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Abstract 

The purpose of this thesis was to investigate the swimming behavior of magnetotactic 

bacteria 1) in flow conditions and 2) in porous media; and further 3) to exploit their unique 

characteristics towards bio-actuation of small droplets. Bacteria are found in every habitable 

niche on Earth. In their planktonic lifestyle they often inhabit dynamic environments where their 

motility is influenced by flow and the proximity to different surfaces. Recently, considerable 

interest has been demonstrated in the use of bacteria to perform complex tasks, such as carrying 

cargo for targeted drug delivery.  

Magnetotactic bacteria (MTB) found in both freshwater and marine environments can 

orient to, and swim along, the geomagnetic field lines, a behavior called magnetotaxis. While 

foraging in their native habitats, their ultimate swimming path originates from the competition 

between magnetotaxis and hydrodynamic influences related to flow and nearby surfaces. MTB 

have advantages over other bacteria as microbiorobots for controlled transport due to their 

motility and steerability. However, how MTB interact with complex environments in aquatic 

environments has remained poorly defined. Therefore, to better exploit the abilities of MTB for in 

vivo applications, understanding their behavior in relevant environments is crucial. 

By using microfluidics and microscopy techniques, I have demonstrated in this thesis that 

magnetotaxis enables directed motion of Magnetospirillum magneticum over long distances in 

flow conditions relevant to both aquatic environments and biomedical applications. These MTB 

can overcome higher flow velocities when directed to swim perpendicular to the flow as 

compared to upstream. In addition, I showed that magnetotaxis enables MTB to migrate 

effectively through both homogenous and heterogeneous porous micromodels, interacting with 

obstacles and overcoming tortuous flow fields. These results bring new insight into MTB 

navigation in environments similar to their natural habitats, and their potential in vivo applications 

as microbiorobots. Lastly, I have presented a biologically-driven magnetic actuation of droplets 
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on a superhydrophobic surface using MTB. With magnetotaxis for navigation, it is possible to 

harness MTB to transport microdroplets, thus suggesting their potential for lab-on-a-chip 

applications. 
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Chapter 1 

Introduction 

This chapter contains background information, a literature overview, and an outline of the 

thesis. The chapters in the thesis that describe my research are written in the format of research 

articles and have their own literature reviews in the Introduction sections. 

1.1 Interaction of bacteria and flow 

Wherever there is life on Earth there are bacteria present.1,2 They have adapted to niches that 

range from deep sea hydrothermal vents to Arctic glaciers.3,4 In each of these habitats they play 

important roles in geochemical cycles and food webs.5,6 Those living in aquatic environments are 

frequently exposed to water currents.7,8 Bacteria residing on land may be subject to flow through 

the porous matrix of the soil.9–11 In the human body, bacteria, which outnumber the human cells 

by 10 to 1, experience flow of biofluids in various part of the body such as the gastrointestinal 

tract, urethra, and tear ducts.12,13 In man-made systems also, such as bioreactors, cells are rarely in 

a still environment.14,15 

Bacteria are not just passive entities in these systems. Most of them have some means of 

motility including swimming, swarming, gliding, and twitching.16,17 Motility is an essential trait 

for bacteria allowing them to search for resources, and reach and localize their preferred 

environment. The most common mode of motility in bacteria is swimming which is associated 

with the use of rotating flagella.18,19 The swimming behavior of bacteria can be considerably 

influenced by physical and hydrodynamic interactions with the local environment.20 In research 

labs, bacteria are generally cultivated and studied as cell suspensions in bulk liquid. Their natural 

microenvironment, however, is more dynamic and complex. Compared with the effect of 

chemical gradients,21,22 the effect of flow has received little attention. Understanding the 
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interaction between bacteria and flow, can warrant new insights into how the fluid flow affects 

the bacteria’s quest for food or their journey to a target location.  

Fluid flow has been shown to have direct and profound consequences on the motility and 

spatial distribution of microswimmers (Figure 1.1).7 For instance, the coupling between bacteria 

motility and flow results in rheotaxis behavior (directed movement resulting from gradients in 

fluid velocity) for Escherichia coli,23 and Bacillus subtilis,24 or causes patchiness in the 

distribution of phytoplankton.25 Mechanical forces from fluid flow can cause enhanced bacterial 

adhesion to epithelial cells.26 The torque experienced by motile bacteria within the flow can trap 

cells in certain regions of the stream which hampers chemotaxis and promotes surface 

attachment.27 The subtle interplay between the geometrical properties of the bacteria (e.g. the 

cell’s aspect ratio and chirality of their flagella) and flow can introduce bias in the swimming 

direction of the bacteria.28 It was observed in E. coli, for instance, that this interplay causes a drift 

in the cell’s swimming trajectory across the flow streamlines.24 Flow-induced reorientation of 

Pseudomonas  aeruginosa, a human pathogen, enables the cells to migrate on the surface against 

the flow.29 Motile phytoplankton often migrate vertically in the water column to gain access to 

the nutrient-rich and well-lit zones, a process that is affected by the ambient flow.30,31 Sengupta et 

al. showed that, when exposed to flow,  the red tide alga Heterosigma akashiwo can modulate 

their migration behavior and change their swimming direction in response to the hydrodynamic 

cues.31 Ambient flow also has consequences for fertilization.32,33 It was shown that flow can 

change the sperm-egg encounter rates for external fertilizers, such as red abalone.33 The ability to 

orient in response to the ambient fluid flow is vital to the survival of the microorganisms because 

they have to access nutrients, light, oxygen, and other resources for life.  
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Figure 1.1 Microbes in flow. Microbial habitats are rarely at rest and fluid flow considerably 

impacts the motility and spatial distribution of microswimmers. (1) Jeffery orbits of non-motile 

phytoplankton cells. (2) Trajectory of motile bacteria in flow. (3) Jeffery orbits of a non-motile 

bacterium. (4) Gyrotaxis of phytoplankton. (5) Gyrotactic trapping of phytoplankton. (6) 

Upstream swimming of bacteria. (7) Upstream twitching of bacteria. (8) Surface colonization by 

a stalked. Reprinted from Rusconi, R. and Stocker, R., Curr. Opin. Microbiol. 25, 1–8 (2015), 

Copyright (2019), with permission from Elsevier.7 
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1.2 Interaction of bacteria with surfaces 

Both in their natural habitats and in engineered systems, microswimmers interact with 

surfaces.20,34,35 Confined geometries and interaction with boundaries have a broad range of effects 

on microswimmers’ behavior compared to their motility in bulk fluid.20,36,37 For example, E. coli 

exhibits circular motion when swimming near a surface,38 and accumulate to higher densities near 

solid surfaces;39 sperm cells swim faster in the vicinity of walls;40 and B. subtilis reverses its 

swimming direction when encountering an obstacle.41 Contact with a surface has also been shown 

to trigger adhesin production in bacteria to facilitate surface attachments, for instance, during 

biofilm formation.42,43 Porous media such as soil, sediment, tissue of organisms and their detritus, 

and biofilms, constitute the habitat of many bacteria.44–46 A porous medium is formed by 

interconnected pores (cavities) in a solid material, and is typically filled with fluid.47 For most 

motile bacteria, they search the local environment by swimming straight combined with random 

changes in their direction. This strategy, governed by flagellar rotation, plays an important role in 

the migration of bacteria through porous media and their interactions with obstacles. Cisneros and 

colleagues experimentally showed that hydrodynamic effects and mechanical stress from solid 

surfaces can cause a reversal in the swimming direction of B. subtilis.41 They observed that cells 

making straight-on collisions reversed their swimming direction on interacting with the obstacle 

by inverting the orientation of flagellar rotation; and those that approached at an obtuse angle 

with respect to the obstacle, turned away and continued swimming. E. coli was also observed to 

reverse at obstacles, but less frequently.41 Spormann and Wolfe also observed that upon physical 

contact with debris, Aquaspirillum magnetotacticum reversed its swimming direction, a behavior 

they called tactile response.48 Bacteria, such as marine magnetotactic bacteria MO-1, can use this 

strategy to circumvent an obstacle.49,50 This ability can strongly enhance their search of 

surroundings toward the preferred direction. Bhattacharjee et al. showed that in porous media, E. 
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coli exhibits a form of motility different from run-and-tumble in bulk liquid.46 They observed that 

cells are intermittently trapped as they swim through the porous media and by reorienting their 

body, they can escape and continue on a directed path. With respect to the biomedical application 

of bacteria, their navigation in porous media is important. For instance, in bacterial therapy motile 

bacteria, such as Salmonella, have been used to penetrate the tissue and deliver treatment to 

therapeutically-resistant regions in tumors.51,52  

1.3 Living at a small scale 

The underlying physics for microscopic motion is governed by a dimensionless quantity 

called the Reynolds number, which is the ratio of the inertial forces to the viscous forces. Motion 

on a small length scale, such as bacteria swimming in a fluid, is characterized by low Reynolds 

number where the effect of viscous forces dominates the inertial forces.53 For bacteria such as E. 

coli with a characteristic dimension of L ≈ 2-4 µm, moving at a typical speed of U ≈ 10 µm s-1, in 

water with a density of 𝜌 = 1000 kg m-3 and viscosity of µ = 10-3 kg m-1 s-1, the Reynolds 

number is Re = ρUL/µ ≈ 10−4.  

Life at low Reynolds number (Re << 1) is very challenging. If a person chose to swim at the 

same Re number as a bacterium, he or she would be immersed in a pool of molasses, and worse 

than that the person would not get anywhere using reciprocal motions.53 Motile bacteria have 

evolved a unique mechanism for locomotion in which they swim using helical flagellar filaments 

(~130 Å in diameter) driven by rotary motors embedded in their cell membrane, and exhibit a 3-

D random motion that consists of runs and tumbles.54 For example, E. coli swim by rotating all 

the flagella in one direction while rotating their body in the opposite direction.55 The rotation of 

the flagella counter to the body causes the thrust. By switching the rotation direction of the 

flagella, bacteria can swim forward or backward. This system allows some bacteria to achieve 

remarkable speeds of tens of body lengths per second. For example, the speed of the 
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magnetotactic coccus strain MC-1 (length ~2 µm) can reach up to 300 µm s-1, whereas a cheetah 

can only reach roughly 16 body lengths per second.56,57 Because of the small size of bacteria and 

non-uniform velocity profile of ambient flow – related to ‘non-slip’ conditions (fluid at rest near 

boundary) or turbulence – cells experience a linearly varying fluid velocity (shear) across their 

body.58,59 Under shear flow, the distribution and swimming trajectory of the bacteria can be 

strongly affected.7,60 For example, the torque experienced by a cell from the velocity gradient 

causes the cell to undergo a periodic rotation – called Jeffery orbits – with the angular speed 

depending on the cell’s morphology and orientation relative to the flow 58. For motile cells, this 

can hinder their migration in the preferred direction.59 

1.4 Getting bacteria to perform specific tasks 

Recently, significant interest has been demonstrated in the use of microswimmers to execute 

complicated assignments.61,62 Micro-robots are of great interests for applications in targeted drug 

delivery, disease screening, diagnostics, and nanosurgery.62,63 Artificial microswimmers have 

been developed by converting chemical, electric, magnetic, and other means of energy into 

mechanical energy to generate propulsion at the microscale.64–66 Several factors have extensively 

limited practical applications of these artificial swimmers, such as the required power supply to 

generate a useful navigation speed over long distances and in a highly controlled fashion, and the 

necessity of simultaneous control over multiple swimmers.67,68 Recently, self-propelled 

microswimmers69,70 and motile cells in the form of microbiorobots71–76 have shown great promise 

as biocompatible solutions for precise navigation over long distances.  

Compared to artificial microswimmers, motile bacteria have several intrinsic advantages such 

as having an on-board controllable propulsion system (i.e. flagella), sophisticated sensing 

mechanisms, a narrow micrometer size range, and self-reproducibility.77 There are different 

approaches for forming microbiorobots based on the attachment methods and size of artificial 



7 

 

components (Figure 1.2).78 By attaching motile E. coli to mouse red blood cells (diameter 4-6 

µm) loaded with an anti-cancer drug and iron oxide nanoparticles, a biohybrid system was 

developed for targeted drug delivery.79 In this approach, the bacteria provided the required 

propulsion and the iron oxide nanoparticles gave the steerability using an external magnetic 

field.79 Particles that are orders of magnitudes smaller than the bacteria can also be directly 

attached to the bacterial surface to form bacteria-cargo conjugates. Dogra et al. used E. coli 

covered with liposomes (~100-200 nm) to transport this vesicle cargo.80 In another approach, 

instead of attaching reagents to the body of the bacteria, researchers attached several Serratia 

marcescens to a 6 µm superparamagnetic bead to propel the beads, and directed them using 

external magnetic fields.81 Motile bacteria trapped in microtubes were also used as a bioengine to 

push the microtube through biological media.82 Microtubes can be modified to have materials 

with bacteria-attractant polydopamine inside, and magnetic components for external control.  
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Figure 1.2 Bacteria used to transport synthetic cargo. Microbiorobots can be classified based 

on the size of the biological and artificial components used. Modified from Schwarz et al. Appl. 

Phys. Rev. 4, 031301 (2017), with the permission of AIP Publishing.78 
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To migrate towards a favorable environment, bacteria exploit one or a combination of various 

taxes, such as chemotaxis (movement in response to chemical stimulus), and phototaxis 

(movement in response to light stimulus). Researchers have used a taxis as a steering method and 

exploited bacteria to transport objects in a preferred direction.77 Motile bacteria were used to ferry 

microbeads containing drug and magnetic particles, in both small and large vessels, using a 

combination of bacterial chemotaxis and electromagnetic field, respectively.83 In this study, 

authors used tumor-targeting bacteria with attenuated toxicity that can be potentially used for 

clinical applications.83 In another approach, researchers used a controllable light source and 

phototactic microswimmers to carry 1-6 µm diameter loads, and employed photochemistry to 

release the loads.73 Controlling the swimming direction of bacteria with the help of chemical 

gradients or lights has some drawbacks such as their limited applicability in various environments 

(e.g. inside the human body) and the lack of precise navigation. In order to address these 

limitations, Martel et al. used the magnetotactic behavior of Magnetococcus marinus strain MC-1 

and guided the cells simply by changing the magnetic field direction.56 Later, they attached drug-

loaded nanoliposomes to magnetotactic bacteria and successfully transported these drugs to 

tumors.84,85 Most experiments with microbiorobots have been performed in stagnant conditions 

that lack the element of flow. The ultimate challenge for in vivo applications of these 

microbiorobots is dictated by the ability to effectively direct the swimmer against strong flows 

like the bloodstream.69  

Bacteria have also been used as a mechanical actuator to generate flow in a confined 

environment, where, in one example, the collective motion of bacteria pumped liquid through a 

microfabricated channel.86,87 Kim et al. showed than enhanced mixing in fluid channels can be 

achieved using bacteria.88 Bacteria power has also been used to drive asymmetric sub-millimeter 

gears (Figure 1.3).89 Hiratsuka et al. constructed a micromechanical system in which motile 

bacteria were used to actuate a micro-rotary motor.90 The research done in recent years show that 
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motile bacteria are effective for the implementation of microsystems to perform tasks that were 

previously considered futuristic. 
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Figure 1.3 Application of bacteria in powering microscopic gears. Adapted with permission 

from Sokolov et al. Proc. Natl. Acad. Sci. U. S. A. 107, 969–974 (2010).89 (A-D) illustrate 

bacteria-powered rotation of an individual gear with external teeth, (E-H) a gear with internal 

teeth, and (I and J) show a system of two engaged gears rotating.  
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1.5 Magnetotactic bacteria 

Diverse organisms, from prokaryotes to higher animals, have the ability to sense and use the 

Earth’s magnetic field as a navigation cue.91 Of particular interest here are the MTB that can 

orient to and swim along the geomagnetic field lines, a behavior called magnetotaxis.92 In 1963, 

Salvatore Bellini noticed a group of bacteria evidently moving towards the North pole of a 

magnet and he called them “magnetosensitive bacteria”.93 However, his findings received little 

attention until the rediscovery of these bacteria by Richard P. Blakemore in 1975.92 Since then, 

MTB have been the subject of many studies.94–96 

MTB have the ability to biomineralize magnetic nano-crystals in their body, called 

magnetosome, which provides a magnetic dipole moment that allows the bacteria to passively 

align with and, using flagella, actively swim along the geomagnetic field lines (Figure 1.4).91 

With respect to their magnetotatic behavior, these bacteria are divided in two groups called axial 

and polar.97 For polar MTB, the magnetic field provides both the axis and direction of motility, 

whereas for axial MTB it only provides an axis which allows the cells to swim in either direction 

along the field lines.97 The polar MTB are subdivided into North-seeking and South-seeking 

where they swim downward toward the bottom of waters in Northern and Southern hemisphere, 

respectively.97 MTB use magnetotaxis in combination with other form of taxis such as 

chemotaxis, aerotaxis, and phototaxis to reach their preferred environment with an optimal low 

oxygen concentration at the oxic-anoxic transition zone (OATZ).92,97 Magnetotactic bacteria have 

a global distribution and live in freshwater and marine habitats, and are also found in wet soil.98 

MTB has been shown to have an important role in biogeochemical processes, including the 

Earth’s iron and sulfur cycles.99,100 While foraging in their native habitats, MTB need to swim 

through environments where fluid flow is pervasive and might pass through a porous 
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matrix.7,20,98,101,102 While the biology of MTB is well-studied, how they interact with flow 

environments and solid surfaces has remained vague. 
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Figure 1.4 MTB are gradient-loving and use Earth’s magnetic field to direct and position 

themselves in preferred zones. Modified from Chen et al. Nature Education Knowledge 1–9 

(2010).103 Copyright (2019) Nature Education. 
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Recently, MTB have also shown great promise for applications in microbiorobotics by 

enabling simultaneous control over multiple swimmers to transport loads (Figure 1.5).76,104–108 

MTB offer several advantages over artificial microswimmers and other microbiorobots,63 since 

they are self-propelled and can be remotely controlled using a magnetic field to autonomously 

and accurately navigate in a microenvironment without relying on an external power source.95,109 

Besides, some strains of MTB are thermophilic, psychrophilic, and alkaliphilic and can survive 

extreme environments with temperature in the range of 2°C–63°C and with pH of up to ~ 9.0.110 

Despite the inherent advantages of these microswimmers, the nature of MTB motion in response 

to flow and solid boundaries is not fully studied and should be characterized as a necessary step 

towards their future applications. To study the interaction of MTB with flow environments and 

solid surfaces, we need to create controlled and confined microenvironments for direct 

visualization and quantification of behavior of cells at time and length scales relevant to their 

motility. By improving our understanding of these unique bacteria, we can harness the power 

generated by MTB and carry out mechanical work in engineered systems to – for instance – 

transport microdroplets or ferry micro/nanoscale cargos. 
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Figure 1.5 MTB as potential therapeutic carriers. Nanoliposomes attached to the surface of 

magnetotactic bacteria, for controlled navigation. Adapted with permission from Taherkhani et al. 

