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Abstract  

Bio-hybrid approaches have recently provided a possible solution to address the challenge of on-

board actuation, control and communication modules for micro/nanoscale cargo-carrying 

vehicles by integrating live prokaryotic or eukaryotic cells with synthetic objects. More 

specifically, because micro/nanoparticles are able to transport cargos efficiently and bacteria can 

play the role of targeted and selective delivery agents, a hybrid of these two can advance the 

current strategies for environmental monitoring, drug delivery and medical imaging. The main 

goal of this dissertation was to fabricate, assemble, and characterize different components of a 

mobile network of bacteria-based bio-hybrid systems for long-term applications in drug delivery 

and biosensing. First, a new library of bacteria-enabled delivery systems was developed by 

coupling live engineered bacteria with non-spherical particles and the transport of these bacteria-

based systems was investigated in the absence and presence of chemical cues using microfluidic 

platforms. Next, a quorum-sensing (QS) based bacterial cell-cell communication network was 

characterized in a high-throughput manner in order to understand the coordinated behavior of the 

bacterial species ferrying the cargoes. Lastly, the QS behavior of a chemotactic population of the 

bacterial species in response to the endogenously produced signaling molecules was studied. The 

work presented in this dissertation lays the foundation for a well-characterized generation of 

bacteria-assisted cargo delivery devices with enhanced transport properties and capable of 

executing pre-programmed multi-agent coordinated tasks upon their arrival at the target site.   
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Chapter 1: Introduction 

1.1 Motivation and problem statement  

Mobile microrobots can travel to previously inaccessible small spaces and are envisioned to 

impact the field of microrobotics as inexpensive agents of distributed networks of swarm robotic 

systems. The potential applications of such microrobots include biosensing and environmental 

monitoring, minimally invasive diagnosis, targeted drug delivery and localized treatment of 

diseases [1]. With the recent advances in micro/nanofabrication and assembly methods, truly 

microscale robotic systems with characteristic dimensions less than 100 μm have been realized 

[2, 3]. However, these microrobots were actuated and controlled by off-board magnetic fields. 

Realization of on-board actuation along with communication and control modules are among the 

most significant challenges towards realization of microscale mobile robots with advanced 

functionalities. Over the past few years, bio-hybrid approaches have been widely employed as a 

possible solution to address these challenges by integrating live prokaryotic or eukaryotic cells 

within robotic systems [4-10]. The most widely used of such living cells that can be exploited as 

on-board actuators are flagellated bacteria with the purpose of using bacteria for actuation, 

sensing, communication, and control. Since micro/nanoparticles are able to transport cargos 

efficiently and bacteria can play the role of targeted and selective delivery agents, a hybrid of 

these two can specifically advance the current strategies for drug delivery, medical imaging and 

cancer treatment. BacteriaBot, the bacteria-based bio-hybrid swimming microrobot, is 

constructed by interfacing an ensemble of live engineered bacteria with spherical and non-

spherical polystyrene microparticles. BacteriaBots are envisioned to facilitate efficient transport 

and delivery of a wide variety of cargos for therapeutic and environmental monitoring 

applications.  
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The main goal of this dissertation was to fabricate and characterize a new generation of 

bacteria-assisted delivery systems featuring enhanced transport properties with the 

potential to efficiently deliver micro/nanoscale cargoes to desired targets and execute pre-

programmed multi-agent coordinated tasks upon their arrival at the destination utilizing 

bacterial communication modules. BacteriaBots comprising of engineered bacteria harboring 

synthetic plasmids for on-board control and communication, coupled with non-spherical 

polymeric particles can serve as a steppingstone towards realization of intelligent drug delivery 

vehicles powered by bacteria and can potentially revolutionize the field of drug delivery. This 

dissertation is centered on three main objectives:   

(1) Characterizing the transport behavior of non-spherical BacteriaBots in an isotropic 

environment 

 Fabricating a new generation of BacteriaBots with non-spherical body shapes- 

bullet, barrel and prolate spheroid. 

 Developing a 2D particle tracking algorithm for measurement of motility 

parameters of speed and directionality. 

 Theoretical and experimental investigation of the effect of body shape on 

BacteriaBot speed and directionality.  

 

(2) Investigating the competing roles of physical cues (i.e. body shape) and chemical 

cues (i.e. bacterial chemotaxis) on BacteriaBot transport 

 Fabricating elliptical disk-shaped BacteriaBots. 

 Studying chemotactic behavior of BacteriaBots in response to spatially variant but 

temporally constant gradients of a chemoattractant. 
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(3) Developing and characterizing a communicative network of bacteria/BacteriaBots  

 Developing a microfluidic gradient generator for high-throughput characterization 

of bacterial/BacteriaBot quorum-sensing response. 

 High-throughput characterization of the quorum-sensing response of a model 

bioreporter (Escherichia coli bacteria containing the signal-receiving component 

of the QS regulatory system from Vibrio fischeri) to a wide range of 

concentrations of exogenous signaling molecules.  

 Characterizing the QS response of the bacteria attached onto the BacteriaBots and 

comparing the results with those from the bacteria-only experiments.  

 Computational modeling of the QS response of a signal receiving-only bioreporter 

in the presence of exogenous autoinducer molecules.  

 Characterizing the QS response of a chemotactic population of receiver E. coli in 

the presence of signaling molecules produced by sender bacteria in a flow-free 

hydrogel-based microfluidic device. 
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1.2 Background 

1.2.1 Non-spherical polymeric particles for drug delivery applications 

Micro/nanoparticles capable of carrying and delivering therapeutic and diagnostic agents to 

specific biological targets have exhibited improved targeting, lowered clearance and systemic 

toxicity, and the potential for delivering large dosages of drugs compared with conventional 

strategies [11]. Size and shape are among the critical properties of micro/nanoparticles which can 

be optimized for improving the efficacy of particle-based targeted drug delivery and diagnostic 

imaging. However, the biological effects of particle shape are less well understood compared 

with that of particle size [11]. Non-spherical particles have shown increased particle targeting 

[12], and also increased accumulation and retention in cancerous tumor tissues in-vivo [13, 14], 

when compared with spherical particles, verifying the significance of testing different particle 

shapes. In another recent study, cylindrical filomicelles have revealed persistent blood 

circulation for up to one week after intravenous injection which is a significant advantage over 

their spherical counterparts [15]. Furthermore, cellular internalization of hydrogel rod-shaped 

particles into HeLa cells has been investigated to better highlight the impact of using non-

spherical particles on the efficiency of drug delivery [16]. To date, most of the non-spherical 

polymeric nanoparticles with various controllable sizes used for biomedical applications have 

been fabricated using bottom-up chemistry techniques [11]. However, due to the limitations of 

bottom-up methods for producing non-spherical particles, low-cost top-down engineering 

techniques such as elastic stretching of spherical particles have also been used for manufacturing 

such polymeric particles. The unique feature of the elastic stretching technique, and most of the 

other top-down methods, is the ability to independently control size, shape and chemical 

composition of the particles. Over 20 distinct shapes of polystyrene particles varying from 60 nm 
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to 30 μm in size have been recently manufactured using such technique [17], which was inspired 

by another work that had previously reported creating ellipsoidal PS particles [18]. Although 

only routine laboratory chemicals and equipment are needed for this fabrication process, a 

diverse range of particle geometries can be fabricated.  

 

1.2.2 Bacteria-based drug delivery systems for cancer treatment applications 

Nanoparticles with their unique physical properties including the large surface-to-volume ratio as 

well as tunable size, shape and surface characteristics are able to carry and deliver small 

molecules of DNA, RNA and proteins to the disease site with high efficiency through systemic 

and local administration routes [19]. Lowered clearance and systemic toxicity, higher loading 

capacity, better recognition of biological targets, and the ability to play a multi-functional role by 

simultaneously transporting multiple modalities, make nanoparticles a more efficacious route for 

delivering theranostics as compared to systemic administration of drug molecules and imaging 

agents [11, 20-24]. However, current particulate drug delivery approaches continue to rely on 

passive mechanisms to control the transport of drugs as well as semi-passive means to control 

selectivity in targeting and release rates. Although the enhanced permeability and retention 

(EPR) effect [25] helps deliver chemotherapeutic agents to vascularized regions of the tumor, the 

tumor cells in the poorly vascularized parts may not receive the cytotoxic drug in appropriate 

dosages. Therefore, engineered nanoparticles that are responsive to light, heat, magnetic fields or 

ultrasonic waves may be more efficacious in terms of covering the entire tumor 

microenvironment when remotely triggered [26, 27]. Alternatively, attenuated and non-

pathogenic strains of bacteria have been reported to actively target diseased sites [28-30], self-

propel interstitially, and successfully transfer plasmid DNA into mammalian cells [31]. This has 
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led to attempts for the use of bacteria as therapeutic vectors for gene therapy and cancer 

treatment [32]. Bacteria can specifically target tumors, however the route they take is still 

unknown, navigate autonomously in the presence of interstitial fluid pressure (IFP), penetrate 

deep in the tumor tissue and colonize the hypoxic micro-regions of the heterogeneous tumor 

microenvironment [33, 34]. Tumor colonization and intratumroal migration of bacteria seems to 

be a passive mechanism influenced by the reticuloendothelial system of the host, the tumor 

microenvironment and bacterial metabolism [33]. In several phase I clinical trials, an attenuated 

strain of Salmonella enterica serovar Typhimurium has revealed a good safety profile in cancer 

patients [35, 36]. Nonetheless, the potential immunogenicity of attenuated bacteria must be 

thoroughly examined before their widespread use in clinical settings. Bacteria-based drug 

delivery vehicles including recombinant bacteria, bacterial ghosts and bio-hybrid systems are 

envisioned to considerably improve targeted drug delivery and diagnostic imaging [37]. Bio-

hybrid systems are comprised of two subunits: bacteria as targeting drug delivery agents and 

micro/nanoparticles as efficient and selective carriers of therapeutic and/or imaging agents. In 

contrast to utilizing only bacteria as the cargo carrier agent, invasive properties of bacteria in bio-

hybrid systems enhances delivery efficiency of micro/nanoparticles without the need for genetic 

manipulations of bacteria for different cargos [31]. Bio-hybrid drug delivery systems are 

expected to offer unique benefits such as reduced required drug dosage due to enhanced targeting 

and transport of drug nanoparticles by bacteria. These attributes are particularly favored in 

targeted drug delivery with large extravascular traveling distances in primary solid tumors. We 

have developed a wide variety of bacteria-based bio-hybrid delivery systems, called 

BacteriaBots, using different bacterial species and different sizes and shapes of polystyrene 
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particles. Three representative generations of BacteriaBots with Serratia marcescens, E. coli, and 

S. Typhimurium have been depicted in Fig. 1.1. 

 

 

Figure 1.1 Bacteria carrying particles in the form of a bio-hybrid system (i.e. BacteriaBots); (a) 

Serratia marcescens [38], (b) Escherichia coli, and (c) Salmonella Typhimurium carrying 

micron-sized polystyrene particles. 

 

1.2.3 Cell-cell communication through diffusible signals   

Many bacterial species produce, release and respond to signaling molecules, called autoinducers, 

in order to effectively communicate information with each other and/or monitor the transport 

properties of their immediate environment through a process termed quorum sensing (QS) [39]. 

This process occurs not only within the world of microorganisms [40], but also in the mutual 

interactions of prokaryotic and eukaryotic cells [41] where each autoinducer structure can be 

recognized by the same or sometimes other bacterial species (or eukaryotic cells) and trigger 

expression of target genes, if a critical concentration of the autoinducers is reached [42]. This 

signal transduction enables the bacteria to coordinate group activities such as light production, 

pathogenesis and virulence, sporulation, swarming motility and biofilm formation [43-49]. Acyl- 
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homoserine lactone (AHL)-mediated systems, which are present in many Gram-negative 

proteobacteria, are the simplest QS paradigm. Specifically, the canonical LuxI/LuxR family falls 

in the category of AHL-based communication systems in which AHL is produced by LuxI 

autoinducer synthase and released in the extracellular environment. At a critical AHL 

concentration, the autoinducer molecule binds specifically to the LuxR regulatory protein and 

this complex regulates downstream genes upon binding to the lux box region [39]. The typical 

example of Gram-negative proteobacteria containing a LuxI/LuxR network is the marine 

bacterium, Vibrio fischeri, which has all the genes required for monitoring its population density 

and activating expression of luminescence genes through production of the autoinducer, N-(3-

oxo-hexanoyl)-L-homoserine lactone (3-oxo-C6-HSL) [50]. In this regulatory system, shown in 

Fig. 1.2 (a), 3-oxo-C6-HSL is produced by LuxI autoinducer synthase and the 3-oxo-C6-HSL-

LuxR complex interacts with the promoter region of the lux operon leading to transcription of 

bioluminescence genes [51]. Bioluminescence of V. fischeri was first observed in culture flasks 

in laboratory [47, 52] and later, the role of the same bacteria in colonizing the light organs of 

marine animals as part of a symbiotic relationship was investigated (see Fig. 1.2 (b) for two 

examples of QS in nature) [42].  

Synthetic biology has provided the tools for modulating existing biological network and/or 

constructing recombinant plasmids to enable the host cells to perform novel tasks in addition to 

their native cellular processes [53, 54]. More specifically, synthetic biological circuits are 

designed and applied to bacterial cells aiming at programming desired phenotypes such as QS 

within bacterial communities [55]. For example, the transfer of the whole or a part of the LuxIR 

genetic system from V. fischeri to E. coli bacteria has programmed the transformed bacteria to 

acquire QS-induced motility switch [56], biofilm formation [57], programmed population control 
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Figure 1.2 (a) The LuxIR network in Vibrio fischeri. AHL molecules are produced, released and 

taken up by the bacterium. (b) Bioluminescence of Vibrio fischeri in the light organs of marine 

animal [42].  

