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Abstract
Three-dimensional (3D) tumor models aim to reduce the need for animal
models for drug and gene delivery studies. However, many models are not
conducive to environmental manipulation and may not be easily adapted for in
situ microscopic analysis of transport phenomena. One goal of this study was to
develop a 3D tumor model that can mimic 3D cell-cell interactions to mimic
native tumor tissues. To this end, a novel 3D microfluidics-based tumor model
was created which allowed the overnight culture of a high density of tumor cells
and could be used for small molecule penetration studies. This microfluidic
device facilitated the loading of B16.F10 tumor cells in a densely-packed threedimensional arrangement in a micro-channel which was accessible for nutrient
supply via channels on either side through which culture media was
continuously infused. Cell volume fraction in the micro-channel was determined
via nuclear staining and counting of cells immediately after loading and after a
12-hr culture period. The average volume fraction of cells in this model was 0.32
immediately after loading and 0.26 after 12-hr culture.
iv

The values are

comparable to cell volume fractions of the in vivo B16.F10 tumor previously
measured in our lab.

The reduction in cell volume fraction after overnight

culture was due to the change in cell morphology to become more elongated
after time in culture.

Cell-cell adhesions appeared to have formed during

culture, resulting in more uniform packing.
Sodium fluorescein dye was used as a drug analog and the extent of
penetration of this fluorescent molecule through the cell compartment was
assessed through microscopy. The dye was introduced on one side of the cell
micro-channel and fluorescence images were captured for generation of
concentration profiles in the cell compartment. Results showed that dye
penetration through the cell chamber was greatly limited by the presence of the
3D cell culture and a linear concentration profile was achieved across the cell
compartment.

Also, the concentration of sodium fluorescein in the cell

compartment of the 12-hr microfluidic cell culture was appreciably lower than
the concentration in the cell compartment when the dye was introduced
immediately after loading cells. These results suggest that the proposed tumor
model shows significant resistance to dye penetration and could prove to be
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extremely useful for mimicking tumor tissue resistance to drug penetration via
diffusion.
There are many barriers to gene delivery to tumors which highlight the
importance of selecting an effective gene carrier system.

Some pathogenic

bacteria have been investigated as gene delivery vectors because of their innate
ability to selectively proliferate in tumor environments. However, pathogenicity
concerns arise when trying to achieve therapeutic levels of gene expression. It
has been shown that non-pathogenic bacteria such as E. coli can be engineered to
invade mammalian cells and participate as gene delivery vehicles. Hence, the
second part of this research project involved the use of the newly developed
microfluidic 3D tumor model previously described to visualize the transport
behavior of invasive (inv+) and non-invasive (inv-) E. coli.

The inv+ bacteria

harbored a plasmid containing the inv gene encoding the protein invasin that
binds to β 1 integrin receptors on the surface of mammalian cells resulting in the
phagocytosis of invasin-expressing bacteria by normally non-phaogcytotic cells.
Two tumor cells lines were used: B16.F10 and EMT6, which have been shown to
differ in expression of β1 integrins. The bacteria were also engineered to express
mCherry for fluorescent detection.
vi

A suspension of tumor cells and bacteria was loaded into the microfluidic
device and cultured for 12 hrs before imaging bacteria distribution throughout
the cell culture. Proliferation of inv+ bacteria was generally uniform throughout
the cell compartment in the B16.F10 model and bacterial cells were primarily
concentrated outside of cells. Bacteria that were internalized did not appear to
migrate far from the plasma membrane of the tumor cell. The non-invasive
bacteria proliferated to a much greater extent than the invasive form and this
proliferation was also generally uniform throughout the cell compartment.
Proliferation of both invasive and non-invasive bacteria in the EMT6 model was
less uniform than in the B16.F10 model.

Overall bacterial concentration

appeared to be lower in the EMT6 model.

Viability staining after bacterial

infection showed that tumor cells in the 3D model were able to maintain viability
despite bacterial cell proliferation. An additional assay was conducted in culture
plate wells to determine the effect of chemical factors secreted by tumor cells on
bacterial cell proliferation. The results of this assay revealed that tumor cells
may be secreting anti-microbial factors that inhibit the proliferation of bacteria
and that the binding of invasin-expressing E. coli to tumor cells may further
promote the release of these factors.
vii

The results of this study suggest that tumor cell type plays a major role in
the distribution and proliferation of bacteria in a 3D environment. The ability to
visualize bacterial spread throughout a 3D tumor model will prove to be useful
for observing the effect of various genetic modifications on the transport and
gene delivery efficiency of E. coli.
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Introduction

Gene therapy, involving the incorporation of exogenous DNA into cell
nuclei for expression of therapeutic proteins, is considered a valuable approach
for cancer treatment [1-7].

Cancer gene therapy is currently limited by

physiological barriers to gene transport in tumor tissues. Since the maximum
distance of passive transport of gene delivery vehicles is less than the diameter of
a typical tumor cell, various bacteria have been investigated as vehicles for active
transport of genes to solid tumors [8-13]. With scientists’ ability to engineer
Escherichia coli (E. coli), a non-pathogenic bacterial species, to invade and destroy
cancer cells[14-17], it has become more important to understand the intratumoral
transport behavior of this bacterium. To facilitate improved design of E. coli as a
gene carrier for cancer therapy, more information is needed about the transport
behavior of this bacterium in solid tumors.
1

To obtain a realistic picture of E. coli propagation in a solid tumor this
dissertation addresses the following three principle questions:
1. Can we design a three-dimensional in vitro tumor model that can
facilitate direct visualization of agent transport without sacrificing the
cell density and diffusion-limiting characteristics of in vivo tumors?
2. Based on visualization of E. coli propagation in the 3D in vitro tumor
model, does the ability to invade mammalian cells affect the
intratumoral spreading of this bacterial specie?
3. Does tumor cell type have an effect on the proliferation behavior of E.
coli in the three-dimensional tumor model?

In vitro tissue models are immensely useful for gene transport studies
since they endow researchers with the ability to perform high-throughput,
uniform testing, which is not as feasible in animal models. Though a wide range
of three-dimensional (3D) in vitro tumor models have been employed for
transport studies [18-25], many of these models are not feasible for in situ
microscopic analysis and at times may not accurately mimic the high cell density
found in native tumor tissue. The 3D tumor model proposed is a novel
microfluidics-based system that can serve as a platform for direct visual and
quantitative characterization of intratumoral spread of E. coli in a high cell
density environment.
2

To study the contributions of pericellular and intracellular pathways to
the spread of bacteria in a tumor, two versions of engineered E. coli were used in
this study: invasive and noninvasive. The invasive E. coli harbored a plasmid
containing the inv gene encoding the protein invasin, which allows the normally
extracellular bacteria to invade mammalian cells.

On the other hand, the

noninvasive E. coli lacked the gene necessary for mammalian cell invasion. For
the purpose of microscopic detection, both versions of the bacterium used had
been modified to express the red fluorescent protein mCherry.

Microscopic

visualization of bacterial cells in the 3D tumor model using two tumor cell types
– B16.F10 and EMT6 -- permitted qualitative and quantitative comparisons of the
proliferation behavior of invasive and non-invasive bacteria.
Chapters 2 and 3 of this dissertation provide a background for this study
by highlighting the important considerations for gene therapy and motivating
factors that propel consideration of E. coli as the gene delivery agent of interest.
Chapter 4 provides an extensive review of the advances in the area of 3D in vitro
tissue models to supply an understanding of design concepts and considerations
involved in designing a tissue model.

Chapter 5 describes the process of

designing a novel 3D in vitro tumor model that could be used for transport
3

studies and validates the new model by evaluating tumor cell viability, cell
density, and diffusion-limiting characteristics. The newly designed model is put
to use in Chapter 6 as proliferation of invasive and non-invasive E. coli is
analyzed in 3D cultures from two tumor cell types -- B16.F10 and EMT6. Finally,
ideas for future extensions to this study will be presented in Chapter 7.

4

2

Gene Therapy

2.1

Principles of Gene Therapy
Gene therapy seeks to treat diseases at the genetic level rather than

protein-based therapies which involve the direct administration of therapeutic
drugs. This form of treatment focuses on the introduction of foreign genes to cell
nuclei and can aim to correct defective genes and restore normal cell function or
even suppress or boost specific cell functions. Another fascinating application is
the delivery of exogenous genes encoding therapeutic proteins that can be
manufactured on the cellular level rather than directly administered.
The ability to exploit cells as the machinery for producing therapeutic
proteins presents clear advantages. In many cases, it may be more economical
and efficient to generate therapeutic proteins inside the body than to
manufacture them in industrial bioreactors. Gene therapy has been shown to

5

require fewer dosages and have improved specificity and potency compared to
analogous protein-based therapies[5, 6, 26-28].
Gene therapy has been used to treat the gamut of diseases from immune
system deficiencies[29-33] to neurological disorders, such as Parkinson’s disease
[34, 35]. Gene therapy has also shown substantial promise in the area of cancer
therapy[2-4, 28, 36-38] with the hope of targeting genes to tumor cells to modify
the cell behavior and ultimately subdue the micro-environmental factors that
support tumor propagation.

2.2

Gene Therapy in the Treatment of Cancer

Gene therapy has shown great promise for improving cancer treatment;
and cancer is currently the disease most addressed in gene therapy clinical trials.
This is because delivering new genes to tumor cells can potentially target many
of the tumor cell/microenvironment interactions that promote tumor growth and
metastasis.

Some creative approaches utilizing gene therapy for anti-cancer

effects will be discussed in the sections to follow in this chapter.

6

2.2.1 Strategies involving gene therapy
The following are some current gene therapy strategies for cancer treatment [1, 46, 39, 40]:
(i)

stimulating immune responses to tumor cells

(ii)

enhancing drug resistance in normal tissues

(iii)

delivering specific enzymes to tumors that can locally convert
prodrugs to cytotoxic agents

(iv)

producing antiangiogenic or antivascular agents in normal or tumor
tissues

(v)

delivering viruses that are genetically engineered to replicate
specifically in tumor cells until the hosts rupture (i.e., oncolysis)

2.2.1.1 Cancer immunotherapy
Over the past few decades, scientists increasing knowledge of cellular
immunology and tumor antigens as well genetic engineering have paved the
way for the effective application of tumor immunotherapy for tumor regression
[1, 41-53] . A key aspect of tumor immunotherapy is the identification of tumorspecific antigens, proteins that are expressed by tumor cells that could elicit an
attack response from the immune system. Studies have been shown that using
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these antigens to stimulate an immune response, has been very effective at
generating tumor-specific cell killing by activating the response of T cells,
lymphocytes which catalyze immune responses to destroy cells presenting the
threatening protein.
There are many creative approaches that have been designed to utilize
genetic manipulation to modify immune cells or antigen-associated peptides to
enhance the immune response. For example, it has been shown that the use of
genetically engineered lymphocytes to express highly active T cell receptors
resulted in increased antitumor activity over control subjects [42, 48]. Another
strategy is the genetic enhancement of tumor infiltrating lymphocytes (TIL),
which localize at tumor sites, to express tumor necrosis factor (TNF) and thus
increase the concentration of this tumor-killing protein at the tumor site [53].
Also, dendritic cells, which present antigens on their cell surfaces for T cell
response, have been transfected with genes encoding tumor-associated antigens
to elicit anti-tumor immune response [50].

Dendritic cells have also been

transfected to express interleukin 12 (IL-12), a signaling molecule that incites
immune response for tumor regression [54-57].

8

It has been found that a

combination of various immuno-genetic engineering approaches produces a
synergistic effect that is better than individual therapies alone [55, 58-60].
2.2.1.2 Enhanced drug resistance in normal tissues
An elegant approach to target tumor tissue for destruction is the tactic of
identifying proteins that promote chemotherapeutic resistance and genetically
modifying normal cells to express this protective drug resistance [61-63]. It has
been shown that normal bone marrow cells engineered to constitutively express
the multi-drug resistance gene (MDR) that encodes p-glycoprotein have been
able to resist the cytotoxic effects of common anti-cancer drugs such as
doxorubicin and daunorubicin [64]. Another technique involves the use of genes
encoding DNA repair proteins to provide protection from the mutagenic effects
of some chemotherapeutic agents [62].
2.2.1.3 Enzyme-activation of cytotoxic prodrugs
In attempts to enhance tumor selectivity of cytotoxic agents, inactive forms of
drugs have been administered for subsequent activation in tumor tissue by
tumor-specific enzymes.

Gene-based techniques have been valuable for

improving specificity of prodrug activation by incorporating foreign genes
encoding prodrug-activating enzymes in such a way that gene expression is only

9

carried out by tumor cells [26, 65]. This approach termed gene-directed enzyme
prodrug therapy (GDEPT) [66], attains high levels of available drug at the tumor
upon activation by enzymes over-expressed in tumor tissue. Hence, effective
dosing at the tumor site can be achieved without increased toxicity to normal
cells.
A key phenomenon, known as the bystander effect, plays a major role in the
enhancement of cell killing after prodrug activation [67-72]. This effect is critical
in GDEPT since, by this mechanism, untransfected neighboring cells are
susceptible to the toxic effects of the active drug, resulting tumor eradication
even though only a small percentage of tumor cells may be transfected.
2.2.1.4 Gene therapy for anti-angiogenic effects
Angiogenesis, the formation of new blood vessels from existing ones, is an
essential process for tumor growth and metastasis [73, 74].

Anti-angiogenic

therapy aims to inhibit the sprouting of tumor vasculature and thus eliminate
blood supply to tumors to “starve” tumor tissue to death. Because vascular
endothelial growth factor (VEGF) has been shown to be critical for promoting
tumor angiogenesis, anti-angiogenic therapy is often geared toward the
inhibition of this molecule [75-77].
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Gene therapy finds its purpose in anti-angiogenic therapy by delivering
angiogenesis inhibiting genes. Transfection of tumor cells with plasmid DNA
encoding angiogenesis inhibitors has been shown to not only limit angiogenesis
and tumor progression but prolong survival in murine models [78]. A more
recent approach is the use of DNA vector-based RNA interference (RNAi) in
which RNAi sequences are inserted to specifically inhibit VEGF expression [79].
2.2.1.5 Viral-mediated oncolysis
Oncolytic viruses have the ability to selectively infect and replicate in
tumor cells, resulting in the cell lysis [80]. Genetic engineering of oncolytic
viruses involves the modification or design of viruses for tumor-selective
replication, immunosupression to allow viral replication, and/or expression of
cancer killing genes. The prolificacy of viruses, make oncolytic viral infection an
attractive approach to anti-tumor therapy since the progeny of a replicating virus
are then available to infect and lyse nearby cells, thus providing continuous
dosing effect. Alternatively, viruses may kill cells by producing cytotoxic agents
during replication. Other mechanisms mediated by oncolytic viruses include
induction of antitumor immune response [81, 82], sensitization of tumors [83],
and transgene expression [84-87].

An important advance is the ability to
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genetically manipulated oncolytic viruses to enhance tumor selectivity. This
may be done by deleting genes in the viral genome that prevent them from
replicating in normal cells or incorporating tumor-specific promoters that would
be necessary for viral replication.
Oncolytic viruses used in current gene therapy include adenoviruses [3,
37, 39, 84, 88]}, reoviruses [89, 90], and herpes virus [81, 91, 92]. Of these viruses,
reovirus is particularly attractive because of its unique innate ability to
selectively replicate in a wide range of tumor cell types by exploiting tumor cellspecific pathways [89, 90].

2.2.2 Obstacles in gene delivery to solid tumors
In light of the ever-present challenge of targeting cancer therapy to tumors
and prevent damage or obliteration of normal tissue, researchers are working
hard to address the many issues involved in gene delivery. These issues include
the following [1, 28, 93-96]:
(i)

overcoming physiological barriers to gene transport

(ii)

design of carriers for tissue- or cell-specific gene delivery

(iii)

achieving therapeutic levels of transgene expression
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(iv)

regulating spatial and temporal distributions of transgene expression

(v)

protecting genes from inactivation in cells and tissues

(vi)

enhancing integration of foreign genes into host genome if necessary

(vii)

reducing systemic toxicity and immunogenicity of gene carriers and its
products

Various strategies have been implemented to design gene delivery vectors
that can best overcome the many barriers involved in tumor therapy.

The

circulatory system presents major physiological barriers to the introduction of
foreign genes, where prolonged residence time in the blood plasma may degrade
DNA that is not adequately packaged. Furthermore, the hallmark heterogeneity
of tumor vasculature prevents uniform distribution via circulation.

Even if

circulatory barriers are circumvented by direct administration to tumor tissue via
injection, the solid tumor tissue interstitium is another obstruction by way of the
extracellular matrix (ECM) and cells themselves. These physical barriers in the
heterogeneous tumor tissue severely inhibit transport of delivery vehicles.
Should the foreign genes survive their journey through the tumor interstitium
and even cross the cell membrane to enter target cells, it is important to protect
foreign genes from inactivation and digestion by nucleases within the cell.
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Hence, achieving therapeutic levels of transgene expression is an often elusive
outcome.
With these considerations in mind, it is no wonder that much care is
expended in the design of gene carriers that can best navigate the treacherous
route to deliver intact, functional genes that can be expressed for anti-tumor
effect. An ideal gene carrier system would be able to provide tumor-specific
transport of genes that can be expressed at therapeutic levels while presenting
minimal immunogenic or toxic effects to the cancer patient.

