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Abstract
Advances in genetic engineering of non-pathogenic Escherichia coli (E. coli) have made this
organism an attractive candidate for gene delivery carrier. However, proliferation and transport
behaviors of E. coli in three-dimensional (3D) tumor environment are still unclear. To this end, we
developed a novel microfluidics-based tumor model that permitted direct in situ visualization of E.
coli in a 3D environment with densely packed tumor cells (B16.F10 or EMT6). The E. coli was
engineered to co-express two proteins invasin and mCherry (inv+) so that they had the ability to
enter mammalian cells and could be visualized via fluorescence microscopy. E. coli expressing
mCherry alone (inv−) was used as the control counterpart. The inv− bacteria proliferated to a
higher extent than inv+ bacteria in both the 3D tumor model and a 2D monolayer culture model.
Meanwhile, the proliferation appeared to be tumor cell type dependent since bacteria did not
proliferate as well in the EMT6 model compared to the B16.F10 model. These differences in
bacterial proliferation were likely to be caused by inhibitors secreted by tumor cells, as suggested
by our data from the bacterial-tumor cell monolayer co-culture experiment. The bacterial
proliferation provided a driving force for cell spreading in the 3D interstitial space of tumors.
These findings are useful for researchers to develop novel strategies for improvement of oncolysis
or bacteria-mediated gene delivery in cancer treatment.
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Introduction
Various bacterial species have been investigated as potential therapeutic agents for cancer
treatment or carriers for therapeutic genes 1–7. Among them, Salmonella, Listeria, and
Shigella have been successfully engineered for delivery of therapeutic genes 2, 7–16.
Bacterial strains of Clostridia and Salmonella can selectively replicate in tumors for targeted
cancer treatment 8, 10, 17–20. However, pathogenicity is a major concern and additional
measures must be developed to attenuate these strains to reduce the possibility of systemic
infection 10. For this reason, some attention has been focused on engineering non-pathogenic
bacteria to target tumor cells 21–23.

One such genetic modification is the engineering of non-pathogenic bacteria, such as
Escherichia coli (E. coli), to confer the normally non-invading bacterial species with the
ability to penetrate into non-phagocytic mammalian cells 1, 21, 24–27. The approach is based
on transfection of E. coli with inv gene isolated from Yersinia pseudotuberulosis that
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encodes invasin, a 103 kDa protein, expressed on the outer membrane of bacteria that can
bind specifically to β1 integrins on the surface of mammalian cells 24, 28, 29. Studies
highlighting the ability of invasin-expressing E. coli to infect tumor cells and transfer
therapeutic genes have been conducted in two-dimensional monolayers 1, 24, 25 and in solid
tumor models in vivo 25. Furthermore, progress has been made in the direction of
engineering E. coli to exhibit tumor targeting capability by responding to
microenvironmental cues 1. 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. However, there is no study to date that has investigated the
proliferation behavior of E. coli in a three-dimensional (3D) tumor environment. Compared
to the 2D counterparts, 3D models contain interstitial space between cells that is critical for
extracellular transport studies. They can also more closely imitate the microenvironment
observed in native tissues since 3D cell-cell interactions can have significant effects on
properties, behaviors, and functions of cells 30–35. Furthermore, 3D models with high cell
density would provide more realistic barriers to bacterial transport observed in tumor tissues.

To gain insight into effects 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 based on
a microfluidic system 36. Microfluidic systems have been developed to mimic tumor
microenvironment in previous studies of cell migration and drug and bacterial
delivery 37–39. The existing approaches to 3D culture of mammalian cells in microfluidic
systems utilize hydrogels to provide 3D structures 40–45, the gels added for providing
extracellular matrix (ECM) differ from those produced naturally by cells themselves.
Additionally, the use of hydrogels for cell packing sacrifices the ability to achieve a high in
vivo-like cell packing density since cells are now separated by the polymeric matrix.
Therefore, our new model did not use gels to achieve 3D packing of cells. The main
advantage of this model was that it afforded simultaneously a high density of tumor cells
and easy manipulation of tumor microenvironment and cell-cell interactions observed in
tumor tissues in vivo. Furthermore, the new model allowed continuous perfusion of tumor
cells while permitting direct in situ microscopic 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 31, 46–54.