ACS Nano 1, 5049–5060 (2014).84 Copyright (2019) American Chemical Society. 
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1.6 Microfluidics 

Microfluidics is the science and technology of the systems that handle small quantities of 

fluids, usually 10-6 to 10-12 liters, in networks of channels with at least one dimension in the 

submillimeter scale.111,112 Microfluidics allows for the creation of carefully controlled physical 

and chemical microenvironments and facilitates microscale studies in many scientific and 

industrial fields with topics related to chemistry, biology, physics, and engineering.59,113 

Microfluidics offers unique advantages such as low sample/reagent consumption, precise control 

over spatial and temporal factors, enhancement of sensitivity, and low-cost per analysis with 

simplified fabrication and operation steps.111,114 Moreover, the use of biocompatible and optically 

transparent materials such as Polydimethylsiloxane (PDMS) facilitates the culture of biological 

samples and cell imaging using standard microscopy techniques.115,116 Microfluidic devices are 

usually fabricated in two major steps: 1) Microfabrication of a master mold using 

photolithography, micromachining, and 3-D printing techniques; and 2) Replica molding using 

soft lithography.111,117 Using these techniques, features with micron-scale dimensions can be 

easily fabricated. The resulting PDMS replica has three of the four walls, while the fourth comes 

from bonding the replica to another surface such as glass or PDMS for a closed 

microchannel.111,117 Different bonding techniques can be used to complete the microfluidic 

device.118,119 Most commonly, air plasma is used to irreversibly seal PDMS to other flat 

surfaces.118,119 For reversible bonding, additional channels can be designed in the device through 

which a vacuum can be applied to create temporary bonding.  

The applied liquid in the microfluidic device drives by the combination of external pressure 

and capillary action into the microchannel.112 To create flow in microfluidic channels, several 

pumping mechanisms have been developed.120 In a simple and passive approach, two droplets of 

different sizes are placed at two ports of a microchannel in which the resulting pressure gradient 
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causes a flow from the smaller droplet to the larger droplet.121 This is the consequence of the 

inverse relation of the pressure across the liquid-air interface and the radius of meniscus which is 

explained by the Young-Laplace equation ΔP= 2γ/R, where ΔP, γ, and R are the difference 

between atmospheric pressure and the internal pressure of droplet, the surface free energy of the 

liquid, and droplet radius, respectively.121 To generate more controlled temporal and volumetric 

fluid flow in microchannels, external pumps such as syringe and peristaltic pumps are used.122 

For fluidic connections, tubing and needles are used to connect the pump to the inlets and outlets 

of the microfluidic chip.119 

An important aspect of the flow in a microchannel is that it is in the low Re numbers regime, 

where the flow becomes laminar and two fluid streams flow in parallel without turbulence and 

lateral mixing, and mixing only occurs by diffusion.94 The flow velocity in a microchannel 

typically follows a parabolic profile where the velocity is maximum at the center and reaches zero 

near the walls.59 The presence of non-uniform velocity profile implies the presence of velocity 

gradients (i.e. shear) which reach maximum at the channel walls.59 

1.7 Microfluidics for microbial studies 

New tools and techniques bring new capabilities and opportunities to researchers. 

Microfluidics has significantly helped to expand the frontiers of microbial research.113,123–125 It has 

allowed researchers to create highly controlled microenvironments that mimic important features 

of natural habitats of microbes to study their behavior from individual cells to multicellular 

structures and mixed communities.113 The full potential of microfluidics is realized when 

combined with microscopy imaging, cell tracking, and image analysis.126 With the technology 

becoming more accessible to researchers, custom-designed microfluidic devices can be used to 

perform experiments at microscale that were impossible or hard to do before.127 The technology 

allows for growing bacteria in chemically and physically controlled microenvironments, 
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monitoring in situ, and generating automated data on the cell’s behavior with resolution down to 

single cell level.128  

Several labs have used microfluidics to study bacterial chemotaxis in gradients of 

chemicals.129 For example, Mao et al. created well-defined concentration gradients of attractant 

and repellant across the microchannel via diffusion between streams in laminar flow, and 

measured the distribution of E. coli in the channel at different distances from the inlets.22 Lanning 

et al. improved the design of the microfluidic device of Mao et al. by adding a pyramidal 

concentration gradient generator,130 which they used to create a linear gradient of chemoeffector 

transverse to the advective flow.131 Using this method, they quantified the preferential migration 

of E. coli towards individual and combined signals for colonization in the gut.131 The microfluidic 

toolbox can also be used to study the directional motion of bacteria in response to oxygen 

gradients – aerotaxis. Using a two-layer microfluidic device connected to a computer-controlled 

gas mixer and exploiting the permeability of PDMS to oxygen, Adler et al. were able to form a 

stable linear profile of O2 and create aerobic and microaerobic conditions to investigate E. coli 

aerotaxis.132  

The Stocker Lab has made extensive use of microfluidics to create a controllable flow 

environment to study the effect of flow on swimming microorganisms at the microscale.7,113,133 

They have shown that the interplay between motility, morphology, and flow can cause trapping of 

microswimmers in certain flow regions in the microchannel,27 reorientations of cells away from 

streamlines to swim cross-stream,24 and that these interactions can alter light scattering and 

potentially change the ocean light climate.133 Microfluidic experiments also showed that the 

coupling between cell motility and hydrodynamic effects from the flow and surface can cause the 

near-surface swimming E. coli to migrate against the flow.134  
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Microfluidic approaches have brought important insights into the interplay of physical 

mechanisms with the biofilm process.34,135 This toolbox is ideally suited for bacterial studies 

requiring interfaces formed by solid-liquid, oil-liquid, and ice-liquid.135–137 For instance, our 

group used a microfluidic device paired with a custom-built cold stage to form an ice-liquid 

interface and studied bacterial ice adhesins.138 This setting allowed for direct visualization of the 

Antarctic bacterium Marinomonas primoryensis binding to both diatoms and ice. Due to the 

inherent high surface to volume ratio, porous media – present in many natural and engineered 

systems – provide a suitable environment for bacterial attachment and biofilm formation. 

However, the opacity of typical porous media and packed columns hinders direct observation of 

these phenomena.139 Microfluidics can provide transparent interconnected porous micromodels 

that allows optical visualization of the interaction of bacteria with solid boundaries and flows.140 

Using arrays of microposts in a microchannel, Valiei et al. found that cell attachment and biofilm 

formation by bacteria occurred only under certain flow velocities indicating that the process is 

closely linked to hydrodynamic conditions.141 

All in all, microfluidics can strongly improve our understanding of how microswimmers 

interact with their surrounding environment – a topic important to scientists interested in basic 

research on marine ecology and biophysics, and to researchers developing biotechnologies for 

different applications.142 The following three chapters show how microfluidics contributed to 

capturing the behavior of magnetotactic bacteria in complex environments, and allowed for 

exploiting the power of bacteria to perform desired tasks. 

1.8 Digital microfluidics  

Independent and precise handling of tiny volumes of liquids is a fundamental advantage of 

microfluidics. Digital microfluidics (DMF) is the technique that deals with manipulating liquids 

in the form of discrete droplets on flat surfaces.143,144 A unique advantage of DMF is that droplets 
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are not confined to the microchannels and can be handled on open surfaces.143,144 Glass and 

silicon are commonly used as a substrate and are often coated with chemicals and particles that 

increase the water contact angle to render the surface hydrophobic – water repellent.145,146 The 

contact angle (𝜃C) quantifies the wettability of the solid surface via the Young’s equation γSV = 

γSL + γLV cos 𝜃C, where γSV, γSL, and γLV are solid-gas, solid-liquid, and liquid-gas surface energies 

per unit area, respectively.147 Depending on the value of the contact angle between droplet and 

surface, the surface can be characterized as hydrophobic (> 90°) or hydrophilic (< 90°).146 Many 

polymer surfaces such as Teflon® are hydrophobic.148 On a hydrophobic surface, a minute 

volume of aqueous liquid forms a spherical droplet.  

In DMF, droplets including different reagents can be moved, merged, mixed, and the 

occurring reaction can be analyzed.143,144 Different mechanisms are used for droplet actuation in 

DMF including electrowetting-on-dielectric,149 and surface acoustic wave.150 Electrowetting-on-

dielectric is the most popular means of droplet actuation where droplets are manipulated by 

electric fields over planar arrays of electrodes.149 Magnetic actuation is an alternative approach in 

DMF which uses an external magnetic field and magnetically susceptible material for droplet 

manipulation, and offers simple fabrication and operation steps.151 Superhydrophobic surfaces, 

characterized by high water contact angle (>150°) and low sliding angle (<10°), are of interest in 

magnetic actuation due to their great water-repellent ability.146,152,153 These surfaces are present in 

nature with the best-known examples being surface of the lotus leaf, and the legs of a water 

strider.154 Superhydrophobic surfaces can be artificially made using a combination of surface 

roughness at the micro- nano-scale, and functionalization with low surface energy materials.152 

Such surfaces minimize the contact angle between droplet and surface and allow droplets to be 

rolled and moved with little effort.153 Recently, Mats et al. used Ultra-Ever Dry (a commercial 

coating) to generate nanoscale roughness on a substrate and showed that droplets can be easily 

moved on the surface by means of magnetic actuation.155 Several papers have demonstrated that 
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materials such as paramagnetic salts and magnetic microparticles dispersed in droplets can be 

used to drive droplets by moving a permanent magnet beneath the substrate.153,155,156 Magnetic 

microparticles offer dual functionality: i) droplet actuation, and ii) providing a functional and 

motile substrate for biochemical assays.156 In addition to manipulating droplets, functionalized 

magnetic particles were used for on-chip sample preparation and detection of target RNA using 

PCR, and for DNA purification.157,158 Similar to magnetic particles, bacteria can be used to 

actuate droplets and provide a substrate for molecule binding or releasing. For this purpose, 

bacteria-magnetic particles conjugates can be formed and used.81,159 However, this approach 

requires tedious preparatory steps.81,159 The magnetotactic behavior of MTB makes them 

exceptionally suitable for research on droplet actuation in DMF. It is valuable to harness the 

power generated by MTB and carry out mechanical work in engineered systems to perform – for 

example – droplet manipulation and biochemical assays that benefit from the presence of the 

biological entity.160 

1.9 Thesis Objectives 

The purpose of this thesis was to study the behavior of MTB in complex microenvironments 

and demonstrate their application in performing desired tasks such as droplet actuation. Main 

objectives were as follows: 

• Develop microfluidic devices to study swimming behaviour of MTB in various conditions  

• Investigate the navigation of MTB in stagnant condition, in flow environments, and under various 

magnetic field strengths 

• Study the interaction of MTB with solid boundaries and their migration in homogenous and 

heterogenous porous micromodel 

• Use MTB to actuate, merge, and mix discrete droplets on a superhydrophobic surface for digital 

microfluidic applications 
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1.10 Thesis Outline 

In Chapter 2, using microfluidics and high-speed imaging, we reveal that magnetotaxis 

enables directed motion of Magnetospirillum magneticum over long distances in flow velocities 

ranging from 2 µm s-1 to 1260 µm s-1, corresponding to shear rates ranging from 0.2 s-1 to 142 s-1 

– a range relevant to both aquatic environments and biomedical applications. The ability of MTB 

to overcome a current was influenced by the flow, the magnetic field, and their relative 

orientation. MTB were able to overcome 2.3-fold higher flow velocities when directed to swim 

perpendicular to the flow as compared to upstream, as the latter orientation induces higher drag. 

These findings bring new insights into the interactions of MTB with complex flow environments 

relevant to aquatic ecosystems, while suggesting opportunities for in vivo applications of MTB in 

microbiorobotics and targeted drug delivery. Content in this section has been published as: 

Rismani Yazdi, S., Nosrati, R., Stevens, C.A., Vogel, D., Davies, P.L. and Escobedo, C., 2018. 

Magnetotaxis Enables Magnetotactic Bacteria to Navigate in Flow. Small, 14(5), p.1702982. 

In Chapter 3, I demonstrate that magnetotaxis enables MTB to migrate effectively through 

porous micromodels. Directed MTB were able to circumvent curved obstacles by traveling along 

the boundaries, and pass flat obstacles by repeatedly switching between forward and backward 

runs. Magnetotaxis enabled directed motion of MTB through heterogeneous porous media, 

overcoming tortuous flow fields with local velocities as high as 250 µm s-1. Our findings bring 

new insight into the migration behavior of MTB in their natural habitats, and their potential 

biomedical applications as microbiorobots. This chapter has been published as: Rismani Yazdi, 

S., Nosrati, R., Stevens, C.A., Vogel, D. and Escobedo, C., 2018. Migration of Magnetotactic 

Bacteria in Porous Media. Biomicrofluidics, 12(1), p.011101. 
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In Chapter 4, I present our work on biologically-driven magnetic actuation of droplets on a 

superhydrophobic surface using magnetotactic bacteria. MTB-droplets were actuated along well-

defined paths, such as rectangular and figure-of-eight shapes, over distances as large as 10 cm. I 

also demonstrated the ability of MTB to sequentially merge and mix multiple droplets. The 

reorientation of the MTB in the droplet enhanced the mixing of the fluids involved, in contrast to 

rather slow conventional mixing at low Reynolds numbers. Biologically-driven magnetic 

actuation was compared with actuation by superparamagnetic particles and paramagnetic salts, in 

terms of controllability and speed. Lastly, MTB were used to perform a phosphatase assay using 

endogenous enzyme. Together our results showed that, by using magnetotaxis to “steer” the 

swimming MTB, we could exploit the power generated by the bacterial propulsion system and 

transport microdroplets – suggesting its potential for lab-on-a-chip applications. Material in this 

section is in the form of a manuscript: Rismani Yazdi, S.,* Agrawal, P.,* Morales, E., Stevens, C. 

A., Oropeza, L., Davies, P. L., Oleschuk, R. D. and Escobedo, C., 2019. Facile Actuation of 

Aqueous Droplets on a Superhydrophobic Surface Using Magnetotactic Bacteria for Digital 

Microfluidics Applications, submitted to Analytica Chimica Acta [* Authors contributed equally]. 
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Chapter 2 

Magnetotaxis enables magnetotactic bacteria to navigate in flow 

2.1 Introduction 

Motile bacteria play a crucial role in aquatic biogeochemistry by transporting minerals 

and organic matter. 161,162 Motility of the bacteria is directed by environmental cues such as 

flow,59 light,163 gravity,164 temperature change,165 and chemical gradients.48,166 Magnetotactic 

bacteria (MTB) are a class of prokaryotic flagellated bacteria with the ability to migrate along 

geomagnetic field lines, a behavior known as magnetotaxis.92,101 MTB are ubiquitous in 

freshwater and marine habitats,167 but are also present in wet soils.98 These bacteria play an 

important role in biogeochemical processes,100 including the Earth’s iron and sulfur cycles by 

taking up these elements as nutrients.99,168 MTB swim along the local geomagnetic field to reach 

the oxic-anoxic transition zone (OATZ), their preferred environments of low oxygen 

concentrations.97,99 The flow generated by circulation and convection currents in aquatic 

ecosystems has been shown to influence the migration ability and the distribution of 

microswimmers.7,169,170 In the case of MTB, their ultimate swimming path originates from the 

competition between magnetotaxis and hydrodynamic effects related to the flow of the 

surrounding medium. How MTB interact with complex flow environments in aquatic ecosystems 

has remained elusive. Advanced understanding of this complex interaction is also crucial to in 

vivo applications of MTB in biomedicine as microbiorobots,74,85,171 where the bacteria must 

overcome a strong flow of biofluids with velocities in the order of  

103 µm s-1.69,172–174 

Magnetospirilium magneticum is a strain of MTB that propels itself by means of two 

flagella, one at each end of their spiral body 175. These bacteria possess a fixed intercellular chain 
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of 15 to 20 cuboctahedral magnetite (Fe3O4) nano-crystals (Figure 2.1) called magnetosomes.92,176 

The magnetite nano-crystals are uniformly and tightly distributed in size,177 providing MTB with 

permanent magnetic moments of ca. 5 × 10-17 A m2.178  

  



27 

 

 

Figure 2.1 Transmission electron micrographs of Magnetospirillum magneticum strain 

AMB-1, and magnetite nano-crystals.  Inset shows histogram of magnetite size (n ≥ 20 

bacteria)Scale bars represent 400 nm for left, 100 nm for right. 

