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Abstract

Systemic chemotherapy is a major therapeutic approach for nearly all types and stages of
cancer. Success of this treatment depends not only on the efficacy of the therapeutics but also
on the transport of the drug to all tumor cells in sufficient concentrations. Intratumoral drug
transport is limited by characteristics of the tumor microenvironment such as elevated interstitial
pressure and sparse, irregular vascularization. Moreover, poor tumor selectivity, leads to
systemic toxicity. Bacteria possess a host of characteristics that address the aforementioned
challenges in conventional drug delivery approaches including tumor selectivity, preferential
tumor colonization, effective tumor penetration, which can be augmented via genetic
engineering. However, in clinical trials conducted to date, bacteria have rarely been able to
inhibit tumor growth solely by their presence in the tumor. The overall goal of this doctoral
dissertation is to develop a novel tumor treatment system based on Salmonella Typhimurium
VNP20009 (genetically modified for preferential tumor colonization and attenuation) coupled
with biodegradable copolymer, poly(lactic-co-glycolic acid) nanoparticles, hereafter referred to
as NanoBEADS (Nanoscale Bacteria Enabled Autonomous Drug Delivery System). To this end,
a NanoBEADS fabrication procedure that is robust and repeatable was established and a
microfluidic chemotaxis-based sorting platform for the separation NanoBEADS from unattached
nanoparticles was developed. The transport efficacy of NanoBEADS compared to the
commonly used passively-diffusing nanoparticle was investigated in vitro and in vivo and the
intratumoral penetration of the therapeutic vectors was quantified using a custom image

processing algorithm. The mechanism of intratumoral penetration was elucidated through 2D



and 3D invasion assays. Lastly, we developed a biophysical model of intratumoral transport of
NanoBEADS based on the intratumoral penetration experimental results towards the theoretical

evaluation of the drug transport profile following the administration of NanoBEADS.
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General Audience Abstract

Currently, the transport of chemotherapeutic drugs into tumors is limited by numerous
characteristics of the tumor microenvironment. This problem is exacerbated by poor tumor
selectivity, leading to severe side effects to patients. Bacteria possess a host of characteristics
that address the aforementioned shortcomings in conventional drug delivery approaches
including preferential tumor colonization and anti-tumor effects, which may be mediated
naturally or enhanced via genetic engineering. The overall goal of this doctoral dissertation is to
develop a novel tumor treatment system based on genetically modified bacteria for safety and
efficiency, Salmonella Typhimurium VNP20009 coupled with a polymeric nanoparticles,
hereafter referred to as NanoBEADS (Nanoscale Bacteria Enabled Autonomous Drug Delivery
Systems). To this end, a NanoBEADS fabrication procedure that is robust and repeatable was
established and a microfluidic chemotaxis-based sorting platform for the separation
NanoBEADS from unattached nanoparticles was developed. The transport efficiency of
NanoBEADS compared to the commonly used nanoparticle was investigated in vitro and in vivo
and the intratumoral penetration of the therapeutic vectors was quantified using a custom image
processing algorithm. The mechanism of intratumoral penetration was elucidated through 2D
and 3D invasion assays. Lastly, we developed a biophysical model of intratumoral transport of
NanoBEADS based on the intratumoral penetration experimental results towards the theoretical

evaluation of the drug transport profile following the administration of NanoBEADS.
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Chapter 1. Introduction®

1.1 Motivation and problem statement

Cancer is a leading cause of mortality worldwide, and a total of 1,688,780 new cancer cases
and 600,920 deaths are expected in the U.S. in 2017 [1]. New treatment strategies are needed
to address the shortcomings of conventional treatments such as chemotherapy or radiation,
both of which have limited efficacy and present significant risk to healthy tissue. In the case of
chemotherapy, the targeting of tumors is limited because the antitumor drugs delivered through
the tumor vasculature, must cross the vessel wall, and penetrate into the tumor tissue. Thus,
large doses are needed in order to adequately reach all viable tumor cells, which unavoidably
causes systemic toxicity and severe side-effects [2], [3]. The inhibited transport of anti-tumor
drugs is usually compounded by high interstitial pressure due to enhanced recruitment of
fibroblasts and poorly functioning lymphatic drainage, leading to hypoxic and acidic conditions in

the poorly vascularized regions of the tumor [4]-[5].

During the past decade, advances in nanotechnology have enabled a host of new treatment
approaches, collectively termed “targeted drug delivery” [6]. While some of this research
address the development of controlled release mechanisms for selective drug delivery to tumors
via liposomes or other polymer-based carriers [7], the primary focus is on enhanced intracellular
uptake by cancer cells, which occurs after majority of the particles has been lost to hon-targeted
areas of the body during blood circulation and cleared off by immune system. Thus, there exists
a need to develop methods to enhance extravasation and delivery from tumor microvasculature

into the tumor tissue. Additionally, the therapeutic agents must be engineered such that they are

! Excerpts from ‘Leaman, E., Suh, S., & Behkam, B. (2016) “Micro and Nano Robotics in Medicine", Encyclopedia of
Medical Robotics’ are included in this chapter.



able to overcome adverse outward fluid flow driven by the elevated interstitial pressure inside

tumors.

An ideal targeted drug delivery system addressing transport limitations, would be one in which
the individual agents of the system are introduced systemically, after which they are capable of
autonomously targeting cancerous tissue in both primary and metastatic tumor sites. In addition
to locomotion, an autonomous system requires that the agents are capable of sensing and
responding to their environment. All of this must be built into a system with characteristic size of

few microns or less, the upper limitation for a microrobot to reach tumor sites through capillaries.

Bacteria are one of the most promising and suitable drug carrier candidates [7]. Some bacterial
strains have been genetically modified to evade the immune system resulting prolonged blood
circulation allowing for larger tumor accumulation as well as preferential colonization [8], [9].
Certain bacterial species have also shown an invasive phenotype in tumor tissue and are
capable of intratumoral penetration, which can enhance the interstitial transport efficacy [10],

[11].

The overall goal of this doctoral dissertation is to quantitatively investigate the intratumoral
transport enhancement of Salmonella Typhimurium VNP20009 coupled with biodegradable
copolymer, poly(lactic-co-glycolic acid) nanoparticles, hereafter referred to as NanoBEADS
(Nanoscale Bacteria Enabled Autonomous Drug Delivery Systems), compared to conventional
passively diffusing nanoparticle based approach, and to identify mechanism of intratumoral

transport in NanoBEADS. To this end, following specific aims were defined:

o Develop an image processing algorithm for precise and computationally inexpensive
analysis of fluorescently labelled objects within the 3D tumor tissue

e Robust and repeatable biomanufacturing of NanoBEADS:



¢ Investigating the motility and chemotaxis of the S. Typhimurium VYNP20009 bacteria
used for biomanufacturing of NanoBEADS
¢ Optimizing the construction of NanoBEADS with respect to concentration of antibody,
particle to bacteria assembly ratio, zeta potential of streptavidin coated PLGA
particles, and removal of unbound particles after the assembly
o Developing a microfluidic sorting device for separation of similarly-sized particles via
bacterial chemotaxis
Evaluation of the intratumoral transport of NanoBEADS:
e Quantification of the intratumoral penetration enhancement of NanoBEADS
compared to passively diffusing nanopatrticle
e Investigating the crucial factors of intratumoral penetration of bacteria in different
tumors in vitro (HCT-116 colon cancer, U87MG brain cancer, and 4T1 breast
cancer) and in vivo (4T1 breast cancer)
o Bacteria invasiveness
o Intra/inter-cellular translocation
o Tumor compactness
o Effect of NanoBEADS processing steps (i.e. mechanical shear or
PEGylation) on invasiveness
Developing a biophysical model for intratumoral transport of infecting agents:
e Investigating the impact of limited oxygen concentrations (1% and 5%) on
bacteria and its interaction with cancer cells
o Developing gas infusion system to realize the Ilimited oxygen

concentration environment



o Examining the impact of limited oxygen concentration on bacterial viability
and growth, bacterial invasiveness into cancer cells, and cancer cell
viability

o Development of a computational model of bacterial growth and transport within
the tumor microenvironment

e Parametric sensitivity analysis of the transport model



1.2 Background

a. Challenges of Conventional Chemotherapy

Throughout human medical history, tremendous research effort has been made in a variety of
respects related to symptoms, causes, pathophysiology, diagnosis, treatment, prevention,
screening, management, and prognosis of cancer. Even though cancer-related research has
advanced a great deal during the last several decades, the cure for cancer seems farfetched.
This is because cancer is not a single disease. Rather, cancer is a group of diseases originating
from various organs, which undergoes very different pathological time courses from its inception
to its cure. More than 100 different types of cancer have been identified to date [12], [13].
Cancer is characterized by abnormal cell growth with the possibility of metastasis onto other
organs. Untreated cancer leads to death. Six representative hallmarks of cancer have been
identified [14]: 1) stimulation of growth factors, 2) inhibition of growth suppressors, 3) lack of
compliance with the cell-cycle related to cell-death, 4) sustained, uncontrolled proliferation, 5)

elevated angiogenesis, and 6) the stimulation of metastasis.

The tumor microenvironment especially possesses numerous characteristics, which make
conventional treatments ineffective. Most notably, tumors are poorly vascularized due to rapidly
dividing cells. This results limited oxygen and nutrient diffusion throughout the interstitium and
causes the accumulation of biochemical products such as lactic and carbonic acid, byproducts
of glycolysis during ATP production, which lowers the extracellular pH of tumoral sites [15].
Furthermore, limited oxygen diffusion leads to a hypoxic tumor microenvironment, which limits
the effectiveness of traditional treatments such as radiotherapy [16]. A dense microenvironment
due to the enhanced recruitment of fibroblasts, compacted structures of collagen, and space-
filling glycosaminoglycan [17], and the lack of lymphatic drainage in tumor microenvironment,
are additional degrading factors of efficacious chemotherapy, which requires drug delivery deep

into hypoxic region of the tumor [18].



Conventional chemotherapy remains the most common form of therapy for all forms and stages
of cancer [19]. Efficacious chemotherapy of primary solid tumors depends on transport of
macromolecular antitumor drugs into the tumors [20]. Antitumor drugs travel to tumors through a
sequence of transport modes: 1) circulation via blood vessels following intravenous
administration, 2) transvascular transport into the tissue nearby, and 3) transport through
interstitial spaces into the tumor [21]. Major reasons for poor drug delivery efficacy are twofold.
Firstly, only a small portion of the chemotherapeutic drug is extravasated through the blood

circulation. Although the extravasation of submicron-sized agents into tumors is thought to be
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Figure 1 1. Schematic of bacteria-enabled drug delivery system (NanoBEADS) for tumor treatment




promoted by the so-called enhanced permeability and retention (EPR) effect, which is the
enhancement of the accumulation of submicron-sized particles due to the leaky and fenestrated
neovasculature [22], [23] as shown in Figure 1.1, more than 95% of nanoparticle-based
chemotherapeutic drugs are cleared from the circulation and end up accumulating in organs

such as the liver, spleen, and kidneys [6], [24].

The second major reason for poor drug delivery to tumors is the elevated interstitial pressure
within the tumor microenvironment. Fast growing tumor cells within a confined volume increase
the interstitial pressure and increase the distance (>100 um) between the blood vessels and
tumor tissue [25]. Lack of lymphatic drainage causes additional accumulation of interstitial fluid,
which results in elevated interstitial fluid pressure in the tumor microenvironment. Additional fluid
pressure and osmotic gradients result in transvascular convection [26], [27] and a buildup of
metabolic waste, which, together with limited oxygen diffusion, cause hypoxia and acidosis [28].
Diffusion of chemotherapeutic agents sized 60 nm or larger through the tumor

microenvironment is greatly impeded due to the aforementioned reasons [21].

b. Bacteria-mediated Drug Delivery System
The afore-mentioned challenges of conventional chemotherapeutics underscore the need for an
active targeting and alternative transport mechanism. The current state-of-the-art active
targeting drug delivery systems rely on blood circulation and extravasation as passive transport
mechanisms, followed by intracellular penetration by means of “active targeting”, i.e. specific
ligand-receptor interactions between nanoparticle-based drug carriers and target cells [6]. [29].
Such a system is often misunderstood as a biological “missile tracking system” in which a drug

carrier is guided from intravenous introduction into its target cell.

Advances in active targeting of nanomedicine has substantially improved specificity of drug
delivery vectors; however, transport related issues described earlier remain unaddressed.

Bacteria-mediated drug delivery systems possess unique characteristics that address many of
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the shortcomings of conventional chemotherapy approaches. For example, various species of
bacteria have been shown to preferentially colonize tumors over normal tissue [30], [31].
Moreover, bacteria are known to have an inherent therapeutic effect on cancer [7]. More than a
century ago, William Coley, an early 20™ century surgeon, intentionally infected cancer patients
with bacteria after noting positive effects on a sarcoma patient and later developed a bacteria-
derived cancer drug termed “Coley’s toxin” [8], [32]. While the mechanisms for innate tumor cell
destruction are not entirely clear, it is hypothesized that a combination of several pathogenicity-
related bacterial functions are at play [33]. Recent bacteria-related cancer research has shown
that the numerous gram-negative and gram-positive species of bacteria are suited for
therapeutics purposes. Strict anaerobes such as Clostridium [34] and Bifidobacterium [35] were
used to target the hypoxic regions of solid tumors. Although the selective germination of C.
novyi-NT spores in tumors imparts a degree of safety for the patient, the gene that encodes for
the a-toxin was deleted to decrease bacterial toxicity. Subsequent administration of the spores
to tumor-bearing mice resulted in good tumor colonization and prolonged the animals’ survival
[36]. However, confinement of the strict anaerobes to the hypoxic region might have a negative
effect on overall tumor colonization due to lack of growth in viable regions. In order to address
this limitation, facultative anaerobes such as Salmonella Typhimurium [37], Escherichia coli [38],
and Listeria monocytogenes [39] were studied and showed selective tumor colonization and
antitumor effects. In particular, S. Typhimurium is widely recognized for tumor-targeting,
preferentially colonizing primary tumor and metastatic cancer, and inhibiting the growth of
tumors, which can be useful attributes for a therapeutic carrier [40], [41]. Most notably, S.
Typhimurium VNP20009 was constructed by genetically modifying the highly-virulent and
invasive wild-type strain Salmonella enterica serovar Typhimurium 14028, so as to retain a
stable virulence attenuation without compromising its tumor targeting ability, anti-tumor effects,
and antibiotic susceptibility [28]-[46]. A Phase | clinical trial in which human patients were
intravenously injected with S. Typhimurium VNP20009 demonstrated the safety of this strain
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(maximum-tolerated dose: 3 x 108 cfu/m?). Colonization within metastatic legions was detected

in only three out of 24 patients but no regression was observed. The results suggest that there
is a need for an improved system to achieve more efficacious bacteria-mediated cancer

treatment [9], [47].

We hypothesize that nanoparticle-bacteria complexes (i.e. NanoBEADS) address the
shortcomings of bacteria-only and nanoparticle-only drug delivery systems and enable a more
effective multimodal drug delivery approach by combining strengths of particle and bacteria-
based drug delivery systems, particularly with respect to interstitial transport efficacy. Thus, this
doctoral study focuses on developing a robust and repeatable biomanufacturing strategy for
construction of NanoBEADS, followed by investigating the transport characteristics and

mechanisms of the NanoBEADS system in vitro and in vivo.



1.3 Organization of the Thesis

The overall goal of this dissertation is to quantitatively investigate the intratumoral transport
enhancement of S. Typhimurium VNP20009 coupled with biodegradable copolymer, poly(lactic-
co-glycolic acid) nanoparticles compared to conventional passively diffusing nanoparticle based

approach.

First, we have developed an image-processing algorithm, referred to as 3DCONFO (3D Map
Construction for Fluorescent Objects) in order to accurately analyze the distribution and
concentration of fluorescently-labeled bacteria, nanoparticles, and NanoBEADS within the 3D
tumor tissue. Then, we have investigated the correlation between the motility and chemotaxis of
S. Typhimurium strain VNP20009 and the expression of cheY and msbB genes. We compared
the results to the wild-type strain in order to better evaluate the performance of NanoBEADS
with respect to the desirable characteristics of tumor-targeting bacteria, given that intrinsic
bacterial characteristics such as motility and chemotaxis could be beneficial for efficacious
intratumoral localization [48]-[51]. We have developed bacteria conjugated with a PEGylated
polymer complex called NanoBEADS (Nanoscale bacteria-enabled autonomous drug delivery
system). In order to optimize the fabrication of NanoBEADS, defined here as maximizing the
nanoparticle load of each bacterium, the various experimental parameters have been studied:
the particle to bacteria ratio, the zeta potential of streptavidin coated nanoparticles, and the pore
size centrifugal filter for separating unoccupied nanoparticles from NanoBEADS that are made
with non-chemotactic bacteria. Next, a high-throughput microfluidic sorting platform was
developed to utilize the chemotaxis of bacteria through specific and non-specific types of
nanoparticle attachment to bacteria in the extended work of separating unbound particles from
NanoBEADS that are made with chemotactic bacteria. Subsequently, characterization of the
intratumoral transport efficacy of NanoBEADS was carried out through quantitative analysis of

the penetration into tumor spheroids in vitro and into tumors of tumor-bearing mice in vivo. The
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results were compared to a nanoparticle-only-based approach and further investigations of the
determining factors of transport efficacy. A biophysical model for intratumoral transport of
infecting agents based on the intratumoral penetration experimental results was introduced
along with a study of the impact that limited oxygen concentrations have on bacteria and tumor
cells such as cytotoxicity, invasiveness, and growth rate. The remainder of this dissertation is

organized as follows:

Chapter 2:

In this chapter, we present a novel semi-automated and computationally-efficient method to
guantify and produce a 3D map of fluorescent objects in fluorescence images captured with
either a confocal or wide-field microscope without the use of edge detection or other expensive
algorithms by applying two calibration steps. First, the average size of the object of interest was
calibrated. The grey level intensity for the fluorescent objects was also calibrated through the
fitted analytical function using the distribution of fluorescence intensity along the z-axis for a
series of representative z-stacked images. Conversion of the fluorescent intensity image into
binary image was performed by dual-threshold filtering algorithm. Finally, 3D distribution map
was constructed via employing the compensation algorithm. The robustness and accuracy of
the method to analyze bacterial colonization of tissue, bacterial chemotaxis in a microfluidic
channel, 3D architecture of bacterial biofilms, and the compactness of tumor tissue was also

demonstrated.

Chapter 3:

In this chapter, constructed mutants (e.g. S. Typhimurium VNP20009 with cheY restored

(denoted cheY™) and S. Typhimurium VNP20009 with msbB restored (denoted msbB®)) of
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Salmonella Typhimurium VNP20009 with the cheY and msbB genes were used for motility and
chemotaxis assays in order to determine if chemotaxis of VNP20009 can be optimized to enable
future analysis of maximal tumor targeting potentially. The correlation between the restored
genes and bacterial behavior with respect to the parental strain, S. Typhimurium 14028 was
studied. Under normal function, CheY regulates the flagellar motor switch mechanism
based on the relative rates of chemo-effector binding to and dissociation from
transmembrane chemoreceptors, leading to a bias in flagellar rotation. The msbB gene is
implicated in terminal myristoylation of the highly-immunogenic Lipid A component of LPS, thus
its deletion results in altered outer membrane properties [38]. We reported that by restoring the
gene which encodes a lipid A altering enzyme msbB, we significantly increased the
performance of the strain in chemotaxis assays, including swim plates and a microfluidic device

[52].

Chapter 4.

In this chapter, we described the fabrication of NanoBEADS (i.e. engineered bacteria coupled
with a PEGylated polymer nanoparticles) and characterized their properties such as particle
loading capacities, hydrodynamic size, zeta potential, and the pore size centrifugal filter for
separating unbound nanoparticles from the NanoBEADS that are made with non-chemotactic
bacteria. Lastly, we reported a simple and cost-effective sorting technique for the separation of
similarly-sized particles of dissimilar surface properties within a diffusion-based microfluidic
platform by utilizing chemotaxis in Escherichia coli (or any other chemotactic) bacteria.
Differences in surface chemistry of two groups of similarly sized nanoparticles in a mixture were
exploited to selectively assemble one particle group onto motile E. coli, through either specific or
non-specific adhesion, which were separated from the remaining particle group via chemotaxis
of the bacteria. The proposed sorting technigue was also applicable to the separation of
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NanoBEADS that are made with chemotactic bacteria from unbound nanopatrticles, which are
inevitable artifact of NanoBEADS fabrication. To enable optimal operation of the sorting platform,
the chemotaxis behavior of E. coli bacteria in response to casamino acids, the chemo-effector of
choice was first characterized. Sorting efficiency, throughput, and sensitivity of the system

based on the size of particles were characterized under optimal operational conditions.

Chapter 5:

In this chapter, the intratumoral transport efficacy of the infecting agents (PLGA particles,
bacteria, and developed NanoBEADS) into the in vitro tumor spheroids from colon (HCT-116),
brain (U87MG), and breast (4T1) cancer tumor cell lines was determined. The results showed
that bacteria conjugation strategy definitely enhance the interstitial transport efficacy. The
mechanism for penetration with respect to intracellular invasiveness and intercellular
translocation was also investigated. A discussion on intratumoral transport with respect to tumor
compactness and the effects of treatments including mechanical shear and PEGylation on the
transport performance was presented as well. To investigate the in vivo intratumoral transport

efficacy of NanoBEADS, 4T1 breast tumor-bearing mice were used.

Chapter 6:

A biophysical model for intratumoral transport of the infecting agents (PLGA particles, bacteria,
and developed NanoBEADS) based on the previous intratumoral penetration experimental
results (chapter 5) was developed. In order to accurately describe intratumoral bacteria
penetration within the hypoxic region, the impact of limited oxygen concentrations (1% and 5%)
on bacteria viability and growth and tumor cell viability was examined. A parametric sensitivity

analysis of the transport model was also carried out to determine the key factors affecting
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bacterial transport and colonization of the tumor. The results showed that the model reproduce

characteristic bacterial penetration profile, consistent with the experimental data.

Chapter 7:

This chapter describes the original contributions and the new knowledge developed through this

Ph.D. dissertation. Future directions for expanding this research are also discussed.
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Chapter 2. Image Processing Algorithm
Development for 3D map Construction of
Fluorescent Objects?

2.1 Introduction

Fluorescence microscopy has revolutionized biological research, enabling the development of a
host of technologies and measurements across multiple scales, ranging from whole-cell tracking
to the quantification of single molecules tagged with a fluorescent protein. One of its most
significant advantages is the ability to image through otherwise opaque materials to locate and
identify fluorescent objects in three dimensions. This is accomplished by acquiring a series of
2D images along the focal axis, which can then be used to computationally create a 3D

representation of the entire sample [53].

As both microscopy and imaging technology improve, automated image processing becomes
increasingly important for efficiently analyzing the large amounts of data collected. A nhumber of
approaches to automate or semi-automate the segmentation of discrete fluorescent objects in
three dimensions have been presented in literature, usually consisting of a hybrid of several
image processing techniques. For example, cell nuclei have been segmented in both 2D and 3D
by quantifying intensity gradients and geometric distances, combined with a watershed
algorithm, and followed by analysis of anatomical features to produce results that were up to 97%
accurate relative to manual counts [54], [55]. Daims et al. [56] used thresholding combined with
a watershed algorithm to segment colonies and aggregates of microbes in biofilms probed using
FISH (fluorescent in situ hybridization). Their algorithm uniquely included a feature to correlate

“biovolume” with actual cell numbers for quantification, rather than attempting to segment

> Work done in collaboration with Eric Leaman (VT Mechanical Engineering)
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individual microbes. More recently, Hodneland et al. [57] used an analogous approach for
analysis of mammalian cells by implementing a minimum and maximum cell volume into the
segmentation algorithm itself as part of their “CellSegm” program. Many of the published
methods for segmenting, counting, and analyzing images of fluorescent cells have been

implemented in freely-available software programs (reviewed in [58]).