The goal of this study is to investigate effects of invasin expression and tumor cell type on
the proliferation behavior of E. coli. Using the new 3D tumor model, we investigated the
proliferation behavior of non-invasin-expressing (inv−) E. coli which does not invade non-
phagocytic cells and the invasin-expressing (inv+) version of the same bacteria which can
invade mammalian cells 24, 26, 28, 55. Two tumor cell lines were used in this study – B16.F10
(mouse melanoma) and EMT6 (mouse mammary carcinoma). Using an
immunofluorescence technique, a previous study showed that both cell lines expressed α5β1
on the cell surface although the expression level was lower in B16.F10 cells than in EMT6
cells 56. The findings of this study suggested that bacterial proliferation depended on
interactions of invasin with β1 integrins and that tumor cells could secrete inhibitors to
reduce bacterial proliferation. This information would be useful for engineering bacteria-
mediated gene delivery and control of bacterial population dynamics in tissues.

Results
The design of the microfluidic system is shown in Figure 1. Tumor cells stained with
calcein-AM were mixed with mCherry-expressing E. coli and then loaded into the central
channel. Immediately after the cell loading, only a few E. coli cells could be observed in the
image (see Figure 2). The bacterial cell density was low, compared to the density in the
initial cell suspension, because of the washout of bacteria into the outer channels during the
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cell loading. The fraction of bacterial cells left in the central channel was small but
reproducible as suggested by the experimental data of final bacterial concentration at the end
of the 12-hr incubation period to be discussed later. The tumor cells in the central channel
exhibited rounded morphology (see Figure 2), since they were initially suspended as single
cells in the medium. This morphology was dramatically changed over the 12-hr incubation
period as shown in Figure 3, although the density of tumor cells was minimally changed.
They became elongated and enlarged. As a result, the inter-cellular space decreased
significantly. During the same period, the number of bacterial cells increased rapidly
through proliferation. Most bacteria, including inv+ cells, accumulated outside the tumor
cells. Proliferation appeared generally uniform throughout the cell channel. However,
bacterial proliferation depended on invasin expression and tumor cell type (see Figure 3).

Bacterial cell proliferation in B16.F10 tumor model
Microscopic observation shown in Figure 3a revealed a remarkable difference in the
distribution and concentration of inv− versus inv+ bacterial cells in the presence of the
densely packed B16.F10 cells. Proliferation appeared to be more extensive for inv− bacteria
compared to inv+ bacteria shown in the same figure. This difference in proliferation between
inv+ versus inv− bacteria was not observed when the E. coli cells were cultured overnight
under normal conditions, in the absence of tumor cells. It was observed that the final
concentrations (bacterial cell number per unit μl) were 4.2±2.2×106 (n = 9) in the inv+

bacterial sample and 3.8±1.8×106 (n = 9) in the inv− bacterial sample. They were
statistically the same (p > 0.5, Mann-Whitney U test).

The inv− bacteria cultured in the microfluidic system appeared to be distributed throughout
the tumor cell compartment. Unlike the case of tumor cells co-cultured with inv+ bacteria,
few tumor cells appeared to retain the calcein dye, indicating that the higher proliferation of
inv− bacteria caused cell death or loss of membrane integrity in tumors. The calcein-stained
areas also appeared to be smaller than the size of tumor cells infected with inv+ E. coli,
suggesting that the calcein dye retained in the regions was localized mainly inside cell
nuclei. This massive tumor cell death did not occur in every region of the samples. It
occurred only in regions with high bacterial cell densities following the 12-hr culture period.
The heterogeneity in bacterial cell density was likely to be caused by non-uniform initial
bacterial distribution since we could not control it due to washing out of bacterial cells
during cell loading as mentioned above. This initial non-uniformity would then be amplified
significantly when bacterial cells proliferated rapidly during the 12-hr incubation period.
Regions that had low initial bacterial cell density were less likely to develop high
concentrations of bacteria after the 12-hr culture period. Figure 3a shows the regions with
the most dramatic bacterial proliferation; and a quantitative analysis of all samples will be
described later.