  

400 nm 100 nm 
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The interplay between the geomagnetic field and the magnetosome chain induces a 

torque on the bacteria, which causes them to align along the field lines. Magnetotaxis suppresses 

the rather random three-dimensional (3D) swimming trajectories of the bacteria in favor of a 

directed one-dimensional (1D) motion. Figure 2.2a,b show swimming trajectories of 70 bacteria 

at (a) B = 0 mT - absence of a magnetic field - and (b) B = 5 mT – presence of a magnetic field, 

respectively. The bacteria exhibited random, 3D motion in the absence of a magnetic field and, 

therefore, remained in focus for only a short period of time after which they swam out of the focal 

plane. In contrast, under an applied magnetic field, the bacteria navigated along the field lines, 

allowing the bacteria to be tracked across the field of view. Swimming trajectories are color 

coded by bacteria. Figure 2.2c,d show the orientation angle distribution of bacteria for (c) B = 0 

mT and (d) B = 5 mT, with the normalized swimming trajectory of 20 bacteria overlaid at the 

same starting point shown in the inset.  

Additionally, magnetotaxis enables autonomous and accurate navigation of MTB without 

relying on an external power source,95,109 providing a practical approach for controlled transport 

of micro-scale objects,179,180 and targeted drug delivery.85,171,181 Particularly, MTB have shown 

great promises for applications in microbiorobotics by enabling simultaneous control over 

multiple swimmers to transport reagents.76,105–107 However, to fully exploit the abilities of MTB in 

the context of in vivo applications, understanding how the bacteria behavior in biologically 

relevant flows is crucial. 
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Figure 2.2 Trajectories of random and directed MTB. Swimming trajectories of 70 bacteria at 

(a) B = 0 mT - absence of a magnetic field - and (b) B = 5 mT – presence of a magnetic field. The 

bacteria exhibited random, 3D motion in the absence of a magnetic field and, therefore, remained 

in focus for only a short period of time after which they swam out of the focal plane. In contrast, 

under an applied magnetic field, the bacteria navigated along the field lines, allowing the bacteria 

to be tracked across the field of view. Swimming trajectories are color coded by bacteria. The 

orientation angle distribution of bacteria for (c) B = 0 mT and (d) B = 5 mT, with the normalized 

swimming trajectory of 20 bacteria overlaid at the same starting point shown in the inset. The 

data represent a total of 1500 orientation angles per case extracted from > 100 bacteria. 
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Motility of microorganisms is influenced by flow. For example, in downward flow, algae 

Chlamydomonas nivalis are focused into a concentrated beam due to the reorientation of the cells’ 

axis by gravitational and viscous torques.164 Microalgae Dunaliella primolecta migrate in a cross-

stream direction above a threshold shear rate.30 Directed motion of organisms in response to a 

flow velocity gradient, a behavior known as rheotaxis, is an effective guiding mechanism for 

several microswimmers including sperm, Escherichia coli, and Bacillus subtilis.24,32  In laminar 

flow conditions, hydrodynamic forces reorient the bacterial body into the flow, resulting in 

upstream navigation.23,134,182 Waisbord et al. have recently shown that flow, in combination with 

an antiparallel magnetic field, focuses a suspension of Magnetococcus marinus type-1 strain MC-

1 at the center of microchannels.183 Increased flow velocity or magnetic field strength caused 

destabilization of the stable beam of bacteria and formed a pearling jet of swarming droplets of 

the bacteria.  However, flow conditions and rheotaxis can be disruptive to the homing of MTB in 

marine ecosystems, as (i) upwelling and downwelling flow environments can move MTB away 

from the OATZ; and (ii) flow conditions always guide MTB in the same direction whether they 

are located above or below the OATZ. Additionally, in marine ecosystems, MTB can experience 

shear rates of up to 13.4 s-1.27,33,133  

Here, we use microfluidics and high-speed imaging to observe and quantify the 

swimming behavior of Magnetospirillum magneticum strain AMB-1 in flow conditions. We find 

that magnetotaxis enables MTB to swim hundreds of body lengths through flows with mean 

velocities ranging from 2 µm s-1 to 1260 µm s-1, corresponding to shear rate ranging from 0.2 s-1 

to 142 s-1 – a range relevant to both aquatic environments and biomedical applications. The 

ultimate path of the bacteria is defined by the flow, magnetic field, and their relative orientation. 

Notably, MTB can overcome 2.3-fold higher flow velocities when directed to swim perpendicular 

to the flow as compared to upstream, where the parallel orientation induces higher drag. Our 

results indicate a threshold drag of 9.5 pN, corresponding to a flow velocity of 550 µm s-1, where 
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magnetotaxis enables MTB to overcome counter-directional flow. These findings bring new 

insights into the interaction of MTB with complex flow environments in aquatic ecosystems, 

where flow is pervasive. Additionally, magnetotaxis allows the simultaneous guidance of 

multiple MTB along predefined paths in physiologically relevant flows, suggesting an 

opportunity for their in vivo applications in microbiorobotics and targeted drug delivery. 

2.2 Results 

2.2.1 Directed navigation of MTB in flow 

 We used microfluidics and high-speed imaging to study the swimming behavior of 

Magnetospirillum magneticum strain AMB-1 traveling both counter-directional and perpendicular 

to flow in microchannels. We employed flow conditions with mean velocities (VF) ranging from 2 

µm s-1 to 1260 µm s-1, corresponding to shear rates (S) between 0.2 s-1 and 142 s-1, a range 

relevant to aquatic environments,27,33,133 as well as physiological,13,174,184 and engineering 

systems.23,185,186 Experiments were conducted in a PDMS microfluidic device enclosing 

microchannels 40 µm in height (Figure 2.3). A syringe pump was used to generate a stable flow 

of bacterial suspension in the microchannels. The flow in the experiments was laminar, with 

Reynolds number (Re) ranging from 1.4 × 10-4 (VF = 62 m s-1) to 9.1 × 10-2 (VF = 1260 m s-1), 

calculated based on the flow velocity and the hydraulic diameter of the microchannel (see 

Experimental Section).  MTB were always imaged on a xy-plane, 5 µm from the bottom of the 

channel, in which they experience a uniform flow (i.e. the velocity gradient is minimal; see 

Experimental Section). To test the effect of the viscosity of the medium on swimming velocity of 

MTB, we used methyl cellulose to make buffer with higher viscosity (~20 mPa s) compared to 

water (1 mPa s) and blood (normally ~ 4 mPa s). In stagnant environments, MTB exhibited 

magnetotactic behavior by swimming along the magnetic field lines with an average swimming 
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velocity of 49 ± 15 µm s-1 (n=528) and 27 ± 8 µm s-1 (n=60) in both low (~1 mPa s) and high 

(~20 mPa s) viscosity media, respectively (see Experimental Section). Results show that the 

swimming velocity of MTB decreased in buffers with higher viscosity. 

In the absence of a magnetic field, the bacteria were predominantly advected downstream 

by a relatively weak flow, without exhibiting a preferred swimming direction. This downstream 

advection of randomly-swimming bacteria demonstrates that flow is not an effective mechanism 

to guide MTB as it is with other microswimmers such as sperm,32,187 and E. coli.23,134  
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Figure 2.3 Microfluidic device used to study MTB in flow conditions. The PDMS device 

comprises microchannels 40 m in height, with side microchannels (colored in green and red) 

and the central microchannel (colored in blue) having widths of 400 µm (either end) and 1.3 mm 

(central section). Scale bar represents 1 mm.  
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Figure 2.4a,b show image sequences of MTB swimming counter-directional and 

perpendicular to the flow with a mean velocity of 31 µm s-1 (S = 3.5 s-1) under a relatively weak 

magnetic field of 0.3 mT. When the magnetic field was counter-directional to the flow (i.e. 

against the flow), the bacteria aligned along the magnetic field lines and incessantly swam 

upstream (Figure 2.4a). When the magnetic field was perpendicular to the flow, the bacteria 

successfully swam across the width of the microchannel, crossing the flow streamlines (Figure 

2.4b). The bacteria aligned to the magnetic field lines – perpendicular to the flow direction – but 

were slightly displaced downstream due to drag. In this case, the angle between the net swimming 

path of a bacterium (from the first to the last tracked positions) and the magnetic field direction, 

hereafter referred to as the drift angle , was ~11° (Figure 2.4b).  
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Figure 2.4 Directed navigation of Magnetospirillum magneticum in fluid flows. Image 

sequences of the bacteria (marked with yellow ellipses) swimming (a) counter-directional and (b) 

perpendicular to the flow with mean velocity of 31 µm s-1 (S = 3.5 s-1) under a 0.3 mT applied 

magnetic field. The red and blue arrows indicate the direction of the applied magnetic field and 

the flow, respectively. 
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It is worth noting that a fraction of bacteria was responsive to the applied magnetic field, 

exhibiting directed motion along the field lines (Figure 2.5). The fraction of responsive bacteria 

increases with the magnetic field strength, from 72.6  4.7% to 83.4  5.9% for B = 0.3 mT and 

5 mT, respectively. The fraction of responsive MTB levels off to a plateau at magnetic fields 

higher than ~ 3 mT. This is likely because at such a magnetic field strength, all the responsive 

bacteria showed directed motion and any further increase of the magnetic field would not change 

the fraction of responsive bacteria. The lack of magnetotactic behavior in a subpopulation of 

MTB is attributed to several factors: (i) heterogeneous population of bacteria with a 

subpopulation of dead or poorly motile bacteria;188 (ii) phenotypic variation of bacteria and 

defects in the form or function of the bacterial flagella;101,189 (iii) abnormal conformation of the 

magnetosome chain;190,191 and (iv) absence of magnetite nanocrystals.192 
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Figure 2.5 Fraction of directed bacteria as a function of the magnetic field strength in 

stagnant condition. Each data point represents the mean ± standard deviation of three 

independent measurements. 
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These results reveal that the influence of the magnetic field on the bacterial bodies 

dominates over hydrodynamic effects (e.g. potential effects from shear and chiral bacterial 

shape),7,24,58  allowing bacteria to navigate along the direction imposed by the magnetic field lines 

(Figure 2.6). This behavior is distinct from that of other microbes that either advect downstream 

or reorient with respect to the flow mainly due to hydrodynamic cues.23,24,30  
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Figure 2.6 Schematic representation of the directed motion of MTB with velocity of VB in 

the presence of fluid flow. A change in the direction of an applied magnetic field (red arrow) 

between t1 and t2 reorients the bacteria, keeping them aligned along the magnetic field lines. The 

schematic is not to scale. 
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The prevailing magnetic alignment of MTB enables the bacteria to navigate over long 

distances in flow conditions by simply responding to the magnetic field direction – an effective 

navigation mechanism.  By controlling the direction of an applied magnetic field of 3 mT, we 

were able to navigate MTB along predefined trajectories with “|”, “U”, “&” and “~” shapes, not 

only in stagnant conditions, but also in flow conditions with mean velocity of 90 µm s-1 (Figure 

2.7).  
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Figure 2.7 Trajectories of directed bacteria using an applied magnetic field of 3 mT to swim 

along predefined tracks. Predefined tracks are shown in the inset. Red lines and yellow arrows 

indicate the swimming trajectories and swimming directions of the bacteria, respectively. Scale 

bars denote 10 µm. The images were contrast-adjusted for clarity. 

  

10 µm 



42 

 

2.2.2 Swimming behavior of MTB in flow conditions 

We characterized the behavior of MTB swimming both counter-directional and 

perpendicular to the flow, for flow conditions and magnetic field strengths relevant to ecological 

conditions (2 µm s-1 ≤ VF ≤ 62 µm s-1,  B = 0.3 mT),27,33,133 and biomedical applications (90 µm s-1 

≤ VF ≤ 1260 µm s-1, B = 5 mT).13,174,184 With respect to biomedical applications, particularly, the 

range of flow velocity used in the study is relevant to blood flow in capillaries, where velocities 

can vary between 10 m s-1 and 1800 m s-1.69,172–174 Figure 2.8 shows the net swimming velocity 

and fraction of bacteria swimming upstream (counter-directional to the flow). The net velocity of 

tracked bacteria (VB, superimposition of the swimming velocity of the bacteria and flow) 

exhibited a negative correlation with the flow velocity (Figure 2.8a,c). At flow velocities between 

2 µm s-1 and 62 µm s-1 at B = 0.3 mT, the net swimming velocity decreased (linear R2 = 0.945) 

from 49  4 m s-1 to 30  7 m s-1, respectively, representing a reduction of ~ 39% (Figure 

2.8a). At flow velocities between 120 µm s-1 and 550 µm s-1 at B = 5 mT, the influence of flow on 

the swimming velocity of MTB was stronger, representing a reduction of ~ 50%. Specifically, the 

velocity decreased (linear R2 = 0.899) from 51  8 m s-1 at VF = 120 µm s-1 to 26  8 m s-1 at VF 

= 550 µm s-1 (Figure 2.8c).  
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Figure 2.8 Swimming behavior of MTB directed to navigate upstream. (a) Swimming 

velocity, VB, and (b) fraction of directed bacteria as a function of mean flow velocity at B = 0.3 

mT. (c) Swimming velocity, VB, and (d) fraction of directed bacteria as a function of mean flow 

velocity at B = 5 mT. Values are reported as means ± standard deviation for three independent 

experiments with n > 120 bacteria. The red line represents the linear fit to data points. The 

corresponding shear rates are shown on the upper x-axis.  
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For all flow velocities and magnetic fields tested, a fraction of the bacterial population 

always exhibited directed motion, persistently swimming upstream. This fraction, however, was 

influenced by both the flow velocity and the magnetic field. Specifically, at B = 0.3 mT, the 

fraction of directed MTB decreased (linear R2 = 0.971) from 72  7% at VF = 2 µm s-1 to  

45  4% at VF = 62 µm s-1 (Figure 2.8b). Similarly, at B = 5 mT, this fraction decreased (linear R2 

= 0.971) from 59  4% at VF = 120 µm s-1 to only 5.8  2% at VF = 550 µm s-1 (Figure 2.8d). For 

flow velocities above 550 µm s-1 most of the population (>95%) were advected downstream by 

the flow, even under the influence of the 5 mT magnetic field. The slower velocity and reduced 

fraction of directed MTB that can make directed progress upstream at increased flow velocities 

are attributed to the increased drag that acts directly against the swimming direction of the 

bacteria. 

We also tracked bacteria swimming perpendicular to the flow with velocities ranging 

from 2 µm s-1 to 1260 µm s-1 (0.2 s−1 ≤ S ≤ 142 s−1). Figure 2.9a,d show the respective net 

swimming velocity of directed bacteria as a function of the flow velocity at 0.3 mT and 5 mT. In 

both cases, the net velocity of tracked bacteria increased with flow velocity. For flow velocities 

ranging from 2 µm s-1 to 62 µm s-1 at B = 0.3 mT, the net swimming velocity increased (linear R2 

= 0.988) from 49  4 m s-1 to 52  4 m s-1, an increase of ~5%. For flow velocities between 90 

µm s-1 to 1090 µm s-1 at B = 5 mT, the net swimming velocity increased ~51% (linear R2 = 0.991), 

from 51  7 m s-1 to 77  8 m s-1. 
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Figure 2.9 Swimming behavior of MTB directed to navigate perpendicular to the flow. (a) 

Net swimming velocity of MTB, VB; (b) normal component of VB; and (c) tangential component 

of VB as a function of mean flow velocity at B = 0.3 mT. (d) VB; (e) normal component of VB; 

and (f) tangential component of VB as a function of mean flow velocity at B = 5 mT. Values are 

reported as means ± standard deviation for three independent experiments with n > 120 bacteria. 

The red line represents the linear fit to data points. The corresponding shear rates are shown on 

the upper x-axis. 
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Notably, the swimming velocity component perpendicular to the flow, Vy, remained 

nearly constant (~ 50 m s-1) for the entire range of flow velocities tested (Figure 2.9b,e). A 

constant velocity normal to the flow implies that directed bacteria can always cross the flow 

streamlines at a constant rate, regardless of the strength of the flow. In addition, Vy was 

comparable to the average velocity of motile bacteria in the absence of flow (Figure 2.10), 

indicating that neither magnetotaxis nor the flow affect the progressive motility of directed MTB. 