The greatest challenge in accurate 3D fluorescent image analysis is proper filtering to eliminate
signals from objects that are above or below the focal plane. This is of particular importance in
conventional wide-field microscopy, as the excitation signal is applied throughout the height of
the sample. Removal of this noise inherently increases the computational expense of image
processing, as illustrated by the 3D edge detection and watershed algorithms employed in
existing published methods [56]. In the present work, we present a novel semi-automated and
computationally-efficient method to quantify and produce a 3D map of fluorescent objects in
fluorescence images captured with either a confocal or wide-field microscope without the use of
edge detection or other computationally-expensive algorithms. This is facilitated by conducting
pre-image processing calibration of the data in prior to apply the image processing procedures.
First, a sparsely-populated example image is input, from which the average object area is
calculated. Next, an analytical function is fit to the distribution of fluorescence intensity along the
z-axis for a series of representative z-stacked images. Together, this data provides the object
size information needed to accurately create binary representations of the objects in space and
guantify numbers. Our software quantifies fluorescent objects with an overall accuracy 98%

across a variety of sample types.

2.2 Methods

a. Overview
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Figure 2.1. General flow chart for image processing for construction of a 3D object distribution map.

3DCONFO (3D Map Construction for Fluorescent Objects) automates the detection of
fluorescent objects located in a 3D sample, constructs a 3D map of the fluorescent object
distribution, and counts the number of objects. Briefly, the user loads a microscopy image and
manually defines the region of interest (e.g. boundary of the sample). 3DCONFO processes the
image to identify the fluorescent objects and converts it to a binary image showing only the
fluorescent objects according to optimal filtering parameters set by the user. These parameters
are then used to analyze a series of z-stacked images to create a 3D distribution map.
Throughout this process, 3DCONFO generates files containing information about the spatial
distribution of the objects and quantitative performance indices for selected applications (further
described in Application Study). The MATLAB-based software tool is computationally efficient
relative to comparable programs, and is extremely useful for performing enumerative analyses
in a variety of applications, such as nanoparticle penetration or bacterial colonization of tissue
samples, biofilm formation, and cell viability assays. General flow of the proposed image

processing algorithm is described in Figure 2.1.

b. Image pre-processing
The user loads the greyscale image, separated from the acquired fluorescent images along the
z-axis, which is orthogonal to the focal plane in order to investigate the distribution of fluorescent
objects throughout the 3D sample. Before automated analysis begins, the user optimizes the

filtering parameters to identify the infecting fluorescent objects within the manually-selected
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Figure 2.2. Image processing procedure. (A) Fluorescent microscope images, (B) Cropped image
based on the user-defined boundary, (C) Conversion of greyscale image to binary image, and (D)
Filtering algorithm for thresholding based on local fluorescent intensities

region of interest with a representative microscope image. Multiple images along the z-axis are

then processed to build a 3D distribution map.

C. Filtering algorithm
In order to exclusively detect the fluorescent signals from fluorescent objects within the selected
region of interest (ROI) of the image, a threshold filter based on the local and global greyscale
intensity values was applied. We use rectangular bins of user-defined height and width to
adaptively threshold each pixel. Different imaging modalities generate images with varying
attributes such as signal-to-noise ratio, the average grayscale intensity value, etc., which

present a challenge for obtaining consistent quantification results. We accommodate different
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imaging modalities by allowing the user to manually set two threshold parameters. The first
parameter sets a global greyscale intensity value ranging from 0 to 255, and the second
parameter defines the acceptable percent variation from the mean greyscale intensity value
inside any individual bin. Variable thresholds are then determined locally and used to assign any
pixel with a raw greyscale intensity value greater than both the local and global thresholds in

each bin a “1,” while all others are assigned a “0.” This procedure results in binary images with
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Figure 2.3. Size quantification for the single agent based on the microscope image. (A) Original
greyscale image, (B) Filtered Binary Image, (C) Single agent-based segmented image using
connected component segmentation, and (D) Size distribution of detected fluorescent objects from
segmentation
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false detection near locally bright or dark regions eliminated, showing only the locations of

fluorescent objects within the sample as shown in Figure 2.2.

d. Quantification of the size of a single agent
Size quantification of individual fluorescent object presented a significant challenge in this work.
When multiple fluorescent objects are located near one another, distinguishing a single agent
requires computationally expensive segmentation algorithms, and random agent orientation
causes the perceived size of each agent to vary greatly, especially for fluorescent objects with a
high aspect ratio. Moreover, varying image resolution and excitation energy between different
imaging modalities cause the signal-to-noise ratio to be inconsistent. In order to address these
challenges and consistently and accurately quantify the number of fluorescent objects in imaged
samples, the size of a single agent was incorporated into the analysis of each sample.
3DCONFO includes this pre-analysis step for estimating the size of a single agent under
different imaging conditions. The step also requires selecting a region of interest, which must be
chosen from an area where fluorescent objects are sparsely distributed. Segmentation of
connected components were identified for their size evaluation in order to determine the mean
size of the single agent as shown in Figure 2.3. For example, the images of various bacterial
strains were used to quantify the size of a single cell prior to enumeration of bacteria (Figure

2.S1).

e. Construction of 3D agent distribution map with compensation algorithm
Once the filtering parameters for the single image are optimized, a series of images along the z-
axis are processed using the same parameters. The 3D agent distribution map is built based on
the focal depth information of each frame. Simple piling up the multiple images, however, results
in an overestimation of the number of fluorescent objects because the fluorescent signal from a
single agent is present in neighboring frames. In order to filter signals such that final binary

results only include at actual agent locations in 3D, a compensation algorithm was developed.

20



The repeating signal intensity profile throughout the z-stack images from a single agent is
measured and fitted to a calibration curve (Figure 2.4 (C)). This curve, representing the light
intensity as a function of distance along the z-axis, was modeled using the solution for 1D

Fickian diffusion for a finite source placed between two semi-infinite bodies:

F = erf (a(z + L/Z)) — erf (a(z + L/z)), (2.1)

where fluorescent intensity is given by F, z is distance between the focal plane and the z

(A) Z stack images (Grey Scale Image) with Az = 1.53 ym (B) Enlarged image
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Figure 2.4. Calibration curve fitting for fluorescent intensity dissipation over distance. (A) z-stack
images of single agent acquired for calibration, (B) Selected point for demonstration, (C) Fluorescent
intensity dissipation over distance in z direction, and (D) Compensation process based on the
calibration curve fitting
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location of the fluorescent object, and L is width of the object. The constant, «, is solved through
established model and experimental data from the library of sample images acquired with the
equivalent imaging conditions. Once, the local maximum greyscale intensity values of multiple
images throughout the z-axis are determined, the calibration curve, fitted at the local maximum
is used to investigate whether the greyscale intensity value around the peaks are smaller than
light dissipation curve to confirm that the signals are generated from the according local maxima.

If distance between the peak and point of interest in an adjacent image from the z-stack
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Figure 2.5. A 3D agent distribution map is constructed using a compensation algorithm comparing
consecutive images acquired from z-stack microscopy images. (A) Acquired z-stack images, (B) 2D
projected distribution map for the number of fluorescent objects, and (C) The resulting 3D agent
distribution map
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exceeds the size of single agent and the greyscale intensity value of the point is under the
calibration curve, the point assigned “1” becomes “0” so as to exclusively detect the agent
occupying locations. Figure 2.5 shows how the 3D agent distribution map is constructed

applied with compensation algorithm.

2.3 Results
a. Filtering Algorithm

The filtering algorithm designed in this work utilizes a global threshold and a locally defined

(A)

Original

(B)

Processed

Figure 2.6. Filtering algorithm performance for a locally noisy region. (A) Fluorescent microscope
images contain signals from out-of-focus objects and (B) A processed image after filtering noisy
signals using a locally defined threshold
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threshold, efficiently removing noise and fluorescent signals from objects above or below the
focal plane as shown in Figure 2.2. However, many microscope images contain noisy signals
originating due to auto fluorescence, inconsistent lighting conditions, etc., which may have a
“cloudy” appearance. It is vital to distinguish and filter out the noise in order to quantify only the
signals from infecting fluorescent objects. The filtering algorithm presented herein effectively
excludes signals from noise as shown in arrows in Figure 2.6(A). Such signals may not be
removed via the absolute threshold but are filtered by the local threshold. As shown in the
resulting binary image in Figure 2.6(B), cloudy signals were excluded while distinctly brighter

regions near the “cloudy” region were correctly detected as fluorescent objects.

b. Compensation algorithm
It is common that the fluorescent signals from one agent are detected in more than one slice of
z-stack microscope images due to the light dissipation artifacts of fluorescent light. In order to
accurately quantify the number of agent located within the sample without overestimating, it is
crucial to resolve these limitations. To this end, the compensation algorithm was applied to
interconnect multiple microscope images with determining if fluorescent signals originating from
local maxima along the z-axis dissipate over adjacent 2D images from the z-stack. The
algorithm removes signals when the greyscale intensity value surrounding a local maximum is
lower than the calibrated dissipated light profile and the distance from the maxima to the point of
interest is greater than the longest dimension (on average) of the fluorescent objects imaged.
The culmination of the program is the creation of a projected agent distribution map, which can

be used for analyzing the number of fluorescent objects and the distribution profile.

24



In order to determine the accuracy of the method for quantifying the number of fluorescent
objects in a sample, we compared the number of fluorescent objects, bacteria on a coverslip,
bacteria in tumor spheroids, or bacteria in a biofilm, detected by 3DCONFO with the manual
enumeration. The mean error was estimated to be 2.2 + 0.9 % (n = 27). The majority of the error
stemmed from the varying orientations of the fluorescent objects, which made the detected size
of each vary significantly, thus skewing the enumeration of the fluorescent objects (Figure 2.7).
Moreover, if the total number of fluorescent objects was too small, the results might not well
represent the population and were more sensitive to deviations from average size

measurements. Although higher magnification objectives and higher spatial resolution would

(A) Z stack images (Grey Scale Image)

(B) Processed images (Binary Image)

(C) Compensated Processed Image

70 %  Bacteria counts on coverslip

%  Bacteria counts in tumor
Bacteria counts in biofilm
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Line of slope of 1 with +10%
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8
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Figure 2.7. Construction of a 3D agent distribution map from bacterial colonization of tumor spheroids.
(A) Zoomed-in microscope images at different z-depths, (B) Processed images, (C) Projected
distribution map for quantifying the number of fluorescent objects, and (D) Number of fluorescent
objects quantification results using 3DCONFO vs. manual counts
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enhance the accuracy significantly, the major advantage of the proposed system is the
guantification of fluorescent objects with the minimal computational power while providing highly

accurate results given the appropriate conditions.

C. Application Study
Upon construction of 3D agent distribution map, 3DCONFO converts the information from a
number of pixels to a number of fluorescent objects. Depending on the application, the software
can provide either the absolute number of fluorescent objects or the spatial density of agent
accumulation. Spatial density of the agent accumulation is estimated from the sample size and
focal depth of images. We have implemented 3DCONFO to analyze the intratumoral penetration
experiment using fluorescent bacteria Salmonella Typhimurium VNP20009 incubated with
multicellular tumor spheroids (HCT-116 colon cancer). In order to analyze the intratumoral
penetration performance of infecting fluorescent objects, i.e., bacteria, several indices were
defined. The accumulation index (Al) quantifies the number of accumulating fluorescent objects

that penetrated a given sample volume in units of number of fluorescent objects/pm?®:

n
Al = ( agent)SAMPLE (2.2)
VSAMPLE
where Vsamprg IS the volume of the sample and (nagent)SAMPLE is the number of fluorescent

objects accumulated throughout the entire sample. In addition, the penetration index (Pl) was
defined to give a measure of the penetration depth of the infiltrating fluorescent objects with

respect to the center of the sample:

pI — Z?’=1ri ’ (nagent)i

(2.3)

Rpax - (nagent) SAMPLE

where r; is the penetrating depth of each bin, (nagent)i is the number of the penetrating

fluorescent objects within bin i, R, IS the maximum penetrating distance for the sample, and
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(n t) is the total number of the fluorescent objects detected within the entire sample.
agent/sAMPLE

The PI ranges from 0 to 1, where a value of 1 indicates that all of the fluorescent objects
travelled to and ended up in the center of the sample and 0 indicates that all of the fluorescent
objects remained in the periphery of the sample. The bacteria distribution map within tumor
spheroids constructed using 3DCONFO was used to precisely quantify penetration performance
as well as the accumulation profile as shown in representative plot (Figure 2.S52). We also have
utilized 3DCONFO to precisely approximate the distribution of fluorescent bacteria in
microfluidic device to quantitatively estimate bacterial chemotaxis [59]. The number and the
location of bacteria were used to quantify chemotactic performance using indices such as the
chemotaxis partition coefficient (CPC) [60] (Figure 2.S3). The bacteria that formed a thick
biofiilm on a glass substrate were imaged using fluorescence microcopy and 3DCONFO
generated the 3D agent distribution map (Figure 2.S4). It also quantified the number of bacteria
deposited on the substrate, which was validated with manual counting of individual bacteria.
Additionally, we used 3DCONFO to assess the compactness of tumor spheroids by calculating
the cell packing density, defined as the spatial fraction of cell nuclei [61]. This was done by
fluorescently imaging slices of tumor spheroids with stained nuclei. 3SDCONFO was then used to
quantify the spatial fraction of the size of cell nuclei and the average cell packing density profile

along the radial dimension (Figure 2.S5).

2.4 Conclusion

We have developed a simple, semi-automated image processing paradigm for analyzing the
distribution of fluorescent objects in microscope images, particularly useful for z-stacked sets.
By using two manual pre-processing steps, the average size of the fluorescent objects is
determined and used to accurately quantify the number of objects and produce a 3D map of the

spatial distribution without the use of computationally expensive segmentation algorithms. We
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demonstrated the robustness and accuracy of the method to analyze bacterial colonization of
tissue, bacterial chemotaxis in a microfluidic channel, and the compactness of tumor tissue.
This processing routine is widely useful in biomedical research applications. The method was
implemented in a computationally efficient MATLAB program, which is available in the

Supplementary Files.

2.5 Supplementary Information

(A) Salmonella Typhimurium 14028 (B) Escherichia. Coli RP437 (C) Salmonella Typhimurium VNP20009

Average size of bacteria ~ 11.4 pixel

Segmented

Figure 2.S1. Size quantification of single bacteria of different strains based on the microscope images
in selected regions of interest. (A) Salmonella Typhimurium 14028, (B) Escherichia coli RP437, and
(D) Salmonella Typhimurium VNP20009
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(A)

(B)

Figure 2.S4. Construction of a 3D agent distribution map. (A) Fluorescent microscope images of
biofilm forming bacteria at different z-positions and (B) The 3D agent distribution map created by
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Figure 2.S5. Cell packing density profile estimation. (A) Fluorescent microscope images sliced
samples from nuclei-stained tumor spheroids (HCT-116 colon cancer), (B) Processed binary image,
and (C) Cell packing density profile vs. radial dimension (Scale bar is 100 um)
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Chapter 3. Optimizing the restored chemotactic
behavior of anticancer agent Salmonella enterica
serovar Typhimurium VNP20009 °

KEYWORDS
Bacterial anti-tumor therapy, chemotaxis, microfluidic chemotaxis assay, tumor-colonizing

bacteria

3.1 Abstract

Bacteria, including strains of Salmonella, have been researched and applied as therapeutic
cancer agents for centuries. Salmonella are particularly of interest due to their facultative
anaerobic nature, facilitating colonization of differentially oxygenated tumor regions. Additionally,
Salmonella can be manipulated with relative ease, resulting in the ability to attenuate the
pathogen or engineer vectors for drug delivery. It was recently discovered that the anti-cancer
Salmonella enterica serovar Typhimurium strain VNP20009 is lacking in chemotactic ability, due
to a non-synonymous single nucleotide polymorphism in cheY. Replacing the mutated copy of
cheY with the wild-type sequence restored chemotaxis to 70% of the parental strain. We aimed
to investigate further if chemotaxis of VNP20009 can be optimized. By restoring the gene msbB
in VNP20009 cheY+, which confers attenuation by lipid A modification, we observed a 9%
increase in swimming speed, 13% increase in swim plate performance, 19% increase in

microfluidic device partitioning towards the attractant at the optimum concentration gradient, and

® Work done in collaboration with Katherine Broadway and Professor Birgit Scharf (VT Biological
Sciences)

Note: The work presented in this chapter on the quantifications of chemotaxis and motility was done by
SeungBeum Suh. Mutant construction, flagella labelling, and flagella quantification was done by
Katherine Broadway.

Broadway, K, Suh. S, Behkam. B, Scharf. B, "Optimizing the restored chemotactic behavior of anticancer
agent Salmonella enterica serovar Typhimurium VNP20009." Journal of Biotechnology 251 (2017): 76-83.
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mitigation of a non-motile cell subpopulation. We conclude that chemotaxis can be enhanced
further but at the cost of changing one defining characteristic of VNP20009. A less
compromised strain might be needed to employ for investigating bacterial chemotaxis in tumor

interactions.

HIGHLIGHTS
e A considerable subpopulation of non-motile cells exists in VNP20009 cheY”*
e The msbB gene contributes significantly to the chemotaxis defect of VNP20009 cheY”

¢ VNP20009 cannot be made fully chemotactic without changing its core attributes

3.2 Introduction

Bacteria have been researched for their potential application as therapeutic agents for centuries.
Specifically, the enterobacterium Salmonella is an attractive model for studying tumor targeting
due to its facultative anaerobic nature, allowing for colonization of the differentially oxygenated
necrotic and viable tumor regions [10], as well as large and small tumors [32]. In addition,
Salmonella can be manipulated genetically with relative ease and possesses an intriguing
facultative intracellular lifestyle [62]. Importantly, an attenuated, auxotrophic Salmonella enterica
serovar Typhimurium strain has resulted in decreased tumor growth in mice bearing B16F10
melanoma and has been suggested to be able to colonize solid tumors up to a reported 9,000
times greater than the liver [63].

Several strains of S. Typhimurium have been constructed for the purpose of tumor targeting and
chemotherapy delivery, most mentionable being: Al [64]/A1-R [65]-[71], BRD509/BRD509E
[72], [73], x4550 [74], CRC2631 [75], AppGpp [76]-[78], LH340 [79]-[81], LVRO1 [82], MvP728
[83]-[85], RE88 [86]-[88], SA186 [89], SB824 [90], SL3261 [91], [92], SL7207 [93]-[96], YB1

[97], [98], and VNP20009 [46]. VNP20009 was created by Low et al. [99] from strain 14028s
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through selection for hyperinvasion by chemical/lUV mutagenesis. The strain additionally
contains two targeted deletions resulting in purine auxotroph (purM-), and attenuation by
modification of lipid A (msbB-) [99]. VNP20009 was assessed in a variety of animal models, for
acute toxic effects in cynomolus monkeys, yorkshire pigs and mice [100], as well as distribution
in mice and nonhuman primates [46]. VNP20009 was found to preferentially target tumors in
mice, with tumor:normal tissue colonization ratios of 21,000:1 [46]. Finally, VNP20009 has been
attributed to curing a dog with epitheliotropic lymphoma, in which the patient received two
infusions of the bacteria, experienced a greater than 50% reduction of the tumor, and after five
total infusions was disease free [101]. These studies culminated in a 2001 Phase 1 Clinical Trial,
where VNP20009 was introduced as a treatment to patients with nonresponsive metastatic
melanoma or renal cell carcinoma. Although colonization was observed for some patients,
treatment with VNP20009 did not result in tumor regression [102]. The optimized balance of
safe delivery and therapeutic efficacy remains a topic of interest for future use of Salmonella as
a cancer therapy.

Many S. Typhimurium traits have been investigated for optimization of bacterial localization and
retardation of tumor growth. These comprise components of virulence including pathogenicity
islands SPI-1 and SPI-2, motility, chemotaxis, biofilm formation and metabolism [50], [103],
[104]. Utilization of chemotaxis is particularly an interesting concept, because the machinery can
be manipulated to facilitate bacterial colonization of specified regions of tumors based on the
chemoattractant composition. Generally, it has been found that bacterial chemotaxis is
favorable for tumor spheroid colonization in vitro, with specific chemoreceptors facilitating tumor
microenvironment localization [49], [105]. In contrast, in immunocompetent mice, non-
chemotactic or non-motile Salmonella strains colonized tumors with the same efficiency as the
wild type [48]. Recently however, in a high-throughput screening of mutant S. Typhimurium
strains, the presence of chemotaxis gene cheY and motility genes motA and motB was found to
hold an advantage for tumor colonization [106]. Thus, due to different experimental conditions,
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S. Typhimurium strains and cancer models, the role of chemotaxis in vivo is controversial, or
perhaps greatly context dependent.

VNP20009 was recently discovered to be deficient in chemotaxis, due to a non-synonymous
single nucleotide polymorphism (SNP) in the gene encoding the chemotaxis two-component
response regulator, cheY [107]. Upon replacing the deficient copy of cheY with the wild-type
copy, chemotaxis was recovered to 70% of the parental strain [107]. The overall objective of this
study was to determine if chemotaxis of VNP20009 can be optimized to enable future analysis
of maximal tumor targeting potentially through positive chemotaxis to metabolic byproducts of
cancerous tissue. We report that by restoring the gene which encodes a lipid A altering enzyme
msbB, we significantly increased the performance of the strain in chemotaxis assays, including
swim plates and a microfluidic device, which establishes attractant gradients. We discovered
that the enhancement in population scale chemotaxis performance was partially due to an
increase in the motile cell population of VNP20009 cheY+ upon curing the msbB defect. In
conclusion, lack of modified lipid A due to the msbB deletion of VNP20009, which is a defining
characteristic by the National Cancer Drug Dictionary [108], yielding the strain’s safety as an
anticancer therapy, also negatively impacts chemotaxis, which makes it a less ideal strain for

exploring the impact of bacterial chemotaxis in cancer colonization.

3.3 Materials and methods
a. Bacterial strains and growth conditions
Bacterial cell cultures were routinely grown in MSB [109] media (1% tryptone, 0.5% yeast
extract, 2 mM MgSO,, 2 mM CacCl,) at 37°C.
b. Mutant construction
Mutant strains were constructed using the lambda-red genetic engineering system [110],

[111]. The msbB gene in VNP20009 cheY+ was restored by replacing the mutated copy
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with the parental copy. We were careful in this construction, not to alter the 3' extension
of pykA in VNP20009, which resulted in 13 new codons [112]. This was ensured using
primer pairs msbB400dn with MID1dn, and msbB400up with MID2up, with template
chromosomal DNA from VNP20009 or 14028, respectively (see Supplemental Table 1).
Each of the MID primers have overlapping regions, resulting in a DNA fragment
approximately 1.7 kbps in size.

After deleting msbB in strain 14028, a mutant carrying the Suwwan deletion was
selected for by plating on LB-0 plates (lysogeny broth [113] without NaCl) supplemented
with 6 mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA). All
mutations were confirmed by Sanger sequencing.