 

via regulated killing of cells [58], pattern formation [59] and invasion of cancer cells [60]. If E. 

coli is transformed with the response elements including luxR and promoter PluxI, this receiver-

only circuit (LuxI-) lacks the ability to synthesize AHL but allows for green fluorescent protein 

(GFP) expression when AHL concentration is within a certain range [59]. The cooperative QS 

behavior of bacteria can be exploited for generating a mobile network of bio-hybrid systems 

including the BacteriaBots. Engineered BacteriaBots are envisioned to execute collaborative 

theranostic tasks at targeted disease sites by harnessing the chemical signaling of the surface-

attached bacteria.     
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1.3 Organization of the dissertation 

The main goal of this dissertation is to fabricate, assemble, and characterize different 

components of a mobile network of BacteriaBots envisioned mainly for drug delivery 

applications and also to characterize the transport and communication of such bacteria-based 

systems. To reach this goal, the body of the BacteriaBots (i.e. polymeric microparticles) was 

engineered to improve their transport characteristics and the attached motile bacteria were 

imparted with new biological parts to enable the BacteriaBots to accomplish coordinated group 

activities upon arrival at their destination. In this regard, the rest of this document is organized as 

follows: 

Chapter 2: In this chapter, a collection of BacteriaBots with non-spherical geometries was 

fabricated to investigate the role of body geometry on self-propulsion of BacteriaBots. Utilizing 

a high-throughput polystyrene microparticle casting and stretching technique, non-spherical 

BacteriaBots were produced with E. coli MG1655 as the microrobot actuator. Next, the motile 

behavior of BacteriaBots (e.g. speed and directionality) with different body shapes of sphere, 

barrel, bullet and prolate spheroid was characterized using a two-dimensional particle tracking 

algorithm. Furthermore, the directional coefficients of drag for spherical and non-spherical 

geometries were compared to explain the observed enhanced directionality in non-spherical 

geometries. Use of non-spherical particles combined with the invasive properties of motile 

bacteria provides a new spectrum of solutions for designing carriers with higher efficiency for 

rapidly evolving nanomedicine applications.  

Chapter 3: The autonomous disk-shaped BacteriaBots fabricated in this chapter are a new 

generation of bacteria-based cargo carriers expected to exhibit a prolonged circulation in the 

bloodstream, which is desirable for drug delivery purposes. The potential drug delivery agents 
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constructed here are comprised of motile E. coli MG1655 bacteria and elliptical disk-shaped 

microparticles to enhance transport characteristics of such bio-hybrid systems. The transport 

direction for these agents was controlled through biased random walk of bacteria in the presence 

of chemoattractant gradients in a process known as chemotaxis. A flow-free microfluidic 

platform was utilized to establish linear concentration gradients of chemoattractant for these bio-

hybrid systems. The hydrogel-based microfluidic device used in this study created a suitable 

microenvironment to analyze the contributions of chemotaxis and geometry to the transport of 

the delivery vehicles.  

Chapter 4: In this chapter, E. coli bacteria, which are the living element of BacteriaBots, are 

imparted with the AHL autoinducer receiving components of a QS regulatory system of V. 

fischeri with the aim of inducing corresponding gene expression in bacterial population and thus, 

controlled GFP expression in BacteriaBots population, upon reaching a threshold level for the 

autoinducers. Here, a microfluidic diffusive mixer was utilized to quantify the QS response of 

the engineered E. coli MG1655 bacteria in response to exogenously introduced autoinducers in a 

high-throughput manner. Similar microfluidic settings are used for conducting the BacteriaBot 

experiments and a mathematical model associated with the receiver-only bacteria was presented 

and simulated which can help design more meaningful experiments towards understanding the 

functions associated with the individual elements of the QS network. 

Chapter 5: The hydrogel-based microfluidic device used earlier in Chapter 3 enables us to 

characterize the QS response of a chemotactic population of receiver bacteria to the signaling 

molecules released from the sender E. coli bacteria. This characterization is one more step 

towards completion the development of an autonomous network of bacteria-based bio-hybrid 

delivery vehicles.  
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Chapter 6: The original contributions of this Ph.D. dissertation are summarized and concluding 

remarks are presented in this chapter. Future directions towards completion and practice of the 

developed autonomous network of BacteriaBots are also addressed in this final chapter. 
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Chapter 2: Effect of body shape on the motile behavior of bacteria-powered 

swimming microrobots (BacteriaBots)* 

Abstract  

Swimming microrobots are envisioned to impact minimally invasive diagnosis, localized 

treatment of diseases, and environmental monitoring. Dynamics of micro-scale swimming robots 

falls in the realm of low Reynolds number, where viscous forces exerted on the robots are 

dominant over inertia. Viscous forces developed at the interface of the swimming microrobots 

and the surrounding fluid are a strong function of the body geometry. In this work, a collection 

of bacteria-powered micro-robots (BacteriaBots) with prolate spheroid, barrel, and bullet-shaped 

bodies is fabricated and the influence of body shape on the dynamics of the BacteriaBots is 

investigated. We have experimentally demonstrated that using non-spherical geometries 

increases the mean directionality of the motion of the BacteriaBots but does not significantly 

affect their average speed compared with their spherical counterparts. We have also 

demonstrated that directionality of non-spherical BacteriaBots depends on the aspect ratio of the 

body and for the case of prolate spheroid, a higher aspect ratio of two led to a larger 

directionality compared to their low aspect ratio counterparts. 

 
 
 
 
 
*This chapter has been published in the form of a journal article: A. Sahari, D. Headen, and B. 
Behkam, “Effect of body shape on the motile behavior of bacteria-powered swimming 
microrobots (BacteriaBots)”, Biomedical Microdevices, 2012; 14:999-1007.  
Devon Headen contributed to this work with the design and manufacturing of the mechanical 
stretcher as well as fabricating spheroidal non-spherical particles. Bahareh Behkam directed this 
effort and contributed to the experimental planning, development of the mathematical model, and 
manuscript preparation. 
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2.1 Introduction 

Mobile microrobots can travel to previously inaccessible small spaces and are envisioned to 

impact the field of robotics as inexpensive agents of distributed networks of swarm robotic 

systems. The potential applications of such micro-robots include minimally invasive diagnosis, 

localized treatment of diseases, and environmental monitoring [1]. With the recent advances in 

micro/nanofabrication and assembly methods, truly microscale robotic systems with 

characteristic dimensions less than 100 µm have been realized [2, 3]. However, these 

microrobots were actuated and controlled by an off-board magnetic field. Realization of on-

board actuation along with communication and control modules are among the most significant 

challenges towards manufacturing microscale mobile robots with advanced functionalities. Over 

the past few years, bio-hybrid approaches have been widely employed as a possible solution to 

address these challenges by integrating live prokaryotic or eukaryotic cells within robotic 

systems [4-10]. The most widely used of such living cells that can be exploited as on-board 

actuators are  motile bacterial cells with the capabilities of converting chemical energy to motion 

and responding to environmental stimuli. BacteriaBot, the bio-hybrid swimming microrobot that 

is the subject of this study, is constructed by interfacing an ensemble of live flagellated bacteria 

with spherical and non-spherical polystyrene (PS) microparticles with the ultimate purpose of 

using bacteria for actuation, sensing, communication, and control.  

Swimming motility of flagellated bacteria is well characterized and falls under two characteristic 

modes of run and tumble [61]. The random run-and-tumble behavior of swimming bacteria leads 

to the three dimensional random walk of these microorganisms [62] and consequently to the 

stochastic motion of the microparticles that have bacteria attached on the surface. Bacterial 

random walk and consequently the motion of microparticles can be actively controlled using 
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different stimuli such as magnetic field, certain wavelengths of light, and chemo-attractant 

gradients which respectively trigger magnetotaxis, phototaxis, and chemotaxis in bacteria [4, 8, 

63]. On the other hand, the physical properties (i.e. shape and size) of the PS microparticles, 

which are the synthetic bodies of the BacteriaBots, can be altered to control dynamics of the 

motion depending on the specific application envisioned for the BacteriaBots. 

Micro/nanoparticles capable of carrying and delivering therapeutic and diagnostic agents to 

specific biological targets have exhibited improved targeting, lowered clearance and systemic 

toxicity, and the potential for delivering large dosages of drugs compared with conventional 

strategies [11]. Size and shape are among the critical properties of micro/nanoparticles which can 

be optimized for improving the efficacy of particle-based targeted drug delivery and diagnostic 

imaging. However, the biological effects of particle shape are less well understood compared 

with that of the particle size [11]. Non-spherical particles have shown increased particle targeting 

[12], and also increased accumulation and retention in cancerous tumor tissues in-vivo [13, 14] 

when compared with spherical particles, verifying the significance of testing different particle 

shapes. In another recent study, cylindrical filomicelles have revealed persistent blood 

circulation for up to one week after intravenous injection which is a significant advantage over 

their spherical counterparts [15]. Furthermore, cellular internalization of hydrogel rod-shaped 

particles into HeLa cells has been investigated to better highlight the impact of using non-

spherical particles on the efficiency of drug delivery [16]. To date, most of the non-spherical 

polymeric nanoparticles with various controllable sizes used for biomedical applications have 

been fabricated using bottom-up chemistry techniques [11]. However, due to the limitations of 

bottom-up methods for producing non-spherical particles, low-cost top-down engineering 

techniques such as elastic stretching of spherical particles have also been used for manufacturing 
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such polymeric particles. The unique feature of the elastic stretching technique, and most of the 

other top-down methods, is the ability to independently control size, shape and chemical 

composition of the particles [11]. Over 20 distinct shapes of polystyrene particles varying from 

60 nm to 30 µm in size have been recently manufactured using such technique [17] which was 

inspired by another work that had previously reported creating ellipsoidal PS particles [18]. 

Although only routine laboratory chemicals and equipment are needed for this fabrication 

process, a diverse range of particle geometries can be fabricated. We have fabricated a group of 

non-spherical geometries using this stretching technique and bacteria were attached to the 

surface of these engineered particles using a controlled self-assembly method to complete the 

fabrication of BacteriaBots which can be exploited for different biomedical and environmental 

applications.  

Micro/nanoparticles coupled with bacteria can be used to efficiently deliver genes and proteins 

into mammalian cells for therapeutic and monitoring applications [31]. As described earlier in 

this section, micro/nanoparticles can be used as imaging agents or as carriers of drug molecules, 

and bacteria with their invasive properties are known to have the potential to penetrate 

mammalian cells and transfer DNA-based drug molecules into these cells through a process 

called ‘bactofection’ [32]. In this regard, Listeria monocytogenes has been reported to 

successfully transfer genetic materials into some specific mammalian cells [64]. Some other 

earlier case studies have offered using attenuated bacteria such as S. Typhimurium [64, 65] and 

Shigella [66] as delivery agents of DNA-based vaccines. In addition to playing the role of non-

viral gene delivery vehicles, attenuated strains of E. coli , S. Typhimurium, Vibrio cholera and L. 

monocytogenes have the potential to survive and replicate in tumors for weeks without causing 

bacteremia and can significantly improve visualization of tumors utilizing light-emitting proteins 
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[31, 67]. Understandably there are safety concerns associated with attenuated bacteria and the 

risk of reversion to virulence. However, several studies thus far have demonstrated lack of 

substantial pathogenicity or toxicity of attenuated bacteria [68]. Most notably, S. Typhimurium 

has demonstrated a good safety profile in several phase I clinical trials in patients with cancer 

[35, 36].  

Since micro/nanoparticles are able to transport plasmid DNA efficiently and bacteria can play 

the role of targeted delivery agents, a hybrid of these two will advance the current strategies for 

drug delivery, medical imaging and cancer treatment. BacteriaBots with E. coli cells attached to 

non-spherical geometries, as introduced in this work, can serve as a steppingstone towards 

realization of intelligent drug carriers powered by bacteria and potentially revolutionize the field 

of drug delivery. The work presented here focuses on investigating the effect of the microparticle 

shape on the propulsive behavior of BacteriaBots.  

 

2.2 Materials and methods 

2.2.1 Fabrication of non-spherical particles 

A high throughput spherical particle casting and mechanical stretching under heat treatment, as 

illustrated by Fig. 2.1 (a) [17], was used to make non-spherical PS particles which act as the 

engineered synthetic bodies of the BacteriaBots. Briefly, 6 µm PS spheres (Polysciences, 

Warrington, PA) were first washed (centrifuged at 1700×g for 5 min) three times using a 30% 

isopropyl alcohol (IPA): Deionized water (DI) water solution. After the final wash, the pellet was 

resuspended in a 5% (wt/vol) polyvinyl alcohol (PVA): water solution to a final particle 

concentration of 0.02% (wt/vol). The suspension was cast to make a 35 µm thick film at room 

temperature overnight (~12 h). After the film set, it was cut into a square-shaped piece, mounted 
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on a custom-made stretcher and was uniformly stretched in one dimension to create ellipsoidal 

voids around the micro-spheres. The stretched film was then placed in a bath of hot mineral oil. 

The bath temperature and the stretching aspect ratio were changed to engineer the desired shapes 

for this study: bullets, barrels, and prolate spheroids (see Table 2.1). For the fabrication of 

prolate spheroids, 2% (wt/vol) glycerol was added to the PVA solution prior to casting to 

increase the plasticity of the film. After removal of the film from the hot oil bath and cooling, the 

deformed PS particles were released from the PVA film by dissolving the films in a 30% IPA: 

DI water solution at 80°C and then washed two more times using the same solution.  

Representative scanning electron microscopy (SEM) images of the manufactured particles are 

shown in Fig. 2.1 (b). 

 

 

Table 2.1 Fabrication parameters for manufacturing non-spherical particles 

Particle Shape 
Stretching 

Aspect Ratio 
Liquefaction 

Temperature (˚C) 
Plasticizer 
(Glycerol) 

Prolate 
Spheroid 

1.2-1.3, 2.0 130 Yes 

Barrel 1.1-1.3 130 No 

Bullet 1.1-1.3 140 No 
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2.2.2 Preparation of bacteria 

Motile sub-populations of bacteria were isolated from the original E. coli MG1655 stock after an 

extended incubation in motility agar (1% tryptone, 0.5% NaCl, and 0.3% agar) at 30°C [69]. E. 

coli MG1655 was grown from a single colony in Luria-Bertani (LB) Broth (1% tryptone, 0.5% 

yeast extract, and 0.5% NaCl) in a rotary shaker incubator at 37˚C and 150 rpm. When the 

culture reached an optical density (OD600) of 0.5, it was harvested by centrifugation at 3000×g 

for 5 min and the resultant pellet was resuspended in motility medium (0.01 M potassium 

 

 

Figure 2.1 Fabrication of non-spherical polystyrene (PS) particles. (a) Step-by-step 

fabrication process for making non-spherical PS particles.  Particles embedded in a PVA film 

are stretched in one dimension, liquefied in an oil bath and then solidified at room 

temperature; (b) Scanning electron microscopy (SEM) representative images of spherical and 

non-spherical PS particles. Scale bars are 2 µm. 
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phosphate, 0.067 M sodium chloride, 10-4 M ethylenediaminetetraacetic acid (EDTA), 0.21 M 

glucose, and 0.002% Tween-20). The concentration of glucose in the motility medium was raised 

to 0.21 M from the 0.01 M used in the standard motility medium recipe [7] in order to raise the 

density of the medium to match that of the PS particles used in this study, enabling them to be 

neutrally buoyant. 