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 3b. After 12 hrs of co-
culture of tumor cells with inv+ 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 mixing with bacterial cells, 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 bacteria-mediated tumor cell death (see the data discussed below). One potential
mechanism for the dye loss was that calcein in EMT6 was secreted by P-glycoprotein 57, a
molecular pump related to multidrug resistance. Confocal microscopy examination also
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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.

Proliferation of inv− E. coli in the EMT6 model after the overnight incubation was evident
as shown in Figure 3b, though not as pervasive as in the B16.F10 model (see Figure 3a). The
distribution of bacterial cells was non-uniform throughout the central channel, which was
similar to the results of inv+ E. coli. The contrast between inv+ and inv− groups 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 dye) by EMT6 cells after they were
co-cultured with inv+ versus inv− bacteria.

Viability staining of tumor cells after bacterial infection
After 12-hr co-incubation of tumor cells with inv+ or inv− E. coli, CellTracker Green
CMFDA was used to assess tumor cell viability. This molecule functions via 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
densely-packed tumor cells in situ and could penetrate the entire width of the cell culture
region while calcein-AM provided only a peripheral staining. This difference in penetration
depth was presumably because CellTracker Green CMFDA is a smaller molecule than
calcein-AM. The results of staining are shown in Figure 4. Both B16.F10 and EMT6 cells
co-cultured with inv+ bacteria exhibited strong green fluorescence after staining, indicating
that the tumor cells were still alive despite the overnight co-culture with E. coli. However,
co-culture with inv− bacteria caused a significant reduction in the viability of tumor cells,
especially in regions with high bacterial concentration. Furthermore, the distribution of live
tumor cells in the central channel was tumor cell type dependent. In the B16.F10 model, the
live and dead cells formed large, continuous regions in which the density of inv− bacterial
cells was inversely correlated with the intensity of green fluorescence from live cells (see
Figures 4b1 and 4b2). In the EMT6 model, the distribution of live tumor cells was
discontinuous. They appeared to be isolated spots (see Figure 4d1), which was in contrast
with the distribution of the live EMT6 cells co-cultured with inv+ bacteria (see Figure 4c).
Individual EMT6 cells, stained strongly with the CellTracker Green dye, could be observed
throughout the entire central channel.

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 of the central channel –
the region nearest to the dead end, the middle portion, and the region nearest to the inlet.
The intensity profiles were generated by subtracting the background intensity, which was
measured at the micro-posts, from the fluorescence intensity in the cell compartment. Figure
5 shows typical profiles generated for B16.F10 and EMT6 models. In the B16.F10 model,
the intensity profiles at different locations along the channel were similar in shape and
magnitude, indicating a relatively uniform distribution of bacteria. However, concentration
profiles of bacteria in the EMT6 model demonstrated wide variability, indicating that
bacterial cell distribution was non-uniform.

The intensity profiles shown in Figure 5 were averaged for each microchip and the results
from three trials are shown in Figure 6. Overall, proliferation of inv− E. coli was slower in
the EMT6 model than in the B16.F10 model. The difference was more pronounced for the
inv+ 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 in Figure 3 also demonstrated a higher prolificacy of inv− bacteria compared
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to inv+ ones. The narrow spread of data points for each sample type demonstrated the
reproducibility of experimental data, which also suggested that the fraction of bacterial cells
left in the central channel immediately after cell loading did not vary significantly in
repeated trials.

Factors secreted by tumor cells and their effects on bacterial cell proliferation
To further investigate how bacteria proliferation was affected by tumor cells, 6-well plate
assays were performed to determine the rate of 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-hr
incubation period. The change in OD600, ΔOD, of each sample over the incubation period
was normalized by the ΔOD in control wells over the same period. The data are summarized
in Figure 7a. Bacteria concentrations were significantly lower in EMT6-conditioned media
than B16.F10-conditioned media for both inv+ and inv− E. coli (p < 0.02). In both
conditioned media, the proliferation of inv− bacteria was reduced more significantly than
that of inv+ bacteria. In fact, the proliferation of inv+ bacteria was unchanged in B16.F10-
conditioned media compared to the control.