The average velocities of bacteria swimming in both random and directed motion, in stagnant 

conditions, were 44 ± 12 µm s−1 and 49 ± 15 µm s−1 respectively (Figure 2.10, n = 528, P = 0.579 

with a t-test, not statistically significant). Similar behavior has been observed in other bacteria, 

such as Bacillus subtilis and E. coli, in which swimming velocities do not change upon exposure 

to flow.24  
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Figure 2.10 Swimming velocity of random and directed MTB. Histogram of the swimming 

velocity distribution for random (gray) and directed (red) MTB (n = 528). The average swimming 

velocities of bacteria in random and directed motion were 44 ± 12 µm s−1 and 49 ± 15 µm s−1, 

respectively. The difference between the velocities is not statistically significant (P = 0.579), 

indicating the applied magnetic field does not influence the swimming velocity of the bacteria. 

The curves are the normal distribution fitting to the data sets, and the P value was determined by 

the two-tailed t-test. 
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In contrast to Vy, the velocity component tangential to the flow, Vx, increased substantially 

with the flow velocity due to the increased drag on the bacteria (Figure 2.9c,f). As a consequence, 

bacteria are drifted downstream, resulting in an angled swimming trajectory with respect to the 

direction of the magnetic field (i.e. normal to the flow). Figure 2.11a,b shows the drift angle as a 

function of flow velocity. At B = 0.3 mT, the drift angle increased from 1  4° at VF = 2 µm s-1 to 

14  4° at VF = 62 µm s-1 (Figure 2.11a). At B = 5 mT and higher flow velocities, the drift angle 

increased from 8  4° at 90 µm s-1 to 52  6° at 1090 µm s-1 (Figure 2.11b). At 1260 µm s-1, the 

highest flow velocity tested, the effect of the flow on the bacteria was dominant, which caused a 

steep increase in VB to 113  15 m s-1, due to a large increase in Vx.  
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Figure 2.11 Drift angle as a function of mean flow velocity for MTB directed to navigate 

perpendicular to the flow. (a) B = 0.3 mT and (b) B = 5 mT. 
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2.2.3 Body orientation influences navigation of MTB in flow 

MTB that are directed to swim perpendicular to the flow can overcome flow with mean 

velocity as high as 1260 µm s-1, which is 2.3-fold higher than the maximum flow velocity they 

can overcome when directed upstream. This maximum flow velocity depends on the drag acting 

on the bacterial bodies. Drag correlates with the orientation and velocity of the bacteria with 

respect to the flow. To understand how the relative orientation of MTB influences their 

navigation in flow, we estimated drag by considering bacteria as fixed solid ellipsoids in flow, as 

reported by Berg et al.193  This simplified approach has been used previously to estimate drag on 

MTB,194 and magnetic micropropellers.195 Drag force on MTB, |𝐅D|, can be estimated as 

|𝐅D| = √|𝐅D∥|
2

+ |𝐅D⊥|2     (1) 

where subscripts ∥ and ⊥ denote the respective tangential and normal components of drag, 

relative to the motility axis of the bacterium (Figure 2.12a). These components can be estimated 

as 𝐅D∥ = γ
∥
𝐕∥ and𝐅D⊥ = γ

⊥
𝐕⊥, where 𝐕∥ and 𝐕⊥ are the tangential and normal velocity 

components, and γ
∥
 and γ

⊥
 are tangential and normal drag coefficients. Both drag coefficients 

account for the orientation of the bacteria with respect to the flow. 
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Figure 2.12 Influence of body orientation on MTB navigation in flow. (a) Schematic 

representation of the reference system and model bacterium with length a, and diameter b, 

swimming with velocity VB at an angle 𝜃 with respect to a flow with velocity VF. (b) Contour plot 

of the estimated drag force on a bacterial body as a function of the flow velocity and orientation 

angle.  
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Figure 2.12b shows the drag force experienced by a bacterium swimming at a constant 

velocity of VB = 49 µ s−1 as a function of the flow velocity and orientation angle. Drag increases 

as the flow velocity increases. With respect to 𝜃, as the orientation of the bacteria turns from 

perpendicular (𝜃 = 90°) to parallel (𝜃 = 0° or 180°), drag also increases. The increase in drag 

results from the alignment of the longer axis of the bacterial body with the flow. In addition, the 

effect of orientation angle on drag is dominant at high flow velocities. Specifically, a bacterium 

that is oriented parallel to the flow at VF=190 µm s-1 experiences a 2-fold higher drag force than a 

bacterium swimming normal to the flow, and this ratio increases to over 9-fold as the flow 

velocity increases to 1260 µm s- 1.  In our experiments, we were able to direct MTB to swim 

upstream (𝜃 = 0°) under estimated net drag force as high as 9.5 pN (corresponding to the flow 

velocity of 550 µm s-1), after which the bacteria were advected downstream. Our results suggest a 

threshold drag (|𝐅D| ≈ 9.5 pN) where magnetotaxis enables MTB to overcome counter-

directional flow. 

2.2.4 MTB can swim upstream in strong flows; E. coli get swept away 

Rheotaxis is a robust mechanism used by many microswimmers to swim 

upstream.23,134,187 For example, positive rheotaxis (upstream motility) is predominant for E. coli 

below a critical flow velocity of 57 µm s- 1 (S = 6.4 s-1), however, at higher velocities they get 

dragged away by the flow.23 We exposed a mixed suspension of motile MTB and E. coli to a flow 

with velocity of 135 µm s- 1 (S = 15 s-1) at B = 5 mT. Figure 2.13 shows a preselected 

magnetotactic bacterium that successfully swam upstream by orienting along the magnetic field 

lines. In contrast to the majority of MTB that navigated upstream, E. coli were advected 

downstream by the flow, since positive rheotaxis is weak, as shown previously by Kaya and 

Koser.23 These results confirm that magnetotaxis is an effective mechanism for the directed 

motion of MTB in strong flows. 



53 

 

 

Figure 2.13 MTB swim upstream via magnetotaxis whereas E. coli are swept downstream.  

Image sequences of representative MTB (green) and motile E. coli (red fluorescence) in flow 

with velocity of 135 µm s- 1 (S = 15 s-1) and B = 5 mT. A representative magnetotactic bacterium 

(yellow ellipse) persistently swims upstream for over 6 sec via magnetotaxis, while three E. coli 

(red ellipses) are swept downstream by the flow. Scale bar indicates 10 µm. The images were 

colored and contrast-adjusted for clarity.  
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2.3 Discussion 

We used microfluidics and high-speed imaging to observe and quantify the swimming 

behavior of Magnetospirillum magneticum strain AMB-1 in flow conditions. We reveal that 

magnetotaxis enables MTB to navigate well in flow, while in the absence of a magnetic field the 

bacteria are advected downstream. MTB exhibit directed magnetotactic motion in flows 

compatible with aquatic environments (2 µm s-1 ≤ VF ≤ 62 µm s-1), 27,33,133 as well as conditions 

that are relevant for in vivo applications (up to 1260 µm s-1),13,174,184 such as targeted drug 

delivery. Under a relatively weak magnetic field of 0.3 mT, MTB were successfully directed to 

swim (i) against the flow (upstream), and (ii) perpendicular to the flow (across the flow 

streamlines) over long distances. This magnetic field is slightly higher, but comparable, with the 

geomagnetic field. The ability of MTB to navigate in flow via magnetotaxis is distinct from the 

directed movement of other microswimmers, such as sperm and E. coli, in flow via 

rheotaxis.23,24,32 The influence of the magnetic field on the bacterial bodies dominates over 

hydrodynamic effects (e.g. potential effects from shear and chiral bacterial shape),7,24,58  allowing 

bacteria to navigate along the direction imposed by the magnetic field lines. At  

VF < 62 µm s-1 (S < 7 s-1) even a relatively weak magnetic field (~ 0.3 mT) enables directed 

motion. However, at VF > 90 µm s-1 (S > 10 s-1), a higher magnetic field (5 mT) is required to 

overcome hydrodynamic effects from the flow, and to achieve directed motion. These findings 

are in agreement with previous studies for stagnant conditions indicating that MTB aligns better 

with magnetic field lines at higher field strength.196,197  

Magnetotaxis also enables bacteria to navigate in flow along user-defined trajectories 

(e.g. “&” and “~” shapes) over long distances – an essential asset for biomedical applications 

where flow is ubiquitous. Magnetotactic bacteria have been recently proposed as self-propelling 

microrobots to transport therapeutic drugs in vivo and selectively deliver them into tumor sites 
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where drug delivery is diffusion limited.171,198,199 Stanton et al.108 used MTB integrated with drug-

loaded mesoporous silica microtubes to deliver antibiotic to a target of infectious E. coli biofilm. 

It is noteworthy that MTB exhibit magnetotactic behavior in different freshwater and marine 

habitats, where ionic strengths can vary from 0.0009 M to over 0.7 M.97,200,201 This range covers 

values relevant to physiological media, such as blood, which has an ionic strength of 0.15 M.202–

204 

For upstream navigation, the net swimming velocity and the fraction of directed MTB 

decreased as the flow velocity increased. Particularly, the net velocity of MTB decreased by ~ 

39% when the flow velocity increased from 2 µm s-1 to 62 µm s-1 at B = 0.3 mT, and by ~ 50% 

for flow velocities from 120 µm s-1 to 550 µm s-1 at B = 5 mT.  For flow velocities below 31 µm 

s-1 at B = 0.3 mT and 190 µm s-1 at B = 5 mT, most of the bacteria (>50%) were able to 

counteract the flow and swim upstream. However, at increased flow velocities, due to a screening 

effect of the flow that works as a high-pass filter, only the fast-swimming bacteria (right side of 

the peak in Figure 2.10) were able to navigate upstream. Additionally, increased drag at higher 

flow velocities may activate additional force-generating units in their flagellar motors, as shown 

for E. coli.205  The decreased velocity and fraction of directed MTB at higher flow velocities are 

attributed to the increased drag that acts directly against the swimming direction of the 

microswimmers. A similar behavior has been observed for E. coli migrating upstream: the 

majority of bacteria in a given population can overcome flow with velocities up to 57 µm s- 1  (S = 

6.4 s-1), however, at higher flow velocities they get dragged by the flow.23 In the mixed 

population experiment we conducted at a flow with velocity of 135 µm s- 1 (S = 15 s-1; Figure 

2.13), for instance, all E. coli were advected downstream while the majority of MTB successfully 

navigated upstream.  

For navigating perpendicular to the flow, the net swimming velocity of directed MTB 

increased with flow velocity. Specifically, the velocity of bacteria increased about 5% when flow 
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velocity increased from 2 µm s-1 to 62 µm s-1 (B = 0.3 mT). However, this effect was more 

pronounced at higher flow velocities (from 90 µm s-1 to 1090 µm s-1, B = 5 mT), resulting in an 

increase of ~ 51%. The increase in velocity is a consequence of drag, which generates a velocity 

component tangential to the flow, causing deviations in the swimming trajectory of bacteria. At 

low flow velocities (< 14 µm s-1), bacteria trajectories drifted about 5° downstream. As the flow 

velocity increased to 1260 µm s-1, the downstream advection became dominant, increasing the 

drift angle 12-fold.  Notably, the velocity component normal to the flow (along the bacterial body 

axis) remained nearly constant (~ 50 m s-1) for the flow conditions and magnetic fields tested (2 

µm s-1 ≤ VF ≤ 1260 µm s-1, B = 0.3 and 5 mT).  This velocity is similar to the average swimming 

velocity of motile bacteria in stagnant conditions, for both random and directed MTB. These 

findings indicate that directed bacteria can cross the flow streamlines at a constant rate, regardless 

of the strength of the flow and magnetic field.  

With respect to body orientation, our results suggest that orientation of MTB influences 

the drag experienced by the bacteria and, consequently, the maximum flow velocity they can 

overcome via magnetotaxis (blue region in Figure 2.12b). Specifically, MTB oriented parallel to 

the flow at VF = 190 µm s-1 experiences a 2-fold higher drag than bacteria oriented normal to the 

flow, and this ratio increases to over 9-fold as the flow velocity increases to 1260 µm s-1. Our 

results indicate a threshold drag of 9.5 pN, corresponding to a flow velocity of  

550 µm s-1, where magnetotaxis enables MTB to overcome counter-directional flow. These 

findings are relevant to marine ecosystems, where both the direction of the geomagnetic field,206 

and the flow,7 influence the orientation and, therefore, the migration of MTB. 

Several biological and physical factors may influence the response of MTB to the 

magnetic field and shear flow, including the hydrodynamic effects due to orientation of the cell 

body with respect to flow,7,59 the interaction of the dipole moment and the magnetic field,206,207 

and the molecular composition of the cell such as intercellular protein content.166,197,208 With 
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respect to biological factors, the interaction of methyl-accepting chemotaxis protein (MCP) and 

the filamentous cytoskeletal protein MamK is suggested to play an important role in 

magnetotactic behavior of Magnetospirillum magneticum AMB-1, particularly at low magnetic 

field strength (~ 1 mT).197,208,209 Specifically, the magnetic torque on the magnetosome is 

transduced via MamK to methyl-accepting chemotaxis protein Amb0994.208 The cell senses the 

magnetic torque by Amb0994 and actively controls the flagellar motor to reorient along the 

magnetic field lines.197,206 MTB lacking Amb0994, or with an over-production of Amb0994, fail 

to respond to an applied magnetic field.197,208 Furthermore, the swimming directionality of MTB 

has been shown to have a direct link with aerotactic sensing through chemotaxis proteins, such as 

those encoded in CheOp1.166 Taken together, biological factors play a key role in response of 

MTB to magnetic field and shear flow, although the details of the underlying mechanisms are not 

completely clear. 

2.4 Experimental section 

2.4.1 Bacterial culture 

 Magnetic spirillum growth media (MSGM) contained 10.0 mL of Wolfe’s Vitamin 

solution, 5.0 mL of Wolfe’s Mineral solution, 2.0 mL of 0.01 M ferric quinate, 0.45 mL of 0.1% 

resazurin, 0.68 g of KH2PO4, 0.12 g of NaNO3, 0.035 g of ascorbic acid, 0.37 g of tartaric acid, 

0.37 g of succinic acid, and 0.05 g of sodium acetate in a volume of 50 mL. Magnetospirillum 

magneticum strain AMB-1 (ATCC 700264) was used to inoculate the culture. Resazurin was used 

as an oxidation-reduction indicator of oxygen presented in the media. A reduction in pink color of 

the media indicated that bacteria were in exponential growth phase. The culture flask was placed 

on a magnetic stirrer to observe light scattering and confirm magnetic field influence on growing 

MTB. The culture was maintained with negligible head space to preserve hypoxic growth 
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conditions. After three days of growth at 37 ºC, bacteria were sampled at an optical density (OD) 

of 0.2 to 0.3 for use in experiments. Prior to the experiments, a suspension of bacteria was taken 

from the culture with no pre-screening for responsive bacteria. For experiments with non-motile 

bacteria, the bacterial suspension was left at room temperature for three weeks after which most 

bacteria were non-motile, which was confirmed by bright-field microscopy. To prepare the high 

viscosity medium, a solution of 0.5% methyl cellulose (M0512; Sigma-Aldrich Corp, MO) was 

prepared in the base buffer to have final viscosity of ~20 mPa s at 20 °C. In all the experiments, a 

bacterial suspension in the base buffer without methyl cellulose was used unless otherwise stated. 

Motile E. coli strain MG1655 (Yale stocks CGSC# 6300) was grown in LB media to an 

O.D. 0.6 before being pelleted and resuspended in synthetic sea water modified to contain no 

primary or secondary amines. E. coli were then labeled by incubating with tetramethylrhodamine 

(TRITC Thermo Fisher Scientific) for 1 h at room temperature. To remove unreacted TRITC 

from labeled E. coli, cells were washed three times by pelleting, removal of the supernatant and 

resuspension in LB media. Prior to the experiments, E. coli were centrifuged for 10 min at 200 xg 

and then resuspended in 200 μl of the medium. E. coli and MTB suspensions were mixed (1:1 

ratio) and used as final suspension for the experiments.  

2.4.2 Microfluidic device fabrication 

 The microfluidic device was fabricated using soft lithography.210 A 40-m layer of SU-8 

50 (MicroChem, USA) was spin-coated on a clean silicon wafer and exposed to ultraviolet light 

(at ~35 mW/cm2) using a maskless photolithography system (Intelligent Micro Patterning Co., 

USA). The master was then developed in SU-8 developer (MicroChem, USA) for 20 min. The 

SU-8 mold was silanized with (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane (Sigma-

Aldrich, Switzerland). PDMS precursor and crosslinking agent (Sylgard-184, Dow Corning 

Corp., USA) were mixed (10:1 w/w ratio) and degassed for 30 min. PDMS was then poured on 
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the mold, degassed, and cured at 80 ºC for 1 h. The cured PDMS layer was peeled off from the 

SU-8 mold, and holes were punched as inlet and outlet ports. Lastly, a plasma cleaner (Harrick 

Plasma Inc., USA) was used to bond the microfluidic device to a microscope slide. 

2.4.3 Experimental procedures 

 The MTB suspension was introduced on-chip using a 1-ml syringe. A syringe pump 

(Harvard Apparatus Inc., USA) was used to expose the bacteria to controlled laminar flows. 