 

2.2.3 BacteriaBot assembly 

Motile E. coli MG1655 bacteria were interfaced with PS microparticles using Poly-L-lysine 

(PLL, Sigma-Aldrich, St. Louis, MO). The schematic depicting the fabrication process is 

illustrated in Fig. 2.2. The fabricated non-spherical microparticles were added to a 0.005% 

(wt/vol) PLL: DI water solution and then the resulting mixture was incubated on a vortex mixer 

for one hour at room temperature and 500 rpm. The PLL-coated microparticles were added to the 

bacteria suspension allowing the bacteria to self-assemble on the BacteriaBot body. The mixture 

was incubated for at least 15 min at room temperature. Polydimethylsiloxane (PDMS, Sylgard 

184, Dow Corning, Midland, MI) was used for making imaging enclosures required for optical 

microscopy. PDMS was prepared according to the manufacturer’s instructions; poured in a petri 

dish, degassed for 10 min and finally cured at 65˚C for 4 hours. A square frame of the cured 

PDMS along with a clean glass slide were treated with air plasma (200 mTor, 18 W, 30 sec) in a 

plasma cleaner (Harrick Plasma, Ithaca, NY). The plasma treated PDMS was bonded to the 

treated glass slide and approximately 100 µl of the BacteriaBot sample was transferred inside the 

PDMS enclosure. The enclosure was sealed by placing a coverslip on top.  
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Figure 2.2 General steps in constructing BacteriaBots. a) A group of microparticles with 

different shapes are selected for the body of the BacteriaBots. b) The surfaces of the particles 

are coated with Poly-L-lysine (PLL). c) Bacteria are attached on the surface of the 

microparticles via controlled self-assembly. 

 

2.2.4 Two-dimensional particle tracking 

The motion of the BacteriaBots was captured for 25 seconds at 20 frames per second using a 

Zeiss AxioObserver D1 inverted microscope equipped with an AxioCam HSm camera. The 

videos were analyzed using a two-dimensional (2D) particle tracking routine developed in 

MATLAB (MathWorks, Natick, MA). The images were turned into binary images using a 

grayscale threshold and the artifacts and noises existing in most of the captured images were 

removed in order to distinguish the particles of interest from other objects based on differences 

in size. Using a border following algorithm, boundary and consequently position of each 

individual BacteriaBot was obtained. The nearest-neighbor method was used to link BacteriaBots 

in successive frames and generate their trajectories. Critical motility parameters of total distance, 

overall displacement, average speed, and average directionality were computed. The total 

distance traveled by the BacteriaBot is a measure of the total length traveled from the start to the 
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end of an experiment and is expressed as, distance= ,
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of time steps which was equal to 500 for all the analyzed movies. The overall displacement is a 

measure of the length of the vector that connects the start point to the end point of the 

BacteriaBot motion path and is expressed as, displacement= end startr r-
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directionality is defined as the ratio of the magnitude of the displacement vector to the total 

distance traveled by each BacteriaBot and is expressed as, directionality=
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2.2.5 Statistical analysis 

Data were analyzed by using one-way analysis of variance (ANOVA) and P<0.0001 was 

considered as significant. Depending on the type of the data as specified below, either parametric 

or non-parametric one-way ANOVA was used for data analysis. 

 

2.3 Results and discussion 

While both micron-sized and nano-sized particles are currently used for therapy and diagnostics, 

they exhibit different responses and efficiencies in different targeted drug delivery cases. For 

example, microparticles have been specifically used for passive targeting to antigen presenting 
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cells taking advantage of the specific cellular uptake mechanisms present at the target site for 

these sizes of particles. Herein, we worked with microparticles (6 µm in diameter), which act as 

the synthetic body of the BacteriaBots. Three non-spherical geometries were fabricated here 

using the PS micro-sphere casting and mechanical stretching method described earlier (see 

2.2.1). The critical parameters identifying the final shape of the particles include the material 

properties of the particle and that of the cast film (glass transition temperature and viscosity), the 

adhesion strength between the particle and the film, and also the film stretching extent and 

dimensionality [17]. Barrels, bullets and prolate spheroids were fabricated and used in the 

motility experiments along with spheres. After fabricating the body of the robots, BacteriaBots 

were constructed using PLL as a link between the E. coli MG1655 cells and the PS 

microparticles. The motility experiments were performed at room temperature and the motion of 

BacteriaBots was monitored over 25 second intervals at 20 frames per second using optical 

microscopy. Representative images of the BacteriaBots are shown in Fig. 2.3.   

 

Figure 2.3 BacteriaBots with different body geometries and different numbers of attached 

bacteria. Each individual representative image gives a snapshot of a fabricated geometry with 

one or more bacteria attached on the surface. All scale bars are 2 µm. 
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A custom 2D image tracking routine developed in MATLAB (see 2.2.4) was utilized to 

characterize the motion of the BacteriaBots. 

 

2.3.1 Theoretical analysis 

The analytical expression for the mean-square displacement (MSD) of a freely rotating self-

propelled spherical particle moving in three dimensions with three translational and two 

rotational degrees of freedom is given by [70]: 
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where r0 is the initial position of the particle, r(t) is the position of the particle at time t, R is the 

radius of the particle, and F is the magnitude of the effective driving force. β and Dr are 

respectively defined as: 
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Here, Bk  is the Boltzmann constant, T is the temperature, and   is the fluid dynamic viscosity. 

The equivalent MSD for a freely rotating self-propelled spheroidal particle can be described by 

the equation given in [70]: 
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where  
1

2
a bD D D= +  and a bD D DD = - . For a prolate spheroid with major axes of 2a and 2b, 

the anisotropic translational diffusion coefficients along the long axis and short axis are 

respectively described by [71]: B
a

a

k T
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=

 
and B

b

b

k T
D


= . The rotational diffusion coefficient of 

the prolate spheroid about its short axes is: Bk T
D


=  , where

 
a , b , and   are the 

translational and rotational coefficients of drag, defined as: 6a abG = , 6b bbG = , and 

6 VG  = . 

V is the volume of the spheroid and aG , bG , and G  are geometric factors analytically derived 

from the Perrin’s equations [72]. For  >1: 
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Here, 
a

b
 =  is the aspect ratio of the spheroid.  
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Figure 2.4 The geometric factors G for a prolate spheroid with major and minor axes lengths of 

2a and 2b as a function of aspect ratio. 

 

Equations (2-1) and (2-2) show that the motile behavior of both spheroidal and spherical self-

propelled particles is a function of their respective translational and rotational coefficients of 

drag. These coefficients strongly depend on the geometric factors of aG , bG , and G . Fig. 2.4 

shows the variations of these geometrical factors as a function of the aspect ratio. For 1 =  

(spheres), aG = bG =G . For  >1, the differences between aG , bG , and G   are more 

pronounced and they continue to grow as the aspect ratio values increase. Therefore, non-

spherical particles experience two directionally different translational coefficients of drag and an 
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increased rotational coefficient drag which results in more directional motion path for prolate 

spheroids compared to spheres.   

 

 2.3.2 Effect of body shape on directionality  

It is of particular interest for drug delivery applications to investigate the effect of body shape on 

the directionality of the motion of the BacteriaBots without active steering. The average 

directionality of the examined BacteriaBots with different body shapes of sphere, barrel, bullet, 

and prolate spheroid were 0.2 0.1, 0.3 0.1, 0.3 0.1, and 0.3 0.1 respectively (see Fig. 2.5 

(a)). Using non-parametric one-way ANOVA, it was concluded that the non-spherical 

BacteriaBots moved with a higher degree of directionality compared to their spherical 

counterparts (n=15, P<0.0001). Also, we found no statistically significant difference among the 

average directionalities of the non-spherical BacteriaBots with aspect ratios less than 1.4±0.2. 

The improvement in the directionality of the motion for non-spherical particles is attributed to 

high resistance to rotation around any of the short principal axes for the elongated non-spherical 

geometries. The rotation of spherical BacteriaBots about its axes of symmetry does not encounter 

the same resistance when compared to the rotation about the short principal axes of the non-

spherical geometries (see 2.3.1). This leads to a more restricted and hence more directional 

motion for non-spherical BacteriaBots.  

To further illustrate the dependency of directionality on the aspect ratio of non-spherical 

particles, prolate spheroid-shaped BacteriaBots with aspect ratios of 2.0±0.1 were tested and a 

larger average directionality of 0.5±0.2 was observed (See Fig. 2.5 (a)). The enhancement in the 

directionality of the high aspect ratio prolate spheroids is attributed to the increased differences 

in the coefficients of drag as shown in Fig. 2.4.   
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Figure 2.5 Experimental results indicating the motile behavior of BacteriaBots with different 

geometries. a) The directionality values of non-spherical robots are higher than that of the 

spherical ones (****, P<0.0001) and are dependent on the robot body aspect ratio. b) There is 

no statistically significant difference between the average speeds the BacteriaBots with 

different body geometries (α=0.0001). 
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2.3.3 Effect of body shape on number of the attached bacteria and propulsion speed 

One-way ANOVA analysis shows that the two factors of body shape and the number of attached 

bacteria have no interaction with each other. The average speed of BacteriaBots was found to be 

independent of the shape of the BacteriaBot body for aspect ratios less than 1.4±0.2. The average 

speed of the BacteriaBots with different body shapes of sphere, barrel, bullet, and prolate 

spheroid were 3.9 1.0 µm/s, 4.1 0.7 µm/s, 3.6 0.8 µm/s, and 4.0 0.8 µm/s respectively 

(see Fig. 2.5 (b)). Prolate spheroids with aspect ratios of 2.0±0.1 revealed a slightly larger 

average speed of 4.5±0.8 µm/s, as compared to their low aspect ratio counterparts. Lack of a 

significant difference in speed magnitudes for the studied BacteriaBots may be due to the fact 

that the 2D tracking method used in this study does not capture any movement that does not lead 

to a change in the location of the center of mass.  

Two types of control experiments were also performed for different geometries to confirm that 

the main cause for BacteriaBot movement is the average net force exerted by the bacteria 

attached to the PS microparticles. The BacteriaBot motility experiment was conducted, this time 

with no PLL and consequently no bacteria attached to the particles. In another control 

experiment, different shapes of particles were suspended in motility medium and minimal 

displacement of the microparticles in both experiments confirmed that the bacteria attached to 

the mobile microparticles are the main source of propulsion. Two representative trajectories of 

the BacteriaBots are shown in Fig. 2.6 (a) and Fig. 2.6 (b), in which the non-spherical 

BacteriaBots reveal a directional movement as they self-propel in the motility medium. A sample 

trajectory for a control particle has also been included to show the minimal displacements 

associated with the control experiments (see Fig. 2.6 (c)).  
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Figure 2.6 Representative trajectories of BacteriaBots. a) A prolate spheroid BacteriaBot is 

pushed by a single bacterium. b) A bullet-shaped BacteriaBot is pushed by a single 

bacterium. c) In one control experiment, the bullet-shaped particle does not displace 

significantly since there is no bacterium attached on the surface. All scale bars are 2 µm. 

 

2.3.4 Effect of number of the attached bacteria on propulsion speed and directionality 

Number of the attached bacteria for all body geometries varies between 1 and 6; however, as 

shown in Fig. 2.7-2.11, there are no correlations between the average directionality and average 

speed of BacteriaBots and the number of bacteria adhered on the surface (one-way ANOVA 

indicates no significant trend in directionality and speed of the BacteriaBots as the bacteria 

number changes). This can be due to the fact that based on the location of the attached bacteria 

relative to one another, the overall force exerted on the particle can vary. For example, if bacteria 

can only attach to a specific portion of the BacteriaBot surface (can be achieved through surface 

patterning, as demonstrated by previously [73], individual contribution of each bacterium has an 

appreciable effect on the dynamics of BacteriaBot and a strong dependency of the kinematic 

parameters such as speed on the number of bacteria is observed. However, when the entire 

BacteriaBot surface is available for random attachment of bacteria, there is a significantly high 
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probability that attached bacteria are no longer limited to a portion of the surface but rather are 

distributed over the entire surface of the BacteriaBot. This leads to counterbalancing of 

contribution of the forces of some bacteria by some others and an overall reduced force and 

reduced sensitivity to the number of attached bacteria, as illustrated in Fig. 2.7 (a)-2.11 (a). This 

is also evident by existence of a statistically insignificant dependency of the speed to the number 

of attached bacteria for the particle size and the range of the number of bacteria used in this study 

(Fig. 2.7 (b)-2.11 (b)). 

In summary, the advantages of using non-spherical shapes and invasive bacteria simultaneously 

for biomedical applications such as diagnostic imaging and targeted drug delivery motivated us 

to develop a new generation of BacteriaBots. Limited particle diffusion and directional 

coefficient of drag are some of the attributes that are enhanced through such non-spherical 

BacteriaBots which can significantly help in achieving desired motion dynamics for 

environmental monitoring and therapeutic applications. As described earlier, bacteria are capable 

of exhibiting different tactic behaviors (i.e. chemotaxis, magnetotaxis, etc.) in the presence of 

environmental stimuli (i.e. chemical gradients, magnetic fields, etc.) depending on the species of 

the bacteria. In future, bacterial motile behavior will be actively controlled using such 

environmental factors to move BacteriaBots towards specific targets in order to accomplish a 

wide variety of tasks at the target site. Furthermore, other size and shape of the particles as well 

as bacterial species will be explored in order to design and fabricate optimal bio-hybrid vehicles 

for emerging applications.  
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Figure 2.7 (a) Speed, and b) directionality of the spherical BacteriaBots as a function of the 

number of bacteria adhered on the surface of the microparticle. 
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Figure 2.8 (a) Speed, and (b) directionality of the barrel-shaped BacteriaBots as a function of 

the number of bacteria adhered on the surface of the microparticle.  
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Figure 2.9 (a) Speed, and (b) directionality of the bullet-shaped BacteriaBots as a function of 
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2.4 Conclusions 

Particle-based drug delivery systems have had significant impact on experimental pharmaceutics 

and clinical medicine and bacteria with their invasive properties have the potential to guide 

particles towards diseased areas. Thus, bacteria and microparticles can be simultaneously used as 
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intelligent drug delivery agents or diagnostic imaging tools which led to fabrication of bacteria-

powered micro-robots, called BacteriaBots. In this work, we designed and fabricated a collection 

of BacteriaBots with non-spherical geometries which can pave the way for development of 

optimal intelligent vehicles for therapeutic and environmental applications. Utilizing a high 

throughput PS microparticle manufacturing technique, we produced non-spherical BacteriaBots 

with E. coli MG1655 as the microrobot actuator. Variation in the motile behavior of 

BacteriaBots due to their body geometry can be very complex and can only be determined 

experimentally. We characterized the motile behavior of BacteriaBots with different body shapes 

of sphere, barrel, bullet and prolate spheroid. It was demonstrated that a non-spherical body 

shape improves the mean directionality of the motion and higher directionality can be achieved 

by increasing the aspect ratio of the robot body. Directional coefficients of drag along with the 

other advantages of using non-spherical particles combined with the invasive properties of motile 

bacteria suggest a new spectrum of solutions for designing carriers with higher efficiency for 

rapidly evolving nanomedicine applications. 
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Chapter 3: Directed Transport of Bacteria-Based Bio-Hybrid Delivery 

Vehicles*  

Abstract  

Several attenuated and non-pathogenic bacterial species have been demonstrated to actively 

target diseased sites and successfully deliver plasmid DNA, proteins and other therapeutic agents 

into mammalian cells. These disease-targeting bacteria can be employed for targeted delivery of 

therapeutic and imaging cargos in the form of a bio-hybrid system. The bio-hybrid drug delivery 

system constructed here is comprised of motile Escherichia coli MG1655 bacteria and elliptical 

disk-shaped polymeric microparticles. The transport direction for these vehicles can be 

controlled through biased random walk of the attached bacteria in the presence of 

chemoattractant gradients in a process known as chemotaxis. In this work, we utilize a flow-free 

microfluidic platform to establish steady linear concentration gradients of a chemoattractant and 

investigate the roles of chemotaxis and geometry in transport of bio-hybrid drug delivery 

vehicles. Our experimental results demonstrate for the first time that bacterial chemotactic 

response dominates the effect of body shape in extravascular transport; thus, the non-spherical 

system could be more favorable for drug delivery applications owing to the known benefits of 

using non-spherical particles for vascular transport (e.g. relatively long circulation time). 