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 higher 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 in the medium was mainly due to the difference in bacterial
proliferation. 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, this drastic difference in proliferation between inv+ and inv− bacteria
was not observed during normal bacterial cell culture without tumor cells (see the data
shown above), indicating that the difference was possibly caused by chemical inhibitors in
the medium released by tumor cells. Figure 7a also shows that there was no significant
difference between the proliferation rates of inv− bacteria in the presence of B16.F10 and
EMT6 monolayers, respectively, suggesting that release of the inhibitors depended on
receptor-ligand interactions between bacterial and tumor cells.

To visualize the interactions, confocal images of tumor and bacteria cells were taken after a
4-hour co-incubation. The images shown in Figure 7b demonstrated intracellular
accumulation of inv+ E. coli in both B16.F10 and EMT6 cells; and the distribution of
bacteria was heterogeneous in both images. However, few inv− E. coli cells could be
internalized by tumor cells since they did not express the ligand for β1 integrin receptors.
These bacteria remained primarily in the extracellular media but could adsorb on the surface
of monolayers through non-specific interactions.

Discussion
The use of a newly developed in vitro tumor model made it possible, for the first time, to
compare the spreading of inv+ versus inv− bacteria in a 3D tumor-like environment.
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 30, 35, 58–61. 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 effects of a cell-dense,
3D tumor environment on the ability of this bacterial species to spread in a solid tumor in
vivo.
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Data from the study indicated that both inv+ and inv− 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 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 inv+ E. coli, compared to
those by tumor cells co-cultured with inv− E. coli. While internalization of inv+ bacteria by
tumor cells was observed in the study, the majority of bacterial cells remained in the
interstitial space. After 12-hr 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.

Bacterial proliferation during co-culture with tumor cells
As previously mentioned, bacteria harboring the inv gene proliferated at a rate similar to
inv− E. coli when cultured under normal conditions in the absence of tumor cells. However,
upon incorporation into the tumor models, dramatic differences in proliferation were
observed between inv+ and inv− E. coli. Most inv+ E. coli cells appeared to accumulate in
the interstitial space and on the outer membrane of tumor cells, 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 while they could indeed be internalized by tumor cells, it is unlikely
that intracellular bacteria proliferated appreciably. The inv− E. coli cells in the 3D tumor
models were not internalized and remained in the interstitial space, proliferating to a greater
extent than inv+ E. coli in both tumor models (see Figures 3 and 6). The results suggested
that the enhanced tumor cell-bacteria interactions, afforded by the expression of invasin,
might have reduced the proliferative capacity of inv+ bacteria.

To further explore mechanisms of the proliferation difference between inv+ and inv− E. coli,
bacterial density was quantified after a 4-hr culture period in the presence of tumor cell
monolayers or tumor cell conditioned media (with no tumor cell present). The data shown in
Figure 7 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 different from that in fresh medium.

In contrast, inv+ E. coli grew slower in the presence of tumor cell monolayers than inv− E.
coli, which was consistent with the observations in the 3D tumor models. Internalization or
binding of inv+ E. coli to tumor cells could contribute to but would not completely account
for the drastic decrease in extracellular bacterial concentration since only a small fraction of
bacteria could be taken up by tumor cells in the experiment. A more 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 this secretion was enhanced in the
inv+ case where invasin bound to β1 integrins that were constitutively expressed on the
membrane of both B16.F10 and EMT6 cells 2, 24, 56. Therefore, the slower proliferation of
inv+ E. coli observed in both the 2D and 3D tumor cell cultures was likely because inv+

bacteria stimulated tumor cells to secrete more growth inhibitors or new, more potent
inhibitors via interactions with β1 integrins (see Figure 8). Data shown in Figure 7a further
support this hypothesis, since there was no significant difference in the proliferation of inv−
in the presence of the monolayer versus conditioned media. Examples of the inhibitors may
include pro-inflammatory cytokines in response to bacterial cell invasion 62, and reactive
oxygen species produced as a defensive response to bacterial infection. The fact that the
proliferation of inv− bacteria in the presence of monolayers was cell-type independent while
proliferation of inv+ bacteria significantly differed between cell types, further supported the
notion that ligand-receptor interactions were involved in the inhibition of inv+ bacterial
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proliferation. Further studies will need to be conducted to identify the substances that
diminish bacterial cell viability or proliferation.