Mean velocities (VF) ranged between 2 µm s-1 and 1260 µm s-1, corresponding to Reynolds 

numbers between 1.4 × 10-4 and 9.1 × 10-2, respectively. The Reynolds number (Re = 𝜌𝑢𝐷𝐻 µ⁄ ) 

was calculated using the density of the fluid, 𝜌 = 1000 𝐾𝑔 𝑚−3, the flow velocity, u, the 

hydraulic diameter of the microchannel, DH, and the dynamic viscosity of fluid, µ =

10−3 𝐾𝑔 𝑚−1𝑠−1.  

 In all cases, MTB were imaged within a distance (z-direction) of 5 µm from the bottom 

of the channel, with a field of view (FOV) of 300 µm × 300 µm on the xy-plane. The microscope 

(Olympus IX83, Germany) used here was equipped with a motorized and computer-controlled 

stage, allowing fine movements in all directions (X, Y, and Z). This feature was used to confirm 

the distance from the microchannel horizontal wall. The center of the FOV was located at the 

midpoint of channel width and length. Non-viable or immotile bacteria were used to quantify the 

flow velocity. A minimum of 30 measurements across the FOV were used to calculate the flow 

velocity and the corresponding shear rate. A Neodymium (NdFeB) magnet was used as magnetic 

field source. For all experiments, the magnetic field source was close to the microchannel so that 

bacteria were assumed to be exposed to quasi-linear fields. The magnetic field path was generated 

manually by moving the magnet around the microfluidic device along the desired direction. The 

magnetic field strength was measured using a gauss meter with a transversal probe (LakeShore 

425, USA).  
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For all experiments, at least three independent replicate tests were performed, each with a 

fresh bacterial culture. Experiments were conducted at room temperature.  

2.4.4 Shear calculation 

 The parabolic velocity profile of the flow in the microchannels is a function of depth: 

𝑣(𝑧) = (
3𝑉

2
) [1 − (

2𝑧

𝐻
)

2
] where V is the mean flow velocity, H is the channel height, with 𝑧 = 0 

at the mid-depth of the channel. For large width-to-height ratio channels the flow can be assumed 

uniform along the width of the channel (i.e. in the y-direction), except at the vicinity of the walls 

(no-slip condition), and has a dominant gradient along the height of the channel where it reaches 

its maximum at mid-depth and zero at the walls. The shear rate varies linearly across the depth of 

the channel by 
𝑑𝑣

𝑑𝑧
= −12𝑧𝑉/𝐻2, being zero at 𝑧 = 0 and maximum at the bottom and top walls.24  

2.4.5 Microscopy 

 Transmission electron microscopy (TEM) was used to capture high-resolution images of 

the bacteria. An aliquot (10 L) of the bacteria suspension was air-dried on a 400-mesh copper 

grid coated with a carbon film (CEDARLANE Co. Canada) and rinsed with DI water to remove 

all the salt and debris. A transmission electron microscope (Hitachi H-7000, Japan) operating at 

an acceleration of 75 kV was used to capture TEM micrographs of the bacteria at x30,000 and 

x100,000 magnifications.  

An inverted microscope (Olympus IX83, Germany) equipped with a high-speed CMOS 

camera (Zyla-4.2-CL10, ANDOR, Ireland) was used to capture 10x (numerical aperture (NA) = 

0.13, UPLanFL N) and 40x (NA 0.6, LUCPlanFL N) magnification bright-field image sequences 

of bacteria swimming in the microfluidic device at 24 frames per second. MTB were imaged 

using bright-field microscopy and E. coli were imaged in red fluorescence. 
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2.4.6 Estimation of drag force 

 Using the previously described model for a fixed ellipsoid body in a flow 193, the value 

of the net drag force due to a shear flow with the velocity of VF on a bacterium with the 

swimming velocity of VB can be estimated as 

|𝐅D| = √|𝐅D∥|
2

+ |𝐅D⊥|2    (2) 

where 𝐅D∥ and 𝐅D⊥ are components of the drag tangent and normal to the movement direction of 

the solid body. These drag components can be estimated as 

𝐅D∥ = γ
∥
𝐕∥      (3) 

𝐅D⊥ = γ
⊥

𝐕⊥      (4) 

where 𝐕∥ = 𝐕B − 𝐕F cos 𝜃 and 𝐕⊥ = 𝐕F sin 𝜃, and 𝜃 is the angle between the flow direction and 

long axis of the bacterial body. The tangential and normal drag coefficients (represented 

respectively by γ
∥
 and γ

⊥
) can be estimated as 

γ
∥

= 2πηa[ln (
a

b
) − 0.5]

−1

    (5) 

γ
⊥

= 2πηb[ln (
b

a
) − 0.5]

−1

    (6) 

where a and b are respectively length and diameter of the bacterium, and 𝜂 is the dynamic 

viscosity of the culture medium. For the bacterial strain and culture medium used in our 

experiments, we applied a = 4 µm, b = 0.6 µm, and 𝜂 = 1.05 × 10−3 𝑁. 𝑠 𝑚−2 into the model to 

calculate the drag. 

2.4.7 Image analysis 

 Image analysis was performed to extract quantitative information on the swimming 

characteristics of MTB. Free access image processing software ImageJ,211 was used to track the 
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bacteria in the time-sequence images. The imaging rate at 24 frames per second, combined with 

the small displacement of each bacterium between consecutive frames enabled tracking of each 

individual bacterium. All images were background corrected and contrast adjusted for clarity. 

Only cells that were captured within a minimum of 15 images in our 300×300 µm field of view 

(limited to 40x objective) were tracked. To determine the velocity of the directed bacteria only 

the ones with relatively straight trajectories along the magnetic field (± 25°) were tracked. For 

randomly swimming bacteria, all the motile cells were tracked. The instantaneous velocity of the 

bacteria was calculated as the distance between each two consecutive positions in the trajectory 

divided by the associated time difference. This velocity was averaged over each trajectory, and its 

mean over the number of recorded trajectories (> 40 bacteria) was averaged over at least three 

experiments to report the average velocity of the bacteria, 𝒗𝐵 (n > 120 data points). The measured 

velocity of tracked bacteria swimming in flow was always the superposition of swimming 

velocity and the flow.  

2.4.8 Statistical analysis 

 A statistical t-test (two sample t-test with unequal variances) was used for statistical 

evaluation of the normalized data, and P < 0.05 was considered as significant. A Kolmogorov-

Smirnov and a Lilliefors test with a confidence level of 0.01 were used to verify the normality of 

the datasets. Analyses were conducted using OriginPro 2016 (OriginLab Corp., USA). 
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Chapter 3 

Migration of magnetotactic bacteria in porous media 

3.1 Introduction 

Magnetotactic bacteria (MTB) live in complex and heterogeneous habitats, such as 

aquatic sediments,98,101,212 where fluid flow is ubiquitous.7,20,59 MTB play a crucial role in 

biogeochemical processes,100 including the Earth’s iron and sulfur cycles.99,168 MTB possess 

magnetite (Fe3O4) or greigite (Fe3S4) nano-crystals arranged in chains, called magnetosomes, 

which enable the cells to orient and swim along the geomagnetic field lines to reach optimal 

oxygen concentrations at the oxic-anoxic transition zone,97 a behavior termed magnetotaxis.92 The 

upward and downward movement of MTB in their habitats is crucial for their metabolism and 

survival.212 While migrating through porous environments (e.g. sediments), the motility of MTB 

is affected by the direction and magnitude of the magnetic field they experience, and their 

interaction with solid surfaces and currents, which ultimately influence their swimming behavior 

and navigation strategies.48,49,206,213–216 Recently, MTB have shown great promise as potential drug 

delivery vehicles, which requires their navigation through physiological environments.85,108 

Rismani Yazdi et al.116 recently demonstrated that magnetotaxis enables MTB to exhibit directed 

motion in flows relevant to their natural habitats and biomedical applications. However, the 

influence of the interplay between surface confinement, flow, and magnetotaxis on the motility of 

MTB in porous media has remained elusive. 

Here, we use microfluidics to study the swimming behavior of MTB in porous 

environments, mimicking their natural habitats. We demonstrate that, under an applied magnetic 

field, MTB circumvent curved obstacles by traveling along the boundaries. When encountering a 

flat surface, however, MTB switch between forward and backward runs in order to pass the 
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obstacle. We further demonstrate that magnetotaxis enables directed motion of MTB through 

heterogeneous porous micromodels, overcoming tortuous flow fields with local velocities as high 

as 250 µm s-1. 

3.2 Results and discussion  

MTB exhibited distinct swimming behavior when encountering curved and flat obstacles, 

under an applied magnetic field of 0.3 mT. At curved obstacles (e.g. circles), MTB traveled along 

the perimeter by maintaining their axial motility direction, pushing against the surface, and 

continued swimming straight along the field lines after passing the obstacle (Figure 3.1a). The 

ability of MTB to push against a curved boundary is potentially attributed to their interaction 

angle with the surface and resulting hydrodynamic effects near a curved surface.40,217 In contrast, 

upon encountering a flat obstacle (e.g. rectangular objects), MTB switched between forward and 

backward runs repeatedly, until they circumvented the obstacle (Figure 3.1b). A representative 

bacterial reversal event at a flat obstacle is shown in Figure 3.1c. When reaching the obstacle, the 

bacterium reversed its swimming direction without turning the cell body. This switch in 

swimming direction is linked to the tactile response of MTB and their ability to sense magnetic 

field gradients.48,206,218 This switch in swimming direction is linked to the tactile response of MTB 

and their ability to sense magnetic field gradients.48,206,218 Specifically, at a flat obstacle, when the 

swimming path of MTB is blocked, a tactile response causes MTB to switch their swimming 

direction.48 However, while swimming towards a lower magnetic field strength, the magneto-

sensing mechanism that MTB possess enables them to sense the magnetic field gradient and 

reverse their swimming direction again, to migrate towards regions with higher magnetic field 

strengths.206  

 

  



65 

 

 

Figure 3.1 Interaction of MTB with (a) curved and (b) flat obstacles; (c) a bacterial reversal 

event at a flat obstacle. The magenta lines show the swimming trajectory of MTB. The 

bacterium is marked with a yellow dashed ellipse. 
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By applying a magnetic field of 5 mT oblique to the microchannel horizontal walls (H1 and 

H2, Figure 3.2a), MTB followed a closed-loop path, with a shape similar to a parallelogram. 

Bacteria swam with similar average velocities of 53.8±18 µm s-1 and 53.7±17µm s-1 near the top 

(H1) and bottom (H2) walls (n=3,573, P=0.819, not statistically significant), respectively. 

Notably, these results show that Magnetospirillum magneticum can reach similar velocities using 

either flagellum at each end of its body for propulsion.219 This looping behavior was observed in 

the ~80% of the bacterial population that exhibited directed motion (Figure 3.2bFigure 3.4). The 

lack of directed response for the remaining fraction of randomly swimming bacteria can be due to 

the phenotypic variation of bacteria, absence or abnormal arrangement of magnetite nanocrystals, 

190–192 as well as defects in the cell’s morphology (e.g. malfunctioning flagella).101,189 
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Figure 3.2 MTB swimming near top and bottom walls. (a) Histograms of the instantaneous 

swimming velocity of MTB near the top (blue) and bottom (red) microchannel walls (n=3,573). 

The inset shows the cross-section of the microchannel, with the dashed line representing the 

parallelogram path of MTB. (b) Fraction of random and directed MTB near top and bottom 

microchannel walls (n=422). Values are reported as mean±standard deviation. 
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The looping behavior of directed MTB was also observed to influence the concentration of 

bacteria near the horizontal walls. Specifically, for B=0 mT (magnetic field OFF), only a slightly 

higher number of bacteria were observed near horizontal walls compared to the number of 

bacteria in the bulk (Figure 3.3), due to hydrodynamic interaction between the bacteria and the 

surface.39,220 However, for B=5 mT (magnetic field ON), the concentration of MTB near the top 

and bottom walls was considerably higher (~10-fold) than the bacterial population in the bulk 

(Figure 3.3). Over 73% of directed MTB population concentrated within 5 µm of the horizontal 

walls – a 1.7-fold increase compared to the concentration of MTB that swam randomly near 

horizontal walls in the absence of an applied magnetic field.  
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Figure 3.3 Distributions of MTB across the microchannel height in the absence (gray) and 

presence (cyan) of the applied magnetic field, B=5 mT (n=9,844). 
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To study the swimming behavior of MTB through porous media, we used a micromodel 

that consists of hexagonal posts with maximal diameter of 45 µm. The micromodel was 10 µm in 

height and the gap between posts was 10 µm, in order to resemble the typical pore size (~ 0.1-200 

µm) and porosity (~ 0.4) of sediments and soils,221–223 as well as those found in physiological 

environments, such as tissues and vascular networks.224 In control experiments with motile E. 

coli, cells swam randomly in all directions through the porous micromodel, both in the absence 

and presence of an applied magnetic field of 0.3 mT, with similar average progressive velocities 

of 8±4 µm s−1 and 9±5 µm s−1, respectively (Figure 3.4).   
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Figure 3.4 Swimming trajectories of E. coli through a homogenous porous micromodel. (a) 

in the absence and (b) in the presence of an applied magnetic field of B=0.3 mT, with 

corresponding polar graphs of progressive velocities overlaid at the center in (c) and (d), 

respectively (n=30). The radius of polar graph indicates progressive velocity. Scale bars: 30 µm. 
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In the absence of an applied magnetic field, MTB were observed to swim in all 

directions, randomly, and their migration through the porous medium was hindered by their 

interactions with boundaries, as they repeatedly bounced between posts (Figure 3.5a). The 

average progressive velocity of randomly swimming MTB was 28±14 µm s−1 (Figure 3.5c). In 

contrast, under an applied magnetic field of 0.3 mT, magnetotaxis enabled directed motion of 

MTB through the micromodel by realigning the bacteria along the field lines after interacting 

with obstacles (Figure 3.5b). Directed MTB navigated through the micromodel comparatively 

faster than randomly swimming bacteria, with an average progressive velocity of 36±12 µm s−1, 

and, remarkably, deviated less than 25° from a straight path (Figure 3.5d).   
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Figure 3.5 Swimming trajectories and progressive velocities of MTB through a homogenous 

porous micromodel with porosity of ~0.4. (a) in the absence and (b) in the presence of the 

applied magnetic field of B=0.3 mT, with corresponding polar graphs of progressive velocities 

overlaid at the center in (c) and (d), respectively. The radius of polar graph indicates progressive 

velocity. 
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In a porous micromodel with ~50% higher porosity (~0.6), directed MTB navigated 

faster and straighter than those in a micromodel with a porosity of ~0.4. Specifically, the average 

progressive velocity of directed MTB increased by 14% to 41±8 µm s−1, with less than 5° 

deviation from a straight path (Figure 3.6).  
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Figure 3.6 Swimming trajectories of MTB through a homogenous porous micromodel with 

the porosity of ~0.6. (a) in the absence and (b) in the presence of an applied magnetic field of 

B=0.3 mT, with corresponding polar graphs of progressive velocities overlaid at the center in (c) 

and (d), respectively (n=40). The radius of polar graph indicates progressive velocity. Scale bars: 

30 µm. 
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We further investigated the influence of counter-directional flow on the migration of 

MTB through the porous micromodel. To account for the heterogeneous flow environments in 

sediments, a heterogeneous micromodel with hexagonal posts ranging from 30 to 90 µm in 

diameter was used (Figure 3.7a). A laminar flow with an average velocity of 29 µm s-1 was 

applied in the micromodel. In the absence of an applied magnetic field, MTB were predominantly 

advected downstream by the flow. In contrast, under an applied magnetic field of 0.3 mT, MTB 

swam incessantly upstream (against the flow) through the heterogeneous micromodel at an 

average swimming velocity of 25±7 µm s−1. It is noteworthy that magnetotaxis enabled MTB to 

swim relatively fast and straight through a rather tortuous flow field with local velocities as high 

as 250 µm s-1 (Figure 3.7b). The local flow pattern in a microchannel is affected by the object in 

the stream, and influences the MTB transport vector. For the case of square objects, MTB would 

potentially experience low flow velocity when swimming behind and at the close vicinity of the 

object, which may not strongly alter the swimming trajectory of the cells. However, when trying 

to escape from the back of the obstacle, a cell’s body might get reoriented by the effect of flow 

and deviate from their alignment with the magnetic field, as if momentarily caught in an eddy. 

The resulting transport vector could thus be influenced by the flow, the magnetic field, and their 

relative orientation. 