C. Quantitative swim plate assay
MSB swim plates (0.3% agar) were inoculated with 2.5 ul of stationary phase cultures
and incubated for approximately 12 hours at 37°C. Data was normalized to the average
of 14028 and represents 6 experiments, except the negative control VNP20009 with 3
experiments, each in triplicate.
d. Microfluidic device fabrication and testing

The design and fabrication of the device was previously described in detail [52]. Briefly,
polyethylene glycol diacrylate (PEG-DA, MW=700 Da, 10% (v/v) in phosphate buffered
saline (PBS)) solution mixed with 0.5% (w/v) of the photoinitiator Irgacure® 2959 (Sigma-
Aldrich, St. Louis, MO) was photo-polymerized by 15 seconds of UV treatment (365 nm,
18 W/cm?, Omnicure S1000, Vanier, Quebec) within a polydimethylsiloxane (PDMS)
enclosure on the glass slide. A three-channel pattern blocked the UV penetration to
establish hydrogel wall around the channels. A PDMS layer with access ports for inlet
and outlet tubing was placed on the PEG-DA hydrogel layer and the entire assembly was
sandwiched between two plexiglass supports to ensure complete seal. Continuous flow
of motility buffer (MB; 6.4 mM K,HPO,, 3.5 mM KH,PO,, 0.1 mM EDTA, 1 uyM -
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methionine, 10 mM p,-lactate, 2 mM MgSQO,4, 2 mM CacCl,, pH 7.0) at 5 pl/min through the
left outer channels and L-aspartic acid in MB in the right outer channel was maintained
for 60 minutes using a syringe pump (PHD Ultra syringe pump, Harvard apparatus,
Holliston, MA). Finite element analysis software package COMSOL® was used to
evaluate the required diffusion time for L-aspartic acid transport through the hydrogel
wall to establish a quasi-steady and linear chemical concentration gradients across the
central channel. For instance, the optimum chemical concentration gradient of 1.54 x 10
> M/mm was achieved within 60 minutes where the chemo-attractant channel was filled
with the L-aspartic acid at a concentration of 10* M. For the computational model, the
diffusion coefficient of L-aspartic acid was attained to be D = 1.5 x 10® cm?/s, from
previous work using a Franz diffusion cell [52]. Once the chemical concentration gradient
was established through the central channel, the bacteria suspended in MB were
manually injected to the central channel. Bacterial biased distribution due to the
chemotaxis reached steady state within 15 minutes.

e. Imaging and data analysis of the chemotaxis response within microfluidic device
Bacterial biased migration via chemotaxis within the microfluidic device was captured
using a Zeiss AxioObserver Z1 inverted microscope equipped with an AxioCam mRM
camera and a 20x objective. The images were analysed using an image processing
algorithm developed in MATLAB to quantify the number of bacteria located either in the
left or right half plane of the central channel. The chemotaxis performance was quantified
using the chemotaxis partition coefficient (CPC) [52], a population-metric showing the
chemotaxis responsiveness and is defined by
B.—B;

cpc =2

B+B (3.1)

where B, is the number of bacteria in the right half plane of the central channel, B, is the

number of bacteria in the left half plane of the central channel. When the chemo-effector
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is located in the right side of a central channel, CPC values of +1 and -1 indicate the
strongest attraction or repellence, respectively. Data are representative of an average of
5 x 10° cells/experiment.
f. Image and data analysis of bacterial swimming speed
Bacterial movement was captured using a Zeiss AxioObserver Z1 inverted microscope
equipped with an AxioCam Hsm camera and a 63x oil immersion objective at a spatial
resolution of 0.31 um/pixel and temporal resolution of 30 fps. A minimum of 80 bacteria were
tracked in each experiment and three independent set of experiments were carried out for each
strain. All experiments were conducted at 37°C. The recorded images were analyzed in ImageJ
using the Manual Tracking plug-in tool (NIH, Bethesda, MD). The instantaneous speeds were
calculated by dividing the distances travelled during each time increment by the time increment.
The average swimming speed was determined through averaging the instantaneous swimming
speeds over independent experiments. The percentage of motile bacteria in the total population
was quantified using an image processing algorithm developed in MATLAB, which detects the
stationary (hon-motile) subpopulation. The position of each bacterium was tracked at 30 second
intervals, and bacteria with unchanged coordinates over two consecutive images were deemed
non-motile. A total of 18 images (containing approximately 1,500 bacteria on average) were
analyzed for each experiment, and three independent set of experiments were carried out for
each strain.
g. Flagella labeling, fluorescence microscopy and image acquisition

Cell cultures were grown to an ODggo of 1.0 in MSB media at 37°C with shaking at 100 rpm, and
labeling was essentially performed as described elsewhere [114]. Cells were harvested at 1,500
x g for 5 minutes, washed 3 times in MB, with a final resuspension in 500 pyl MB. One vial of
Cy3 monofunctional dye was dissolved in 100 yl MB with 0.0001% Tween-20 (MBT) and divided
amongst S. Typhimurium 14028 and VNP20009 cheY". Cells were labeled by incubation at
room temperature with gentle shaking for 60 minutes. Cells were washed 3 times in MB to
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remove excess dye, diluted 10 fold in MBT, and 5 ul sample aliquots added to poly-.-lysine
treated glass slides. Fluorescently labeled cells and filaments were then observed on an
Olympus IX71 microscope with Applied Precision SoftWorx image program, using a 100x
objective. Fluorescence signal was detected using a TRITC filter.

h. Immunoblotting

Bacterial cell cultures were grown to an ODgg of 1.0 in MSB at 37°C with shaking at 100 rpm.
Culture aliquots of 25 pl, as well as 25 pl supernatant aliquots of a 1 ml sample centrifuged for
10 minutes at 13,000 x g, were prepared by the addition of 15 pl loading buffer with (-
mercaptoethanol and boiling at 95°C for 5 minutes. Samples were separated in 12.5 % SDS
polyacrylamide gel and transferred to a nitrocellulose membrane. The membrane was probed

with polyclonal rabbit antibody for Salmonella anti-FIliC/FIjB (Difco™) at a dilution of 1:50,000.
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Figure 3 1. Chemotactic performance of S. Typhimurium wild-type and mutant strains on swim plate.
All swim ring diameters were normalized to the average of 14028, with data representing the average
of 6 experiments, each in triplicate and error bars representing standard deviations. The behavior of
all strains is statistically different from each other, as determined by a one-way analysis of variance
(ANOVA), using the Tukey-Kramer HSD test for means comparison, with a significance level of 0.05.
All strains are significantly different from each other (p<0.01).
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After removal of residual unbound antibody, blots were incubated with donkey anti-rabbit horse
radish peroxidase conjugated antibody at a dilution of 1:2,500. After removal of unbound
antibody, detection was achieved by enhanced chemiluminescence (Amersham ECL Western
Blotting Detection Kit) using Hyperfilm ECL (GE Healthcare). Films were scanned with an Epson

Perfection 1640SU and scans were analyzed using ImageJ.

3.4 Results
a. Chemotactic ability is significantly increased by restoring msbB in VNP20009
cheY+

We first aimed to determine the contribution of msbB to the remaining chemotaxis defect
observed in VNP20009 cheY*. We therefore restored the msbB gene in VNP20009 cheY" using
the lambda red protocol [111]. Swim plates were inoculated with bacterial strains and the
chemotactic response was measured. We determined that a restoration of msbB in the
VNP20009 cheY" background increased the relative swim plate phenotype by 13% (Figure 3.1).
VNP20009 also carries a Suwwan deletion, which suppresses certain phenotypes caused by
the msbB deletion such as its sensitivity to the chelator ethylene glycol-bis(B-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (EGTA) [115]. To differentiate between the contribution of the msbB
and the Suwwan deletion to the chemotaxis phenotype, we created two mutant strains of the
parental strain 14028, one carrying a deletion in msbB and one that is additionally lacking the
Suwwan region. We found an msbB deletion alone had a severe effect on bacterial chemotaxis,
with the average phenotype only reaching 34% of the parental strain. However, when the
Suwwan region was deleted additionally, we found a significant increase (by 12%) in the
chemotaxis phenotype on swim plate (Figure 3.1). We hypothesize that the compensating effect
of the Suwwan deletion for several physiological characteristics observed in VNP20009 is also
associated with its effect on chemotaxis and motility. Interestingly, there is only a small (5%) but

significant difference between 14028 msbB™ Suwwan™ and VNP20009 cheY" of 5% (Figure 3.1),

41



with the only genomic differences between the two strains being the purM disruption and SNPs
inherently present in VNP20009 [112]. Therefore, msbB and Suwwan deletions majorly
contribute to the chemotaxis defect discovered in VNP20009 cheY™.

b. Swimming speed is increased by restoration of msbB
To determine the effect of msbB on motility, a factor playing into the chemotactic response on
swim plates, we measured the swimming speed of 14028, VNP20009 cheY" and VNP20009
cheY’ msbB* (Figure 3.2). The instantaneous speeds from the distances travelled during each

. . . Ad .. . .
time increment were defined as ”A—t”, where Ad is distance travelled and At is time increment.
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Figure 3.2. Swimming speed of S. Typhimurium wild-type and mutant strains. The average
swimming speed was assessed by 2-D bacterial cell tracking for 14028 (n=95), VNP20009
cheY” (n=67), and VNP20009 cheY" msbB" (n=81) cells. Error bars represent standard error
and statistical significance was determined by a one-way ANOVA followed by Tukey-Kramer
HSD test. A p-value of 0.05 was used as the threshold for significance, with statistical
differences between all tested strains being p<0.0001.
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time steps. The average speed of strains 14028, VNP20009 cheY®, and VNP20009 cheY”
msbB* were 32.5 um/s, 25.9 um/s, and 28.2 um/s, respectively (Figure 3.2), with the measured
swimming speed of 14028 being in agreement with the literature [116]. There is a 20%
difference in the average swimming speed between 14028 and VNP20009 cheY™ (p<0.0001).
Notably, the swimming speed increased by 10% with the restoration of msbB (p<0.0001).
Therefore, swimming speed might contribute to the reduced chemotaxis proficiency observed in
VNP20009 cheY".

C. A subpopulation of non-motile cells exists in VNP20009 cheY" and is mitigated
by restoration of msbB

While tracking bacteria for swimming speed measurements, we observed a substantial
subpopulation of non-motile VNP20009 cheY” cells, which were not included in the swimming

speed calculations. To determine the percentage of motile cells within populations, motile and
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Figure 3.3. Proportion of matile cells in S. Typhimurium wild-type and mutant strains. The percentage
of motile bacteria in the whole cell population was assessed through manual tracking. Data is
represented as averages of 3 independent experiments for each strain, and error bars represent
standard error. Statistical significance was determined by a one-way ANOVA followed by Tukey-
Kramer HSD test. A p-value of 0.05 was used as the threshold for significance with statistical
differences between all tested strains being p<0.001.
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Figure 3.4. Representative fluorescence microscopy images of Cy3-labeled S. Typhimurium 14028
and VNP20009 cheY” cells.

non-motile cells were manually counted, with bacterial 2-D tracking (Figure 3.3). While the
whole population of 14028 is motile, only 63% of the VNP20009 cheY" cells exhibited motility.
Interestingly, the restoration of msbB resulted in a greater than 20% increase of the motile
population to 83% in VNP20009 cheY" msbB*. Thus, the presence of msbB considerably affects
cell population maotility.
d. Flagellation is unaffected by msbB

The deletion of the msbB gene could potentially affect flagellation and therefore influence the
swimming speed and motility of VNP20009 cheY*. We labeled motile cells with Cy3
fluorescence dye to observe flagella quality for VNP20009 cheY™ and 14028. Specifically, we
aimed to compare relative number, length, and helical pitch of flagellar filaments. No differences
in these three parameters were observed between the two strains (Figure 3.4). However, we
noted the presence of free flagellar filament fragments in VNP20009 cheY" preparations more
frequently than in 14028, which could have been a result of the extensive washing steps
required during sample preparation (data not shown). Next, we quantified the amount of flagellin
expressed, by probing cell extracts with an antibody against Salmonella FliC/ FljB, compared to
a fliC” strain as the negative control. We did not find any differences between 14028, VNP20009

cheY*, and VNP20009 cheY® msbB" (Figure 3.5). The observation of free filaments in the
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fluorescently labeled VNP20009 cheY" preparations prompted the hypothesis that the msbB
deletion in VNP20009 could result in incomplete support of the flagella through alteration of the
LPS/L-ring anchorage system, which might lead to greater flagella shearing. We therefore
isolated the culture supernatant after removing bacteria by centrifugation and assayed for
presence of flagellin. No differences in the flagellin amounts present in culture supernatants
were detected. In fact, statistically, the amount of detected flagellin was not distinguishable
between the negative control and test strains. In conclusion, deletion of msbB does not
negatively affect flagellation.

e. The presence of msbB increases the performance of VNP20009 cheY” in
microfluidic chemotaxis assays
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Figure 3.5. Immunoblots probing flagellin expression in 14028, VNP20009 cheY" or VNP20009 cheY”
msbB”. A. Whole cell lysates and B. culture supernatants were probed for presence of flagellin with
anti-FIiC/FIjB antibody. Top: Representative immunoblots. Bottom: Average from 5 experiments, each
in duplicate, with error bars denoting standard deviations. Statistical significance was determined by
a one-way ANOVA, using the Tukey-Kramer HSD test for means comparison, with a significance
level of 0.05. For the whole cell lysates, only the negative control sample, 14028 fliC™ significantly
differed from all other strains tested (**p<0.01). The culture supernatants were not significantly
different between all strains tested.
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To investigate the chemoattractant sensitivities of 14028, VNP20009 cheY*, and VNP20009
cheY’ msbB*, we used a microfluidic device. Various concentration gradients ranging from 0
M/mm (control) to 3.0 x 10° M/mm of L-aspartic acid were established across the central
channel of the device to characterize the bacterial response in the presence of the chemo-
effector. Continuous flow of L-aspartic acid in MB in the right channel and MB in the left channel
was maintained to generate static, linear concentration gradients of L-aspartic acid via diffusion
through the hydrogel walls separating the central channel from the flow channels. The
chemotactic partition coefficient (CPC) was computed and shown as a function of concentration
gradient, where a value of 1 would indicate the strongest response of bacteria to the
chemoattractant (Figure 3.6). In control experiments with 14028, VNP20009 cheY*, and
VNP20009 cheY® msbB*, bacterial migration did not show a biased distribution, as expected
(|ICPCJ|<0.05). The attractant concentration gradient eliciting the strongest response was
determined to be 1.5 x 10 M/mm. As expected, the non-chemotactic parental strain VNP20009
showed no response. While VNP20009 cheY" showed a weak response at peak concentration,
restoration of msbB resulted in an enhanced response of VNP20009 cheY* msbB™ (Figure 3.6).
Since 37% and 17% of the VNP20009 cheY" and VNP20009 cheY" msbB* cell populations are
non-motile, respectively, we analyzed the microfluidic chemotaxis data eliminating non-motile
cells. At the optimum concentration gradient, data for the motile population of 14028 and
VNP20009 cheY® msbB* mirror the data acquired for the mixed populations. In contrast, after
factoring out the non-motile subpopulation for VNP20009 cheY”, sensitivity increased by 47%.
Thus, the non-motile subpopulation contributes significantly to the chemotactic performance of

VNP20009 cheY" in the microfluidic device.
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Figure 3.6. Chemotactic performance of S. Typhimurium wild-type and mutant strains to L-aspartic
acid in a microfluidic device. Each strain was loaded into the attractant gradient established-
microfluidic device and data was collected after 15 minutes. The CPC value was ascertained for the
whole population and only the motile population of each strain, as indicated (the whole population is
the motile population for 14028). At the peak attractant concentration, statistical analysis with one-
way ANOVA, followed by Tukey-Kramer HSD test with a significance level of 0.05, was performed.
For motile populations, all strains significantly differed from one another (p<0.001), as well as when
whole populations of all strains were compared (p<0.001).

3.5 Discussion

Recent literature has witnessed a comeback for the potential use of bacterial therapy against
cancer. Published work on bacterial therapy has increased two fold every 2.5 years since the
mid-1990s through 2010 [8], where engineered strains of Salmonella Typhimurium have been
most extensively studied for decades. Success of attenuated S. Typhimurium strains is well
established in diverse tumor and animal models, ranging from immunodeficient to
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immunocompetent mice; xenograft and syngeneic derived tumors; orthotopic, intravenous, and
subcutaneous injection of cancer cells; route of bacterial delivery being intravenous,
subcutaneous and oral; with outcomes ranging from tumor growth reduction, metastasis
reduction, prolonged survival of mice and even being synergistically with cancer compromising
the health of the animal. Efficacy of bacterial strains have been evaluated in preclinical and
clinical trials, where the recent 2014 Phase 1 Clinical Trial of S. Typhimurium x4550 expressing
IL-2 was orally administered to patients with unresectable hepatic metastases from a solid
tumor [117]. Despite these impressive strides towards the use of bacteria as anticancer
biotherapeutics, optimal targeting and anticancer effects of bacterial strains are yet to be
achieved beyond preclinical studies.

Previously, we established that the anticancer agent VNP20009 is deficient in chemotaxis, due
to a SNP in cheY, the gene coding for the response regulator in the two component chemotaxis
system. Upon replacing the mutated copy of cheY with the 14028 parental copy, chemotaxis
was restored to almost 70%, determined using traditional capillary assays [107]. Here, we
explored several factors to explain the remaining differences in chemotaxis between VNP20009
and the parental strain, including swimming speed, flagellation, attractant sensitivity, and the
contribution of msbB and Suwwan deletion to the remaining defect. The gene msbB encodes an
enzyme that adds terminal myristyl groups to lipid A [118]. Without the LPS modifying enzyme,
strains of Salmonella are known to possess growth defects as well as EGTA and galactose-
MacConkey media sensitivity [109]. In strain S. Typhimurium 14028s, these effects are partially
suppressed by the Suwwan deletion, a spontaneous recombination event causing the excision
of a 108-kilobase region of the genome [119]. We tested the contribution of this region in
conjunction with msbB, through the construction of 14028 msbB™ Suwwan'. Its chemotaxis
performance on swim plates was only slightly lower (5%) than VNP20009 cheY”, which also has
the genotype msbB™ Suwwan’ (Figure 3.1). This result allows the conclusion that the major
contributors to the chemotaxis phenotype of VNP20009 cheY” result from the msbB and
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Suwwan deletions. This result is contrary to previously reported chemotaxis assays of 14028
msbB", where no significant difference was observed between the 14028 msbB mutant and
14028 wild type [33]. A possible explanation for our result is that we measured swim ring
diameters after 12 hour, whereas in Frahm et al. [33], the measured time point was at 4 hour.
Since bacterial metabolism, chemotaxis, and motility are contributing to the swim ring
phenotype, we determined the swimming speed of 14028, VNP20009 cheY”, and VNP20009
cheY" msbB"*. While VNP20009 cheY" exhibited a 20% reduction in swimming speed compared
to 14028, restoration of msbB increased swimming speed by 9%, but not to the level of 14028
(Figure 3.2). We therefore conclude that gene restoration increases motility, but this increase
might not fully explain the phenomenon we observed on swim plates. We analyzed flagellation
and found no difference between flagellar structures of VNP20009 cheY™ and 14028 (Figure 3.4)
and similar levels of flagellin protein expression of 14028, VNP20009 cheY®, and VNP20009
cheY® msbB* (Figure 3.5). While flagella shearing was observed for fluorescently labeled
VNP20009 cheY"”, possibly due to the several centrifugation and resuspension steps involved in
the experimental procedure, culture supernatants of VNP20009 strains had no elevated flagellin
levels excluding flagella loss during cell culture growth.

Interestingly, we observed a considerably large subpopulation of non-motile VNP20009 cheY"”
cells when compared to 14028 and the msbB restored VNP20009 cheY" derivative (Figure 3.3).
Restoration of msbB in VNP20009 cheY" increased the motile cell population by 20%. The
consequences of the presence of a non-motile VNP20009 cheY" population was most apparent
in the microfluidic device experiment. At the optimum concentration gradient, the chemotaxis
response to the attractant increased by 47% when only the motile population was accounted for
in the CPC calculation (Figure 3.6). It has been described for Escherichia coli that an msbB
(IpxM) deletion results in outer membrane stress and o release [120]. In Salmonella, o®
regulates 62 genes, governing roles in pathogenicity, oxidative stress resistance, and
stationary-phase survival [121]. It is therefore feasible to conceive that global regulatory
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changes are occurring upon restoring msbB in VNP20009 cheY”, which could affect the motility
of a population.

Our results revealed that complete restoration of VNP20009 chemotaxis cannot be achieved by
replacing mutated genes of cheY and msbB with their parental copies. However, significant
increases in overall performance can be obtained. Although the lipid A modification by MsbB is
essential for attenuation of VNP20009, it is not ideal for the downstream application of exploring
the role of bacterial chemotaxis in tumor colonization. Research questions on utilizing bacterial
chemotaxis for improved tumor targeting might be better suited in strains that have been
attenuated by other means, such as auxotrophy or modifications of LPS with a less detrimental
effect as described by Frahm et al. [33]. However, gene targets for auxotrophy should be
chosen carefully. An S. Typhimurium aroA deletion strain, which is auxotroph for aromatic
amino acids, was reported to exhibit altered flagellar phase variation [122]. It has already been
suspected that VNP20009 is over-attenuated due to its lipid A modification, which could prevent
a maintained, high cytokine TNF-a release or induction of an inflammatory response. Depletion
of TNF-a has been shown to retard tumor blood influx by the vasculature and delay bacterial
tumor colonization [123]. Together, these results might explain the Phase 1 Clinical Tralil
outcome using VNP20009 [123], where significantly elevated TNF-a concentrations were
detected in peripheral blood, however high enough levels were not maintained over the course
of the study [102].

We discovered VNP20009 cheY" to have reduced chemotaxis compared to the parental strain.
The reduction is at least in part due to the disruption of msbB, the gene providing VNP20009
with an attenuated state. Prior to the present study, MsbB function has not been associated with
chemotactic performance. Our objective was to maximize chemotaxis, in hopes of testing
VNP20009 cheY® for future efficacy as a biotherapeutic. We achieved this goal without

manipulating any characteristic features of VNP20009, in particular tumor targeting and its
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safety profile. Future studies utilizing VNP20009 cheY™ will bear in mind potentially unknown
phenotypes associated with not only the msbB encoded lipid A modification, but other genomic

alterations present in the strain, which have given it the reputation as an anticancer therapeutic.
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Chapter 4. Robust Biomanufacturing of the Nanoscale
Bacterial Enabled Autonomous Delivery  Systems
(NanoBEADS) and Bacterial Chemotaxis Enabled

Autonomous Sorting of NanoBEADS 4

Goal: To optimize the construction of the NanoBEADS with respect to various
biomanufacturing parameters and to develop a microfluidic platform to sort
NanoBEADS from unattached nanoparticles.