 
 
*This chapter has been published in the form of a journal article: Sahari A, Traore M. A., Scharf 
B. E., Behkam B. Directed transport of bacteria-based drug delivery vehicles: bacterial 
chemotaxis dominates particle shape. Biomedical microdevices, 2014; 16 (5):717-725.  
Mahama Aziz Traore contributed to this work with the modification of the PEG-DA hydrogel-
based microfluidic device that he had originally developed. Birgit E. Scharf contributed 
significantly to the work with the isolation and plasmid transformation of the E. coli MG1655m 
bacteria. Bahareh Behkam directed this effort and contributed to the experimental planning, data 
analysis, and manuscript development. 
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3.1 Introduction 

Synthetic drug carriers including polymeric micro/nanoparticles have been developed to 

facilitate transport and targeted delivery of therapeutics and contrast agents to diseased sites. 

Lowered clearance and systemic toxicity, higher loading capacity, better recognition of 

biological targets, and the ability to play a multi-functional role by simultaneously transporting 

multiple modalities make micro/nanoparticles a more efficacious route for delivering 

theranostics as compared to systemic administration of drug molecules and imaging agents [11, 

20-24]. However, these drug delivery approaches continue to rely on passive mechanisms to 

control the transport of drugs, and semi-passive means to control selectivity in targeting and 

release rates. In contrast, attenuated and non-pathogenic strains of bacteria have been reported to 

actively target diseased sites [28-30] and colonize tumors in-vivo [74, 75]. These disease-

targeting bacteria can also be employed for targeted delivery of therapeutic and imaging cargos 

in the form of a bio-hybrid system [31]. We have recently developed a bio-hybrid drug delivery 

system, hereafter referred to as BacteriaBots, which is constructed by interfacing two main 

components: (1) spherical and non-spherical polymeric microparticles as efficient carriers of 

therapeutic and/or imaging agents and (2) an ensemble of live engineered non-pathogenic 

bacteria with the purpose of using the bacteria for active transport and targeting. Invasive 

properties of bacteria enhance delivery efficiency of microparticles without the need for genetic 

manipulations of bacteria for different cargos. Therefore, BacteriaBots are expected to offer 

unique benefits such as reduced required drug dosage (due to active targeting of bacteria) and 

enhanced interstitial transport of drug particles (due to self-propulsion of bacteria). These 

attributes are particularly favored in targeted drug delivery to primary solid tumors where regular 
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therapeutics cannot access via passive diffusion due to the existing elevated interstitial pressure 

and long extravascular diffusion distances.  

Non-spherical micro/nanoparticles have been recognized to improve performance of targeted 

delivery of therapeutics and contrast agents [15, 16, 21] which makes them a good candidate for 

the synthetic element of a BacteriaBot. Although several species of motile flagellated bacteria 

have been utilized to propel microparticles of various geometries [4, 5, 7, 8, 76, 77], competing 

effects of body geometry (physical cues) and chemoattractant gradient (chemical cues), naturally 

present in physiologically relevant environments, have not been investigated. In presence of 

chemoattractant gradients, bacteria extend their run periods and move towards the 

chemoattractant source in a biased random walk process known as chemotaxis [78], which leads 

to the biased motility of the microparticles they are attached to [63]. 

In this work, Elliptical disk (ED)-shaped microparticles were fabricated using a casting and 

mechanical stretching technique and used as the abiotic body of the non-spherical BacteriaBots. 

Each BacteriaBot was constructed by conjugating a streptavidin-coated spherical or non-

spherical polystyrene microparticle with a specific derivative of E. coli MG1655 with increased 

motility decorated with a biotinylated cell membrane specific antibody. This method of 

BacteriaBot construction takes advantage of the strong non-covalent bond between biotin and 

streptavidin. Using our recently reported flow-free poly(ethylene glycol) diacrylate microfluidic 

chemotaxis assay device [79], we established quasi-steady linear gradients of the 

chemoattractant, L-aspartic acid, for characterizing the chemotactic behavior of BacteriaBots 

with two different shapes- ED and sphere. The results from this study elucidate the transport 

behavior of spherical and non-spherical BacteriaBots in presence of chemical gradients and 

negligible flow. The non-spherical BacteriaBots developed here are envisioned to overcome the 
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limitations of passively targeting particulate systems through more efficient transport and 

delivery of cargos to diseased areas.  

 

3.2 Materials and methods 

3.2.1 BacteriaBot construction 

ED-shaped polystyrene particles were fabricated using a high-throughput particle casting and 

mechanical stretching technique [17]. First, 6 µm carboxylate polystyrene microspheres (2.65% 

(w/v), Polysciences, Warrington, PA) were washed three times by centrifugation at 3,000 × g for 

5 min using 30% (v/v) isopropyl alcohol (IPA) in deionized (DI) water. After the final wash, the 

pellet was resuspended in a 5% (w/v) polyvinyl alcohol (PVA) solution in DI water (at 90 ºC) to 

a final particle concentration of 0.062% (w/v). 2% (v/v) glycerol was added to the PVA/particle 

solution prior to casting to increase the plasticity of the film. The suspension was then cast and 

left at room temperature overnight (~12 h) to make a 35 µm thick film. After the film set, it was 

carefully cut into a square-shaped piece, mounted on a custom-made stretcher and was uniformly 

stretched in one dimension to a final aspect ratio of ~2. The stretched film was then immersed in 

a bath of toluene at room temperature for 3 hours, air-dried for 10 hours, dissolved in 30% IPA 

(in DI water) overnight and finally washed five more times to extract the residual toluene and 

purify the ED particle solution. The spherical particles, used along with the fabricated ED 

particles in the experiments, were 6 µm carboxylate polystyrene microspheres from the same 

stock solution that were washed three times by centrifugation at 3,000 × g for 5 min using 30% 

IPA (in DI water). Derivatives of Escherichia coli MG1655 with increased motility, hereafter 

referred to as E. coli MG1655m, were isolated after extended incubation on motility agar [69]. E. 

coli MG1655m, transformed with a plasmid encoding GFP (pHC60; tetR, constitutive expression 
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of green fluorescent protein) [80] using standard protocols [81], was grown overnight at 32 ˚C 

and 150 rpm in a shaker incubator (Excella E24, New Brunswick, Edison, NJ) in 10 ml of 

tryptone broth (TB; 1% tryptone and 0.5% NaCl) supplemented with tetracycline (10 µg ml-1) 

and then diluted 1:100 in TB to start a 10 ml of fresh bacterial culture in a 125 ml flask at 32 ˚C 

and 150 rpm. When the bacterial culture reached OD600 of 0.5, 1 ml of the culture was harvested 

by centrifugation at 1,700 × g for 5 min and the resultant pellet was resuspended in motility 

buffer adjusted for neutral buoyancy of BacteriaBots (0.01 M potassium phosphate, 0.067 M 

sodium chloride, 10-4 M ethylenediaminetetraacetic acid, 0.21 M glucose, and 0.002 % (v/v) 

Tween-20, pH=7.0). The two collections of spherical and ED particles were incubated with 5 µg 

ml-1 streptavidin-Cy3 (Sigma-Aldrich) and the bacterial suspension were treated with 1 µg ml-1 

goat polyclonal anti-lipid A LPS antibody labeled with biotin (Thermo Scientific) both for 1 hour 

at room temperature and at 500 rpm on a vortex shaker. At the end of incubation period, the 

bacteria and microparticles suspensions were respectively centrifuged at 1,700 × g and 3,000 × g 

to remove unbound antibody and streptavidin-Cy3 by removing the supernatants. The bacteria 

were then resuspended in 1 ml motility buffer and the particles were resuspended in 400 µl 

motility buffer. Lastly, 100 µl from the suspension of the antibody-decorated bacteria was mixed 

and incubated with the streptavidin-coated particles for 30 min at room temperature and at 500 

rpm to produce BacteriaBots through self-assembly and utilizing the high affinity between biotin 

and streptavidin. Schematics of the BacteriaBot system and its components are illustrated in Fig. 

3.1 (a) and (b). An inverted fluorescence microscope with a 63 × DIC objective was used to 

verify co-localization of bacteria and microparticles and count the number of bacteria attached to 

the microparticles (Fig. 3.1 (d)). 
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Figure 3.1 (a) Schematic of a spherical BacteriaBot; (b) Illustration of the BacteriaBot 

components: GFP-expressing E. coli bacteria are decorated with a cell membrane specific 

antibody labeled with biotin and then conjugated with streptavidin-Cy3 coated polystyrene 

microparticles taking advantage of the strong non-covalent bond between biotin and 

streptavidin; (c) A representative scanning electron microscopy (SEM) image of elliptical 

disk-shaped polystyrene particles (i.e. the body of the non-spherical BacteriaBots); (d) 

Representative fluorescence microscopy images of spherical and elliptical disk-shaped 

BacteriaBots. Co-localization of bacteria (in green) and microparticles (in red) indicates 

successful fabrication of the bacteria-particle conjugates. 
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3.2.2 Microfluidic device fabrication and assembly 

We have recently reported a flow-free poly(ethylene glycol) diacrylate (PEG-DA) microfluidic 

chemotaxis assay device that is fabricated through a one-step photolithography process [79]. A 

schematic of the device is illustrated in Fig. 3.2 (a). Briefly, 10% (v/v) PEG-DA hydrogel (MW 

700 Da) precursor solution in phosphate buffered saline (PBS) was mixed with 10% (w/v) 

Irgacure® 2959 photoinitiator solution (in 70% ethanol) at a 1:20 ratio to make the hydrogel 

solution. Polydimethylsiloxane (PDMS, Sylgard 184), prepared according to manufacturer’s 

instructions, was spin-coated on a clean 1 mm glass slide to make a 300 µm thick PDMS layer. 

The PDMS-coated glass slide was cured on a hot plate at 100 °C for 45 min and then the PDMS 

was cut into a square shape frame to build an enclosure for the hydrogel solution. To ensure a 

good seal between the PEG-DA device and the underlying glass substrate, the enclosure was 

rendered hydrophilic using oxygen plasma (200 mTorr, 18 W, 5 minutes) and salinized with a 

2% (v/v) mineral oil solution of 3-(trichlorosilyl) propyl methacrylate for 10 min. The 

glass/PDMS chip was then thoroughly rinsed with 100% ethanol and hard baked at 95 °C. The 

PEG-DA hydrogel solution was poured in the square PDMS enclosure on the glass slide, a glass 

mask was placed on top, and the hydrogel was polymerized by exposure to UV light (365 nm, 18 

W/cm2, Omnicure S1000, Vanier, Quebec) for 15 sec. The three-channel pattern transferred onto 

the hydrogel were 500 μm wide and spaced 500 μm apart and had the 300 μm depth of the 

PDMS frame. The hydrogel device was then soaked in DI water overnight to remove any excess 

photoinitiator. A 4 mm thick square shape PDMS layer was made in a petri dish, punched to pass 

the tubes through and placed directly on top of the hydrogel pattern in the PDMS frame to 

provide sufficient support for the hydrogel and prevent fluid leaking. Two plexiglass support 

layers on top and one underneath the glass slide were used to provide sufficient pressure for the 
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assembly of the device.The hydrogel device layer and the assembled microfluidic platform are 

shown in Fig. 3.2 (b) and (c), respectively. 

 

 

3.2.3 Bacteria/BacteriaBot chemotaxis assay 

To eliminate the effect of fluid flow on the bacteria and BacteriaBot chemotaxis, the flow-free 

microfluidic device described above was used to generate quasi-steady chemical concentration 

gradients. L-aspartic acid, a known chemoattractant for E. coli K-12, at spatially varying and 

 

 

Figure 3.2 The microfluidic device at a glance; (a) Expanded view of the device comprising 

of the top and bottom plexiglass support layers, a third plexiglass layer for supporting the 

PDMS layer covering the hydrogel device layer. The hydrogel device consists of three 

parallel channels, each 500 μm wide and spaced 500 μm apart; (b) Photograph of the 

hydrogel device layer (top view) with a U.S. 25₵ coin for comparison; (c) Functional testing 

of the assembled microfluidic device using colored test fluids. 
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temporally constant concentration gradients was used to direct the motility of bacteria and 

BacteriaBots. First, motility buffer solution was manually loaded in the center channel and the 

corresponding tube was clamped after filling up the channel to prevent any fluid flow and liquid 

evaporation. The gradients were established by continuously flowing the chemoattractant 

solution (in motility buffer) and the blank motility buffer solution in the two feeder channels at 5 

μl min-1, and by lateral diffusion of the chemoattractant through the hydrogel walls and into the 

flow-free buffer-filled center channel. L-aspartic acid gradients ranging from 1.7×10-6 M mm-1 to 

1.7×10-3 M mm-1 was used to direct motility of E. coli MG1655m and the two concentration 

gradients of 1.7×10-5 M mm-1 and 1.7×10-4 M mm-1, generated by loading the chemoattractant 

feeder channel respectively with 33.8 μM and 323.3 μM L-aspartic acid in motility buffer, were 

used to examine the effect of chemoattractant concentration gradients on transport behavior of 

BacteriaBots. The quasi-steady linear gradients in the center channel of the microfluidic device 

were maintained throughout the entire experiment. In the bacterial chemotaxis assay, E. coli 

MG1655m transformed with pHC60 was grown using the two successive culturing method 

described earlier. When the bacterial culture reached OD600 of 0.5, 1 ml of the culture was 

harvested by centrifugation at 1,700 × g for 5 min and the resultant pellet was resuspended in 10 

ml of motility buffer. After injecting the bacterial suspension in the center channel, the bacterial 

spatial distribution was monitored and imaged using an inverted fluorescence microscope with a 

20 × objective lens. In the BacteriaBot chemotaxis assay, 500 μl solution of BacteriaBots was 

loaded in a 1 ml syringe, injected into the center channel of the device replacing the blank 

motility buffer. After waiting for 5 min to reestablish the gradient, the BacteriaBots distribution 

was imaged 1500 µm downstream from the inlet of the center channel every 5 min at 20 frames 

per second for 10 seconds for the duration of the entire experiment using phase-contrast 
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microscopy and a 20 × objective lens. Negative control experiments with motility buffer flowed 

in both side channels were also performed to verify that the migration of BacteriaBots towards 

one specific side is only because of chemotaxis. 