2.2.3 Carrier systems for gene delivery
2.2.3.1 Viral vectors
One of the most common carrier systems for gene delivery is the viral
vector and synthetic systems [1, 93]. Virus-based gene therapy has shown
promising results in treating both inherited and acquired diseases. The main
advantage of viral vectors, compared with non-viral ones (e.g., plasmids, cationic
liposomes and polymers) [96-101], is that their transfection efficiency is relatively
higher at least in vivo. The use of viruses as gene carriers is a logical step since a
virus invades living cells with DNA or RNA to replicate. The viruses most
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commonly used as gene delivery vectors are retroviruses [55, 102, 103] and
adenoviruses [3, 27, 102, 104, 105].
Retrovirus is an RNA virus with a relatively small genome of 7-10kb that
replicates in dividing host cells as the enzyme reverse transcriptase converts the
RNA to double-stranded DNA which is then incorporated into the host cell’s
genome. The virus then can replicate as part of the cell’s DNA.

With the

inserted DNA, the host cell can stably produce copies of the virus without
interfering with cell growth [106]. Lentivirus is a special type of retrovirus that
can infect both dividing and non-dividing cells [107-109]. Because of the cell
divison requirement, retroviral vectors appear to be more useful for ex vivo gene
therapy of cells that can be propagated in culture and then re-introduced to the
body. However improved understanding of the recently-discovered lentivirus
that can operate in non-dividing cells will possibly generate increased interest in
utilizing retroviral vectors for gene therapy [107-109].
Unlike retrovirus, adenovirus is a double-stranded DNA virus with a
larger genome of ~30-35kb and the ability to replicate to high titers in dividing
and non-dividing cells both in vitro and in vivo [110]. The large genome size
makes this virus even more amenable to the insertion of genes, making this one
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of the most popular viral vectors. However, unlike the RNA retrovirus, the DNA
of the adenovirus cannot be inserted into the genome of the host cell and is
instead expressed episomally in the cell nucleus. This means that transgene
expression is transient and daughter cells do not inherit the new genetic material.
In addition, adenoviral vectors have a tendency to bring about immunogenic
response, limiting the survival of the infecting agents and thus reducing
transfection. Because viral systems present issues with toxicity and infection [1,
96, 111-113], researchers have been investing effort in the development of nonviral gene carrier systems.
2.2.3.2 Non-viral carrier systems
Non-viral systems include synthetic systems and naked plasmid DNA
(pDNA). Synthetic systems have successfully delivered naked DNA into both
normal and tumor cells [1, 93, 96]. Naked DNA is non-toxic at therapeutic doses
and has no theoretical limit in the capacity of carrying transgene expression
cassettes [1, 93, 96]. Synthetic systems involve the use of non-biological gene
carriers such as cationic liposomes [38, 97-100, 114-118] or polymers [119, 120].
It has been found that cationic liposomes are effective facilitators of for the
uptake of exogenous DNA. The positively charged lipids interact favorably with
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the negatively charged cell membrane to allow the entry of negatively charged
DNA that would otherwise be repelled.

Cationic lipids are amphiphiles

consisting of a polar, positively charged hydrophilic headgroup connected to a
hydrophobic moiety composed of fatty acids or cholesterol by a stabilizing
linker. Many formulations of cationic lipids have been designed by researchers
in an attempt to enhance transfection efficiency by exploring the structureactivity relationships of DNA-lipid complexes, known as lipolexes [121, 122].
Lipid headgroups may be monovalent or multivalent. Multivalent headgroups
have higher activity and have a higher tendency to condense DNA wherease
monovalent lipids can form vesicles or liposomes in aqueous solution.
Liposomes can then be used to encapsulate DNA and penetrate the lipid bilayer
cell membrane that is impermeable to DNA alone.
Cationic polymers have also been designed as gene delivery vectors [120,
123, 124]. Such polymers, like poly(L-lysine) (PLL) and chitosan, and are often
designed to condense DNA by forming complexes called ”polyplexes” [124].
Some strategies also combine the use of ligands with cationic polymers to
increase transfection efficiency by enhancing receptor-mediated endocytosis.
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The least complicated non-viral approach is the use of naked plasmid
DNA, pDNA, as the gene delivery vector [78, 125]. However, naked pDNA is
susceptible to elimination at many different stages along the path to cell
transfection, such as the physiological barriers previously discussed. Primarily,
plasmid size and negative surface charge greatly inhibit its ability to cross the
negatively-charged cell membrane. pDNA is also susceptible to degradation by
nucleases.

Because, transfection efficiency is very low, techniques such as

ultrasound and induced electric-fields have been used to enhance transport of
naked pDNA [125, 126].
While the threat of systemic toxicity is reduced by using non-viral carriers
instead of viral ones, the drawback with non-viral systems is low transfection
efficiency and short term expression of transgenes, presumably due to the lack of
integration into the host genome or insufficient mechanisms to maintain
episomal expression [1, 96, 111-113]. Hence, there still exists a need for a gene
delivery system that balances the high transfection efficiency of viral systems
with the lower toxic effects of synthetic approaches. In an attempt to better
satisfy these conditions, another approach currently being investigated by
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scientists is the use of non-pathogenic engineered bacteria as gene delivery
vehicles.
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3

Bacteria-Mediated Gene Therapy

3.1

Pathogenic Bacteria as Gene Carriers

Various bacterial species have been investigated as potential gene carriers
to tumor cells [8, 10, 12, 13, 127-129]. Experimental results have shown that
pathogenic species such as Salmonella, Listeria, and Shigella have been successfully
engineered to transfer plasmids to mammalian cells [127, 130]. One mechanism
by which bacterial cells may enter mammalian cells is through the secretion of
invasion proteins by the bacteria upon contact with the host cell. These proteins
trigger cytoskeletal rearrangement to permit bacterial uptake via pinocytosis.
Such a mechanism is employed by Salmonella and Shigella [13]. Another wellstudied mechanism is the binding of a bacterial protein to a specific host cell
surface receptor to induce phagocytosis of the bacteria by normally nonphaogcytotic cells.
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Once internalized, various strategies are employed to facilitate release of
the genetic contents into the cytosol. By mutating these bacterial cells to have a
deficiency in diamionpimelate (dap), cell-wall synthesis is impaired, resulting in
the ability for the cells to rupture upon internalization by mammalian cells. This
process, referred to as “suicidal invasion,” is used as means of releasing the
transported DNA into the cytosol of mammalian cells for translation in the
nucleus into anti-cancer proteins.
Scientists have exploited the nature of anaerobic bacteria to proliferate
preferentially in low oxygen environments for targeting hypoxic tumor tissue
[129, 131]. However, pathogenic anaerobes, such as Salmonella, which selectively
target tumors, present concerns of toxicity and immunogenicity. To help address
pathogenicity concerns, attenuated mutants of these bacteria are often used in
gene delivery applications. Still, to reach therapeutic levels of gene expression,
safety issues may have to be better mitigated. Non-pathogenic bacteria may be a
safer delivery agent. With scientists’ ability to genetically manipulate bacteria to
express the invasive characteristics of pathogenic strains, options for nonpathogenic bacterial delivery vectors are improving [15, 132].
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3.2

E. coli as a Promising Gene Carrier

Attention is being focused on engineering non-pathogenic bacteria for
tumor homing and tumor cell invasion [14, 15, 132, 133]. By expressing proteins
encoded by intracellular bacteria, engineered extracellular bacteria have been
conferred with the ability to penetrate non-phagocytotic mammalian cells [16,
134, 135] as in Figure 3.1. For example, normally non-invasive Escherichia coli (E.
coli) cells have been engineered with the inv gene isolated from Yersinia for the
expression of the protein invasin [15, 16, 136]. Invasin binds to β1 integerins on
the surface of mammalian cells resulting in the phagocytosis of the invasinexpressing bacteria (Figure 3.1). Since the inv gene was characterized by Isberg,
et al. in the 1980s [16, 136, 137], recombinant E. coli has become an attractive
bacterial specie for gene delivery.
An additional useful genetic modification used in E. coli is the
incorporation of the hly gene from Listeria monocytogenes encoding listeriolysin
[128]. This protein which is the virulence factor for L. monocytogenes, allows
internalized E. coli to lyse the encapsulating phagosome at low pH, resulting in
the release of bacterial cell contents into the mammalian cell cytosol.
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a

b

Figure 3.1: EMT6 tumor cells in control (a) and infected (b) samples. MC4100 E. coli expressing
mCherry (red) have infected cells in b. Sodium fluorescein dye (green) is excluded from cells in
both samples, indicating viability.

Some mammalian cells infected with such engineered E. coli have
exhibited minimal loss of viability [133]. Also, it has been shown that invasive E.
coli carrying genes encoding therapeutic proteins were significantly more
efficient at protein delivery than gene transfer for mammalian cell transfection
[133]. This finding highlights an important feature of bacterial gene delivery
vectors: bacteria are capable of expressing foreign genes for therapeutic effect,
reducing the need for host cells transfection.
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With the potential of E. coli as an ideal active gene carrier, it would be
helpful to have an understanding of the transport mechanisms involved in the
infection of tumors by this bacterial specie. Knowledge of the means by which
bacterial cells propagate in tumors would provide relevant foundational
information that could aid scientists in the design of bacterial gene delivery
systems. To this end, an in vitro tumor model would be useful as a reliable
platform for analyzing bacterial transport mechanisms in solid tumors.

The

following chapter surveys a wide range of three-dimensional in vitro tissue
models, highlighting the capabilities of such systems as platforms for transport
studies.
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4

Three-Dimensional In Vitro Tissue
Models Transport Studies

4.1

Advantages of 3D In Vitro Models

The use of animal models and humans in research is often confined by
availability of test subjects, feasibility of testing procedures, and ethical concerns
about discomfort or pain caused to live subjects.

These limitations have

motivated researchers to develop in vitro models for the study of disease
mechanisms. Compared to animal models, the in vitro models are conducive to
systematic, repetitive, and quantitative investigation of cell or tissue physiology
in drug discovery and development. Hence, these models can be more tightly
controlled and are usually less expensive and less time consuming than animal
models. In vitro models can be used to assess a large number of different
combinations of experimental parameters [138]. Such high-throughput testing is
often not feasible with animal models.
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The most commonly used model for in vitro study of mammalian cells is
the monolayer of cells. Although the two-dimensional (2D) model has made
significant contributions to biological research, it has certain intrinsic limitations
that have prompted the development of three-dimensional (3D) models.
Compared

to

2D

models,

the

3D

models

can

provide

a

cellular

microenvironment that more closely mimics the microenvironment observed in
native tissues. This feature is critical for drug testing since environmental cues
can have profound effects on properties, behaviors, and functions of cells [139145], which may affect cellular responses to drugs. For example, the
microenvironment can send signals to a cell through (i) soluble factors in the
interstitial fluid, (ii) cell/cell or cell/extracellular matrix (ECM) adhesion, or (iii)
mechanical forces.
The signals are transmitted within the cell, inducing a cascade of
interactive events at various levels. The molecular events may include changes in
gene expression, phosphorylation/dephosphorylation of proteins, and molecular
exchange between intracellular and extracellular spaces. The subcellular events
can be changes in endocytosis/exocytosis, cytoskeleton remodeling, and nuclear
deformation. At the cell level, environmental cues may cause changes in cell
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shape and motility, influence proliferation, differentiation, and apoptosis, and
affect the morphogenesis of cellular structures (e.g., tube formation of
endothelial cells in collagen gels) [139, 146-150].
Another

important

consideration

in

the

studies

of

cellular

microenvironment is the communication between parenchymal and stromal
cells, which is mediated through adhesion molecules or extracellular matrix
connecting these cells or soluble factors secreted by the cells. Although the
communications can be studied with certain 2D models established through
micropatterning and microfluidic technologies [145, 147, 151], 3D models are
more sophisticated for mimicking in vivo situations, in terms of the control of
concentration gradients of signaling molecules and therapeutic agents,
composition and structure of ECM around the cells, as well as morphology and
arrangement of individual cells [151]. 3D models are also critical for investigating
morphogenesis of cellular or tissue structures and engineering cells with special
properties or functions [139]. In the past few years, the use of 3D in vitro models
has been increased significantly because of the development of new enabling
technologies [152-157], which have been used successfully to engineer 3D
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constructs of bone [158-173], liver [174-185], skin [138, 186], and cardiac [187-195]
tissues, among others.
To highlight the benefits of 3D in vitro models for investigation of microenvironmental effects and spatial plus temporal constraints on different types of
cells, this review provides an overview of some successful 3D in vitro models
developed for mimicking liver, breast, cardiac, muscle, bone, and corneal tissues
in normal organs, and malignant tissues in solid tumors. These models are
complementary to cell monolayer and animal models in drug screening as well
as pharmacokinetic and pharmacodynamic studies.
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4.2

Various Types of 3D In Vitro Models

4.2.1 Liver tissue models
Liver culture models can provide a basis for understanding liver diseases
and drug metabolism as well as provide liver support through incorporation into
bioartificial liver devices [196-204]. Hepatocytes have been cultured using a
number of techniques that aim to minimize the loss of liver-specific functions
and maximize cell viability.

Common approaches include 3D cultures and

modification of culture media.
Some of the first in vitro 3D hepatocyte culture models were based on
spheroidal aggregates developed by Landry et al. in the 1980’s [179]. Later,
Griffith et al. used biodegradable polymer scaffolds to enable the 3D organization
of cells [205]. Recently, Lee et al. used a hydrogel inverted colloidal crystal
scaffold to culture more tissue-like 3D structures that can be used for toxicity
studies [206].
While not 3D, sandwich cultures can be used as a supplement to 3D in
vitro models.

For liver tissue studies using type of culture, a monolayer of

hepatocytes is sandwiched between two layers of extracellular matrix (ECM)
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[207, 208]. The ECM creates a barrier to mass transfer that mimics the in vivo
situation in the liver. The sandwich culture has served as a common platform for
analyzing functionality of cultured hepatocytes. For example, many researchers
seek to preserve cytochrome P450 and other enzymatic activities needed for drug
metabolism research. The modification of culture media to restore function is one
approach that has shown promise for preserving metabolic function of
hepatocytes in sandwich cultures [207, 208].

Kern et al. showed that

supplementing culture media with rifampicin, an enzyme-inducing compound,
was an effective means of increasing enzyme activity and hence metabolic
activity [208]. To confirm these findings, Kienhuis et al. proposed a modified
system for sandwich-cultured hepatocytes to assess hepatotoxicity after
administration of a model compound, coumarin [207]. The toxicity of coumarin
is dependent on metabolism by the cytochrome P450 system [209].

It was

hypothesized that culturing the hepatocytes in medium enriched with known
P450 inducers would promote P450 metabolic activity and result in toxicity of
coumarin. Coumarin was administered to sandwich-cultured hepatocytes in
modified media and standard media. The results of this experiment showed that
there was no cytotoxicity of coumarin detected in the standard system and no
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coumarin metabolite found in the standard media.

In the modified system,

however, there was dose-dependent cytotoxicity and metabolite formation [207].
While the results of the modified in vitro system did not exactly match the rat
liver tissue in vivo, there was significantly improved agreement with the
modified in vitro culture than with the standard culture conditions.
Keeping in mind the advances made using sandwich hepatocyte culture, it
is possible that the in vitro system will be further improved by combining
modified culture media with techniques for culturing hepatocytes in 3D
microenvironment. Miranda et al. showed that several liver-specific functions of
hepatocytes, such as albumin and urea secretion and enzymatic activities, were
much better maintained in a 3D bioreactor system compared to the standard
monolayer culture [210].
Hepatocytes have also been co-cultured with hepatic stellate cells [180,
183, 211, 212], which have been shown to co-exist with hepatocytes in vivo and
participate in cell-cell signaling needed for liver regeneration and homeostasis
[211, 213, 214]. Thomas et al. co-cultured rat hepatocytes with rat stellate cells
and showed that stellate cells promoted the formation of hepatic ultrastructure,
including bile canaliculi, desmosomes and tight junctions, in the 3D spheroidal
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aggregates through ECM synthesis and direct signaling to the hepatocytes [183].
Spheroids with diameters of 100 – 150 µm were formed faster under the coculture conditions than the monoculture (hepatocytes only) controls. In addition
to maintained hepatic architecture, enzymatic activity was higher in co-culture
than monoculture. This was evidenced by a 7.2-fold increase in P450-catalyzed
metabolism of testosterone in co-culture, compared with that in monoculture
[183].

These studies highlight the importance of stromal cells and culture

conditions in retaining metabolic function and better mimicking liver tissues in
vivo.

