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Abstract

Magnetotactic bacteria thrive in porous sediments of marine ecosystems, where they
use Earth’s magnetic field to navigate these complex environments. Magnetotactic
bacteria respond to magnetic fields and oxygen-concentration stimuli to seek out
favorable living conditions. Although magnetotactic bacterial motility and behaviors
have been extensively studied, the relative effects of the magnetic field and
gravitational field on localizing cell biomass are not understood. Furthermore,
whether and how bacterial accumulation is enhanced or frustrated in the presence of
porous media has yet to be determined. In this work, microfluidic devices and
Helmbholtz coils were used to control the fluid environment and regulate the effective
magnetic field to observe the resulting spatial distributions of swimming
magnetotactic bacteria, Magnetococcus marinus (MC-1). Through image analysis, we
studied the relative effects of magnetic field and gravitational field in dictating cell
distributions. The analysis reveals a characteristic length scale, or decay length, over
which cells accumulate. The decay length decreased with increasing magnetic field
strength and was finite in the absence of a net magnetic field, which indicates that
gravitational effects are appreciable. Finally, using model porous media microfluidic
devices, we show preliminary data on the effects of porosity on cell accumulation that
show larger decay lengths for each magnetic field investigated. These results
contribute to our understanding cell distributions within their natural environments,
which ultimately impact biogeochemical cycles and the health of marine ecosystems.

Furthermore, understanding the behavior of these self-propelled microorganisms will



potentially help to guide the design and application of micro-robots for targeted drug

delivery and bioremediation applications.



1. Introduction

Swimming cells bias their motility toward favorable conditions using a range of
physical, chemical, optical, and other cues through processes broadly called “-
taxis.” Magnetotactic bacteria (MTB) are naturally occurring organisms that sense
and respond to Earth’s magnetic field through magnetotaxis, whereby a chain of
iron nanoparticles in the cells orient them along geomagnetic field lines, like a
small compass needle [8]. Additionally, MTB prefer microoxic conditions found
in an oxic-anoxic transition zone (OATZ), shown in Figure 1 [14]. Oxygen
gradients in marine environments and Earth’s magnetic field generally act in the
same direction, and magnetotaxis is useful for these cells because their search for
favorable oxygen and chemical conditions is reduced to one dimension [10]. As
seen in Figure 1, MTB experience a magnetic torque that orients them along
geomagnetic field lines and aids cells to swim to the oxic-anoxic transition zone.

MTB are pervasive in marine and freshwater ecosystems around the world [12].
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Figure 1: MTB navigate along Earth's magnetic field lines to find favorable conditions of oxygen
concentration. A magnetic torque orients the cells along magnetic field lines [10].



This work expands on the current research of MTB in bulk fluid and porous
environments, and the characterization of magnetotactic behaviors. Earth’s
geomagnetic field acts mainly in the same direction as gravity (vertically). The
roles of the magnetic field and gravitational field in dictating cell distributions and
their localization are difficult to differentiate because of their omnipresence and
fields’ colinear direction. The sedimentation of active particles is broadly
understood [17]. However, their independent and combined effects manifest in
MTB, and how these effects are augmented by porous media are not yet known.
Here, we outline relevant work that suggests mechanisms for MTB motility in the
presence of porous geometries, oxygen gradients, and flow that are important in

understanding MTB motility.

Experiments on MTB motility have revealed a wide variety of transport
mechanisms beyond the responses to magnetic and gravitational fields, and their
random walk motion studied here. Waisbord et. al observed a strain of MTB,
Magnetococcus marinus (MC-1), swimming in varying geometries that resemble
natural porous environments in the presence of ambient flows and magnetic fields
[12]. They investigated the effects of the geometric environment and magnetic
field on an influence length, a metric of how cells localize. This analysis to study
influence length is prevalent in many biological studies and is also used in our
work. They also find that MC-1 still exhibit adaptive, obstacle avoiding behaviors
in a growth medium void of an energy source by observing cells in media with

and without thiosulfate, the energy source used by MC-1. We study MC-1in a



media without thiosulfate because it more closely resembles environmental

conditions [12].

In the present study, we examine the effects of magnetic and gravitational field on
MC-1 distributions primarily in an open fluid environment, while in their natural
environment of porous media cells encounter obstacles that hinder their mobility.
Using microfluidic devices and Helmholtz coils, Dehkharghani et al. find that cell
collisions with solid structures decrease propagation speed and effective
diffusivity of cells, while increasing cell dispersion because of cell trapping in
pore structures [14]. They suggest that an escape mechanism, called cell-surface

scattering, helps cells avoid trapping in porous media [14].

In addition to being magnetotactic, MC-1 also respond to oxygen gradients
through a process called aerotaxis [9]. Our work studies cells in an environment
devoid of oxygen gradients, which allows us to focus on the effects of
magnetotaxis. Three mathematical models have been developed to describe the
behaviors that direct cell motility for magneto-aerotactic bacteria. Lefevre et. al
characterized the behavior of 12 strains of MTB with different morphologies,
including MC-1. The study found that there are six behaviors of these magneto-
aerotactic bacteria, and they can be described by a combination of only three
motility mechanisms: (di-)polar, axial, and unipolar [9]. Their work suggests that
these three magneto-aerotactic mechanisms are related to the oxygen sensing

mechanisms regulating the direction of cells’ motility in an oxygen gradient.



