions (viscosities) and the average swimming speed is shown in Fig. 5.2. The mean
swimming speed decreases as the solution viscosity rises and, although the decline
is monotonic throughout the range of viscosities tested, there is a clear change in
the rate at which the speed declines for p ~> 5 ¢P. The mean swimming speed
decreases faster at higher viscosity and the decreasing rate scales on the order of 1/u
(Fig. 5.2 dashed curve), suggesting that in this regime, the torque of the motor is
constant. This has been previously observed experimentally [33,65] and explained
analytically [33,58]. The swimming speed behavior at lower viscosities implies that

the torque of the motor is increasing with respect to its rotational speed [33,65].
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Figure 5.2: Mean swimming speed of smooth swimmers in dialyzed Ficoll 400 solutions. The red
markers are the experimental data and the blue dashed curve shows that the mean speed decreases
linearly as a function of viscosity indicating that the torque of the flagellar motor is constant.
The torque of the motor is estimated using Resistive Force Theory (RFT), de-
scribed in detail earlier [33,58] and shown in Fig. 5.3. The results are consis-
tent with previous measurements of the flagella motor torque-speed characteris-
tics [33,49,65,66], although the knee speed of the motor is a little slower and the
stall torque is a little larger than the one found in previous observation of wild type

cells [33]. Nevertheless, the deviation may be due to genetic difference and the motor

behavior still lies in a reasonable range compared with previous observations.

5.3.2 Shear-induced normal force reduces wobbling effect

Patteson et al. [32] measured the averaged wobbling angle and discovered that
it decreased with respect to the rise of polymer concentration (viscosity). They
also qualitatively demonstrated that the swimming trajectory were straighter and

smoother in non-Newtonian solutions compared to Newtonian case. To compare
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Figure 5.3: Smooth swimmer’s flagellar motor torque behavior. The knee speed of the motor is
about 100 Hz which is a bit smaller than the wild type cells [33,65].
our results with Patteson et al.’s observation, the change in curvature as a function
of viscosity is shown in Fig. 5.4, the averaged curvature of swimming trajectories
in Newtonian solutions remains roughly constant with the viscosity increasing from
0.98 cP to 10.5 cP. Indicating that there is no significant change on wobbling angle

in Newtonian solutions at varying viscosities.

However, in contrast, the averaged trajectory curvature in the Methocel soutions
decreases as the fluid viscosity increases in the Methocel solutions. The reason for this
change has been previously explained by Patteson et al. [32]. Shear-induced normal
force, as one of the non-Newtonian effects in polymer solutions, has a significant
impact on bacterial motility, especially the smoothness of their swimming trajectory.
The rotational shear flow generated by the swimming behavior leads to a normal force
pointing inwards the center-line of the cell as demonstrated in Fig. 5.1, forcing the

cell to reduce its wobbling behavior.

The curvature of the trajectory calculated in this experiment shows that the tra-

jectory indeed becomes straighter, as reflected by the decrease in averaged curvature,
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Figure 5.4: Averaged local curvature of all swimming trajectories at different viscosities. Red

markers show the results in dialyzed Ficoll 400 solutions and black markers are the results in
dialyzed Methocel solutions.

which agrees well with Patteson et al.’s results.

5.3.3 Shear-thinning enhances bacteria swimming speed

The same experiment is repeated, again using smooth-swimmer cells, in Methocel
solutions which is known to be non-Newtonian [24,32], exhibiting both shear-thinning
[119] and viscoelastic behavior [32,120]. The first notable result of swimming in
non-Newtonian fluids is the change in the mean swimming speed. Compared to the
decreasing trend of the mean swimming speed that was observed in the case of the
Newtonian solution, the mean swimming speed in non-Newtonian solutions increases

quite significantly as a function of shear viscosity (Fig. 5.5, black markers).