4.1 Introduction

Recent advances in nanotechnology have enabled in the field to propose a new cancer
treatment approach using drug-delivery agents for various procedure. Limited transport
of the drug-delivery vectors remains unresolved, however. Only a small fraction of the
intravenously injected initial dose of a chemotherapeutic drug accumulates in tumors due
to low selectivity of drugs [2]. In fact, reported accumulation of chemotherapeutic drugs
in tumors is below 5% [124]. Even after the chemotherapeutic drugs reach the tumors
sites, elevated interstitial pressure and other factors that impeded passive transport
inside tumors [17]. Bacteria-mediated drug delivery systems possess unique
characteristics that address many of the shortcomings of conventional drug-delivery
approaches including bacterial preferential tumoral colonization and an inherent
therapeutic effect on cancer [7], [31]. Nanoparticle-bacteria complexes (i.e. NanoBEADS)
are an optimum such approach, as they will enable a more effective multimodal drug
delivery approach by combining strengths of particle and bacteria-based drug delivery

systems. NanoBEADS (Nanoscale Bacteria Enabled Autonomous Drug Delivery

* The part describing the sorting of nanoparticles of comparable sizes within a microfluidic platform was
published in Lab on Chip [59]. SeungBeum Suh and Mahama A. Traore contributed equally to this work
and the corresponding author was Bahareh Behkam.
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Systems) is the drug delivery system platform coupled between Salmonella Typhimurium
VNP20009 and biodegradable copolymer, poly(lactic-co-glycolic acid) nanoparticles. The
biomanufacturing procedure of NanoBEADS was optimized, defined here as maximizing
the nanoparticle load of each bacterium, by systematically exploring the effects of
experimental parameters including the ratio of the particles to the bacteria, the zeta
potential of streptavidin coated nanoparticles, and the antibody concentration and
coating time.

Biomanufacturing the NanoBEADS with the optimized experimental parameters shows
consistent and robust outcomes of fraction of bacteria conjugated with particles and the
number of attached particles. A major drawback in the biomanufacturing of NanoBEADS
using a large ratio of number of nanoparticles compared to the number of bacteria (i.e.
100 to 1) is that unattached nanoparticles are inadvertently present in the final
suspension, which makes it difficult to estimate the actual dosage of drug delivered. To
overcome this issue, we propose the exploitation of bacterial chemotaxis to sort the
NanoBEADS from the unattached particles as an alternative to traditional centrifugation
and affinity-based separation techniques, which are not compatible with “live”
NanoBEADS due to the extended processing time and the potential damage to the
flagella and negatively impact system efficacy.

Efficient and cost-effective micro/nanoparticle sorting and separation is fundamentally
important in biological and chemical analyses such as cell separation, pathogen filtration,
and drug screening [125], [126]. At the micro/nanoscale, sorting is achieved through a
variety of passive and active techniques or a combination of both [126]. Active
techniques are based on external recognition of particle properties (e.g. electrical charge)
and subsequent force application (e.g. electrostatic force) to collect the particle into the
desired location [127]. Examples include fluidic, optical, dielectrophoretic, and magnetic
separation. Passive methods are based on one or more particle properties (e.g. size and
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density) that result different behaviour of particles when placed in the sorting platform
and are exploited for separation in absence of any active recognition step [127].
Examples include particle filtering and centrifugation. As such, the separation efficiency
of active sorting techniques is usually higher than that of passive techniques. However,
active sorting generally demands more complex set-ups operated by skilled user. On the
other hand, conventional passive sorting methods are often inertia-based [128]-[130]
which leads to limitations for sorting particles of comparable sizes and density, as well as
unintended aggregation and compromise of the stability of nanoparticle suspension.
Recent progress in multiplex microfluidics have enabled miniaturization and increased
parallelism of micro/nano-particle manipulation and sorting. Active and passive micro-
sorting devices based on several techniques including dielectrophoresis, [131]
acoustophoresis, [132] hydrophoresis, [133] hydrodynamic flow control, [134]
electrokinetic flow, [134] and optical force switching [135] have been developed.

However, sorting particles of similar sizes and densities remains a challenge. Therefore,
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Figure 4.1 Microfluidic device for sorting of similarly sized particles (A) A schematic of the PEG-DA
microfluidic sorting platform with the 500 x 4000 pm2 work area, marked by black dotted line. A
mixture of freely diffusing particles (green) and particle (red)-bacteria assemblies are introduced in
the left side of the work area. The outer channels contain a chemo-effector solution (yellow) and a
buffer solution (white) to establish a chemoattractant gradient in the center channel and promote
separation of the nanoparticles carried by chemotactic bacteria. Zoomed-in view of the work area (B)
at the start of the sorting process, and (C) after 45 minutes. Particles propelled by bacteria migrate up
the chemoattractant concentration gradient and separate from the freely diffusing particles.
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there is substantial need for new, simple and cost-effective methodologies to be
developed in order to sort particles of similar bulk physical properties (size, density,
rigidity, etc.) at high efficiency.

Over the past decade, whole-cell actuators have been implemented in microscale-
engineered systems for applications such as load transport and mixing [136]—-[138]. It
has been shown by us and others that flagellated bacteria can be used for controlled
actuation, [138]—-[141] directed transport, [142], [143] or manipulation and assembly of
microscale objects [144]. In this work, to the best of our knowledge for the first time, we
present a separation method that exploits chemotaxis (i.e. directed migration in response
to a chemo-effector gradient) and selective adhesion in flagellated swimming bacteria for
autonomous (passive) sorting of similarly sized nanoparticles of dissimilar surface
properties. We have implemented an Escherichia coli chemotaxis activated microfluidic
particle sorter and evaluated its performance in separating polystyrene particles of
comparable sizes in the range of 320-390 nm and 1000-1040 nm. This platform can also
be utilized for high throughput, inexpensive, and non-destructive separation of
unattached nanoparticles from biomanufactured NanoBEADS.

Our method for sorting is based on selective adhesion of E. coli (or any other
chemotactic) bacteria to one group of particles only and chemotactic transport of the
adhered particles away from the mixture within a static body of fluid (Figure 4.1). The
simple hydrogel-based microfluidic sorting platform reported here is fabricated in a one-
step direct photopolymerization process, is robust to variation in operational conditions,
does not require continuous flow of the immersion media, and obviates the need for
additional external equipment (e.g. signal analysers, function generator, etc.). This
platform offers substantial flexibility compared with other microfluidic-based techniques
such as dielectrophoresis, magnetic sorting and acoustic sorting, wherein the strict
requirements for particle properties and forces can add to the complexity of the task. In

55



contrast with probe-based systems such as atomic force microscope (AFM) or optical
tweezers, this platform can easily achieve parallel operation as well as higher throughput
autonomous separation and sorting. For isolating NanoBEADS made with non-
chemotactic bacteria, we separated unattached nanoparticles from the suspension using

a filter centrifugation technique with a selective pore size.

4.2 Materials and methods

a. Bacteria culture

Salmonella Typhimurium VNP20009 YS1646 (ATCC 202165), transformed with a plasmid
encoding mRFP1 (BioBrick part BBa_J04450 in the plasmid standard backbone pSB1C3, iGEM
foundation, Cambridge, MA), was used for NanoBEADS biomanufacturing. 10 ml of lysogeny
broth (LB, 1% wi/v of tryptone, 1% w/v of NaCl, and 0.5% w/v of yeast extract, supplemented
with 35 pg/ml of chloramphenicol) was inoculated with a single colony and shaken overnight at
37°C and 100 rpm. Fresh cultures were started with 1 % v/v overnight culture in LB media
supplemented with 35 pg/ml of chloramphenicol and shaken at 37°C and 100 rpm until the
optical density at 600nm (ODggo) reached 1.0. A 1 ml aliquot of the liquid culture at ODgg, of 1.0
was then centrifuged at low speed (1,700 x g) for 5 minutes at room temperature and
suspended in 1 ml of freshly prepared motility media (6.4 mM K;HPOy4, 3.5 mM KH,PO,, 0.1
mM EDTA, 1 uM _-methionine, 10 mM p, -lactate, 2 mM MgSQO,, 2 mM CacCl,, pH 7.0) and
washed once more in motility media in prior to be used in the biomanufacturing of the
NanoBEADS. E. coli MG1655m, a derivative of E. coli MG1655 from the K-12 family with
increased motility was used in the proof of principle sorting experiments [143], [145]. E. coli
RP437, a chemotaxis model strain from the same family, was used in all chemotaxis assays
[146]. To facilitate microscopy imaging, E. coli RP437 was transformed with a plasmid encoding
GFP (pHC60; Tet?, constitutive expression of green fluorescent protein) [147] and E. coli
MG1655m was transformed with a plasmid encoding RFP (p67TD1; Amp®, expression of red
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fluorescent protein in the presence of isopropyl-B-D-thiogalactopyranoside (IPTG)) [148]. E. coli
RP437 culture from a single colony was incubated overnight in 10 ml of fresh T-broth (10 g/
tryptone, 5 g/l NaCl in deionized (DI) water) supplemented with 10 pg/ml of tetracycline in a
shaking incubator (30°C, 180 rpm). A 100 pl aliquot of the overnight culture was inoculated in
10 ml of fresh T-broth supplemented with 0.04 g of the chemo-attractant (casamino acids) to
promote a pronounced chemotactic response of the bacteria cells in all chemotaxis experiments
[149]. A 1 ml aliquot of the liquid culture at ODgyo Of 0.5 was then centrifuged at low speed
(1,700 x g) for 5 minutes at room temperature and suspended in 1 ml of freshly prepared
chemotaxis buffer (150 mM NaCl, 2 mM Na,HPQO,.7H,0, 1.9 mM KH,PO,, 0.1 mM EDTA, 0.01
mM L-methionine, and 10 mM DL-lactate) [149] and was used in all chemotaxis assays. Similar
culturing procedure was followed for E. coli MG1655m in 10 ml L-broth (10 g/l tryptone, 5 g/l
NaCl, and 5 g/l yeast extract in DI water) supplemented with 10 pg/ml of ampicillin, 0.5 mM of
IPTG, and 0.04 g of casamino acids in a shaking incubator (30" C, 150 rpm). A 1 ml aliquot of
the liquid culture at ODgo of 0.5 was centrifuged at low speed (1,700 x g) for 5 minutes at room
temperature and suspended in 1 ml of freshly prepared motility media (0.01 M potassium
phosphate, 0.067 M sodium chloride, 0.1 mM EDTA, 0.01 M glucose, and 0.002% Tween-20)

[138] and was used in all sorting experiments.

b. NanoBEADS construction
S. Typhimurium VNP20009 bacteria were suspended in 1 ml of motility media to a final
concentration of 4.5 x 10° cfu/ml and were incubated with 10 pg/ml of rabbit polyclonal anti-S.
Typhimurium antibody conjugated with biotin (Thermo Scientific, Waltham, MA, USA) for 60

minutes at 500 rpm on a vortex mixer. Free antibody was removed by centrifugation at 1,700 x

g for 5 minutes, the bacterial suspension was concentrated (9.0 x 10° cfu/ml) with the total

volume of 0.5 ml of motility media. 50 pl of the bacterial suspension (4.5 x 10’ cfu) in the motility
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media was used for the conjugation with the nanoparticle per batch. Fabrication of TIPS
pentacene-loaded Biodegradable copolymer, poly(lactic-co-glycolic acid), PLGA nanopatrticles
and surface functionalization by EDC coupling of Stpretavidin-Cy3 were described in the
supplementary information®. Briefly, 175 ul of that nanoparticle (~4.5 x 10° NPs) suspension in
PBS was spun down to a pellet using a centrifuge (16,060 x g for 10 minutes) and was re-
suspended in 200 ul of coupling buffer (Polysciences, Warrington, PA) with the 5 pg/ml of
Streptavidin-Cy3 (Sigma-Aldrich) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC) in
order to coat the nanoparticles with the streptavidin. The carboxylate groups on the surface of
the PLGA nanopatrticles bind to the amine groups on the streptavidin to form a covalent bond.
Once the streptavidin and nanoparticles were incubated for 3 hours to allow for sufficient
coupling, the suspension was spun down again to a pellet (same conditions as above) to
remove unbound streptavidin. The pellet (containing only streptavidin coupled nanopatrticles are
then suspended in motility media (50 pl per batch) for bacterial conjugation. The NanoBEADS
was assembled through streptavidin-biotin binding via mixing the streptavidin-coated PLGA
particles and biotinylated antibody coated bacteria. The NanoBEADS suspension was
centrifuged through a 0.8 um sized centrifugal filter (Sartorius Vivaclear, Elk Grove, IL) at 1,700
x g for 1 minute to selectively remove unattached nanoparticles. The NanoBEADS on the filter
membrane was collected by re-suspending in the in specific cell growth media depending on the
tumor cell line used for experiments. In order to avoid inadvertent interaction between cancer
cells/tumors and unoccupied active binding sites of streptavidin present on the surface of
nanopatrticles, biotinylated-PEG (MW 5000, Laysan Bio, Arab, AL) at 0.8 ug/ml was incubated

with NanoBEADS in culturing media for 30 minutes.

C. Fabrication of the microfluidic platforms

°> PLGA nanoparticles were constructed by doctoral student Ami Jo and Professor Richey Davis, (VT
Chemical Engineering)
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Figure 4.2. Schematic of the chemotaxis assay platform. (A) The three-channel PEG-DA
microfluidic device (bacteria not drawn to scale), (B) scanning electron micrograph of the
porous PEG-DA gel structure.

The microfluidic chemotaxis assay device, shown in Figure 4.2, was used to characterize
the chemotaxis behavior of E. coli over a wide range of chemical gradients of the chemo-
effector casamino acids. This device has been described in a preceding work.[150]
Briefly, a solution of polyethylene glycol diacrylate (PEG-DA, MW=700 Da, 10% (v/v) in
PBS) hydrogel mixed with 0.5% (w/v) of the photoinitiator Irgacure® 2959 (Sigma-Aldrich,
St. Louis, MO) was poured within a polydimethylsiloxane (PDMS) enclosure. A three-
channel pattern was transferred into the hydrogel via UV photopolymerization (365 nm,
18W/cm?, Omnicure S1000, Vanier, Quebec) for 15 seconds. A PDMS layer and two
Plexiglas support layers were placed on top of the hydrogel device layer and one
Plexiglas support layer was placed underneath the bottom glass slide. The top and
bottom Plexiglas layers were clamped together to provide sufficient pressure to seal the
device. Controllable, quasi-steady, and linear chemical concentration gradients were

established by continuously flowing the buffer and the chemo-effector solution in the
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outer channels at a flow rate of 5 pl/min (PHD Ultra syringe pump, Harvard apparatus,
Holliston, MA). The quasi-steady linear gradient was established in the center channel
after 75 minutes as the chemo-effector diffused through the hydrogel wall into the buffer
filled center channel.

Similar to the chemotaxis assay device, the sorting platform is comprised of a
chemoattractant channel, a center channel (includes the sorting work area), and a buffer
channel, as shown in Figure 4.1. The device layer is made of the same PEG-DA gel
(MW = 700 Da). The inlet ports of the center channel in the sorting platform are designed
such that the nanoparticles suspension, containing similarly sized particles, can be
introduced in only one side of the work area. The chemo-attractant channel is filled with
the chemo-effector casamino acid at a concentration of 0.004 g/ml to establish the
optimum chemotactic response-inducing gradient. A 500 ul aliquot of the mixture of the
particle-bacteria assemblies and unattached freely diffusing particles was infused
through the left side of the center channel while motility buffer solution was
simultaneously infused through right side of the central channel at the same flow rate.
The two parallel stream introduction ensures that the nanoparticle mixture remains on
the left side of the central channel before the bacteria carrying nanoparticles start
migrating away (towards the chemo-attractant source) via chemotaxis

d. Selective bacteria adhesion to nanoparticles

This sorting technique exploits surface property differences between two groups of
similarly sized nanoparticles to selectively attach bacteria to one group of particles.
Specific attachment facilitated by biotin-streptavidin bond and non-specific attachment
facilitated by electrostatic interactions were explored. For the specific adhesion
experiments, a mixture of streptavidin coated 390 nm polystyrene particles (Bangs
Laboratories, Fishers, IN) and 320 nm polystyrene particles (Bangs Laboratories, Fishers,
IN) was prepared in advance to bacterial assembly. Briefly, E. coli MG1655m bacteria
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were washed twice in motility media and incubated with 10 pg/ml biotin-conjugated goat
polyclonal anti-Lipid A LPS antibody (Thermo Scientific, Waltham, MA) to enable
attachment of 390 nm streptavidin coated nanoparticles on bacterial cell membrane.[151]
The suspension was gyrated on a vortex shaker for one hour at 600 rpm to facilitate
antibody attachment to the bacterial cell. The bacterial suspension was centrifuged at
low speed (1,700 x @) for 5 minutes at room temperature to remove the unbound
antibody from the solution and was then suspended in 50 pl of motility buffer. The 320
nm and 390 nm particle mixture suspension was agitated with biotinylated antibody-
coated bacteria at a 100:1 nanoparticle mixture to bacteria ratio for 30 minutes. Using
the streptavidin-biotin complex, one of the strongest non-covalent bonds found in nature,
the bacteria-390 nm particle assemblies were formed and the 320 nm particles remained
unattached (Figures 4.6 (C) and 4.6 (D)). A similar procedure was followed to prepare a
mixture of streptavidin coated 1040 nm polystyrene particles (Bangs Laboratories,
Fishers, IN) and 1000 nm polystyrene particles (Thermo Scientific, Waltham, MA). The
microparticle mixture was agitated with biotinylated antibody-coated bacteria at 2.5:1
bacteria to microparticle mixture ratio for 30 minutes. The bacteria-1040 nm particle
assemblies were formed and the 1000 nm particles remained unattached (ESIt Figure
4.51 (A)).

For non-specific adhesion experiments, a mixture of positively charged 1000 nm
polystyrene particles (Polysciences, Warrington, PA) and 1000 nm neutrally charged
polystyrene particles (Thermo Scientific, Waltham, MA) was first prepared. E. coli
MG1655m bacteria were washed twice in motility media and agitated with particle
suspension at 2.5:1 bacteria to particle mixture ratio for 30 minutes. The electrostatic
interactions between the positively charged particles and negatively charged bacteria
facilitated their assembly and the neutrally charged particles remained unattached (ESIt
Figure 4.S1 (B)).

61



(A) 100
90
80
70
60
50
40
30
20
10

0

—_
o
~

-

=)

g &8 8 38

Bacteria w. particles
attached (%)

Numer of particles conjugated
on a bacterium

i
50:1  100:1 150:1 200:1 | 0.008 3.3 6.6 10

NPs:Bacteria Antibody IgG concentration 265 2 oooas 28 285 29
(ug/ml) Zeta Potential of streptavidin coated PLGA particle

Figure 4.3. Optimization of NanoBEADS fabrication process parameters (A) Percentage of
nanoparticle loading bacteria with respect to bacteria-nanoparticle ratio when the concentration of

antibody (IgG) was 10 ug/ml and concentration of antibody (IgG) when the number ratio was set to

50 to 1, (B) The nanoparticle loading on each NanoBEADS agent as a function of the zeta potential
of the nanoparticles (C) Scanning Electron Microscopy image of a NanoBEADS agent.

e. Imaging and data analysis

Spatiotemporal distribution of bacteria, nanoparticles, and bacteria-nanoparticle
assemblies within the work area of both microfluidic devices was captured using a Zeiss
AxioObserver Z1 inverted microscope equipped with an AxioCam MRm camera and a
10x objective. The recorded images were converted to binary images using Zen software
(Zeiss Microscopy, Oberkochen, Germany). The binary images were then imported in
ImageJ (NIH, Bethesda, MD) to obtain the spatiotemporal distribution information across
the center channel. The chemotactic behaviour of the bacteria and bacteria-nanoparticle
assemblies was quantified using the population-scale metrics of chemotaxis partition
coefficient (CPC) and chemotaxis migration coefficient (CMC), which respectively
represent the direction and strength of chemotaxis response[60]. The coefficients are
defined by
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where N, is the number of objects in the right side of the center channel, N; is the number of
objects in the left side of the center channel, N(x) is the number of objects at a given position
from the middle of the center channel (x =0), and w is the width of the channel. Both
coefficients range between -1 and 1, with 1 indicating the strongest attraction to a chemo-
effector and -1, indicating the strongest repellence. A coefficient value that is positive indicates

that the cells respond positively to the chemo-effector present in the source channel.

4.3 Results and Discussion
a. Quantification of nanoparticle loading in NanoBEADS

The fabrication parameters such as the antibody concentration, particle to bacteria ratio, and
filter pore size were investigated and chosen by quantifying the percentage of bacteria
possessing attached nanoparticles via scanning electron microscopy images for each case, as
shown in Figure 4.3. The parameters that yielded the highest number of attached particles were
selected for the optimized NanoBEADS microfabrication procedure: 10 pg/ml IgG antibody
concentration, 100 to 1 particle to bacteria ratio, and 0.8 um sized centrifugal filter for removing
unattached nanoparticles. Quantifying the precise particle loading capacity of the NanoBEADS
is crucial for estimating the drug delivery dosage because the amount of particles actually
delivered within a tumor region determines the overall system efficacy. This was quantified by
the analysis of scanning electron microscopy (SEM) images of NanoBEADS agents. To acquire
the SEM images, the NanoBEADS was fixed overnight in a 2.5% (v/v) glutaraldehyde solution in
PBS (Electron Microscopy Sciences, Hatfield, PA). Several 2 ul droplets of the fixed suspension

was then transferred onto a glass slide. The droplets were washed with DI water after 10
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minutes of drying to minimize the agglomeration induced by rapid dehydration. The glass slide
was sputter coated with gold and imaged using a field emission scanning electron microscope
(FESEM, LEO, Zeiss). A representative SEM image showing nanoparticles conjugated to a
bacterium is shown in Figure 4.3 (C). In order to accurately quantify the number of particles
attached on the bacterium, only particles that were actually contacting the bacterial surface
were counted because the nanoparticle aggregation over multiple layers may be an artifact of
the dehydration process. A positive correlation between zeta potential measurements of
streptavidin coated PLGA particles and the average number of particles attached on a
bacterium is shown in Figure 4.3. More positively charged particles indicate that more
streptavidin molecules were available on the surface, which yields a higher probability of
conjugation to the biotinylated antibody-coated bacteria. Thus, higher numbers of particles are

expected to be conjugated. Even though there is variability in the number of particles attached
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Figure 4.4. Effect of chemo-effector concentration gradient on the chemotactic behavior of E. coli
RP437. (A) Plot showing the chemotaxis partition coefficient (CPC) and chemotaxis migration
coefficient (CMC) as a function of the chemo-effector gradient in the center channel. Distribution of
bacterial cells in the center channel (B) in absence of a gradient (control), (C) at the optimal gradient
of 5x10™ g/ml/mm, (D) at the high gradient of 2.5x107 g/ml/mm.
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to a bacterium, the zeta potential measurements throughout the cell studies were consistent at
around 30 mV. Thus, the number of particles attached to bacteria can be estimated as 23 + 16

(n=80).

b. Quantification of the bacterial chemotactic response
Various linear concentration gradients, from 1.25x10*° g/ml/mm to 2.5x102 g/ml/mm of
casamino acids, were generated inside the center channel of the microfluidic chemotaxis
device to fully characterize E. coli chemotaxis response in presence of this chemo-
effector and identify the optimal gradient that induces the strongest chemotaxis response.
To this end, a solution of casamino acids (of various concentrations) in the right outer
channel and a buffer solution in the left outer channel were continuously flowed. Since
the three channels were separated by porous PEG-DA hydrogel walls, this resulted in a
quasi-steady linear concentration gradient of casamino acids in the center channel. The
chemotactic partition coefficient (CPC) and chemotactic migration coefficient (CMC) were
computed and plotted as a function of the chemical concentration gradients generated in
the center channel (Figure 4.4 (A)). In a control experiment, with chemotaxis buffer
continuously flowed in both outer channels, the bacteria distribution did not show any
bias over time (shown in Figure 4.4 (B)). The threshold chemical concentration that
elicits a chemotactic response was found to be 0.25x107-1.25x10" g/ml/mm, for which
the chemotactic partition coefficient (CPC) value first became positive. The CPC value
increased with increase in concentration gradient slope and reached a maximum of
0.82+0.05, at the chemical concentration gradient of 5.0x10™ g/ml/mm, shown in Figure
4.4 (C). At higher concentration gradients the CPC begins to decrease. The bacteria
exhibit a negative response towards the much higher gradient of 2.5x10? g/ml/mm,
shown in Figure 4.4 (D). These results can be explained by the adverse effect of the

high absolute chemical concentrations on bacterial motility and chemotaxis that prevents
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the cells from performing chemotaxis towards the higher chemical concentration. This
phenomenon where bacteria do not move up the gradient in a high chemical
concentration environment has been discussed in previous works [152], [153]. Earlier
investigations have also shown that bacteria have the ability to sense a chemo-effector
as an attractant at low chemical concentrations and as a repellent at higher chemical
concentrations [60], [154]. Based on the chemotaxis characterization results, the
optimum concentration gradient of 5.0x10” g/ml/mm was selected for the chemotaxis-
enabled sorting of nanoparticles.
C. Sorting of nanoparticles using bacterial chemotaxis

Well-characterized and repeatable performance of the sorting platform requires
operation under steady-state conditions. To estimate the amount of time required to
achieve a quasi-steady linear gradient across the work area of the sorting platform, a

computational model of the chemoattractant casamino acid transport through the device
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Figure 4.5. Mass transport within the microfluidic device. (A)-(C) COMSOL® simulation results show
contour plots of the chemo-effector concentration field. (D) The simulated chemical concentration
distribution within the center channel of the microfluidic sorting platformatt=0s( ), t=900s( ), t
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was carried out using finite element analysis software package COMSOL®. For this
model, the diffusion coefficient of casamino acids through the hydrogel was taken to be
D=1.5x10"° cm?¥mm, as determined in a previous work using a Franz diffusion cell[150].
The diffusion coefficient and flux for transport of casamino acids through PDMS was
assumed to be zero given its non-permeable nature to casamino acids. The chemical
concentrations in both outer channels were assumed to be constant. As illustrated in
Figure 4.5, our results show that the quasi-steady optimal chemical gradient of 5.0x10™
g/ml/mm, can be reached within 75 minutes (4500 s). As shown in Figure 4.6 and Figure
4.S2, this chemical attractant gradient across the work area of the sorting platform will
prompt a strong chemotaxis response and chemotactic migration of the bacteria-particle
assemblies towards the chemoattractant side of the work area while the freely diffusing
particles will remain in close proximity to their initial location within the work area.