Lastly, Waisbord et al. observe the effects of collective motility in self-
concentrated suspensions of MTB in flow. The bulk of MTB studies investigate
the behavior of MTB due to various taxes and overlook the influence of flow on
cell behavior. In previous work, MC-1 were studied under varying magnetic fields
and hydrodynamic stimuli [11]. MC-1 were observed to focus into a jet in the
middle of the channel when facing steady Poiseuille flow at low velocities [11].
The experiment suggests that increasing magnetic field strength causes MC-1 to
form re-circulating droplets, and a model was presented to predict the strength
and position of the droplet that depends on direction and magnitutude of the
driving magnetic field [11]. Research in the active matter field shows promise for
many applications and useful ways to localize cells, similar to the motivations for
our work. However, in the research presented here, we focus solely on the dilute

regime where swimming MTB cells do not interact with one another.

Despite research regarding the motility mechanisms used by MTB, the interplay
between effects of magnetic field and gravitational field on magnetotactic
bacterial motility is not understood. Gaining deeper insights into these motility
mechanisms will pave the way for applications in technology and medicine.
Broadly, bacteria dictate the overall health of the environment and the capacity of
the environment to absorb man-made pollutants and adapt to a changing climate
[4]. Furthermore, magnetotactic bacteria are self-propelled microparticles with

their own energy source and prefabricated locomotor apparatus: they show



promise as a platform for microbotics, targeted drug delivery, and bioremediation

applications [10].

Here, we investigate the relative contributions of gravitational and magnetic fields
in dictating cell distributions. We work with one strain of MTB that exhibits
swimming behaviors representative of many MTB species, Magnetococcus
marinus (MC-1) [14]. We use Helmholtz coils to regulate magnetic fields acting
on cells in the vertical direction. Videos of cells under varying magnetic fields
reveal the effects of magnetic fields on the distributions of the cells. Ultimately,
we characterize the vertical distribution of cells under various fields to determine
the relative contributions of magnetic and gravitational fields. Finally, we present
preliminary results on the effects of porous microstructure in modifying the cell
distributions, under otherwise similar conditions. The remainder of this thesis is
organized as follows: Section 2 outlines the biology, biophysics, and fluid
mechanics that dictate the swimming of MTB. Section 3 is an overview of cell
culturing methods, and the experimental setup and protocols. Section 4 presents
the results of studying MTB in varying magnetic fields and an analysis of the
relative contributions of magnetic fields and gravitational fields. Section 5
discusses the conclusions from the analysis and suggests possible directions for

future work.



2. Background

2.1 Bacterial motility and settling

Many species of bacteria are self-propelled whereby they use one or more rotating
flagella to swim, and the number of flagella per cell varies among species.
Flagella are helical structures that are approximately 10 um in length and 20 nm
in diameter [7] and attached to the cell body via a universal joint or “hook”.
Multi-flagellated cells swim in roughly straight trajectories for a period of a few
seconds during which time the flagella are co-rotating in bundler. Randomly, the
rotation of one or more flagella reverses direction and causes the flagellar bundle
to unwind, allowing the cell to tumble and change direction [14]. The sequence of
runs and tumbles in additional to Brownian rotational motion of the cell body

results in a random walk motility pattern.

Figure 2: A particle starts in the top left corner exhibiting 2-D random walks of straight swimming and
tumbling over 18,050 steps [6].

MTB species also exhibit random walks, which are often parametrized by an

effective diffusion coefficient and a drift velocity. Figure 2 shows a two-



dimensional representation of random walks, where a particle will swim straight
for a short period of time, randomly reorient, and swim straight again. Cells
wander from regions of high cell concentration to regions of low concentration,
exhibiting spreading of their population similar to the molecular diffusion of a
solute. The drift velocity of cells in response to an applied magnetic field is
generally a small fraction of their swimming speed. Thus, cells still exhibit

random walks in ambient magnetic fields, but with an added directional bias [6].

To characterize diffusive spreading, we consider the motion of particles in a fluid
environment, moving in one dimension only. As an analogy to the cell’s random
walk, we consider the random walk of a diffusing particle. Because the particle is
in a fluid environment, it interacts with the random motion of the fluid molecules
and wanders around in random walks [6]. Here, the walk is unbiased and the
probability that the particle will move in either the positive or negative direction
by one step is independent [6]. We assume that the particles do not interact with
each other. This is consistent with our experiments where we use dilute solutions
of noninteracting bacteria, where cell separation is approximately 10 pm. To
investigate the distributions of these particles, we can model their flux based on
their random walks. The number of cells along a one-dimensional axis, x, for
example, at any point is N (x). The number that walk to one direction in a step

size, &, is

—2[N(x +8) = N@)].



We obtain the net flux of cells by dividing by the area normal to the x axis, 4, and

by the time interval, t, between steps

Jx = —3[N(x+6) — N(x)]/At.
Multiplying by g—z we obtain

__ 1 NGt NG
Jx = 216[ AS Ad]’

N(x+6)

2
where & is the diffusion coefficient, D,
2T Ab

is the concentration of particles at

x + &), and —= is the concentration of cells at x. Substituting the diffusion term
(x +8), and "L s th tration of cells at x. Substituting the diffusion t

with D and concentration terms with the term C (x),

Iy = —D%[C(x+6)—C(x)].