This enhanced motilility was also observed by Patteson et al. [32] who argued

that one important contribution to the rise in swimming speed was the shear-induced
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Figure 5.5: Mean swimming speed of smooth swimmers in Ficoll 400 (red) and Methocel solutions
(black). The viscosity is the shear viscosity measured at 200 s~!. The swimming speed decreases
with increased viscosity in Ficoll 400 solutions, while increases with increased viscosity in Metho-
cel solutions. Shear-thinning effect is proposed to explain the speed enhancement and estimated
swimming speed in Methocel solution using shear-dependent RFT model [34] is plotted in light and
dark blue markers, which are calculated assuming ¥y = 7000 s~! and ¢ = 4000 s~ respectively.
normal force, which plays a significant role in forcing the cell to swim along a less
“wobbly” path. FE.coli cells are known to wobble [49,116] during swimming and
shear-induced normal force reduces the wobbling angle which could potentially en-
hance the swimming efficiency. However, we believe such enhancement, if present,
represents a subtle effect. To estimate the effect of cell body precession on swimming
speed, a modified RFT, given by Darton et al. [49], is used to estimate the swimming
speed with different wobbling angle ¢. A larger ¢ leads to a higher drag coefficient
on cell body and lower swimming speed. Assuming a constant torque motor, the cal-
culated swimming speed increases about 10 % with ¢ goes from 7 /2 to 0 (Fig. 5.6).
Furthermore, it is not clear that the cell precession reduces swimming speed, and Liu
et al. argued that such motion may, under some conditions, enhance the swimming
efficiency of bacteria [19,121]. In both cases, the Resistive Force Theory predicts

modest changes in swimming speed while the present data indicate as much as a

three-fold increase in the swimming speed over the speed achieved in the Newto-
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Figure 5.6: Estimated swimming speed of bacteria F.coli with different precession angles ¢ using
modified RFT [49].
nian solution with the equivalent shear viscosity (Fig. 5.5). For these reasons, we

argue that cell precession is insufficient to explain the speed enhancement observed

(Fig. 5.5) in this experiment purely by the shear-induced normal force.

Elasticity of polymer solutions has also been claimed [54,55] to potentially en-
hance the speed of helical swimmers within a certain range of De numbers, where
De number is defined as De = wy7. However, the results from both Spagnolie et al.’s
numerical study [55] and Liu et al.’s [54] experimental results show that the largest
increase in swimming speed is less than 20% compared to the speed in Newtonian
solution with same viscosity. Again, the significant speed enhancement observed in
this experiment seems to be too high to be explained by viscoelastic behavior of the

Methocel medium.

What could be the reason for such significant speed enhancement? Magariyama
and Kudo first proposed that an anisotropic viscosity (different viscosity on tangen-

tial and normal direction) experienced by the swimmer lead to an enhancement in
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swimming speed [58]. More recently, shear-thinning has been proposed to explain the
speed increase of flagellated bacteria swimming in polymer solutions [34, 118, 122].
From the previous result [33,58], it is noticed that the cell body rotation rate w, is
smaller than the flagella rotation rate wy. The shear rate 4 near the flagella, which
is estimated as 4y = wyR/ro [34], where R and ry are the radius of flagellar bundle
and filament respectively, reaches as high as 10* s7'. In contrast, due to the lower
rotation rate and the larger cell body radius, the shear rate near cell body remains
quite low: 4, ~ 102 s~1. If the polymer solution is shear thinning, then the viscosity
experienced by the flagella could be much smaller than the viscosity experienced by

the cell body.

A cone-and-plate rheometer (TA instrument, AR 2000) was used to measure the
shear rheology of both Methocel and Ficoll solutions. The shear dependent viscosity,
shown in Fig. 5.7, demonstrates that Methocel solution has a strong shear-thinning
effect at high concentration, while the viscosity of Ficoll solution is nearly shear
independent. A non-linear curve fitting using a power-law model [28] u = m4y"~! is
applied on the shear viscosity of Methocel solutions. For Newtonian solutions, the
power law index n is 1, while for Methocel solutions the shear-thinning index ranges
from 0.989 to 0.736, and is given in Table 5.2.

Table 5.2: Consistency index and exponent of Methocel solutions using power-law model.

Concentration [%] 0.500 0.375 0.250 0.188 0.125 0.063
m 0.103 0.034 0.009 0.005 0.003 0.001
n 0.736  0.803 0.885 0.923 0.955 0.989

Using the modified shear-thinning RFT proposed by Martinez et al. [34], the
motility matrices Equation 5.1 and Equation 5.2 are recalculated assuming two
shear rates, 4y = 7000 s~ and 4y = 4000 s~* near flagella, while the viscosity near
cell body is the polymer solution bulk viscosity measured at 200 s~!. The speed of

smooth swimming F.coli is then estimated using the modified shear-thinning RFT

76



102 - - 102 . :
0 0.50% o 15%
© 0.38% 0 13%
0.25% 10%
0 0.19% 0 7.5%
_ © 0.12% _ 0 5.0%
03- 0004, 0.06% 03- 2.5%
> %0, >
% 10’ oo oo°o % 10" 00000000000000000
§ 000004, %0, 3 00000060000000000
2 %, 2
> o >
00000000000000000
0000000000000, 00000000000000000
00000000000000444
0 . . 0 . .
10 10
102 10° 10* 10° 102 103 10 10°
Shear rate [1/s] Shear rate [1/s]

Figure 5.7: Shear viscosity of polymer solutions. A, Methocel solutions. B, Ficoll solutions.

and the motor behavior computed from the Newtonian case. The result (Fig. 5.5)

shows a good agreement with the experimental observation.

