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Abstract

Breast cancer tumorigenesis and response to therapy is regulated by cancer cell interactions with
the tumor microenvironment (TME). Breast cancer signaling to the surrounding TME results in a
heterogeneous and diverse tumor microenvironment, which includes the production of cancer-
associated fibroblasts, macrophages, adipocytes, and stem cells. The secretory profile of these
cancer-associated cell types results in elevated chemokines and growth factors that promote cell
survival and proliferation within the tumor. Current co-culture approaches mostly rely on transwell
chambers to study intercellular signaling between adipose-derived stem cells (ASCs) and cancer
cells; however, these methods are limited to endpoint measurements and lack dynamic control. In
this study, a 4-channel, “flow-free” microfluidic device was developed to co-culture triple-negative
MDA-MB-231 breast cancer cells and ASCs to study intercellular communication between two
distinct cell types found in the TME. The device consists of two layers: a top PDMS layer with
four imprinted channels coupled with a bottom agarose slab enclosed in a Plexiglas chamber. For
dynamic co-culture, the device geometry contained two centered, flow-free channels, which were
supplied with media from two outer flow channels via orthogonal diffusion through the agarose.
Continuous fresh media was provided to the cell culture channel via passive diffusion without
creating any shearing effect on the cells. The device geometry also allowed for the passive
diffusion of cytokines and growth factors between the two cell types cultured in parallel channels
to initiate cell-to-cell crosstalk. The device was used to show that MDA-MB-231 cells co-cultured
with ASCs exhibited enhanced growth, a more aggressive morphology, and polarization toward the
ASCs. The MDA-MB-231 cells were found to exhibit a greater degree of resistance to the drug
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Paclitaxel when co-cultured with ASCs when compared to single culture studies. This microfluidic
device is an ideal platform to study intercellular communication for many types of cells during co-
culture experiments and allows for new investigations into stromal cell-mediated drug resistance in
the tumor microenvironment.
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Introduction

Cancer cells coexist in the tumor microenvironment (TME) with stromal cells (e.g.,
fibroblasts or endothelial cells), adipose-derived stem cells (ASCs), and immune cells (e.g.,
macrophages) that communicate with each other by secreting cytokines, hormones, and
growth factors that traverse the TME via passive diffusion, creating a complex, diverse, and
heterogeneous environment.1:2 ASCs are the critical component of the breast tumor
microenvironment, and they are well-documented mediators of breast cancer progression
that stimulate tumor growth, metastasis, and drug resistance by secreting excess growth
factors, cytokines (adipocytokines, IL-6, TNFa).3-> Inflamed adipose tissue recruits
increased macrophages which are associated with pro-inflammatory cytokines while
expressing genes associated with cancer development, such as secreted
phosphoprotein1(SPP1) and matrix metalloproteinase (MMP9).6 The crosstalk between
cancer cells and ASCs utilizes paracrine signaling that induces both phenotypic and
genotypic alterations in both cell types.”~9 ASCs can also create oxidative stress in the TME
by synthesizing reactive oxygen species (ROS), resulting in DNA double-stranded breaks
and reduced repair of damaged DNA, leading to increased mutations while secreted
adipokines function as an encounter with the oxidative stress, eventually increasing
chemoresistance.° Gaining a comprehensive understanding of the intercellular
communication between ASCs and breast cancer cells is of vital significance for the
diagnosis and treatment of breast cancer patients. This needs to be further investigated by the
continuous dynamic co-culture of cancer cells and ASCs.

Many /n vitro studies have been conducted to understand cellular communication with
disease progression, including intercellular communication of stem cells and cancer cells
using the Transwell assay. A Transwell assay creates two distinct culture chambers separated
by a semi-permeable insert composed of a porous membrane to physically separate two
different cell types while allowing for indirect communication of soluble chemicals (e.g.,
cytokines and growth factors) via passive diffusion.10-11 This approach has facilitated
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numerous co-culture studies; however, it has several limitations including (i) its inability to
monitor the cells during the experiment by light microscopy, (ii) Infiltration of the cells from
the top chamber into the bottom one, and (iii) no infusion of fresh growth media into the
system, resulting in a batch system with decreasing amounts of nutrients and an
accumulation of waste as the experiment progresses. Recently, microfluidic devices have
become an attractive alternative to perform dynamic co-culture studies.1213 Microfluidic
devices have several advantages including their (i) ability to precisely control the physical
and chemical microenvironment, (ii) compatibility with light and fluorescent microscopy
techniques, (iii) reproducibility, (iv) negligible impact on cellular viability, (v) capability to
incorporate different biomaterials resembling physiological 3D matrices, and (vi) dramatic
reduction in reagent volume.14-16 Several types of microfluidic devices had been reported to
study cell-to-cell communication, including cell trapping and pairing with or without
hydrodynamic trapping in a microfluidic channel, droplet-based cell encapsulation,
microwell array culture systems, acoustic wave-based co-culture and digitally equipped
microfluidics (electrophoretic assays) to interrogate interactions of microorganisms and
mammalian cells.}7-22 These different types of microfluidic co-culture devices have been
summarized in several recent review articles.10-14.16.23-25 Hydrodynamic cell trapping and
pairing with other cells on-chip is a popular method to study cell-to-cell communication at
the single-cell level; however, it is complicated, produces shearing force, and lacks
efficiency. Though these devices showed higher trapping efficiency and long-term culture
capability, there was a limitation in media supply when both cells require distinct media for
their growth since the channel design permitted only a single media. Cells co-cultured using
the hydrodynamic technique is a promising approach to overcome the batch culture
limitations; however, it requires complex fluidic control schemes to ensure cell isolation and
media infusion.26 Another co-culture method that is ideally suited for single-cell studies is
based on droplet encapsulation, but this method is limited by low overall cell numbers in a
single droplet associated with low nutrient-to-cell mass transfer. Microfluidic droplet
trapping arrays possess the potential for analysing cells at the single-cell level; however, due
to the small size of the droplets they are limited in their ability to perform long-term co-
culture experiments. Microwells allow for gravity-based settling of cells where the well size
can control the number of cells and result in a greater degree of intercellular interactions by
direct contact; however, they lacks dynamic control of the system and can result in non-
steady culture conditions (for the devices without flow) or shearing effects (for the devices
with the flow).23 Electrophoretic immunoassays integrate electrochemical features with on-
chip microfluidic channels to monitor cell secretions due to changes in the biophysical
properties of the medium. However, device setup and operation was complex, expensive, and
did not allow for long-term co-culture experiments. Another key pitfall in these microfluidic
devices was the formation of shearing forces by the media flow.