If each random walk step, &, is infinitesimally small, then as § — 0, we obtain
ac

Jx=—D—.
This equation is Fick’s first law of diffusion and is applicable to modeling the
distribution of bacteria, which swim in a similar random walk. This law equates
the diffusive flux to a gradient of concentration. We take this one-dimensional,
random walk analysis further by considering a box with area A and width §. Over
time, 7, the number of particles in the box is equal to the number of particles that
enter the box minus the number of particles that leave the box,

1 1 A
~[CE+D) = CO] = == [l + ) ~ L] 75

= S Dalx+8) ~ (]

Similar to Fick’s first equation, asat — 0 and § — 0,
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which results in Fick’s second equation. It states that the change in concentration
over time t is proportional to the change in flux over space. The final form
combines Fick’s first law showing that that the rate of change in time is
proportional to D. The analogy of a random walking particle in one dimension

and Fick’s second law is applied to bacteria traversing up and down distance z,

rather than left and right over distance, x:

In addition to the diffusive process of bacteria exhibiting random walks, cells in
general may be heavier than their surrounding medium and subject to
gravitational settling. The net buoyancy force is balanced by the hydrodynamic

drag at low Reynolds number,

YXF=0= (mc - prC)g — 6mna vy,
where m is the mass of the particle, p, is the density of the surrounding liquid
medium, V is the volume of liquid, g is the acceleration due to gravity, n is the
viscosity, a is the radius of the particle, and v, is the drift velocity of the cell. The
drift velocity is defined as,

_(mc—psVi)g
B 6mna



Over time, the cell settling will balance the effective diffusive flux and cells will

reach an equilibrium where the number of cells diffusing upward will equal the
number of cells settling downward. In the steady state, Z—f = 0 when cells have

reached equilibrium. We can modify Fick’s law to include not only the gradient of
concentration, but also a term for diffusion due to gravitational drift,

dc d?c dc

at - Pgp e =0

d?c dc

dzz_ 'ids

Solving this differential equation yields,

v
In(C) = —D—‘; + 4,

where z is height in the channel and A is a constant of integration. We take this

solution further to say,

VqzZ

C(z) = Che” > ,

where C, is the concentration of cells at the boundary (z = 0), equal to e4. This
solution is generalized for diffusing particles and it has its limitations in modeling
MTB motility. It states that concentration profiles can be described only on Fick’s
laws and sedimentation, while there are more factors at play. The concentration
equation does not consider the role of magnetotaxis to bias the orientation of cells
and their random walks. However, we hypothesize that the orientational cell bias
due to an ambient magnetic field results in an additional drift velocity of the cells,

which under natural conditions would be in the same direction as the gravitational
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settling. Thus, the magnetic field bias should enhance the drift speed. In addition,
the porous natural environments of MTB are filled with obstacles that cells must
navigate. Under these conditions, it has been shown that porous media decrease

the cell diffusivity, which we would expect to additionally decrease the settling

length [14].
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Figure 3: Analytical concentration profile across height z is described by the derived concentration equation
and is shown in blue. The decay length is shown in black, signifying a concentration of %cells along the
curve, and the boundary is assumed to be on the right.

Despite these simplifications, sedimenting particles do, in fact, exhibit an
exponential concentration profile. In this study, we use this concentration profile

solution to derive a metric of biological significance: decay length. Decay length

is a characteristic length that describes the distance over which a portion, é of

cells accumulate. In this general solution of C(z), a decay of éof concentration
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corresponds to a length of vﬂ. As seen Figure 3, these concentration profiles,
a

described by the derived equation C(z) = Coe_%, exhibit an exponential

distribution, described by the blue curve. The decay length is illustrated by the
vertical black line, where the cell concentration decreases by a factor é

Understanding the decay length of these cells suggests where MC-1 will
accumulate in their natural ecosystems. MTB have evolved to take advantage of
this biological niche and occupy the band with a decay length width, where they
find the oxygen concentration that they thrive in and contribute to critical

biogeochemical processes.

2.2 Directed motility via magnetotaxis

In addition to random walk motility, MTB are guided by magnetic fields via
magnetic nanoparticles called magnetosomes. MTB synthesize these iron rich,
magnetosome structures [8], which are embedded in their cell membrane.
Magnetosomes are organized in a chain geometry, like a compass needle, and
experience a magnetic moment in the presence of magnetic fields that applies a
torque on cell bodies. Magnetosomes in MTB provide a permanent magnet with a
strength approximately M = 1 x 1026 A.m? [12]. While dead cells can reorient
along magnetic field lines, they do not exhibit magnetotactic migration, which
requires self-propulsion [3]. As discussed above, MTB swim in random walks,
biased by magnetic fields, to reach favorable chemical and oxygen concentrations,
and they maintain this position by traversing back and forth [14]. Blakemore

observed that MTB are microaerophiles because Earth’s magnetic field has its
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strongest component in the vertical (i.e. up/down) direction that is colinear with
oxygen gradients in marine environments [3]. MTB thrive in the oxic and anoxic

interface (OAI), with magentotaxis as their guiding mechanism [14].

Figure 4: Magnetococus marinus (MC-1) in (a) Earth's magnetic field (vertical direction) and (b) cancelled
magnetic field. Cells in (a) localize in a small band at the bottom of the chamber, while cells in (b) have a
wider distribution.