The diffusion length of the freely diffusing particles due to Brownian motion can be

calculated from L; = \/m where D=kgT/6TTUR, kg is the Boltzmann’s Constant, T is
the absolute temperature, p is the dynamic viscosity, and R is the radius of the particle,
and t is the time. Within the timeframe of the sorting experiment t=45 min, the diffusion
lengths of the 320 nm and 1000 nm particles are respectively approximated as L; =
120.61 yum and L; = 72.19 um, which are much smaller than the displacement of
nanoparticles due to bacterial propulsion (=500 pym), clearly demonstrating the feasibility
of using the differential displacement of the diffusing particles and self-propelled particles

for sorting.
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The sorting performance was quantified using the CPC metric by measuring the number
of particles in each half of the work area every 5 minutes over a total duration of 60
minutes as shown in Figure 4.7. The CPC of 390 nm and 1040 nm streptavidin-coated
particle-bacteria assemblies formed via specific adhesion respectively increased from -
0.58+0.15 and -0.63+0.01 to steady state values of 0.57+£0.10 and 0.62+0.06 which were
reached within 45 minutes. The CPC of 320 nm and 1000 nm uncoated freely diffusing
particles remained negative and largely unchanged at -0.62+0.06 and -0.66+0.07.
Control experiments in which a chemical attractant gradient is not present showed that
bacteria-propelled particles could not be separated from unattached particles (data not
shown). The CPC values of 0.57 and 0.62 for the 390 nm and 1040 nm bacteria-
propelled particles indicate that about 79% and 81% of these particles have been
transported to the right side of the work area, respectively, where the chemical
concentration of casamino acids is the highest. On the contrary, around 85% of 320 nm
and 1000 nm unattached nanoparticles stayed near their initial location, on the buffer
side of the work area. The sorting efficiency was not sensitive to the size of the

nanoparticles, for the size range we explored. The CPC of 1000 nm bacteria-propelled

Figure 4.6. Representative microscopy images of the work area in the microfluidic sorting device.
The bacteria carrying 390 nm particles are shown in red and the 320 nm particles are shown in
green. (A) t = 0 minutes, 390 nm particle-bacteria assemblies and freely diffusing 320 nm particles
reside in the left-half of the device center channel. (B) At t = 35 minutes, bacteria carrying 390 nm
particles have migrated up the chemical gradient and reside in the right-half of the device center
channel. (C)-(D) Representative SEM images of 390 nm particle-bacteria assemblies.
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particles assembled via non-specific adhesion increased from -0.75+0.07 to steady state
value of 0.49+0.02, while the CPC of neutrally charged non-motile particles remained
negative and largely unchanged at approximately -0.64+0.10, as shown in Figure 4.7.
The small reduction in the sorting efficiency of the non-specific attachment method can
be attributed to weaker attachment between bacteria and particles that may result
reduced force transmission. The maximum CPC for the bacteria-propelled particles is
somewhat smaller than the CPC obtained for free swimming bacteria subjected to the
same chemical attractant gradient value (Figure 4.4). This can be attributed to disruption
of flagella bundling and bacteria maotility in a small fraction of bacteria due to the random
nanoparticle attachment.

Upon the completion of sorting, the two parallel streams, each containing one type of the
particles from the mixture can be purged into separate collectors on or off the chip. The
separated particle-bacteria assemblies can be subjected to change in temperature or pH
in order to break the bonds between the bacteria and the nanoparticles [155]-[157]. A
density gradient centrifugation step can be implemented to retrieve nanoparticles from
the suspension due to the size and density difference between the nanoparticles and the
bacteria. The overall sorting yield of up to 80% can be improved through multiplexing

and reintroducing unsorted particles propelled by bacteria in a similar sorting platform.
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The strength of the sorting method presented here lies in its ability to separate
micro/nanoscale objects with similar or even identical sizes and densities as long as their
surface properties are different. Effective bacterial chemotaxis-enabled sorting requires
careful selection of bacteria such that the surface energy difference between the bacteria
and one set of the particles is minimized and selective adhesion is achieved [158]. We
have previously demonstrated that the directed transport of 50 nm- 10 ym particles can
be achieved through bacterial motility and chemotaxis [142], [143], [151]. Thus, this
method will be suitable for sorting particles within the same size range. Furthermore, the
current throughput of 2.4x10° particles/min can be enhanced by implementing bacteria
with higher motility speed, stronger chemo-attractants and work areas with smaller width

and larger length (ESIt section S.1lI). Moreover, different bacterial strains with specific
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Figure 4.7. Sorting efficiency of the bacteria-enabled microfluidic sorting platform. The chemotactic
partition coefficient (CPC) for the 390 nm (solid black rectangle) and 1040 nm (solid red circle)
particle-bacteria complexes formed by specific biotin-streptavidin interactions reach steady-state
values of 0.57 and 0.63, corresponding to a sorting efficiency of up to 81%. The CPC value for the
1000 nm positively charged particle-bacteria assembles (solid blue diamond) formed through non-
specific electrostatic interactions reaches a steady state value of 0.49, corresponding to a sorting
efficiency of 75%. The CPC of the freely diffusing 320 nm (open black rectangle) and 1000 nm (open
red circle and open blue circle) particles remain at around -0.7.
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affinity to different chemoattractants can be used to sort more than two types of particles
in terms of surface chemistries. Also, multiple sources of chemo-attractant activated in a
pre-designhed time controlled manner can be used to establish a spatiotemporal varying
chemical gradient and achieve multi-dimensional particle manipulation. A limitation of the
proposed method is that for the single chemoattractant design shown here, the width of
the work area (width of center channel) cannot exceed 1500 pum, due to limited bacterial
biased random walk distance (ESIt section S.1I). If higher throughput is desired, a

parallel array of the microfluidic sorting devices could be implemented.

4.4 Conclusions

In this chapter, we have described the fabrication of NanoBEADS (i.e. engineered
bacteria coupled with surface-treated polymer nanoparticles) and characterized their
physical properties such as particle loading capacities and zeta potential. For the
extended work scope of separating unattached nanoparticles from NanoBEADS that are
made with non-chemotactic bacteria with the filter centrifugation, we have introduced a
passive sorting method for separating similarly sized nanoparticles by utilizing the
motility and chemotaxis of bacteria for NanoBEADS that are made of chemotactic
bacteria. This bacteria-enabled sorting method is simple and cost-effective and the
sorted particles need not be maodified or stained. The required chemoattractant gradient
can be established using gravity driven flow, thus eliminating the need for a syringe
pump. The predominantly attractive feature of the proposed system revolves around the
fact that the biological manipulators and the microfluidic platforms can be generated
cost-effectively and swiftly while being highly scalable in nature. This bio-hybrid
manipulation platform is fabricated using a simple one-step microfabrication process and
it does not require the electrical or magnetic energy sources generally required by active
sorting systems. It mainly depends on chemical energy source for actuation and
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chemical signalling for steering. Our previous efforts in bacteria-enabled propulsion of
micro/nano-particles suggest that the presented method can be applied to sort objects
50 nm-10 pym in size.

The work presented here will serve as a stepping-stone for the development of
inexpensive, self-directed, and chemically-based manipulation platforms which in the
long run can contribute to reducing the complexity and costs associated with
performance of these tasks at reduced length scales. In the future, we seek to engineer
bio-hybrid autonomous factories for transport and delivery, sorting, or bottom-up
programmed self-assembly of micro/nanoscale objects. Effective development of such
assembly and manipulation workspaces could transform current practices and enable

high throughput and high precision bottom-up assembly strategies.
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4.5 Appendix

A. Selective attachment of bacteria to particles through specific and non-specific

interactions

Figure 4.S1. (A) Representative micrograph images of 1040 nm streptavidin-coated particles (green),
1000 nm polystyrene particles (red), and biotinylated antibody coated E. coli MG1655m (false
coloured in yellow). E. coli selectively attached on the surface of the 1040 nm particles via
streptavidin-biotin binding. (B) Representative micrograph images of 1000 nm positively charged
particles (yellow), 1000 nm neutrally charged polystyrene particles (red), and biotinylated antibody
coated E. coli MG1655m (green). Negatively charged bacteria selectively attached on positively
charged particle via electrostatic interactions, while neutrally charged particles remain unattached. All
scale bars are 10 um.

Figure 4.S52 Representative images of the work area in the microfluidic sorting device. (A) Att =10
minutes, the 1000 nm particle-bacteria assemblies (yellow) and the freely diffusing neutrally charged
1000 nm particles (red) reside in the left-half of the device center channel. (B) At t = 35 minutes,
bacteria carrying 1000 nm particles have migrated up the chemical gradient and reside in the right-
half of the device center channel. All scale bars are 100 um.
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B. Design of the microfluidic sorting platform

To determine the maximum possible range of travel of a bacterium, bacterial movement
in a 3D milieu both in presence and absence of a chemical attractant source was
modelled over time to determine the maximum possible range of travel of the bacterium.
The simulations conducted over 45 minutes suggest that a bacterium travels on average
2025 pm with a standard deviation of about 790 um as depicted in Fig. S3. Through the
experimentally validated computational modelling of 3D bacterial random walk in
presence of a chemoattractant gradient, the limit of lateral dimension of the microfluidic
device is found to be 1500 pm.

The motility of bacteria was modelled using two distinct states of run and tumble. In the
run state, the flagellar motors of the bacterium rotate in the counter clockwise direction.
This phenomenon induces the conjoining of the flagellar filaments, thus forming a bundle
that leads to a propulsion force. The bacterium through this process propels itself
forward at a constant speed (~20 um/s). In an isotropic environment, this bacterial run
lasts on average for about 0.9 s followed by a tumble. Bacterial tumbling occurs when
one or more of the bacterium’s flagellar motors rotate in the clockwise direction. This
process causes the disruption of the bundle that occurs during runs. During a tumble,
under thermal diffusion effects, the bacterium randomly reorients itself before beginning
a new run cycle. The duration of a tumble generally lasts for 0.1 s. The occurrence of
runs and tumbles of a bacterium is termed bacterial random walk, which is a stochastic
motion of bacteria in three dimensions. Random walks can be modelled as a two-state
Markov chain with state duration distributions occurring based on an exponential

distribution:

f(t,2) = Ae it
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Figure 4.5S3. Sample bacterial trajectory in (A) absence of chemo-attractant and (B) in a chemo-
attractant gradient environment with 0.4% (w/v) chemo-attractant as a point source. The blue solid
circle on the bacterial path represents the starting point and the green diamond at coordinates (0,0,0)
represents the location of the chemical attractant source.

In the presence of a chemical attractant gradient, the bacterium biases its random walk
by extending its run state before tumbling. Through this mechanism, bacteria are able to
direct their movement towards chemical attractant source.

C. Throughput of the bacteria chemotaxis-enabled microfluidic sorting platform

For the microfluidic device dimensions the throughput is calculated to be ~ 3 X
10> particles/min. The maximum particulate concentration permissible for effective
chemotaxis-based sorting was empirically determined to be 1.8 x 10'°/ml. Considering
the work area volume (500 x 4000 x 300 pum3) and the required sorting time of up to 45
minutes, the throughput was estimated to be:

Throughput = work area volume X concentration of processed mixture X process time

particles particles

X = 2.4 % 10°
ml ) 45 minutes min

=6.0x 107*ml x 1.8 x 101° (

The throughput of our bacteria chemotaxis-enabled sorting method is within the range of
other microfluidic based sorting techniques (103-10° cells/min)[125]. This throughput can

further be improved by increasing the length of the work area or by multiplexing.
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D. Fabrication of TIPS pentacene-loaded PLGA nanoparticle by nanoprecipitation®

The method used for nanoprecipitation of PLGA nanoparticles was modified from a method
previously described by Niu et al. [159]. PLGA was dissolved in Dimethylformamide (DMF)
(spectrophotometric grade) at a concentration of 22.22 mg/ml and left to sit, without any
agitation, for 30 minutes to wet the polymer and partly dissolve it before being sonicated
(Branson 2510 Ultrasonic Cleaner, 100 W output) for an additional 30 minutes. The temperature
on the sonicator was set to room temperature although minor heating occurred during use, the
temperature was typically below 30°C. During this time, the Pluronic F127 was dissolved in DI
water at a concentration of 5 mg/ml by sonicating for 30 minutes first before being magnetically
stirred at 600 rpm for an additional 30 minutes to reduce the bubbles that formed on the surface.
TIPS pentacene was dissolved in tetrahydrofuran (THF) (anhydrous >99.9%) at a concentration
of 3.05 mg/ml, by slight shaking by hand. The PLGA in DMF was then combined with the TIPS
pentacene in THF at a volume ratio of 9:1 DMF:THF. This mixture had a PLGA concentration of
20 mg/ml and a 1.5 wt% TIPS pentacene targeted loading. To form the particles, 1 ml of an
organic solution containing PLGA and TIPS pentacene was loaded in a 5 ml glass syringe.
Using a syringe pump (New Era Pump Systems, Farmingdale, NY), the PLGA solution was
added drop-wise (30 ml/hr) to the aqueous solution Pluronic® F-127 while magnetically stirred
at 600 rpm. The combined solution was left stirring for 5 hours covered from exposure to light
before being centrifuged at 4'C and 22,789 x g for 30 minutes. The pellet was then re-
suspended in 20 ml of PBS by 30 minutes of sonication and then filtered through a 0.45 um
nitrocellulose membrane and stored in solution at room temperature and used within 4 days and

will be referred to hereafter as the reserve suspension.

®The contents in Appendix D, E, and F were provided by collaborator Ami Jo. (VT Chemical
Engineering)
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E. Nanoparticle functionalization by EDC coupling of Streptavidin-Cy3 onto surface

Streptavidin-Cy3 was bound to the surface of the nanoparticle using the PolyLink Protein
Coupling Kit. First, Streptavidin-Cy3 was diluted from the 1 mg/ml stock solution to 100 ug/ml
using the coupling buffer in the kit. The 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC)
was dissolved separately at 200 mg/ml using the coupling buffer. The EDAC was weighed out
per batch of nanoparticles to be prepared and was not stored in solution because EDC has
been noted to be very labile in aqueous solutions especially in slightly acidic conditions as is the
case for the coupling buffer (pH 5.2). EDC tends to hydrolyze and lose activity when stored in
solution [160]. Each batch of nanoparticles (~4.5 x 10° nanoparticles) required 4 mg of EDAC
powder suspended in 20 pl of coupling buffer. 10 pl of the diluted Streptavidin-Cy3 solution, 20
dI of the EDAC solution and an additional 170 ul of coupling buffer were mixed together to have
200 pl of coupling solution per batch of nanoparticles to be coated (~4.5 x 10° nanoparticles).
Starting with 175 pl of the nanoparticle suspension in PBS placed into a 1.5 ml centrifuge tube,

it was centrifuged down to a pellet at 13,000 RPM (16,060 x g) for 10 minutes using the
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Figure 4.S4. Representative intensity size distribution plot of TIPS pentacene-loaded PLGA
nanoparticles in PBS at a concentration of ~0.02 mg/ml.
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Accuspin Microcentrifuge. The supernatant was removed by pipette and 200 ul of the coupling
solution was added. The pellet of nanoparticles was re-suspended by gentle pipetting up and
down followed by short vortex mixing. The suspension was then left to incubate for 3 hours on a
vortex mixer at 500 rpm. After incubation, the particles were spun down again at 13,000 rpm for
10 minutes and the supernatant again removed by pipette. This time the particles were re-
suspended in 100 pl motility media for invasion assays and NanoBEADS formation; otherwise,
the particles were re-suspended in specific cell growth media depending on the tumor cell line

and were used for nanoparticle-only control cases.
F. Characterization of the PLGA nanoparticles

Immediately after fabrication and before surface functionalization, the nanoparticles had an
intensity average hydrodynamic diameter of ~117 nm with a zeta potential of -26 mV as
measured by Dynamic Light Scattering (DLS) (Zetasizer NanoZS, Malvern Instruments). The

polydispersity index (PDI) was very low, ~0.13, suggesting a narrow size distribution as shown
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Figure 4.S5. Zeta potential versus time to track streptavidin-coating of nanoparticles for appropriate
incubation period in coupling solution

78



by Figure 4.S4. These initial DLS and zeta potential measurements provided a baseline to
compare stability and property changes of the particles throughout the NanoBEADS assembly
process. The processing involved taking the nanoparticles in PBS reserve suspension and
exchanging them into a coupling buffer containing EDAC (20 mg/ml) and Streptavidin-cy3 (5
pag/ml) (Figure 4.S5). After incubation, the particles, now with Streptavidin attached, were then

suspended in motility media for attachment to the cell surfaces.
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Chapter 5. Intratumoral Transport of Nanoscale
Bacteria-Enabled Autonomous Drug Delivery
Systems (NanoBEADS)

Hypothesis: A bacteria-mediated drug delivery system enhances the transport of cancer
chemotherapeutics into the tumor microenvironment comparing to the nanoparticle-
mediated chemotherapy

5.1 Introduction

New cancer treatment strategies are presently needed in order to overcome the shortcomings of
conventional treatments such as chemotherapy or radiation, both of which have limited efficacy
and present significant risks to healthy tissue. Many years of research suggests that two primary
factors account for the limitations of drug transport into solid tumor. First, only a small portion of
the chemotherapeutic drug is transported to the tumor site through extravasation from blood
vessels. In fact, more than 95% of nanoparticle-based chemotherapeutic drugs end up
accumulating in organs such as the liver, spleen, and kidneys rather than the tumor for which
the treatment is intended [6], [24]. Another major reason for poor drug delivery to tumors stems
from the nature of tumor microenvironment [17], [161]. Elevated interstitial fluid pressure due to
a dense extracellular matrix, an unusually high fraction of stromal cells, accumulated solid
stress, and lack of lymphatic drainage significantly hinders the convective transport of
macromolecular chemotherapeutic drugs inside of tumors, precluding deep penetration [21],
[162]. Tortuous, elongated blood vessel, and relatively expanded intercapillary spaces in the
tumor microenvironment contributes to geometric flow restriction, which further hinders
intercapillary transport [5]. Overcoming the aforementioned challenges would significantly

improve the efficacy of drug delivery to solid tumors.

Bacteria possess a host of factors that give them unique advantages as drug delivery vectors.

Bacteria have long been known to have an inherent therapeutic effect on cancer. William Coley,
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an early 20th century surgeon, intentionally infected cancer patients with bacteria after noting
positive effects on a sarcoma patient. He later developed a bacteria-derived cancer drug termed
“Coley’s toxin,” which showed actual tumor regression in over 47 patients [7], [8]. In addition,
Bacillus Calmette-Guerin (BCG) vaccine, which utilizes a variant of Mycobacterium bovis, was

shown to prevent bladder cancer relapse after surgical removal of the tumor [30].

Bacteria possess a variety of mechanisms through which they are believed to impart anti-tumor
effects [34]-[36], [163]-[165]. One of these, particularly in the case of Salmonella Typhimurium,
is the ability to invade and reside inside eukaryotic cells, which not only allows evasion of the
host immune system, but also has negative effects on the infected cell. Although this behavior is
normally pathogenic, it may be a distinct advantage in the context of cancer treatment. In
Salmonella, cell invasion is mediated through a type-Ill secretion system (T3SS), which takes
the form of a needle and syringe-like structure through which a bacterium secretes effector
proteins, which help it to gain access to the cell [166], [167]. Additionally, S. Typhimurium is a
facultative anaerobe and thus may preferentially colonize hypoxic tumor sites because bacteria
can consume necrotic cell as the nutrients. In vivo animal studies have demonstrated more than
2000-fold higher accumulation of S. Typhimurium in tumor sites compared to normal tissue [31],

[42], [63].

A genetically modified strain of S. Typhimurium, VNP20009, was developed for use as a cancer
therapy vector through preferential tumoral colonization [46]. Random mutation of the wild-type
strain of S. Typhimurium 14028 was carried out by incubating the bacteria with
nitrosoguanidine and through UV irradiation at 254 nm [19], [23]. Hyperinvasive mutants were
selected based on internalized bacteria within the mammalian cell after in vitro invasion assay
[46], [168]. In an effort to attenuate the virulence of the bacteria, the msbB gene was deleted in
order to modify lipid A synthesis, a highly immune-stimulatory component of the

lipopolysaccharide (LPS) [42]. Deletion of the purl gene resulted in purine auxotrophy, a lack of
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the ability to synthesize purines, which also aids in preferential bacterial colonization in tumor
sites because tumor necrosis provides the metabolites (purines) exogenously, which are

required for growth of the strain [169].

A Phase | clinical trial was carried out using this bacterial strain to study dose-related toxicity,
selective replication within tumors, and antitumor effects [9]. The study found that the maximum-
tolerated dose was 3 x 10° cfu/m?. Colonization within metastatic legions was detected in three
out of 24 patients, but no tumor regression was observed. These results suggest that there is a
need for an improved system to achieve more efficacious bacteria-mediated cancer treatment

[9], [47].

