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Actuation, Sensing And Control For Micro Bio Robots

Abstract

The continuing trend in miniaturization of technology, advancements in micro and nanofabrication and
improvements in high-resolution imaging has enabled micro- and meso-scale robots that have many
applications. They can be used for micro-assembly, directed drug delivery, microsurgery and high-resolution
measurement. In order to create microrobots, microscopic sensors, actuators and controllers are needed.
Unique challenges arise when building microscale robots. For inspiration, we look toward highly capable
biological organisms, which excel at these length scales. In this dissertation we develop technologies that
combine biological components and synthetic components to create actuation, sensing and assembly onboard
microrobots. For actuation, we study the dynamics of synthetic micro structures that have been integrated
with single-cell biological organisms to provide un-tethered onboard propulsion to the microrobot. For
sensing, we integrate synthetically engineered sensor cells to enable a system capable of detecting a change in
the local environment, then storing and reporting the information. Furthermore, we develop a bottom-up
fabrication method using a macroscopic magnetic robot to direct the assembly of inorganic engineered micro
structures. We showcase the capability of this assembly method by demonstrating highly-specified,
predictable assembly of microscale building blocks in a semi-autonomous experiment. These magnetic robots
can be used to program the assembly of passive building blocks, with the building blocks themselves having
the potential to be arbitrarily complex. We extend the magnetic robot actuation work to consider control
algorithms for multiple robots by exploiting spatial gradients of magnetic fields. This thesis makes
contributions toward actuation, sensing and control of autonomous micro systems and provides technologies
that will lead to the development of swarms of microrobots with a suite of manipulation and sensing
capabilities working together to sense and modify the environment.
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ABSTRACT

ACTUATION, SENSING AND CONTROL FOR MICRO BIO ROBOTS
Denise Wong
Vijay Kumar, Ph.D.

The continuing trend in miniaturization of technology, advancements in micro and nanofab-
rication and improvements in high-resolution imaging has enabled micro- and meso-scale
robots that have many applications. They can be used for micro-assembly, directed drug
delivery, microsurgery and high-resolution measurement. In order to create microrobots,
microscopic sensors, actuators and controllers are needed. Unique challenges arise when
building microscale robots. For inspiration, we look toward highly capable biological or-
ganisms, which excel at these length scales. In this dissertation we develop technologies
that combine biological components and synthetic components to create actuation, sens-
ing and assembly onboard microrobots. For actuation, we study the dynamics of synthetic
micro structures that have been integrated with single-cell biological organisms to provide
un-tethered onboard propulsion to the microrobot. For sensing, we integrate synthetically
engineered sensor cells to enable a system capable of detecting a change in the local envi-
ronment, then storing and reporting the information. Furthermore, we develop a bottom-up
fabrication method using a macroscopic magnetic robot to direct the assembly of inor-
ganic engineered micro structures. We showcase the capability of this assembly method
by demonstrating highly-specified, predictable assembly of microscale building blocks in a
semi-autonomous experiment. These magnetic robots can be used to program the assembly
of passive building blocks, with the building blocks themselves having the potential to be
arbitrarily complex. We extend the magnetic robot actuation work to consider control al-
gorithms for multiple robots by exploiting spatial gradients of magnetic fields. This thesis
makes contributions toward actuation, sensing and control of autonomous micro systems
and provides technologies that will lead to the development of swarms of microrobots with
a suite of manipulation and sensing capabilities working together to sense and modify the

environment.
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Chapter 1

Introduction

We can imagine tiny robots being used for surveillance, environmental clean-up and in
medicine. In medicine, compelling applications include directed drug delivery for localized
disease treatment, minimally invasive surgery to enable new procedures and reduce recovery
time and real-time health monitoring using embedded robots in the body to relay information
to a doctor. In some sense, the white blood cell can be seen as the ultimate medical
microrobot. It is able to circulate through the body in the blood stream in a passive
state monitoring the environment. When an infection is detected, the white blood cell
responds with a variety of methods depending on the type of white blood cell and the
infection detected. The responses include creating antibodies to fight infection or engulfing
the harmful foreign particle.