Another interesting observation in this study was that the concentration of bacteria was
lower in the media retrieved from EMT6 culture than B16.F10-conditioned media for both
inv+ and inv− bacteria, implying that EMT6 tumor cells might be releasing a higher
concentration of toxic factors or more potent inhibitors, than B16.F10 cells. Additional
studies are needed to determine the extent to which specific anti-microbial factors are
possibly being secreted by different tumor cells.

Extracellular and intracellular spreading of E. coli cells
Despite the initial low concentration after being loaded into the microchannel (see Figure 2),
the bacterial cells appeared to have spread throughout the entire microchannel with densely
packed tumor cells after the 12-hr incubation period. Also, bacteria were more uniformly
distributed in B16.F10 model than in EMT6 model at the 12-hr time point. Potential
explanations for this difference are as follows. During the cell loading, it appeared that
EMT6 cells were less able to conform to fill small void spaces in the central channel than
B16.F10 cells. This resulted in apparently larger void spaces between EMT6 tumor cells
immediately after loading compared to freshly loaded B16.F10 cells. Hence, one potential
explanation for the more irregular distribution of bacteria in the EMT6 model after the 12-hr
culture is that bacteria might have simply proliferated to a higher extent in regions that were
initially the void spaces, suggesting that the physical barrier presented by tumor cells
reduced the proliferative capability of E. coli.

While the larger void spaces present immediately after EMT6 cells loading may have better
facilitated E. coli proliferation, these larger spaces may have also contributed to the lower
total bacterial concentration in the EMT6 model at the 12-hr time point, compared to the
B16.F10 model. This was because bacteria were able to escape from the cell compartment
and enter the side channels via convection during the cell loading, i.e., the washout effect
discussed above. The convection was less restricted in the EMT6 model because of the
presence of larger void spaces between tumor cells in the central channel. As a result, the
bacterial density in the microchannel immediately after cell loading was possibly lower in
the EMT6 model than in the B16.F10 model, thereby leading to the lower total bacterial
concentration after the 12-hr culture period in the EMT6 model. In the future, it would be
helpful to compare the cell volume fraction of various tumor cell types in the microchannel
to determine the effect of void spaces on the distribution patterns of bacteria.

The driving force for bacterial spreading was likely to be generated from bacterial growth
since the bacterial strain, MC4100, used in this experiment is non-motile due to a known
flagellar defect 63. However, even motile bacteria cannot swim in the narrow interstitial
space 64. Flagella-independent twitching, driven by forces generated through retraction of
Type IV pili 65, 66, could also contribute to spreading of some bacterial cells, but the cells
used in this study do not have this molecular machinery when cultured under standard
laboratory conditions 67.

The high prolificacy of the inv− bacteria in the 3D tumor models suggested that inv−
bacteria could be an attractive candidate for 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 invasion into tumor cells. A possible drawback to the high proliferative
capacity of the inv− bacteria is the increased immunogenicity, but this problem could be
minimized in the near future by exploiting phenomena such as quorum sensing for bacterial
population control or targeted delivery of bacteria to tumors 1, 68. Advances in the field of
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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 invasin-expressing E. coli has been shown to successfully deliver functional DNA to
the cytoplasm of tumor cells 4, 27, it has 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 21, 25. These findings may support our visual
examination of bacterial cell distribution within tumor cells in the 3D model. The inv+ 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 inv+ 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
inv+ bacteria affinity to the plasma membrane of many cell types 69. Immunofluorescence
staining assays suggested that EMT6 cells in 2D culture expressed a slightly higher level of
α5β1 integrin than B16.F10 cells 56. However, Isberg and colleagues have shown that
multiple integrin subunit structures, namely α3β1,α4β1, α5β1, and α6β1, are receptors for
invasin and that different mammalian cell types may predominantly express different
integrins 55. 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 70, 71. Further studies are required to characterize the composition and density
of specific β1 receptors expressed by B16.F10 and EMT6 cell lines in both 3D and 2D
models.

