Lab on a Chip

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

. accepted for publication.
Lab ona Chip e

D —— Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g}mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/loc


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 34

Lab on a Chip

Magnetic Steering Control of Multi-Cellular Bio-Hybrid Microswimmers
Rika Wright Carlsen¥, Matthew R. Edwards¥, Jiang Zhuang, Cecile Pacoret, and Metin Sitti

Department of Mechanical Engineering, Carnegie Mellon University, Pittsburgh,
Pennsylvania 15213, USA

¥
Equally contributing authors

¥ Also, Max Planck Institute for Intelligent Systems, 70569 Stuttgart, Germany
Corresponding author: sitti@cmu.edu

Keywords: Bio-hybrid, microswimmer, magnetic steering, microrobot, bacteria

Bio-hybrid devices, which integrate biological cells with synthetic components, have
opened a new path in miniaturized systems with the potential to provide actuation and
control for systems down to a few microns in size. Here, we address the challenge of
remotely controlling bio-hybrid microswimmers propelled by multiple bacterial cells.
These devices have been proposed as a viable method for targeted drug delivery but
have also been shown to exhibit stochastic motion. We demonstrate a method of remote
magnetic control that significantly reduces the stochasticity of the motion, enabling
steering control. The demonstrated microswimmers consist of multiple Serratia
marcescens (S. marcescens) bacteria attached to a 6 pm-diameter superparamagnetic
bead. We characterize their motion and define the parameters governing their
controllability. We show that the microswimmers can be controlled along two-
dimensional (2-D) trajectories using weak magnetic fields (< 10 mT) and can achieve 2-D
swimming speeds up to 7.3 pm/s. This magnetic steering approach can be integrated
with sensory-based steering in future work, enabling new control strategies for bio-

hybrid microsystems.
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Introduction

Bio-hybrid propulsion has proven to be an effective method of untethered actuation of
microdevices.'™ This strategy employs contractile or motile biological cells as on-board
actuators and has led to novel microsystems, such as microwalkers and microswimmers
actuated by contractile cardiomyocytes*’ and microswimmers actuated by the rotating flagella
of bacteria.*" Living cells have a unique advantage over other actuators in that they can also
serve as on-board sensors due to their intrinsic sensing ability. Control strategies that utilize
the cell’s sensory and behavioral response to environmental stimuli, such as to chemical,
light, pH and temperature gradients, have been explored.”” It is an attractive approach for
applications that have strong environmental cues that can elicit a bacterial response, such as
biochemical signals in targeted drug delivery.”’ However, these control methods cannot be
used in homogeneous environments where there may not be a strong behavioral response.
Furthermore, sensory-based methods have limited steering controllability. For example,
directional motion of bacteria-propelled microdevices along chemical gradients has been
demonstrated; however, a strong stochastic contribution to the motion still remains, reducing
the precision of the control.'>'##% Ag a result, externally driven control strategies that do
not rely on cellular sensing must be explored to improve the steering control of bio-hybrid
microdevices. Here, we demonstrate a method of remote magnetic control that significantly
reduces the stochasticity of motion and enables directional control of the microdevices.

The use of magnetic fields is an attractive option for microsystem steering because the
fields can be generated remotely and can penetrate most environments, such as the human
body and lab-on-a-chip devices.> Magnetic steering control has been successfully applied to

24-34

non-biological microdevices. These devices do not have on-board actuators and require
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applied magnetic forces, rotating magnetic fields, or chemical reactions for propulsion. In
contrast to bio-hybrid approaches, non-biological microdevices often do not have integrated
on-board sensors and thus cannot respond to environmental stimuli.

By integrating magnetic steering with bio-hybrid propulsion, remote actuation and
both externally driven and sensory-based steering can be achieved. Despite the advantages of
such an approach, few studies have investigated the integration of these two methods. The
primary approach to magnetically steer a bio-hybrid microdevice has been to use biological
components that are sensitive to magnetic fields, such as magnetotactic bacteria, or cells with
embedded magnetic particles.''*>* These methods rely on cells with a magnetic sensing
capability or on cells that can remain viable after the incorporation of magnetic nanoparticles,
limiting the type of cells that can be applied. Recently, Magdanz ef al. demonstrated the
magnetic steering control of a micro-tube actuated by a single spermatozoid, showing for the
first time the integration of magnetic steering with a bio-hybrid device propelled by a non-
magnetic biological cell.*' The approach requires the cell to be oriented with the axis of the
magnetic micro-tube, which is achieved by trapping the cell inside the tube.