As the length scale of robots continues to decrease and approach the size of a single
biological cell, applications in biological research emerge. Microrobots enable the investiga-
tion of microbiology in ways which were not previously possible. Recent rapid fundamental
progress in microrobotics has given rise to applications including single-cell analysis, in vitro
drug delivery to neurons and micro assembly of biologically infused hydrogels with applica-
tions in tissue engineering.

This dissertation extends these capabilities toward enabling microrobots for in vivo ap-

plications. Capabilities that an in vivo medical microrobot would need include tetherless



precise actuation, onboard sensing to detect stimuli present in the environment and infor-
mation processing to respond to these changes. In the field of micro and nanofabrication,
we will need new techniques to create these tiny complex structures.

In the most general sense, microrobots are engineered systems which operate on microm-
eter length scales, typically with characteristic dimensions less than 100 microns. Unique
challenges arise when developing microrobots. Firstly, power sources and storage do not typ-
ically come in such small packages. Power is necessary for actuation and sensing activities.
Secondly, sensors also do not come in such small packages. In addition to developing sensing
capability on board microrobots it is necessary to store the data and then overcome the
microscale-to-world interface problem to report the signal. Thirdly, addressing individual
robots at this length scale is challenging because unique inputs are needed in a very small
space. Typically, global inputs are used, which affect the entire system making it difficult to
generate different responses between robots. Moreover, different physical phenomena domi-
nate at this length scale. Therefore, it is not feasible to simply miniaturize solutions used on
the macroscopic scale to create microrobots. It is important to appreciate these phenomena
and the effects that they have on the behavior of microrobots. These differing physical
phenomenon give rise to new opportunities for manipulation and control at the microscale.
Chapter 2 provides background information on swimming at low Reynolds number and a
literature review on related work.

This dissertation contributes to the field of microrobotics by developing technologies and
methods that can be used to overcome some of the challenges that arise when creating robots
at this length scale. We look to create systems that are a fusion of organic and inorganic
components. From a bottom-up approach we have synthetically engineered biological organ-
isms to be useful onboard sensors capable of taking in a signal, processing it and providing
a readout. We also used single cell biological organisms as motors to provide untethered
onboard power. At a slightly larger scale, we directed the assembly of inorganic engineered
structures that will eventually be synthesized with the biological components.

Biology has created elegantly packaged self-contained sensors. In Chapter 3, we demon-



strate sensing by integrating genetically engineered, ultraviolet light-sensing bacteria with
magnetic microrobots, creating the first controllable biological microrobot that is capable of
exploring, recording and reporting on the state of the microscale environment. We demon-
strate two proof-of-concept prototypes: (a) an integrated microrobot platform that is able
to sense biochemical signals, and (b) a microrobot platform that is able to deploy biosensor
payloads to monitor biochemical signals, both in a biological environment.

We accomplish actuation, sensing and control in microrobots in a variety of ways on
several different platforms. In Chapter 4, we begin by exploring actuation. First, by inte-
grating organic and in-organic components using flagellated bacteria to create untethered
robots with onboard power. We probe the dynamics of the system by selectively immobi-
lizing the biological motors attached to the microrobot to understand the forces that are
being exerted. This informed a stochastic kinematic model that captures the predominant
clockwise rotation of the microrobot when not affected by any external stimuli. Additionally,
a bottom-up model is proposed to capture the stochasticity of such a system by modeling
the individual cell on the microrobot.

Controlling biologically actuated robots is very challenging due to the stochasticity in-
herent in biological systems. For tasks that require high-precision position control, a more
deterministic system may be preferable. Chapter 5 discusses the modeling of electromag-
netic coils for the manipulation of magnetic microrobots as well as strategies for calibration
of a magnetic manipulation system and the challenges which arise.

In Chapter 6, we consider, at a slightly larger scale, the control of single and multiple
magnetically actuated robots using stationary electromagnetic coils. This work enables more
complex micro manipulation tasks by enabling the control of multiple agents to accomplish
grasping motions in addition to pushing.