3.2.4 Data analysis 

To quantify the migration profile of bacteria/BacteriaBots, the width of the observation channel 

was divided in two halves and the spatial distribution of the objects was calculated in each half 

of the channel using the ImageJ software. Chemotaxis Partition Coefficient (CPC) is a 

population-scale metric that was used throughout the study to analyze the effect of chemotaxis 

on bacterial/BacteriaBots distribution [82]:   

��� =
(�� − ��)

(�� + ��)
                                                                      (3 − 1) 

where �� is the number of bacteria/BacteriaBots in the right half of the center channel and �� is 

the number of bacteria/BacteriaBots in the left half. For the BacteriaBots chemotaxis experiment, 

the numbers of the mobile microrobots in both halves of the main channel were counted visually 

and substituted ��|���,� to compute the corresponding CPC value. To evaluate the migration of 

BacteriaBots at individual scale, the captured videos were analyzed using a custom two-

dimensional particle tracking routine previously developed in MATLAB (MathWorks, Natick, 

MA) [63]. Briefly, a recorded video was turned into a binary video, the noise and artifacts were 

removed to locate the object of interest in each frame, and the objects in successive frames were 

linked using the nearest-neighbor method. The tracking results enabled the measurement of 

critical motility parameters of each individual BacteriaBot such as average motion directionality 

[76] and chemotactic directionality. Herein, chemotactic directionality is defined as the 
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magnitude of the displacement vector projected on the x-axis (i.e. chemoattractant gradient 

direction) over the total distance traveled by the BacteriaBot along the x-axis, and is expressed 

as: 

Chemotactic directionality=
r


end ,x - r


start ,x

Dr


i,x

i=1

N

å
                          (3-2)                            

where �⃑�����,� and �⃑���,� are respectively the position vectors of the start point and the end point 

of the BacteriaBot trajectory,  ∆�⃑�,� is the distance travelled during the time step i, and N is the 

number of time steps. 

 

3.3 Results and discussion 

Chemical concentration gradients in the hydrogel device, described above, were characterized 

using fluorescein (MW 332 Da) as the model solute for L-aspartic acid (MW 133.1 Da) which is 

a known chemoattractant for E. coli K-12 [83] (see Fig. A.1). This chemoattractant was selected 

and used throughout this study because aspartate receptors have been suggested to play an 

essential role in directing therapeutic bacteria towards tumor cells [28]. The CPC values which 

reflect the bacterial distribution in the bacterial chemotaxis assay were calculated using Eqn. 3-1 

for each concentration gradient and plotted in Fig. 3.3 (a). The strongest response among the four 

concentration gradients that we examined was observed at 1.7×10-5 M mm-1 whereas the 1.7×10-3 

M mm-1 gradient elicited the weakest chemotactic response. These results are in agreement with 

previous chemotaxis studies where steeper gradients did not necessarily yield a stronger 

chemotactic response due to saturation of chemoreceptors at high chemoattractant concentrations 

[84]. A Negative control experiment with motility buffer flowed in both side channels was 
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performed to verify that the migration of bacteria towards one specific side is only because of 

chemotaxis. Representative images of bacterial distribution in the presence of these two 

chemoattractant gradients are shown in Fig. 3.3 (b).  

 

 

 

Figure 3.3 (a) Steady-state chemotaxis partition coefficient (CPC) values for E. coli 

MG1655m in response to different gradients of L-aspartic acid; (b) Steady-state bacterial 

distribution in the presence of 1.7×10-5 M mm-1 and 1.7×10-4 M mm-1 L-aspartic acid. 
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ED-shaped carboxylate polystyrene particles (5 μm× 11 μm× 2 μm, on average) were fabricated 

as described above. This particular shape was selected due to its longer half-life in blood 

circulation compared to spherical particles [12]. Spherical and ED-shaped BacteriaBots were 

constructed taking advantage of the high affinity between streptavidin and biotinylated anti-E. 

coli antibody. The anti-E. coli LPS antibody used here was raised against the “O” antigens 

present on the bacterial cell surface which resulted in the attachment of the antibody-decorated 

bacteria to the streptavidin-coated particles only through their cell bodies (and not their flagella). 

The strong non-covalent bond between biotin and streptavidin [85] ensured the stability of the 

complex between bacteria and microparticles in our experimental conditions. Co-localization of 

E. coli bacteria and polystyrene particles was verified by inspecting a 10 μl aliquot of the 

BacteriaBots suspension between two glass coverslips separated by grease using fluorescence 

microscopy. Representative scanning electron microscopy (SEM) images of the fabricated ED 

polystyrene particles and fluorescence images of spherical and ED-shaped BacteriaBots are 

depicted in Fig. 3.1 (c) and (d). The number of bacteria attached to either spherical or ED 

microparticles ranged from 8 to 15. We have previously shown that this level of variation in the 

number of randomly attached bacteria has minimal effect on the motile behavior of BacteriaBots 

[76]. 

To investigate the relative importance of chemical cues (i.e. chemoattractant gradient) and 

geometrical cues (i.e. body shape) on the motile behavior of BacteriaBots, spherical and ED-

shaped BacteriaBots were loaded into the microfluidic device after establishing a 1.7×10-5 M 

mm-1 gradient of L-aspartic acid in the center channel of the device (along with a control 

experiment in the absence of the chemoattractant gradient). This concentration gradient was used 

as it was found to yield the highest CPC for E. coli MG1655m chemotaxis towards L-aspartic 
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acid (see Fig. 3.3 (a)). After the gradient was established, the migration profile of BacteriaBots 

was monitored every 5 min for the duration of the experiment. As shown in Fig. 3.4 (a), the CPC 

values for spherical and ED-shaped BacteriaBots respectively reached 0.78 ± 0.13 and 0.76 ± 

0.14 after 15 min. No significant change in the CPC values was observed after 15 min. Statistical 

analysis demonstrates lack of significant difference between the chemotactic responses of EDs 

and spheres (n=5, p>0.05). Fig. 3.4 (b) depicts two snapshots of a mixed population of both 

shapes of BacteriaBots in the center channel at the beginning and end of the experiment. As 

expected, chemotactic BacteriaBots localized at the hydrogel wall nearest to the chemoattractant 

channel (i.e. at the highest concentration of chemoattractant). Complementary control 

experiments showed that bacteria-free particles are not able to reach the chemoattractant side 

(data not shown). In addition to CPC, which is a measure of the direction of BacteriaBot 

migration at population scale, motility parameters of individual BacteriaBots can be calculated to 

quantify the strength of the chemotactic response. To analyze the migration of individual 

BacteriaBots along the gradient, 10 min long videos were captured at 2 frames per second and 

chemotactic directionality of individual BacteriaBots was calculated using the custom image 

processing routine as described previously (see Eqn. (3-2)). The average chemotactic 

directionality values of chemotactic spherical and ED BacteriaBots were respectively 0.19 ± 0.13 

and 0.23 ± 0.14 and were not statistically different (P>0.05). Thus, the strengths of the 

chemotactic migration of spherical and ED BacteriaBots were similar in the presence of L-

aspartic acid gradient. This further corroborates the dominance of chemotactic response over 

body shape observed earlier in this study, because we had previously shown that BacteriaBots 

with elongated shapes move in a more directional manner compared to their spherical 

counterparts in an isotropic (i.e. non-chemotactic) environment [76]. The directionality values of 
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spherical and ED BacteriaBots in an isotropic environment were respectively 0.21 ± 0.12 and 

0.28 ± 0.11. This indicates a higher directionality, however towards a random direction, for ED 

 

 

 

 

Figure 3.4 (a) Chemotaxis partition coefficient (CPC) values for spherical and elliptical disk-

shaped BacteriaBots migrating in the absence (negative control) and presence of 1.7×10-5 M 

mm-1 L-aspartic acid; (b) Representative images of BacteriaBots at the beginning (t=0 min) 

of a chemotaxis experiment (left) and at steady state (right) when BacteriaBots accumulated 

in the region of highest L-aspartic acid concentration (t=15 min).   
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BacteriaBots compared to spherical ones in absence of chemoattractant gradients (P≤0.05). Polar 

plots of representative trajectories of BacteriaBots in the absence and presence of a chemical 

concentration gradient, shown in Fig. 3.5, illustrate that BacteriaBots moved in a biased fashion 

when they are subjected to a favorable chemical gradient. 

The dominance of chemotaxis over body shape was further investigated in the presence of a 

steeper gradient of the chemoattractant (along with a control experiment in the absence of the 

chemoattractant gradient) to elucidate the effect of chemoattractant gradient slope on the motile 

behavior of BacteriaBots. BacteriaBots were subjected to a 1.7×10-4 M mm-1 gradient of L- 

aspartic acid which was shown to yield a weaker bacterial chemotactic response as compared to 

that due to the 1.7×10-5 M mm-1 gradient (Fig. 3.3 (a)).  

  

 

Figure 3.5 Representative trajectories of BacteriaBots migrating (a) in a non-chemotactic 

environment, and (b) in presence of 1.7×10-5 M mm-1 L-aspartic acid. Individual trajectories 

are represented in different colors. The biased trajectories indicate the effect of chemotaxis on 

the directionality of BacteriaBots’ motion up the chemical gradient along the x-axis. The 

radius of both polar plots is 200 μm. 
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The migration profile of the BacteriaBots was recorded in the form of videos every 5 min and the 

chemotactic response was quantified by calculating CPC values, as depicted in Fig. 3.6. For this 

gradient, spherical and ED BacteriaBots respectively reached CPC values of 0.78 ± 0.06 and 

0.75 ± 0.07 after 40 min which were not significantly different (n=5, p>0.05). No significant 

change in the CPC values was observed after 40 min. The insignificant difference between the 

CPC values of spherical and ED BacteriaBots, regardless of the slope of chemoattractant 

gradient, reaffirms the consistent dominance of chemotaxis over body shape in interstitial 

transport of BacteriaBots where bacteria are directed by chemical gradients. 

In summary, ED-shaped BacteriaBots were developed to investigate the roles of chemical 

steering (chemotaxis) and body shape in transport behavior of bacteria-based drug delivery 

systems. A hydrogel-based microfluidic device was utilized to study the chemotaxis of spherical 

and ED-shaped BacteriaBots in presence of two different gradients of the chemoattractant, L-

aspartic acid. Experimental results showed that chemotactic response dominates the effect of 

body shape and thus, the non-spherical BacteriaBots may be more favorable for drug delivery 

applications owing to the known benefits of using non-spherical particles for vascular transport. 

Moreover, this dominance was not disrupted by changing the chemical concentration gradient 

slope. The constructed autonomous non-spherical BacteriaBots under the control of chemotaxis 

hold great promise for nanomedicine and bio-nanorobotic applications owing to the tailored 

shape of the particles and targeting bacteria. Our future work will concentrate on using 

genetically modified bacteria which can navigate autonomously towards chemoattractant sources 

while carrying their non-spherical cargos, and accomplish pre-programmed functions upon 

arrival (e.g. cargo distribution) at desired sites.  
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3.4 Conclusions 

The autonomous BacteriaBots fabricated in this study are a new generation of bacteria-based 

cargo carriers expected to exhibit prolonged circulation in the bloodstream coupled with 

improved targeting and active interstitial transport, desirable for drug delivery purposes. 

BacteriaBots in two different shapes, sphere and elliptical disk, were steered by establishing 

chemoattractant concentration gradients within a hydrogel-based microfluidic device. The 

experimental results showed that spherical and elliptical disk-shaped BacteriaBots yield similar 

steady-state chemotactic responses if subjected to the chemoattractant, L-aspartic acid. These 

 

Figure 3.6 Chemotaxis partition coefficient (CPC) values for spherical and elliptical disk-

shaped BacteriaBots migrating in the absence (negative control) and presence of 1.7×10-4 M 

mm-1 L-aspartic acid.  
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results suggest that chemotactic response dominates body shape in interstitial transport; thus, the 

fabricated non-spherical BacteriaBots may be more favorable for drug delivery applications 

owing to the aforementioned transport characteristics of these flat and elongated carriers in 

bloodstream. We believe this lab-on-a-chip approach can be further developed to enable 

replicating biochemical and biophysical aspects of in-vivo microenvironments in which 

BacteriaBots are likely to encounter multiple gradients of chemoeffectors in interstitium and 

investigate interstitial transport characteristics of BacteriaBots in presence of precisely controlled 

gradients of such disease biomarkers. 
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Appendix A 

A.1 Microfluidic device characterization and simulation 

Chemical concentration gradients in the PEG-DA hydrogel microfluidic device was 

characterized using fluorescein (MW 332 Da, Sigma-Aldrich) as the model solute for L-aspartic 

acid, the chemoattractant used in this study. First, PBS solution was manually loaded in the 

center channel and the corresponding tube was clamped after filling up the channel to prevent 

any fluid flow and liquid evaporation. To establish a concentration gradient of fluorescein in the 

device, fluorescein/PBS and blank PBS buffer solutions were flowed in the two side feeder 

channels driven by a syringe pump (Harvard Apparatus, PHD 2000, South Natick, MA) at a flow 

rate of 5 µl min-1 so that fluorescein can diffuse laterally in the hydrogel walls and establish a 

quasi-steady linear gradient in the no-flow center channel. The fluorescence intensity across the 

device was imaged under a Zeiss AxioObserver Z1 inverted microscope equipped with a 2.5× 

objective, a GFP filter cube and an AxioCam HSm camera. The ImageJ software (NIH, 

Bethesda, MD) was used to analyze the experimentally acquired fluorescence intensity profiles 

and calibrate the gradient profile. A representative image of the three-channel hydrogel 

microfluidic device and the fluorescence profile across the width of the center channel are shown 

in Fig. A.1 (a) and (b). The time required to establish a steady concentration gradient of 

fluorescein in the device is governed by the diffusion coefficient of fluorescein in PEG-DA 

hydrogel and also by the width of hydrogel walls and channels.  