We study MTB motility with a marine coccoid strain, Magnetococus marinus
(MC-1). MC-1 have individual swimming speeds of Vg, i, = 100 +/- 10 % [11].
MC-1 have a hydrodynamic radius of approximately 1.1 pum +/- 0.2 um, obtained
by electronic microscopy [12]. We study these cells under varying, effective
magnetic fields, whereby an applied magnetic field from a Helmholtz coil is used

to enhance or decrease the Earth’s ambient magnetic field. In a similar study

observing MC-1 under varying magnetic field conditions, Dehkarghani et. al find

the diffusion coefficient of MC-1 to be approximately 0.65 x 10* %2 [14]. We

investigate the bias of magnetic field on the localization of cells. Figure 4 shows
cells in Earth’s magnetic field in (a) and an effectively cancelled field in (b) when

an equal, opposing magnetic field is applied with Helmholtz coils. The cells

13



localize in a smaller band under Earth’s magnetic field while they are more spread
out when the ambient magnetic field is cancelled. Guided by Earth’s magnetic

field, the random walk motility is biased along this magnetic field line.

3. Methods

3.1 Cell culturing

We first outline the recipe and preparation procedures for a stock media solution.
The stock media solution is the basis for other necessary solutions such as a
growth medium used for culturing MC-1 and a swimming media used in
experiments. A stock solution is made using the following solutions, in units per
liter: NaCl, 16.43 g; MgCl2+6H20, 3.5 g; Na2SQ4, 2.5g; KCI, 0.5g; CaCl*2H-0,
1g; HEPES, 2g; NH4Cl, 0.4g; Wolfe’s mineral elixir (R B Frankel et. al), 5 mL;
0.2% (w/v) aqueous resazurin, 0.6 mL; 0.01 M FeSOas, 3 mL; 0.5 M KHPO4
buffer with pH 6.9, 1.8 mL [14]. This solution is then adjusted to a pH of 7.0
using 5% (w/v) NaOH solution [14]. 1.6 g of Difco noble agar is added, mixed,

and autoclaved.

A growth media solution is prepared using 100 mL of the stock media solution.
The following chemicals are added to the stock solution after they are autoclaved
dry: 40 mg L-cysteine hydrate; 0.065 mL vitamin solution [9]; 0.65 mL 40%
sodium thiosulfate pentahydrate solution; 0.28 mL 0.8 M NaHCOs. The growth
medium is distributed between 8 sterile, autoclaved 15 mm x 125 mm screw-

capped test tubes, where bacteria are transferred during subcultures. The tubes sit

14



in a refrigerator overnight so that the agar can return to a semi-solid state and the
L-cysteine can reduce oxygen and forms a gradient of oxic and anoxic medium,
where the media with oxygen is indicated with a pink color [14]. Subcultures
were performed twice per week by transferring 50 pL of cells found at the oxic-
anoxic transition from the old growth media to the oxic-anoxic zone in the new
growth media. For experiments, cells swim in a fluid environment of swim media.
This media is prepared with the same procedure and recipe as the growth media

solution without adding the sodium thiosulfate pentahydrate solution.

3.2 Microfluidic devices

Microfluidic devices provide a controlled fluid environment to study swimming
cells. The devices used in the following experiments are open channels with an
inlet and an outlet to allow for the insertion of bacteria. The molds that are used to
create microfluidic devices are made using soft-lithography techniques [13].
Microfluidic devices are made from polydimethylsiloxane (PDMS). PDMS is
often used for microfluidics research in engineering and biology experiments
because it is optically transparent and biologically inert [13]. PDMS is also
suitable for these experiments because it is air permeable, allowing for the

removal of air bubbles by applying pressure on the injected fluid [13].

The microfluidic channels used in experiments are 2 mm x 2 mm X 26 m square
chambers. PDMS is mixed with a curing agent, degassed for an hour, and poured
into the desired mold. The microfluidic device is then cured for 4 hours in a 70°C

environment and removed from the mold. Inlet and outlet holes are punched out

15



of the microfluidic device where bacteria will be inserted, and the microfluidic
device is bonded to a standard glass microscope slide with dimensions of 1 in x 3
in. The microfluidic device is covalently bonded to the microscope slide by first
exposing the surfaces to be bonded to oxygen plasma in a plasma oven and
subsequently placing the surfaces in contact. Lastly, the bonded microscope slide
and PDMS channel are placed in a 70°C environment for 30 minutes to complete

the bonding process.

3.3 Microfluidic device loading

Here we outline the procedure to load microfluidic devices with cells.
Microfluidic devices are first pretreated with a 0.5% by weight bovine serum
albumin (BSA) solution, which helps prevent bacteria sticking to the microfluidic
device surface during experiments. Once the BSA is loaded, the outlet is sealed
and pressure is applied to the BSA solution for an additional 15 minutes. This
applied pressure removes air bubbles by promoting absorption into the PDMS.
After the BSA treatment and forcing air bubbles out of the PDMS, the sealed
outlet is opened once more. Swim media is carefully loaded through the inlet to
not introduce any air bubbles. A 1 pL suspension of cells is taken from the oxic-
anoxic transition zone in the culture tube, where cells grow. The suspension is
pipetted in the inlet and guided into the open channel using the north pole of a
handheld permanent magnet. North-seeking MC-1 are drawn into the chamber.
After MC-1 make their way into the channel, the remaining suspension at the inlet

is removed to prevent more cells entering the channel during experiments. The

16



inlets and outlets are sealed with wax to ensure there is no pressure difference

creating unwanted flow.