4.2.1 Normal and malignant breast tissue models
Normal breast tissue models are developed mainly for breast cancer
research. With breast cancer being one of the leading incidences of cancer in
women, much effort has been placed in obtaining in vitro culture models that are
suitable substitutes for testing drugs or understanding disease mechanisms.
Emerman et al. showed that functionally differentiated mammary epithelial cells
could be cultured on floating collagen membranes and concluded that
basolateral contact with nutrients and flexibility of the support membrane
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allowed cells to achieve differentiation [215, 216]. Bissell and colleagues showed
that culturing mammary cells on a collagen substrate promoted the formation of
basement membrane, which led to production of milk protein [217-219]. It was
later concluded that mammary epithelial cells cultured on laminin-rich
reconstituted basement membrane (lrBM) were able to self-assemble into
spherical structures with a central lumen similar to normal mammary acini
responsible for specific mammary functions [220]. The central lumen in the selfassembled spheres failed to form when mammary luminal epithelial cells were
cultured alone in 3D collagen I gels [221] . In addition, the polarity of the cells
was inversed. When the luminal epithelial cells were co-cultured with
myoepithelial cells, which could deposit the basement membrane in situ, both
the polarity of the epithelial cells and the central lumen in the spheres were
normalized [221], suggesting that the composition of ECM was an important
factor for tissue structures.
When mammary carcinoma cells are cultured in the same way on lamininrich basement membranes, the cells fail to assemble into the spherical structures
and remain in disorganized aggregates that continue to grow [222]. This reveals
another advantage of 3D culturing to distinguish between normal and
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tumorigenic cells since 2D cultures do not discern the two as readily. Over the
past decade, studies by Bissell and co-workers have also shown that upregulating or down-regulating certain signaling molecules, such as β 1-integrin,
can actually change the phenotypes of malignant and nonmalignant mammary
epithelial cells in terms of the formation of the acini and growth arrest [223-226].
The changes are more significant in the 3D than the 2D monolayer cultures.
Another type of 3D model was studied by Dhiman et al. in which MCF-7
human breast cancer cells were grown on a scaffold of chitosan, a biodegradable,
biocompatible polymer [227]. This model was used to evaluate the cytotoxicity
of the anticancer drug tamoxifen. Unlike cells cultured in 2D on plates, MCF-7
cells on the 3D chitosan scaffold produced lactate that was similar to that
observed for the tumor cells in vivo [227]. It was therefore concluded that the
metabolism of the 3D in vitro culture more closely resembled that of the in vivo
tumor. Furthermore, resistance to the anticancer agent tamoxifen was higher in
the 3D model than in the 2D culture with an IC50 that was ten times higher than
that for the 2D culture [227].
These 3D models provide sound insight into the differences between
normal and malignant mammary epithelial cells and serve as an excellent basis
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for determining the intermediate steps that are responsible for the transition
from normal to malignant. Findings over the past three decades have shown that
3D in vitro models not only provide insight into normal and malignant breast
tissue physiology and architecture but also serve as invaluable tools for
understanding breast cancer and evaluating the cytotoxicity of anticancer agents
[19, 20, 228-231].

4.2.2 Heart tissue models
3D in vitro models of heart tissue have been used in research for providing
better insight into the mechanisms of heart disease. In addition, they have the
potential to serve as implantable constructs to restore functions to a diseased
heart – especially by replacement of damaged myocardium. Approaches to
cardiac tissue engineering have utilized preformed polymeric matrix constructs,
labile collagen matrices, or omitted the use of added matrices altogether [190-195,
232]. Studies have shown that constructs can be engineered, with cardiac
myocytes cultured on polymeric scaffolds, to resemble native tissues in structural
and electrophysiological properties [188, 233]. After a week of culture of primary
cells from ventricles containing cardiac myocytes, Bursac et al. obtained a 3D
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construct with a tissue-like region at the peripheral zone. It was 50 to 70 µm in
thickness and contained multiple layers of differentiated cardiac myocytes [188].
Electrophysiological studies then showed that the tissue-like region possessed
uniform electrical properties and sustained impulse propagation over a range of
several millimeters. While the electrophysiological properties of the constructs
improved with increasing the density of cardiac myocytes, they were still inferior
to the native ventricular counterparts. Nevertheless, these experiments
demonstrated that 3D cardiac muscle constructs can be engineered for
electrophysiological studies.
Eschenhagen and colleagues [191] cultured cardiac myocytes in a collagen
matrix to produce a contracting 3D cardiac tissue model. This made it possible to
directly measure isometric contractile force. In the study, embryonic chick
cardiomyocytes were cultured in a collagen solution and allowed to gel, forming
a spontaneously beating matrix, which was connected to a force measuring
system. The cultured construct contained well-organized cardiac ultrastructure
including desmosomes and tight junctions. In another study, Kofidis et al.
seeded neonatal rat cardiomyocytes onto a commercially available collagen
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matrix [194]. The resulting 3D tissue was also spontaneously beating and
electrocardiograms were recorded.
Successful experiments over the past decade have shown that it is possible
to culture 3D engineered heart tissues that closely resembles in vivo tissue and
can be used to better understand heart failure and aid in reconstitution of
damaged heart muscle [187, 189-195, 234].

4.2.3 Models for skeletal muscle and vascular smooth muscle tissues
Extensive work has been done on developing 3D muscle tissue models
with the hope of better understanding mechanical characteristics of muscle tissue
and possibly repairing or replacing damaged muscle tissues [235-241]. The
model development is largely done through the use of polymer scaffolds that
aim to provide the structural and mechanical support of the tissues [242, 243].
Selection of scaffold material and cell seeding technique are key elements
involved in designing a viable 3D muscle tissue model with adequate cell
attachment, cell-cell interaction, and cell density. However, constructing complex
3D matrices can prove to be time-consuming and challenging.
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In an effort to streamline construct fabrication, Stankus et al. combined
techniques of electrospinning elastomeric fibers to form the matrix while
concurrently electrospraying vascular smooth muscle cells to achieve high cell
density in a time-efficient manner [240]. The electrospraying of cells did not
appear to affect cell viability and enabled the investigators to obtain high cell
density over a short period of time. This same group also developed a modified
porous scaffold which incorporated collagen I to improve cytocompatibility and
confer susceptibility to enzymatic degradation of the scaffold [244]. This porous,
collagen-containing scaffold enabled high cell density while providing a strong,
flexible, biodegradable support that could be degraded by both hydrolysis and
collagenase pathways [244].
Cheema and colleagues performed studies of early skeletal muscle
development by seeding

skeletal myoblasts onto 3D collagen lattices and

observing the differentiation and fusion of myoblasts to form myotubes [239],
which is an early stage in myogenesis. Using this 3D model to evaluate the
mechanical behavior of the muscle organoid in 3D culture environment,
differences in force generation could be measured as the myoblasts matured and
fused [239]. In addition, myoblasts and fibroblasts have been co-cultured in
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developing 3D skeletal muscle constructs [245, 246]. In these cases, the cells were
able to generate the extracellular matrix needed for structural support.
It is remarkable that given the suitable culture conditions and growth
substrates, these in vitro muscle tissue constructs were able to develop native-like
characteristics in terms of morphology, differentiation, and even contractility.
These successes in 3D modeling of muscle tissue now provide a more realistic
testing bed for studying the roles of different aspects of the in vivo
microenvironment. This will allow researchers to gain better insight in to muscle
tissue repair and regeneration.

4.2.4 Bone tissue models
The development of bone tissue constructs has been a focus of
investigation not only for the purpose of characterizing the mechanical
properties of bone but also with the goal of engineering the constructs for
replacement or repair of bone tissues in the case of injury [158-160, 163-165, 167170, 172, 173, 243, 247-253]. Although autologous bone tissue grafts are ideal as
far as biocompatibility, harvesting of graft tissues can be extremely invasive.
Therefore, developing constructs with autologous cells is a major goal of bone
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tissue engineering. Ideally, marrow cells, human mesenchymal stem cells (MSC),
would be harvested from the patient and cultivated to generate bone tissues. As
with engineering other tissues, bone tissue constructs utilize combinations of
cells and 3D scaffolds.

The challenge lies in determining the optimal

combination of cells, cell seeding density, and scaffold.
Holy et al. investigated bone tissue formation as a function of cell seeding
density and culture period on a biocompatible poly(lactide-co-glycolide) (PLGA)
75/25 foam with morphology similar to that of trabecular bone [254].

This

structure was shown to promote infiltration of cells throughout the 3D scaffold
[163, 254]. Differentiated bone tissue had developed throughout the 3D scaffolds
after 2 weeks in culture using optimal initial cell density, whereas mineralization
of the tissue occurred one week later. Lower seeding densities only delayed
mineralization of the tissue. Furthermore, after 6 weeks in culture, majority of
the polymer scaffold was replaced with newly formed bone tissue [163]. These
results show great potential for use in bone repair and regeneration.
Another approach was used by Niemeyer et al. who developed a
promising construct using human MSC’s isolated from bone marrow and
cultured on mineralized collagen [165].

Medium containing dexamethasone,
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ascorbic acid and beta-glycerophosphate was used to successfully promote
osteogenic differentiation which was detected by increased expression of
osteogenic marker genes [165].
In an effort to enhance tissue maturation and mineralization in vitro,
researchers have investigated genetic engineering and culture medium perfusion
[158, 159, 161, 162, 250].

Studies have revealed that medium perfusion can

enhance tissue formation through the removal of waste, improved nutrient
delivery, and mechanical stimulation due to flow [161, 250, 252]. However, lower
flow rates produced higher percentages of viable cells within the construct [161].
Combined genetic and tissue engineering studies by Garcia et al. showed that
forced expression of osteoblastic transcriptional activator Runx2/Cbfa1 promoted
differentiation of primary skeletal myoblasts into a mineralizing phenotype
[162]. Culturing conditions are still being investigated to give rise to optimal
combinations of cell source, scaffold, and nutrient supply [158, 164, 167, 169, 172,
173, 247].
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4.2.5 Corneal tissue models
The cornea has been the main route of absorption for clinically used
topical ocular drugs. For this reason, research efforts have been directed at
developing realistic corneal equivalents for drug permeation and efficacy studies
[255-267]. In addition, the engineered constructs have a potential to be used to
replace/repair the damaged cornea in patients [265-267]. The cornea comprises
three major cellular layers. Stratified squamous epithelium is the outermost
layer, consisting of five to six cell layers. The middle stromal layer is the thickest
portion followed by the innermost monolayer of endothelial cells.
One of the first successful attempts at complete reconstruction of human
cornea that mimics the structure and physiology of the native tissue was
reported by Griffith et al. in 1999 [258].

In this study, a complete human

organotypic cornea equivalent was constructed from human epithelial, stromal,
and endothelial cells. Immortalized human corneal cells were screened to ensure
that electrophysical, biochemical, and morphological properties were similar to
cells harvested from postmortem human corneas since cell lines with abnormal
physiology were unsuccessful for producing constructs. A collagen–chondroitin
sulfate substrate cross-linked with 0.02 to 0.04% glutaraldehyde was used as the
tissue matrix. Stromal cells were mixed into the substrate and endothelial and
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epithelial cells were layered above and below the substrate, respectively [258].
Constructs were also successfully created with reversing the positions of the
epithelial and endothelial layers. Corneal equivalents had been subjected to
ocular toxicology tests and showed increased response to increasing degrees of
injury [258].
In recent years, other groups have also successfully constructed corneal
equivalents using human, bovine, and porcine cells [259-264, 266, 267]. Reichl et
al. constructed the multilayered tissue by culturing primary human epithelial,
endothelial, and stromal cells in convenient culture inserts [259]. Three model
drugs ((pilocarpine hydrochloride (PHCl), befunolol hydrochloride (BHCl), and
hydrocortisone (HC)) were used to evaluate the absorption kinetics of the cornea.
Immortalized human endothelial and epithelial cells and native stromal cells
(i.e., fibroblasts) were also used for this model. Permeation of drugs across the
human construct was compared with permeation data from excised porcine
cornea and porcine construct. The permeation behavior observed was similar for
the human construct and porcine cornea.

However, permeation across the

human construct was lower than the porcine construct and about 1.6-1.8 fold
higher than excised porcine cornea.
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The similarities in morphology, physiology, and permeation behavior
between corneal constructs and the native equivalents demonstrate a potential of
human corneal constructs to be used as appropriate models for the study of drug
permeation and toxicology testing in the human cornea, or transplanted directly
in patients for corneal tissue repair.

4.2.6 Tumor tissue models
Extravascular transport in solid tumors is a fundamental determinant of
the efficacy of both locally and systemically administered anticancer agents.
Large diffusion distances in tumor tissues as compared with normal tissues,
elevated interstitial fluid pressure, and interactions between anticancer drugs
and tumor tissues are the factors that significantly limit drug diffusion in the
extravascular compartment [268-271]. Due to rapid proliferation and poor blood
supply to tumor cells, tumor microenvironment is often acidic and hypoxic. This
hypoxia has been found to correlate with the resistance of tumor cells to both
drug and radiation therapy [272-276]. Although a few animal models have been
developed for investigation of drug transport in the extravascular compartment
in vivo [277, 278], they are not easily available. As a result, there is limited
information on transport properties of anticancer drugs. Furthermore, the
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While monolayer cell cultures have been used to identify potential anticancer agents, these cultures provide little information on effects of tumor
heterogeneity and microenvironment on chemotherapeutic outcomes [279]. In
order to obtain more information about the transport behavior of drugs in
tumors, several 3D in vitro tumor models have been employed that attempt to
simulate the heterogeneous tumor microenvironment. These models, compared
in 4.1, include multicellular spheroids, hollow fiber cultures, and multicellular
layers.
4.2.6.1 Multicellular spheroid
In order to mimic the heterogeneity present in solid tumors and account
for the effect of the tumor microenvironment on drug transport and efficacy, the
multicellular spheroid model was first devised by Sutherland et al. in the 1970s.
This model attempted to bridge the gap between standard monolayer cell
cultures and actual tumors [280].

Spheroids grown in vitro were found to

emulate the heterogeneity of solid tumors with necrosis and radiation-resistant
hypoxic regions that often occur at the center of solid tumors, due to poor
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vasculature and subsequent lack of oxygen supply [281-283]. Spheroids have
been grown from a variety of normal and tumor cell lines. Due to the ability of
multicellular spheroids to simulate a tumor-like environment, several assays
have incorporated the use of spheroids to study drug efficacy and penetration as
well as 3D cellular interactions [22, 284-291].
There are several methods that have been traditionally employed for
culturing these spheroids, including spinner flasks [292, 293], microgravity
(using rotating-wall vessels) [18, 24, 294-297], and spontaneous aggregation [298,
299].

In spinner flasks, cells are grown in dynamic suspension in culture

medium [293] yielding high numbers of spheroids without the use of a substrate.
Rotating-wall vessels, developed by NASA to simulate microgravity in a
laboratory setting, allow cells to be cultured in a suspension that minimizes fluid
turbulence and shear presented by the spinner flask [295]. For the spontaneous
aggregation method, cultured cells are seeded in high numbers (often on the
order of 106 or higher) into 100-mm dishes coated with agar with medium
supplemented with serum, and antibiotics.

After several days in culture,

spheroids on the order of 100 µm in diameter are selected and transferred to
medium in 35-mm Petri dishes [299].
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Although the multicellular spheroid closely mimics the heterogeneity and
hypoxia exhibited by in vivo tumors, it does not fully capture the interactions that
take place in vivo such as host immune reactions and angiogenesis. Also, the size
of the spheroid is difficult to control and the direct contact of media with cells
does not account for the blood vessel barrier in vivo [19, 21].
Other systems have been designed which supplement or improve upon
the multicellular spheroid model.

These include the use of spheroid

microencapsulation and microfluidic systems [21, 300].

Wu et al. designed a

microfluidic system with precise geometric constraints to address the issue of
spheroid size control and mimic drug transport from the vessel to the tumor
[300]. In this system, uniform tumor spheroid arrays were formed by trapping
MCF-7 tumor cells within controlled geometries. With continuous perfusion of
media throughout the device, cells are packed tightly within the cell traps and
cultured in place.

