1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Lab Chip. Author manuscript; available in PMC 2017 August 07.

-, HHS Public Access
«

Published in final edited form as:
Lab Chip. 2016 August 7; 16(15): 2935-2945. doi:10.1039/c61c00062b.

Single Cell Dual Adherent-Suspension Co-Culture Micro-
Environment for Studying Tumor-Stromal Interactions with
Functionally Selected Cancer Stem-like Cells

Yu-Chih Chen&¢" Zhixiong Zhang®", Shamileh Fouladdel®, Yadwinder Deol®, Patrick N.
IngramP, Sean P. McDermott®, Ebrahim Azizi¢, Max S. Wicha®, and Euisik Yoon&P

aDepartment of Electrical Engineering and Computer Science, University of Michigan, 1301 Beal
Avenue, Ann Arbor, MI 48109-2122

bDepartment of Biomedical Engineering, University of Michigan, 2200 Bonisteel, Blvd. Ann Arbor,
MI 48109-2099, USA

CUniversity of Michigan Comprehensive Cancer Center, 1500 E. Medical Center Drive, Ann Arbor,
MI 48109, USA

Abstract

Considerable evidence suggests that cancer stem-like cells (CSCs) are critical in tumor
pathogenesis, but their rarity and transience has led to much controversy about their exact nature.
Although CSCs can be functionally identified using dish-based tumorsphere assays, it is difficult
to handle and monitor single cells in dish-based approaches; single cell-based microfluidic
approaches offer better control and reliable single cell derived sphere formation. However, like
normal stem cells, CSCs are heavily regulated by their microenvironment, requiring tumor-stromal
interactions for tumorigenic and proliferative behaviors. To enable single cell derived tumorsphere
formation within a stromal microenvironment, we present a dual adherent/suspension co-culture
device, which combines a suspension environment for single-cell tumorsphere assays and an
adherent environment for co-culturing stromal cells in close proximity by selectively patterning
polyHEMA in indented microwells. By minimizing dead volume and improving cell capture
efficiency, the presented platform allows for the use of small numbers of cells (<100 cells). As a
proof of concept, we co-cultured single T47D (breast cancer) cells and primary cancer associated
fibroblasts (CAF) on-chip for 14 days to monitor sphere formation and growth. Compared to
mono-culture, co-cultured T47D have higher tumorigenic potential (sphere formation rate) and
proliferation rates (larger sphere size). Furthermore, 96-multiplexed single-cell transcriptome
analyses were performed to compare the gene expression of co-cultured and mono-cultured T47D
cells. Phenotypic changes observed in co-culture correlated with expression changes in genes
associated with proliferation, apoptotic suppression, tumorigenicity and even epithelial-to-
mesechymal transition. Combining the presented platform with single cell transcriptome analysis,
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we successfully identified functional CSCs and investigated the phenotypic and transcriptome
effects induced by tumor-stromal interactions.
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Introduction

There is now a wealth of data supporting the presence of a sub-population of highly potent,
stem-like cells in a variety of cancers, including breast cancers [1-8]. Often called the cancer
stem-likes cells (CSCs), these cells are part of a subset of cells that retain the ability to
differentiate and initiate new tumors [4, 7]. Thus, CSCs have been implicated in metastasis,
radiation and chemotherapy resistance, and relapse after therapy, making them important
clinical targets [3, 6, 9—10]. Despite this evidence, the nature and even the existence of these
cells remains controversial. Conventionally, CSCs have been characterized across different
cancer types and in different patients utilizing only a handful of markers (e.g. CD133, CD44,
CD24), but it is unclear whether these markers identify the same or separate CSC
populations or if their function is preserved across types. Even within similar cancers,
markers that denote ‘stemness’ in one, may be absent in another [11-13].

Approaches that functionally select CSC populations can be used instead to overcome the
limitations and ambiguity of marker-based identification. First utilized for the identification
of neural stem cells, clonal sphere formation has since been adapted and validated in breast
cancer to enrich for CSC populations [14]. For normal differentiated cells, adhesion to an
extracellular matrix (ECM) scaffold is essential for maintenance of cellular homeostasis.
Disruption of cell attachment leads to anoikis, a form of programmed cell death [15]. When
breast cancer cells are cultured in suspension, bulk non-stem cells undergo anoikis, while
only cells with more stem-like characteristics survive and proliferate to form spheres, as they
are anoikis resistant and capable of differentiation and proliferation afterwards [15]. As
such, the formation of tumor spheres from a populations of breast cancer cells can be used to
functionally identify cells with these stem-like characteristics.