Viability of tumor cells co-cultured with bacteria
Tumor cells infected with inv+ bacteria maintained viability after the 12-hr incubation in the
microchannel. This was in agreement with previous studies, in which tumor cells infected
with inv+ E. coli maintained viability in vitro for > 72 hrs 25. However, cells co-cultured
with inv− bacteria showed more compromised viability in the 3D models. The reduced
viability was possibly due to the fact that inv− bacteria proliferated more extensively and
may have consumed more of the available nutrients supplied via the perfusion of the side
channels.

In summary, this study elucidated effects of invasin expression and tumor cell type on
bacterial cell proliferation behaviors. It was observed that bacteria could proliferate and
spread effectively in the 3D tumor models in vitro. The proliferation in both 2D and 3D
cultures could be inhibited by chemicals secreted by tumor cells, and the secretion was
likely to be enhanced through interactions between invasin and β1-integrins. In the absence
of tumor cells, these chemicals had stronger effects on proliferation of inv− E. coli than inv+

cells. In 3D tumor models, bacteria were more uniformly distributed in B16.F10 model than
in EMT6 model. Future efforts can be directed toward increasing the culture period to give
tumor cells more time to secrete ECM components and thus better mimic the additional
barrier, presented by the ECM, to bacterial spreading. The valuable information gained
could be helpful in designing bacteria-mediated gene delivery systems for anti-cancer
therapy. In addition, the microfluidics approach would be an ideal platform for determining
the efficiency of bacteria-based drug or gene delivery systems.

Materials and Methods
Microfluidic device fabrication

The schematic of the microfluidic device is shown in Figure 1. All channels were 0.25 cm in
length and 30 μm in height. A layer of square micro-posts was placed on either side of the
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central channel to serve as a barrier for cell retention in the central channel. The outer
channels were used for media supply. It should be mentioned that the channel height is not
limited to 30 μm in this design which was suitable for confocal microscopy. For
microfluidic systems with higher channels, two-photon microscopy is a better choice than
confocal microscopy for 3-D imaging of cell distributions.

Standard procedures were used in the fabrication of the microfluidic device. In brief, the
pattern shown in Figure 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 hr, 3 inlets
and 2 outlets were cored using a razor-sharp 20G round punch (Technical Innovations,
Angleton, TX). The prepared PDMS chips were then sterilized by submerging in 70%
ethanol for 5 min, 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
100°C 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 5-ml syringe via standard 23G luer
stubs.

To prepare for cell loading, the devices were first vacuum-filled with sterile phosphate-
buffered saline (PBS) to remove 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 min.

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. 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 placCherry-Inv, except that the inv gene was deleted. All
bacterial cells harbored either the placCherry-Inv (inv+) or placCherry (inv−) plasmid.

To characterize the invasiveness of these bacteria, 106 B16.F10 cells were first added into
each well of a 6-well plate containing 1.5 ml DMEM supplemented with 10% FBS. Cells
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 either inv+

or inv− overnight bacterial suspension with OD600 being 0.8 to 1.0. A gentamicin protection
assay was then used to quantify internalized bacterial cells. Briefly, after incubating the
plates for 2 hrs, the monolayers were washed 3 times with DMEM and then incubated with
gentamicin (100 μg/ml) for 1.5 hrs. At the end of incubation, the monolayers were washed 3
times with PBS and trypsinized to form single tumor cell suspensions. The tumor cells were
lysed with 1% Triton X100 in PBS and lysate was plated on kanamycin-supplemented agar
plates at dilutions of 103, 104, and 105 for a 24-hr incubation period at 37°C. The colony
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forming units (CFUs) were then counted to determine the infection efficiency of the
bacteria, which was defined as the percentage of the number of CFU relative to the total
number of the same bacterial cells inoculated into a well. In an experiment using B16.F10
cells, it was observed that the infection efficiencies were 12.5% ± 9.1% for inv+ bacteria (n
= 4) but only 0.05% ± 0.07% for inv− bacteria (n = 4). The difference was approximately
250-fold. The non-zero efficiency for inv− bacteria could be due to the inability in our
experiment to wash away all extracellular bacterial cells that bound non-specifically to the
membrane of tumor cells in monolayers.

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 hrs until the
measured optical density of the suspension at 600 nm wavelength (OD600)was
approximately 1.0.

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 min 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.