3.4 Magnetic field control

Earth’s magnetic field and gravitational field act mainly in the vertical direction.
To study varying magnetic fields and the relative contribution of the gravitational
field, Helmholtz coils are used. A pair of Helmholtz coils is aligned horizontally
such that it contributes a perpendicular, vertical magnetic field. Helmholtz coils
are characterized by a separation of a pair of coils equal to the radius of the coils,
shown in Figure 5, with equal current run through the pair of coils. Helmholtz
coils are useful to study MC-1 because they ensure a uniform magnetic field over
the length of the microfluidic device. The magnetic field at the midpoint between

a pair of Helmholtz coils is described as,

4.3 UoNI
B=6G2 %

with uniform strength between the coils [15]. B is the magnetic field in the center
of the pair of coils, R is the radius of the coils, N is the number of turns of wire
per coil, I is the current applied through each coil, and p, is the permeability of

free space.

17
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Figure 5: A pair of Helmholtz Coils is characterized by a separatibn equal to the radius of the coils. A
uniform magnetic field between the coils is created by applying equal current in the same direction through
each coil [15].

Coils have a resistance of R = p%, where p is resistivity of the wire, L is the

length of the wire, and A is the cross sectional area of the wire. The Helmholtz

coils used are made from '4” laser cut acrylic spools wound with approximately

100 turns of 20-gauge copper wire [14]. The coils are 6 cm in diameter and

spaced 6 cm apart to ensure a uniform magnetic field between them. Using these

parameters, the resistance of the coils is determined to be 0.247 Q. The coils are

separated by resting on parallel acrylic plates at the appropriate 6 cm separation

and fastened with nylon screws and nuts that do not interfere with the magnetic

fields.
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Figure 6: Calibration curves for the Helmholtz Coil used. (a) shows the magnitude of magnetic field vs.
current. (b) shows the vertical component of magnetic field vs. current which varies linearly.
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Current control is provided by an external power supply, National Instruments
VirtualBench. Calibration curves were created using a Tesla meter to determine
the current required for desired magnetic fields, shown in Figure 6. As seen in
Figure 6 (b), the magnetic field created in the vertical direction varies linearly
with current, measured where cells are positioned. The important component of
Earth’s magnetic field that is varied with the Helmholtz coils is in the vertical

direction.

3.5 Imaging and tracking

A custom microscope is oriented laterally, perpendicular to the Helmholtz coils.
Posts, clamps, post holders, and adapters between optical components (Thorlabs)
are used to align the optical train and move the bacterial sample around
(Appendix). The plane of the microfluidic device is perpendicular to the
microscope, such that the MC-1 swims vertically and the microscope is
perpendicular to observe this behavior. The full apparatus is shown in Figure 7.
Helmholtz coils are oriented in the vertical direction and the optic train is

perpendicular.

To hold microfluidic devices during imaging, a sample holder was fabricated
from a laser cut, ¥4” acrylic plate to hold the slide-bonded microfluidic device.
The microscope slide rests on indented edges on the sample holder and is held in
place with tape. The sample holder is screwed a manual hand-translation stage

(Thorlabs). The stage provides 2D control in the vertical plane and is oriented

19



perpendicular to the optical train. An indent on the sample holder secures it to the

stage and prevents rotation.

Camera

5.5 um/y

Earth’s gravitational field

&
Magnetic field

Helmbholtz Coils magnetic field

1 Earth’s magnetic field

Figure 7: The apparatus used to study MC-1 distributions in changing magnetic fields consists of a camera,
microscope, Helmholtz coils, and microfluidic devices.

Cells are observed with dark field imaging using a Basler acA2040 — 90 pm
camera with 5.5 um pixel size. Cells appear as bright white circles on a black
background. A 4x magnification Nikon infinity objective is used to study the
small cells. The depth of field is approximately 55.5 pum, the numerical aperture is
0.10, and the image depth is 0.13 mm [5]. To observe and track cells during
experiments, 500 frame videos are taken at 50 frames per second to provide ample
data for particle tracking and filtering analysis. The analysis is done with particle
tracking code in MATLAB to filter images, identify cells, determine swimming

speeds, filter out stuck cells, and create histograms [16].
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4. Results

4.1 Effect of magnetic field on cell distribution

While Earth’s magnetic field acts in three dimensions, we observe the cells in
only the primary, vertical direction. The camera, microscope, and bacteria sample
are positioned perpendicular to the minor horizontal components of Earth’s
magnetic field, directly North, to ensure that only the vertical component of the

field is relevant.

Figure 8: MC-1 are observed in (a) an open microfluidic channel and (b) a model microfluidic poous
medium. Cell tracks are shown by a superposition of 20 frames. The width of each channel is 2 mm.

Figure 8 shows MC-1 in (a) open microfluidic channel and (b) in a porous media
microfluidic device. The images shown are long exposure, where swimming cells
appear as bright white lines on the background, and pillars of the porous media
are the large white circles in a hexagonal orientation. The cells are tracked by
acquiring 500 frame videos at 50 frames per second. The cell distributions in the
vertical direction under various magnetic field conditions are measured by

binning their locations across 18 bins to determine a probability distribution
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function (PDF) of their concentration. We expect the PDF to take an exponential-
like shape because of the profile equation given by Fick’s law, and we thus fit an
exponential curve to characterize the behavior. We observe the response of the

localization of cells under varying applied magnetic field conditions, B In this

app:
analysis, we study the concentration profile of these cells across 9 effective

magnetic field strengths, B, ¢, represented as multiples of Earth’s magnetic field,