As a result, a high concentration of tumor spheroids of

uniform size was obtained and could subsequently be used for anticancer drug
studies.
It merits mentioning that the sandwich system has been used to
supplement analyses with spheroid cultures. In this application of the sandwich
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system, a single layer of tumor cells is cultured between substrata and, like the
spheroid, forms a necrotic core with a border of viable cells [301]. The sandwich
more closely corresponds to a lateral cross section of a spheroid and so the
system is not 3D as is the case with a spheroid. This geometry, however, renders
all cells in the sandwich visible under microscope [301], making it much easier to
label all the cells at once, without concern about diffusion of biomarker labeling
reagents. While the sandwich model is less like a tumor than a spheroid, it does
allow for analysis of effects of diffusion effects in growing cell populations [301].
Furthermore, the amplification of the region of viable cells as compared with
spheroids also identifies the number of cells within a certain concentration range,
allowing for more feasible separation of subpopulations of cells [302, 303]. These
benefits provide a means for more thorough examination of cell kinetics and
behavior as well as population growth [279, 304].
4.2.6.2 Hollow-fiber Model
Like the spheroid model, the in vitro hollow-fiber model was designed as a
heterogeneous tumor model that could be used for drug screening [279]. Tumor
cells have the ability to form solid masses in polyvinylidine fluoride (PVDF)
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hollow fibers [279]. Because PVDF is biocompatible, the hollow fibers can even
be implanted into mice to study their behavior in vivo.
For cell culturing inside hollow fibers, a dense cell suspension containing
(e.g. 107 cells/ml) is injected into the hollow fibers with diameters ranging from
450 µm to 500 µm [279]. The fibers are then sealed at even intervals and then
transferred to Petri dishes containing medium. The dishes are then incubated
without stirring for several days to allow cell attachment [279]. In order to
determine drug dose response, the fibers are transferred, one fiber per well, to
cell culture plates containing the agents of interest.
Versatility is one of the main advantages of the hollow-fiber model
because a variety of human tumor cell lines have been grown to form 3D mass in
PVDF hollow fibers. However, this model does present some disadvantages as
well. First, the growth of the tumor is constrained by the fiber wall. This means
that timing considerations must be made to ensure that experiments are
performed in the time frame of maximum cell growth before the cell population
declines. Another drawback is the fiber wall which presents an artificial barrier
between the tumor and surrounding medium, inhibiting the flux of large
molecules, such as DNA and antibodies, and hence excluding the application of
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this model to the studies involving macromolecular agents or nanoparticles
[305].
4.2.6.3 Multicellular layer model
The multicellular layer (MCL) was introduced in 1996 by Cowan et al.
[305] as a model which could be used for the direct measurement of drug
diffusion in a tumor-like environment. This model employs the culturing of
layers of cells on a collagen-coated microporous Teflon® membrane. The culture
medium is fed from both sides of the membrane, leaving symmetrical cellular
multilayers with a necrotic core and viable surrounding tissues [279]. The MCL
is therefore diffusion-limited and closely resembles other multicelluar systems
such as spheroids and hollow-fiber cultures [306].

However, the MCL model

has a major advantage in that it can be used to directly measure the flux of a
particular drug through the membrane. Furthermore, a wide range of human
and rodent cell lines can form MCLs and even some cell lines incapable of
forming spheroids can grow as MCLs [23, 306-308].
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Figure 4.1: Culturing MCL. (a) Setup for culturing MCL’s. Inserts are submerged in
continuously stirred growth medium and incubated several days. (b) 10-µm thick section of
MCL grown for 4 days on collagen-coated membrane (arrow) using HT29 cells. Scale bar = 50
µm.

Flux measurements are made possible due to the planar geometry of the
MCL that allows the agent of interest to be added to one compartment on one
side of the MCL while the opposite side is sampled to measure the change in
drug concentration over time [305].

Analytical methods such as high

performance liquid chromatography (HPLC) are used to detect the presence of
the diffusing species.
To construct the MCL according to Cowan et al. [306], cells are loaded into
culture plate inserts with collagen-coated Teflon microporous support
membranes. Once loaded, the inserts are placed in tissue culture plates with
growth medium and incubated for 4 hours as this allows the attaching of cells to
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support the membrane. Next, the inserts are submerged in continuously stirred
culture medium allowing the cells to grow for several days and form as many as
15 or 20 cell layers (Figure 4.2).

Figure 4.2: 10-µm cryostat section of MCL grown from HT29 tumor cells over 5 days and stained
with acridine orange.

When determining flux of drugs, the resulting MCL is placed between
two compartments (Figure 4.1). The first, much smaller, compartment contains
medium and is floated, along with the MCL, on a second compartment
containing medium.

The drug is added to the first compartment, diffuses

through the MCL, and enters the second compartment.
Drug concentration can then be measured using compound-specific
analytical techniques such as HPLC [306, 307, 309, 310].

Using the drug

concentration vs. time data and a mathematical model derived from Fick’s
second law of diffusion, the transport parameters can be determined. The ability
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to directly measure flux across the tumor-like membrane, applicability to various
types of cell lines, and the option of combining with HPLC analysis make the
MCL an excellent tool for the study of extravascular transport of anti-cancer
agents, including small drugs, prodrug formulations, and macromolecular
agents [23, 307, 308, 310-313].
Table 4.1: Comparisons of 3D Tumor Models
Tumor Model

Multicellular
spheroid [22,
284, 290, 314,
315]

Hollow fiber
[279, 304]

Multicellular
layer (MCL)
[23, 305-310,
313]

Description

Advantages

Disadvantages

Somewhat spherical cell
aggregate are formed
spontaneously in dishes
or by culturing on treated
substrates

• Works for a variety of
normal and tumor cell
lines
• Mimics tumor
heterogeneity
• Can be supplemented
with sandwich cultures
for additional analyses

•

Cells are seeded into
hollow fibers (often made
of polyvinylidine fluoride
(PVDF)) to form solid
masses

• Works for a variety of
cell lines
• Mimics tumor
heterogeneity
• Cells cultured in
biocompatible fibers can
be implanted into mice
for in vivo studies as well
• Planar geometry enables
direct flux measurements
• Mimics tumor
heterogeneity
• Growth can be
reasonably controlled
• Can be used for some
cells incapable of
growing spheroids

•

Cells are seeded onto
semi-permeable support
membrane often coated
with collagen and
multiple layers (often as
much as 20) accumulate
in culture
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•

•

Difficult to control
growth
Does not account for
blood-vessel barrier
to nutrients

Fiber wall constrains
culture growth
Fiber wall presents
artificial barrier that
excludes application
to gene therapy
studies

Does not account for
blood-vessel barrier to
nutrients

4.3

Microfluidic Cell Culture Systems

While the in vitro models discussed have shown impressive abilities for
mimicking tissue structure or functions found in vivo, they often present inherent
limitations. Though traditional in vitro models can provide sound quantitative
information on drug efficacy, cytotoxicity, and penetration, such models are not
typically adaptable for real-time microscopic observation. Often, culturing must
be interrupted to permit visualization. Also, the ability to tightly control the
culture environment is useful for studying cell responses to environmental
conditions or the introduction of agents of interest. The field of microfluidics has
made remarkable strides toward reducing such limitations and has presented a
number of innovative approaches to precisely-controlled cell culture and direct
visualization.
The use microfluidics is rapidly becoming one of the most popular
approaches to in vitro tissue modeling due to the many advantages of this
technique. Microfabrication provides a level of precision and control that cannot
be achieved with many of the previously described techniques [316-319].
Microfluidic devices are easily customizable and attractive for studies that
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require the introduction of various agents with minimal human intervention and,
hence, reduce variability in experiments. Also, because experiments are run on
the micro-scale, microfluidic experiments can ultimately be more economic as
this method requires lower amount of reagents. Culture conditions, cell seeding,
and microchannel geometry can be optimized for specific in vitro applications
without sacrificing the ability to directly visualize the culture via microscopy
[320-322].
Typically, soft photolithography is used to create mold of the cell culture
chip. Polydimethylsiloxane (PDMS) is often used for replica molding to obtain
the final chip because this silicone-based polymer is biocompatible, oxygenpermeable, and optically transparent to enable illumination of cells and tissues
during microscopy studies. The PDMS replicas are bonded to a glass coverslip to
completely seal the device before they are used for cell studies.
Researchers are now aiming to utilize novel microfluidic culture systems,
often called “biochips” for 3D cell culture to better mimic the cell-cell interactions
and the microenvironment observed in native tissues [317, 320, 321, 323, 324].
The Yu group developed a microfluidic cell culture system that could be used for
3D culture of mammalian cells to adequately simulate 3D cell-cell and cell-matrix
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interactions [324]. In this system, cells were seeded via perfusion into a central
microchannel, which was separated from the outer channels by an array of
micropillars. The formation of 3D cell culture was promoted by polyelectrolyte
complex coacervation in which polyelectrolytes were introduced simultaneously
with the cells to immobilize cells upon introduction. The micropillars provided
an adequate barrier to contain cells in the central channel, but allowed nutrient
access via continuous perfusion of media through the outer channels. Upon
loading cells, culture periods ranged from 72 hours to 1 week and the resulted
3D cultures exhibited phenotypes similar to those observed in vivo. This method
has been used successfully for developing 3D cultures of carcinoma cell lines as
well as primary cells [324].
There are other creative strategies that have been used to develop 3D
cultures on microfluidic platforms [300, 316, 317, 325, 326]. For example, Ng, et
al. employed the use of MatrigelTM to embed cells and apply perfusion of culture
media through the cell-MatrigelTM compartment of the microchip [326]. The
chamber consisted of a PDMS layer containing the culture compartments and
flow channels.

The PDMS layer was fabricated using a Poly(methyl

methacrylate) (PMMA) template obtained through micromachined lithography.
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This cell-gel culture enabled live cell imaging during perfusion, as well as livecell harvesting post-culture. Researchers have used this 3D model to investigate
barriers to interstitial transport of nanoparticles in tumor tissues [326].
The ability to visualize the 3D cell culture in place makes this approach
especially attractive for bacterial transport studies.

A well–designed

microfluidics-based culture would permit the microscopic observation needed to
analyze the propagation and distribution of bacteria within a 3D tumor cell
culture

4.4

Conclusions
While there is still considerable research needed to ensure that the 3D

constructs realistically mimic the native tissue counterparts, successes in various
aspects of the tissue engineering promise a bright future for the development of
models that copy all relevant properties of the tissues observed in vivo. The
advances discussed as well as the improvements that are imminent will continue
to allow investigators to discover novel approaches to understanding
mechanisms of gene carrier transport and drug actions, thereby enhancing the
design of gene and drug delivery systems.
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5

A Novel Microfluidic Culture System
for 3D Culture of Tumor Cells

5.1

Introduction

In vitro tissue models have been shown to be an invaluable tool for study
of disease mechanisms and drug efficacy. Compared to animal models, the in
vitro models can provide a means for high-throughput, reliable, and reproducible
testing of drugs by minimizing number of variables that accompany the use of
animals. While two-dimensional (2D) in vitro models, i.e. monolayers of cells,
have made significant contributions to biological research, they present certain
restrictions that have spurred the development of three-dimensional (3D)
models. Compared to 2D models, 3D models can provide a cellular
microenvironment that more closely mimics the microenvironment observed in
native tissues. This feature is critical for drug testing since environmental cues –
including 3D cell-cell interactions – can have profound effects on properties,
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behaviors, and functions of cells [222, 280-283], which may affect cellular
responses to drugs. Furthermore, it has been shown that the limited penetration
of drugs in solid tumors may be highly attributable to the high cell density in
tumor tissue, leading to increased cell survival after treatment [311]. In this
regard, 3D models are able to provide more realistic predictions on transport
behaviors of drugs and genes in solid tumor tissues.
The most popular 3D in vitro tumor models include multicellular
spheroids [21, 22, 280, 286, 292, 315, 327] and the multicellular layer model (MCL)
[23, 310, 311]. Though widely used, each of these techniques presents certain
drawbacks. The multicellular spheroid, a well-established 3D model, generally
achieves high cell packing density in 3D cultures that can grow to diameters in
the range of several hundred microns to over a millimeter [292]. However,
difficulties may arise in controlling the size and geometry of the spheroids. In
addition, it may not be feasible for some tumor cells to form spheroids. The
multicellular layer (MCL) cultures consist of a 3D culture of tumor cells on a
collagen-coated microporous membrane [305]. Contrary to the tumor spheroid,
the MCL has a simple planar geometry, making this type of model well-suited
for quantitative drug penetration studies [23, 305, 308, 310].
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However,

visualization of drug penetration within the system usually requires disruption
of the culture for fixation and sectioning, making this type of model unsuitable
for real-time, in situ microscopic visualization of drug penetration. Similar to the
spheroid, it may not be feasible for some tumor cells to form uniform MCL with
a thickness over a hundred microns.
To make in vitro tissue models more adaptable for microscopic analysis
without disrupting the system, investigators have been using microfluidic
devices for culturing cells in 3D [316-318, 325]. Microfabrication provides a level
of precision and control for cell culture that is not as easily attained with the
previously mentioned 3D culture techniques [300, 317, 318, 320-322].
Microfluidic devices can provide geometric restrictions to yield consistent tumor
size [300]. In fact, the microchip can even be designed to facilitate the culture of
a tumor model with uniform 3D planar geometry [318, 319, 328, 329], similar to
the MCL model. Unlike the traditional MCL model, the microfluidic culture
permits real-time in situ microscopic visualization.
Current approaches to 3D culture of mammalian cells in microfluidics
systems often involve the use of hydrogels for cell trapping, embedment, or
encapsulation to provide 3D structures [317, 322, 324-326, 330]. However, the use
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of non-endogenous polymeric components results in formation of an
extracellular matrix (ECM) that differs from that produced naturally by cells
themselves. Furthermore, ability to achieve a high cell packing density is
sacrificed due to the additional volume being occupied by the polymeric matrix.
To overcome this problem, gel-free techniques have been developed to create 3D
cell structures. They involve the formation of tumor cell aggregates by designing
geometry of the device to permit trapping of cells or direct loading of cell
aggregates into a designated cell compartment [300, 321]. One gel-free method
employs the use of peptide cross-linkers to induce cell aggregation in the
microchannel [321].

While this creative strategy circumvents the need for

exogenous matrix components for building cellular structures, the cross-linkers
are attached to cells for several days before being completely degraded, and thus
may affect cell functions or induce adverse effects on cells. The main drawback
to the use of cell aggregates to form the 3D structures is that cell packing is not
always uniformly dense throughout the culture compartment [321], leaving
discontinuous regions within the compartment.
To this end, we developed a new technique for the 3D culture of tumor
cells, which required neither cross-linkers nor the use of gels. In the new system,
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cells were densely packed in 3D and the density was comparable to those
achieved in solid tumors in vivo.

The 3D culture obtained using our novel

technique was characterized in terms of cell packing density, cell viability, and
transport properties of small fluorescent molecules.

5.2

Materials and Methods

5.2.1 Device fabrication
The microfluidic device consisted of three channels and the schematic is
shown in Figure 5.1. Channels were 0.25 cm in length and 30 µm in height, and
separated by an array of square micro-posts, 50 µm (width) x 30 µm (height),
spaced 4 m apart. The outer channels were 200 µm wide and the central channel
(cell compartment) was 100 µm wide. The device was designed using AutoCAD
and the pattern was then transferred to a chrome mask. Standard
photolithography techniques were used to prepare the silicon template using the
negative photoresist SU-8 3035 (MicroChem Corp, Newton, MA). The thickness
of SU-8 on the silicon wafer was verified after template preparation using
NanoSpec 210 (Nanometrics, Milpitas, CA). The silicon template was then used
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for replica molding of poly(-dimethylsiloxane) (PDMS) (Dow Corning USA,
Midland, MI) to obtain microfluidic channels. After curing PDMS at 60°C for 1
hour, inlets and outlets were cored using a 20G round punch (Technical
Innovations, Angleton, TX). PDMS was then sterilized by submerging in 70%
ethanol for 5 minutes, rinsing with sterile water, and allowing to air dry under a
sterile hood. Devices were completed by bonding the PDMS channels to sterile
glass coverslips and baking overnight at 100oC to improve bonding strength. It
was found that oxygen plasma treatment was not necessary for sufficient
bonding in this study. At inlets, ½ -inch 23G stainless steel tubing was inserted
and connected to polyethylene tubing which was then connected to 5-ml plastic
syringes via standard 23G luer stubs.
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Figure 5.1: (A) Schematic of microfluidic device design for 3D tumor model. A photo of the
microchip is also shown here. (B) Overall setup of the perfusion system for tumor cell culture in
the device. Water bath was maintained at 37°C.
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In preparation for cell loading, sterilized devices were first vacuum-filled
with phosphate-buffered saline, PBS (Cellgro, Mediatech Inc., Manassas, VA), to
remove all air from micro-channels. While still submerged in sterile PBS, a 1:1
(v/v) mixture of collagen type 1 from calf skin (C8919, Sigma-Aldrich, St. Louis,
MO) and 100% ethanol was infused, one at a time, into each outer channel of the
device. Inlets and outlets for the channels not being coated were blocked to
prevent the flow of mixture into the central channel. Once each outer channel
was filled with the collagen solution, the entire device, submerged in PBS, was
incubated at 37°C for 30 minutes.