5.3.4 Shear-induced normal force reduces flagellar bundling

time

The flagellar bundling time is extended with an increased viscosity in Newtonian
solutions [33]. It is equally interesting to observe how non-Newtonian effects change
the flagellar bundling process. The skewness of individual speed distribution has
been previously stated [33] to be a good characteristic number to quantify bundling

time. And an increased skewness indicates a longer bundling time.

The same experiment [33] in Methocel solutions is done using wild type E.coli
(K12 AW405). Using similar process for data analysis [33], the average skewness of
individual speed distribution of cells swimming in non-Newtonian solutions shows
a different trend with respect to varying viscosity (Fig. 5.8). Skewness increases

initially and then decays at higher viscosity, suggesting that the bundling time is
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Figure 5.8: Averaged skewness of speed distribution as a function of viscosity. Skewness increases
with respect to viscosity in Newtonian case (F400 dialzyed), indicating an extended bundling time.

Skewness increases initially with respect to viscosity then decays in non-Newtonian case (Methocel
dialyzed).

shorter at higher viscosity.

Understanding the mechanics during bundling process is necessary to explain
such phenomenon. It has been experimentally tested and shown that the bundling
process is a pure hydrodynamic process [26] in Newtonian solutions. More recently,
Man et al. [123] estimated the hydrodynamic interactions among rotating elastic
slender rods that were closely located and revealed the force balance during bundling
process. In Newtonian solutions, the hydrodynamic interactions are balanced by the
viscous drag and bending rigidity (elastic force) of the flagellar filaments. Since we
remain in the low Reynolds number regime [123], the force balance on each filament
is written instantaneously as

fe+fn+ fo=0, (5.15)

where f., f; and f, refer respectively to elastic, hydrodynamic and viscous force on

the filament. Two dimensionless numbers are used to describe the relations between
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these three forces. Sperm number, Sp, quantifying the a balance between viscous

drag and elastic force, is defined as

§lwpl?

sp = (=4

e (5.16)
where £ is the viscous drag coefficient of a slender body on perpendicular direction

23] defined as
AT

- log(L/ro)

and A is the bending modulus of the filaments [124]. Bundling number, Bu, which

€1 (5.17)

compares the driving force in the bundling process to the viscous force [123] is defined

as
2Q, 4
_ 15S5p

Bu 2

(5.18)

where 7y and b are the geometry of the system given in Fig. 5.9. The range of Bu
number (with wy ~ 100 Hz) lies in 0.1 ~ 1 indicating a force balance during bundling

process.

In Fig. 5.1 and Fig. 5.4, shear-induced normal force has been shown to play a
significant role in forcing the cell to swim straighter. Here, we suspect the reduced
bundling time is also due to shear-induced normal force acting on the flagellar fila-

ments. For bundling in non-Newtonian system, the force balance is rewritten as

fe+ o+ fo+ fn=0, (5.19)

where f, is the shear-induced normal force. We estimate the shear-induced normal
force on same configuration shown in Fig. 5.9, a rotating rod. In the previous chapter,
we have shown that Methocel solutions indeed have viscoelastic behavior with a

single relaxation time. Therefore, an Oldroyd-B model [112] is assumed to analyze
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Figure 5.9: Schematic of two flagellar filaments in analytical model. wy is the rotation rate of the
filaments and wy is the angular velocity of the filament along the bundle centerline.

this problem. Let the filament rotate at wy and is contained by a fixed cylindrical

container of radius Ry. Assuming the form of the fluid velocity

u=uo(r)o, (5.20)

the rate of strain tensor is then given by

A= (%= — )07 +70). (5.21)

The total viscosity of the solution is written as u = ps + p, [125] where pg and g,
are the solvent viscosity and polymer viscosity respectively. The stress tensor S in

polymer solutions can be written as

S = pusA+S,, (5.22)
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where S, is the stress due to polymer contribution. Inserting it into the governing

equation of an Oldroyd-B model [112]
v s v
S+718=pulA+ ETA),

plus the momentum balance equation

Vp=V.S§
and continuity equation

V-u=0
It is shown that

and

The torque per unit length is then given by

2
/ r0Sredd = —4mprowy
0

and the shear-induced normal stress is given by

R
(Rg —13)?