To address challenges in micro and nanofabrication, we develop a bottom-up manufactur-
ing technique to assemble complex microstructures from simple building blocks which uses
capillary forces that arise at fluid interfaces. In Chapter 7, the magnetic actuation work is

applied to enable the assembly of passive particles. The magnetically controlled robot acts



as a fluid interface deformation source to direct assembly of passive building blocks driven
by capillarity. We leverage tools from interface physics to create a robust framework that
can be used for automated micro assembly. In this chapter, we also discuss design guidelines

and limitations of the system for future iterations of a magnetic manipulation system.



Chapter 2

Literature Review

Cells are compelling candidates for use in microscale systems for two particular reasons.
Firstly, biological cells are self-contained systems which do not need an external power
source. Secondly, they have the natural ability to respond to environmental cues, such as
changes in chemical concentration, light exposure, and even magnetic field orientation. This
sensory framework is contained in an exquisitely small package, which in the case of the
rod-shaped bacteria Escherichia coli is typically 1 pm in diameter and 2 um in length.
This chapter reviews the relevant concepts in low Reynolds number physics and related
literature that will be used throughout the dissertation. Section 2.1 reviews concepts on
swimming at low Reynolds number and related literature on bacteria propelled microrobots.
Section 2.2 reviews related literature on using biological sensors. Section 2.3 reviews related

literature in magnetic microrobot actuation and control for single and multiple robots.

2.1 Swimming At Low Reynolds Number

Building microscale robotic systems starts with understanding physics, specifically the fluid
mechanics, at low Reynolds number. The Reynolds number, Re, is a non-dimensional num-
ber which compares the importance of inertial effects to viscous effects. The Reynolds num-
ber is defined by Re = pTUl, where 7, kinematic viscosity, and p, density, are fluid properties

and [, characteristic length scale, and U, velocity, are boundary conditions and determined



by the robotic system in this case. In low Reynolds number environments, Re << 1, viscous
effects dominate over inertial effects. Motion is determined by forces at that instant, inde-
pendent of forces before or after this time [57|. The implications of this changes swimming
strategies at macroscale compared to at microscale. In microscale, the swimming motion
must be time reversible and non-reciprocal to result in a net displacement. Practically, this
means that a video of forward swimming using non-reciprocal motion will look different
when played backwards. Several different mechanisms are used by biological organisms for
swimming at low Reynolds number, we focus on biological swimming of organisms using the

rotation of helical flagella.
2.1.1 Flagellated Bacteria Swimming

Flagellated bacteria, such as F.coli and S.Marcescens, are made up of a cell body and
many hair-like flagella coming off of the cell body. These flagella are helical and have a
common and fixed chirality. These bacteria swim in fluidic environments by rotating these
flagella. When all the flagella attached to the cell body are rotating in the same counter-
clockwise direction (when viewed from behind), the flagella bundle together and the rotation
generates a propulsive force that causes the cell to swim forward, executing a run [21]. When
the rotation of a single flagellum switches direction, the flagella bundle is unraveled and a
propulsive force is no longer present, instead this unbundling causes a torque and the cell
rotates, executing a tumble. This mechanism of switching between run-and-tumble is what
flagellated bacteria use to change direction when swimming. When flagellated bacteria swim
in free solution, the motion can be approximated as a random walk [27], with a run to tumble

ratio of 10:1.
2.1.2 Microbiorobots Actuated By Bacteria

The use of a bacterial carpet for creating flow patters in fluids was first observed by Darnton
et al. [18]. In their experiments, they attached a monolayer of S. marcescens to a solid sub-
strate and observed the trajectory of passive tracer beads above the monolayer of bacteria.

The trajectories of particles close to the bacterial carpet when compared to trajectories of



particles further away indicate active fluid mixing close to the bacterial carpet as a result of
the rotation of the bacteria flagella.