An alternative approach to microfluidic co-culture incorporates hydrogels to allow for
passive diffusion of biomolecules and indirect cell-to-cell communication. Thomsen and co-
workers developed an agarose hydrogel-based microwell co-culture platform where breast
cancer cells (MDA-MB-231) were co-cultured with human mesenchymal stromal cells for a
long term static experiment.2’” They demonstrated the enhanced proliferation of cancer cells
in the presence of mesenchymal stromal cells, verifying the exchange of secreted
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biomolecules between both types of cells through agarose hydrogel while cells remained in
the agarose microwell as aggregates. The device was capable of making indirect cell
communication while cells were restricted to the confined space of a static culture condition.
Similarly, Liu and co-workers co-cultured stromal cells, fibroblasts, endothelial cells, and
macrophages separately by incorporating a hydrogel barrier in a microfluidic device to
simulate the tumor microenvironment.28 The incorporation of hydrogels into fluidic
channels has offered the greatest promise with microfluidic co-culture applications.

In this work, a microfluidic co-culture device was developed to allow for the flow-free,
indirect intercellular communication between ASCs and triple-negative breast cancer cells
(MDA-MB-231) under steady-state conditions. The device consisted of four parallel fluidic
channels imprinted into a polydimethylsiloxane (PDMS) replica, which was placed on top of
an agarose slab, with the entire system encased in a Plexiglas chamber. The main design
principle of the device is the high permeability of the bottom layer of agarose, which allows
for the rapid and facile diffusion of small molecules and proteins. The two outer ‘flow’
channels were continuously supplied with culture2%-30 media while the two inner “flow-free”
channels were used to culture both cancer cells and ASCs. As a result, biomolecules would
passively diffuse perpendicular to the direction of flow across the entire length of the culture
channels to (i) continually supply cells with fresh media, (ii) remove cellular waste, and (iii)
allow for the passive diffusion of paracrine signals between two different cell types. A
similar approach has been used to study the chemotactic movement of neutrophils and
bacteria in a three-channel microfluidic device in which the middle channel was for cell
seeding, and the outer channels were for media infusion. Cheng ef a/. developed the agarose-
based microfluidic device for the diffusion of biomolecules to study the chemotactic
response of £, coliand HL-60 cells in separate experiments.3! This device was for the study
of cell migration and did not show the capability for dynamic co-culture applications. In this
presented work, dynamic co-culturing of adherent cell lines on agarose in the four-channel
device required cell attachment on the agarose surface, which was facilitated by treating the
agarose with cationic poly-d-lysine to induce the adhesion of the negatively charged
mammalian cell membrane.32 The device was compatible with light microscopy to allow for
the regular collection of images to track cell growth, orientation, and morphology.
Additionally, the device allowed for on-chip viability staining and immunostaining. Each of
these features offered by the presented device possesses the suitability for long term co-
culturing of different cell lines comparing to the available devices in literature. MDA-
MB-231 cells cultured in the presence of ASCs demonstrated enhanced growth and
proliferation and an altered, more aggressive morphology, and they were found to polarize
towards the ASCs. Moreover, cancer cells, when cultured with ASCs, were found to exhibit
enhanced resistance and greater viability when exposed to Paclitaxel. These findings suggest
a potential role of ASCs in both cancer progression and drug resistance.

Experimental

Materials and Methods

The microfluidic device contained two separate layers: a bottom layer of 3% (w/v) agarose
(Invitrogen, USA) to facilitate chemical diffusion and a top polydimethylsiloxane (PDMS,

Lab Chip. Author manuscript; available in PMC 2021 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rahman et al.