B,. The magnetic field shown is considered a total, effective magnetic field with
Earth’s ambient magnetic field and the magnetic field applied through Helmholtz

coils and defined as is defined as B, = By, + Bo. The exponential curves to

app
the PDFs are determined by using between 3-5 data points near the wall of highest
concentration, where the data most closely resembles an exponential function. For
positive magnetic fields that act the same direction as Earth’s magnetic field
(downward), the points considered to create exponential fits are those at the
bottom of the channel, near z = 2000 um. For negative fields acting upwards, the

points considered to create exponential fits are those near the top of the channel,

near z = 0 pm.
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In Figure 9, normalized cell distributions are shown along the height of the
microfluidic device, z, corresponding to the vertical direction. The left side of the
PDF, near z = 0 um is the top of the microfluidic device and on the right side,

z = 2000 pm is the bottom of the device. After loading cells into the channel, a
magnetic field is applied, and data is recorded when the cells reach a steady state
distribution after approximately 3 minutes. Decay length measured from the
exponential fit is denoted by the dashed blue line with a cross marker on the

exponential curve of the fit. These results show at what heights in the channel the
concentration of cells has decreased by g For curves in Figures 9 (a) through (e)

where the highest concentration of cells is near z = 2000 um, the decay length is
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the distance between this blue dashed line and the height of the right most point
where the bottom of the channel is. For Figures 9 (f) through (i), the decay length
is exactly the value shown by the blue line. As shown in Figures 9 (d), (e), and (f),
when the magnetic field changes from positive to negative, the maximum cell

concentration shifts from the bottom of the channel to the top.

Profiles in Figures 9 (f), (g), (h), and (i) are observed to have an increase in cells
around z = 1000 pum, not following the expected PDF shown by the exponential
curve. These local increases in concentration near the middle of the channel are
not observed under magnetic field conditions that act downwards. This effect may
be a result of cells entering from the inlet and outlet of the channel during
experiments. After cells are loaded and guided into the channel with a magnet, the
remaining droplet of cells from the growth media are removed to prevent this
effect, however there may be extra cells that stay in the inlet and outlet that cause
this increase in concentration. In addition, there may be smaller populations of
cells less receptive to magnetic fields and magnetotaxis that do not fully collect at
the top of the channel. These features require additional investigation to discern

their origin.

The bias from magnetotaxis to orient the cells appears stronger at higher magnetic
field strengths because the PDFs describing larger magnetic field magnitude, such
as Figures 9 (a) and (b), and (h) and (i), have a steeper shape in their exponential

(i.e. shorter decay lengths). The profiles of MC-1 concentration under high
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magnitude field strengths (a) and (i) exhibit dense localization of cells near the
walls. The maximum value in these concentration PDFs show approximately 60%
greater concentration in 2 B, than in Earth’s ambient magnetic field, B,. The
exponential curve in the PDF of Figure 9 (e) is a unique, shallow distribution.
This concentration profile is the flattest as the magnetic field is effectively
cancelled. It is important to note that the effective cancelled field likely still has a
small magnetic field around 0.1 uT. The resolution of the power source to apply
small step changes in current is limited, and MC-1 are sensitive to small magnetic
fields. In addition, cells may be susceptible to the influence of surrounding metal
objects on the field experienced by cells. To investigate this effectively cancelled
condition, further work is required to observe the cells over smaller changes in
field strength around this field. Despite these limitations, the trend observed in
Figure 9 (e) signifies that there is a bias in localizing the cells at the bottom of the
channel, due to the shape of the curve and the maximum concentration around
2000 pm. Gravity acts on the cells and biases their distribution towards the
bottom wall in the absence of magnetic fields, but the cells are significantly more
spread out than the other exponential curves where cells have the aid of

magnetotaxis.

4.2 Decay length decreases with increasing magnetic field magnitude
From the PDFs describing the distribution of cells across different fields (Figure

9), we extract the characteristic length, or decay length, that describes the distance
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over which the fitted distribution of cells decays to i of the peak value. This

metric is useful to characterize and compare cell distributions.
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Figure 10: Decay length changes under different magnetic field strength conditions. Decay length is plotted

in the red markers over 9 effective magnetic field conditions which are normalized here as BBJ = B’;ﬂ :
Figure 10 shows decay length as a function of effective field strength, represented
in multiples of Earth’s magnetic field, B,. MC-1 are observed in 9 different field
conditions, ranging from -2 B, to 2 B, in 0.5 B, steps. Positive and negative
values of field strength correspond to a downward and upward field, respectively.
The smallest decay length for is observed at the highest magnetic field conditions,
2 B, among the positive fields and -2 B, for negative fields. Furthermore, a trend
of decreasing decay length as magnetic field magnitude increases is observed,
suggesting that cells have a stronger response to orient along a magnetic field
when the magnetic field magnitude is greater. The exponential curve in the PDF

of cell concentration is steeper in high magnetic fields, and the cells are observed

to collect more strongly within this band compared to smaller fields.
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The condition of 1 B, corresponding to Earth’s natural magnetic field with no
added field from the Helmholtz coils, is a critical point in this data. The decay
length is found to be approximately 213 pum. Understanding the 1 B, condition
provides direct insight into MC-1 localization in their natural environment where
they experience Earth’s ambient magnetic field. In their natural ecosystems, MC-
1 are subject to other factors that likely affect their distributions such as oxygen
and chemical stimuli, external flows, and geometric constraints. MC-1 inhabit
porous sediments, like sand, that they must navigate, while in open environment
cells have a more direct path in their diffusion with no obstacles. We investigate

this further in a porous media experiment, which is discussed later in section 4.3.