Here, we demonstrate that magnetic steering can be applied towards the directional
control of microdevices propelled by multiple bacterial cells without strictly aligning the cells
on the device. Bacteria-driven microswimmers have received much attention as a potential
carrier of therapeutic agents in targeted drug delivery applications;***' however, precise
steering control of these heterogeneous systems has proven to be a challenge since there is a
strong stochastic contribution to their motion. With the proposed magnetic steering method,
the stochasticity of the motion can be significantly reduced. We analyze the one-dimensional

and two-dimensional steering capabilities of these bio-hybrid microswimmers to better
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understand the mechanisms driving their controllability. Based on this analysis, we propose
methods for optimizing the steering control. This work is a critical step towards developing
future control strategies that utilize both externally-driven and sensory-based steering

mechanisms, expanding the potential applications of these devices.

Materials and methods

The bio-hybird microswimmers are fabricated by the spontaneous attachment of one to ten S.
marcescens cells to a 6 pm-diameter superparamagnetic bead. Although S. marcescens is
considered pathogenic and cannot be applied to in vivo applications without genetic
modification, it has been used widely in bio-hybrid microsystems since it is easily cultivated
and attaches well to surfaces due to its cell surface hydrophobicity and positive surface
charge.*** Given the large number of bio-hybrid microdevices which have already been

. 8,9,12-19,45.46
demonstrated with S. marcescens™ ="

and the detailed physical information available on
the bacteria,’’ we have chosen to use the bacterium to demonstrate the feasibility of our active

steering methodology.
Cell preparation
Serratia marcescens (ATCC 274, American Type Culture Collection, Manassas, VA) was

cultured to exponential growth phase in liquid nutrient broth (25 g Difco LB Miller Broth and

1 L deionized water, pH 7.0) by incubating on a shaker at 37°C for about 3.5 - 4 hours. The
liquid culture was diluted 1:10 in motility medium (0.01 M KH,POy, 0.067M NaCl, 10* M

EDTA, 0.01M glucose, pH = 7.0) before attaching the bacteria to the beads.

Bio-hybrid microswimmer fabrication
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The bacteria were attached to 6 pm-diameter streptavidin-coated magnetic beads (COMPEL,
Bangs Laboratories, Inc.) through streptavidin-biotin binding. The streptavidin-coated beads
were first washed in DI water. Then, 50 pl of the bead solution was added to 200 pl of DI
water containing 3 mg of dissolved biotin (Sulfo-NHS-LC-Biotin, BR110, Campbell Science,
Rockford, IL). The solution was incubated at room temperature for 45 minutes to allow for
biotin-streptavidin binding. The biotin was washed from the bead solution, and the beads were
re-suspended in 250 pl of motility medium. Aliquots of the biotin-streptavidin coated
magnetic beads (10 pl), the diluted L-broth culture (20 pl), and motility medium (30 pl) were
gently mixed and incubated at room temperature for 5 minutes to allow for bacterial
attachment to the beads through surface protein binding to the biotin-streptavidin bead

coating. After the bacterial attachment, 140 pl of Percoll (Sigma-Aldrich, St. Louis, MO) was

added to the solution to increase the fluid density to about 1090 kg/m3, thereby making the
microbeads neutrally buoyant. The final solution was placed in a S mm x 5 mm x 2 mm
chamber constructed from a polydimethylsiloxane square frame sandwiched between two
glass coverslips.

The above fabrication approach can be applied to other similarly sized flagellated
bacteria cells, enabling substitution of a suitable bacterial species for a given application. For
example, the swimming behavior of Escherichia coli (E. coli) has been shown to be similar to
S. marcescens,”” and E. coli could serve as the bioactuator in these devices by biotinylating
the cell’s surface proteins either through chemical or enzymatic means. The simple
fabrication process enables the mass production of hundreds of microswimmers

simultaneously. Each bacterium supplies a propulsive force of about 0.5 pN through the
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rotation of its flagella.”™ By attaching multiple bacteria, it is possible to increase the net

propulsive force acting on the bead, allowing the microdevice to carry a larger payload.*®
Imaging and speed analysis
The bacteria-propelled microbeads were imaged far from the chamber walls at 20 frames per

second (QICAM, QImaging) using a 32x objective in an inverted phase contrast microscope