Flagellated bacteria can be attached directly to microstructures to provide onboard
power [4, 67]. The bacteria on these structures coordinate to propel the microstructures in
fluidic environments. Sakar et al. created a stochastic kinematic model for an MBR which
is comprised of a microfabricated microstructure made from negative photoresist (SU-8)
coated with a monolayer of swarming S. marcescens [61]. Instead of calculating the exact
force exerted by each bacterium, this model parameterizes the distribution of the bacteria
across the microstructure to predict the behavior of the MBR; these values are derived em-
pirically. While these high level parameters are sufficient to describe the trajectory of the
microstructure by taking into account the force exerted by the bacterium, it does not take
into account the non-contact, hydrodynamic surface interaction that arises from the flagella
of the bacteria near the edge of the MBR interacting with the planar surface under the MBR.
We extend this stochastic kinematic model by adding additional high level parameters to

capture both the propulsion by the bacteria and this hydrodynamic surface interaction.
2.1.3 Controlling Biological Systems

Several different methods have been proposed for controlling MBRs which comprise of flag-
ellated bacteria attached to passive microstructures. Steager et al. use electrokinetic and
galvanotactic behavior to control MBRs propelled by S. marcescens [68]. Behkam et al. tog-
gle the on-off behavior of the biological motors of S. marcescens used to propel polystyrene
beads through the addition of chemicals into the solution. By adding copper ions, the bac-
terial flagellar motors are stopped and the motion of bead is stopped, by adding ethylene-
diaminetetraacetic acid (EDTA) [4]. Zhuang et al. use chemotaxis to gather MBRs to a
specific region defined by pH across a pH-gradient created in a microfluidic channel [89].
Phototaxis can also be used to control the behavior of bacterial actuators. Exposure to UV
light will cease the motion of S. marcescens, this can be used to control microstructures that
are propelled by cell that are attached to the microstructure [67] as well as cells that are in

free solution [34].



2.2 Biological Sensors

In addition to being used for propulsion and control, the natural environmental responses
of cells have been used in motility-based biosensors, where readout is performed based on
the motility of the cells [69]. The sensory network in cells can also be used as onboard
sensors on MBRs. We can leverage the rapid advancements in synthetic biology which have
enabled the design of cells with highly specified functionality through genetic engineering
[58]. By utilizing the ability to edit the genes of model organisms, like E. coli, the behavior
of the cells or biosensors can be programmed. This programmability can extend well beyond
innate sensing capabilities.

Synthetic gene networks have been designed to create digital signal processing capabilities
such as bi-stable gene expression to create a toggle switch behavior that act as cell-based
memory units [28]. Molecular systems can be constructed from predefined elements to
perform multi-input logic computations within mammalian cells, where these components
can be combined to create a biomolecular computer [60]. Moreover, synthetic gene networks
have been constructed to emulate cell-based digital circuits based on principles of modern
computing, such as counters|26]. Population behaviors can also be used to create edge
detectors using light sensitive cells [77]. Furthermore, by employing existing mechanisms for
quorum-sensing that enable communication between cells, capabilities can be extended to

include population-level sensing and decision making [81].

2.3 Magnetically actuated robots

Magnetic actuation has also been demonstrated as a method for manipulation and has
gained particular traction because of several properties that make it ideal for microrobot
manipulation. Firstly, magnets can be controlled with and without line of sight, which
allows the robot to be used in small and difficult to reach areas. Secondly, magnetic fields
are widely accepted as safe to biological cells and tissue, and are already widely used in the
medical field [25]. Numerous systems have been developed for magnetic manipulation of

micro and meso-scale magnets using electromagnetic coils [36, 40, 52, 71]. In general, these



systems have been designed to manipulate one magnetic robot by controlling the global field
of the workspace uniformly.

Microscale robots have demonstrated applications in biology such as cell manipulation
and directed drug delivery [71]. Additionally, microrobots with sensing capabilities for mea-

suring small forces [35, 74, 76] and external optical stimuli [73] have been developed.
2.3.1 Control of Multiple Magnetic Robots

A variety of methods have been demonstrated for the control of multiple magnetic micro-
robots. Magnetic actuation is an effective method for applying large forces, but individually
addressing magnetic robots is challenging because magnets respond similarly in a global
field. Khalil et al. [38] controlled a cluster of 100 ym diameter paramagnetic microparticles
to manipulate microstructures in a plane for microassembly. Multiple microparticles are
manipulated together to push non-magnetic microstructures into a desired position. While
multiple microparticles are manipulated, all the particles move in the same general direc-
tion and microparticles are not individually addressable. Strategies for transport of passive
payloads using a team of homogeneous robots controlled by global inputs are discussed by
Becker et al. [3].