In this work, we have developed a Nanoscale Bacteria Enabled Autonomous Drug Delivery
Systems (NanoBEADS), to address the limiting factors of nanoparticle-only and bacteria-only

cancer treatment approaches and enhance both the transport and the efficacy as shown in

c@ o Poly(lactic-co-glycolic acid)
(PLGA)* particles

NanoBEADS

@ Tumor Cell
20 3
X

Necrotic Tissue
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k Hypoxic Region

Figure 5.1. Schematic of nanoscale bacteria enabled drug delivery system compared to nanoparticle
only strategy for tumor treatment.
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Figure 5.1. Each NanoBEADS agent is comprised of a bacterium conjugated with a number of
biodegradable PLGA nanoparticles, as described in Chapter 4. The transport characteristics of
the infecting agents, including NanoBEADS, bacteria, and nanoparticles, were investigated. The
invasiveness of the infecting agents was quantified using the 2D cell invasion assay, and
intratumoral transport efficacy within tumor spheroids was estimated through the intratumoral
penetration experiment. Lastly, the dominant intratumoral penetration route was determined by
measuring the numbers of intracellular and intercellular infecting agents within the tumor
spheroids. The effect of surface property on infecting agents was also tested using PEGylated

infecting agents.

5.2 Materials and methods

a. Mammalian cell culture

Three cell lines were used for the experiments; Human colon cancer (HCT-116, ATCC CCL-
247), human brain cancer (U87MG, ATCC HTB-14), and murine breast cancer (4T1, ATCC
CRL-2539). The culturing medium requirements for all cell lines are shown in Table 5.1. Briefly,
cells were seeded in a T-25 flask with the corresponding culturing medium and incubated at
37°C with 5% CO,. When the confluence of cell culture, estimated by the percentage of cell-
covered area, became 80 % or higher, cells were lifted with 1 ml of 0.25% Trypsin-EDTA
solution, 1x (ATCC, USA) and the cell density was estimated through the cell counting with a
hemocytometer. The required number of the cell was transferred for each experiment as

specified below.
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b. Tumor spheroid formation
3D multicellular tumor spheroid model was selected as the model for the in vitro experiments as
it recapitulates essential in vivo transport attributes such as highly dense ECM, and structural
heterogeneity (proliferative, quiescent, and necrotic region) [170]-[172]. Methods originally
developed by [171] and adapted in our lab by former lab member M. Traore [173] were used to
form multicellular spheroids. Briefly, 15,000 cells in 200 ul of culture medium were transferred
into ultra-low adhesion round bottom 96 well plates (Corning Inc., Corning, NY, USA). In order
to cluster the cells for better tumor spheroid formation, the well plate is centrifuged at 1000 x g
for 10 minutes and incubated at 37°C and 5% CO, until tumor spheroids grew to the maximum
size, typically around 1 mm in diameter in 5-7 days, depending on the cell doubling time. The
progression of the tumor spheroid formation is shown in Figure 5.2. Fresh culturing medium was

changed every two days before use.

C. 2D in vitro invasion assay of bacteria and NanoBEADS through cancer cells
To investigate the invasiveness of the infecting agents into 2D tumor cell, in vitro invasion assay
was executed. Briefly, 60,000 cells in 1 ml of cell culturing medium were transferred into each
well of a tissue culture-treated 12-well plate (Fisher Scientific) and placed at 37 C with 5% CO,
in a humidified incubator overnight. The infecting agents (bacteria without any treatment,
mechanically treated bacteria, PEGylated bacteria, and PEGylated NanoBEADS) were diluted

to 3.0 x 10° cfu/ml in cell culture media, which indicates that the multiplicity of infection (MOI) is

Table 5.1. Complete growth medium for the cancer cell culture

Doubling
Cellline | ATCC Catalog # Cell Type Complete Growth Media Time
[Hours]
' 0,
HCT-116 CCL-247 quon McCoy's 5a + 10% (v/v) 21
Carcinoma FBS
us87MG HTB-14 Brain Cancer EMEM + 10% (v/v) FBS 34
4T1 CRL-2539 Breast RPMI-1640 + 10% (v/v) FBS 23
Cancer
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Figure 5.2. Bright-field microscopy images of HCT-116 (colon cancer) multicellular tumor spheroid
after (A) 1-day, (B) 3 days, (C) 5 days, and (D) 7 days. (E) Tumor spheroid with a clearly defined
viable rim consisting of live cells and a hypoxic core comprised of quiescent and dead cells.

set to 5:1. The adherent cancer cells were incubated with the infecting agents for 45 minutes at
37°C with 5% CO,. Afterwards, the suspension is replaced with fresh cell culture medium with
50 pug/ml of gentamicin sulfate and incubated for 1 hour to kill extracellular bacteria, whereas
phagocytosed bacteria were protected by the cell membrane. After a careful wash with
Dulbecco’s phosphate buffered saline (D-PBS), cells were treated with 0.25% trypsin-EDTA
(ATCC, USA) for 10 minutes followed by 1% Triton X-100 (Fisher Scientific, Pittsburgh, PA) for
10 minutes to detach and lyse the cells, respectively. Subsequently, the suspension was
sonicated for 30 seconds to break up the clumps of bacteria, and the bacteria suspension was
diluted to be plated for colony counting. The experimental parameters such as the MOI, the
antibiotic concentration, incubation period, cell-lysing media, volume of the suspension, and
sonication were determined through series of assays with various process parameters until
consistent plating results were established. As described in Chapter 4, NanoBEADS preparation
involves several vortex-mixing steps, which subject the bacteria to mechanical shear.
Furthermore, the coating layers on NanoBEADS alter the surface of the bacteria in regions that

is not covered by nanoparticles. In order to provide a fair comparison of bacteria only to the
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Figure 5.3. Schematic of 3D in vitro multicellular tumor spheroid showing intercellular and
intracellular penetrating bacteria

NanoBEADS case, two types of post-treatment were carried out for the bacteria-only case to
delineate the effect of surface coating and shear forces due to vortex mixing. To determine the
effect of shear forces experienced during NanoBEADS construction, bacteria were exposed to
equivalent shear experience during the process of NanoBEADS construction and PEGylation
without adding the actual chemical reagents. The surface treatment was comprised of a
biotinylated antibody coating at 10 pg/ml for 1 hour, streptavidin-cy3 (Sigma-Aldrich, St. Louis,
MO) conjugation at 5 pg/ml for 30 minutes, and biotinylated-polyethylene glycol (PEG) at 0.8
pg/ml for 30 minutes. To determine the effect of shear forces experienced during NanoBEADS
construction, bacteria were exposed to equivalent shear experience during the process of

NanoBEADS construction and PEGylation without adding the actual chemical reagents.

d. Quantification of bacterial intra/inter-tumoral penetration through in vitro tumor
spheroids

In order to elucidate the dominant route of tumor penetration, the number of infecting agents
translocated intracellularly and intercellularly inside of the tumor spheroids was quantified, as
shown in Figure 5.3. Fully-grown tumor spheroids (~1 mm diameter) were infected with 1.8 x
10° cfu of bacteria and equivalent number of NanoBEADS suspended in 100 pl of
corresponding cell culturing medium and incubated at 37°C with 5% CO, on a vortex mixer set
to 500 rpm for 12 hours. Subsequently, the tumors were rinsed with Dulbecco’s phosphate

buffered saline (D-PBS) at least three times to wash away the bacteria loosely associated on
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the periphery of the tumor spheroid. Tumor spheroids were then dissociated within 500 ul of
Accumax (Accutase, San Diego, CA) treatment for 30 minutes. At this point, the cell suspension
was divided into halves for quantifying either the total number of bacteria or the number of
intracellular bacteria. For intracellular bacteria quantitation, the dissociated cells were incubated
with 50 pg/ml gentamicin sulfate for 1 hour to kill the extracellular bacteria. The suspension was
centrifuged at 900 x g for 2 minutes and the supernatant was discarded. The pellet was
suspended in 1% Triton X-100 for 10 minutes to lyse the cell. Final suspension was sonicated
for 15 seconds twice and plated on 1.5% LB agar plate. The total number of bacteria was
guantified using a similar procedure except the antibiotic treatment. The number of intercellular
bacteria was determined by subtracting the number of intracellular bacteria from the total

number of bacteria.

e. Intratumoral penetration of particles, bacteria, and NanoBEADS through in vitro
tumor spheroids

To quantify the intratumoral penetration of each agent, multicellular tumor spheroids were
separately infected with bacteria, PLGA nanoparticles’, and NanoBEADS. PLGA nanoparticles
were made using a nanoprecipitation method and were loaded with the fluorophore, 6,13-
Bis(triisopropylsilylethynyl) (TIPS) pentacene, as described in Chapter 4. The estimated
hydrodynamic diameter of the particles was 117 nm with the polydispersity index (PDI) of 0.13
and a zeta potential of -26 mV, whereas the zeta potential increased to +39 mV after the
surface functionalization with streptavidin. The number of infecting agents was maintained
constant for all experiments as 1.8 x 10° cfu for bacteria, 1.8 x 10%° for nanoparticles, and 1.8 x
108 cfu for NanoBEADS suspended in 100 ul of corresponding cell culturing media. The tumor

spheroids with infecting agents were incubated at 37 C with 5% CO, on a vortex mixer operated

” PLGA nanoparticles were fabricated by Professor Richey Davis and doctoral student Ami Jo, (VT
Chemical Engineering).
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at 500 rpm to promote interactions of infecting agents and tumor regardless of motility of the
infecting agents. Once the incubation period was completed, the tumors were rinsed with

Dulbecco’s phosphate buffered saline (D-PBS) three times and prepared for imaging.

f. Histology and image acquisition
The tumor spheroids were fixed in 4 % paraformaldehyde in PBS for 12 hours at 4 C and gently
rinsed with Dulbecco’s phosphate buffered saline (D-PBS). The spheroids were transferred into
cryomolds filled with a 1:1 (v/v) mixture of OCT compounds and sucrose solution (60% wi/v of
sucrose in DI water). The tumor spheroids deposited in cryomold was stored at -20°C for at least
30 minutes before cryosectioning. Using a cryotome, 40 um thick slices were sectioned and
transferred on the poly-L-lysine coated glass slide. 10 ul of DI water was added onto each tumor
slices and a coverslip was placed on top. A Zeiss LSM 880 confocal microscope was used for
imaging the tissue slices. Series of images along different height within a tumor slice were

acquired.

g. Image processing for data analysis
Intratumoral penetration performance was quantified through the image processing algorithm,
‘3DCONFQ’, developed in MATLAB (MathWorks, Natick, MA). 3DCONFO automates the
detection of infecting agents located in a 3D sample, constructing a 3D map of agent distribution
and assessing quantitative performance index such as the penetration and colonization indexes.

Detailed descriptions of the 3DCONFO are presented in Chapter 2.

h. Structure Compactness Measurement of Multicellular Tumor Spheroids
One way to quantitatively estimate the tumor compactness is to measure the cell packing
density, defined as the area fraction of cell nuclei [61]. To do this, the nuclei were fluorescently
stained using NucBlue® Live (2 drops/ml in PBS), which was added onto a slice of a fixed tumor
spheroid followed by 30 minutes of incubation at room temperature kept in the dark. The slices

of tumor spheroids were then imaged using a Zeiss AxioObserver. Z1 inverted microscope
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equipped with an AxioCam MRm camera and a 20x objective through a DAPI filter. The
acquired fluorescent image was processed with the ‘3DCONFO’ to quantify the area fraction of

cell nuclei.

i Animal experiment®
The institutional IACUC (International Animal Care and Use Committee) approved all
experiments and the NIH guide for the Care and Use of Laboratory Animals were strictly
observed for all experiments involving animals. Briefly, 8-10 week-old female BALB/c mice were
purchased from The Jackson Laboratories and were acclimated in the cages for a week prior to
tumor cell injection. Murine breast cancer (4T1) cells were grown in RPMI-1640 supplemented
with 10% fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml streptomycin at 37°C with 5%
CO,. A sample containing 1.2 x 10° cells suspended in 100 pl sterile phosphate-buffered saline
was subcutaneously injected into the second mammary fat pad of anesthetized mice. Weights
and tumor size were documented twice per week, where tumor size was estimated using two
perpendicular diameter measurements [174]. The mice were euthanized under the following
conditions: 1) weight loss was more than 10% of the initial body weight, 2) the tumor grew larger

than 1.4 cm diameter, or 3) clearly clinically moribund.

PEGylated S. Typhimurium VNP20009 and PEGylated NanoBEADS were prepared as
described in Section 4.2 to a final concentration of 8.0 x 10° CFU/ml in PBS whereas
nanoparticles were prepared with a final concentration of 1.8 x 10’ nanoparticles/ml in PBS.
These concentrations were selected to such that comparable numbers of PLGA nanoparticles
are injected in all cases (As described in Section 4.3, it was measured that an average of 23
PLGA particles were attached to a single NanoBEADS). These doses were administered

through direct intratumoral (i.t.) injection of 100 ul the infecting agents 19 days after the tumor

® Animal study was done in collaboration with Professor Irving C. Allen and doctoral students, Sheryl
Coutermarsh-Ott and Veronica Ringel, (VT Veterinary Medicine)
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cell injection. The same amount of PBS was injected for control cases. Mice were euthanized 48

hours post injection.

j- Tissue collection and processing

In experiments, harvested tumor, liver, and spleen tissues was split into two equally sized
pieces: one piece was fixed in 4% paraformaldehyde prior to cryogenic slicing for confocal
microscopy imaging and histopathology. One piece was weighed and homogenized with a
disposable pestle system, and diluted in PBS prior to plating on LB agar plates for bacterial

colony counting.

5.3 Results and discussions

a. Role of chemical and mechanical treatment and nanoparticle loading on bacteria
invasiveness

Infecting agents were chosen as S. Typhimurium VNP20009, mechanically treated S.
Typhimurium VNP20009, PEGylated S. Typhimurium VNP20009, and PEGylated NanoBEADS.
As shown in Figure 5.4, mechanical treatment did not have a statistically significant effect on the
fraction of bacteria that resided intracellularly, whereas a smaller number of PEGylated bacteria
were internalized. Even a smaller portion of the PEGylated NanoBEADS were internalized. The
trend in the percentage of infected cell with respect to the various infecting agents was
consistent for different cancer cell lines (HCT-116 colon cancer, U87MG brain cancer, and 4T1

breast cancer).
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The mechanical shear that the bacteria experience during centrifugation and vortex mixing
steps of NanoBEADS construction may cause the flagella to break [175]. In order to measure
any potential change in invasiveness due to these processes, the mechanically-treated bacteria
case was studied. It was found that mechanical treatment of the bacteria does not affect the

fraction of internalized bacteria, suggesting that the mechanical shear force on the bacteria may
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Figure 5.4. Invasion assay results (A) Representative microscopy images of invaded HCT-116 (colon

cancer) cells (scale bar is 10 um) (B) Percentage of infected cell for each infecting agents and cell
line. Each data point represents the mean + standard error
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not be a detrimental factor for invasion (Fig. 5.4B). PEG coating is a commonly used surface
treatment for reducing non-specific interactions between nanoparticles and tissue by increasing
the steric distance, which leads to reduced reticuloendothelial system (RES) uptake and thus
prolongs circulation times [176]. More than 35 US FDA-approved nanoscale therapeutics
incorporate PEG use in imaging and therapy vector formulations [177]. Likewise, in order to
inhibit non-specific interactions with the infecting agents, which are functionalized with positively
charged streptavidin molecules, the active binding sites of streptavidin were capped with
polyethylene glycol (PEG), referred to as PEGylated infecting agents. Thus, the case of
PEGylated infecting agent was included in the invasion study. Although some studies
demonstrate that PEGylated macromolecular therapeutics diffuse faster in the tumoral tissue
compared to those that are not PEGylated, the PEG actually hinders uptake by the tumor cells;
this phenomena has been named the PEG dilemma [178], [179]. The smaller number of
internalized bacteria in the case of PEGylated bacteria compared to the mechanically treated
bacteria can be attributed to the properties of the PEG coating. Increased hydrodynamic
distance or spacing between the bacterial outer membrane and the tumor cell, due to the PEG
chain length or particles attached on the bacteria, inhibits direct contact, which may lead to a
lack of type Il secretion system (T3SS) apparatus engagement, and thus a lower number of

infecting agents end up internalized inside of cell [180].

b. Role of chemical and mechanical treatment and nanoparticle loading on
intratumoral penetration of infecting agents through in vitro tumor spheroids
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Figure 5.5. Tumoral transport quantification, (A) Definitions of intratumoral penetration performance
metric; Representative microscopic images of the penetration of infecting agents into tumor
spheroids of (B) HCT-116 (colon cancer), (C) U87MG (brain cancer), and (D) 4T1 (breast cancer).

Bacteria are shown in red and nanoparticles are in purple. All scale bar is 100 pm.

In vitro tumor spheroids were chosen as the tumor model for the transport efficacy assay as

they have been shown to effectively recapitulate many aspects of the tumor microenvironment.

Experimental parameters for the intratumoral penetration assay such as the tumor spheroid size,
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agitation rate, infecting agent inoculant concentration and volume, and incubation duration were
optimized through numerous experiments to identify the optimum parameters for effective
demonstration of the penetration characteristics of the infecting agents without disintegrating the

tumors by excessive bacterial colonization or shear force.

We developed a number of metrics to quantify various performance attributes of the infecting
agents with tumors (Figure 5.5A). The Penetration Index (PI) provides a measure of the
intratumoral penetration depth of the infecting agents towards the center of the tumor spheroids

and is defined as

N ... .
PI = Yi=1 Ti'(np)i (51)

)
Rmax'(Mp)Mcrs

where r; is the penetrating depth of each bin, (n,); is the number of the infecting agents within
bin i, R4, is the maximum penetration distance (i.e. radius of the tumor spheroid), and
(np)mcrs is the total number of the infecting agents detected within the entire tumor spheroid.
The bin is donut-shaped subsection of the tumor spheroids determined by the equivalent
penetrating distance increments. The PI ranges from 0 to 1, wherein a value of 1 indicates that
all of the infecting agents travelled to the center of the tumor and O indicates that all of the
infecting agents remained in the periphery of tumor. The Colonization Index (Cl) quantifies the
number of infecting agents that colonized a given tumor volume in units of number of

agents/pm?®, as shown below.

Cl = (”b)ﬂ, (5.2)

Vmcrs
where Vycrs is the volume of the multicellular tumor spheroid. The weighted penetration index

(wPI) represents an integrated index of penetration and colonization and is defined as

PIXCI
wPI = ,
(PIXCD)p

(5.3)
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The wPI provides a measure of general transport efficacy by compounding measurements of
both the penetration depth and the colonization density. Confocal images of tumor slices
infected with each of the three infecting agents were acquired (Figure 5.5B-D) and analyzed
using the indexes described above. As shown in Figure 5.6, the weighted penetration index for
NanoBEADS exceeds that of nanoparticles by 4.0-fold, 2.6-fold, and 3.0-fold for HCT-116 (colon
cancer), U87MG (brain cancer), and 4T1 (breast cancer) respectively. Considering that 23 or

more nanoparticles are being delivered with by each NanoBEADS agent, the transport efficacy
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Figure 5.6. Intratumoral penetration results of infecting agents through in vitro tumor spheroids as
indicated by the weighted penetration index
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is enhanced significantly with the bacterial conjugation compared to the passively diffusing
nanoparticle strategy. PEGylated bacteria showed the highest wPI for all tumors, whereas the
increase in wPI from the nanopatrticle case to PEGylated bacteria and PEGylated NanoBEADS
within HCT-116 (colon cancer) and 4T1 (breast cancer) tumor spheroids is almost double that of
the U87MG (brain cancer) tumor spheroid case. This may be attributed to the significantly
denser microenvironment of the U87MG tumors [4], [181], [182]. Glioblastoma (U87MG brain

cancer) is known to have a high amount of collagen, which inhibits macromolecular transport
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Figure 5.7. Radial distribution of infecting agent with the tumor spheroids (A) & (B) HCT-116 (colon
cancer with n=10 for bacteria, n=9 for NanoBEADS, and n=7 for nanopatrticles), (C) & (D) U87TMG
(brain cancer with n=7 for bacteria, n=7 for NanoBEADS, and n=7 for nanoparticles), and (E) & (F)
4T1 (breast cancer with n=7 for bacteria, n=4 for NanoBEADS, and n=3 for nanopatrticles).
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relative to colon adenocarcinoma (HCT-116) or murine mammary carcinoma (4T1) [4], [183],
[184]. The penetration profiles depicted in Figure 5.7 show the radial density distribution of the
infecting agents with the tumors. In the NanoBEADS case, compared to nanoparticles, as
shown in Figure 5.7 (A), (C), and (E), less than 1% of all of infecting agents colonized the
hypoxic region for the U87MG (brain cancer) tumor and 4T1 (breast cancer) tumor whereas
larger portions of infecting agents colonized hypoxic regions for the HCT-116 (colon cancer)
tumor: 14% for bacteria, 11% for NanoBEADS, and 3% for nanoparticles. The significantly
higher number of agents for the bacteria and NanoBEADS case might be due to proliferation
within the tumor spheroid during the incubation periods, which is a beneficial attribute for using
bacteria as the means of carrying drug-loaded cargo. Binary fission facilitates bacterial
intratumoral penetration and accumulative bacterial colonization over time makes tumor
disintegrate faster. Even though the majority of agents colonized the proliferative region, there
are distinct differences in the fraction of infecting agents colonized between different tumors,
which again highlights the need to closely investigate physiological characteristics of different
tumors. Tumoral resistance against therapeutic drugs is partially due to microenvironment-
mediated resistance which is related to the 3D structure of tumor [41]. Differences in transport
efficacy indexes between infecting agents demonstrate that substantial penetration differences
might be due to dissimilar microenvironment properties (e.g. cell density, cell-cell junction

strength, ECM density) between the tumors [42].

C. Intracellular and intercellular penetration of bacteria
Based on the results shown in the previous section, the bacterial penetration performances
were considerably different between different tumors: the wPl of PEGylated bacteria in the
denser U87MG (brain cancer) tumor was almost half of the wPI for PEGylated bacterial in HCT-
116 (colon cancer) and in 4T1 (breast cancer). We thus hypothesize that the dominant mode of

penetration is through intercellular bacterial translocation rather than intracellular bacterial
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invasion. In order to test this hypothesis, the number of infecting agents translocating

intracellularly and intercellularly in the tumor spheroids was quantified.