(Zeiss Axio Observer). All experiments were conducted at room temperature (21°C). The
images were post-processed using an in-house MATLAB (Mathworks, Natick, MA) script to
obtain the bead trajectories. The x and y bead positions were found using a Hough transform
algorithm as described in Edwards ez al.” Given the long acquisition times and computational
cost, 3-D tracking was not conducted on all the trajectories. A few trajectories were analyzed
with optical 3-D tracking, as described in Edwards et al., to verify the helical nature of the
paths.” The trajectories were adjusted for any background fluid flow by subtracting the
displacements caused by fluid drift from the bead displacements. The fluid drift velocity was
computed from the average velocity of all non-motile bacteria (typically around 6 - 10)
appearing in each frame. The instantaneous 2-D speeds were measured by first smoothing
each trajectory using a five frame moving average and then computing the speeds from

adjacent frames of the smoothed trajectory.
Magnetic coil system

Uniform magnetic fields were generated using a magnetic coil system consisting of four iron-
core electromagnets oriented 90 degrees from each other (Figure 1). The coils were built onto
a microscope stage insert so that it could be placed into an inverted microscope. The coil
current was controlled with an Arduino Uno microcontroller board (http://www.arduino.cc),

and the magnetic field strength was calibrated using a gauss meter probe (Model 410, Lake
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Shore Cryotronics, Inc.). Magnetic field strengths up to 10 mT were used to steer the

microrobots.
Statistical methods

The confidence interval for the percent change in the instantaneous speed of the
microswimmers before and after the application of the magnetic field (see the section on the
one-dimensional steering control) was determined from a sample size of 30 (N = 30) using a
two-sided Student’s t-test with a 95% confidence level. The binomial proportion confidence
intervals for the turn success rates (Figure 6a) were statistically assessed from a sample size of

40 (N =40) using a Wilson score interval with a 95% confidence level.¥

Results

Model of microswimmer motion under a constant magnetic field

The microswimmers were steered in 2-D by varying the direction of a uniform
magnetic field B produced by two orthogonal electromagnet pairs. The generated magnetic
field gradients were negligible in our system; therefore, the translation of the microbead was a
result of bacterial propulsion and not due to a magnetic force produced by a field gradient.
Steering control required the application of a magnetic torque on the microbeads. Here, we
describe how this torque was produced and develop a simple model of the microswimmer
motion.

Although the magnetic behavior of the beads is predominately superparamagnetic,
there is a slight magnetic anisotropy, which results in the bead having a preferred
magnetization direction, called the easy axis.”*>? Due to this magnetic anisotropy, the bead

will tend to physically align its easy axis to an applied magnetic field as shown in Figure 2a.
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Upon application of a magnetic field, both the magnetization parallel to the applied field and
the magnetization along the easy axis contribute to the effective magnetic moment, m, of the
bead. The magnetic torque, T,,, arises from the vector product of the latter with the applied

field and can be described as
T, =m; XB= aXZ—VbIBl cos(¢p)e; x B =aX2b—:b|B|2 sin(2¢)e, (1)
0 0

where m, is the component of the magnetic moment along the easy axis, V}, is the bead
volume, Y}, is the bead’s magnetic susceptibility, u, is the magnetic permeability in a vacuum,
a 1s an anisotropy constant, e is a vector denoting the easy axis, and ¢ is the angle between
e, and B.”> Here, we assume that the applied field is lower than the field that saturates the
magnetization of the bead. The magnetic susceptibility of our beads was measured to be 0.20
+ 0.05 (95% confidence interval) with a SQUID (superconducting quantum interference
device) magnetometer (see Supplementary Fig. 1). Given that the anisotropy constant of
superparamagnetic beads is typically around a few percent,’* the maximum magnetic torque
that can be generated for an applied magnetic field of 10 mT is 27 — 45 pN um (a =3 - 5%, ¢
=45°). In comparison, Edwards et al. concluded that a single S. marcescens bacterium can
produce a propulsive torque, 7, of about 4.5 pN um through the rotation of their flagella.’
Since the bacterial propulsive torque is an order of magnitude lower than the magnetic torque,
we can assume that the magnetic torque is dominant (7,, > 7, ) for a small number of
attached bacteria, and the easy axis of the bead will tend to align with the direction of an
applied magnetic field for B =10 mT.