Page 5

Sylgard 184, DOW) layer into which four parallel fluidic channels were imprinted (Figure
1A). The PDMS slab consisted of four 600-um-wide parallel channels with a total operating
length of 10 mm and a channel height of 150 pm. The outermost channels were designed to
accommodate flow to perfuse the system with fresh media continually so that the device
could reach an approximate steady state. The innermost channels were designed to be “flow-
free” so that the cells did not experience any direct shear but could still be exposed to fresh
media and cell-to-cell communication. The outermost channels were spaced 450 pm from
the innermost “flow-free” culture channels. The two culture channels were spaced 200 pm
apart to allow for facile diffusion of excreted factors for the two cell lines to communicate
with each other. The PDMS and agarose components were fixed in place using two
rectangular pieces of Plexiglas (McMaster-Carr) held together by four screws at the four
corners of the device (Figure 1B). Windows were cut out of the top layer of Plexiglas to
allow for the insertion of tubing into the device. The thickness of the agarose layer was ~5
mm, and the thickness of the PDMS layer was ~5 mm, as measured by a caliper both to
allow for greater reproducibility and to ensure that the two layers remained fluid-tight. The
top PDMS layer was fabricated using a combination of soft lithography and PDMS
replication. The geometry was designed in AutoCAD (Autodesk, USA) to generate a
transparency mask (CAD/Art) of the four fluidic channels. A silicon master wafer was
fabricated by depositing SU-8 2050 (MicroChem), a negative photoresist polymer, onto a 3”
silicon wafer (University Wafer) using a spin coater (WS-650MZ-23NPP, Laurell, USA) to
generate a final channel height of 150 um by utilizing a two-step process. First, a 75-um-
thick layer of SU-8 2050 was deposited onto the wafer, followed by baking at 65°C and
95°C for 10 min and 20 min, respectively. Next, the second layer of SU-8 2050 (also 75-um-
thick) was deposited on the wafer, followed by baking at the same conditions. After the
wafer was cooled to room temperature, the transparency mask was placed on top of the
wafer, followed by exposure to UV light (1.4 mW/cm?2) for 128 seconds in a custom-built
UV exposure set-up using a B100-AP lamp (VWR). The wafer was baked at 65°C for 15
min and at 95°C for 2 h after UV exposure. After cooling at room temp for 30 min, the SU-8
developer (MicroChem) was used to remove all uncrosslinked SU-8. The wafer was hard-
baked at 150°C for 1 h to increase durability and then was treated with a silane
(tridecafluoro-1, 1, 2, 2-tetrahydrooctyl trichlorosilane, Sigma-Aldrich, USA) in a vacuum
to deposit a thin layer on the surface of the wafer, which facilitates detachment of the PDMS
replicas. PDMS replicas were generated by mixing 25 g of the base and 2.5 g of the curing
agent in a 10:1 ratio followed by degassing in a vacuum chamber to create a bubble-free
mixture. This PDMS was poured on the silicon master wafer and was allowed to cure for at
least 12 h at 65°C. Cured replicas were removed from the wafer and individual devices were
cut out with an X-Acto knife, followed by punching the inlet and the outlet ports using a
blunted 18-gauge needle.

Computational simulations of mass transfer in the microfluidic device

COMSOL simulations were performed to model the chemical and oxygen mass transfer
within the device to (i) ensure the cells were supplied with sufficient media, (ii) confirm that
the soluble factors released from cells were able to diffuse across the “flow-free” channels,
and (iii) validate that the oxygen was able to diffuse into the culture channels, thus avoiding
hypoxic conditions. The mass transfer of the media into the culture channels was simulated
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in the two outermost flow channels to mimic the constant infusion of growth media while
there was no flow in the two innermost, “flow-free” culture channels. The Reynold’s number
was calculated to be <10 in the outermost flow channels and was considered to be that of an
isothermal and incompressible Newtonian liquid with the properties of water (density 995.6
kg-m~3, viscosity 7.97 x 1074 Pa-s).20 The general steady-state diffusion—convection
equation was solved by using the velocity results from the laminar flow to determine the
concentration gradient of media and mass transfer. No-slip boundary conditions and a two-
dimensional device profile were assumed. The porosity of 3% (w/v) agarose was
approximated as 0.97.33 Diffusion of growth factors and other biomolecules through the
agarose slab were approximated using the diffusion coefficient for SDF-1a. (a model growth
factor) in 3% (w/v) agarose set which was 110 pm?/s.34 All simulations approximated an
initial concentration of the biomolecule as 140 nM in the outer channel. The fluid material
was considered as water and a flowrate of 15 uL/min in the outermost channels was
specified for optimum mass transfer. A similar approach, with the same assumptions, was
taken when modeling the mass transfer across the two cell culture channels with the
exception that these channels were simulated with no flow. For the oxygen mass transfer
simulations, the height for oxygen transfer to the cells on the agarose layer was
approximated at 5 mm. The top Plexiglas was cut to have a 10 mm by 3.5 mm window
above the culture channels to allow for better mass transfer of oxygen into the device.

Cell culture and reagents

Triple-negative breast cancer cell line MDA-MB-231 was acquired from ATTC. Cells were
cultured with Dulbecco’s modified eagle’s medium (DMEM, Corning) and supplemented
with 10% v/v HyClone Cosmic Calf Serum (VWR Life Sciences Seradigm), 1% MEM
Essential Amino Acids (Quality Biological Inc.), 1% MEM Non-Essential Amino Acids
(Quality Biological Inc.), and 50 ng/mL insulin (Sigma- Aldrich, ST. Louis, MO). Cells
were grown at 37°C with 5% humidified CO, and sub-cultured every 3 days. Abdominal
human adipose-derived stem cells (ASCs) were purchased directly from LaCell (New
Orleans, LA), and these cells were grown in a-minimum essential medium (e MEM; Gibco,
NY), 10% fetal bovine serum (FBS, Atlanta Biologicals), and 1% Antibiotic-Antimycotic
(Anti-Anti, Gibco). ASCs were split at 60-70% confluence. The stem cell donor was
Caucasian, female, and 24 years old with a body mass index (BMI) of 28. The stem cell
medium was changed every third day.