As shown in Figure 5.8, approximately 6.8 % and 12.8 % of the untreated bacteria and
PEGylated bacteria population for HCT-116 (colon cancer) and 8.2 % and 10.9 % of the
untreated bacteria and PEGylated bacteria population for 4T1 (breast cancer), respectively,
penetrated into the tumor via intracellular translocation. An even smaller portion of NanoBEADS
were determined to move through cells as opposed to around cells (1.4 % and 3.1 % for HCT-
116 and 4T1, respectively), which indicates that intratumoral penetration primarily occurs via
intercellular translocation. Considering the dominant mechanism of penetration is intercellular
translocation, it is probable that the larger size of the NanoBEADS agents compared to the
bacteria made it more difficult for the infecting agent to penetrate (Figure 5.6). The larger wPI
value for bacterial penetration in HCT-116 (colon cancer) tumors and 4T1 (breast cancer) tumor
compared to U87MG (brain cancer) tumors (Figure 5.6) also shows that a tumor with tighter cell

junction is much harder for bacteria to penetrate due to the severely limited space between cells
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Figure 5.8. Fraction of infecting agents residing intra/intercellularly in HCT-116 (colon cancer) and
4T1 (breast cancer) tumor spheroids.
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[4]. The lowest intracellular bacteria penetration of PEGylated NanoBEADS is also corroborated
by the 2D invasion assay results (see Figure 5.4). On the other hand, using PEGylated bacteria
led to higher overall colonization as well as a higher portion and increase in the number of
intracellular bacteria compared to using untreated bacteria. There are several possible
explanations for this observation. First, the infecting duration in the 2D invasion assay was set
to 45 minutes, which is too short for the mechanically and chemically treated bacteria to recover
their bio-activity with respect to motility, proliferation, and invasion, whereas intratumoral
penetration experiments lasted for 12 hours, which is long enough for the bacteria to recuperate.
Additionally, greater numbers of PEGylated bacteria translocated intercellularly compared to
untreated bacteria due to the enhanced diffusion through the intercellular space facilitated by
the PEG coating [187]. Bacteria located in between cells started to divide during the incubation
period, which thus led to more colonization in the PEGylated bacteria case. Lastly, intratumoral
penetration experiments allowed infecting agents to gather into tightly confined spaces between
cells upon penetration, which significantly increased the number of infecting agents that were
contacting the surrounding cells in the 3D space and thus a considerably greater probability of
cell invasion by the infecting agents. Moreover, the concentration of infecting agents around
seeded cells for the 2D invasion assay was relatively low, which further explains the different
trends in invasion. Lastly, the newly divided bacteria within the tumor cells were exposed to an
environment with limited oxygen, which possibly prompted elevated bacterial internalization
compared to the 2D cell invasion assay, based on published results indicating that bacteria

invasion is increased if the bacteria are grown in low oxygen conditions [188].

d. Cell Packing Density of Multicellular Tumor Spheroids
The measured cell packing densities of the tumor types, defined as by the area fraction of cell
nuclei was 41.1 £ 2.2 %, 43.0 + 1.5 %, 50.1 + 1.2 % for HCT-116 colon cancer, U87MG brain

cancer, and 4T1 breast cancer (Figure 5.9 (A)). The spatial cell packing density profile for each
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Figure 5.9. Results of tumor compactness analysis (A) Overall tumor compactness and (B) Cell
packing density profile over the radial dimension of in vitro tumor spheroids, and “Histological staining
of collagen in different tumor of (C) LS174T (colon carcinoma) and (D) U87 (Glioblastoma),”
reproduced from [4] with permission.

tumor type was also quantified (Figure 5.9 (B)). Measured cell packing density differences
between colon cancer and brain cancer was about 4.9%, which shows that the difference
between the wPlIs of colon cancer and brain cancer was greater than that of the difference
between the two cell packing densities. The difference between the wPIs of carcinoma and

glioma can be explained with the collagen contents as shown in Figure 5.9 (C) [4].

e. In-vivo experiment results
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Colonization of the infecting agents was evaluated by the bacterial plating results. There were
three orders of magnitude difference in numbers of bacteria colonized between tumor and liver.
There was no significant difference between the bacteria case and NanoBEADS case (Figure
5.10). The weighted penetration index of each infecting agents analyzed through the image
processing via confocal microscope images where the point of injection is considered as the
center of the sliced tumor tissue. The weighted penetration index for NanoBEADS exceeds that
of nanoparticles by 5.1-fold, which clearly shows transport enhancement for the bacteria

conjugation strategy.

5.4 Conclusions

The tumor invasion of infecting agents (i.e. S. Typhimurium VNP20009, mechanically treated S.
Typhimurium VNP20009, PEGylated S. Typhimurium VNP20009, and PEGylated NanoBEADS)
was examined in an in vitro invasion assay. This work elucidated that mechanical treatment

does not significantly impact invasivness whereas increased hydrodynamic size of infecting
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agents through PEGylation or particle conjugation particularly reduces invasiveness. The
intratumoral transport efficacy of the infecting agents was characterized in an in vitro
multicellular tumor spheroid model made from three tumor cell lines— HCT-116 (colon cancer),
U87MG (brain cancer), and 4T1 (breast cancer). In spite of the reduced diffusivity due to the
larger size of the NanoBEADS compared to the size of nanoparticles, its transport efficacy
surpassed that of the nanopatrticle, showing that using a bacteria-based penetration mechanism
(binary fusion compared with remodeling of the tumor microenvironment) could improve
intratumoral penetration of nanoparticles. Dissimilar intratumoral distribution patterns of infecting
agents between different tumor types were hypothesized to be the results of structural variations.
Intra/intercellular bacterial penetration investigation revealed that the dominant mode of
penetration is intercellular translocation rather than intracellular invasion. Identifying the primary
route of penetration reaffirms the important role of structural compactness of tumor on the
bacteria-based infecting agent transport efficacy. Surface treatment with PEG coating also
showed an enhancement in diffusive transport and thus promoted bacterial intercellular
penetration. This combined with bacteria proliferation led to even higher colonization and thus
greater bacterial intercellular penetration and intracellular uptake. We hypothesize that the
structural compactness of the tumor may be a primary factor affecting the transport efficacy of
infecting agents. Quantitative estimates of the compactness of tumors have been made using
the cell packing density metric, which were then correlated with drug resistance [61]. Thereby,
we measured the cell packing density in each of the tumor types tested using a custom image
processing routine. As expected, the measured overall tumor compactness via cell packing
density of tumor cells results showed HCT-116 colon cancer had the sparsest nucleus spatial
density. However, defining tumor compactness based only on nucleus spatial density neglects
structural differences due to differences in ECM make-up and density as well as cell-cell
junction. Cell-cell adhesion in the process of tumor spheroids formation is primarily affected by
cell adhesion molecules (CAMs), cadherin [181], integrin [189], and selectin [190]. Thus,

102



knowledge of the expression level of these proteins should also be considered to estimate the
tightness of the tumor spheroids. Additionally, the extracellular matrix constituents, including
fibronectin, laminin, glycosaminoglycans, and collagen, vastly influence the tumor tightness
[191], leading to enhanced resistance to macromolecule interstitial transport [4]. Especially
glioblastoma (U87MG brain cancer) is known to have a high amount of collagen, which inhibits
macromolecular transport relative to colon adenocarcinoma (HCT-116) or murine mammary
carcinoma (4T1) [4], [183], [184]. Considering both cell adhesion molecules expression level
and the relative amounts of the constituents of the ECM would be necessary to accurately

estimate the tumor compactness.

The animal study ensured that the chosen experimental parameters, namely the administration
route, the inoculum concentration and volume, and the experiment duration of 48 hours, allow
for the study of the interstitial transport efficacy in vivo. Bacterial plating results showed that
tumor colonization is three orders of magnitude higher than liver colonization. Interestingly, the
plating results of bacteria and NanoBEADS were equivalent throughout the organs which might
imply there is no significant difference of the immune response initiated by them. The
penetration performance results reaffirm that bacteria conjugation strategy enhanced the

interstitial transport efficacy significantly compared to nanoparticle only approach.
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5.5 Appendix

e Growth of infecting agent and PLGA loading capacity

As the proliferation of the infecting agents plays a crucial role in intratumoral penetration, the
growth rate of each infecting agents, VNP20009, PEGylated VNP20009, and PEGylated
NanoBEADS was evaluated. Mechanically or chemically treated bacteria need some time to

recuperate in prior to proliferate. The doubling time based on the growth rate was measured
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Figure 5.S1. NanoBEADS growth effect on attached PLGA particles (A) Number of attached PLGA
particles on NanoBEADS and the fraction of bacteria contains particles attached during the growth of
NanoBEADS (B) SEM image of NanoBEADS during the binary fission. (Scale bar is 500 nm.)
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once the subject bounce back to grow from the dormant state. The evaluated doubling times
are 43 minutes, 58 minutes, and 121 minutes for VNP20009, PEGylated VNP20009, and
PEGylated NanoBEADS, respectively. PLGA particle loading over generation also needs to be
guantified since the number of PLGA particles attached on the single NanoBEADS will decrease
over course of treatment through the proliferation of bacteria. Particle loading capacity of
NanoBEADS during proliferation was estimated by the analysis of scanning electron microscopy
(SEM) images. Aliquot of NanoBEADS at each time point was fixed and imaged under a field
emission scanning electron microscope (FESEM, LEO, Zeiss) to estimate the number of particle
attached on the bacteria using manual counting. Even though the number of PLGA loading on
NanoBEADS decreased over time, the fraction of bacteria contains PLGA patrticles sustained

higher than 80% throughout the incubation duration (Figure 5.S1).
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Chapter 6. Mathematical Modeling of
NanoBEADS Penetration into In vitro Tumor
Spheroids®

6.1 Introduction

Conventional chemotherapy remains the most common form of cancer therapy despite well-
documented shortcomings that limit its effectiveness [19]. In particular, the systemic toxicity is
induced through the limited selectivity of anti-cancer drug into the cancerous tissues.
Conventional chemotherapeutic drug delivery rely on administration of free drug molecules,
which exacerbates the problem of systemic toxicity [192]. There has thus been a push to
introduce nanoparticle-based drug carriers such as liposomes, micelles, and dendrimers,
among others to both enhance tumor selectivity and reduce toxic side effects [193]-[196]. On
the other hand, after the chemotherapeutic drugs reach the tumors sites, elevated interstitial
fluid pressure and a dense extracellular matrix, hallmarks of the tumor microenvironment,
imped passive transport of the freely diffusing nanotherapeutics inside tumors [17]. A
potentially powerful bio-hybrid approach to actively target tumor sites is to utilize bacteria to
carry and deliver the drug-loaded nanoparticles [197], [198]. Some bacterial strains have been
genetically modified to evade the immune system resulting prolonged blood circulation allowing
for larger tumor accumulation as well as tumor selective localization and preferential
colonization [8], [9]. Certain bacterial strains have also shown an invasive phenotype in tumor
tissue and are capable of intratumoral penetration, which can enhance the interstitial transport

efficacy [10], [11].

® Work done in collaboration with Eric J. Leaman (VT Mechanical Engineering). Eric J. Leaman
constructed the computational framework and performed the modeling. SeungBeum Suh conducted the
experiments. Eric J. Leaman, SeungBeum Suh, and Bahareh Behkam analyzed the experimental and
computational results.
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There have been many studies focused on formulating mathematical transport models of drug
particles transport in tumor tissue with the goal of precisely predicting the effects of a variety of
microenvironmental factors on drug penetration, thereby providing tools to comprehend the
current drug delivery systems and possibly improve transport efficacy [199], [200]. Existing
intratumoral drug transport models range from the intracellular drug uptake models [201], [202]
to continuous models, which represent drug transport from a macroscopic view [200], [203]. A
number of mathematical models of drug transport were developed to specifically study different
modes of transport including, diffusion [204], [205] and advection [206], as well as the route of
delivery, such as vascular transport, transvacular transport, and interstitial transport [17].
Mathematical models based on the transport of tumor targeting therapeutic antibody have also
been formulated in order to investigate the role that physiological characteristics play in
determining the therapeutic efficacy of macromolecular agents, such as blood circulation and
clearance, diffusive and convective transport, and binding of the antigens [183], [207]-[209].
Nanoparticle-based drug delivery systems are suggested to take advantage of the enhanced
permeability and retention (EPR) effect, which is the enhancement of the intratumoral
accumulation of submicron-sized particles due to the leaky and fenestrated neovasculature,
and lack of Iymphatic drainage [22], [23]. Nanoparticle localization through the
microvasculature was mathematically modelled using a convection-diffusion-reaction model
[210]. Several published models have focused on physical aspects of intravenous delivery such
as distribution in capillaries, interactions with red blood cells, adhesion with endothelial cells
based on binding probability [211]-[214]. Goodman et al. [215] developed a mathematical
transport model of nanoparticles in in vitro tumor spheroids and showed that physical properties
such as particle size and rate of binding and porosity of the tissue critically influence delivery
characteristics. Kim et al. [216] developed a mathematical model of gold nanoparticle-based

drug transport in vitro experiments and showed that the positive charge of nanoparticles can
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influence transport greatly because cellular uptake of nanoparticles is dominant compared to

diffusive transport.

Although bacteria-mediated drug delivery systems have been extensively studied for their
aforementioned advantages over conventional treatments, there have been few attempts to
formulate a mathematical model of bacterial tumor colonization. On the other hand, a variety of
mathematical models describing bacterial transport in porous media have been developed.
Theoretical descriptions of bacteria transport are based on the passive diffusion of bacteria in
porous media, bacterial motility and chemotaxis, and growth of bacteria [217]-[219]. Kasinskas
et al. [49] proposed a mathematical model for bacteria transport in tumor cylindroids and fit its
parameters to experimentally measured spatiotemporal bacterial distributions. The model
suggested, based on the assumptions inherent in its formulation, that both chemotaxis and

growth are crucial to effective tumor colonization.

In this work, we propose a simple model of bacterial colonization of in vitro tumor spheroids in
order to help elucidate the mechanisms that facilitate bacterial penetration and colonization of
tumors. Notably, we assume that the necrotic region of the tumor itself acts as a source of
diffusing nutrients supporting bacterial growth. We show that this model can reproduce
experimentally obtained characteristic intratumoral bacterial accumulation curves, manifesting
as a ring of high bacterial concentration surrounding the tumor core in some experiments.
Based on simulations, the model suggests that bacterial accumulation is primarily a function of
an effective diffusivity and the growth rate of the bacteria. Moreover, we show that the effective
diffusivity of bacteria and NanoBEADS is approximately two-fold higher than that of
nanoparticles alone, thus demonstrating the advantage to using bacteria a nanopatrticle carrier.
This model can be used in the future to make predictions of bacterial tumor colonization, design

therapeutic strategies, and estimate the drug delivery efficacy.
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6.2 Methods
a. Computational Modeling of the Intratumoral Penetration

It is well established that bacterial transport in aqueous environments can be modeled as a
diffusion-like process, even when transport is driven by chemotaxis and motility. While the
specific mechanisms of bacterial transport in tissue are a matter of debate [49], [220], [221], we
assumed that the transport of infecting agents in tumor spheroids can likewise be represented
mathematically as a diffusive process. For PEGylated bacteria (PB) and PEGylated
NanoBEADS (PNBs), we hypothesized that intratumoral growth is significant to the colonization
process and occurs as a function of local nutrient availability. In general, these mechanisms are

represented by a diffusion-reaction equation of the form

ac _ (6.1)

where C; is the local concentration of the species of interest, D; is the diffusion coefficient of C;,
and R (x) represents reaction terms (x = x, y, z). In spherical coordinates, assuming symmetry in
the angular dimensions and substituting the appropriate terms into Equation 6.1, tumor
penetration and colonization is represented by a set of coupled partial differential equations

(PDEs):

B 10 0B B 6.2)
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Equations 6.2 and 6.3 together govern the transport and growth of the infecting agent B (i.e. PB,
PNBs, or PEGylated nanoparticles (PNPs)) and the transport and utilization of a nutrient

species s (referred to generically as substrate from this point forward), respectively. The
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effective local diffusion coefficeints are given by D; = D;(r), kg is the maximum growth rate of B
(kg =In(2) /Tmin Where Ty, is the doubling time in the nutrient rich medium), kg = kg(r) is the
local carrying capacity of the tumor (i.e. maximum concentration) [218], ks = k.(r) is the local
rate of release of substrate s from the tumor, Y is the bacterial yield (i.e. dry mass of bacteria

per unit mass of substrate). The local growth rate is governed by the substrate availability

according to Monod growth kinetics,

__S (6.4)
g= Kn+s

where s = s(r) is local substrate concentration, and K, is the Monod constant (i.e. the
concentration of s when the growth rate of B is one-half the maximum rate). Note that the

transport of nanoparticles alone was assumed to be a passive, diffusion-only process, thus k,

was set to zero and solving Equation 6.3 was not needed when modeling this case.

Crucial to accurately modeling bacterial transport in the tumors is a determination of the source
of nutrients that supports bacterial growth. It has been shown that mutant strains of Salmonella
Typhimurium that are auxotrophic for (i.e. unable to synthesize) certain amino acids, such as
VNP20009 or Al1-R, can preferentially colonize tumor tissue over healthy tissue [42]-[44]. It is
suspected that preferential growth is due in part to nutrients and metabolites in the tumor tissue,
including the required amino acids among other substrates that support biosynthesis [44], [222],
[223]. One of the hallmarks of avascular tumors, particularly of those grown in vitro, is the
development of a hypoxic region beneath the tumor surface due to oxygen transport limitations.
It is also known that hypoxia induces certain physiological attributes such as increased tumor
progression and greater therapeutic resistance [226]. This lack of oxygen, among other factors,
leads to cell death and the development of a necrotic core. We hypothesized that necrotic cells
may secrete a variety of substances supporting preferential bacterial growth, lumped in our

proposed model as a non-specific, diffusing species of nutrients (substrate).
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Towards creating a physiologically-realistic simulation of tumor necrosis and location-dependent
substrate release in the tumors, we adopted the model of oxygen transport and consumption
proposed by Grimes et al. [227],

90 19

0 19 (6.5)
ot  r2or (DO

00
2" )| _
r ar) @

where 0 is oxygen concentration, D,, is the diffusivity of oxygen in the tumor, and a is the rate of
oxygen consumption by the cells. Note that a was taken to be a constant equal to
7.29x10" m3/kg-s based on the findings presented in [227], which included both experimental
and computational results for tumor spheroids similar in size to those studied for this
dissertation. The resulting steady state oxygen concentration profile was coupled with the
results presented by Milotti and Chignola [228], who created a comprehensive computational
simulation of tumor spheroid growth and metabolism, to define radially dependent tumor
necrosis. Figure 6.1 shows the normalized concentrations of oxygen, necrotic cells, and
substrate at steady state for tumor spheroids 250 um and 500 ym in radii (note that the *
symbol is used to denote normalized concentration variables). We noted that the authors found

characteristically similar results for tumors of about 300 um to 500 pym in diameter, wherein the
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fraction of dead cells increased from 0% to about 20% from the outer tumor boundary to the
point where the oxygen concentration had decreased by nearly 100% relative to the boundary.
The fraction of dead cells was predicted to sharply increase to nearly 100% over approximately
the next 50 uym (moving towards the tumor center) [228]. The fraction of necrotic cells

(i.e.number dead cells/total number of cells) was simulated in the model according to

1forr < tyec

(r — The) for rpec <7 <1y
m

(r —119p) forr > 1y

where ryq, is the radial value at which the simulated oxygen concentration is 1%, and 1. =

Table 6.1. Constant Parameters and Boundary Conditions for All Simulations (* indicates
normalized parameter)

Parameter Value Unit Reference
kg 1 dimensionless N/A

Dy 1.0 um?/s Estimated
Do 2000 pum?/s [227]
a* 0.24 s* [227]
$*| =g 0 dimensionless N/A
0" |,=r 1 dimensionless N/A
Simulated Time 12 hour N/A

19, — 50 pum is the radial value 50 ym from 4o, (towards the tumor center). Using this result, the
release of substrate by tumor cells is k; = wsf (), where w; is the rate of substrate release per
unit volume of the necrotic tissue. To simplify analysis and facilitate comparison of simulations
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run for tumors of varying size, the rate was chosen such that the steady state substrate
concentration (without colonizing bacteria) at the center of a tumor 405 ym in radius was equal
to unity, effectively normalizing its value. This same rate was used for all simulations. Since the
volume of tumor spheroids used in experiments was much smaller than the volume of media
they were submerged in (Vyedia/Viumor = 200), the boundary condition for s was assumed as
zero at the tumor surface. Because the tumors were constantly shaken during experiments, it
was assumed that the media was saturated with oxygen at 30.0 m%kg (corresponding to a
partial pressure of 100 mmHg). The oxygen model was normalized by dividing Equation 6.5 by

30.0 m*/kg. Table 6.1 gives constant parameters used for each simulation.

b. Experimental Measurement of the Intratumoral Penetration of the Infecting
Agents

Experimental data collection and protocols are described in Chapter 5. Briefly, HCT116 (human
colon carcinoma) tumor spheroids were grown in ultra-low adhesion well plates. Once the
tumors reached a diameter near 1 mm, infecting agents were suspended at high concentrations
(i.e., 1.8 x 108 cfu for PB, 1.8 x 10° for PNBs, and 1.8 x 108 for PNPs) in cell culture media
(McCoy’s 5A supplemented with 10% FBS). Inoculated tumor spheroids were maintained in at
37° C and 5% CO, while being shaken constantly to prevent sedimentation of the infecting
agents. After 12 hours of incubation period, the tumors were collected, washed, and fixed.
Slices of tumors taken near the center of each spheroid were imaged to in order to quantify
colonization by infecting agents using the custom image processing routine described in

Chapter 2.

C. Experimental setup for Hypoxic study™®

' Work done in collaboration with Luke Onweller (VT Mechanical Engineering), Dr. Dwi Susanti (VT
Biochemistry), and Professor Biswarup Mukhopadhyay (VT Biochemistry)
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It should be noted that hypoxia has been shown to cause physiological changes in bacteria.
Bacteria grown in different oxygen concentrations may have altered pathological characteristics
such as invasiveness, growth rate, and anticancer efficacy [229]-[232]. Therefore, further
research on bacterial physiological phenotypes within various oxygen concentrations would be
valuable to better understand mechanisms facilitating colonization. To this end, we have
developed a hypoxic gas infusion system to control oxygen concentration during invasion
assays, cell viability assays, and growth rate measurements. Oxygen concentrations (1% and

5%) were chosen to represent the relevant physiological conditions of several various types of
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Figure 6.2. Schematic drawing of hypoxic gas infusion system (Top) and the experimental setup in
hypoxic condition (Bottom) (red dotted box shows zoomed-in rotameter setting for each gas)
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cancer (i.e., 13mmHg in brain tumors = 1.78% oxygen). The partial pressure of oxygen (pO,) in
the hypoxic region varies between different types of tumors: the mean pO, value is 9.6 mmHg in

renal carcinomas, 6 mmHg in liver tumors, and 13 mmHg in brain tumors [233].