The microswimmer motion may be largely described by a simple model that neglects
the intricacies of the flagella-fluid interaction. The bacteria exert a propulsive force F,, which

can be divided into mean Fp and fluctuating F, components (in the bead reference frame),

8
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F,=F,+F, (2)
as well as a propulsive torque,” which can be similarly divided

T, =T, + 1, 3)
where the fluctuating components average to zero. The propulsive torque is caused by the
rotation of the flagella with respect to the cell’s body as well as any applied propulsive force
off-axis from the bead’s center of pressure. The components of the propulsive forces and
torques are shown in Figure 2b. These components are defined in terms of those that are
parallel to the easy axis of the bead (Flﬂ and lel?) and those that perpendicular to the easy axis
(Fpl and ‘t;‘). The beads swim at low Reynolds number (Re ~ 3 x 107), so the fluid drag force
and torque from Stoke’s law (F; = 6muR,v and T, = 8muRj ) immediately balance the
applied forces and torques.

Following the initial re-orientation of the bead upon the application of the field, the
magnetic moment and field are considered parallel at all times as shown in Figure 2c. The
bead is free to rotate about the magnetic moment axis (i.e. the easy axis); however, any
rotation perpendicular to this axis is restricted by the magnetic torque, which forces the
magnetic moment to be aligned with the field. As a result, ‘t;; is neglected in the model, and
only lel? is considered, which induces rotation of the bead about the easy axis (see Figure 2c).
Controllability is reduced when this assumption does not hold.

The relationship between B, F,, and T, as a function of time dictates the
microswimmer’s motion. To create persistent bias parallel or anti-parallel to the field, the
components of the propulsive force and torque parallel to the magnetic field must be non-

zero, and the bead must continuously rotate about the magnet moment axis (’L_'I", * O) so that

any force component perpendicular to the field will average to zero. If fz", is exactly zero,

9
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persistent motion in an arbitrary direction will result. In practice, beads with ’L_'I", = 0 are
extremely unlikely since the orientation and distribution of bacteria on the bead are highly
random, and there will always be a torque due to the rotation of the flagella. As a result, we
can neglect the possibility.

Although most of the beads with a random attachment of bacteria will show biased
motion parallel to the direction of an applied field, practical control has more stringent
requirements. In qualitative terms, we want the velocity component in the commanded
direction (v') to be as large in magnitude as possible, and the perpendicular component of the
velocity (v1) to average to zero on a short time scale. From these conditions, restrictions on
the propulsive forces and torques follow as listed in Table 1, where F,., includes all other
forces in the system (e.g. buoyancy, Brownian forces, etc.). For example, the fluctuations in
the propulsive force and torque should be small. The maximum magnetic torque should be
greater than Tij; , and the propulsive force in the commanded direction should be the dominant
force. The bead should also rotate fast enough such that the perpendicular forces cause
negligible translational motion. In general, the microswimmers will be controllable if they
satisfy these conditions. In the ideal case, the perpendicular component of the propulsive
force is zero so that at every time 7 the bead is instantaneously moving at a fixed speed in the
commanded direction, B. The worst case is F, = FpL, which will result in a circular motion
with no net displacement. In most cases, the microswimmer will fall between these extremes
and will trace out a helix (Figure 2c).

Characterization of one-dimensional steering control

We analyzed the trajectories of 35 microswimmers that displayed a persistent motion

parallel or anti-parallel to the direction of the applied field when subjected to a constant

10
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magnetic field of 10 mT (see Supplementary Movies 1, 2). Each microswimmer had about 1
to 10 attached bacterial cells, with the majority of the microswimmers containing about 5 - 6
bacterial cells (see Supplementary Fig. 2a for a probability distribution plot of bacterial
attachment number). Representative trajectories of these samples are shown in Figure 3. As
expected, the motion of the beads is strongly biased along the field direction. An oscillatory
motion is also evident in the 2-D projection of the trajectories, which is indicative of a helical
motion in 3-D (Figure 3b). Although all the tested beads showed a directional bias (i.e. their
primary direction of motion was parallel to the applied field), the amplitude of the oscillations
varied between samples. Figure 3c shows trajectories from three beads acquired over a 2-
minute period. The first trajectory has much larger oscillations than the second and third
trajectory, suggesting either a larger angle between the net propulsive force vector and the
magnetic moment of the bead or a slower rotation rate about the magnetization axis. Upon
removal of the magnetic field, the motion of the beads is no longer directional. Instead, it
becomes stochastic, as shown in the fourth trajectory of Figure 3c. The significant difference
between the third and fourth trajectories, which were produced by the same bead with and
without an applied field, reveals the significant enhancement in bead controllability with the
application of a uniform magnetic field.