The generation of chemical gradients in the three-channel microfluidic device was simulated in 

COMSOL® Multiphysics (Burlington, MA) to validate the slope of the experimentally observed 

linear concentration gradient of fluorescein. In this simulation, the diffusion coefficient of 

fluorescein in PBS was set as 2.7×10-6 cm2 sec-1. The diffusion coefficient of fluorescein in PEG-
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DA hydrogel (MW 700 Da) was previously measured as 1.8×10-6 cm2 sec-1 using Franz diffusion 

cell experiment [79]. A simulated gradient profile across the device is shown in Fig. A.1 (c). The 

fabricated device provided quasi-steady linear chemical concentration gradients for chemotaxis 

studies and simulation results show that the gradient reaches steady state after 35 min.   

 

 

 

Figure A.1 (a) Three-channel hydrogel microfluidic device (top view) overlaid with the 

fluorescence gradient of fluorescein inside the selected rectangular region in the center channel; 

(b) Fluorescence profile across the width of the center channel; (c) COMSOL® simulations 

indicate that the steady-state chemical concentration gradient is reached after 35 min.  
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Chapter 4: Spatiotemporally High-Throughput Characterization of 

Bacterial/BacteriaBot Quorum-Sensing Response*  

Abstract 

Characterization of bacterial innate and engineered cooperative behavior, regulated through 

chemical signaling in a process known as quorum sensing, is critical to development of a myriad 

of bacteria-enabled systems including bio-hybrid drug delivery systems and bio-hybrid mobile 

sensor networks. Here, it is demonstrated, for the first time, that microfluidic diffusive mixers 

can be used for spatiotemporally high-throughput characterization of a bacterial quorum-sensing 

response. Using this batch characterization method, the quorum-sensing response in Escherichia 

coli MG1655, transformed with luxR from Vibrio fischeri and a GFP reporter ligated to the lux 

operon promoter, in the presence of 1-100 nM exogenous N-3-oxo-hexanoyl-L-homoserine 

lactone molecules has been quantified. This method provides a rapid and facile tool for high-

throughput characterization of the quorum-sensing response of genetically modified bacteria in 

the presence of a wide concentration range of signaling molecules with a precision of ± 0.5 nM. 

Furthermore, the quorum-sensing response of BacteriaBots has been characterized to determine 

if the results obtained from a large bacterial population can serve as a robust predictive tool for 

the small bacterial population attached to each BacteriaBot.  

 
*This chapter is under review in the form of a journal article: A. Sahari, M. A. Traore, A. M. 
Stevens, B. E. Scharf, and B. Behkam, “Towards development of an autonomous network of 
bacteria-based delivery systems (BacteriaBots): Spatiotemporally High-Throughput 
Characterization of Bacterial Quorum-Sensing Response”. Analytical Chemistry, 2014.  
M. A. Traore contributed to this work with his help with the design and simulation of the 
microfluidic diffusive mixer. A. M. Stevens constructed the quorum sensing plasmids and 
contributed to the analysis of the results. B. E. Scharf contributed to the bacterial transformation. 
B. Behkam directed this effort and contributed to the experiment design, analysis of the results 
and manuscript preparation.  
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Many bacterial species produce, release and respond to signaling molecules, called autoinducers, 

in order to effectively communicate information with each other and/or monitor the mass 

transport properties of their immediate environment through a process termed quorum sensing 

(QS) [39, 86]. Each autoinducer structure can be recognized by the same or sometimes other 

bacterial species and trigger expression of target genes, if a critical concentration of the 

autoinducer is reached. This signal transduction enables the bacteria to coordinate their group 

activities such as light production, pathogenesis and virulence, swarming motility and biofilm 

formation [45-49]. The cooperative behavior of bacteria can be exploited for generating a mobile 

network of bio-hybrid systems such as the bacteria-based drug delivery systems (BacteriaBots) 

that have been recently developed [5, 63, 76]. Each BacteriaBot is comprised of live disease-

targeting bacteria harboring QS-based genetic circuits coupled with micro/nanoscale polymeric 

particles. A BacteriaBot is a simple bio-hybrid system with limited individual capabilities; thus 

BacteriaBots are envisioned to execute cooperative theranostic tasks at targeted disease sites by 

harnessing BacteriaBot-BacteriaBot communication. Characterization of the QS-regulated 

response of bacteria is critical to development of such systems. 

Engineered bacteria containing QS-based genetic circuits have been used as bioreporters for 

quantifying autoinducer concentrations [87]. Although using such bioreporters leads to 

characterization of QS response with a higher sensitivity compared to conventional analytical 

methods [88], a high-throughput platform that can rapidly characterize the QS behavior of a 

bioreporter in response to a wide range of autoinducer concentrations is still missing. 

Recognizing the role of diffusive properties of autoinducers, in addition to that of bacterial 

population number on QS response [86, 89], microfluidic platforms have been utilized for 

studying the effect of chemical signaling on bacterial growth and biofilm formation [90, 91] as 
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well as for inducing a desired QS response from individual (or from a low population density of) 

bacteria [92-94]. However, there is no reported microfluidic assay for investigating the effect of 

a wide range of autoinducer concentrations on the QS-based behavior of a bioreporter. In this 

work, a spatiotemporally high-throughput characterization of the bacterial QS response of a 

model bioreporter to a wide range of exogenous acyl-homoserine lactone (AHL) autoinducer 

concentrations in a single experiment is reported utilizing a microfluidic diffusive mixer 

platform. The advantage of this high-throughput method compared to its commonly used 

counterpart (i.e. well-plate assays) is in capturing the time-dependency in response while 

maintaining a constant concentration of the exogenous AHL. Such experimental characterization 

of bacterial QS also contributes to understanding the effective “calling distance” [95] over which 

BacteriaBots can communicate with each other and to designing and predicting the collaborative 

behavior of a population of BacteriaBots [96]. Furthermore, this characterization platform will be 

beneficial to the development of QS-based biosensing systems that have been suggested for 

diagnosis of bacteria-related diseases [97].                      

AHL-mediated systems, which are present in many Gram-negative proteobacteria, are the 

simplest QS paradigm [43]. Specifically, the canonical LuxIR family falls in the category of 

AHL-based communication systems in which AHL is produced by LuxI autoinducer synthase 

and released in the extracellular environment. At a critical AHL concentration, the autoinducer 

molecule binds specifically to the LuxR regulatory protein and this complex regulates 

downstream genes upon binding to the lux box region [39]. The typical example of Gram-

negative proteobacteria containing a LuxIR network is the marine bacterium, Vibrio fischeri, 

which has all the genes required for monitoring its population density and activating expression 

of luminescence genes through production of the autoinducer, N-(3-oxo-hexanoyl)-L-
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homoserine lactone (3-oxo-C6-HSL) [50]. Synthetic biology has provided the tools for 

modulating existing biological networks and/or constructing recombinant plasmids to enable the 

host cells to perform novel tasks such as QS in addition to their innate cellular processes [53, 

54]. For example, the transfer of the whole or a part of the LuxIR genetic system from V. fischeri 

to Escherichia coli has programmed the transformed bacteria to acquire QS-induced 

programmed population control via regulated killing of cells [58], and invasion of cancer cells 

[60]. In this study, non-motile, non-flagellated E. coli MG1655 ΔmotAB ΔfliC [98] were 

transformed with the AHL-responsive segment of the LuxIR network from V. fischeri through 

inserting the pLVA01 plasmid construct (Apr; pUC18Not-luxR-PluxI-RBSII-gfp(LVA)-T0-T1) 

[91] into the bacteria using standard protocols [81]. This engineered E. coli MG1655 expresses 

the LuxR regulator but lacks the ability to synthesize AHL. However, when a critical 

concentration of AHL is provided exogenously, the pLVA01 plasmid expresses green 

fluorescent protein (GFP) under the control of the lux operon promoter. The QS signaling 

pathway in the receiver-only (luxI-) E. coli MG1655, hereafter referred to as E. coli MG1655R, 

and the structure of the AHL signal are shown in Fig. 4.1 (a).  Herein, the characterization of the 

QS response of the bioreporter, E. coli MG1655R containing the GFP-expressing pLVA01 

plasmid, was facilitated through a rapid screening of a wide range of AHL concentrations in a 

microfluidic diffusive mixer that has been extensively used for cell chemotaxis studies [99]. 

The microfluidic device was fabricated in PDMS [99] using conventional soft lithography 

methods [100] to establish nearly linear concentration gradients of the autoinducer molecules for 

a uniform layer of bacteria, which enabled characterization of the bacterial QS response to 1-100 

nM of exogenous AHL concentrations in a single experiment. This microfluidic device consists 

of a gradient forming region and an observation channel where the surface-bound bacteria are 
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located (see Appendix B for the details of fabrication). The layout of the device is depicted in 

Fig. 4.1 (b). The branched network of microfluidic channels generates spatially controlled 

gradients of the autoinducer across the width of the channel and perpendicular to the fluid flow. 

A 400 µM fluorescein solution in DI water was used to characterize the device. Fluorescence 

intensity profiles were used to determine the concentration of fluorescein (model solute for 

AHL) at any position across or along the observation channel (see Appendix B for details). A 

representative fluorescence microscopy image of the chemical gradient across the width of the 

observation channel is shown in Fig. 4.1 (b).  

 

 

Figure 4.1 (a) The LuxIR QS network deficient in AHL signal synthesis; (b) The layout of the 

PDMS microfluidic device layer and a representative gradient of fluorescein across the width 

of the observation channel. 



61 
 

The non-motile receiver-only E. coli MG1655R bacteria, generated as described above, were 

grown overnight at 30 ˚C and 150 rpm shaking in 10 ml of Luria-Bertani broth (LB broth; 1% 

tryptone, 0.5% yeast and 0.5% NaCl) supplemented with ampicillin (100 µg ml-1) and then 

diluted 1:100 in LB medium to start a 10 ml of fresh bacterial culture . The assembled 

microfluidic device was sterilized under UV light for 20 min prior to the experiment. After 

washing the device with sterile 1× phosphate buffered saline solution, the main channel was 

incubated for two hours with a 0.005% (w/v) poly-L-lysine in DI water. When the bacterial 

culture reached an OD600 of 0.5, 1 ml of the culture was harvested by centrifugation at 1,700 × g 

for 5 min and the resultant pellet was resuspended in 250 µl of RM medium (1 × M9 salts, 2% 

casamino acids, and 0.4% glucose) [101]. DI water was flowed into the device to wash out 

unbound poly-L-lysine and then the non-motile cells were introduced into the device from the 

outlet. The outlet was blocked afterwards to allow for sedimentation of bacteria onto the surface. 

Use of the non-motile strain of E. coli MG1655 bacteria facilitated rapid formation of a bacterial 

layer on the bed of the main channel and also prevented previously shown disruption of the 

chemical gradients by flagellar mixing [102]. After 15 min, unbound bacteria were rinsed off and 

a 100 nM solution of 3-oxo-C6-homoserine lactone (N-(β-ketocaproyl)-L-homoserine lactone, 

Cayman Chemical) in RM medium (diluted from a 10 mM stock stored in DMSO) was flowed 

from one of the inlets and plain RM medium was flowed from the other inlet driven by a syringe 

pump (Harvard Apparatus, PHD 2000) at a 90 µl hr-1 flow rate to generate a nearly linear 

gradient of AHL (perpendicular to the direction of the flow) for the surface-bound bacteria. A 

close to linear AHL gradient was maintained throughout the observation channel for the entire 

duration of an experiment. All experiments were conducted at 30 ˚C using a Zeiss Axio-observer 

Z1 inverted fluorescence microscope equipped with a climate control incubation chamber. 
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Fluorescence images of the bacterial layer were acquired every 30 min for a total of 9 hours 

using a 10× objective lens. The exposure time of fluorescent images was 200 ms. Representative 

images of the QS-directed fluorescent response of the bacterial layer attached on the bed of the 

microfluidic device, 600 µm downstream in the observation channel, are shown in Fig. 4.2 (a). 

At least two independent experiments were conducted and images were acquired from two 

successive sections (each 890 µm in length) of the observation channel. To quantify the bacterial 

QS response, the observation channel was divided into 100 parallel sub-channels and the average 

fluorescence intensity value for the bacteria in each partition was calculated using ImageJ and 

MATLAB routines. The resultant dose-time-response curves (with ± 0.5 nM precision) are 

shown as a 3D plot in Fig. 4.2 (b) where the quantified bacterial QS response is presented using 

the log of the average fluorescence intensity as a function of AHL concentration and time. The 

average fluorescence intensity of bacteria increases with an increase in AHL concentration from 

6 nM to 95 nM (the bacterial response near the PDMS walls was not quantified due to the 

existing artifacts). Using this dose-time-response plot, the bacterial QS response at any given 

time and concentration can be reported. Representative relative fluorescence intensity at 10 nM, 

30 nM and 90 nM concentrations of AHL over the entire experiment are plotted separately and 

shown in Fig. 4.2 (c). The fluorescent response of the receiver bacteria resembles a first-order 

linear dynamic response and can be described by  / ( )y(t) (c) 1 t cK e t-= - , where the time 

constant, ( )ct , and the steady-state response of the system, (c)K , are both functions of the AHL 

concentration (see Appendix B for details). Exponential functions for characteristic response of 

the bacteria at 10 nM, 30 nM, and 90 nM concentrations of AHL are demonstrated in Fig. 4.2 

(c).  Characterizing the response of E. coli bacteria containing a QS-controlled GFP-expressing 

genetic circuit enables us to predict the coordinated behavior of a mobile network of 
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BacteriaBots with the engineered bacteria as the biotic constituent of the system [96].  