Assembly and operation of the two-layer microfluidic device

The top Plexiglas layer was placed over the PDMS replica, followed by pre-plumbing the
inlet and outlet ports with Tygon tubing (0.5588 mm, Cole Palmer) to prevent leakage during
experimentation. The bottom agarose layer was prepared by pipetting 12 mL of 3% (w/v)
agarose into a 60 mm petri dish and was allowed to solidify for a minimum of 1 h. The
agarose was pre-treated with 0.1 mg/mL poly-d-lysine (Sigma Aldrich) to facilitate the
attachment of the cells to the surface. Poly-d-lysine was resuspended in 1X phosphate-
buffered saline (PBS; 137 mM NaCl, 10 mM NayHPQOy4, 27 mM KCL, and 1.75 mM
KH,PO,4 at pH 7.4) for 10 min at room temperature. The poly-d-lysine solution was
aspirated, and the agarose was incubated at room temperature for 2 h in a sterile
environment followed by 2X washing with MDA-MB-231 culture media. A 20 x 30 mm
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agarose slab was cut from the dish using a razor blade and placed on top of the bottom
Plexiglas layer. The pre-plumbed PDMS replica, coupled with the top Plexiglas piece, was
placed on top of the agarose slab to generate a complete device. The device was rendered
fluid-tight using four screws and hex nuts (18-8SS %, McMaster-Carr) at the four corners of
the device. The screws were tightened gently (to ensure the same vertical spacing at all four
corners), followed by leakage testing by injecting media through all four-fluidic channels at
a rate of 15 uL/min using a syringe pump (KD Scientific). A digital slide caliper (Fisher
Scientific) was used to measure the vertical spacing between the top and bottom Plexiglas
layers. The assembled device was immersed in complete growth media supplemented with
1% (v/v) P/S (Penicillin and Streptomycin, Gibco) and primed for 4 h by injecting MDA-
MB-231 culture media into the two outermost flow channels at a rate of 15 pL/min in a
37°C, 5% CO,, incubator (Symphony, VWR). After the priming period, cells were injected
into the two innermost channels using a syringe pump at a rate of 5 uL/min. MDA-MB-231
cells were injected at a density of 5x10° cells/mL, and ASCs were injected at a density of
1x10% cells/mL. The cellular suspension was added sequentially (MDA-MB-231 cells first,
ASC cells second) to avoid compromising the fluid-tight channels. The Tygon tubing
connected to the inlet and outlet ports of the innermost cell culture channels were sealed
with blunted 23G syringes to prevent contamination and media loss. The outermost flow
channels were hooked up to 10 mL syringes (BD, VWR) containing complete growth media,
which was infused continuously into the device at a rate of 15 uL/min. During single culture
experiments, the media infused into the device was the same as described above for MDA-
MB-231 cells and ASCs. During co-culture, MDA-MB-231 culture media was infused into
the flow channel adjacent to the cancer cell culture channel, while ASC culture media was
infused into the flow channel adjacent to the ASC culture channel. The device and syringe
pumps were placed in a 37°C incubator for the extent of the experiment. Light microscopy
images were collected every 12 h during the 72 h experiment using a Zeiss Primo Vert
phase-contrast microscope equipped with an Axiocam2105 color digital camera. All images
were further processed in ImageJ (NIH, USA) software.

On-chip fluorescent labeling of cells

Immunofluorescent (IF) staining was performed at the end of an experiment. The cells were
fixed by flowing 4% paraformaldehyde (v/v, in 1X PBS) into the adjacent media channel of
the microfluidic device for 15 min at a flow rate of 15 uL/min, followed by washing with 1X
PBS at the same flow rate for 15 min at room temperature. Cell permeabilization was
initiated by infusing 0.5% Triton X-100 (v/v) in 1X PBS at room temperature for 15 min,
followed by washing with PBS for 15 min. To eliminate non-specific binding, cells were
incubated with 0.1% BSA (v/v in PBS) for 45 min. To stain for proliferation, the
fluorescently-labeled primary antibody (Alexa Fluor 488 Mouse anti-Human Ki-67, BD
Pharmingen) was diluted at 1:20 in the 0.1% BSA solution and incubated in the device for 6
h by continuous pumping using a syringe pump at room temperature. For actin cytoskeleton
staining, phalloidin (BD pharmingen) was diluted 1:200 and incubated for the same time
period. Immediately prior to imaging, the nuclei were stained by using 4’, 6-diamidino-2-
phenylindole (DAPI, Invitrogen), diluted 1:500 in PBS. Cellular fluorescence was visualized
using a Leica DMi8 inverted microscope outfitted with a 10x objective (Leica HC PL FL L,
0.4x correction), phase contrast, and brightfield applications. Digital images were acquired
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using the Flash 4.0 high-speed camera (Hamamatsu) with a fixed exposure time of 100 ms
for FITC, DAPI, and Rhodamine filters, and 25 ms for brightfield. Image acquisition was
controlled using the Leica Application Suite software. All images were recorded using the
same parameters. At the end of a 72 h experiment, cells were co-incubated on-chip with 2.5
UM Calcein AM (Life Technologies, Carlsbad, CA) and 4 uM Ethidium homodimer-1 (Life
Technologies, Carlsbad, CA) in 1X PBS for 2 h at a flow rate of 15 pL/min through the
adjacent media channel at room temperature. Fluorescence images were taken using the
same Leica DMi8 inverted microscope.