s
fn = 2#’7‘(? - 1)(4}]%

In the case of Ry — 0o, this normal stress f,, is written as

fo=27(ps — u)w]%f.
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(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

(5.29)

(5.30)



It is noticed that the shear-induced normal force acts like a strangulation on the
filament, and the word strangulation was mentioned by Saverio Spagnolie during his
discussion with the authors. Thus, we define a dimensionless number, strangulation
number (Str), comparing the shear-induced normal force to the viscous force during

bundling process

27(p — ps)wf(2r0) 27 (p — pg)wy(2mrg) _ 2De(p — 1) (2T0)

Str = -
§1wysb §1b £10

(5.31)

The Str number estimated using Equation 5.31 (7 ~ 1 - 10 ms as given in Chapter
4) in this experiment is 0.03 ~ 0.3, showing that the shear-induced normal force is
about one third of the hydrodynamics force in helping the bundling process which
is the reason for the reduced bundling time reflected by the change in skewness

(Fig. 5.8).

5.4 Summary and Conclusions

We have shown that the motility of smooth swimming FE.coli is significantly
affected by the non-Newtonian behavior in polymer solutions. The averaged speed
is enhanced with the presence of long chain polymer. Although effect of shear-
induced normal force [32] and viscoelasticity [55] potentially increase the swimming
speed, we believe the shear-thinning behavior is the key factor for the huge speed
enhancement we observed in this study. Shear-induced normal force does contribute
to the bundling process of a wild type FE.coli cell, in assisting the hydrodynamic

interactions among filaments and reducing the bundling time.

We believe that a better understanding of swimming in non-Newtonian solutions
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has been produced from this study. Further experiments, simulations, especially
visualizing the flagellar filaments [14,48] are necessary in understanding the bundling
process in non-Newtonian solutions. Experiments using scaled artificial swimmers
[118,126] in solutions that is either shear-thinning or viscoelastic will provide further

evidence in order to define the non-Newtonian effects on bacteria swimming speed.

83



CHAPTER SIX

Conclusion



A special experimental technique is documented in the first part of the thesis.
Although the three-dimensional real-time tracking microscopy was originally devel-
oped by Berg and Brown back in 1972 [7]. This technique has not been redeveloped
by other researchers until recently [19], plus it is not widely used partly due to the
difficulties on real-time image processing and the design of feedback control system.
However, we have shown that three-dimensional real-time tracking microscopy is a
very useful technique in providing unique perspective on microorganism swimming
problems. The system can be further developed and improved on both the software

and hardware parts.

The main problem that is investigated in this thesis is on bacteria swimming in
polymer solutions. With the three-dimensional real-time tracking microscope, we
start with repeating the same experiment done by Berg and Brown [7] and Molaei
et al. [37] to observe the “run and tumble” behavior of wild type E.coli in motility
buffer. Similar results are reproduced [33] and we naturally extend the study on
bacterial motility in Newtonian polymer solutions with varying viscosities. It is
discovered that not only the swimming speed is affected by the change in viscosity
but also the bundling duration, which is characterized by the change in individual

speed skewness.

In later part of the thesis, we characterize the viscoelastic behavior of long chain
polymer solutions using microrheology method. We propose the use of standard
fluorescent microscopy and SPT method in replacement of classical measurement
techniques such as DLS. With the ability to resolve the viscoelastic modulus at high

frequency, our method is easier to implement at lower cost.

Finally, we explore how non-Newtonian effects change bacteria motility. Shear-

thinning effect is observed to enhance the swimming speed significantly due to the
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different viscosity experienced by the cell body and flagella respectively. Shear-
induced normal force plays an important role in reducing the bundling duration and
we quantitatively compare this force with viscous drag during bundling process using

a theoretical model.

Although characterizing the flagella bundling time using individual speed skew-
ness is promising, a direct measurement on bundling time with flagellum visualization
during bundling process is necessary to further extend and complete this study. In
the second project, the method is still limited in resolving high frequency viscoealstic
behavior. Plus the image processing algorithm can be improved to reduce the cost.
Lastly, it is hard to separate different non-Newtonian factors (shear-thinning, vis-
coelastic and shear-induced normal force) in analyzing the their effects on bacteria
motility. Future measurements using artificial swimmers, simulations and theoretical
works should aim to solve individual non-Newtonian effects on flagellated bacteria

motility.
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