5.2.2 Cell culture
B16.F10 melanoma cells were maintained in tissue culture-treated flasks at
37°C, and 95% air and 5% carbon dioxide. They were cultured in high-glucose
Dulbecco’s Modified Eagle Medium (DMEM) containing L-glutamine and
sodium pyruvate (Gibco, Invitrogen, Grand Island, NY ) and supplemented with
10% HyClone Bovine Growth Serum (Thermo Scientific, Rockford, IL). Once
confluent, adherent cells were rinsed with PBS and incubated at 37°C with 1 ml
0.25% Trypsin/EDTA for 10 minutes. Cells were re-suspended in culture media
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and a portion of the cell suspension was transferred to a fresh culture flask in
which additional DMEM was added to a final volume of 15 ml for a culture
surface of 75 cm2. Cells were maintained in the flask until the culture was
completely confluent. Unless otherwise stated, all cell culture reagents were
obtained from Gibco, Invitrogen.

5.2.3 Cell loading into microfluidic device
Using a syringe pump (Harvard Apparatus, Holliston, MA), outer
channels of the collagen-treated device were simultaneously infused with the
culture media – DMEM supplemented with 10% fetal bovine serum (SigmaAldrich) and 60 mM HEPES buffer at a rate of 0.05 ml/hr for 5 minutes prior to
cell loading. Adherent tumor cells were re-suspended in serum-free DMEM to a
concentration of approximately 5 - 6 x 106 cells/ml and loaded into a 1 ml syringe.
The suspension was very gently infused by hand into the central channel, taking
care not to apply so much pressure that cells would immediately escape to the
outer channels through the spaces between the micro-posts. Both outlets
remained open to allow drainage of medium. The microchip was placed on an
inverted microscope stage during this process to ensure proper loading. Once
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the cells were densely packed into the central channel, the tubing connected to
the central channel was clamped to prevent backflow of cells toward the inlet
and culture media was continually supplied in a one-pass perfusion manner via
the outer channels at a flow rate of 0.07 ml/hr. The entire device was floated in a
37°C water bath which was covered for the duration of the overnight culture to
prevent evaporation of media from within the device and formation of air
bubbles.

5.2.4 Cell viability staining
B16.F10 cells were stained in situ by infusing DMEM containing 5 µM
CellTrackerTM Green CMFDA (Molecular Probes, Invitrogen, Eugene, OR) and 10
µM propidium iodide (Molecular Probes, Invitrogen, Eugene, OR) via the outer
channels at a flow rate of 0.1 ml/hr for 20 minutes at 37°C.

Cells were

immediately imaged by confocal microscopy (Zeiss Axioskop 2 and LSM 510,
Thornwood, NY). Optical slicing was used to visualize the entire depth of the
cell structure in the central channel.
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5.2.5 Cell packing density determination
Immediately after loading or after 12-hr culture, packed cells were stained
by infusing 4',6-diamidino-2-phenylindole, DAPI (Molecular Probes, Invitrogen),
at a concentration of 14 µM in serum-free DMEM for 20 minutes at a rate of 0.1
ml/hr. The dye solution was infused only in the outer channels while the central
channel remained closed. After the infusion was terminated, cells were incubated
at room temperature for another 30 minutes to allow further penetration of the
dye into the centermost part of the cell compartment.

Using confocal

microscopy, stacked 2-µm optical slices of the stained nuclei were obtained at
three randomly selected positions within the cell compartment. This was
repeated for a total of three devices to calculate the average number of cells per
unit volume. ImageJ image processing software was used for cell counting.

5.2.6 Perfusion with sodium fluorescein
B16.F10 cells were loaded as previously described. Sodium fluorescein
(Sigma, St. Louis, MO) was introduced either immediately after cells were loaded
or after the 12-hr culture period.

At the time of sodium fluorescein (NaF)

introduction, the device was placed on an inverted microscope stage to permit
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real-time fluorescence imaging. NaF (0.1 mM in serum-free DMEM) was infused
into one of the outer channels at a rate of 0.1 ml/hr and dye-free DMEM was
infused into another outer channel at the same rate. The infusion period was
chosen to be much longer than the diffusion time constant of NaF in the central
channel so that the concentration distribution of NaF could reach a steady state
when it was analyzed. The diffusion time constant was estimated to be 8.3 sec,
based on the equation, w2/(2D), where w is the channel width (100 µm) and D is
the diffusion coefficient that was assumed to be 6x10-7 cm2/sec [331]. As a result,
the infusion period was chosen to be 15 minutes. After the infusion, fluorescence
images were taken at various positions along the entire length of the cell
compartment using an inverted microscope (Zeiss Axiovert 100TV and Zeiss
Axiocam MRc, Thornwood, NY).

5.2.7 Quantification of concentration profiles
Image analysis was performed with Matlab. From each image, intensity
values along the flow direction (i.e., y-axis) were averaged for each position
along the perpendicular direction (i.e., x-axis). The mean intensity profile (Imean)
as a function of x was then normalized by the maximum intensity (Imax) at the
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source channel. The origin of the x-axis was chosen to be the interface between
the cell compartment and the posts next to the source channel. The intensity
profiles were generated at different positions between the inlet and the dead end
in the cell-loaded compartment.

5.3

Results

5.3.1 Microfluidic device for 3D in vitro tumor model
The microfluidic device consisted of a cell culture region and two outer
channels. Square-shaped posts, spaced 4 µm apart, formed the barriers between
the central cell compartment and the outer channels. The outer channels were
connected to a one-pass perfusion system for continuous supply of culture media
and removal of metabolic waste from cells. To characterize the tumor model, we
determined the cell viability, density, and morphology immediately after the cell
loading and at 12 hrs after the cells were cultured in the device.
The viability of tumor cells cultured overnight (12 hrs) in the microfluidic
device was assessed by staining cells with Celltracker Green CMFDA and
propidium iodide (PI). Typical images of stained cells are shown in Figure 5.2.
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They indicated that most cells in the central channel were viable after the 12-hr
culture period. For those dead cells, there was no correlation between cell death
and the minimum distance of cells from the outer channels, indicating that the
cell death was not caused by the lack of nutrient supply. Some cell might have
already died before being loaded into the microfluidic device.
The density of cells loaded into the central channel was determined
through staining the cells with a nuclear dye, DAPI, followed by confocal
microscopy. The nuclear staining permitted easier distinction between cells
because cell boundaries could not be easily resolved without any staining or after
cytosolic staining since the cells were densely packed. Typical images of cells
with or without nuclear staining are shown in Figure 5.3. Average values of cell
packing density obtained were 3.35 x 10-4 ± 0.73 x 10-4 cells/µm3 (n = 3)
immediately after loading, and 2.78 x 10-4 ± 0.16 x 10-4 cells/µm3 after overnight
culture. Assuming the volume of single cell to be ~950 µm3 (for a typical cell with
a diameter of 12 µm), the volume fraction of cells in the central channel was
determined to be approximately 0.32 upon loading. The measured cell densities
were compared with those in other tumor models reported in the literature (see
Table 5.1). The comparison demonstrated the ability of this new model to
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consistently achieve packing densities within the range reported for B16 tumors
in vivo [332, 333]. The packing densities were also comparable to the values
reported for other in vitro tumor models (i.e., spheroid and MCL) after several
days of culture [311, 334].

Table 5.1: Comparison of cell density in various tumor models.

Tumor
Model
New 3D
microfluidicbased tumor
model
Multicellular
spheroid

Cell line

B16.F10

EMT6/Ro
MEL28

Multicellular
layer model

HCT-8

In vivo tumor

B16.F10

In vivo tumor

B16.F10

In vivo tumor

4T1

*

Cell Type

Cell packing
density
(cells/µm3)

Melanoma
(mouse)

3.35 x 10-4 ±
0.73 x 10-4
2.78 x 10-4 ±
0.16 x 10-4

Mammary
carcinoma
(mouse)
Melanoma
(human)
Colon
carcinoma
(human)
Melanoma
(mouse)
Melanoma
(mouse)
Mammary
carcinoma
(mouse)

Growth
period
(days)

Reference

0
0.5

1.7 x 10-4

4-7

1.2 x 10-4

4-7

This study

[334]

[311]
0.79 x 10

-4

5

5.69 x 10-4

---*

1.94 x 10-4

7-10

[332]
[333]
[333]

3.84 x 10

-4

7-10

Cell density was quantified once tumor size in mouse reached approximately 0.1 g.
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Figure 5.3 also shows changes in cell morphology and shape of nuclei
after overnight incubation. The cells and their nuclei appeared to have elongated
and enlarged and cell boundaries appeared to merge, resulting in increased cellcell contact that reduced the visibility of cell outlines (see Figure 5.3a vs 5.3c).
The elongation and enlargement of cells also led to a 17% reduction in cell
packing density previously mentioned. In light of the slight reduction in cell
packing density, there did not appear to be any significant proliferation of cells
after the 12-hr culture period.
Another observation in the study was that the cells formed a solid, tissuelike mass after the overnight culture, which remained stable in the cell
compartment even when they were disturbed mechanically by removing and reconnecting tubings to the outer channels.
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a

b

Figure 5.2: B16.F10 cells in the microfluidic device after 12 hours culture. The tumor cells were
stained with CellTrackerTM Green CMFDA and propidium iodide (red). Stacked 2-µm optical
slices obtained from two different locations of a microchip are shown in (a) and (b), respectively.
Boxed panels at top and right in (b) show cross-sections of the captured region at the dissecting
lines. Black squares are micro-posts with dimension of 50 µm.

a

b

c

d

Figure 5.3: B16.F10 cells in microchip immediately after loading (a, b) and after a 12-hour
culture period (c, d). Panels (a) and (c) show images of cell compartment taken under a regular
light microscope; Panels (b) and (d) show stacked 2-µm optical slices of the microchip containing
DAPI-labeled nuclei in cells stained in situ before (b) and after (d) overnight culture. These
images were taken under a confocal microscope and used for cell counting.
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5.3.2 Fluorescent dye distribution
Various fluorescent dyes had been delivered to the outer channels for
staining intracellular and extracellular spaces in the cell compartment. We
observed that there was limited penetration of these small molecules from the
outer channels into the cell compartment whether cells had been freshly loaded
or incubated overnight.

The limited penetration occurred for both cell-

membrane permeable (acridine orange) (see Figures 5.4a and 5.4b) and
impermeable (i.e., sodium fluorescein (NaF)) dyes (see Figures 5.4c and 5.4d). In
both cases, the dye concentration in the cell compartment was higher
immediately after cell loading than at 12 hours after cell loading. Additionally,
calcein acetoxymethyl ester (calcein-AM) and Hoechst 33342 were loaded into
the outer channels in attempts to stain cytosol and nuclei, respectively, of viable
cells in the central channel. However, the fluorescent dyes could not reach the
majority of cells even after 2 hr of incubation (data not shown). The limited
penetration of small fluorescent molecules demonstrated the diffusion barrier
presented by the densely packed cells in the central channel.
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a

b

c

d

Figure 5.4: Images of microchannels perfused with solutions of fluorescent
molecules immediately after cell loading (a, c) and after 12 hr incubation (b, d).
The solutions were acridine orange (a, b) and sodium fluorescein (c, d). In Panels
(a) and (b), acridine orange solution was perfused in both outer channels. In
Panels (c) and (d), sodium fluorescein solution was perfused in one outer
channel (left arrows) and dye-free medium was perfused in the other channel
(right arrows). The origin of x axis was defined at the interface between the
central cell compartment and the posts on the left side.

The spatial distribution of NaF in the cell compartment after overnight
culture was quantitatively compared with the distribution immediately after
cells were loaded into the channel. In the experiment, NaF (0.1 mM) was infused
into one of the outer channels while the other outer channel was infused with
dye-free medium. These flow conditions were used to generate a concentration
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gradient of the dye in the cell compartment. Fluorescence images were captured
at four different positions along the cell compartment in the y direction. They
were averaged in the y direction in each image to obtain mean intensity profiles
across the width (i.e., in the x direction) of the cell compartment – from the NaF
side (source side) to the dye-free medium side (sink side). For quantitative
comparison, we defined fractional fluorescence intensity, Imean/Imax, the ratio of
mean intensity, Imean, at a given distance from the source boundary to the
maximum intensity in the source channel, Imax.

The average ratio and the

standard deviation of the four positions were then calculated. Results obtained
from a cell compartment immediately after cell loading and at 12 hours after cell
loading are shown in Figure 5.5. For further comparison, the averaged intensity
profile of NaF in a microfluidic device loaded with a 1:1 (v/v) mixture of collagen
type I and B16.F10 cells was quantified, and the result is shown in the same
figure. Linear regression of these curves was performed; and the slopes of the
lines are indicated in the figure legend. The least resistance to dye diffusion was
presented in the central channel loaded with collagen-cell mixture. In this case,
the value of Imean/Imax at x = 0 was ~0.60, which was nearly three times the value in
the collagen-free cell compartment (see Figure 5.5). There was no correlation
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between the slope of intensity profiles and the distance from the cell inlet in the y
direction immediately after the cell loading (data not shown), presumably due to
a heterogeneous distribution of void space between cells. However, the slope of
Imean/Imax profiles in the collagen-free cell compartment became less locationdependent after overnight incubation. Thus, the standard deviation of the curve
became smaller (see Figure 5.5) The experiments discussed above had been
repeated and the intensity profiles obtained were similar to those shown in
Figure 5.5, indicating that the results were reproducible.
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Average fluorescence intensity profiles of sodium fluorescein in central
cell compartment of microchip. The sodium fluorescein solution was perfused in
one outer channel (left) and the dye-free medium was perfused in the other
channel (right) as shown in Figure 4. Intensity profiles were generated
immediately after loading a mixture of collagen and cells (0 hr), immediately
after loading a collagen-free cell suspension (0 hr), and after culturing collagenfree cells in microchip for 12 hrs. Error bars for each data point are
superimposed over each curve. The slope from linear regression of curves a, b,
and c were -0.9x10-3,-0.9x10-3, and –2.5x10-3, respectively.
Figure 5.5:

5.4

Discussion
A new in vitro tumor model was developed in the study. It contained

densely packed tumor cells and a perfusion system that mimicked the
microcirculation in tissues. It had a high interstitial resistance to molecular
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transport that is a critical feature for in vitro models to mimic physiological
barriers observed in solid tumors in vivo. The model was based on microfluidic
system that allowed direct visualization of interstitial and intracellular transport
of fluorescent molecules, nanoparticles, and cells. Results from the study showed
a great promise for the model to be used as a tool for penetration studies of
drugs and genes.

5.4.1 Unique features of the model
There were a few unique designs in the 3D tumor model. As mentioned
above, the central channel had a cell density that was comparable to the value
measured in B16.F10 tumors in vivo [332, 333] and higher than some reported
values for spheroid [334], MCL [311], and microfluidics-based [300] in vitro
tumor models (see Table 5.1). The high density of cells was achieved through
direct loading of cell suspension into the central channel and coating the outer
channels with collagen, without the use of gel-based cell immobilization
techniques [317, 324, 325] or cell surface modifications [321]. The multicellular
spheroid and MCL are well-established tumor models for drug penetration
studies. However, these models often require as many as 5
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to 10 days of

incubation to obtain the desired thickness for a relevant drug testing platform
[23, 287, 290, 291, 311]. Other microfluidics systems for 3D tumor models often
require a week of culture to develop adequate thickness for drug penetration
studies; and the thickness and geometry of the cultures are not always uniform
[321, 324, 335]. The new model developed in this study could drastically reduce
the time required to obtain multicellular structures to as little as half a day and
provide a well-controlled geometry to permit straightforward molecular
diffusion analyses. This feature provided a means for expeditiously obtaining a
3D platform for drug penetration studies, thereby maximizing data acquisition.
Another main advantage of the new model was that it could be used to study
any types of tumors whereas the spheroid and MCL models are limited to certain
tumor cells that can form spheroidal and multilayer structures.
The three-dimensionally arranged B16.F10 tumor cells developed into an
integrated structure at the end of the 12-hr perfusion, suggesting that cells had
begun to produce ECM components necessary for maintaining structural
integrity. Even after the microchip was removed from the perfusion system, the
solid structures remained intact for many hours without fixation. This was an
encouraging result since the system allowed cells to autonomously manufacture
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tissue-specific ECM rather than deriving 3D support from exogenous hydrogels
[317, 322, 324-326, 330].
Real-time, in situ microscopic analysis with MCL models is often
complicated and impractical. Samples usually must be fixed and sectioned in
order to perform microscopic analysis.

We had demonstrated that this

microchip-based 3D tumor model permitted direct microscopic visualization
without disrupting the system or requiring fixation.

5.4.2 Cell viability and proliferation
In light of the cell density comparisons before and after the overnight
incubation, no significant cell proliferation was observed in the central
compartment. This was probably due to tumor cells to be so densely packed that
there was minimal intercellular space to allow rapid proliferation. In fact, images
shown in Figure 5.2 suggested that some tumor cells had a tendency to escape
from the crowded central compartment through the narrow spaces between
micro-posts. The lack of proliferation was not necessarily a disadvantage of the
model since tumor cells distant from blood vessels in vivo show limited
proliferative behavior as well [336, 337].
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Even near the microvessels, cell

proliferation in a tumor nodule can be constrained by surrounding tissues, which
can lead to a significant increase in solid stresses that are known to inhibit cell
proliferation [338-340]. In future studies, it will be interesting to characterize the
solid stresses generated by tumor cells in this model. Conversely, the model can
be used to study effects of mechanical microenvironment on tumor cell
proliferation and other behaviors.
Cells appeared to have no significant loss of viability after overnight
culture, despite the high cell density resulting from the initial packing. However,
we did not investigate the long-term cell viability in the system. In order to do
the investigation, it will be necessary to consider optimal conditions for longerterm culture such as media composition, perfusion flow rate, media
replenishment. The ability to provide longer term cell culture in this microdevice would permit a wider array of testing for drug penetration and cell
responses.