The varying lengths of the trajectories in Figure 3¢ indicate a difference in the mean
speed of the microswimmers. The mean instantaneous (2-D) speeds of the microswimmers
ranged from 1.2 pm/s to 7.3 um/s, which corresponds to applied propulsive forces ranging
from 0.5 pN to 3.0 pN assuming Stokes flow (F; = 6muR,v). The average (2-D) speed of all
35 beads was measured to be 2.4 + 1.5 um/s over a 30 s time interval. The microswimmers

were shown to maintain their motility for at least 2 hours. To confirm that the microswimmer

11
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motion is dominated by bacteria propulsion rather than a magnetic force, the mean
instantaneous 2-D speeds of 30 microswimmers were compared when no magnetic field was
applied and when a 10 mT field strength was applied. Although the directionality of the
motion varied, no significant difference in the instantaneous speed was found before and after
the application of the magnetic field (-3.9 + 6.3% change with 95% confidence), confirming
the bacteria-driven propulsion.

To characterize the controllability of the microswimmers, we computed the heading
deviation angle, 8(At), defined as the angle between B and the average velocity, v, over an

interval At

_ -1 (v@OB
6(At) = cos (|V(At)||B|) @

The heading deviation angles are plotted in Figure 3d for the samples shown in Figure 3c. The
solid red curve represents the root-mean-square heading deviation angle, Gzys, and the error
bars denote the standard deviation, gy. The root-mean-square heading is a measure of the

directionality of the bead’s motion over a given At, and the standard deviation is a measure of

the oscillations in the motion over a given At. The shaded gray region (6 < 20°) corresponds
to a high degree of steering control. For samples that are highly controllable (e.g. second and
third plots), there is a significant decrease in the standard deviation as At increases, and &
converges to a mean value close to zero. The heading deviation angle results of the 35
analyzed samples are summarized in Figure 4, where gy is plotted against fgys for different
time intervals. There is a significant decrease in both oy and Gryss as At increases, indicating

that the directional bias of the motion improves over longer time intervals. A small subset of

these samples (35%) demonstrates a high degree of controllability (g < 20° and Ogys < 20°)

even over a short interval of 5 seconds.

12
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Effect of bacterial attachment density and field strength on speed and

controllability

An important assumption in the controllability of the microswimmers is that the
bacterial propulsive torque does not exceed the maximum magnetic torque that can be applied
on the bead. This assumption may not hold for lower field strengths or for higher bacteria
attachment densities. In the previous controllability analyses, the bacterial attachment density
was limited to about 10 bacteria per bead, and the applied field strength was 10 mT. Under
these conditions, 87% of tested beads (N = 38) were found to be controllable (i.e. the
magnetic moment of the beads remained aligned with the applied magnetic field).
Controllable bead samples tended to have lower bacterial attachment numbers than
uncontrollable bead samples as shown in Supplementary Fig. 2. If the bacterial attachment
density is increased or the magnetic field strength is lowered, the probability that the bacterial
propulsive torque will exceed the magnetic torque increases, thereby reducing the percentage
of controllable beads.

The average speed of the microswimmers is also dependent on the number of
attached bacterial cells as shown in Figure 5. The 2-D swimming speed was analyzed over a
15 second duration for 43 controllable samples. The swimming speed is shown to increase
with the bacterial attachment density. Therefore, increasing the number of attached bacterial
cells can improve the speed of the microswimmer. However, this increase in the attachment
number can also increase the magnitude of the applied bacterial propulsive torque, which can
negatively affect the controllability of the microswimmer if the propulsive torque exceeds the

magnetic torque. The location and orientation of the bacterial cells on the bead can also

13
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impact the speed and controllability of the microswimmer; however, these parameters were

not quantified in this study.
Two-dimensional steering control

Steering the bacteria-propelled microbeads along complex paths requires rotation of
the magnetic field; however, rotating the magnetic field too quickly can have detrimental
effects on controllability. For example, superparamagnetic beads can remagnetize parallel or
anti-parallel to their preferred axis of alignment (i.e. the easy axis) since they are soft
magnets. If a constant field is applied such that the microswimmer is moving in the
commanding direction and then the direction of the field is switched 180° instantaneously, no
torque will be induced on the bead because it will simply remagnetize in the opposite
direction (i.e. 7,,, = 0 since m and B are still parallel). Since the bead does not rotate, the
velocity vector will remain in the same direction, and the microswimmer will not change its
swimming direction. This phenomenon (i.e. no change in the swimming direction after an
instantaneous 180° switch in magnetic field direction) was observed for the majority of
microswimmers (93% of 22 tested samples). In contrast, if the field was slowly rotated 180°,
a magnetic torque will be generated, and the microswimmer’s velocity vector will rotate with
the field.