Heterogeneous teams of magnetic microrobots generate different resultant forces under
the same global field. Diller et al. [20] used a team of microrobots which are geometrically
different but had similar effective magnetization, which resulted in different rotational inertia
and therefore angular acceleration. Position control of 3 robots, each having dimensions less
than 1mm, is demonstrated; however, the motion of the robots is coupled and arbitrary
trajectories are not possible. Cheang et al. [15]| demonstrated control of 2 geometrically
similar and magnetically heterogeneous microswimmers using a global rotating magnetic
field. By balancing the applied magnetic torque and the hydrodynamic torque, simultaneous
control of two microswimmers moving in opposing directions with arbitrary speeds can be
achieved. Mahoney et al. [42] demonstrated control of two helical microrobots using robots
with different magnetization and friction such that different forward swimming speeds result

from the same magnetic field rotation frequency. The direction traveled at a given time step



is the same but the velocity is different, which allows trajectories of the same shape but
different size to be achieved. In these three methods, two microswimmers cannot swim in
the same direction at the same velocity because the robots are heterogeneous.

Specialized printed circuit boards have been used to manipulate local magnetic fields
on a surface to control multiple microrobots. Pelrine et al. [54] used layers of parallel and
perpendicular traces on a printed circuit board to manipulate mm-sized magnetic robots.
The current through the traces generate a local magnetic field and by varying the current
through the traces the position of the robot is controlled. Cappelleri et al. [11]| used micro-
coils on a printed circuit board to control multiple magnetic microrobots by affecting the
local magnetic field. Planning and control algorithms for multiple microrobots on a planar
system controlled by these microcoils are discussed by Chowdhury et al. [17]. Pawashe et
al. [53] used a surface with electrostatic pads to selectively brake magnets and prevent them
from moving while allowing the manipulation of other magnets away from the pad. These
brakes are in fixed locations and the allowable trajectories are dominated by the position of
the pads.

Apart from electromagnetic coils, mobile permanent magnets have also been used to
control magnetic microrobots. Nelson and Abbott [48] demonstrated the ability to manip-
ulate two magnetic devices by manipulating a single rotating magnetic dipole around the
workspace. Converging, diverging and similar trajectories are achieved by exploiting the

different magnetic field and field gradient at various locations around the magnetic dipole.
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Chapter 3

Sensing using Biology

Microscale robots offer an unprecedented opportunity to perform tasks at resolutions ap-
proaching 1 um, but the great majority of research to this point focuses on actuation. Po-
tential applications for microrobots can be considerably expanded by integrating sensing,
signal processing and feedback into the system. Due to the similarity in length scale to single
cells, microrobots enable the investigation of microbiology in ways which were not previously
possible. In Chapter 4, microrobots are used to probe the dynamics of the biological cells
used to propel the robot. Biological organisms also have a natural inherent ability to sense
their environment.

This chapter explores the integration of synthetic biology with microrobotic systems to
create cell-based programmable mobile sensors, with signal processors and memory units.
Specifically, we integrate genetically engineered, ultraviolet light-sensing bacteria with mag-
netic microrobots, creating the first controllable biological microrobot that is capable of
exploring, recording and reporting on the state of the microscale environment. We demon-
strate two proof-of-concept prototypes: (a) an integrated microrobot platform that is able
to sense biochemical signals, and (b) a microrobot platform that is able to deploy biosensor
payloads to monitor biochemical signals, both in a biological environment. These results
have important implications for integrated micro-bio-robotic systems for applications in bi-

ological engineering and research.
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Figure 1: Biosensors. Cells engineered to sense UV radiation are attached either directly to the
Integrated magnetic microrobot (left), or attached to Distributed passive microplates (right). The
integrated approach is useful for rapid exploration of a workspace, but cell response and readout
is on the order of hours. The distributed approach requires arrangement of several passive sensors,
but mapping can be performed more quickly due to greater coverage.

The research in this chapter was originally published in [73].