5.4.3 Small molecule transport in 3D tumor models
The evaluation of fluorescent dye distributions provided important
information on intracellular and interstitial transport of small molecules in the
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cell compartment. Except for PI and DAPI molecules, which can easily diffuse
across cell membrane and in the interstitial space, other small molecules used in
this study penetrated poorly in the cell compartment. Calcein-AM, a
hydrophobic molecule with molecular weight of 995, can transport across the
membrane of live cells. Because of this property, it has been widely used for
determining cell viability. In our study, calcein-AM could only label cells
adjacent to the outer channels where the dye was loaded (data not shown),
indicating that it could not diffuse to the interior of the cell compartment. As a
result, we had to use a relatively smaller fluorescent molecule, CellTrackerTM
Green with a molecular weight of 465, to label the live cells in the central
channel. Figure 5.4 shows the transport of acridine orange, a fluorescent nuclear
dye, to be poor as well. It could not stain the nuclei of cells in deeper layers of
the cell compartment. Similar results were observed when Hoechst 33342 dye
was used to stain cell nuclei (data not shown). Even after 2-hour incubation, the
staining of nuclei in the cell compartment was non-uniform, with more cells
stained in regions close to the outer channels.
These observations were consistent with those reported in the literature.
Durand showed that Hoechst 33342 dye penetrated very slowly into tumor
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spheroids. After a 3-hour incubation period, the penetration depth was only 3-4
cell layers [341]. Calcein-AM also penetrates poorly in tumor and liver spheroids
as well as tumor MCL models [313, 342, 343]. The poor penetration is caused by
both transport barriers, formed by cells and ECM, and cellular uptake of the dyes
that reduces dye concentration in extracellular space for further penetration. It
has been suggested that the penetration depth can be significantly increased by
first reducing the temperature to 4 to 8oC for decreasing the cellular uptake when
loading the dye and then increasing the temperature to 37oC when incubating the
cells to cleave AM from the dye in the intracellular space [313, 343]. However,
reducing the temperature minimally improved calcein-AM penetration in our
study. In addition to fluorescent dyes, the limited penetration of anti-cancer
agents in spheroids and MCL models have been investigated [23, 25, 308, 310,
344, 345]. The studies have demonstrated a correlation between transport rate of
anti-cancer drugs through MCL and packing density of tumor cells [311],
suggesting that limited transport of drugs in solid tumors presented by ECM and
tumor cells themselves is an important mechanism of drug resistance in cancer
chemotherapy.
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For cell membrane impermeable molecules, such as NaF, the transport
barriers were independent of cellular uptake but might depend on cell density
and interstitial barriers. In our study, the cell packing density decreased slightly
but the interstitial space for dye transport decreased significantly after overnight
culture, due to elongation and enlargement of cells and possible ECM formation.
The amount of reduction in the interstitial space was estimated to be 50% since
the NaF concentration attained in the cell compartment after overnight culture
was approximately half of that immediately after cell loading. When cells were
loaded into the central channel after they were mixed with collagen, NaF
transport was much less restricted compared to that in the collagen-free cell
compartment. This was because the use of collagen prevented the cells from
being packed densely in the central channel, thereby causing a significant
increase in the interstitial fluid space. The observation suggested that the use of
gel-based techniques for 3D cell arrangement might not be desirable if the goal
was to achieve a cell density that was comparable, with a short time period, to
the values observed in vivo.
Data in Figure 5.5 showed that the average intensity profile was closest to
a linear curve and the data variation was the smallest in the cell compartment
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after the 12-hr culture period.

The linear distribution suggested that the

dominant mode of NaF transport in the cell compartment was diffusion. When
the dye was introduced immediately after cell loading, there was more variation
among the intensity profiles generated along the y axis of the cell-loaded
channel, as indicated by the larger error bars. The variation was due to
heterogeneous distribution of void space between cells.

The void space

disappeared after the overnight culture, due to cell elongation and enlargement
(see Figure 5.3). The largest variation in the intensity profile occurred in the
channel loaded with collagen-cell mixture, presumably because the collagen
made it difficult to densely and uniformly pack the cells when they were loaded
into the central channel in the microfluidic device. Additionally, the intensity
profile was nonlinear near x = 0, suggesting that NaF molecules in this region
were washed away by convection [346].
Data shown in Figure 5.5 could be used to estimate changes in the relative
resistance to NaF transport in the x direction between the cell and the post layer
after overnight culture. It should be noted that although the post structure
changed minimally during cell culture, the extracellular space between posts
could be altered significantly. This was because the volume fraction of tumor

87

cells in the space could be changed during cell migration, elongation, and
enlargement during the culture (see Figures 5.2 and 5.3). In the analysis, the post
layer, consisting of individual square posts and the space between them, could
be considered as a membrane with the permeability coefficient P. The NaF
concentrations were C01 in the source channel and C02 in sink channel. The NaF
concentration was changed from C01 to C1 immediately across the post layer next
to the source channel, and C1 to C2 across the cell compartment with a width w in
the x direction. Thus, the fluxes across two post layers were P(C01 – C1/K) and
P(C2/K – C02), respectively, and the flux across the cell compartment was D(C1 –
C2)/w, where D was the diffusion coefficient and K was the available volume
fraction of NaF [347, 348]. The mass balance in the transport required that all
fluxes were equal to each other. Thus, it could be derived that (C1 – C2)/C1 = (1 +
α)-1, where α = (DK)/(Pw) was a dimensionless parameter that characterizes the
ratio of transport resistances between the post and the cell layers. Data shown in
Figure 5.5 demonstrated that (C1 – C2)/C1 was significantly increased after
overnight culture, indicating that cell resistance to NaF increased faster than post
resistance. Thus, the main resistance to NaF transport in the x direction came
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from the cell layer, which was consistent from the dye penetration experiments
discussed above.

5.5

Conclusions
Results from this study indicated that our 3D in vitro tumor model was a

promising platform for qualitative and quantitative drug penetration studies.
This model exemplified the benefits of microfluidic approaches to development
of in vitro tumor models that could more closely mimic characteristics of native
tumor tissues, such as the high cell density that was comparable to that
measured in equivalent tumors in vivo and the perfusion via micro-channels that
mimic the microcirculation system. The ability to directly visualize distributions
of fluorescent molecules and tumor cells in 3D configuration without disrupting
the system proved the usefulness of this model for time-dependent drug
penetration and pharmacodynamics studies.

Furthermore, this model was

versatile, which could be established by using a variety of tumor cell types.
Future studies can be performed to characterize ECM and cell-specific functions
in the microchip and improve the current design of the model by incorporating
additional features of solid tumors in vivo.
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6

Proliferation Behavior of E. coli in a
Three-Dimensional Microfluidic In
Vitro Tumor Model

6.1

Introduction

It may be surprising to some that the strategy of treating cancer with
bacterial infection is centuries old. One of the most noteworthy pioneers of this
approach was William B. Coley, a young surgeon who developed a treatment
that resulted in tumor regression through the use of streptococcal organisms in
the late 19th century [349-352]. However, Coley’s results were met with great
skepticism from his peers and the advent of other therapeutic approaches, such
as radiation and chemotherapy, turned attention away from bacteria-mediated
immunotherapy.

Despite the proven ability of such treatments to eradicate

tumors, the need for tumor-specific therapy is ever-present. For this reason,
researchers again turned to the use of bacteria – this time as tumor-targeting
vectors [11, 127, 353, 354]. Over a century after Dr. Coley’s first reported his
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results, investigators are armed with an impressive understanding of tumor
physiology and the ability to genetically engineer bacteria. These advances have
enabled the creation of novel approaches to bacteria-mediated anti-cancer
therapy, such as the use of bacteria as gene delivery vehicles.
Various bacterial species have been investigated as potential therapeutic
agents for cancer treatment or carriers for therapeutic genes [8, 10, 13, 15, 127,
134].

Among them, Salmonella, Listeria, and Shigella have been successfully

engineered to transfer genes to mammalian cells [9-11, 13, 353-356]. In addition,
bacterial strains of Clostridia and Salmonella have been able to selectively replicate
in tumors for targeted cancer treatment [131, 353, 354]. However, pathogenicity is
a major concern and additional measures must be developed to attenuate these
strains to reduce the possibility of systemic infection [354]. For this reason, some
attention has been focused on engineering non-pathogenic bacteria to target
tumors and even invade tumor cells [132, 357, 358].
One such genetic modification is the engineering of non-pathogenic
bacteria, such as Escherichia coli (E. coli), to confer normally extracellular bacteria
with the ability to penetrate into non-phagocytotic mammalian cells [14-16, 128,
132, 133]. The inv gene isolated from Yersinia pseudotuberulosis encodes invasin, a
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103 kDa protein expressed on the outer membrane of bacteria that binds tightly
to β1 integrins on the surface of mammalian cells [128, 136, 359]. Furthermore,
progress has been made in the direction of engineering E. coli to exhibit tumor
targeting capability by responding to microenvironmental cues [15]. With the
advances in engineering E. coli as a gene carrier to tumors, it has become more
important to understand the intratumoral transport mechanisms of this bacterial
species.

Studies highlighting the ability of E. coli to infect tumor cells and

transfer therapeutic genes have been conducted in two-dimensional monolayers
[15, 128, 133] and in vivo in animal models such as B16 melanoma growth in mice
[133]. However, there is no study to date that has investigated the proliferation
behavior of E. coli in a three-dimensional (3D) tumor environment, which is
critical for gene delivery and control of bacterial population dynamics in tissues.
To gain insight into the effect of the 3D tumor environment on the ability
of E. coli to propagate throughout tumor tissues, we developed a novel 3D in
vitro tumor model [360]. This model afforded a high density of tumor cells,
allowing it to mimic the 3D cell-cell interactions observed in tumor tissues in
vivo.

Furthermore, the model was constructed in a microfluidic device that

allowed long-term perfusion of tumor cells and direct in situ microscopic
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visualization of bacterial and tumor cells, a luxury that was not as easily
achieved with most animal models or other in vitro 3D models such as tumor
spheroids or multicellular layers [21-23, 280, 286, 292, 310, 311, 315, 327]. With
this 3D model to mimic in vivo tumors, we investigated the proliferation behavior
of normally non-invasive E. coli and the invasive version of the same bacterial
cell. Two tumor cell lines, varying in β1 integrin expression, were used in this
study – B16.F10 (mouse melanoma) and EMT6 (mouse mammary carcinoma).
Using an immunofluorescence technique, a previous study showed that B16.F10
cells expressed a lower level of α5β1 on the cell surface than EMT6 cells [361].
The use of these two cell lines allowed us to compare effects of β1 integrin
expression level on the propagation characteristics of invasin-expressing and
non-invasive E.coli. The findings of this study should provide useful information
on interactions of invasive and non-invasive E. coli with tumor cells in a 3D
environment, which may aid researchers in developing strategies for optimizing
bacterial transport in solid tumors.
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6.2

Materials and Methods

6.2.1 Microfluidic device fabrication
The schematic of the microfluidic device is shown in Figure 6.1. All
channels were 0.25 cm in length and 30 µm in height. A layer of square microposts was placed on either side of the central channel to serve as a barrier for cell
retention in the central channel. The outer channels were used for media supply.
Standard procedures were used in the fabrication of the microfluidic
device. In brief, the pattern shown in Figure 6.1 was designed using AUTOCAD
software and used to make a chrome mask. Negative photoresist SU-8 3035
(MicroChem Corp, Newton, MA) and photolithography techniques were used to
prepare the silicon template from the chrome mask. After preparing the
template, the height of the photoresist on the silicon wafer (30 µm) was verified
using NanoSpec 210 (Nanometrics, Milpitas, CA).

The template was then

replica-molded with poly(dimethylsiloxane) (PDMS) (Dow Corning USA,
Midland, MI) to obtain microfluidic channels and micro-posts.

After curing

PDMS at 60°C for 1 hour, 3 inlets and 2 outlets were cored using a razor-sharp
20G round punch (Technical Innovations, Angleton, TX). The prepared PDMS
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chips were then sterilized by submerging in 70% ethanol for 5 minutes, rinsing
with sterile water, and allowing to air dry completely under a sterile hood. The
PDMS was then bonded to sterilized glass coverslips and placed in a 100oC oven
overnight to improve bonding strength.

It was found that oxygen plasma

treatment was not necessary for sufficient bonding in this study. At each inlet of
the completed device, ½ -inch 23G stainless steel tubing was inserted; and
flexible polyethylene tubing was used to connect the stainless steel tubing and 5ml syringes via standard 23G luer stubs.
To prepare for cell loading, the devices were first vacuum-filled with
sterile phosphate-buffered saline (PBS) to remove all air from micro-channels.
While still submerged in sterile PBS, a 1:1 mixture of collagen type 1 from calf
skin (C8919, Sigma-Aldrich, St. Louis, MO) and 100% ethanol was infused by
hand into each of the two outer channels of the device, one channel at a time.
Inlets and outlets for the channels not being infused were blocked to prevent the
escape of the collagen mixture into the central channel. Once each outer channel
was filled with the collagen solution, the entire device, submerged in PBS, was
incubated at 37°C for 30 minutes.
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6.2.2 Plasmid and bacterial strain
The engineered bacteria used in this study were the MC4100 strain of E.
coli carrying the plasmid placCherry-Inv or placCherry. These were graciously
supplied by Dr. Tae Lee of the You lab. The placCherry-Inv plasmid contained
the inv gene encoding invasin from Y. pseudotuberculosis, and the genes encoding
kanamycin resistance for selectivity and mCherry for enabling red fluorescence
detection of bacterial cells. The placCherry plasmid was similar to placCherryInv, except that the inv gene was deleted. All bacterial cells harbored either the
placCherry-Inv (inv+) or placCherry (inv-) plasmid.

6.2.3 Preparing bacterial cell suspension for transport studies
Glycerol stocks of engineered E. coli were stored at -80°C. On the day
before bacterial proliferation experiments, bacteria from glycerol stock were
added to 4 ml LB broth (MoBio, Carlsbad, CA) with kanamycin (50 µg/ml) in
round-bottomed polystyrene tubes with loosened caps. Samples were cultured
in a shaker/incubator (New Brunswick C-24 Scientific, Edison, NJ) at 37°C with
vigorous shaking at 250 rpm for 15 hours until the measured optical density of
the suspension at 600 nm wavelength (OD600) was approximately 1.0.
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6.2.4 Tumor cell culture
B16.F10 mouse melanoma cells and EMT6 mouse mammary carcinoma
cells were cultured at 37°C, 95% air and 5% carbon dioxide. The culture medium
consisted of

high-glucose Dulbecco’s Modified Eagle Medium (DMEM)

containing L-glutamine and sodium pyruvate (Gibco-Invitrogen, Grand Island,
NY) supplemented with 10% HyClone Bovine Growth Serum (Thermo Scientific,
Rockford, IL). Confluent, adherent cells were rinsed with PBS and incubated at
37°C with 1 ml 0.25% Trypsin/EDTA for 10 minutes to allow cells to detach. Cells
were re-suspended in the culture medium before transferring a portion of the cell
suspension to a fresh culture flask with a culture surface area of 75 cm2.
Additional culture medium was added to a final volume of 15 ml. Cells were
removed from flask when the culture was completely confluent again. Unless
otherwise stated, all cell culture reagents were obtained from Gibco-Invitrogen.

6.2.5 Cell loading into microfluidic device
Using a syringe pump (Harvard Apparatus, Holliston, MA), outer
channels of the collagen-treated device were simultaneously perfused at a rate of
0.05 ml/hr for 5 minutes prior to cell loading. The perfusion medium consisted of
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DMEM supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich), 60
mM HEPES buffer, and 50 µg/ml kanamycin. B16.F10 or EMT6 tumor cells
removed from culture flasks were re-suspended in serum-free DMEM at a
concentration of 5 - 6 x 106 cells/ml. The total volume was ~1.5 ml. For covisualization of tumor cells and bacteria, 15 µl of calcein acetoxymethyl ester
(calcein-AM) solution (1 mM) was added to the cell suspension and incubated at
37°C for 15 min prior to being loaded into the microfluidic device. 10 µl of the
overnight bacterial culture (3 - 6 x 107 bacteria) was then mixed with 500 µl of
tumor cell suspension; and the mixture was loaded into a 1 ml syringe in which
the number of bacterial cells was approximately 10 times that of tumor cells.
The suspension was infused by hand into the central channel, using very
gentle pressure – sometimes merely tapping the syringe lightly – to reduce the
escape of cells into to the outer channels through the spaces between the microposts. Medium in the cell suspension that was infused into the central channel
was able to flow out into the outer channels via the micro-post layers and
eventually exited through both open outlets. During loading, the microchip was
placed on an inverted microscope stage to ensure proper packing of cells. After
loading cells into the central channel, the tubing connected to the central channel
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was clamped to prevent backflow of cells toward the inlet and allow cells to
stabilize in the channel. The medium for tumor cell culture mentioned above was
supplied in a one-pass perfusion manner using two syringes, one for each outer
channel, at a flow rate of 0.07 ml/hr. The entire device was floated in a water bath
maintained at 37°C and the bath was kept covered during the overnight culture
to maintain high humidity and thus prevent evaporation of media from within
the device and formation of air bubbles.