In order to investigate the effect of oxygen concentration on the efficacy of the bacteria-
mediated cancer treatment, we developed a hypoxic gas infusion system to control oxygen
concentration during invasion assays, cell viability assays, and growth rate measurement
experiments. The gas infusion system was designed to control the concentration of oxygen,
carbon dioxide, and nitrogen, mixed by controlled volumetric flow rate measured via a rotameter
(Figure 6.2). In order to realize the specific oxygen concentration of 1% and 5% with maintaining
5% CO, for the mammalian cell incubation, the nitrogen gas concentration was adjusted to 94%

and 90% for the gas infusion system, respectively.

d. Bacterial growth rate assay in Hypoxia
The growth rates of S. Typhimurium VNP20009 in Lysogeny broth (LB, 1% w/v of tryptone, 1%
w/v of NaCl, and 0.5% w/v of yeast extract), at limited oxygen concentrations was measured

through temporal ODgy measurements of the bacterial culture in a crimp-sealed serum flask.

e. Bacterial Invasiveness in Hypoxia
The invasiveness of S. Typhimurium VNP20009 into HCT-116 (colon cancer) in limited oxygen
concentration (1% and 5%) was examined through a 2D invasion assay within the hypoxic
chamber (STEMCELL). The invasion assay methods were described in detail in Chapter 5.2.
Briefly, 60,000 cells in 1 ml of cell culturing media were transferred into tissue treated 12-well
plates, incubated at 37°C in a hypoxic chamber, injected with the gas mixture until the cells were
adapted to the hypoxic condition for 6 hours. For the bacteria culture, 10 ml of LB was
inoculated using a single colony and shaken overnight at 37°C and 100 rpm. Fresh cultures
were started with 1 % v/v overnight culture in LB in the crimp-sealed serum flask injected with

the mixed gas and shaken at 37°C and 100 rpm. Once the optical density at 600nm (ODggo)
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reached 1.0, the bacteria culture was washed twice by centrifugation at 1,700 x g for 5 minutes,
and suspended in McCoy'’s 5A supplemented with 10% FBS (HCT-116 cell culturing media) at a
final concentration of 3.0 x 10° cfu/ml. After the monolayer of cells were infected with the 1 ml of
the prepared bacteria for 45 minutes at 37'C within the hypoxic chamber, the suspension was
discarded and the cells were incubated with antibiotic (50 pg/ml of gentamicin sulfate) in
culturing media for 1 hour to kill extracellular bacteria. After a careful wash with Dulbecco’s
phosphate buffered saline (D-PBS), cells were treated with 0.05% trypsin-EDTA for 10 minutes
followed by 1% Triton X-100 for 10 minutes to detach and lyse the cells. Subsequently, the
suspension was sonicated for 30 seconds to break up the clumps of bacteria, the bacteria

suspension was diluted prior to plating for cfu counting.

f. Cell Viability assay in Hypoxia
In order to examine the cytotoxicity effect of bacterial invasion and exposure to the limited
oxygen concentration, the cell viability assays at different oxygen concentrations (1% and 21%)
in presence and absence of bacteria were tested. NucBlue® Live reagent (2 drops/ml) and
NucGreen® Dead reagent (2 drops/ml) were added on the tumor cell (HCT-116 colon cancer)-
seeded well plates after the bacterial invasion. The fraction of dead cells among the total
population was quantified and found to be relatively small (less than 5%) in all of the cases,
which implies that the bacteria do not affect the cell viability during the 45 minutes of incubation
either in the normal condition or in limited oxygen concentration. The cytotoxicity of the limited
oxygen concentration on bacteria was also examined by staining S. Typhimurium VNP20009

using the Live/Dead BacLight assay.

g. Statistical analysis
Error bars represent standard error and statistical significance was determined by a one-way
ANOVA followed by Tukey-Kramer HSD test. A p-value of 0.05 was used as the threshold for

significance.
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6.3 Results

a. Model Validation

Parameters Dg, Tmi, (and thus kg), Ky, and Y™ were fit using a differential evolution global
optimization algorithm (differential_evolution function of the scipy.optimize module,
SciPy v0.17) to stochastically select parameters within a user-defined set of ranges towards
minimizing the sum of the squared error between experimental and simulated bacterial
concentration profiles [234]. Since the tumors in experiments varied in size, thus affecting the
physics of transport, the model was fit to individual data from each tumor with the simulated
radius R determined from the experimental data. In order to compare fitted parameters between
different slices, the infecting agent boundary condition B|,— was taken as the outermost
concentration measured in each slice, as this varied between samples. Likewise, the duration of
each simulation was 12 hr based on the incubation time during experiments. Parameters
derived directly from experimental data (i.e. not fit) are given in Table 6.2. The boundary

condition at the center of spheroids was

Table 6.2. Deterministic Parameters and Boundary Conditions Derived from Experimental
Data (* indicates normalized parameter)

Parameter Description Unit
R Radius of specific tumor sample Mm
B*|, =g Outermost bacterial concentration measured  dimensionless
. . . The total amount of time tumors were
Simulation Duration hour

incubated with infecting agents

0B
or

_as

= — =0
r=0 ar

r=0
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based on the assumption of symmetry. Figure 6.3 shows example fitting results for PB, PNBs,
and PNPs. Note that only the diffusion coefficient was fit for NP data, as growth parameters

were not relevant.

Radial distribution of the agents for the case of tumor colonization by PB was highly variable. In
two out of the three independent experiments, bacterial concentration curves, as measured from
confocal images of several individual tumor slices, showed that bacterial concentration
decreased rapidly towards zero from the outer boundary toward the tumor center. In contrast, all

data from the third experiment showed a similar sharp decrease followed by an increase, before
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Figure 6.3. Representative Parameter Fitting Results. (A) PB concentration curve shows a gradual
decrease in the number of bacteria, (B) PB concentration curve exhibited a rise in the number of
bacteria in the hypoxic region (concentration “bump”). This was observed in 2 out of the 3
experiments performed, (C) Characteristic NanoBEADS concentration curve, (D) Characteristic
nanoparticles concentration curve.
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decreasing to near zero concentration at the tumor center (presenting a “bump” in the
concentration profile). This resulted in best-fit parameters that deviated significantly from those
optimized based on the first two experimental datasets. Figure 6.4 shows the average best-fit
parameters for each independent experiment with PB. Note that the average diffusion
coefficient and standard deviation for Experiment 3 was much higher on average than for the
other two experiments. Additionally, the growth parameters 7,,;, and Y* were found to be
smaller on average (leading to a greater overall growth rate) than for the other two experiments,

while K, was similar between all three. Notably, most samples not showing the “bump”
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Figure 6.4. Parameter Fitting Results for Each of the Three Independent Experiments with PB. (A) Dy,
(B) Thins (C) K, and (D) Y™. Error bars show + standard deviation. Note that these results were
obtained by averaging the fit of each imaged tumor slice from each experiment. There were 3 tumors
for Experiment 1, 4 tumors for Experiment 2, and 3 tumors for Experiment 3. The minimum number of
slices per tumor is 3.
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contained concentration curves that contained a nearly linear region (Fig. 6.3A).

Infecting agent concentration curves for both the NanoBEADS and the nanoparticles were
similar among all data and experiments, following characteristic sharp decreases in
concentration from the boundary towards the tumor center (Fig. 6.3C and D). From the
experimental data shown in Chapter 5, it is clear that the overall amount of the PB and PNBs
that colonized tumors was greater than the total amount of PNPs that diffused into tumors. This
result is quantitatively reflected by differences between the fitted diffusion coefficients for each
type of infecting agent, plotted in Figure 6.5. On average, the effective diffusivity of PB was
found to be more than two-fold greater than that of PNPs, and about 15% higher than that of

PNBs.

On average, the best-fit doubling times for PB and PNBs were 94.6 min and 137.7 min,
respectively. A longer doubling time for PNBs in tumors was expected, as the doubling time for
PNBs in culture media was approximately twice as long as for PB in culture media. The

averages of the Monod constant K, compared well between the two cases (0.25 for PB and
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[aa]
2 0.02
0.01
0
PEGylated PEGylated PEGylated
Bacteria NanoBEADS Nanoparticles
Figure 6.5. Average Effective Diffusion Coefficients of PEGylated Bacteria (PB), PEGylated
NanoBEADS (PNBs), and PEGylated Nanoparticles (PNPs) as Determined by Fitting the Model to
Experimental Data. Error bars show + standard deviation.
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0.32 for PNBs), and the best-fit yield Y values were nearly identical (approximately 0.52 for both

PB and PNBs).

b. Bacterial Phenotype Assay (Growth rate, Invasiveness, and Cell Viability) in
Hypoxia

The doubling times for different oxygen concentrations were estimated as 43.9 £ 6.4 minutes,
51.7 + 12.0 minutes, and 59.9 * 28.6 minutes for 21% O,, 5% O,, and 1% O,, respectively. The
measurements of bacterial growth rate at 1%, 5%, and atmospheric oxygen concentrations
were not found to be significantly different, thus we did not model bacterial growth as a function
of oxygen concentration. On the other hand, the invasion assay results showed that there were
no significant changes in invasiveness between experiments run at oxygen concentration

greater than 5%, whereas the fraction of the internalized bacteria doubled when a 1% oxygen
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Figure 6.6. Invasion assay results of S. Typhimurium VNP20009 into HCT-116 colon cancer at
different oxygen concentration (1%, 5%, and 21%) (p < 0.0001)
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concentration was used (Figure 6.6). The cell viability assay showed that the quantified fraction
of dead bacteria among the total population was relatively small (less than 5%) for all of the

cases, which implies that the limited oxygen concentration does not affect the viability of

bacteria (Figure 6.7).

6.4 Discussion

We have developed a biophysical model to describe the transport and colonization of tumors by
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Figure 6.7. Cell viability assay showing (A) all cell (blue) and dead cell (green) for HCT-116 colon
cancer and (B) all bacteria (green) and dead bacteria (red) for S. Typhimurium VNP20009, and (C)
Fraction of dead cell among the whole population. (Scale bar is 200 pm.)
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bacteria by assuming that bacterial colonization can be modeled as a diffusion-like process with
preferential intratumoral growth fueled by nutrients or growth factors that are released from the
necrotic regions of tumors. Most notably, our results show that the effective diffusion coefficients
of PB and PNBs are approximately two-fold higher than that of NPs alone, thereby
demonstrating the potential for PNBs to improve upon conventional nanoparticle-based cancer

therapies.

Our diffusion-reaction based continuum model is capable of reproducing the general trends
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Figure 6.8. Sensitivity Analysis of the PB Colonization Profile with Respect to Fitted Parameters. (A)
Sensitivity to D with Dy = 0.033 um?/s, (B) Sensitivity to T,,;, With 7,,;, = 95 min, (C) Sensitivity to K,
with K*,,, = 0.26, and (D) Sensitivity to Y™ with Y* = 0.52. Note that ¥ indicates the average value. The
arrows shown on each plot indicate trending direction of the curves with increase in the parameter of
interest.
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captured in the data. The model fit data showing relatively low amounts of colonization
particularly well. Qualitatively, the “bump” seen in approximately 25% of PB experiments was
reproduced. The fitting results indicated that both enhanced growth and greater effective
diffusivity in the tumor tissue was needed for this to occur. These results are plausible, as tumor
morphology was observed to vary to an extent between experiments. Slight differences in media
constituents, which include proteins and growth factors derived from animals, cell culture
passage number, and handling of tumors, among other factors, could lead to differences in
tumor microenvironment. Changes in these properties could affect both the “compactness” of

the tumor and the chemicals released from dead cells.

A sensitivity analysis was performed in order to investigate the effect of changes in several
parameters used in the proposed model (Figure 6.8). The nominal parameter values of effective
diffusion coefficient (Dg), bacterial doubling time (T.;,), Monod constant (K*,,), and yield (Y*),
were determined by fitting the model to the experimental profiles. Two parameters that had the
greatest effect on spatial distributions of bacteria were identified as the effective diffusion
coefficient and the growth rate, which is dependent upon substrate availability. In other words, a
small diffusion coefficient inhibits deep bacterial penetration, and relatively low substrate
concentration at the boundary of the tumor negatively affects bacterial growth. The sensitivity
analysis of the agent distribution to the diffusion coefficient (Dg) and doubling time (Tyin)
showed that an increase in the bacteria concentration within the hypoxic region can be
produced when Dy is larger than 0.2 pm?/s and the doubling time is short relative to the average.
Agent localization is particularly sensitive to change in the diffusion coefficient in deeper
intratumoral locations due to the higher substrate concentrations (due to the presence of a
larger fraction of necrotic cells). A larger diffusion coefficient promotes greater colonization in
the deeper region (Figure 6.8A), whereas bacterial colonization was not sensitive between the

boundary and middle region where the substrate concentration is relatively lower. Parameters
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Figure 6.9. Sensitivity of the Colonization Profile to Yield Y with Dy = 0.1 pmzls, Tmin = 40 min, and
K, = 0.519

related to the growth of the bacteria (the doubling time t;,and the Monod constant K;,) show
similar trends in that the agents can penetrate more deeply as growth rate increases.
Comparing these parameters, the system is more sensitive to the doubling time than to the
Monod constant (Figure 6.8 (C). Interestingly, changes in the yield, which defines how much of
the substrate is required by the bacteria to grow, did not change the radial penetration distance
but the amount of colonization (Figure 6.8 (D)). In contrast, running the same simulation but with
a 3-fold greater diffusivity and the relatively short doubling time of 40 min shows that the results
are highly sensitive to yield when bacteria are able to reach inner locations of the tumor
compared to remaining only near the boundary (Fig. 6.9). This is due to the higher availability of
substrate, meaning that preferential growth is enhanced compared to bacteria restricted to the

outer tumor regions with lower substrate concentrations.
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Despite capturing general trends, the model failed to reproduce the “valley” formed between the
bump and the outer boundary (Fig. 6.3B) for all of the data with this characteristic “region of
increased bacteria concentration within the hypoxic zone.” One potential reason for this is that
the assumption of one constant effective diffusion coefficient throughout the tumor radius is
inaccurate. It should be noted that the model did not reproduce the slope of the nearly linear
portion of data near the outer boundary in Figure 6.3B, nor did the model capture the curves in
this region for the representative data shown in Figure 6.3C and D. As the fraction of necrotic
tissue increases moving from the boundary towards the center of the tumor, the effective
diffusivity may increase due to shrinking tumor cells and an overall change in the mechanical
properties of the tissue. Future work will include a time-course study of the bacteria
concentration within the tumor to experimentally capture any spatial or temporal variation in the
diffusion coefficient and growth rate. Nevertheless, the model developed in this work could be
used to provide a first-order estimation of the amount of drug delivered by the NanoBEADS.
This knowledge would be invaluable to the further development of NanoBEADS towards clinical

application for determining appropriate dosages and administration strategies (i.e. frequency of
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Figure 6.10. Results of 20 Simulations of STB with Parameters Randomly Selected from within
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NanoBEADS injections).

To demonstrate the potential use of the model as a predictive tool, 20 simulations were run with
each of the four fitted parameters randomly selected from the ranges (average + standard
deviation) found by fitting the model to experimental data. The resulting curves (Fig. 6.10) well
represent the characteristic curves obtained in experiments. It is evident that growth plays a key
role in some, while others appear to represent primarily diffusion-based colonization alone. Note
that none of these curves have a large “bump” as was obtained in one experimental dataset,
likely because Dy and t,,;, fit to that data were very different than average values. It may be
that such results represent outliers. Coupled with more experimental data, such stochastic
simulations could be used to make predictions about tumor colonization and drug delivery with

PNBs.

6.5 Conclusion

We propose a simple diffusion-reaction based continuum model of bacterial colonization of in
vitro tumor spheroids in order to help elucidate the mechanisms that facilitate bacterial
penetration and colonization of tumors. We show that this model can reproduce characteristic
intratumoral bacterial accumulation curves consistent with the experimental results, based on
the assumptions that the necrotic region of the tumor itself acts as a source of diffusing nutrients
supporting bacterial growth. The proposed mathematical model suggests that bacterial
accumulation is primarily a function of an effective diffusivity and the growth rate of the bacteria.
The sensitivity analysis also shows that the agent distribution results are sensitive to changes in
these two parameters. Moreover, we show that the effective diffusivity of bacteria and
NanoBEADS is approximately two-fold higher than that of nanoparticles alone, thus

demonstrating the advantage to using bacteria as nanopatrticle carriers. This model can be used
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in the future to make predictions of bacterial tumor colonization, design therapeutic strategies,

and estimate the drug delivery efficacy.
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Chapter 7. Conclusions and future directions
7.1 Concluding remarks

This research has focused on quantitatively investigating the intratumoral transport
enhancement of S. Typhimurium VNP20009 coupled with a biodegradable copolymer,
poly(lactic-co-glycolic acid) nanoparticles, referred to as NanoBEADS (Nanoscale Bacteria
Enabled Autonomous Drug Delivery Systems), compared to the conventional passively diffusing
nanoparticle-based approach and to identify the factors critically influencing intratumoral
transport efficacy. The main accomplishments of this dissertation are: (1) the development of an
image-processing algorithm to precisely analyze fluorescently labelled samples in 3D, (2) the
investigation of the motility and chemotaxis of the S. Typhimurium VNP20009 bacteria used for
biomanufacturing of NanoBEADS, (3) the optimization of the NanoBEADS biomanufacturing
with development of the microfluidic sorting platform to separate unattached nanoparticles from
NanoBEADS via chemotaxis, (4) the evaluation of the intratumoral transport of NanoBEADS
compared to a nanoparticle-based approach, and (5) the development of a biophysical model
for intratumoral transport of NanoBEADS. A brief description of each accomplishment is

presented below:

e Develop an image processing algorithm to precisely analyze fluorescently labelled

samples

We have developed a simple, semi-automated image processing paradigm for analyzing the
distribution of fluorescent objects in microscopy images, particularly useful for z-stacked sets.
By applying two calibration steps for the precise quantification regarding size and fluorescent
intensity, the number of objects and 3D spatial distribution map were accurately quantified

without the use of computationally expensive segmentation algorithms. When the number of

129



agents, bacteria on a coverslip (n=9), bacteria in tumor spheroids (n=9), or bacteria in a biofilm
(n=9), detected by 3DCONFO were compared with the manual enumeration results, the mean
error was estimated to be 2.2 + 0.9 %. We also demonstrated the robustness and accuracy of
the method for analysis of bacterial colonization in tissue, bacterial chemotaxis in a microfluidic
channel, the motile fraction of a bacterial population, and the compactness of tumor tissue. This
processing routine is widely useful in biomedical research applications due to its simple
operation and inexpensive computational cost. The method was implemented in computationally

efficient MATLAB software.

e Investigations of the motility and chemotaxis of the S. Typhimurium VNP20009

The chemotaxis of S. Typhimurium VNP20009, recently discovered to be deficient in
chemotaxis relative to the parental strain 14028s [56], was investigated to determine if it could
be restored by reintroducing chemotaxis-related genes cheY and msbB, which were lost during
construction of the S. Typhimurium VNP20009 strain [112]. By restoring the gene msbB in
VNP20009 cheY+, the deletion of which confers attenuation by lipid A modification, we
observed a 9% increase in swimming speed, 13% increase in swim plate performance, and 19%
increase in chemotaxis performance, as evaluated by partitioning in a microfluidic channel by an

optimized chemoattractant concentration gradient.

o Develop achemotaxis-based sorting platform for separation of NanoBEADS

PEGylated biodegradable copolymer poly(lactic-co-glycolic acid) nanoparticles conjugated with
VNP20009, called NanoBEADS (Nanoscale bacteria-enabled autonomous drug delivery system)
was developed along with optimized fabrication parameters such as the particle-to-bacteria ratio,
the zeta potential of streptavidin-coated nanoparticles, and the pore size for centrifugal filters
used to separate unoccupied nanoparticles from NanoBEADS. The number of particles

attached to bacteria was estimated as 23 + 16. For the extended work of separating unoccupied
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particles from NanoBEADS, a high-throughput microfluidic sorting platform was developed for
the separation of similarly-sized particles by utilizing the chemotaxis of bacteria for the first time
through specific and non-specific types of hanoparticle attachment to bacteria. We demonstrate
that at the optimum concentration gradient of 5.0 x 10~ g/ml-mm, a sorting efficiency of up to 81%
at a throughput of 2.4 x 10° particles per min can be achieved. The sensitivity of the sorting
efficiency to the adhesion mechanism and particle size in the range of 320-1040 nm was

investigated.
e Evaluate the intratumoral transport of NanoBEADS

The intratumoral transport efficacy of the infecting agents was characterized in an in vitro
multicellular tumor spheroid models of three cell lines— HCT-116 (colon cancer), US7MG (brain
cancer), and 4T1 (breast cancer) and on the tumors of 4T1 breast tumor-bearing mice in vivo
using two performance indices: the penetration index and a colonization index. Despite the
reduced diffusivity due to the larger size of the NanoBEADS compared to the size of
nanoparticles, its transport efficacy surpassed that of the nanoparticle, showing that using a
bacteria-based penetration mechanism could improve intratumoral penetration of nanoparticles.
The weighted penetration index for NanoBEADS exceeded that of nanoparticles by 4.0-fold,
2.6-fold, and 3.0-fold for HCT116, U87MG, and 4T1, respectively. The primary route of
intratumoral penetration was shown to be intercellular translocation rather than intracellular
invasion, which increases the sensitivity of the intratumoral transport efficacy to the spatial
compactness of the tumor, related to the density of ECM materials. Surface treatment with PEG
coating enhanced the transport and thus promoted bacterial intercellular penetration. This
combined with bacteria proliferation led to even higher colonization and thus greater bacterial
intercellular penetration and intracellular uptake. The animal study reaffirmed that the interstitial
transport efficacy in vivo was also enhanced through bacteria conjugation compared to

nanoparticle only approach.
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e Develop a biophysical model for intratumoral transport of NanoBEADS

We propose a simple diffusion-reaction based continuum model of bacterial colonization of in
vitro tumor spheroids in order to help elucidate the mechanisms that facilitate bacterial
penetration and colonization of tumors. We show that this model can reproduce characteristic
intratumoral bacterial accumulation curves consistent with the experimental results, based on
the assumptions that the necrotic region of the tumor itself acts as a source of diffusing nutrients
supporting bacterial growth. The proposed mathematical model suggests that bacterial
accumulation is primarily a function of the diffusivity properties of the tumor microenvironment
and the growth rate of the bacteria. The parametric sensitivity analysis also shows that the
agent distribution results are sensitive to changes in these two parameters. Moreover, we show
that the effective diffusivity of bacteria and NanoBEADS is approximately two-fold higher than
that of nanoparticles alone, thus demonstrating the advantage to using bacteria as nanoparticle
carriers. This model can be used in the future to make predictions of bacterial tumor

colonization, design therapeutic strategies, and estimate the drug delivery efficacy.
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7.2 Future Directions

The work presented in this dissertation could be extended to propose possible solutions to pre-

existing biological challenges. A few possible directions are outlined below:

1. Further exploration of the intratumoral penetration of NanoBEADS in tumor-
bearing mice

The pilot study demonstrated that the chosen experimental parameters, namely the intratumoral

administered method of direct injection into the core, dose, and experiment duration of 48 hours,

allow for the study of the interstitial transport efficacy in vivo. This encourages further

exploration of the intratumoral penetration of NanoBEADS in order to quantitatively estimate the

enhancement of transport efficacy using the bacteria conjugation strategy over the nanoparticle-

only approach.

2. Investigate the effect of the immune response against the linking mechanism

between bacteria and particles

As discussed in Chapter 5, in vivo results showed that the vascular transport of the agents to
the tumor site was not effective presumably due to efficient clearance via the immune response.
The suspected key feature provoking the immune response was the linking mechanism, the
streptavidin-biotin binding protocol utilized for conjugation between biotinylated antibody-coated
bacteria and streptavidin-cy3-coated particles, as well as surface treatment with streptavidin-cy3
and biotinylated PEG. Knowledge of the immune response to the intravenous administration of
NanoBEADS constructed using various linking mechanisms, including specific and non-specific
adhesion of particles to bacteria, would aid in determining the most appropriate route of

infection for studying the transport efficacy in vivo.
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3. Investigate how the physiological tumor attributes impact bacterial intratumoral
transport

The tumor study showed that the results, including bacterial invasion, intratumoral bacterial
penetration, and intra/intercellular bacterial fraction, were influenced by the varying physiological
traits of different tumor types. The different outcomes were not entirely explained by differences
in the compactness based on the cell packing density. It would be tremendously beneficial to
identify the underlying mechanisms of bacterial colonization dependencies on physiological
features of a tumor, such as the tightness of the tumor, constituents of the tumor tissue,
including cell adhesion molecules and the extracellular matrix, angiogenesis, acidosis, hypoxia,
etc., in order to select bacteria with the attributes needed for optimal bacteria-enabled tumor
treatment. The physiological features of different tumors could be compared with their

associated bacterial penetration performances.
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