To ensure that results obtained from a large bacterial population can serve as a robust predictive 

tool for the small bacterial population on each BacteriaBot, the QS response of BacteriaBots was 

characterized next. To construct the BacteriaBots, flat elliptical disk-shaped (ED) particles were 

conjugated with E. coli MG1655R bacteria taking advantage of the strong streptavidin-biotin 

bond. The ED particles were fabricated from 6 μm diameter carboxylate polystyrene 

 

Figure 4.2 (a) Representative images of the quorum-sensing response of the bacterial layer 

attached to the bed of the microfluidic device at different time points; (b) Dose-time-

response curves of the bacteria; (c) Representative fitted exponential curves for the 

quantified fluorescence response of the bacteria at 10 ± 0.5 nM (red), 30 ± 0.5 nM (green) 

and 90 ± 0.5 nM (blue) concentrations of AHL. The error bars represent standard deviation. 
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microspheres using a high-throughput particle casting and mechanical stretching technique. This 

body geometry of BacteriaBots was selected to have all of the attached bacteria in focus and 

facilitate the acquisition of fluorescence images. The number of bacteria attached on the particles 

varied between 4 and 8. BacteriaBots were introduced into a microfluidic device coated with 

poly-L-lysine and a QS response characterization experiment was conducted as described above 

for bacteria. Fluorescence images were acquired every 1 hour for 4 hours this time using a 40× 

objective lens to distinguish the bacteria attached on the particles. The exposure time of green 

fluorescence imaging was 200 msec. The average fluorescence intensity of the small population 

of bacteria attached to the elliptical disk-shaped particles located at the middle point of the 

observation channel (50 ± 1 nM) was calculated after subtracting the background and compared 

with that of the bacteria directly attached on the bed of the microfluidic device (see Fig. 4.3 (a)). 

One-way ANOVA and Tukey’s test was used for comparing the mean fluorescence values, and 

report no statistically significant difference between the average response of the small population 

of bacteria on the BacteriaBots and large population of bacteria on the bed of the device 

(p>0.05). This further corroborates that characterizing the QS behavior of bacteria using the 

proposed microfluidic-based approach not only provides batch screening of the response to a 

wide range of AHL concentrations, but can also help to predict the behavior of individual 

BacteriaBots within a population. Representative recorded images of BacteriaBot QS are shown 

in Fig. 4.3 (b). 

In conclusion, a high-throughput microfluidic-based approach has been demonstrated for batch 

quantification of the QS response of E. coli MG1655 transformed with luxR and a GFP reporter 

fused to the lux operon promoter from V. fischeri in the presence of a wide range of 

concentrations (1-100 nM) of 3-oxo-C6-homoserine lactone molecules at a precision of ±0.5 nM. 
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Figure 4.3 (a) Time-response of the particle-free bacteria and BacteriaBot-associated bacteria 

(n=9) located at the centerline of the microfluidic device where the concentration of AHL 

molecules is 50 ± 1 nM; (b) Representative fluorescence images of BacteriaBot quorum- 

sensing regulated GFP expression. The signal strength increases with time. 
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This characterization lays the foundation for predicting the collaborative behavior of a mobile 

network of BacteriaBots when the bacteria are pre-programmed with QS-based genetic circuits. 

These BacteriaBots can participate in coordinated group activities to accomplish autonomously 

directed tasks at the target site. The approach used in this study will find use for characterizing 

the QS response of a wide variety of bacterial species containing synthetic circuits that induce 

expression of fluorescent proteins.                            
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Appendix B 

Abstract 

The microfluidic device was fabricated in PDMS using conventional soft lithography methods to 

establish nearly linear concentration gradients of the autoinducer molecules for a uniform layer 

of surface-bound bacteria. The branched network of microfluidic channels generates spatially 

controlled gradients of the autoinducer across the width of the channel and perpendicular to the 

fluid flow. A fluorescein solution was used to characterize the device. Furthermore, the dynamic 

QS response of E. coli MG1655 harboring the pLVA01 plasmid was modeled as a first-order 

linear dynamic system and the relevant coefficients were obtained from the experimental data for 

the QS-regulated fluorescence response of bacteria.   

 

B.1 Microfluidic device fabrication and characterization  

B.1.1 Microfluidic device fabrication 

To achieve a 100 µm thick microfluidic device layer, a clean silicon wafer was spin-coated with 

SU-8 2050 negative photoresist (MicroChem Crop) at 500 rpm for 10 sec followed by a second 

spinning at 1,700 rpm for 1 min. The spin-coated wafer was soft-baked at 65 °C for 5 min 

followed by a 15 min hard bake at 95 °C. The baked wafer was then exposed to UV light (365 

mW cm-1, 50 sec) to transfer the pattern of a negative photolithography mask onto the wafer. 

Subsequently, the post-exposure bake was completed at 65 °C for 5 min followed by 10 min at 

95 °C. Lastly, the wafer was developed by submerging it in SU-8 developer while shaking gently 

for 10 min. The fabricated master mold was then rinsed with isopropyl alcohol (IPA) and 

deionized (DI) water and coated with trichloro(1H,1H,2H,2H-perfluorooctyl) silane (Sigma-

Aldrich) using a vacuum desiccator. PDMS was poured on the silicon wafer master mold, 
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degassed under vacuum, and cured at 75 °C for two hours. The PDMS layer was peeled off from 

the master and trimmed. The inlet and outlet ports were punched and the PDMS device layer was 

put in a plasma cleaner (Harrick Plasma, 200 mTorr, 18 W, 30 sec) (with the channel side facing 

up) along with a clean glass slide to activate both surfaces and accommodate for a strong bond. 

The device was assembled by pressing the two oxygen plasma-treated components together. The 

layout of the PDMS layer of the microfluidic device is depicted in Fig. B.1 (a). 

 

B.1.2 Calibration of the chemical gradient profile  

Chemical concentration gradient in the PDMS microfluidic device was characterized using 

fluorescein (MW 332 Da, Sigma-Aldrich) as the model solute for the quorum-sensing regulatory 

molecules (i.e. 3-oxo-C6-HSL, MW=213.2 Da). To establish a time-invariant concentration 

gradient of fluorescein across the width of the observation channel of the microfluidic device, a 

400 µM solution of fluorescein in deionized (DI) water and blank DI water were loaded into the 

two inlet channels of the device using a syringe pump (Harvard Apparatus, PhD 2000) at a flow 

rate of 90 µl hr-1. The resultant flow in the observation channel was 180 µl hr-1. The fluorescence 

intensity across the observation channel was imaged under a Zeiss AxioObserver Z1 inverted 

microscope equipped with a 2.5× objective, a GFP filter cube, and an AxioCam MRm camera. 

ImageJ software (NIH, Bethesda, MD) was used to analyze the experimentally acquired 

fluorescence intensity profiles and calibrate the gradient profile. A representative fluorescence 

microscopy image and the associated intensity profile across the width of the observation 

channel are shown in Fig. B.1 (a) and (b). Also, a photograph of the microfluidic device is shown 

in Fig. B.1 (c). 

  



69 
 

 
 

Figure B.1 (a) The layout of the PDMS microfluidic device layer; (b) Fluorescence profile across 

the width of the observation channel, 500 µm downstream from the channel entrance; (c) A 

photograph of the microfluidic device. 
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B.1.3 Modeling of the dynamic QS response  

The dynamic QS response of E. coli MG1655 harboring the pLVA01 plasmid can be described 

as a first-order linear dynamic system.  The differential equation describing the dynamics of the 

fluorescence response can be written in the standard input/output differential equation form as

t (c)
dy

dt
+ y(t) = K (c), where t (c) the time constant and K (c)  the forcing function both depend 

on AHL concentration.  The characteristic response to a step increase in the input level at 0 min 

is  / ( )y(t) (c) 1 t cK e t-= - . K(c) represents the steady-state value of the QS response of the 

bacteria and ( )ct  is the time that it takes for the response to reach the 63% of its maximum. 

According to our experimental results, in the range of 1-100 nM AHL concentration, these two 

values depend on the AHL concentration (see Fig. B.2).  

 

 

Figure B.2 (a) Time constant of the fluorescence response of the bacteria for the 6-95 nM 

concentration range of autoinducers; (b) the steady state values of the bacterial fluorescence 

response in the presence of different concentrations of autoinducers. 



71 
 

B.2 Systems biology modeling 

Mathematical models can shed light on the principles of operation of a QS network and reveal its 

possible modes of behavior, which helps design more meaningful experiments towards 

understanding the functions associated with individual elements of the network. A simplified 

layout of the structural organization of a minimal LuxIR quorum-sensing network has been 

illustrated in Fig. B.3. In this system, the synthesized (or exogenously added) molecules of the 

autoinducer, 3-oxo-C6-HSL, diffuse through the cell wall, bind to the LuxR regulatory protein, 

and create the complex P which is usually transcriptionally competent in a dimeric form D. The 

formed transcription factor (P/D) directly activates transcription of the operon containing the 

LuxI synthase and other operons coding for the phenotype-specific genes.  

 

 

 

Figure B.3 A generic layout of the minimal LuxIR quorum-sensing network. Proteins and 

mRNA species are depicted as ellipses and rectangles respectively. P and D denote the 

complex of the LuxR protein and the autoinducer and the dimer of this complex. AIin and AIext 

represent intracellular and extracellular concentrations of the autoinducer.   



72 
 

Here, a standard chemical kinetic approach was used based on general mass-action equations to 

describe temporal dynamics of the intracellular circuitry of the QS network while the 

extracellular concentration of AHL is maintained. The ordinary differential equations (ODEs) 

describing how concentrations of the involved proteins, RNA species, and AI change in time in 

the reduced minimal QS network [103] were adapted for the receiver-only bacteria (lacking LuxI 

synthase, see Fig. B.4) and are as follows: 

1 2

dr
k k r

dt
= -                                                                                     (B-1) 

6 7 8 8. in
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k r k R k R AI k P

dt
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13 13
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-= +                                                                         (B-4) 

8 8. ( )in
in D ext in

dAI
k R AI k P k AI AI

dt
-= - + + -                                  (B-5) 

where r, R, i respectively represent the concentration of the luxR mRNA, LuxR protein, luxI 

mRNA. Also, the link between the dynamics of the intracellular decision network and the 

observable phenotypic behavior (i.e. GFP expression) can be described as follows [104]: 

 

i
tr Gm i Gd i

dGFP
k P k GFP k GFP

dt
= - -                                               (B-6) 

m
Gm i Gd m

dGFP
k GFP k GFP

dt
= -                                                       (B-7) 

where iGFP  and mGFP  respectively represent the concentration of the immature (inactive, non-

fluorescent) GFP and mature (fully fluorescent) GFP.  
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The kinetic parameters are given in Table B.1 and the deterministic simulations were performed 

using MATLAB. The simulation results for 30 nM and 90 nM concentrations of AHL are shown 

in Fig. B.5 (1 molecule per cell corresponds to approximately 3 nM) [104]. As illustrated in Fig. 

B.5 (d), as the concentration of AHL increases, the time that it takes for the GFP response to 

reach its steady state decreases.   

 

 

Figure B.4 The layout of a reduced minimal LuxIR quorum-sensing network for the receiver-

only bacteria (luxI- mutant). 
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Table B.1 Rate constants for the metabolic processes of AHL-mediated GFP expression in the 

LuxI-LuxR genetic circuitry. 

Rate Constant Rate Description Value References 

1k  Transcription of luxR 1.5 × 10-2 m s-1 [105] and [106] 

2k  
Degradation of luxR 

mRNA 
6.0 × 10-3 s-1 [107] 

6k  
Translation of luxR 

mRNA 
1.6 × 10-2 s-1 [106] and [108] 

7k  Degradation of LuxR 
protein 

10-4 s-1 [109] 

8k  
Association of AHL 
and LuxR molecules 

10-5 m-1 s-1 [104] 

8k-  Dissociation of P 3.33 × 10-3 s-1 [104] 

13k  Dimerization of P 10-5 m-1 s-1 [104] 

13k-  Dissociation of P 10-5 s-1 [104] 

Dk  Autoinducer diffusivity 0.23 s-1 [110] and [111] 

trk  GFP protein production 4.16 × 10-2  s-1 [112] 

Gmk  GFP maturation 10-3 s-1 [112] 

Gdk  GFP degradation 1.15 × 10-3 s-1 [112] 

 

Although the illustrated layout captures the key intracellular dynamics and bistable switch-like 

behavior of the LuxIR network, real systems typically demonstrate higher complexity with 

supplementary positive and negative feedback loops. Thus, a more precise model can be 

achieved by the addition of these feedback loops to minimize the existing mismatch between the 

simulation and experimental results. More specifically, the transcription factor also activates 

expression of the LuxR protein resulting in an additional positive feedback loop which was not 

modeled in the minimal network model. The other possible reasons for any mismatch between 
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the experimental and computational data may originate from the type of medium that is used for 

the QS assays and/or the different availability of oxygen for the bacteria samples in closed 

channels compared to open microtiter plates. Also, it should be noted that an additional 

component considering the degradation of the autoinducer molecules can be added to eqn. (B-5) 

if it is relevant to the timeline of the simulation given the chemical composition and pH of the 

medium. 

 

 

Figure B.5: Modeled response in the LuxIR quorum-sensing network at 30 nM and 90 nM 

extracellular concentrations of AHL. The time-evolution of the (a) LuxR regulatory protein, (b) 

intracellular concentration of the autoinducer, (c) immature GFP, and (d) mature GFP. 

  



76 
 

Chapter 5: Microfluidic-based characterization of quorum-sensing response 

in a chemotactic sender-receiver network 

Abstract 

Exploiting synthetic QS-based circuits, coordinated group activities such as delivery of small 

molecules or cancer invasion can be launched from a localized population of engineered 

BacteriaBots in response to environmental cues. Characterization of QS-regulated behaviors of 

swimming bacteria is critical to understanding of collaborative task performance by 

BacteriaBots. Here, the hydrogel-based microfluidic device previously used for the chemotaxis 

studies enabled us to characterize the QS behavior of a chemotactic population of receiver-only 

Escherichia coli MG1655 bacteria in response to the signaling molecules released from the 

localized AHL-sending E. coli MG1655. The QS genes in the receiver E. coli MG1655 bacteria 

are functionally linked with a fluorescent reporter to ease the quantification of the response. Such 

experimental characterization of bacterial QS response can foster applications in 

bionanomedicine and biosensing and advance our understanding of the effective calling distance 

over which sender and receiver BacteriaBots can communicate with each other to perform pre-

programmed tasks towards fulfilling the development of an autonomous network of bacteria-

based bio-hybrid cargo delivery vehicles.  
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5.1 Introduction 

Synthetic biology has provided the tools for modulating existing biological networks and/or 

constructing recombinant plasmids to enable the host cells to perform novel tasks such as QS in 

addition to their innate cellular processes [53, 54]. For example, the transfer of the whole or a 

part of the LuxI/LuxR genetic system from Vibrio fischeri to E. coli has programmed the 

transformant to acquire QS-induced programmed population control via regulated killing of cells 

[58], and invasion of cancer cells [60]. Others have demonstrated also the construction of QS-

based synthetic sender-receiver systems including artificial multicellular system capable of 

programmed pattern formation, motility switch and biofilm modeling [56, 59, 113]. Here, it is 

demonstrated that the previously fabricated hydrogel-based microfluidic device can be used for 

characterizing the QS response of a chemotactic population of AHL-receiving bacteria in 

response to AHL-sending bacteria. For this purpose, the quorum-sensing response in receiver-

only (luxI-) E. coli MG1655R in the presence of the homoserine lactone molecules produced by 

E. coli MG1655 transformed with the LuxI autoinducer synthase was characterized. This 

characterization is critical to development of a myriad of bacteria-enabled systems including 

BacteriaBots that are envisioned to execute cooperative theranostic tasks at targeted disease sites 

by harnessing BacteriaBot-BacteriaBot communication. 