6.2.6 Cell viability staining
To assess the viability, tumor cells were not stained with Calcein-AM
before loading into the central channel. Instead, they were stained in situ in the
microfluidic device by infusing a fluorescent viability dye, CellTracker Green
CMFDA (Molecular Probes, Invitrogen, Eugene, OR), at a concentration of 5 µM
in serum-free DMEM via the outer channels at a flow rate of 0.1 ml/hr for 20
minutes at 37°C in a water bath. Cells were immediately imaged by confocal
microscopy (Axioskop 2 and LSM 510, Zeiss, Thornwood, NY). Optical slicing
was performed to visualize the entire depth of the cellular structure in the central
channel.
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6.2.7 Generation of bacterial concentration profiles
Using an inverted fluorescence microscope (Axiovert TV100, Zeiss,
Thornwood, NY) equipped with a digital camera (Axiocam MRc, Zeiss,
Thornwood, NY), black-and-white snapshots were taken along the length (i.e., yaxis) of the cell channel after the 12-hr culture period. Image analysis was
performed using Matlab software where pixel intensity values for each image
were obtained as a function of spatial coordinates. Mean intensity profiles in the
x direction were obtained by averaging the pixel intensities in the y direction in
each image (see Figure 6.1 for the axes definition). The profiles were generated
for images captured at the dead-end, the middle regions, and the region nearest
to the inlet of the central channel. This experiment was repeated three times to
verify reproducibility.

6.2.8 E. coli proliferation and infection of tumor cells in monolayers
Two types of assays were carried out to study E. coli proliferation in a 6well plate. In the first assay, 106 B16.F10 or EMT6 cells were added to each well
of a 6-well plate containing 1.5 ml DMEM supplemented with 10% FBS. Cells
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were cultured in the wells overnight at 37°C, 95% air, and 5% CO2 to allow them
to form a ~ 90% confluent monolayer. The culture medium in each well was then
replaced with 1 ml fresh medium supplemented with kanamycin (50 µg/ml)
before adding 50 µl of bacterial suspension with OD600 ~ 1.0. Bacteria were also
added to control wells containing fresh media but no tumor cells.

After

incubating the plates for 4 hours under the same conditions as described above,
OD600 was measured using the Victor X plate reader (Perkin-Elmer, Waltham,
MA).
In the second 6-well plate assay, culture media was removed from an
overnight culture of B16.F10 or EMT6 cells in the 6-well plates and 1 ml of this
conditioned media, without cells, was added to each well of a new plate before
inoculating with 50 µl bacterial suspension with OD600 ~ 1.0. Control wells in the
new plate contained media that had been incubated overnight without cells. The
rest of the experiment was the same as that in the first assay. These experiments
were repeated 5 times for each combination of tumor cell type and invasinexpressing or non-invasive E. coli. Statistical significance of sample difference
was evaluated with the Mann-Whitney U test.
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To visualize E. coli interactions with tumor cells, 1.5 ml of DMEM
supplemented with 10% FBS plus 0.5 ml of B16.F10 or EMT6 cell suspension
(approximately 3 x 106 cells/ml) were added to each well of a 6-well plate. Cells
were incubated in plates overnight at 37°C, 95% air, and 5% CO2 to obtain
confluent monolayers. For co-visualization of tumor cells and bacteria, tumor
cells were stained prior to bacterial infection by incubating with 1 µM CalceinAM in serum-free DMEM at 37°C for 15 min. The medium in each well was then
replaced with fresh serum-supplemented medium and kanamycin (50 µg/ml).
Monolayers were inoculated with 40 µl of an overnight culture of E. coli (OD600
~1.0) and incubated at 37°C, 95% air, and 5% CO2 for 4 hours. Medium was then
removed from each well and monolayers were gently washed three times with
PBS before visualizing with confocal microscopy (Zeiss LSM 510).

102

Figure 6.1: The schematic of three-dimensional tumor model based on a microfluidic system. The
device contained three channels. Each was 30 µm in height. The width of the central channel was
100 µm, and the widths of outer channels were 200 µm each. The space between adjacent microposts was 4 µm. The dimension of the square micro-posts was 50 µm. Bacterial and tumor cells
were loaded into the central channel. The outer channels were perfused with cell culture
medium. The circles represent outlets on the left and inlets on the right.

6.3

Results

6.3.1 Bacterial cell proliferation in B16.F10 tumor model
Tumor cells stained with calcein-AM were mixed with mCherryexpressing E. coli cells and then loaded into the central channel. Immediately
after the cell loading, only a few E. coli cells could be observed in the image and
the tumor cells exhibited rounded morphology (see Figure 2), since they were
initially suspended as single cells in the medium. Most bacterial cells leaked into
the outer channels, which caused a low bacterial cell density in the central
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channel. The tumor cell morphology was dramatically changed over the 12-hr
incubation period as shown in Figure 6.3, although the density of tumor cells
was minimally changed. They became elongated and enlarged instead of the
rounded shape observed immediately after loading (see Figure 6.2). As a result,
the inter-cellular space decreased significantly. During the same period, the
number of bacterial cells increased rapidly over the 12-hr incubation period as
shown in Figure 6.3, indicating that the bacteria had extensively proliferated.
Most bacterial cells accumulated outside the tumor cells. Proliferation appeared
generally

uniform

throughout

the

cell

channel.

Confocal

microscopy

examination also identified bacteria that had been internalized by tumor cells
(image not shown); and the bacteria that were internalized did not appear to
migrate far from the plasma membrane of infected cells.
The B16.F10 cells were also mixed with non-invasive E. coli and loaded
into in the microfluidic device. Microscopic observation shown in Figure 6.3
revealed a remarkable difference in the distribution and concentration of
bacterial cells in the presence of the densely packed tumor cells. Proliferation
appeared to be more extensive for non-invasive bacteria compared to invasive
bacteria shown in the same figure. This difference in proliferation rate was not
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observed when bacteria were cultured normally in test tubes without tumor cells
present. The distribution of non-invasive bacteria appeared uniform throughout
the cell culture region in the central channel. Unlike the case of tumor cells cocultured with invasive bacteria, few tumor cells appeared to retain the calcein
dye, indicating that the proliferation of non-invasive bacteria caused cell death or
loss of membrane integrity in tumors. The calcein-stained areas also appeared to
be smaller than the size of cells infected with invasin positive E. coli, suggesting
that the calcein dye retained in the regions was localized mainly inside cell
nuclei. This massive cell death did not occur in all samples. Figure 6.3 shows the
samples with the most dramatic bacterial proliferation. More quantitative
analysis of all samples will be described later.
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Figure 6.2: Stacked optical slices of B16.F10 cells stained with calcein-AM (green) freshly loaded
with mCherry-expressing E. coli (red, arrow). Scale bar = 50 µm

Figure 6.3: Confocal images of calcein-AM-stained B16.F10 cells (green) following overnight coculture with mCherry-expressing E. coli (red) with (inv+) or without (inv-) invasion coexpression. Scale bars in all images represent 20 µm.
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6.3.2 Bacterial cell proliferation in EMT6 tumor model
The experiments described above with B16.F10 cells were repeated using
EMT6 cells. Distribution of bacterial cells in the EMT6 model is shown in Figure
6.4. After 12 hrs of co-culture of tumor cells with invasive E. coli, bacterial cells
did not appear to proliferate as uniformly as they did in the B16.F10 model.
There were regions with a profusion of bacterial cells but other regions devoid of
bacteria. Generally, the EMT6 cells, which had been stained with calcein-AM
prior to bacterial infection, did not appear to retain the fluorescent dye as well as
the B16.F10 cells did. The dye loss was unlikely to be caused by bacteriamediated tumor cell death (see the data discussed below).

One potential

mechanism for the dye loss was that calcein in EMT6 was secreted by Pglycoprotein [362], a molecular pump related to multidrug resistance. Confocal
microscopy examination also revealed that some tumor cells were highly
infected with bacterial cells while some adjacent cells internalized only 2 or 3
bacteria or none at all (data not shown).
When EMT6 cells were co-cultured with non-invasive E. coli, proliferation
of bacteria after the overnight incubation was evident as shown in Figure 6.4,
though not as pervasive as in the presence of B16.F10 tumor cells (see Figure 6.3).
The distribution of bacterial cells was non-uniform throughout the central
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channel, which was similar to the results of invasive E. coli. The contrast between
invasive and non-invasive experiments was not dramatic in the EMT6 model as
compared with the B16.F10 model. There was no noticeable difference in the
retention of calcein (green fluorescence) after 12-hour co-incubation of EMT6
tumor cells with invasive versus noninvasive bacteria.

Figure 6.4: Confocal images of calcein-AM-stained EMT6 cells (green) following overnight coculture with mCherry-expressing E. coli (red) with (inv+) or without (inv-) invasion co-expression.
Two images had a higher magnification compared to other images in order to show details of
interstitial and intracellular distributions of E. coli. Scale bars in all images represent 20 µm.
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6.3.3 Viability staining of tumor cells after bacterial infection
After 12-hr co-incubation of tumor cells with invasive or noninvasive E.
coli, CellTracker Green CMFDA was used to assess tumor cell viability. This
molecule functions by a similar principle to calcein-AM where fluorescence is
activated by enzymatic cleavage in viable cells. However, it was found to be
much more effective than calcein-AM at staining the tumor cells in situ and could
penetrate the entire width of the cell culture region while calcein-AM provided
only a peripheral staining, presumably because CellTracker Green CMFDA is a
smaller molecule than calcein-AM. The results of staining are shown in Figure
6.5. Both B16.F10 and EMT6 cells co-cultured with invasive bacteria exhibited
strong green fluorescence after staining, indicating that the tumor cells were still
alive despite the overnight co-culture with E. coli. However, in the case of noninvasive bacteria, viability of tumor cells was low in regions with high bacterial
concentration but not compromised in regions with low bacterial concentration
(see Figure 6.5).
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Figure 6.5: Confocal images of B16.F10 (a, b) and EMT6 cells (c, d) stained for viability with celltracker green CMFDA following 12-hour co-incubation with mCherry-expressing E. coli (red).
Cells were innoculated with invasin-expressing (a, c) or non-invasive bacteria (b, d).

6.3.4 Bacterial concentration profiles
To quantitatively analyze the distribution of bacterial cells in tumor
models, fluorescence intensity profiles, determined by distributions of bacteria
expressing mCherry, were measured in fluorescence images taken at three
different positions along the length of the cell channel – the dead end of the
channel, middle portion, and the region nearest to inlet. The intensity profiles
were generated by subtracting the background intensity at the micro-posts from
the fluorescence intensity in the cell compartment. Figure 6.6 shows typical
profiles generated for B16.F10 and EMT6 models. In the B16.F10 model, the
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intensity profiles at different locations along the channel were similar in shape
and magnitude, indicating a uniform distribution of bacteria.

However,

concentration profiles of bacteria in the EMT6 model demonstrated wider
variability in bacterial concentration with respect to position along the length of
the cell channel, indicating that bacterial cell proliferation was non-uniform.
The intensity profiles shown in Figure 6.6 were averaged for each
microchip and the results from three trials are shown in Figure 6.7. Overall,
proliferation of non-invasive E. coli was lower for the EMT6 model than the
B16.F10 model. The difference was more pronounced in the invasive case, where
the average fluorescence intensity in the B16.F10 model was approximately six
times as high as that in the EMT6 model. These data and the confocal images
shown Figures 6.3 and 6.4 also demonstrated a higher prolificacy of non-invasive
bacteria compared to invasive ones. The narrow spread of data points for each
sample type indicated the reproducibility of results.
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Figure 6.6: Typical mean fluorescence intensity profiles of mCherry-expressing E. coli after 12-hr
co-incubation with B16.F10 (a, b) and EMT6 (c, d) cells in micro-channels. Bacteria were either
non-invasive (inv-) or invasive (inv+). Individual curves represent means and standard
deviations over three trials, respectively.
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Figure 6.7: Average fluorescence intensities. The intensity profiles shown in Figure 6.6 were used
to obtain average fluorescence intensity of each channel. The symbols (o) represent the intensities
of individual channels, and the bars and the error bars represent means and standard deviations,
respectively, over three trials.

6.3.5 Effects of factors secreted by tumor cells on bacterial cell
proliferation
To further investigate how bacteria proliferation was affected by tumor
cells, 6-well plate assays were performed to determine bacterial cell proliferation
in the presence of tumor cell monolayers or their conditioned media. OD600,
which was directly proportional to bacterial cell concentration, was measured for
samples taken from each well after a 4-hour incubation period. The change in
OD600, ΔOD, of each sample over the incubation period was normalized by the
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ΔOD in control wells over the same period. The data are summarized in Figure
6.8. Bacteria concentrations were significantly lower in EMT6-conditioned media
than B16.F10-conditioned media for both inv+ and inv- E. coli (P < 0.02). Unlike
the EMT6-conditioned media, in the case of B16.F10-conditioned media, there
was no significant reduction in proliferation of inv+ bacteria compared to control.
In both conditioned media, inv+ bacteria proliferated to a significantly higher
extent than did the inv- bacteria.
Contrary to the data from the conditioned media, co-culture of bacteria
with a monolayer of either EMT6 or B16.F10 cells in fresh media for 4 hours
resulted in a high concentration of inv- bacteria than inv+ bacteria. The
concentration difference was unlikely to be caused by tumor cell uptake of
bacteria because the amount of E.coli in the medium above the monolayers was
much more than that internalized by tumor cells, indicating that the
concentration difference was mainly due to the difference in cell proliferation
rates. This difference was particularly prominent for the B16.F10 monolayer
group, where the concentration of inv+ bacteria appeared to be less than a third
of the inv- counterpart. However, the difference in proliferation between invasinexpressing and non-invasive bacteria was not observed during normal bacterial
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cell culture without tumor cells, indicating that the difference was caused by
chemical inhibitors released by tumor cells. Figure 6.8 shows that there was
insignificant difference between the proliferation of inv- bacteria in the presence
of the B16.F10 and EMT6 monolayers, suggesting that release of the inhibitors
depended on receptor-ligand interactions between bacterial and tumor cells.

Figure 6.8: (a) Average increase in OD600 of media in 6-well plates after 4-hour static incubation
of E. coli with (inv+) or without (inv-) invasion expression. The bacteria were incubated in the
presence of tumor cell conditioned media (CM), tumor cell monolayers (ML), or fresh media
(control). The average increases in OD600 in the CM or ML group were normalized by the data in
the control group. The brackets indicate the data pair to be significantly different (p < 0.02).
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To visualize the interactions, confocal images of tumor and bacteria cells
were taken after a 4-hour co-incubation. The images shown in Figure 6.9
demonstrated intracellular accumulation of inv+ E.coli in both B16.F10 and EMT6
cells; and the distribution of bacteria was heterogeneous in both images. The few
inv- E.coli cells remaining after washing might be adsorbed on the surface of
monolayers through non-specific interactions.

Figure 6.9: Confocal microscopic images of B16.F10 and EMT6 cells in monolayers stained with
Calcein-AM after a 4-hour co-incubation with invasin-expressing (inv+) and non-invasive (inv-)
E. coli. Scale bar = 50 µm.
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6.4

Discussion

The use of a newly developed in vitro tumor model made it possible, for
the first time, to compare the spreading of invasive versus non-invasive bacteria
in a 3D tumor-like environment. Data from the study indicated that both
invasive and non-invasive E. coli could effectively spread in the interstitial space
of tumors; and the extent of spreading depended on tumor microenvironment
and expression of invasin that facilitated binding of bacteria to β1 integrin
receptors on tumor cell membrane. The data also showed that both B16.F10 and
EMT6 tumor cells secreted factors that could reduce the rate of bacteria
proliferation; and the amounts of secretion were higher when tumor cells were
co-cultured with invasive E. coli, compared to those by tumor cells co-cultured
with non- invasive E. coli. Internalization of invasive bacteria by tumor cells was
observed in the 3D tumor models but the majority of bacterial cells were
localized in the interstitial space. After 12-hour incubation, tumor cells were still
alive in regions with bacteria at low density. In regions with high bacterial
density, few viable tumor cells were observed. These observations could be
useful for improving bacteria mediated gene delivery.
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6.4.1 Bacterial proliferation during co-culture with tumor cells
Bacteria harboring the inv gene proliferated at the same rate as noninvasive E. coli when cultured under normal conditions without tumor cells or
conditioned media.