On-chip drug evaluation and cell viability studies

Paclitaxel (Adipogen Life Sciences, USA), an anticancer drug, was used to study the drug
resistance of co-cultured and single-cultured MDA-MB-231 cells. MDA-MB-231 cells were
exposed to paclitaxel at a final concentration of 20 nM. This solution was placed in Luer-
Lok syringes to be infused into the device at a rate of 15 uL/min using the syringe pump.
The Paclitaxel-DMEM media was introduced to the device after a 24 h pre-incubation
period, which allowed the cells to settle and adhere to the surface prior to drug interrogation.
The microfluidic device was infused with the drug solution for 72 h. After the termination of
the experiment, cell viability was assessed by Calcein AM (live) and Ethidium homodimer-1
(dead) as described in the previous section. The fluorescence images were analyzed to
distinguish and count live cells and dead cells using a custom Python algorithm called
FluoroCellTrack developed by Vaithiyanathan et. a/.3

Image analysis and processing

All microscopy images were processed by ImageJ (NIH, USA) to perform cell counts,
measure cell aspect ratio, and determine cellular angular orientation. The cells were counted
at each time point (0, 24, 48, and 72 h) from the images collected across the entire culture
channel. Cell growth was normalized to the initial cell seeding density to remove any
potential bias from slightly different cell counts at the 0 h time point. Normalized cell
growth was obtained by dividing the number of cells of each time point by the 0 h cell
number following equation (1):

Number of cells at 24h/48h/72h
Number of cells in Oh

Normalized cell growth = Eqn. 1

The cellular aspect ratio was determined by measuring the ratio of the major axis length to
minor axis length of individual cells. A minimum of 300 cells was analyzed for each time
point to determine the cellular aspect ratio. The angular orientation (directionality of the
cells) was calculated by measuring the angle created by the cell’s major axis line with
respect to the horizontal line. The angles were assigned to be 0° for a horizontally aligned
cell and 90° for a vertically aligned cell. Any angles calculated between 91-180° were
converted to values between 0-89° to simplify the analysis. A minimum of 500 cells was
analyzed for each time point to measure cell polarization.
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Statistical analysis

The statistical differences between two groups of single culture and co-culture cells were
determined by the student’s t-test with a statistically significant value set at p<0.05, using
Origin software (USA). All data presented in this study is formatted as (mean + standard
deviation).

Results and discussion

COMSOL simulations of biomolecule and oxygen mass transfer across the device

Time-dependent mass transfer diffusion studies of both biomolecules (representing nutrients,
cytokines, and growth factors) and oxygen were simulated across the two center culture
channels perpendicular to the direction of flow for 24 h. Small molecules’ concentration
profiles across the channels were obtained by a line scan across the width of the center
culture channel (Figure 2). First, COMSOL simulations were performed to confirm the mass
transfer from the outer flow channel into the inner flow-free culture channels and that the
culture channels reached a steady-state after ~24 h (Figure 2A). The simulations used the
physical parameters of the growth factor SDF-1a to mimic biomolecule (e.g., cytokines,
growth factors) diffusion. The pore size of 3% (w/v) agarose is ~100 nm, which should
facilitate the diffusion of growth factors or cytokines, as the diameter of most growth factors
is ~50 nm.36 A similar simulation was performed to approximate the diffusive mass transfer
of soluble biomolecules across the flow-free cell culture channels to confirm that the
microfluidic device facilitates intercellular communication during experimentation (Figure
2B). Again, an approximate steady-state was observed after ~24 h. Finally, the oxygen
diffusion within the microfluidic device was simulated to ensure the cells were not exposed
to hypoxic conditions (Figure 2C). PDMS is highly permeable to gases and allows diffusion
of CO, and oxygen, while agarose is capable of transporting biomolecules through infused
medium inside microfluidic channels.3” For the oxygen diffusion simulation, the static
ambient air was modeled to diffuse through an open window in the top layer of Plexiglas.
These simulations indicate that the cell culture channels reached an approximate steady-state
within 5 h. These results confirm that the two-layer microfluidic device allowed for indirect
communication between two different cell types cultured in the two “flow-free” cell culture
channels to facilitate co-culture studies of breast cancer cells and ASCs.

Simultaneous co-culture of cancer cells and stem cells increases the cellular growth rate

Prior to on-chip testing, it was important to confirm that adherent cell lines could be cultured
on agarose and that there was no difference in cellular growth or morphology. To confirm
this, MDA-MB-231 cells were cultured on polystyrene-coated Petridishes (herein called
tissue culture plastic, TCP) or Petridishes filled with ~5 mm agarose coated with 0.1 mg/mL
poly-d-lysine. There was no observable difference in the growth for the MDA-MB-231 cell
cultures on TCP and on agarose for up to 48 h; however, there was a slight decrease in
growth for the cells cultured on agarose after 72 h of incubation, as compared to cells
cultured on TCP (Figure 3A). This was attributed to the culture media diffusing into the
agarose layer from the cells being cultured on top of it, which minimized the available pool
of nutrients for the cells to access. This loss of available nutrients was minimal and only
affected cells after 72 h of continuous culture. It was assumed that this would not be an issue

Lab Chip. Author manuscript; available in PMC 2021 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rahman et al.