To further analyze the effect of the field rotation rate on the steering controllability,
we rotated the magnetic field 180° at frequencies ranging from 0.1 to 10 Hz and observed the
microswimmer’s turning motion. The magnetic field was rotated in increments of 45° since

this angle produces the maximum magnetic torque (see equation 1). For cases where the

bacteria-propelled microswimmer completed the 180° degree turn and started moving in the

opposite direction, the turn was defined as a success. The results are shown in Figure 6a. The

14
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turning success rate increased for lower rotational frequencies of the magnetic field. It was
greater than 80% for field frequencies less than 0.5 Hz. To achieve a smaller turning radius,
the field frequency should be maximized but remain below this critical frequency. By
following this criterion, the bio-hybrid microswimmers can be steered along complex 2-D
paths. Figure 6b shows the trajectory of a microswimmer that was steered to spell “CMU”
under open-loop control (Supplementary Movie 4). Steering along square paths has also been
demonstrated (Supplementary Movie 3). As shown, the microswimmers can be sufficiently
steered using open-loop control, which may be acceptable for most applications. Closed-loop
control with visual feedback may further enhance the steering precision. 3-D path following

can also be achieved by integrating additional electromagnets into the system.

Discussion

We have demonstrated 1-D and 2-D magnetic steering control of bacteria-propelled
microswimmers. The steering controllability of beads with randomly attached bacteria was
characterized, and a set of controllability conditions for these microswimmers has been
proposed. Optimizing the controllability of the microswimmers was not the goal of this
study; however, we developed a model of the microswimmer’s motion that can be used in
future work to optimize the magnetic steering control. For practical applications, the
microswimmers can be filtered based on their degree of steering controllability. Since the
microswimmers have been observed to move parallel or anti-parallel to the applied field
depending on the orientation of their net propulsive force vector with respect to the magnetic
moment of the bead, it is critical to assess their direction of motion with respect to the polarity
of the magnetic field before conducting a path following task. To control multiple

microswimmers, a constant field can be applied to sort the swimmers into two groups: those
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that move parallel to the field and those that move anti-parallel to the field. Then, each group
of microswimmers can be steered as a unit. The concentration of the microswimmers should
be kept low enough to limit bead-bead interactions, which could negatively affect the
microswimmer controllability.

A number of paths towards optimizing the design of these bio-hybrid microswimmers
are open. For example, although a random attachment of bacterial cells can produce
controllable beads, the speed of the microswimmers can be increased by utilizing patterning
techniques to attach the cells at specific sites on the bead and thus align the propulsive force
vector with the magnetic moment of the bead. An improved alignment of the propulsive force
vector with the magnetic moment of the bead will also reduce the amplitude of the oscillations
in their motion. Alternate magnetic substrate geometries that minimize the drag force can
also be explored.

In contrast to non-biological methods that rely on toxic fuels for actuation (e.g.
hydrogen peroxide) or on large magnetic field strengths when magnetically-actuated with
field gradients,’® our bio-hybrid microswimmers can operate in biological media using low
field strengths (< 10 mT). Some previously developed magnetic non-biological
microswimmers are also capable of propulsion with low field strengths, but require a
continuously rotating or oscillating magnetic field for actuation.****** Our microswimmers,
in contrast, are actuated by the bacteria and only require a uniform magnetic field for steering
control. The swimming speeds of our microswimmers are comparable to other bio-hybrid
microdevices (~ 1 body length per second),’ but they are slower than non-biological
microswimmers, such as magnetic helical swimmers and micro-jet swimmers, which can

achieve speeds greater than 10 body lengths per second.”>* The longest dimension of our

16
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device is more than 5 times smaller than the spermatozoid-driven micro-tubes developed by
Magdanz et al., enabling navigation through tighter passages.41