3.1 Introduction

Rapid advancements in synthetic biology have enabled the design of cells with highly spec-
ified functionality through genetic engineering [58]. Cells are compelling candidates for use
in microscale systems for two particular reasons. Firstly, biological cells are self-contained
systems which do not need an external power source. Secondly, they have the natural ability
to respond to environmental cues, such as changes in chemical concentration, light exposure,
and even magnetic field orientation. This sensory framework is contained in an exquisitely
small package, which in the case of the rod-shaped bacteria Escherichia coli is typically 1
pm in diameter and 2 pm in length. Given the extensive knowledge base on the genetic
and proteomic makeup of model organisms such as F.coli, as well as rapid advances in
genetic engineering, we can extend the idea of cells being good natural candidates for mi-
croscale biosensors to the concept of these cells being programmable. This programmability
can be extended well beyond innate sensing capabilities. Combining advancements in both

microrobotics and synthetic biology is an investigative path with significant potential [62].
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3.2 Methods

We demonstrate a microrobotic system capable of sensing environmental changes with spa-
tial resolutions at the scale of individual cells. We combine two technologies: (a) the ability
to create mobile microrobots using magnetic actuation; and (b) tools from synthetic biology
to create novel biosensors. These biosensors are designed to sense low doses of ultraviolet
(UV) light. The information is stored in a toggle switch architecture, a switch that allows
cells to toggle between stable states based on environmental stimuli, and the information
readout is performed via production of fluorescent proteins within the cell. This form of
sensing is useful for seeking potentially pathological conditions. The UV sensor is used here
as a proxy for chemical biosensors, since it is simpler for proof-of-concept demonstrations
with UV light, and, because of the similarity in architecture, it is not too difficult to engineer
similar cells that can sense biochemicals.

We investigate two methodologies (Figure 1) for microrobotic biosensing systems. The
first method, which we refer to as an integrated system, utilizes cells directly attached
to magnetic microrobots. The integrated system enables rapid exploration of a region,
however, the biosensor readout timescale is considerably longer than actuation time by the
robot. Thus, actuation time is greatly restricted by readout. In the second method, which
we call a distributed system, we attach cells to microscale plates that are then independently
arranged by a single magnetic robot. In this system, several biosensors are rapidly arranged
to cover a region. In both systems, the sensor consists of a population of cells, whether they
are attached to the microrobot or the passive microscale plate.

A single cell is not a reliable biosensor because individual cells exhibit stochastic behavior.
However, reliable results can be obtained for groups of cells. Fluorescence microscopy is
used to read out the response of cell populations. Specifically, we show how sensors can be

transported and read out to indicate the presence of UV radiation.
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3.2.1 Experimental Setup

The experimental setup consists of four in-plane electromagnetic coils which use magnetic
field gradients to actuate the magnetic microrobots. The coils are integrated on the stage of
an epifluorescence microscope. The precise details of the setup have been previous described

in detail and modeled [71].
3.2.2 Microrobot Fabrication

Microrobots are fabricated in a single-exposure process using traditional microfabrication
techniques [63]. First a layer of 10% dextran in spin-coated on a clean glass slide, which
acts as a sacrificial release layer. Next, a 2 pm layer of SU8-2002 is spin-coated. This
layer is necessary as a mediating interface and enables uniform coating in the subsequent
spin-coating step. Next, SU8 mixed with 5% iron oxide nanoparticles is spin-coated to a
thickness in the range of 4-10 um. A dark-field photomask is used during the exposure step,

and the entire slide is then developed in PGMEA and dried with nitrogen.
3.2.3 Fabrication of Plasmids and Strains

Plasmids pHPTa and pCIRa were derived from the published pTAK plasmids and pZ ex-
pression vectors and previously published [28]|. The plasmid pLPTa was built by performing
site-directed mutagenesis on pHPTa to change the Glutamine at residue 233 of the cl protein
to a Lysine to confer more sensitivity to UV irradiation. Co-transformations of pLPTa and
pCIRa into E.coli strain JM2.300 yielded the experimental strain for all data collection. The
experimental strains were cultured at 37°C in LB broth (BD Biosciences) supplemented with
appropriate levels of ampicillin and tetracycline (Sigma) to maintain selection. Typically,
cultures were inoculated with appropriate selection antibiotics and initial isopropyl-beta-
thiogalactopyranoside (IPTG) to set toggle state and grown at 37°C for 16 hours. Cells
were centrifuged and resuspended in fresh LB broth twice before additional growth periods

dependent on downstream experiments.
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3.2.4 Fabrication of Biosensors