Page 10

with the microfluidic device since it was continuously infused with fresh media, whereas the
off-chip batch study was not. Once it was confirmed that adherent cells could be cultured on
poly-d-lysine-coated agarose, single-culture on-chip experiments (e.g., the same cell type in
both center culture channels) were performed with both MDA-MB-231 cells and ASCs
(Figure S1). Both cell types were observed to reach ~80-90% confluency after 72 h of
experimentation. Figure S1 confirmed the growth of both MDA-MB-231 cells and ASCs
during the 72 h incubation. Both cell types exhibited similar morphology to cells cultured
off-chip both on TCP and agarose (data not shown). This confirmed that both cancer cells
and ASCs could be cultured in the two-layer microfluidic device. Terminal immunostaining
of the actin cytoskeleton using phalloidin was performed to show the structure of the actin
cytoskeleton in ASCs and MDA-MB-231 cells (Figure S2). The results from the
cytoskeleton staining shows a similar behavior with respect to cellular spreading for both
cell types, which also resembles the cytoskeletal behavior of these cell lines when cultured
on TCP.38 Terminal proliferation staining of single-cultured MDA-MB-231 using Ki-67
(protein marker of cellular proliferation) confirmed that the cells were still actively
proliferating after 72 h of incubation in the device (Figure S3A).

Simultaneous co-culture experiments were then performed: the ASCs were cultured in the
“top” channel and the MDA-MB-231 cells were cultured in the “bottom” channel for 72 h
(Figure 3B). The terms “top” and “bottom” do not refer to the z-direction in the two-layer
microfluidic device, but instead, refer to the manner in which the microscope images were
collected and presented. Terminal proliferation staining using Ki-67 confirmed that the
MDA-MB-231 cells were still actively proliferating after 72 h of co-culture (Figure S3B).
Interestingly, when compared to the proliferative behavior of the MDA-MB-231 cells in
single culture versus co-culture, it was determined that cancer cells in co-culture with ASCs
exhibited a statistically significant increase in proliferation (Figure 3C). This suggested that
the ASCs provide a supportive environment for the cancer cells and facilitate enhanced
growth and proliferation. Prior studies have identified that the genetic expression of leptin
was altered in ASCs when they were co-cultured with another model breast cancer cell line
(MCF?7), resulting in an increase in the proliferative behavior of the cancer cells.*3° The
results presented here are in alignment with prior studies, which suggest that ASCs enable
enhanced cancer progression.#0:41 Terminal viability staining of the MDA-MB-231 cells
confirmed >95% of cells were alive after the 72 h co-culture experiment (Figure S3C).

A normalized growth rate of the MDA-MB-231 cells was approximated by direct counts of
cancer cells across the entire length of the channel under both single culture and co-culture
conditions to determine how the presence of the ASCs enhanced cellular growth. A
statistically significant increase in the growth rate of MDA-MB-231 cells was observed in
the presence of ASCs when compared to single-culture studies (Figure 4A). Similar findings
were observed in a previous co-culture studies where Muehleberg ef a/. investigated the
effects of ASCs on breast cancer cells and reported that the cancer cells induced the
secretion of SDF-1a from the ASCs, which activated paracrine signaling between the two
cell types, resulting in enhanced proliferation, invasion, and metastasis of the cancer cells.*2
Interestingly, Sabol et a/. found that ASCs promoted metastasis in MCF7 cells (another
model breast cancer cell line) but did not result in a significant increase in tumor growth.*
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Biophysical changes in MDA-MB-231 cells due to their co-culture with ASCs

The analysis of the physical properties of cells provides insight into their phenotypic
characteristics and is associated with heterogeneity in their migratory behavior, the
transformation of their stiffness, and their morphology. Cell morphology plays an essential
role in cancer progression, which depends on various factors, including metastatic cell
density, TME, and cell-to-cell contacts.4344 EMT induces epithelial cells to develop a more
invasive phenotype with increased migratory potential, which is detectable by observing the
transformation of cell morphology from a circular shape to an elongated mesenchymal
shape. Previous studies have found vimentin expression and E-cadherin dysfunction
(considered hallmarks of EMT), where transforming growth factor (TGF p) pathways induce
mesenchymal transition phenotype.>-47 The relationship of cancer metastasis and
morphological properties, such as cellular area, shape, and aspect ratio, have been studied in
pancreatic cancer cells and breast cancer cells, suggesting that the metastatic potential of
cancer cells increases while losing phenotyping heterogeneity.48 The two-layer microfluidic
platform was utilized to observe changes in the biophysical properties of the MDA-MB-231
cells in the presence of ASCs with respect to both cellular morphology and orientation of the
cancer cells. The cellular morphology was quantified by calculating the aspect ratio of the
MDA-MB-231 cells cultured in the presence and in the absence of ASCs to identify how
ASCs potentially affect EMT in cancer cells. A higher aspect ratio is indicative of a
mesenchymal phenotype, while a lower aspect ratio denotes a cancer cell that has an
epithelial phenotype. Initially, there was no difference in the average aspect ratio of MDA-
MB-231 cells after 24 h of single and co-culture; however, after 48 h the aspect ratio of
MDA-MB-231 cells increased significantly in cells co-cultured with ASCs, as compared to
single-cultured cells (Figure 4B). Interestingly, the extremes in the heterogeneity of the
aspect ratios (denoted by the number of outliers beyond the interquartile range in Figure 4B)
across the population of cancer cells co-cultured with ASCs decreased over time, suggesting
that distinct subpopulations exist across the entire population of the MDA-MB-231 cells.
This would infer that some cancer cells are more sensitive to the presence of the ASCs and
react much more quickly to intercellular communication than others; however, the majority
of the population eventually recognizes and responds to the presence of the ASCs. This is in
line with several single-cell analysis studies highlighting the heterogeneity of cellular
behavior with respect to growth, behavior, and enzyme activity.*® These findings suggest
that breast cancer cells co-cultured with ASCs adopt a more mesenchymal phenotype, which
gradually increases over three days co-culture.