However, upon incorporation into the tumor models,

dramatic differences in proliferation were observed between inv+ versus inv- E.
coli. Most inv+ E. coli cells appeared to accumulate in the interstitial space, as
revealed by confocal microscopy of micro-channels, suggesting that they
proliferated primarily in the narrow intercellular regions. Only a small fraction
of inv+ E. coli cells were observed within tumor cells, indicating that they could
be taken up by tumor cells and few intracellular bacteria could proliferate. The
inv- E. coli cells in the 3D tumor models remained primarily in the interstitial
space, and proliferated faster than inv+ E. coli in both tumor models (see Figures
6.3, 6.4, and 6.7).
To understand mechanisms of the proliferation rate difference between
inv+ and inv- E. coli, bacterial density in the presence of tumor cell monolayers or
tumor conditioned media were quantified after a 4-hour culture period (see
Figure 6.8). The data demonstrated that the growth of inv+ E. coli was less
sensitive to chemicals present in the conditioned media than inv- E. coli. In fact,
inv+ E. coli proliferation in B16.F10-conditioned media was not significantly
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different from that in a fresh medium. However, the growth of inv+ E. coli was
slower in the presence of a tumor cell monolayer than inv- E. coli, which was
consistent with the observations in the 3D tumor models. A possible explanation
was that both types of tumor cells might be actively secreting chemicals that
were toxic to bacteria or inhibitory to bacterial proliferation, and that the
secretion was enhanced after invasin bound to β1 integrin receptors that are
constitutively expressed on the membrane of both B16.F10 and EMT6 cells [10,
128, 361]. Therefore, the more rapid proliferation of inv- E. coli in both the 3D and
2D cell cultures was not because the bacterial cells were less sensitive to tumor
microvironment but because inv+ E. coli stimulated tumor cells to secrete more
inhibitors of bacterial growth after they were activated by bacterial binding to β1
integrins (see Figure 10). The fact that the proliferation of non-invasive bacteria
in the presence of monolayers was cell-type independent while proliferation of
invasive bacteria significantly differed between cell types, further supported the
notion that ligand-receptor interactions were involved in the inhibition of
proliferation of invasin-expressing bacteria.
Another interesting observation was that the concentration of bacteria was
lower in the media retrieved from EMT6 culture than B16.F10-conditioned media
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for both inv+ and inv- bacteria, implying that EMT6 tumor cells might be
releasing a higher concentration of toxic factors, such as free radicals in a
retaliatory response to the presence of bacteria, than B16.F10 cells. Therefore, the
disparity in proliferation of non-invasive bacteria in the 3D models between
EMT6 versus B16.F10 tumors might not be greatly attributed to structural
differences between the two models such as cell packing density or the size of
interstitial space. Additional studies are needed to determine the extent to which
specific anti-microbial factors are possibly being secreted by EMT6 and B16.F10
tumor cells.
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Figure 6.10: Schematic of bacterial responses to growth inhibitors released by tumor cells. It was
observed that there was minimal difference in proliferation rates between inv+ and inv- E.coli
under normal conditions. Data in Figure 6.8 show that inv- E.coli was more sensitive to the
inhibitors than inv+ E coli in tumor cell conditioned media (CM). However, there was minimal
difference in concentrations of inv- E.coli between the CM group and the monolayer (ML) group,
suggesting that the growth of inv- E.coli under these two conditions was at similar rates.
However, the growth of inv+ E.coli was significantly slower in the presence of tumor ML than in
CM, suggesting that interactions between invasin and β1 integrins were strong, which might
stimulate tumor cells to release more of the same inhibitors or new potent inhibitors.

6.4.2 Extracellular and intracellular spreading of E. coli
Despite the initial low concentration after being loaded into the channel
(see Figure 6.2), the bacterial cells appeared to have spread throughout the entire
3D tumor cell culture after the 12-hr incubation period. Bacteria were more
uniformly distributed in B16.F10 model than in EMT6 model. One explanation
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was that bacteria might have simply proliferated to a higher extent in regions
with larger void space, resulting in the more irregularly distributed pattern since
it was difficult for EMT6 cells to fill small gaps between tumor cells when being
loaded into microchips. Therefore, the relatively non-uniform distribution of
bacteria in the EMT6 model suggested that the physical barrier presented by
tumor cells reduced the proliferative capability of E. coli.
The larger void space suggested that EMT6 cells were stiffer than B16.F10
cells since the former were less likely to conform to fill gaps during loading. This
phenomenon might also contribute to the lower bacterial concentration in the
EMT6 model. As discussed above, chemicals released by EMT6 cells were more
potent than those secreted by B16.F10 cells for inhibiting bacterial growth in both
2D and 3D tumor models. However, it was also observed that the concentration
of bacteria in the microchannel was significantly lower than the density of
bacteria in the syringe for cell loading because bacteria were able to escape the
cell culture region into the side channels during cell loading. Because of the
lower deformability of EMT6 cells, it would be easier and faster for bacteria to
escape the cell compartment via convection. As a result, the bacterial density in
the micro-channel immediately after cell loading was possibly lower in the EMT6
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model than in the B16.F10 model. In the future, it would be helpful to compare
the cell volume fraction of various tumor cell types in the micro-channel to
determine the effect of void spaces on the distribution patterns of bacteria.
The driving forces for spreading were likely to be generated from bacterial
growth since the bacterial cells used in the experiment were non-motile when
cultured in nutrient-rich medium (data not shown) [363]. Even motile bacteria,
cannot swim in the narrow interstitial space [364]. Flagella-independent
twitching, driven by forces generated through retraction of Type IV pili [365,
366], could also contribute to spreading of some bacterial cells, but the cells used
in this study (i.e,. E.coli K-12) did not have this molecular machinery when
cultured under standard laboratory conditions [367].
The high prolificacy of the inv- bacteria in the 3D tumor models suggested
that noninvasive bacteria could be an attractive candidate for the delivery of
therapeutic proteins to the extracellular space. By programming the bacterial
vector to express a desired therapeutic protein, it may be possible to achieve
effective levels of the protein without the need for bacterial cell internalization.
A possible drawback to the high proliferative capacity of the non-invasive form
in tumors increased immunogenicity, but this threat could be minimized in the
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near future by exploiting phenomena such as quorum sensing for bacterial
population control or targeted delivery of bacteria to tumors [15, 368]. Advances
in the field of synthetic biology have made it possible to design gene circuits to
control bacterial behavior and allow bacteria to respond specifically to
environmental cues in solid tumors.
While invasive E. coli has been shown to successfully deliver functional
DNA to the cytoplasm of tumor cells [14, 127], invasive bacteria have been found
to be more efficient in the delivery of proteins (by expressing genes controlled by
prokaryotic promoters) rather than the delivery of genes for expression by
mammalian cells [132, 133]. These findings may support our visual examination
of bacterial cell distribution within tumor cells in the 3D model. The invasive E.
coli internalized by B16.F10 cells in the 3D model were primarily localized near
the plasma membrane, suggesting that the intracellular transport of bacteria
could be significantly hindered by barriers formed by cytoskeleton and other
organelles.
The uptake of invasive bacteria by tumor cells depended on expressions of
β1 integrin receptors. Data in the literature show that there is a correlation
between receptor concentration and invasin affinity to many cell types [369].
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Immunofluorescence staining assays suggested that EMT6 cells in 2D culture
expressed a slightly higher level of α5β 1 integrin than B16.F10 cells [361].
However, Isberg and colleagues have shown that multiple integrin subunit
structures, namely α3β1, α4β1, α5β1, and α6β 1, are receptors for invasin and that
different mammalian cell types may predominantly express different integrin
chains [137]. It has also been demonstrated in mouse melanoma and mammary
carcinoma tissues that β1 integrin receptor expressions can be further affected by
the stage of tissue differentiation [370, 371]. Further studies will be required to
characterize the composition and density of specific β 1 receptors expressed by
both B16.F10 and EMT6 cell lines after 3D and 2D culture.

6.4.3 Viability of tumor cells co-cultured with bacteria
Tumor cells infected with inv+ bacteria maintained the viability after the
12-hr incubation in the micro-channel. This was in agreement with previous
studies, in which tumor cells infected with invasive E. coli maintained viability in
vitro even 72 hours after infection [133]. However, cells co-cultured with invbacteria showed more compromised viability. The reduced viability was possibly
due to the fact that inv- bacteria proliferated at a higher rate and may have
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consumed more of the available nutrient supply. On the other hand, the nutrient
depletion was less significant, compared to bacterial infection experiments
carried out using a 2D monolayer, because it was fresh media was continuously
supplied via the side channels. The difference in nutrient depletion highlights
one of the advantages of the microfluidic model to continually provide nutrients
and remove waste and thus permit observance of proliferation patterns while the
3D cell structure remains intact.

6.5

Conclusion
This study provided substantial insight into proliferation behavior of

invasive and non-invasive E. coli introduced into an in vitro 3D tumor model.
Through direct microscopic analysis of infected samples, valuable information
was gained that could be helpful in designing bacteria-mediated gene delivery
systems for anti-cancer therapy. To better evaluate the effect of cell type on
bacterial cell proliferation, it would be advantageous to use this model with a
wide range of tumor cell lines. In addition, the microfluidics approach would be
an ideal platform for determining the efficacy of E. coli-mediated drug or gene
delivery in a tumor model.
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Previous studies have already shown that compared to 2D models, 3D
tissue models create a cellular microenvironment that more accurately mimics
the native tissue microenvironment [139, 140, 222, 372-374].

Because

environmental cues can have significant effects on properties, behaviors, and
functions of cells, the use of this 3D tumor model to study the proliferative
behavior of E. coli could provide profound insights into the effect of a cell-dense,
3D tumor environment on the ability of this bacterial specie to spread in a tumor
in vivo. This study elucidated the effect of invasin expression and tumor cell type
on bacterial cell proliferation behavior.
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7

Future Work

7.1

Further Characterization of 3D In Vitro Microfluidic
Tumor Model
While the study discussed in chapter 5 provided characterization of the

novel 3D microfluidic tumor model, additional steps can be taken to further
characterize the model. This will allow for a better understanding of the full
capabilities and limitations of the model so that its suitability for various drug
studies can be well predicted.

7.1.1 Long-Term Viability of Tumor Cells
The studies carried out in the experiments discussed in chapters 5 and 6
involved a 12 hr culture period for the microfluidic tumor model. However, a
longer cell viability window may be necessary to carry out drug efficacy studies.
For this reason it will be important to test the current system for its ability to
culture cells in place for several days. This may require media replenishing at
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intervals or the incorporation of a larger media reservoir. For longer culture
times, bubble formation may become a concern and the incorporation of an
active bubble removal system may be necessary [132, 133]. Cells can then be
cultured in the system for increasing durations and assessed for viability through
the use of the same staining techniques described in Chapter 5. It would also be
interesting to incorporate proliferation studies to determine whether cells are
able to divide in the system.

7.1.2 Cell Function Assessment
A key feature of many of the in vitro tissue models described in Chapter 4
is the ability of cells to exhibit tissue-specific functions. By expressing functions
exhibited in tumor tissues in vivo, in vitro tumor models are more accurate
predictors for drug penetration and efficacy studies. A function-specific model
can provide a better understanding of drug resistant behavior of tumor cells.

7.1.3 ECM characterization
One important aspect of tumor tissue that affects drug penetration is ECM
content. To test the ability of this tumor model to mimic tumor ECM properties,
it would be useful to conduct studies for the determination of the concentration
of various ECM proteins such as collagen and fibronectin after various culture
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periods. In addition, it would be interesting to compare the ECM composition of
various tumor types in the proposed in vitro model. It may also be possible to
exploit the microfluidic setup to modify the cell culture environment to promote
ECM formation or degrade ECM to better understand the effect of ECM on drug
efficacy.

7.2

Drug Penetration Studies

Visualization of the sodium fluorescein concentration gradient in Chapter 5
highlights the potential for using this novel system for drug penetration studies.
Fluorescently-labeled drugs can be loaded in one of the outer channels and
image analysis, as described previously, can be used to determine the
penetration.

Because this model is amenable to in situ microscopic analysis, it

would be fairly straightforward carry out time-dependent studies with real-time
analysis.

7.3

Effect of Tumor Cell Type on Bacterial Cell Viability

Preliminary studies described in Chapter 6 showed that there is a possible
effect of tumor cell type on bacterial cell viability. As previously mentioned,
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OD600 measurements of bacteria after incubation in conditioned culture media
retrieved from EMT6 and B16.F10 cultures indicated that E. coli survival varied
with tumor cell type.

Cells are known to release factors that work against

bacterial infections. It would be important to investigate the effects of such toxic
factors, possibly free radicals, with respect to tumor cell type.

This can be

initially investigated by comparing bacterial cell concentration after incubation in
conditioned media from various tumor cell types to determine the extent to
which bacteria may be threatened as gene delivery vectors in tumor tissue.
The next step would be to identify the toxic factors and how bacteria may
be genetically engineered to bypass these effects in tumor tissue. In the case of
free radicals, various antioxidants can be tested for the ability to improve
bacterial cell viability and proliferation.

Once effects are better understood,

bacteria may be engineered to express the necessary antioxidants or other
protective agents to prolong their survival.
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7.4

Use of Recombinant E. coli to Deliver Therapeutic
Genes or Proteins in 3D Model

The results in Chapter 6 demonstrated that the proposed system can be
used to visualize bacterial cell transport in 3D.

In light of the significant

difference in the proliferation behavior of invasive and non-invasive bacteria, it
would be helpful to compare the efficacy of inv+ and inv- bacteria for delivery of
therapeutic genes to various tumor cell types in the 3D environment. Studies
have also shown that protein delivery by E. coli may be more efficient than gene
delivery [368]. Non-invasive E, coli can be engineered to express therapeutic
proteins as an alternate approach to bacterial invasion. Bacteria-mediated gene
has only been studied in 2D in vitro cultures and in vivo models. For the benefits
outlined in Chapter 4, this novel 3D model would be a valuable platform to carry
out high throughput preliminary gene delivery studies before in vivo testing is
needed.
E. coli can also be engineered to express genes that allow the bacterial cell
population to be controlled by the environment.

This has implications for

conferring the tumor-selective proliferation behavior exhibited by species such as
Salmonella and Clostridium. Furthermore, gene circuits have been successfully
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used with E. coli to regulate bacterial cell population and even environmentally
control cancer cell invasion [15, 368]. In conjunction with the proposed tumor
model, many of these strategies can possibly be utilized to refine bacterial gene
carrier systems and directly visualize resulting phenomena.
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Appendix

Preparation of SU-8 Master
At the Shared Materials and Instrumentation Facility (SMIF) at Duke, the
SU-8 3035 (MicroChem Corp) will be spin-coated onto silicon wafer to achieve
the desired thickness (30 µm). The steps involved in preparing the master are
spin coat, soft bake, expose, post-exposure bake, develop, and hard-bake.

Piranha Etching
First silicon wafers (University Wafer) 4” in diameter are prepared via
piranha etching to remove surface impurities. For this treatment, wafers are
submerged in sulfuric acid and hydrogen peroxide is slowly added to a ratio of
1:3 with sulfuric acid. Once the reaction is completed, wafers are rinsed with DI
water and dried with nitrogen gas.

Spin-Coating with SU-8
According to the recipe outlined by the manufacturer, the 4” silicon wafer
is coated with SU-8 3035 (MicroChem). In brief, wafers are vacuum-fixed on a
spin “puck.” 4 ml of SU-8 is slowly poured onto center of wafer. The wafer is
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spun in 2 steps: (1) 500 rpm for 5-10 sec with acceleration of 100 rpm/second and
(2) 3000 rpm for 30 sec with acceleration of 300 rpm/second. After spinning, the
SU-8 coating should be evenly spread with few bubbles. The wafer is soft-baked
at 95 °C for 10 minutes.

Exposing, Baking, Developing
The chrome mask and wafer are fixed in the mask aligner for
photolithographic patterning. The wafer is exposed to the pattern at 150 mJ/cm2
in soft contact mode for 13 seconds under UV light. The wafer is immediately
transferred to a heating plate for 1 minute at 65 °C and 3 minutes at 95 °C for
post-exposure baking.

Wafers are then submerged and agitated in SU-8

developer (MicroChem) for 6 minutes then washed with de-ionized water and
dried with N2 gas gun. After developing, the wafer is hard-baked for 30 minutes
on a heating plate with temperature ramped to 95 °C.
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Figure A.1: Initial stages in the development of microchip including (a) AutoCad ® drawing that
is converted into a chrome mask for patterning and (b) snapshot of SU-8 master corresponding to
encircled region in a that will be used as a mold for PDMS device fabrication. Scalebar = 100 µm.
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