Biosensors are SU8 epoxy microstructures with bacteria adhered to the surface (Figure
2). The fabrication process is optimized for compatibility with biological cells as well as
compatibility with traditional bright-field and fluorescence microscopy. Initially, a water-
soluble sacrificial layer of dextran is spin-coated onto a No. 0 glass slide to allow release of
biosensors in subsequent experimental steps. On top of the dextran layer, 5-10 pm thick SU8
2000 series negative tone, photosensitive epoxy plates are fabricated using a single exposure
through a chrome mask. For this study, a combination of 40, 60 and 80 um diameter disks
were fabricated. FE.coli cells do not naturally adhere to SUS8, so the surface of the plates
were treated with 0.1% poly-L-lysine for 10 minutes, a protein which promotes binding of
biological cells. The slides were then dried with compressed air. For SUS8 experiments,
following overnight cultures and subsequent washing away of IPTG, cells were grown in
liquid LB media supplemented with appropriate antibiotics at 37°C for 4 hours before being
deposited onto poly-L-lysine substrates and allowed to adhere for 5-10 minutes. Excess
cells were washed from the surface and biosensors released into the experimental setup by

inversion. Integrated biosensors were treated in a similar manner.
3.2.5 Flow Cytometry

Flow cytometry is used to characterize the level of fluorescence of individual cells. For cy-
tometry experiments, following overnight cultures and subsequent washing away of IPTG,
cells were grown in liquid culture at 30°C for 2 hours before exposure to UV irradiation
(Stratalinker UV Crosslinker 2300) and additional growth at 30°C for 6 hours before analy-
sis using a LSRFortessa cell analyzer (BD Biosciences) equipped with 488-nm argon excita-
tion laser and 530/15 nm emission filter and a PMT setting of 360 V. Measurements were
calibrated using Rainbow Calibration Particles (Spherotech RCP-30-5A) to normalize data

between different experimental runs. For each sample, 10,000 events were collected.
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Figure 2: Biosensor microfabrication. (a) Glass slides are coated with dextran, which acts as a
water-soluble sacrificial release layer. (b) SU8 forms the substrate of the biosensor. (c-d) Biosensors
are patterned with photolithography. (e) Poly-L-lysine is deposited on the biosensor surface to
enhance attachment of cells. (f) Microrobots are released in solution and dextran dissolves.

3.2.6 Microscopy and Tracking

Integrated and distributed biosensors were actuated and positioned using bright-field mi-
croscopy. Readout was performed using fluorescence at excitation/emission wavelengths
optimized for green fluorescence protein (GFP). Although SUS8 epoxy is fluorescent at wave-

lengths close to GFP, the emission spectra of SU8 and GFP do not significantly overlap.
3.2.7 UV Exposure

Cells were exposed to UV light with a mercury lamp with collimation optics. The light source
was masked to create discrete regions of UV exposure. Exposure times of 10 seconds were
sufficient to induce the population to switch to high state, thus activating the synthetically
engineered response of producing Green Fluorescent Protein (GFP), which is a readout for

this high state.



3.3 Low Power Toggle Cells

3.3.1 Biochemical Model

Bistability occurs in a genetic circuit when two repressible promoters are arranged in a
mutually inhibitory network [28]. Promoters regulate the activity of genes that transcribe
proteins. Fach promoter, pA and plac, triggers a gene, lacl and Acl respectively, that regu-
lates the production of a protein, LacR and ACI respectively, which represses the behavior
of the other promoter, Figure 3. In the absence of inducers, two stable states are possi-
ble: (1) when promoter, plac, transcribes the repressor protein ACI (low-state,) (2) when
promoter, pA, transcribes the repressor protein LacR (high-state.) A transient, externally
triggered inducer can be used to switch between these two stable states. Hence the name
toggle switch. In this toggle switch, the inducers are chemical inducer IPTG and UV light.