For some applications, it might be advantageous to control a network or swarm of
microswimmers to enable the parallel and distributed operation of tasks. For example, in drug
delivery tasks, a swarm of microswimmers can deliver a greater volume of therapeutic agents
than what could be carried by a single microdevice. To implement swarm control, however,
advanced control methods are necessary. Since all the microswimmers within a workspace
respond similarly to a uniform magnetic field, either moving parallel or anti-parallel to the
direction of the applied field, navigating to a single target location using uniform fields is
challenging. Advanced control strategies, such as the recently developed magnetic methods
for aggregating magnetotactic bacteria,’’ or the integration of multiple control methods, such
as combined external steering and sensory-based control, could be applied towards this goal.
We can also make use of the properties of the superparamagnetic beads. When a magnetic
field is applied, the microswimmers tend to be attracted to one another when in close
proximity and form long chains along magnetic field lines. These interactions only persist
under the presence of a field. Therefore, a large aggregate of microswimmers could be
assembled and disassembled upon application and removal of a magnetic field, respectively.
A small aggregate of microswimmers could be magnetically steered as a single unit as long as
the bacterial propulsive force is large enough to maintain the motility.

One of the greatest advantages of bio-hybrid, magnetically steered microswimmers is
that the bacteria’s sensory response to external stimuli enables sensory-based steering control
in addition to the external magnetic control. Sensory-based steering of S. marcescens using

chemical signals has been demonstrated in previous work,'*'*** and the chemotactic control
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and tumor targeting ability of bacterial species, such as Salmonella typhimurium, have been
demonstrated.”! As shown in Figure 7, we envision that remote, external steering can be
combined with sensory-based control for search and targeted delivery tasks. For example,
magnetic steering can be applied to navigate a microswimmer to a region of interest; then, the
sensory-driven steering mechanisms can be engaged to move toward a target, such as the
source of a biochemical signal in an in vitro bioanalysis device (Figure 7a). Another potential
application is the use of externally driven and sensory-based steering simultaneously to
control a swarm of microswimmers (Figure 7b). A single “leader” microswimmer can be
magnetically steered and can guide a swarm of non-magnetic bacteria-propelled agents by
releasing a chemoattractant signal, similar to the guide robot technique proposed by Nogawa

et al”’

Conclusion

Our demonstrated externally driven magnetic control of individual, isolated
microswimmers is a step towards controlling a swarm of bio-hybrid microswimmers. In
future work, sensory-based steering methods can be integrated with the externally driven
steering method proposed in this work, which could lead to novel control strategies for
applications, such as localized drug delivery, lab-on-a-chip bioanalysis devices, and
environmental monitoring. By introducing new control strategies for steering a large number
of bio-hybrid microdevices, we open up new avenues for exploring the parallel and

distributed operation of tasks in microscale environments.
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Figure Legends and Tables:

Figure 1. Magnetic coil system. (a) A uniform magnetic field is generated by four
orthogonally oriented iron-core electromagnets, which are built into a microscope stage insert.
(b) The workspace between the coils is 36 mm x 36 mm. (c) The coils are connected to a 24 V
and 20 A power supply. (d) The coil current is controlled with an Arduino Uno
microcontroller board (http://www.arduino.cc). (¢) The samples are imaged using a 32x
objective in an inverted phase contrast microscope (Zeiss Axio Observer). (f) Images of the

microbeads were captured at 20 frames per second with a QICAM digital camera (QImaging).

Figure 2. Magnetically steered, bacteria-propelled microbead. (a) If the bead’s easy axis
is not initially aligned with an applied field B, a magnetic torque (t,,, = m; X B) is produced
that induces a rotation of the bead. (b) When bacteria are attached to the bead, they generate a
net propulsive force F,, and torque T,. The components of these forces and torques are
shown, where Flﬂ and lel? are defined as the components parallel to the bead’s easy axis, and
F;' and ‘t# are the components perpendicular to the easy axis. (c) The relationship between
the net propulsive force F,, the net propulsive torque T,, and the magnetic moment m of the
bead dictates the motion of the microswimmer. If a uniform magnetic field is applied and