The positive and negative field results for the decay length both follow the trend
of decreasing decay length with increasing magnetic field strength. The decay
lengths for negative magnetic fields are slightly larger than those for positive
magnetic fields. These results make sense because gravity acts in the same
direction as the positive magnetic fields and magnetotaxis aids the cells to orient
in the downward direction. For negative magnetic fields, magnetotaxis orients the
cells upwards while gravity is acting downwards on the cells. This suggests that
the effects of gravity on cell distributions are appreciable, and they compete with
magnetotaxis when an opposing magnetic field is applied, where the drift due to

gravity causes cells to spread out.
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increments. Vq is derived from decay length and the diffusion coefficient, D, of 0.65 x 10* “slz [14].
We also extract the effective cell drift velocity, v, across the 9 magnetic field
conditions. The drift velocity is the velocity at which cells drift due to external
fields. In this study, the external fields from gravity and magnetic field are

considered together, as the effects of each independent field on v, are not clearly
differentiable. From the equation describing cell concentrations, C(z) = Cye § =

_vd? . . :
Coe D, vy can be determined by the exponent in the exponential as v, = %

2
where § is the decay length. We assume a value of D = 0.65 x 10* % that was

determined in a similar study of the same MC-1 species in varying geometries and

magnetic fields [14].

For positive effective magnetic fields in the downward direction, the drift velocity

varies between 20 % and 60 % with a trend of increasing velocity as the

magnetic field increases. Drift velocities observed under magnetic fields applied

in the upward direction have this same trend of increasing velocity as field
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strength increases, with a smaller rate of change compared to the positive values.
This difference between drift speed in the positive and negative field regimes is to
be expected because the gravitational force on cells is additive with the downward
orientation from positive magnetic fields. Under the negative field conditions, the
effects of gravity and magnetic field on cell distribution are acting in opposite
directions, causing the cell population to spread out more and drift slower.

Furthermore, we can estimate the drift due to gravity by looking at the cancelled

magnetic field state, B,. In this state, the drift to gravity is observed to be 4 %

The values of v, reflect an inverse relationship between decay length and field
strength, as v, is determined from field strength. In this work, we assumed that
the effective diffusion coefficient of the cells was constant. However, we expect
that the diffusivity will vary with ambient magnetic field strength, as their random
walks are driven by self-motility. In the future, simultaneous measurements of the
effective diffusivity and cell distribution could help to elucidate the effects of

diffusion coefficient and drift to external fields.

4.3 Preliminary porous media results

The presence of a porous medium impedes the random walks of motile bacteria,
which we hypothesize will impact the cells’ ability to localize in an ambient
magnetic field [14]. In this section, we begin to investigate the effects of a porous
media geometry on the distribution of these cells under varying magnetic fields.
Cell attraction with walls and porous media have been shown to be weak,

although persistence times of cells near walls may be longer near walls than in
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open fluid [14, 18]. These porous environments better resemble the natural
sediments that magnetotactic cells reside in. The measurement of concentration
profiles used in our analyses is applicable to describing cell distributions
regardless of external fields and geometries. To make conclusions about the
interplay of changing magnetic field and porous media, MC-1 must be studied in
a variety of porous geometries, such as varying pore size and organization [14].
Here, we show preliminary results of porous media experiments in a PDMS
microfluidic device of ordered hexagonal lattice of circular pillars seen in Figure
8 (b). The pillars in this device are 100 pum in diameter and have 120 um lattice

spacing.

The same procedure used in the open channel experiments is applied to one
porous media geometry to observe cell distributions across 9 magnetic field
conditions. The following data are fit to the exponential curve defined in Section
2 and derived through Fick’s equations. The fitted exponential curves use between

3 and 5 data points near the wall of highest cell concentration.
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Earth’s magnetic field, denoted Bo. 0 um corresponds to the top of the channel.

Figure 12 shows PDFs of cell distributions across 9 magnetic field conditions.
Like the open channel experiment (Sections 4.1-4.2), the effective magnetic field
considers Earth’s magnetic field, By, and the magnetic field applied through
Helmholtz coils. The total field varies between -2 Byand 2 B,yin 0.5 Bysteps. z =
2000 pm corresponds to the bottom of the microfluidic device and z = 0 um
corresponds to the top of the device. The decay length for positive effective fields
is the distance between the bottom of the channel, located at z = 2000 um, and
the dashed blue line, while the decay length of the negative effective fields is the
exact value shown. The PDFs seen in Figures 12 (d), (e), and (f) show a transition
point for this system from distributions biased towards the bottom wall to

distributions biased towards the top wall. Figure 12 (f) shows a PDF of MC-1 in -
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0.5 Byeffective magnetic field. The relatively flat PDF results in a relatively long
fitted decay length due to a small magnetic field. The decay length for this case is
too long to be accurately captured by our fitting procedure and we have not

considered it in the remainder of this analysis.