This effective migration of MTB through the micromodel contrasts with the behavior of 

other bacteria previously reported, such as E. coli, Pseudomonas putida, and Bacillus subtilis, 

where their transport is impeded by the porous media and the flow.27,225,226 Our results indicate 

that magnetotaxis dominates over hydrodynamic effects,7,24 to guide MTB to swim along the 

magnetic field lines in porous media. 
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Figure 3.7 Migration of MTB through tortuous flow fields. (a) Swimming trajectories of MTB 

through a heterogeneous micromodel when directed to navigate upstream (B=0.3 mT). (b) 

COMSOL simulation results of the velocity field in a heterogeneous micromodel. 
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3.3 Materials and methods  

Microfluidic devices were made of polydimethylsiloxane (PDMS) using soft lithography 

techniques.210,227 Magnetospirillum magneticum strain AMB-1 were grown in ATCC 1653 

revised magnetic spirillum growth medium (MSGM 1653 ATCC® Manassas, USA) at 37 ºC as 

described elsewhere.116 After three days of culture, bacteria were sampled at an optical density of 

0.2 to 0.3 for use in experiments. For control experiments, motile Escherichia coli strain RP437 

(Yale stocks CGSC# 12122) was grown and used as describe elsewhere.116 In flow experiments, a 

syringe pump (Pump 11 Elite, Harvard Apparatus, MA) was used to administrate the flow. An 

inverted microscope (Olympus IX83, Germany) equipped with a CMOS camera (Zyla-4.2-CL10, 

ANDOR, Ireland) was used to capture bright-field image sequences of bacteria at 25 frames s-1. 

Z-stack acquisition and cellSens software (Olympus, Germany) were used to quantify the bacteria 

distribution across the height of the microchannel. Images were processed in ImageJ,211 to track 

the bacteria manually and extract quantitative information on their swimming characteristics. 

Progressive velocity was calculated as the displacement vector between the first and last tracking 

points divided by the duration of the track segment.40 COMSOL Multiphysics (Burlington, MA) 

was used to simulate the flow field in the porous micromodel. For statistical evaluation, P value 

was determined using two sample t-test with unequal variances, and P < 0.05 was considered as 

significant. 
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Chapter 4 

Facile actuation of aqueous droplets on a superhydrophobic surface 

using magnetotactic bacteria for digital microfluidic applications 

4.1 Introduction 

Recently, the use of bacteria for bio-actuation has received significant attention.228 By 

attaching bacteria to the surface of an object, researchers have been able to propel latex beads, 

polydimethylsiloxane structures, and double microemulsions.80,229,230 Free-swimming bacteria 

such as Escherichia coli and Bacillus subtilis have been used to actuate micro saw-toothed 

objects floating in a bacterial suspension.75,89 The ability to control the resulting trajectories of 

these bio-hybrids would be useful. Magnetotactic bacteria (MTB) are flagellated marine bacteria 

that possess an intercellular chain of 15 to 20 ferromagnetic nano-crystals called magnetosomes.92 

The magnetosomes allow MTB to passively align to magnetic field lines and present an active 

directed motion towards the South or the North Pole of a magnet – a phenomenon known as 

magnetotaxis.97 Magnetotaxis is thought to make the MTB’s search for microaerophilic 

environments more efficient by suppressing the random three-dimensional motion in favour of a 

directed one-dimensional motion. Magnetosomes are made of either greigite (Fe3S4) or magnetite 

(Fe3O4); and mature crystals have a typical size that reaches the highest possible magnetic 

moment per unit volume when the diameter is in the range 35 to 120 nm.231–233 

Due to their unique characteristics, MTB have many different applications. Bahaj et 

al.,234 Arakaki et al.,235 and Qu et al.236 used magnetotactic bacteria to remove heavy metals and 

radionuclides from wastewater. A suspension of MTB has been used as a tunable photonic 

device, where the orientation of the bacteria controlled the intensity and phase of light.237 Due to 

their directional magnetotaxis behavior, magnetotactic bacteria have also shown great promise as 
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microbiorobots in the emerging field of bioactuators.78,105,238 By controlling the direction of an 

externally applied magnetic field and attaching micro- and nano-size objects to the bacteria, 

Martel et al.74 and Ma et al.,179 exploited MTB to generate propulsion for the transport of cargo 

along pre-defined paths in microfluidic channels. MTB have been used for in vivo targeted drug 

delivery to courier drug-loaded nanoliposomes to cancers in mice.84,198 Lately, magnetotactic 

bacteria adhered inside mesoporous silica microtubes loaded with antibiotic have been targeted to 

infectious biofilms.108 More recently, Rismani Yazdi et al. have shown that magnetotaxis enables 

magnetotactic bacteria to both swim upstream, and cross-stream, in strong fluid flows relevant to 

aquatic environments and biomedical applications.116,239 Working with the live bacteria can 

present some limitations due to their sensitivity to temperature and composition of the 

surrounding medium. However, MTB live in both cold and warm habitats, and in water columns 

and sediments with different salinity.98,167 They have also been used in in vivo applications with 

biofluids such as blood, which suggests their viability in a variety of conditions.198 

Digital microfluidics (DMF) is a specialty in which small volumes of liquids ranging 

from microliters (μL) to picoliters (pL) are actuated, merged, mixed, split, and/or analyzed on 

uniquely engineered devices.143 DMF can be classified into electrowetting on dielectric, 

magnetic, surface acoustic wave, and other stimuli, depending on the mechanism of droplet 

actuation.156 In the magnetic actuation DMF approach, a magnetically susceptible material is 

added to the liquid for manipulation. Most DMF approaches require liquid repellant surfaces. 

Water fearing (hydrophobic) surfaces and coatings have many uses in science and engineering. 

The water repellency of a surface is typically measured using water contact and sliding angles. In 

some cases where a surface is described as superhydrophobic, the water contact angle exceeds 

150o and the sliding angle is less than 10o. Low frictional forces between the liquid droplet and 

the surface allow for actuation with minimal force and enable manipulation of the droplet by an 

external magnetic field. The magnetically susceptible materials used in magnetic actuation 
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approach can be ferrofluids, paramagnetic salts or superparamagnetic particles (SPMPs). Mats et 

al. reported actuation of SPMPs and paramagnetic salts on coatings formed using Ultra-Ever 

Dry™ (UED), a commercial fluorinated silica nanoparticle-based material.155 Recently, Hutama 

et al. reported splitting of droplets using magnetic actuation and physical confinement on a 3D-

printed device.240 A key feature of magnetic DMF is the dual functionality of magnetic particles. 

Besides acting as means of actuation, the magnetic particles can also be used as a solid substrate 

for molecular adsorption.157 To the best of our knowledge, biologically-driven magnetic droplet 

actuation (BMDA) using magnetotactic bacteria has not yet been explored. Magnetospirillum 

magneticum strain AMB-1 is ideal for this purpose due to its high motility, capacity to reach a 

high cell density and ability to be remotely controlled by means of external magnetic fields.  

Surfaces that display homogeneous coating are useful for preventing wetting. However, a 

combination of both wetting and non-wetting regions provides additional options for droplet 

control. These patterned surfaces consist of hydrophilic areas, also called surface energy traps 

(SETs), surrounded by (super) hydrophobic regions. Patterned surfaces have been prepared using 

a variety of methods such as laser micromachining, photolithography and micro-contact 

spotting.241,242 Here we incorporate a new method to generate SETs termed: “scratch 

microfluidics”. This fabrication method is inspired by scratch art that employs a metallic substrate 

coated with a contrasting matte color. When the paint is removed with a knife the underlying 

metallic substrate becomes visible. In this way, SET’s, can be rapidly produced and positioned 

without the need of complex machining infrastructure. 

Here, we describe MTB-driven droplet actuation on a superhydrophobic surface, with 

actuation speeds of up to 30 mm s-1. We demonstrate that BMDA enables transport of droplets 

along various trajectories, such as rectangular and figure of eight-shaped tracks. We further 

demonstrate the use of BMDA for sequential merging and mixing of multiple droplets. We show 

that the MTB-actuation is comparable in terms of both control and speed with previously reported 
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droplet manipulation by paramagnetic particles and salts, suggesting that MTB-actuation can be 

used for droplet transport in microfluidic platforms. To demonstrate a biological application for 

this methodology, we performed a phosphatase assay on-chip using a custom-built detection 

setup. For this, the magnetic actuation was combined with SETs, prepared via scratch 

microfluidics, to pin reagent droplets.  

4.2 Experimental 

4.2.1 Materials and reagents  

Glass substrates with dimensions of 101.4 × 76.2 × 1.0 mm were purchased from Ted 

Pella Inc. (California, USA). Ultra-Ever Dry™ was purchased from Hazmasters (Ottawa, 

Canada). Manganese (II) chloride tetrahydrate was purchased from Sigma-Aldrich. SPMPs were 

obtained from Bioclone Inc. (San Diego, USA). These particles with an iron oxide core had a 

diameter of ∼1.0 µm, magnetization of ∼40 emu/g and were coated with a layer of silica. NdFeB 

cylindrical magnets used for actuation were purchased from K&J Magnetics, Inc., PA. The 

magnetic field strength of the magnet was measured to be 0.56 T, but fell to 0.32 T after putting a 

glass slide (1 mm thick) between the gaussmeter probe (Gaussmeter Model 410, LakeShore 

Cryotronics Inc., Westerville, OH) and the sample. ATCC 1653 revised magnetic Spirillum 

growth medium (MSGM 1653 ATCC® Manassas, USA) was used to grow the MTB. The USB 

2000+ spectrometer was purchased from OceanOptics (Florida, USA). 

4.2.2 Ultra-Ever dry preparation and application  

A two-layer coating of UED was applied, one layer at a time, from an aerosol as per the 

manufacturer’s instructions. Typically, the slides were left under ambient conditions to dry for a 
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minimum of 20 min between the application of the layers and were further dried overnight prior 

to use. 

4.2.3 MTB culture preparation 

Magnetospirillum magneticum strain AMB-1 were grown in ATCC 1653 revised 

magnetic Spirillum growth medium (MSGM 1653 ATCC® Manassas, USA). MSGM contains 

ascorbic acid, tartaric acid, succinic acid, sodium acetate, NaNO3, KH2PO4, Wolfe’s vitamin 

solution (ATCC® MD-VS™ Manassas, USA) and Wolfe’s mineral solution (ATCC® MD-

TMS™ Manassas, USA). Resazurin was added as pH indicator. Ferric quinate was added as a 

source of iron for the MTB. The culture flask was placed on a magnetic stirrer to observe light 

scattering and confirm magnetic field effect on growing MTB. The concentration of bacteria used 

in the experiments corresponded to ~ 4.9 x 109 cells mL-1.   

4.2.4 Microscopy and image analysis 

The UED surface was coated with an approximately 50 nm-thick layer of gold (Hummer 

Sputtering System, Anatech, Hayward, CA, USA). Scanning electron microscopy on a FEI 

Quanta 650 FEG environmental scanning electron microscope was used to characterize the 

surface. Transmission electron microscopy was used to capture high-resolution images of the 

MTB. An aliquot (10 L) of the bacterial suspension was air-dried on a 400-mesh copper grid 

coated with a carbon film (CEDARLANE Co., Canada) and rinsed with DI water to remove salt 

and debris. A transmission electron microscope (Hitachi H-7000, Japan) operating at of 75 kV 

was used to capture transmission electron microscopy micrographs of the bacteria at 20,000x and 

100,000x magnifications. MTB loaded into the microfluidic device were imaged using an 

inverted microscope (Olympus IX83, Germany) equipped with a high-speed CMOS camera 
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(Zyla-4.2-CL10, ANDOR, Ireland), with 10x and 40x magnification in bright-field mode. To 

extract quantitative data on bacteria swimming behavior, droplet actuation, and mixing rate, 

image analysis was performed. Image processing software ImageJ and MTrackJ plugin was used 

to manually track the cells in the time-sequence images. For mixing experiments, 1 µL of blue 

dye was added to a 15 µL droplet from the top. The magnet on the XY stage was moved back and 

forth under the sessile droplet to induce the SPMPs and MTB movement inside the droplet. Image 

series were recorded at 60 frames per second by HERO5 (GoPro, USA) with mounted microlens 

and analyzed using ImageJ to extract the RGB histograms and calculate the mixing time for 

control experiment with water and no actuation, and droplets with SPMPs and MTB. The change 

in the standard deviation of the RGB intensity over time was used as a measure for the 

homogeneity of the mixing in the droplet. The change in standard deviation of the RGB intensity 

was chosen as one of the parameters as it provides with a measure of homogeneity of the color 

inside the droplet after a certain mixing time. The RGB intensity standard deviation for each 

droplet stayed constant after a value of 11.5. The time taken for each droplet to reach RGB 

intensity standard deviation = 11.5 was recorded and labeled as ‘t’. The RGB intensity standard 

deviation at time = 0 was subtracted from time = t to account for initial color of each droplet. 

4.2.5 Microfluidic device fabrication 

The microfluidic device was fabricated using photolithography and soft lithography 

techniques.243 Briefly, a 40-m layer of photoresist SU-8 50 (MicroChem, USA) was coated on a 

4-inch silicon wafer using a spinner, and was selectively exposed to UV light using a maskless 

photolithography system (Intelligent Micro Patterning Co., USA). The master mold was then 

developed to reveal the negative microfluidic patterns. A mixture of polydimethylsiloxane 

(PDMS) precursor and crosslinking agent (Sylgard-182 Elastomer, Dow Corning Corp., USA), at 

a 10:1 mass ratio, was used to cast microfluidic devices from the master mold. After baking for 2 
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h at 70 °C, the devices were cut on the borders, and inlets and outlets were punched for fluidic 

access. Then, the PDMS layer was bonded to a glass slide using a plasma cleaner (Harrick Plasma 

Inc., USA) to complete the microfluidic device (Figure 4.1).  
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Figure 4.1 The PDMS microfluidic device. The device comprises microchannels 40 µm in 

height, with side-microchannels and connecting microchannel having widths of 300 µm and 25 

µm, respectively. 
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4.2.6 Magnetic actuation 

Magnetic actuation was carried out using an XY Gantry linear translation stage (H2W 

Technologies). The coated glass slide was placed on a static 3D-printed frame with an array of 

permanent magnets directly mounted to the XY stage under the glass slide. A photograph of the 

magnetic actuation setup is shown in Figure 4.2. The use of permanent magnets simplifies the 

operation of the system with reduced costs. The acceleration time used in all experiments was 50 

ms, unless otherwise stated. 
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Figure 4.2 The magnetic actuation setup. The magnets are placed under the superhydrophobic 

coated glass substrate and are mounted on top of the computer-controlled XY stage. The 

superhydrophobic surface can be seen resting on a 3D-printed holder. 
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4.2.7 SET formation using scratch microfluidics 

For reproducible spectroscopic measurements it is necessary to pin droplets on specific 

spots on the SH surface. We formed SETs on the SH surface to achieve pinning of droplets. In the 

microfluidic application described here a hydrophilic substrate (e.g. glass) is covered with a 

superhydrophobic coating (Ultra Ever Dry™). Hydrophilic regions are produced by scratching 

and removing the coating revealing the glass beneath. Specific patterns can be generated 

“freehand” or through the use of a mask (e.g. 3-D printed stencil) containing holes of desired SET 

diameter (2-3 mm) (Figure 4.3A). A fused deposition modeling 3D printer (Felix 3.0) and 

polylactic acid material were used to 3D print a mask to create desired diameter SETs. The mask 

was placed on top of the SH substrate and the superhydrophobic surface underneath the holes was 

scratched off exposing the bare glass surface. The difference in wetting between bare glass 

surface and superhydrophobic surface allowed for pinning of droplets on the surface. For 

demonstration purposes, a mask was designed to print with 24 holes of ~3 mm each. The 

measured mask hole diameters were 2.7 ± 0.1 mm (Figure 4.3A).  The difference in designed and 

printed mask hole diameters was due to thermal expansion of the polylactic acid material used for 

3D printing. The total time taken to scratch 24 SETs on the SH surface was 5 min. The average 

SET diameter was 2.1 ± 0.1 mm (Figure 4.3B). The difference in measured hole diameter and 

SET diameter can be attributed to the width of the tip of the tool used to scratch and remove the 

superhydrophobic coating which restricts the movement of the tip around the inside edges of the 

hole. The SETs were further washed with water and dried with strong nitrogen stream before use. 

These results demonstrate that SETs can be created reproducibly and with ease using the scratch 

microfluidics technique. 
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Figure 4.3 The device used for pinning of droplets. An image showing A) a 3D printed mask to 

be used for scratch microfluidics and B) 20 µL colored droplets sitting on SETs generated via 

scratch microfluidics. 
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4.2.8 Phosphatase assay 

To perform the phosphatase assay we combined the magnetic actuation by MTB and 

pinning of reagent droplets on SETs. A ‘substrate droplet’ containing 10 µL p-nitrophenyl 

phosphate (0.018 M), 3 µL Triton X-100 (0.3 wt.%), 4.5 µL of 0.2 M-Tris/HCl (pH 8.6) and 0.5 

µL of 0.1 M-MgCl2 (final molarity: 50 mM Tris/HCl (pH 8.6) and 2.8 mM MgCl2) was placed on 

a SET to be mixed by a 12 µL MTB droplet (4.9 x 109 cells mL-1) resulting in the ‘assay droplet’. 

The use of diluted Triton X-100 has been shown to enhance transport of substrates and products 

to and from the periplasmic space in intact bacteria.244 The MTB droplet was moved over to the 

SET at a speed of 10 mm s-1 for merging with the substrate droplet. A ‘reference droplet’ 

containing the same substrate/Triton X-100 mixture and 12 µL of culture medium was placed on 

another SET at a distance of 11 mm from the sample droplet. The reference droplet was 

employed to account for any change in droplet shape due to evaporation while the MTB droplet 

was incubated for longer periods of time (~90 min) to achieve greater substrate hydrolysis. The 

collection probe was reproducibly moved between the reference and assay droplet using an 

optical XY stage. A reference spectrum was collected every 15 min and the collection probe was 

moved over to the phosphatase assay droplet to collect sample spectrum (Figure 4.4).  