By inducing the cells with IPTG, the transcription of protein LacR is repressed, which
results in a high level of activity of gene Acl and the transcription of protein ACI (low-state),
Figure 3(b). At low-state promoter pA is repressed and therefore the activity of gene lacl is
low. The cells will stay in low state even after IPTG is removed from the environment Figure
3(c). By inducing the cells with a transient pulse of UV light, the cell switches to high-state.
UV light causes repairable DNA-damage wherein the DNA becomes single-stranded, this
activates an SOS-pathway and causes degradation of the protein ACI Figure 3(d). The
degradation of protein ACI alleviates the repression of promoter pJ, increases the activity of
gene lacl and hence the transcription of protein LacR. This protein represses the promoter
plac and therefore the activity of gene Acl is low, Figure 3(e). In order to detect that a cell
is at high state, transcription of green fluorescent protein (GFP) is synthetically engineered
to be triggered by the transcription of the protein LacR. Thus, GFP transcription occurs
in parallel with LacR transcription and is used as a signal indicating a cell is at high-state
during experiments.

While bistable systems occurs naturally in biology, most are difficult to interface with

as the inducers are not easily controlled externally and states are difficult to determine
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Figure 3: Schematic showing gene circuit under different inducers and the corresponding activity of
genes Acl and lacl. (a) No inducer, basal levels of activity of both genes, (b) Induction with IPTG
reduces activity of lacl and increases activity of Acl, (c) Low-state, even after IPTG is removed the
cell is stable in low-state, (d) Induction with UV light causes the degradation of protein ACI and
increases activity of lacl, and is linked to GFP production (e) High-state, even after the UV light is

removed the cell is stable in high-state.
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Figure 4: Mathematical model of the toggle switch dynamics. Transition between low-state where
protein ACI is abundant and represses the transcription of protein LacR and high-state when protein
LacR is abundant and represses the transcription of protein ACI. The time scale for the case in this
work is on the order of hours.

externally as well. The specific sensor cell used in the experiments described here are F.coli
JM2.300 cells synthetically engineered to include plasmids pLPTa and pCIRa. Plasmids are
circular DNA molecules separate from the chromosomal DNA within the cell that carries a
few genes that can be expressed within the cell. Plasmid pCIRa carries the genes for GFP
production which is used as a reporter for high-state|39]. Plasmid pLPT is the regulatory
circuit that contains the genes Acl and lacl and controls the expression of GFP in plasmid

pCIRa.
3.3.2 Mathematical Model
The interactions between the components in the genetic toggle circuit can be described by

a pair of coupled dimensionless nonlinear differential equations [28]:

dU ] dv (%)
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where U is the concentration of repressor protein LacR, V is the concentration of repressor
protein ACI, ag is the effective rate of synthesis of repressor protein LacR, ay is the effective
rate of synthesis of repressor protein ACI, § is the cooperativity of repression of promoter
pA and 7 is the cooperativity of promoter plac.

Figure 4 illustrates the interactions between levels of proteins ACI and LacR. The start
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of the graph shows the cell in low-state after IPTG induction when the level of protein
ACI is high and level of protein LacR is low. The grey region indicates UV induction, this
is modeled by decreasing the effective rate of synthesis of repressor protein ACI, as, and
decreasing the cooperativity of repression of promoter, pA. Increasing the effective rate of
synthesis of repressor protein LacR, ai, has a similar effect. UV induction causes a sharp
change in the levels of each protein which destabilizes the high ACI state and drives the
system to switch to the other stable state where the level of protein ACI is low and the level
of protein LacR is high and as a result GFP is expressed. While the UV light exposure is
transient, the effects of the induction are lasting; therefore the induction process extends
beyond the duration of the UV light exposure.

Stochasticity in this system arises from the combination of bistable architecture with
bimolecular processes involving few molecules [50]. This results in bimodal population dis-
tributions despite the same experimental conditions and induction levels. It has been shown
that even a single-molecule event may trigger such phenotype switching [16]. Therefore,

reading the fluorescence signal from multiple cells is important.
3.3.3 Cell Validation

Engineered cells need to be designed, tested and verified in liquid or agar cultures before in-
tegrating them with microrobots and sensor plates. Cells in JM2.300 background harboring
both plasmids pCIRa and pLPTa as described in the methods were first tested and analyzed
in a robot-free environment. Bulk cultures of the genetically engineered cells were gro