To further explore this invasive phenotype, the orientation of breast cancer cells cultured in
the “bottom” channels was compared between cancer cells co-cultured with ASCs in the
“top” channel versus cells in the “top” channel. Cellular orientation is an indicator of
cellular movement, invasiveness, and intracellular signaling, as chemotactically-migrating
cells will align vertically towards a chemical gradient.5%-51 The angular orientation, or the
polarization of cancer cells towards the ASCs, suggested that the MDA-MB-231 cells under
co-culture conditions exhibited a bias towards the adjacent channel when ASCs were present
(Figure 5). Perpendicular orientation of MDA-MB-231 cells developed over time with >50%
of the population of cancer cells having angles of orientation ranging from 60°-90° after 72
h of co-culture with ASCs. Conversely, only 37% of the MDA-MB-231 cells exhibited this
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bias orientation when MDA-MB-231 cells were cultured in the adjacent channel. These
findings suggest that the cancer cells were responding to paracrine signals emitted by the
ASCs and were orienting themselves towards the source of this chemical gradient. A similar
trend has been observed during the chemotactic response of breast cancer cells to the
gradient of the EGF growth factor.52 This suggests that the breast cancer cells in the
“bottom” channel co-cultured with ASCs were undergoing the initial steps of migration
through chemosensing and polarization. No significant chemotactic movement was observed
in this study; however, that can be attributed to several factors, including the lack of stiffness
of the 2D agarose surface, the absence of extracellular matrix (ECM) components, and, most
likely, a very shallow gradient of soluble chemokines. Prior studies on the chemotactic
behavior of MDA-MB-231 cells show that the majority of migrating cells prefer a steep
gradient across the cell with a minimal amount of cells able to respond to and migrate up a
shallow gradient in some extent.>3

The results presented here confirmed significant changes in cancer cell morphology due to
their co-culture with ASCs and provided additional support for enhanced invasiveness of
breast cancer cells. Significant increases in cell aspect ratio and a biased directional
orientation towards nearby ASCs suggest that ASCs activated signaling pathways in breast
cancer cells. Walter et al. verified that interleukin-6 (IL-6) secreted by ASCs stimulated
breast cancer cell migration and invasion in the xenograft mouse model.>* This study also
identified a cytoskeleton regulator, cofilin-1, that had an active role in stimulating ASCs to
secrete excess IL-6. These results obtained from the two-layer microfluidic device
demonstrated the stimulation of triple-negative MDA-MB-231 breast cancer cells by ASCs,
which expands upon the prior studies and confirms the role of ASCs in cancer progression.

MDA-MB-231 cells exhibit enhanced drug resistance when co-cultured with ASCs

ASCs is not only associated with enhanced metastasis but is also correlated with enhanced
drug resistance. Paclitaxel (Taxol) is a chemotherapeutic agent that is used in the treatment
of breast cancer. Paclitaxel stabilizes the microtubules of cancer cells and works as an
inhibitor of chromosomal replication.>® Cancer drug resistance is correlated with alterations
of tubulin structure, microtubular drug-binding affinity, cell cycle deregulation, and over-
expression of membrane P-glycoprotein during aerobic glycolysis (the Warburg effect).56
The excessive amount of glycolysis-generated ATP further consumed by drug-resistant cells
renders the cells immune from lower doses of Paclitaxel.>>7 The two-layer microfluidic
device was used to investigate a potential role in ASC-mediated Paclitaxel resistance of
MDA-MB-231 cells under co-culture conditions. Since the drug was introduced to the cells
via passive diffusion from the outer flow channel, it was first necessary to identify an
approximate IC50 of Paclitaxel. Dose-response experiments were performed with three
different concentrations of drug (10, 20, and 30 nM) infused into the device in the outer flow
channel adjacent to the “bottom” culture channel, where the MDA-MB-231 cells were
seeded (Figure S4). This experiment found that 20 nM Paclitaxel resulted in only ~50%
viable cells remaining in the device after 72 h of treatment; thus, this dose was chosen for
the drug resistance studies. A similar Paclitaxel concentration was used by Jihui ef a/. during
a microfluidic combinatorial drug screen.>® Next, cellular viability was assessed in MDA-
MB-231 cells cultured in the presence and absence of ASCs during a 72 h drug treatment
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using a terminal viability staining for live and dead cells (Figure S5). Figure 6 demonstrated
a reduced effect of Paclitaxel on MDA-MB-231 cells co-cultured with ASCs with ~81%
viable cancer cells found under co-culture conditions compared to 56% viable cancer cells
remaining with single culture experiments. These findings support the concept that ASCs
confer drug resistance in triple-negative breast cancer cells. While the mechanism of drug
resistance is not fully understood, these studies suggest that paracrine signals do affect this
phenomenon. Another study showed that multi-drug-resistant breast cancer cells expressed
higher level of IL-6, where breast cancer cells that are sensitive to drug treatment didn’t
produce 1L-6.%9 Strong et a/. demonstrated high levels of IL-6 expressed in MCF7 cells co-
cultured with ASCs, which indicates IL-6 could be responsible for drug resistance in cancer
cells.* Similar results have been identified in this study, suggesting that the cancer cells
become drug-resistant in co-culture with ASCs, which suggests future studies may be
directed at the investigation of IL-6 as a possible mechanism of crosstalking of ASCs and
MDA-MB-231.