4.2.9 Microfluidic spectral acquisition with bifurcated probe setup 

The spectral acquisition apparatus consists of a magnet holder mounted on an automated 

XY stage for controlled movement of the MTB droplet and a custom-built bifurcated probe to 

detect color change of samples by spectroscopy (Figure 4.4). Detection using this probe is non-

invasive and non-destructive. The fiber bundle consists of one excitation fiber (Figure 4.4a inset) 

used for guiding light from the fiber couple 405 nm LED (Thorlabs, NJ, USA) to the sample at 

the probe end. The excitation fiber at the probe end is surrounded by six collection fibers (Figure 



92 

 

4.4b inset). The sample absorbs the excitation light (shown as a blue cone in Figure 4.4c inset) 

while the light travels the distance ‘2h’ within the droplet before being reflected back to the six 

collection fibers. Note: ‘h’ is the height of the droplet. In this example, the distance of the probe 

from the top of the droplet is 12.25 mm (Figure 4.4c inset). The bifurcated fiber bundle was 

connected to an USB 2000+ spectrometer for spectral acquisition (Figure 4.4d inset). A top 

incubation plate was placed on top of the slide holder to reduce evaporation and exposure of the 

assay droplet to stray light between measurements (Figure 4.4). 
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Figure 4.4 Schematic showing the setup used for the microfluidic spectral acquisition 

during the phosphatase assay. In the inset, a schematic showing a) a 405 nm fiber coupled LED 

for excitation of the droplets, b) a probe end consisting of 6 collection fibers surrounding one 

excitation fiber placed directly above c) a droplet sitting on a SET (dark blue cone shows the 

excitation light cone and light blue cone shows the reflected light cone) and d) 6 collection fibers 

coupled to a USB spectrometer for collecting the absorbance spectra. 
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4.3 Results and discussion 

4.3.1 Superhydrophobic surface and bacteria characterization 

The superhydrophobic surface morphology was characterized using scanning electron 

microscopy. The micrograph in Figure 4.5A shows the rough morphology of the UED-coated 

surface imparted by silica nanoparticles. This roughness, along with the low surface energy of the 

fluorine functionality on silica nanoparticles, provided the superhydrophobicity required for 

magnetic actuation atop the UED-coated surface. The contact angle of 164  1 on a water 

droplet (Figure 4.5A inset) confirmed the superhydrophobicity of the surface. The contact angle 

and sliding angle of MTB medium on UED-coated surface were 162 ± 0.3° and 1.7 ± 0.4°, 

respectively. The presence of surfactants in an aqueous droplet can change the droplet geometry 

sitting on a superhydrophobic surface, and have strong effects on wetting behavior at high 

concentration.245 However, for the MTB droplet, the results showed that the contact angle of 

MTB medium was similar to the water contact angle, indicating that the medium composition did 

not strongly affect the droplet geometry. The presence of a magnetosome chain in 

Magnetospirillum magneticum strain AMB-1 was shown by transmission electron microscopy 

imaging (Figure 4.5B). Figure 4.5C shows a detailed image of the magnetite nano-crystals at 

higher-magnification. In the presence of an external magnetic field, the magnetosomes experience 

a magnetic torque, which results in the alignment of the bacterium along the magnetic field lines. 

Magnetospirillum magneticum swim by means of two flagella, one located at both ends of their 

body (Figure 4.5B). 

  



95 

 

 

Figure 4.5 Microscopy images of the UED-coated surface and Magnetospirillum 

magneticum. (A) Scanning electron microscope image of the UED-coated surface with an image 

of 5 µL water droplet on the superhydrophobic surface shown in the inset. Scale bar represents 5 

µm. Transmission electron microscopy images of Magnetospirillum magneticum strain AMB-1: 

(B) Bacterial morphology, magnetosome chain, and a flagellum; (C) Close-up of magnetite 

(Fe3O4) nano-crystals. Scale bars represent 400 nm (B) and 100 nm (C). 
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4.3.2 Magnetic actuation 

In our initial experiments, we were able to reproducibly move droplets containing MTB 

over 20 mm at the speed of 2.5 mm s-1, using a permanent magnet that moved underneath the 

substrate via an automated stage, demonstrating the ability of MTB to produce droplet actuation. 

Figure 4.6A and Figure 4.6B contrast the key influence of magnetotactic behavior of MTB to 

achieve droplet actuation, as compared to their rather random motion in the absence of an 

external magnetic field. Microfluidics and high-speed imaging were used to observe the behavior 

of MTB when exposed to a constant magnetic field. Microfluidics allowed for single-cell-level 

imaging of MTB during the application of an external magnetic field. In the absence of the 

magnetic field, motile MTB swam randomly, with no preferred orientation (Figure 4.6A). 

However, when the external magnetic field was applied, the bacteria aligned with, and swam 

along the magnetic field lines. A change in the direction of the magnetic field triggered an instant 

change in the swimming direction of the bacteria, navigating along the new direction of the 

magnetic field lines. In a different experiment, a non-motile suspension of MTB was prepared by 

adding sodium azide to a final concentration of 0.1% to inhibit MTB movement without causing 

cell lysis. The suspension of non-motile MTB contained in the microfluidic chip was exposed to a 

rotating magnetic field (180° s-1). Figure 4.6B shows time-lapse images of three floating, non-

motile MTB that experienced an instantaneous orientation change in response to the rotating 

magnetic field –resembling a compass needle. The experiment was repeated in both clockwise 

(CW) and counter-clockwise (CCW) senses of rotation, and resulted in the same alignment of 

bacteria to the field lines. When uninhibited bacteria were confined in a droplet and exposed to an 

external magnetic field, MTB were observed swimming toward the magnet, to the region of 

higher magnetic field strength (Figure 4.6C), and responded immediately when the magnet was 

relocated. These results suggest that MTB actuation originated from a combination of i) behavior 
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similar to the droplet being dragged/propelled by SPMP actuation, and ii) induced torque due to 

the interplay between the magnetosome and the change in magnetic field direction which caused 

rotation of the droplet. 
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Figure 4.6 Magnetotaxis behavior of MTB. (A) Trajectories of random and directed MTB. 

Swimming trajectories of bacteria in the (a) absence of an externally applied magnetic field - and 

(b) presence of a magnetic field of 5 mT. The bacteria swimming direction can be controlled by the 

magnetic field. (B) Image sequences of three non-motile MTB responding to a constant magnetic 

field rotating at 180 s-1. The non-motile bacteria promptly oriented along the magnetic field 

direction. The red and yellow arrows show the direction of the applied magnetic field and aligned 

MTB, respectively. (C) MTB cluster in the droplet and its position in response to the change in the 

magnetic field direction. Scale bars represent: (B) 5 µm and (C) 0.5 cm.  
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We tested the feasibility of BDMA to actuate a droplet containing MTB along predefined 

trajectories made of straight lines. Figure 4.7A shows a droplet containing MTB mapping a 

trajectory in the form of a square, achieved by moving the magnet underneath the substrate.  

Figure 4.7B shows actuation of a droplet on a path with a number-eight shape, achieved by 

combining the top-bottom and left-right motion of the magnet. 
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Figure 4.7 MTB-droplet actuation. Actuation of an MTB-droplet on a superhydrophobic surface 

along predefined tracks in shapes of (A) “□” and (B) figure “8”. Predefined tracks are shown by 

black dashed lines. Black arrows indicate the actuation directions of the droplet. The driving 

magnet is always the same and is shown bounded by the red dashed circle. Actuation speed was 

2.5 mm s-1. Scale bars represent 2.5 mm.  
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We further characterized the actuation of the MTB droplet by varying the average speed 

of the magnet with a linear motion. The average speed was calculated by averaging the speed 

over the magnet speed profile - during acceleration, target speed and deceleration periods. Figure 

4.8 shows the MTB-droplet speed as a function of the magnet speed. MTB-droplet speed 

increased linearly (R2 of 0.99) with an increase of the magnet speed. The droplet was successfully 

actuated up to an average speed of 30 mm s-1, in a back-and-forth manner along a straight line. 

Actuation of the MTB droplet was irreproducible above a magnet speed of 30 mm s-1, and no 

droplet actuation was achieved for speeds beyond 60 mm s-1. At high magnet speeds, MTB 

droplets cannot catch up with the fast magnet movement, which causes disengagement of the 

droplet from the magnet. A possible explanation for the lack of droplet actuation is a lag in the 

response of a subpopulation bacteria to a new magnetic field direction at high speeds. If the force 

generated by the bacteria is not large enough to overcome the resistance of the friction force, the 

droplet cannot move along with the same velocity as the magnet. A higher density of responsive 

MTB in the droplet could potentially allow higher droplet speeds and shorter response times to be 

achieved.   
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Figure 4.8 MTB droplet speed as a function of magnet speed. The droplet speed linearly 

increases with the magnet speed. The black line shows the linear fit to data points. Values are 

reported as means ± standard deviation for n = 3. 
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4.3.3 Droplet merging and mixing  

To further test the applicability of BMDA, a droplet containing MTB was actuated in 

order to merge and mix sequentially with other droplets. To achieve BMDA droplet merging and 

mixing, two stationary droplets colored yellow and blue, containing no MTB, were placed at two 

different locations on the substrate. The XY stage was programmed to actuate the MTB droplet in 

a square path having two of the vertices at the colored droplet locations. Figure 4.9 shows the 

two-step merging and mixing process involving a square trajectory. The MTB droplet was 

actuated at 2.5 mm s-1, merged with the yellow droplet (Figure 4.9A a, b), and subsequently 

merged and mixed with the blue droplet (Figure 4.9A b, c). The resulting green droplet was 

further transported to predefined positions along the square trajectory in order to increase the 

residence time (Figure 4.9A f). Since the magnet speed was constant, the droplet speed did not 

change after droplets merged albeit with the increased volume.  
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Figure 4.9 Merging and mixing of multiple droplets. MTB-droplet actuation was exploited to 

accomplish sequential merging operations with a yellow droplet and then with a blue droplet. The 

resulting green droplet was further actuated along the predefined path. The driving magnet is 

always the same and is shown with red dashed circle. MTB droplet and colored droplet volume 

were 10 µL and 4 µL, respectively. The actuation speed was 2.5 mm s-1. Scale bar represents 2.5 

mm. (B) Images showing the difference in time taken for 1 µL blue dye to be homogenously 

dispersed in a 15 µL control (water), SPMPs, and MTB droplets. Scale bar represents 1 mm. 
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Digital microfluidics handles microliters of liquid at low Reynolds number where mixing 

happens at a slow rate, and thus, it is desired to facilitate the fluid mixing in the droplet.156 We 

have quantified the mixing rate of blue dye added to a control droplet (water), and droplets 

containing SPMPs and MTB (Figure 4.9B). Results showed that the mixing rate in droplets 

containing MTB was 41% faster than control experiments where no actuation was used, and 33% 

faster than the mixing rate in droplets of SPMPs (Table 1). This enhanced mixing by MTB is 

attributed to: 1) local flow generated by the suspension of bacteria when they are in a confined 

environment;86,246–248 and 2) the motility and the reorientation of the MTB within the droplet 

during actuation249 – a peculiar action that bears resemblance to steering magnets (Figure 4.9B). 

Together, the merging and mixing operations along with the movement of droplet in different 

directions demonstrate that BMDA can be used to execute different operations in DMF devices.    

Table 1 Time taken for homogeneous mixing of 1 µL blue dye added to 15 µL control 

(water), SPMPs, and MTB droplets.  

Sample Std. difference [a.u.] Time taken [s] Percentage diff. [%] 

Water 11.5 119 NA NA 

SPMPs 11.5 104 12.6 NA 

MTB 11.5 70 41.2 32.7 

4.3.4 Actuation comparison  

To compare BMDA with droplet actuation methods reported previously,155,233 an 

experiment for the simultaneous actuation of droplets via MTB, SPMPs, and paramagnetic salt 

(2M MnCl2.4H2O) was implemented. Figure 4.10 shows the image sequence of three droplets 

each containing MTB (grey), SPMPs (orange), and paramagnetic salt (transparent), actuated over 

a defined distance of 15 mm, at an average speed of 10 mm s-1.  
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Figure 4.10 Droplet actuation comparison. Image sequences showing actuation of an MTB 

droplet (grey), a droplet containing 2 mg mL-1 SPMPs (orange), and a droplet containing 2 M 

MnCl2•4H2O paramagnetic salt (white). All three droplets were simultaneously actuated along a 

‘square’ track. For each droplet, the driving magnet is always the same and is shown with dashed 

circle. The arrow shows the direction of the actuation. Scale bar represents 2.5 mm.  
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Figure 4.11 shows how the droplet response time changed with the magnet acceleration 

time (the time lag between the start of magnet movement at target speed, Figure 4.12) for 

different magnet target speeds for MTB, SPMPs, and paramagnetic salt droplets. Replicates were 

not carried out for each and every point, and instead we conducted multiple measurements at 

specific acceleration times and concentrations to probe reproducibility. The relative standard 

deviation of the measurements taken at a random acceleration time were determined and were 

less than 5% in each case. For a droplet containing paramagnetic salt, at all speeds and 

accelerations, the response time was zero, meaning that the droplet moved as soon as the magnet 

started moving. This was due to the homogeneous dispersion of salt within the droplet resulting 

from both its complete solubility and lower friction as a result of “no particles” contacting the 

surface structure at the droplet-superhydrophobic surface interface, and therefore a minimal lag in 

response to the magnet motion.  
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Figure 4.11 Droplet response time as a function of magnet speed. Response time of a droplet 

containing MTB for magnet target speeds of 0.015, 0.02, 0.025, 0.03 m s-1 ( , , , 

), SPMPs (3 mg mL-1) for magnet target speeds of 0.015, 0.02, 0.025, 0.03 m s-1 ( , 

, , ) and MnCl2•4H2O paramagnetic salt (3 M) for magnet target speeds of 0.015, 

0.02, 0.025, 0.03 m s-1 ( , the lines for all four speeds overlay). The inset shows the actuation 

mechanism for SPMPs and MTB in a droplet.  
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Figure 4.12 Stage movement profile depicting magnet/stage target speeds and acceleration 

time. 
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The MTB droplet and droplet containing SPMPs exhibited a lag in the response to the 

magnet movement. Lag time arises from the additional friction between droplet and the surface 

generated from drag experienced by the bacteria or the SPMPs (Figure 4.11 inset). Both MTB 

and SPMPs swam/moved towards the bottom of the droplet after the application of the magnetic 

field. The droplet response time increased with an increase in magnet acceleration time 

(acceleration time and acceleration are inversely proportional) and decreased with an increase in 

magnet target speed. The target speed of the magnet is the speed that the stage reaches after the 

acceleration phase (time). This is indicated by the horizontal line in Figure 4.12. This general 

increasing trend can be explained as the time taken for the MTB and the SPMPs to move towards 

the edge of the magnet (where the magnetic field is stronger) during the acceleration time, hence 

the droplet takes longer to respond to the movement of the magnet. In other words, the MTB and 

the SPMPs spends most of their time at the bottom of the droplet resulting in a higher friction 

between the droplet and the surface. Also, the droplet response time decreased with an increase in 

magnet target speed for a given acceleration time (Figure 4.12). This is due to the increase in 

acceleration of the magnet, which resulted in faster response from the droplet. When the time 

taken for the magnet to reach magnet target speed was lower (Figure 4.11), the MTB droplets 

took longer to respond to the magnet movement compared to the SPMP droplets. The difference 

in the observed response can arise from the morphological and behavioral difference between 

MTB and SPMPs, such as the size/shape and swimming ability of the bacteria. Together, these 

results demonstrated that BMDA is comparable in terms of control and speed with droplet 

manipulation achieved by other means of magnetic-driven transport. 

4.3.5 Microfluidic phosphatase assay 

We used MTB as a source of enzymes that generated a color reaction when the bacteria 

were merged and mixed with a droplet containing substrate. The enzymes were phosphatases (e.g. 
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alkaline phosphatase) located in the bacterial periplasmic space, which serve to release inorganic 

phosphate from a variety of phosphorylated substrates as a nutrient for the host bacteria.250 Here 

we used p-nitrophenyl phosphate as a chromogenic substrate to visualize the phosphatase activity. 