Figures 12 (f), (9), (h), and (i) show distributions of MC-1 under negative
effective magnetic fields, acting upwards. An increase in cell distribution is seen
around z = 1000 um for all negative magnetic field conditions, similar the open
channel results. Again, this may be due to cells entering through the inlets and
outlets of the microfluidic device during experiments, as was observed in the open

channel experiments (Figure 9).
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Figure 13 (b) shows the decay length for porous media to be larger than in open
channel across all fields, except at 0 B, effective magnetic field and at -1 B,where
the two decay lengths are approximately the same. For the effectively cancelled
field, the cells are seen to spread out, which is reflected in the data as the flattest

concentration profile and the highest value for decay length. Figure 13 (a) shows a
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trend of decreasing decay length as the magnitude of magnetic field is increased,
seen by the steeper curves in Figure 12. However, in both the positive and
negative regimes, the curves fitting data for 2 B,and -2 B,are not as steep as the
curves describing 1.5 B, and -1.5 B, respectively. While the trends for both the
open channel and porous media are highly consistent with one another, discerning
their relative magnitudes will require additional study to determine the statistical

significance of their observed differences.
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Figure 14: Drift velocity is shown across varying effective magnetic fields in (a) porous media and (b)
porous media and open microfluidic channels.

From the observed decay lengths, we derive a drift velocity for each magnetic

field condition in the same manner as the open channel experiment. The value of

D is assumed to be 0.65 x 10* %2 experimentally determined through similar
experiments of MC-1 in porous media and changing magnetic fields [14]. In
Figure 14 (a), we observe the trend of increasing drift velocity as the magnitude

of magnetic field strength increases is the inverse of the behavior of decay length,

as drift velocity is dependent on decay length. v, ranges between 5 % and 25 %

This velocity is small compared to the 100 % swimming speed of MC-1. The
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highest value of v, is found at 1.5 B, which is approximately 25 % Figure 14

(b) shows both the drift velocity in open channel and porous media environments.

In the cancelled magnetic field condition, the drift velocity is smallest for both

geometries, with the porous media drift velocity 2 % larger. At-1.5 B, field
strength, the drift velocity is approximately 15 % for both geometries. For the

remainder of magnetic fields applied, the drift velocity is greater for the open
channel environment. These drift velocity results are consistent with
Dehkarghani’s work to understand MTB transport in naturally porous
environments [14]. Their work finds a 50% reduction in propagation speed when
swimming in a porous medium and in the presence of magnetic fields acting
downwards. Similarly, our results show approximately a 50% decrease in drift
velocity for magnetic field conditions 1 B, 1.5 By, and 2 B,,. The cells drift
slower in the porous media environment because porous media inhibits swimming
directly along the field lines. Figure 13 illustrates that the addition of porous
media increases the decay length which ultimately causes cells to drift slower.
These observations suggest that magnetotaxis is hindered in the presence of

porous media.
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5. Conclusions and future work

MTB use Earth’s magnetic field to navigate porous sediments [8]. Using
Helmholtz coils to apply a controlled field to a sample of MTB, Magnetococcus
marinus (MC-1), the effects of varying magnetic field on cell distributions are
studied. The experiments suggest that MC-1 localize over shorter distances for
larger magnetic fields. In an effectively cancelled magnetic field, where a field
equal and opposite to Earth’s magnetic field is applied, cells are distributed over a
significantly larger, but finite, distance than in the presence of a magnetic field.
This suggests that MTB localize mainly due to magnetic fields via magnetotaxis,
while sedimentation due to gravity has a small but measurable effect on the
localization of cells. Furthermore, MC-1 were observed in a porous geometry
under the same varying magnetic field conditions. The distance over which cells
accumulate was found to be larger than the distance when the cells are in an open
fluid environment. The results also demonstrate that the drift velocity due to
external fields is greater in open channels than in porous media, which is
consistent with previous studies of MTB propagation speed and offer a possible
explanation for the observed increased decay length in porous media [14]. To
better understand the interplay of magnetotaxis and swimming through porous

media, more experiments must be done considering different geometries.

Our results suggest differences between open channel and porous experiments,

but the porous media geometry must be studied further to comment on its effect

on magnetotaxis in governing cell distributions. For future work, MC-1 will be
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studied across more magnetic fields and porous geometries varying in pillar size
and orientation. In this work we study the ratio of drift velocity and diffusion
coefficient. Further data can be taken to discern the interplay between changes in
drift speed and changes in diffusion coefficient with changing magnetic field. We
can also apply these experimental methods to more species of MTB to observe
differences in swimming styles and transport properties. This work observes MC-
1 where the cells are driven to collide with walls. MTB can also be studied in with
opposing magnetic fields or rotating magnetic fields to localize cells in a different
way. Our results contribute to the understanding of distributions of MTB biomass.
This work and further work to understand MTB distributions can be beneficial for

using MTB for targeted drug delivery and other applications.
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Appendix

Here, we include a list of the materials required to build the horizontally oriented

microscope. The following materials are Thorlabs products and are assembled in

the order shown in the table. The distance separating the camera from the

objective depends on the focal length of the objective used.

Table 1: A list of materials used in the horizontally oriented microscope. All materials are supplied from

Thorlabs and the assembly from objective to camera follows the order shown in the table.

SM1-Al7 Adapter from objective to SM1 thread
SM1-V05 Objective adjustment thread
SM1-L20 2” spacing tube from adapter to adapter
SM1-A2 Adapter from spacing tube to tube lens
TTL-220-A Tube lens f = 200 mm (same as objective)

SM2-L.20 (x2)

2” spacing tube from tube lens to spacing tube

SM2-L10 1 spacing tube
SM2-L05 0.5” spacing tube
SM2-A31 Adapter from SM2 threat to c-mount camera
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