T > Té, the magnetic moment of the bead aligns with the applied field, and the bead is only
free to rotate about its easy axis. The bead will move in a straight line if F,, is parallel to m.
If F,, is perpendicular to m, a circular motion results. In general, F,, is between these two

extremes, and the bead moves with velocity v in a helical path as shown.
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Figure 3. One-dimensional line following analysis. (a) Time-lapse optical images (5 s
interval) of a bacteria-propelled superparamagnetic microbead subjected to a uniform
magnetic field (B, = 10 mT). The solid red line indicates the bead’s trajectory. Insets (i) and
(i1) are confocal images of a single bacterial cell (Serratia marcescens) and of several cells
attached to a microbead, respectively. The bacteria are labeled with Alexa Fluor 594
(Molecular Probes, Eugene, OR) and appear white in the images. Note: The confocal and
optical images are from different bead samples. (b) A portion of the 2-D trajectory shown in
(a) is plotted in 3-D, revealing the helical nature of the bead’s trajectory. (c) Representative
trajectories of microbeads subjected to a uniform 10 mT magnetic field (top three plots) and
of a microbead subjected to no magnetic field (bottom plot). The third and fourth trajectories
are from the same microbead, which demonstrates the effect of the magnetic field on the
bead’s motion. All the trajectories were obtained over a 2-minute period. (c) The
corresponding heading deviation angle plots are shown for each trajectory in (b). The solid
red curve indicates the root-mean-square heading, and the error bars represent the standard
deviation. For the case where B = 0, we assume a commanding heading in the x-direction.
The heading deviation angle, 6, is a direct experimental measure of the bead’s controllability.
Smaller standard deviations and mean angles closer to zero (within the shaded gray region)

correspond to better steering control. Scale bars: (a) 20 um, (i) 5 um, (ii) 10 pm.

Figure 4. One-dimensional line following test results. Thirty-five bacteria-propelled
microbead samples were subjected to a uniform magnetic field (B, = 10 mT). The heading
deviation angles, 8, were computed for each sample at four different time intervals (At=1, 5,

30, 60 s). Each marker represents the standard deviation and root-mean-square (RMS)
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heading angle of a single sample for a given At. The shaded regions encompass all the points
with the same At. Tighter steering control is achieved over a given time interval if the
standard deviation and mean angle is closer to zero (towards the origin). Given the helical
nature of the bead motion, the motion is fairly random at short times, but the directionality of
the motion improves over longer time intervals. This is evident by the decrease in the standard
deviation and mean angle of all samples as At increases. The characteristic time scale over
which a tight degree of control can be achieved varies from sample to sample; however, the

samples can be evaluated as more controllable over longer At.

Figure 5. Effect of bacterial attachment number on swimming speed. The average 2-D
swimming speed over a 15 second duration is plotted for microswimmers with different
numbers of attached bacteria. A total of 43 controllable samples were analyzed. The error

bars indicate the sample standard deviation.

Figure 6. Two-dimensional steering control test results. (a) The success rates to complete a

180° turn when the magnetic field is rotated at 45° increments at frequencies ranging from 0.1
to 10 Hz are shown. A total of 40 turns (2 turns from 20 bead samples) was analyzed for each
turning rate. The error bars indicate a 95% binomial proportion confidence interval using a
Wilson score®. The field frequency must be kept below 0.5 Hz to achieve turning success
rates greater than 80%. (b) Using a pre-programmed control algorithm that varies the
direction of the applied magnetic field (10 mT) with time, a microbead is steered to spell

“CMU”. Here, the rotational frequency of the magnetic field was kept below 0.25 Hz. The
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trajectory took 1.5 minutes to complete. The bead positions are shown every 5 seconds, and

the inset shows the desired trajectory. Scale bar: 20 pm.

Figure 7. Future direction of integrating passive and active control of bacteria-propelled
microswimmers. (a) A microswimmer is externally steered (e.g. using magnetic fields)
towards the sensory-based control region, where the external steering is removed and sensory-
based steering (e.g. chemotactic control) is engaged to navigate towards a target site (e.g.
chemical source). (b) The leading microswimmer is magnetically steered and releases a

chemical signal to guide the other non-magnetic swarm agents.

Table 1. Conditions for bio-hybrid microswimmer controllability.
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Table 1.
Condition Description
(ED), The fluctuations in the propulsive force must
P «1 be small compared to its mean value over a
Fy characteristic time
(Th), The fluctuations in the propulsive torque must
PP «1 be small compared to its mean value over a
Tp characteristic time
Tt The propulsive torque perpendicular to the
P_«1 commanded direction must be small compared
mo to the applied magnetic torque
Fpl The bead must rotate quickly compared to the
- <1 speed at which it translates perpendicular to
Tp the commanded direction
Fpl The propulsive force in the commanded
— <1 direction must not be small compared to the
F, force perpendicular to it
Fp” > 1 The propulsive force is the dominant force

acting on the bead
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Figure 1
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Figure 2
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