Conclusion

In this study, a two-layer, four-channel “flow-free” microfluidic device was developed to
allow for the continuous co-culture of two distinct types of cells found in the tumor
microenvironment. The microfluidic device allowed for passive diffusion of biomolecules
from continuous infusion flow channels to flow-free culture channels to overcome
limitations associated with other platforms, including batch culture conditions (e.g., media
depletion and waste accumulation) or shear effects. The microfluidic device was used to
study intercellular communication between triple-negative breast cancer cells (MDA-
MB-231) and ASCs. Prior studies have shown a link between ASCs and cancer; however,
there were no prior studies elucidating the impact of ASCs on cancer cell growth,
proliferation, morphology, and drug resistance. The co-culture studies performed here
confirmed that ASCs enhance cancer cell growth and proliferation, supporting the
hypothesis of the importance of their role in cancer cell progression. Biophysical studies
identified a role for ASCs in enhancing cancer cell invasiveness by encouraging MDA.-
MB-231 cells to adopt a more aggressive morphology, coupled with physical alignment
towards ASCs as the first step in the invasion. Drug studies with Paclitaxel confirmed that
ASCs confer resistance on cancer cells, also confirming their role in drug resistance during
cancer treatment. Taken together, these findings highlight the role of dynamic paracrine
signaling between cancer and stromal cells. Finally, the microfluidic device developed in this
study offers the potential for promising future dynamic co-culture studies that could be an
alternative to animal models, thus undertaking new experiments examining the role of
intercellular communication of cancer progression and drug resistance.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Design of the microfluidic co-culture device. (A) The flow-free microfluidic device

consisted of four fluidic channels imprinted into a PDMS slab placed on top of 3 wt%
agarose. The device contains four parallel channels: the two outermost “flow’ channels are
constantly supplied with media while the two innermost “flow-free” channels are used to
culture the MDA-MB-231 cells and adipose stem cells. All channels are 600 pm wide with a
contact length of 10 mm and a height of 150 pm. The spacing between the media channels
and the culture channels is 450 um, while the spacing between the two cell culture channels
is 200 um to facilitate cellular crosstalk. (B) Image of a completely assembled device with
agarose stained red for enhanced visualization. (C) Representative image of MDA-MB-231
cells (bottom) and ASCs (top) cultured in the device after 72 h.
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Figure 2:
COMSOL simulation of mass transfer in “flow-free” cell culture channels. (A) Diffusion of

a model biomolecule from the outer flow channel into the center culture channels. (Inset
image) Visual representation of the COMSOL simulations showing diffusion across the
device. (B) Simulation of biomolecules between the two flow-free culture channels. (Inset
image) Visual representation of the COMSOL simulation. In both (A) and (B) biomolecules
were approximated at 140 nM SDF-1a in the source channels(C) Simulation of the oxygen
diffusion from outside of the device, through PDMS to cell culture channel. External oxygen
was approximated to be ~21%.
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Figure 3:
Simultaneous co-culture of MDA-MB-231 cells and ASCs alters breast cancer cell growth

and morphology. (A) The growth of the MDA-MB-231 cells was observed in single and co-
culture using an initial cell density of 0.5x105 cells/mL. (B) Morphological changes in
MDA-MB-231 cells in single culture and co-culture was determined by calculating the
aspect ratio: measuring the ratio of the major cell axis length to minor cell axis length of
individual cells. A minimum of 500 MDA-MB-231 cells was analyzed for each time point.
Single culture and co-culture data were compared by student’s t-test with a statistically
significant value set at p<0.05.
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Figure 4:
Cell growth and proliferation cultured off-chip and on microfluidic device. (A) Normalized

growth of MDA-MB-231 cells cultured off-chip on either TCP or agarose. Cells were
cultured in a 100 mm petri dish for 72 hours with an initial total number of 700,000 cells.
Cell growth was normalized by dividing the number of cells of each time point by the 0-hour
cell numbers. The statistical significance test between cell growth on TCP and agarose with
** representing p<0.05 and ns indicating no significance. (B) Transmitted light (brightfield)
images of ASCs (top culture channel) and MDA-MB-231 cells (bottom culture channel) in
the device during a 72 h experiment. Images are representative of cell cultures across the
entire channel and of triplicate experimentation. (C) Cell proliferation was quantified in the
microfluidic device for MDA-MB-231 cells using anti Ki-67 antibodies was compared
among cells in co-culture and single culture experiments. Experiments were conducted in
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duplicate and the statistical differences between two groups were determined by the
student’s t-test with a statistical confidence interval value set at p<0.05.
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Figure5:
MDA-MB-231 cells orient themselves towards the ASC population during simultaneous co-

culture. (A) The angle was calculated with the cell major axis line with respect to the
horizontal line. The angles were taken within 0° to 90° where 0° refer no directionality of
cells in the parallel position of the channel, and 90° indicates 100% directionality of cells in
the perpendicular position of channels. All angles were measured (B) when MDA-MB-231
cells were cultured in single culture. (C) when MDA-MB-231 cells were cultured in Co-
culture with ASCs for 72 h. The warm color represents angle in the range of 45° to 90°. A
minimum 500 cells were analyzed for angle measurement.
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Co-cultured cancer cells show drug resistance to 20 nM Paclitaxel. The viability of MDA-
MB-231 cells treated with either a DMSO control or Paclitaxel was measured on-chip after 3
days of Paclitaxel treatment in single cultured and co-cultured experiments. MDA-MB-231
cells were incubated with Calcein AM (2.5 uM) and Ethidium homodimer-1 (4 uM) after
terminating the experiment. Viability experiments were conducted triplicate and the
statistical differences between two groups were determined by the student’s t-test with a
statistically confidence interval value set at p<0.05.
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