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 min prior to cell
loading. The perfusion medium consisted of 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 × 106 cells/ml. The total volume was ~1.5 ml. For co-visualization
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 × 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 cell 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 micro-posts. Medium in the cell suspension
that was infused into the central channel was able to flow out into the outer channels via the
space between the micro-posts 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
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channel 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.

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 min at 37°C in a water bath. Cells were immediately imaged by
confocal microscopy (Axioskop 2 with LSM 510, Zeiss, Thornwood, NY). Optical slicing
was performed to visualize the entire depth of the cellular structure in the central channel.

Generation of bacterial concentration profiles
Using an inverted fluorescence microscope (Axiovert TV100, Zeiss) equipped with a digital
camera (Axiocam MRc, Zeiss), black-and-white snapshots were taken along the length (i.e.,
y-axis) 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 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.

E. coli proliferation and infection of tumor cells in monolayers
Two types of assays were carried out to study E. coli proliferation in a 6-well 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 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 hrs 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 of ~1.0. Control wells in the new plate contained media that had
been incubated overnight without tumor 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 inv+ or inv− E. coli. Statistical significance of sample difference was
evaluated with the Mann-Whitney U test.

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 × 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
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Calcein-AM 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 hrs. Medium was then removed from each well and
monolayers were gently washed three times with PBS before visualizing with confocal
microscopy (Zeiss LSM 510).
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Figure 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 micro-posts 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 open circles represent outlets on the left and inlets
on the right.
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Figure 2.
Stacked optical slices showing distributions of B16.F10 and E. coli cells immediately after
they were loaded into the microchannel. The tumor cells were stained with calcein-AM
(green) and mCherry-expressing E. coli cells were red (arrows). Scale bar = 50 μm.
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Figure 3.
Confocal images of calcein-AM-stained tumor cells (green) following overnight co-culture
with mCherry-expressing E. coli (red) with (inv+) or without (inv−) invasin co-expression.
The figure shows three representative images of the B16.F10 model in Panel (a) and three
representative images of the EMT6 model in Panel (b). Two images in Panel (b) 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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Figure 4.
Confocal images of B16.F10 (a, b) and EMT6 (c, d) cells stained with CellTracker Green
CMFDA for visualization of cell viability following 12-hr co-incubation with mCherry-
expressing E. coli (red). E. coli cells were either co-expressing invasin (inv+) (a, c) or
expressing mCherry alone (inv−) (b, d). To clearly demonstrate inv− bacterial proliferation-
induced tumor cell death, red and green fluorescence channels in images b and d were split
into two images to show distributions of live tumor and bacterial cells separately. They are
denoted as b1 (green channel of b), b2 (red channel of b), d1 (green channel of d), and d2
(red channel of d).
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Figure 5.
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 microchannels. Bacteria were either
non-invasin-expressing (inv−) or invasin-expressing (inv+). Individual curves represent
fluorescence profiles at the dead end, the middle portion, and the inlet of the central channel.
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Figure 6.
Average fluorescence intensities. The intensity profiles shown in Figure 5 were averaged to
obtain the mean fluorescence intensity of each channel. The open circles represent the
intensities of individual samples, and the bars and the error bars represent means and
standard deviations over three trials, respectively.
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Figure 7.
Proliferation and cellular uptake of bacteria co-cultured with tumor cell monolayers or
cultured in tumor cell conditioned media. (a) Average increase in OD600 of media in 6-well
plates after 4-hr static incubation of E. coli with (inv+) or without (inv−) invasin 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 (ΔOD) 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). (b) Confocal microscopic
images of B16.F10 and EMT6 cells in monolayers stained with Calcein-AM after a 4-hr co-
incubation with invasin-expressing (inv+) and non-invasin-expressing (inv−) E. coli. Scale
bar = 50 μm.
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Figure 8.
Schematic of bacterial responses to growth inhibitors secreted by tumor cells. It was
observed that there was minimal difference in proliferation rates between inv+ and inv−E.
coli under normal conditions in the absence of tumor cells. Data in Figure 7 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 rates of inv− E. coli
under these two conditions were similar to each other. 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 might stimulate tumor cells to release more of
the same inhibitors or new, more potent inhibitors.
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