 

5.2 Materials and methods 

5.2.1 Microfluidic assay 

A different size of our recently reported diffusion-based poly(ethylene glycol) diacrylate (PEG-

DA) microfluidic device described in Section 3.2.2 (700 μm wide channels and hydrogel walls) 

was fabricated to create temporally invariant concentration gradients of casamino acids, a known 
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chemoattractant mixture for E. coli K-12. The microfluidic device was sterilized under UV light 

for 20 min prior to the experiment. The device was then washed with sterile 1× phosphate 

buffered saline solution. The medium that was used for the chemotaxis/QS experiments was a 

1:9 ratio of the RM medium (1 × M9 salts, 2% casamino acids, and 0.4% glucose) [101] and a 

modified motility buffer with an elevated concentration of glucose (0.4%) (see 3.2.1 for motility 

buffer recipe), hereafter called modified RM medium, to satisfy the requirements for both 

BacteriaBot construction and induction of QS response and also have the same glucose 

concentration in every single position in the channels and the hydrogel walls. The modified RM 

medium was injected in the center channel and the corresponding tube was clamped afterwards 

to prevent any fluid flow and liquid evaporation. The linear gradients of casamino acids were 

established by continuously flowing the chemoattractant solution (0.7% (w/v) in modified RM 

medium) and the blank modified RM medium in the two feeder channels at 5 μl min-1, and by 

lateral diffusion of the chemoattractant through the hydrogel walls and into the flow-free buffer-

filled center channel. The linear chemical gradient was maintained in the middle channel for the 

entire duration of experiment.  

 

5.2.2 Bacteria and plasmids  

Motile isolates of E. coli MG1655 (i.e. MG1655m) were transformed with the AHL-responsive 

segment of the LuxIR network from V. fischeri through inserting the pLVA01 plasmid construct 

(Apr; pUC18Not-luxR-PluxI-RBSII-gfp(LVA)-T0-T1) [91] into the bacteria using standard 

protocols [81]. A similar protocol was used to insert the sender plasmid, pBLH305 [114], into 

the same bacterial strain to make the sender cells, hereafter called MG1655S. The E. coli 

MG1655R and MG1655S bacteria, generated as described above, were grown overnight at 30 ˚C 
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and 150 rpm shaking in 10 ml of LB broth supplemented with ampicillin for MG1655R (100 µg 

ml-1) and chloramphenicol for MG1655S (20 µg ml-1) and then diluted 1:100 in LB medium to 

start fresh bacterial cultures. When the bacterial cultures reached an OD600 of 1.0, 1 ml of each 

bacterial culture was harvested by centrifugation at 1,700 × g for 5 min and the resultant pellets 

were resuspended in 1 ml of the modified RM medium. The sender cells suspension was washed 

two times to remove the free autoinducers. Lastly, 100 μl of the receiver bacteria suspension was 

mixed with 100 μl of the sender cells and 800 μl of blank modified RM medium (to dilute both 

bacteria at 10:1) and loaded in a 1 ml syringe, injected into the center channel of the device 

replacing the blank modified RM medium. Moreover, the effect of doubling the number of 

senders on the QS response in the receivers was studied by making the 1 ml samples using 200 

μl of the sender cells suspension.  

 

5.2.3 Data analysis 

All of the experiments were conducted at 30 ˚C using a Zeiss Axio-observer Z1 inverted 

fluorescence microscope equipped with a climate control incubation chamber. Fluorescence 

images of the swimming bacteria were acquired every 30 min for a total of 6 hours using a 10× 

objective lens. Experiments were conducted in triplicates and microscopy images were acquired 

from three independent sections of the middle channel. The exposure time of fluorescent images 

was 200 ms. In order to quantify the QS response of bacteria, the width of the center channel was 

divided in two halves and the total fluorescence response in the half near the chemoattractant 

side was measured using the ImageJ software. 
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5.3 Results and discussion 

Circuit operation of the sender-receiver system used in this work is illustrated in Fig. 5.1. In this 

system, AHL is produced by LuxI autoinducer synthase of the E. coli MG1655S bacteria and 

released in the extracellular environment. At a critical concentration of accumulated AHL, the 

autoinducer molecule (i.e. 3-oxo-C6-HSL) binds specifically to the LuxR regulatory protein in 

the E. coli MG1655R bacteria and this complex regulates downstream genes upon binding to the 

lux box region activating GFP expression. Utilizing the microfluidic device fabricated in the 

previous section, the QS behavior in the chemotactic population of the receivers for equal and 

doubled number of the sender cells was characterized here. The three-channel microfluidic 

platform mimics the natural systems where diffusion is the only determining factor affecting 

local autoinducer concentrations and buildup of the autoinducers due to the lack of flow triggers 

the QS response in bacteria. The time-response curves associated with the evolution of QS in the 

receiver bacteria are plotted in Fig. 5.2 (a). As illustrated, when the number of sender bacteria 

increases, the AHL concentration also increases in the microenvironment that localized 

chemotactic bacteria are present. This elevated autoinducer concentration induces a stronger QS 

fluorescence response in the receiver bacteria. The difference between the QS response of the 

receiver bacteria in the presence of equal and doubled number of the sender cells becomes 

statistically significant after 90 min of conducting the experiment (p<0.01, one-way ANOVA 

and Tukey’s test). In all of the experiments, there is no immediate impermeable boundary for the 

AHL molecules and they can easily diffuse away from the bacteria into the hydrogel walls. 

Representative images of the QS-directed fluorescent response of the chemotactic swimming 

bacteria in the center channel of the microfluidic device are shown in Fig. 5.2 (b). This 

characterization of the QS response of a localized population of swimming E. coli MG1655R 
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bacteria enables us to predict the coordinated behavior of a mobile network of receiver-only 

BacteriaBots as part of a sender-receiver system in which sender BacteriaBots transmit the 

signals and receiver BacteriaBots perform the pre-programmed multi-agent task(s) at the target 

site.  

 

 

 

 

 

Figure 5.1 Circuit operation of the LuxI/LuxR sender-receiver system.  
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Figure 5.2 (a) Total fluorescence response of E. coli MG1655R in the right half of the center 

channel near the chemoattractant side. The error bars represent standard deviation (n=6); (b) 

Representative fluorescent images illustrating the time-evolution of the QS response of 

receiver bacteria in a chemotactic mixed population of receiver and sender bacteria. 
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5.4 Conclusions 

In this study, the QS response of a bioreporter, (luxI-) E. coli MG1655R containing the GFP-

expressing pLVA01 plasmid, was characterized using a diffusion-based microfluidic platform. 

The QS signals were naturally produced by (luxI+) sender E. coli MG1655S bacteria containing 

the pBLH305 plasmid. This characterization lays the foundation for predicting the collaborative 

behavior of a mobile network of BacteriaBots when the sender and receiver bacteria are pre-

programmed with QS-based genetic circuits. The well-characterized BacteriaBots can participate 

in coordinated group activities to accomplish autonomously directed tasks at the target site. The 

proposed platform will also help discover the physical, chemical and biological parameters 

governing QS systems in the light organs of marine animals as well as biofilms present in 

infectious diseases where large populations of bacteria exist and diffusion is the dominant means 

of autoinducer transport. 
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Chapter 6: Conclusions and future directions 

The main goal of this dissertation work was to develop and characterize a mobile network of 

bacteria-based bio-hybrid cargo delivery systems. This was achieved through the completion of 

the main following research tasks: (1) Construction of a new library of bacteria-assisted cargo 

delivery systems by coupling live engineered bacteria with the fabricated non-spherical particles. 

(2) Characterization of the BacteriaBots transport in an isotropic environment as well as in the 

presence of chemical cues. (3) Characterization of bacterial cell-cell communication network in 

order to understand the coordinated behavior of a population of BacteriaBots. The work 

presented in this dissertation lays the foundation for development of a well-characterized 

generation of bacteria-assisted cargo delivery devices with enhanced transport properties and 

capable of executing pre-programmed multi-agent coordinated tasks upon their arrival at the 

target site.  

 

6.1 Concluding Remarks 

Dissertation findings and original contributions 

A collection of cargo carrying agents comprised of on-spherical microparticles interfaced with 

live engineered bacteria, named as BacteriaBots, was constructed here by utilizing a currently 

existing high-throughput particle casting and stretching technique. First, prolate spheroid, barrel, 

and bullet-shaped polystyrene microparticles were fabricated and conjugated with motile isolates 

of E. coli MG1655 bacteria using poly-L-lysine. Next, the influence of body shape on the 

dynamics of the motile BacteriaBots was investigated for the first time. Non-spherical 

geometries was shown to increase the mean directionality of the motion of the BacteriaBots but 
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does not significantly affect their average speed compared with their spherical counterparts. 

Moreover, directionality of non-spherical BacteriaBots was shown to be dependent on the aspect 

ratio of the body and for the case of prolate spheroid, a higher aspect ratio of two led to a larger 

directionality compared to their low aspect ratio counterparts. The additional theoretical analysis 

supported the experimental results showing that self-propelled prolate spheroids experience two 

directionally different translational coefficients of drag which results in a more directional 

motion path compared to the spherical counterparts. In the next step, a group of BacteriaBots 

with spherical/non-spherical geometries was developed taking advantage of the strong non-

covalent streptavidin-biotin bond. The anti-E. coli antibody used here resulted in the attachment 

of the antibody-decorated bacteria to the streptavidin-coated particles only through their cell 

bodies (and not their flagella). The chemotactic behavior of spherical and elliptical disk-shaped 

BacteriaBots was then characterized in the presence of linear gradients of L-aspartic acid inside a 

diffusion-based microfluidic chemotaxis assay device. The experimental results demonstrate for 

the first time that bacterial chemotactic response dominates the effect of body shape in the 

absence of fluid flow; thus, it can be concluded that the non-spherical system could be more 

favorable for drug delivery applications owing to the known benefits of using non-spherical 

particles for vascular transport (e.g. relatively long circulation time). Moreover, it was shown 

that the dominance of chemical steering over body shape was not disrupted by changing the 

chemical concentration gradient slope.  

In addition to engineering the body shape of the BacteriaBots, the biotic component of the 

system (i.e. bacteria) was also engineered with synthetic quorum-sensing based genetic circuits 

to enable execution of cooperative theranostic tasks at targeted disease sites by harnessing 

bacterial cell-cell communication. For this purpose, the motility-enhanced E. coli MG1655 was 
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transformed with the AHL-responsive segment of the LuxIR network (from V. fischeri) linked to 

a GFP reporter. The quorum-sensing response of this genetically modified bacterial strain in the 

presence a wide range of concentrations of the exogenous signaling molecules was then 

characterized in a high-throughput microfluidic platform. Such experimental characterization of 

bacterial QS helps us predict the effective calling distance over which BacteriaBots can 

communicate with each other and design more advanced novel functionalities for a variety of 

end applications. Moreover, a relevant mathematical model of the AHL-responsive segment of 

the LuxIR network was developed in the form of a system of ordinary differential equations 

(ODEs). The simulation results support the trend of the response observed in the microfluidic 

experiments. Lastly, the quorum-sensing behavior of a sender-receiver network of bacteria was 

characterized in a microenvironment that mimics near in-vivo conditions where the agents 

localize at the targeted site and begin to carry out pre-programmed functions. The preliminary 

results for this characterization was one more step towards fulfilling the development of an 

autonomous network of bacteria-based bio-hybrid delivery vehicles. Use of non-spherical 

particles combined with the invasive and signaling properties of motile bacteria provides a new 

spectrum of solutions for designing autonomous carriers with higher efficiency for rapidly 

evolving nanomedicine applications.  
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6.2 Future directions 

The  work  presented  in  this  dissertation  can  be  expanded  to  help solve bioengineering and 

biological problems of significance. A few possible directions are outlined as below: 

1. Validation and/or prediction of the QS-based phenotypic behaviors of 

bacteria/BacteriaBots via computational simulation 

Development of a computational simulator of the QS response of chemotactic 

bacteria/BacteriaBots in the presence of QS signaling molecules not only helps validate 

the experimental results of the receiver-only and sender-receiver systems, but also allows 

predicting the output of similar or related systems. For this purpose, chemical kinetics of 

intracellular signaling of bacteria needs to be coupled with suitable models of autoinducer 

diffusion and bacteria/BacteriaBots motility to create a comprehensive computational 

model that can closely mimic the experimental conditions in which BacteriaBots are 

distributed in a biased fashion due to chemotaxis as they are connected via chemical 

signals. 

2. Investigating the penetration and distribution of BacteriaBots with tailored shape in 

multicellular tumor spheroids  

BacteriaBots with non-spherical geometries will be fabricated using different sizes of 

polystyrene particles and different bacterial species; E. coli MG1655m and S. 

Typhimurium VNP20009. Three-dimensional in-vitro multicellular tumor spheroids 

(MCTs) can be used to investigate intratumoral transport and distribution of spherical and 

non-spherical BacteriaBots. Finding from such in-vitro studies, will provide invaluable 

insight into design and fabrication of BacteriaBots with optimal body geometry for 

cancer treatment/diagnostic applications.    



88 
 

3. Developing BacteriaBots with a variety of advanced functionalities through 

transformation with QS-based genetic circuits  

Toxin-antitoxin (TA) modules are present in almost all free-living bacterial species that 

have been sequenced including E. coli bacteria. A TA module typically consists of genes 

encoding a toxin and an antitoxin that neutralizes the toxin [115]. Under stressful 

conditions such as amino acid starvation [116], antibiotic treatment [117] or oxidative 

stress [118], antitoxins are quickly degraded, thus freeing toxins to apply their poisoning 

effects. The resulting programmed cell death of the bacterial population will be regulated 

through simultaneous synthesis of death and survival proteins. This innate module which 

can be activated under stressful conditions or synthetic QS-based regulated killing 

circuits which can be transferred into bacteria [58], can help control the bacterial 

population number and prevent undesirable outcomes including septic shock of the host 

when BacteriaBots target cancerous regions. Using such engineered bacteria, 

BacteriaBots will be able to perform a variety of advanced pre-programmed coordinated 

tasks of interest after reaching the target site.        
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