The microfluidic setup used a droplet containing MTB to be actuated, merged and mixed with a 

substrate droplet sitting on a surface energy trap containing p-nitrophenyl phosphate and other 

reagents necessary to complete the phosphatase assay. After p-nitrophenyl phosphate 

dephosphorylation, the p-nitrophenyl product was quantified spectrophotometrically by its yellow 

color at 405 nm at an alkaline pH. Conventional spectroscopic methods use a microplate reader 

for color analysis. Here we used a bifurcated fibre optic bundle for the droplet color detection, 

which, to the best of our knowledge, is a first-time application. The absorption spectra for 

monitoring the change in color of the assay droplet over 75 min were collected every 15 min 

using SpectraSuite software. The probe was moved back and forth between the reference and 

assay droplet for each reading to account for evaporation. The spectrum at 0 min was subtracted 

from the spectra at 15, 30, 45, 60 and 75 min to correct for any initial color of the droplet due to a 

contribution from MTB. The subtracted absorbance was termed: relative absorbance. 
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Figure 4.13 Relative absorbance at 405 nm with respect to phosphatase assay time. The 

insets show the MTB droplet after merging with the reaction droplet at t = 0 min (left) and t = 75 

(right). The yellow color of droplet indicates the production of p-nitrophenol. Values are reported 

as means ± standard deviation for n = 3. 
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The relative absorbance at 405 nm was plotted against time to measure time dependence 

of color generation within the assay droplet (Figure 4.13). The relative absorbance of the assay 

droplet at 405 nm increased with time until t = 60 min and then levels off to a plateau after t = 75 

min and assay was completed. The microfluidic phosphatase assay alleviated the need for 

complex instrumentation such as a microplate reader. These results suggest that magnetic 

actuation of droplets using MTB can be applied towards biological assays such as detection of 

phosphatase present in the periplasmic space of the bacterial cell wall. 
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Chapter 5 

General Discussion 

The purpose of this thesis was threefold: i) to use microfluidics to investigate how MTB navigate 

in flow environments; ii) to study the interaction of these bacteria with solid boundaries and their 

migration in porous media; and iii) to harness their power to perform droplet manipulation for 

digital microfluidics applications.  

5.1 MTB navigation in flow and porous media 

Since the discovery of MTB about 60 years ago, these bacteria have attracted the interest 

of researchers from different areas of science and technology. MTB are of great practical interest 

and have seen widespread use in microbiology, chemistry, biophysics, marine ecology, geology, 

astrobiology, and cancer therapy.166,213,251–254 Due to their unique characteristics, MTB have been 

used in targeted drug delivery,198 magnetic hyperthermia,255,256 heavy metal removal from 

wastewater,257 biosensing,258 tunable photonic devices,237 and as an actuator to generate 

microflow,249 move tiny objects,108 and separate pathogens.259 Despite the inherent advantages of 

these microswimmers, the nature of MTB motion in response to flow and solid boundaries has 

not been fully studied and should be better characterized as a necessary step towards their future 

applications. The advent of microfluidic technology allows for the construction of controlled and 

confined microenvironments for direct visualization and quantification of cells’ behavior under 

the microscope. 

In Chapter 2 of this thesis, I used microfluidics and high-speed imaging to observe and 

quantify the swimming behavior of Magnetospirillum magneticum strain AMB-1 in different 

flow conditions. With respect to marine ecosystems, our findings revealed that magnetotaxis is 

essential for MTB to exhibit a directed motion in flows relevant to their natural habitats. 
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Magnetotaxis was found to be effective in directing MTB both counter-directional and 

perpendicular to the flow, with the ultimate swimming path of the bacteria dictated by the flow, 

magnetic field, and their relative orientation. These findings provide insights into the navigation 

of MTB in aquatic ecosystems, where MTB must migrate long distances through shear rates 

varying from 0.0003 s-1 to 13.4 s-1 to reach the OATZ.27,33,133 With respect to biomedical 

applications, magnetotaxis was found to be effective for directing MTB at high flow velocities 

(VF  ≤ 1260 µm s-1, corresponding to S ≤ 140 s-1), in which other microorganisms that exhibit 

upstream motion, such as E. coli, may fail. Magnetotaxis allows for simultaneous guidance of 

multiple MTB along predefined trajectories in flow, suggesting superiority in controlled 

navigation compared with artificial microswimmers. 

In Chapter 3 of this thesis, using microfluidics and video microscopy, I demonstrated that 

magnetotaxis enables MTB to migrate effectively through porous micromodels. Directed MTB 

can circumvent curved obstacles by traveling along the boundaries, and they can pass flat 

obstacles by repeatedly switching between forward and backward runs. By applying a magnetic 

field oblique to the horizontal walls of the microchannel, MTB were observed to push against the 

horizontal surface and follow a closed-loop path with a shape similar to a parallelogram. In the 

absence of an applied magnetic field, migration of MTB through the porous medium was 

hindered by their interactions with boundaries. Magnetotaxis facilitated the directed migration of 

MTB through tortuous flow fields in the heterogeneous porous micromodel by realigning the 

bacteria along the magnetic field lines after interacting with obstacles. In a porous micromodel 

with higher porosity, directed MTB navigated faster and straighter. The results indicate that 

porosity of the permeable micromodel and degree of the disorder in the matrix influence the 

navigation of MTB in porous media. Together, our findings in Chapter 2 and Chapter 3 bring new 

insights into the migration behavior of MTB in their natural habitats, and their potential for in 

vivo applications as microbiorobots. 
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In the future, interesting areas to venture into using microfluidics include a) 

understanding the combined effect of magnetotaxis and aerotaxis on the migration behavior of 

MTB in complex environments; b) investigating their interaction with complex fluids; and c) 

using MTB for cargo delivery. 

5.1.1 Migration along gradients of oxygen 

Bacteria-assisted tumor targeted therapy has shown great promise.260 Nonpathogenic 

anaerobic bacteria with the ability to localize and proliferate in the regions of tumors with low 

oxygen concentrations (hypoxic regions) have been used as anti-tumor agents.261,262 They offer 

several advantages such as motility and the possibility of simultaneously carrying and expressing 

multiple therapeutic agents.260,261 MTB are gradient-responsive bacteria with microaerophilic 

behavior. They exhibit directed motion in response to oxygen gradients (aerotaxis).263 Combined 

with magnetotaxis, aerotaxis directs MTB to a preferred oxygen concentration.263,264 Recently, it 

was shown that the magneto-aerotactic behavior of MTB can be used to transport therapeutic 

payloads to the hypoxic zones of tumors.265 In this method, cells were guided by magnetotaxis 

close to the tumoral regions, and then targeted the hypoxic regions via aerotaxis.198 However, the 

effectiveness of aerotaxis in directing MTB in flow environments has not been investigated. 

Thus, studying the migration of MTB in fluid flow solely via aerotaxis, as well as in combination 

with magnetotaxis, will be valuable and will shed more light on the navigation of MTB in 

complex environments. In order to investigate this, we can employ microfluidics to have several 

parallel microchannels made in one device in which selected channels can be flowed with gas and 

others with liquid.266 The gas permeability of PDMS used in the construction of microfluidic 

devices allows for the diffusion through the channel walls to generate, for instance, gradients of 

oxygen concentration across the channels carrying liquid media.132 This would allow us to 

investigate the effect of aerotaxis and magnetotaxis separately and also simultaneously, and 
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visualize and quantify the MTB’s behavior in a controlled setting. To go further, one could also 

use microfluidics and a controlled illumination to add the element of light and investigate 

phototaxis, which is motion in response to the light, in MTB.  

5.1.2 Navigation in more realistic conditions 

The rheology of the fluid environment can strongly influence the motility of 

microswimmers.267–269 Many bacteria live in complex environments that often do not behave like 

Newtonian fluids (e.g. water).270 One important aspect of the complexity originates from the 

shear-rate-dependent viscosity and viscoelastic behavior of many biological fluids such as mucus 

and blood which make them non-Newtonian.271,272 Viscosity in non-Newtonian fluids can change 

when under stress to either more liquid or more solid. For instance, blood is a shear thinning fluid 

which allows its viscosity to decrease with increasing shear rate.272 The non-Newtonian effects 

that microswimmers might encounter can influence their swimming behavior.267,273 For instance, 

Leptospira swim faster in media containing viscous agents (e.g. methylcellulose) than in water.268 

Thus, in the future, it will be of great interest to investigate navigation of MTB in other fluids that 

behave similar to biological fluids and eventually use whole blood samples for more realistic 

studies. For the latter it would be necessary to inhibit the clotting reaction by the addition of 

heparin or the chelation of calcium. 

For applications of MTB in drug targeting, one should also note that the exposure of the 

body to magnetic fields of few milli Tesla to Tesla can affect blood flow and blood vessels.274–276 

For instance, it was shown that under the influence of strong magnetic fields (~ 10 T), the 

viscosity of blood and the deformability of RBC can change, which consequently can influence 

the blood flow rate.275,277 This is somewhat above the operating conditions of commercial 

magnetic resonance imaging systems (1.5-3 Tesla).278 In a recent study, to target a tumor in mice, 

bacteria were peritumorally injected followed by 30 minutes of exposure to the magnetic field.85 
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For biomedical applications of MTB, it would be prudent to use magnetic control systems that 

can generate strong enough magnetic fields to remotely guide MTB over the course of the in vivo 

mission without affecting blood properties. Advanced electromagnetic actuation systems can be 

used for 3-D precision targeting to reduce the navigation time in cluttered environments and thus 

the exposure to the magnetic field.279,280 

Another physiological characteristic of the circulatory system that poses challenges is the 

pulsating fluid flow derived from the heart beating.281,282 In addition to experiments with a steady 

flow, it would be worth exploring the effects of pulsatile flow through curved and bifurcating 

channels on the swimming behavior of MTB. In order to do this, off-chip and on-chip pumping 

systems used in microfluidics, can be exploited to generate flow with controlled cyclic 

profiles.122,210 

5.1.3 MTB for cargo delivery 

Over the last few years, microbiorobots have found applications in various areas 

including targeted drug delivery.78 In addition to advantages such as self-propulsion and onboard 

sensory capabilities with an appropriate size over artificial microswimmers, the magnetotactic 

behavior of MTB makes them exceptionally suitable for research on cargo delivery using cells. It 

is highly desired to exploit MTB to ferry drug-loaded cargos, such as liposomes, in a controlled 

fashion using bacteria-cargo conjugates. Multiple cells attached to a large particle can be used to 

drive the load, or each individual cell can carry several nanoparticles that are attached to the cell 

surface. For this purpose, strategies to bind micro- and nanoscale particles to the bacteria surface 

need to be developed and tested. For instance, covalent attachment of functionalized particles that 

can bind to the surface of the MTB, electrostatic interaction of the positively charged 

nanoparticles and the bacterial cell wall (negatively charged), or biotin/streptavidin binding can 

be employed to load agents on the MTB.283 The bonding needs to stable and strong over the 
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course of the experiment and thus the attachment efficiency of the binding strategy must be 

assessed. Besides, the effects of the size and number of payloads on the motility of the MTB, 

such as the swimming speed, should be characterized. Microfluidics can be used to test the 

feasibility of transporting cargo using MTB in relevant flow conditions.  

Another interesting area to work on is the development of methods for controlled spatial 

and temporal release of loaded agents. For instance, a bacterial protein termed liposomase can 

potentially enhance the release of the liposome-encapsulated drugs.261,284 Using genetic 

engineering, one can investigate the possibility of having strains of MTB to express such proteins. 

Although this is likely to be a long-term vision, the ability of engineering MTB to provide 

anticancer agents would eliminate the need for cargo attachment.285,286 For this purpose, cytotoxic 

agents, cytokines, and tumor-specific antigens can be investigated.286,287 On the other hand, by 

investigating more about the important factors for magnetosome formation in MTB, non-

magnetotactic bacteria used in cancer therapy can potentially be engineered to produce a chain of 

magnetite nanocrystals in their body which can give them steerability using an applied magnetic 

field.288,289 The resulting engineered bacteria either with or without attached cargo could be used 

to target tumors, and in other situations, harmful biofilms. 

5.2 Aqueous droplet actuation using MTB 

Magnetic actuation provides a low-cost, simple method for droplet manipulation on a 

digital microfluidic platform. The impetus to move the droplets on a low friction surface can 

come from internal superparamagnetic particles or paramagnetic salts.153,156 The use of microbes 

for bio-actuation has been established, where the thrust produced by the microbes can be 

exploited to exert the force required for droplet movement.61,62 Chapter 4 of this thesis presented 

biologically-driven magnetic actuation of droplets on a superhydrophobic surface using MTB. 

MTB-droplets were impelled along various trajectories such as rectangular and figure-of-eight-
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shaped paths. Droplets were reproducibly actuated with speeds of up to 30 mm s-1. We 

demonstrated the ability to sequentially combine and mix minute liquid volumes by merging a 

MTB droplet with colored droplets. The presence of MTB in the droplet enhanced the mixing rate 

of the merged fluids by ~40% compared with the control experiment where no actuation was 

used. The enhanced mixing is attributed to the local flow generated by the swimming cells and 

also to the reorientation of MTB in the droplet during actuation. This can eliminate the need for 

the use of intricate micro- or acoustic mixers in DMF. Together, the merging and mixing of 

droplets demonstrated that MTB droplet actuation can be used to execute different operations in 

DMF devices. Biologically-driven magnetic actuation was compared with actuation by 

superparamagnetic particles and paramagnetic salts, in terms of controllability and speed. An 

MTB droplet was moved with the same average speed as with the other two methods, and showed 

higher response times as magnet acceleration increased. These results demonstrated that BMDA 

is comparable with droplet manipulation achieved by other means of magnetic-driven transport. 

Lastly, we successfully performed an enzymatic assay on the magnetotactic bacteria using their 

endogenous phosphatases. The study confirmed that the phosphatase assay can be performed on-

chip within 60 minutes. Here we demonstrated an application where endogenous enzymes on the 

bacteria could be used to catalyze a chemical reaction. This study can in future be extended to 

include exogenous reagents added to the magnetotactic bacteria to accomplish the precise 

targeting of a variety of biochemical tasks. The presented biologically-driven magnetic droplet 

actuation can be considered as a building block for the development of more sophisticated 

microsystems driven by magnetotactic bacteria. Such systems could be used to perform biological 

analysis of MTB in small volumes where droplets can be transported over chemically-treated 

patches. Building on this work, one could also study the fundamental questions posed by Reigh et 

al.,290 and investigate the kinematics of micro-swimmers encased in a droplet. 
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5.2.1 MTB in biosensing 

Both intact MTB and their magnetic nanoparticles can be used for bioanalytical 

applications.291,292 So far, the former has received little attention. Roda et al. presented a 

genetically engineered bioluminescent MTB, whose light signal was directly proportional to the 

cell viability.258 Using this methodology, a biosensor for the evaluation of sample toxicity was 

developed. Benefiting from magnetotaxis, cells were manipulated in microfluidic channels 

between incubation chambers and the detection area. While this report is the first for the use of 

MTB in biosensing application, the authors’ microfabricated system is complex, which reduces 

the flexibility of this approach. The use of MTB droplet actuation reported in this thesis can 

address such limitations. Actuation of MTB on an open surface facilitates small liquid 

manipulation, reagent addition, incubation of the sample, on-the-move reaction, and detection. 

Combining bioengineered MTB with droplet actuation can offer the potential to develop bacteria-

based biosensors in DMF. Along the same lines, motivated by work of Zhang et al.,293 MTB 

droplet actuation can be used for the detection of Clostridium difficile toxins using fluorescence 

quenching, by benefiting from the enhanced transport and diffusion in droplet actuation 

represents the forerunner of a new concept in bioactuation and biosensing in DMF. 

5.3 Conclusion 

The preceding chapters explored the swimming behavior of MTB in flow conditions and 

in porous media and demonstrated the work done on harnessing the power of MTB to transport 

microdroplets. This thesis will add to the growing knowledge of bacteria navigation in natural 

systems and their use as microbiorobots. Using microfluidics coupled with video microscopy, we 

showed that magnetotaxis enables MTB to effectively swim in complex flow environments and 

pass obstacles. Our understanding of how other taxes, such as aerotaxis, affect their navigation is 
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primitive at best and needs more investigation. In addition, studying the behavior of MTB in 

complex fluids with the pulsatile flow can shed more light on their potentials for in vivo 

applications. By developing binding techniques to attach drug-loaded cargos to the bacteria 

surface, MTB can be used for controlled transport of therapeutic loads into hard-to-reach regions 

in the body such as hypoxic areas of tumor. One could also try to genetically engineer MTB cells 

to express anticancer agents or make other non-magnetotactic bacteria with beneficial features to 

produce magnetic nanoparticles for controlled navigation. In the last part of this thesis, by caging 

the bacteria in a small volume of liquid, we demonstrated the ability to actuate, merge, and mix 

multiple droplets and perform reactions that benefited from the presence of the cells. This work is 

the first step towards the use of MTB in digital microfluidics and future work could unlock 

realized potential for biosensing and bioactuation using bacteria. All in all, this kind of research 

requires interdisciplinary collaboration between engineers, biologists, microbiologists, chemists, 

and other scientists, to investigate what these fascinating and unique microorganisms have to 

contribute to new technologies. 
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Appendix A 

Supplementary information for Chapter 3. 

If a triangular object was chosen, the interaction of the MTB with this obstacle would be similar 

to the circular and rectangular objects depending on the relative angle between the trajectory of 

the bacteria and the solid surface (Figure A1). If the triangular obstacle is pointed with the tip, the 

cells can circumvent it by traveling along the boundary. On the other hand, if the obstacle is 

placed with the flat edge perpendicular to the cell’s swimming trajectory, MTB would pass the 

object by repeatedly switching between forward and backward run. For the case of an obstacle 

with the shape of letter “V”, similar behavior is expected. If the channel height is large enough 

(~30 µm), we can expect to see the looping behavior when bacteria are swimming towards the 

opening of the “V” object.  

 

Figure A1 Interaction of MTB with obstacles of triangular and “V” shape. 