However, deployment and control of single cells using traditional methods is challenging.
Fluorescence-activated cell sorting (FACS) approaches help in the deployment of single cells
but are also widely known to hurt cell viability and have a small, but significant,
contamination rate. As such, we developed a user friendly, high throughput microfluidic-
based tumorsphere assay [16, 17] based on our previous single cell capture devices [18].
These microfluidic approaches are ideal for precise fluid handling and single cell
deployment. With our microfluidic tumorsphere assay, we can functionally assess CSC in
cancer cell populations by simply pipetting our sample (primary or cell lines) into the device
and monitoring the resulting sphere formation, making it an ideal approach for large scale
screening applications.
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Though mechanisms and response of CSC can be studied in isolation, CSC in vivo are
regulated by a complex microenvironment, much like their normal counterparts [7, 19-22].
Stromal cells, such as cancer associated fibroblasts, promote CSC phenotypes and
tumorigenecity through many pathways and mechanisms. As such, adaptable high
throughput assays capable of dissecting CSC behavior within a physiologically relevant
tumor microenvironment are needed. Although tumor-stromal interaction experiments have
been performed using conventional dish based approaches, these co-cultures lack single cell
isolation for selecting functional CSC [22-24]. There are also a number of previous works
reporting microfluidic platforms for cell-to-cell interaction studies as well [18, 25-34], but
these devices also don’t provide single cell isolation in suspension. [25-31]. While droplet
based technology can provide high-throughput combinatorial pairings of cells, it lacks
capabilities for long-term cell culture, which is required to perform weeks long tumorsphere
assays [32]. Recently, several microfluidic devices reported cell pairing and cell-to-cell
interaction at single-cell resolutions [18, 33-35], but those works are still restricted to
adherent cell co-culture alone.

To elucidate the effect of tumor-stromal interactions on functionally selected CSC, there is a
need to combine both a suspension environment for single cancer cell for CSC identification
and an adherent substrate for stromal cells to survive. The two different culture
environments should be connected in close proximity for cell-cell interactions. As such, we
developed a novel co-culture platform combining both single cell suspension and adherent
culture in close proximity. The design minimizes dead volume and retains all loaded cells to
achieve better high capture efficiency as compared to previous single-cell platforms [36-39].
The platform provides the suspension environment for tumorsphere assays to functionally
select CSCs and the adherent environment for stromal cells (e.g. fibroblast cells, endothelial
cells) [40]. As a proof concept, we successfully demonstrated elevated stemness and EMT-
like expression in cancer stem cells co-culture with primary cancer associated fibroblasts.

Materials and Methods

Device Fabrication

The device is fabricated from two separately patterned PDMS layers. These two PDMS
layers (the channel layer and the substrate layer) were fabricated using standard soft
lithography processes separately and then aligned and bonded as shown in Supplementary
Fig. 1-2. For the channel layer, two masks were used to fabricate a SU8 (SU-8 2010,
Microchem) master mold: the first for narrow interaction channels (3 um height) between
the two culture environments and the second mask for the main microfluidic channels and
the adherent cell culture chambers (40 um height). Only a single mask was used to fabricate
the SU8 master mold for the substrate layer and consisted of indentations (40um depth) for
the suspension cell culture wells. To make the non-adherent microwells, polyHEMA (P3932,
Sigma-Aldrich) was filled in the suspension culture chambers on the PDMS mold via a
stamping process developed in our lab. Prior to stamping, polyHEMA was dissolved in an
ethanol solution (60 mg/mL in 95% ethanol) and then coated on the PDMS substrate [16]. A
piece of blank PDMS was pressed on top to squeeze out the excess solution leaving the
polyHEMA only in the indented micro-wells [17]. To improve the coating quality, the
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indented PDMS substrate was plasma treated to increase the hydrophilicity. This increases
the affinity of the polyHEMA solution to the patterned PDMS substrate. Then, the substrate
and the blank PDMS stamp were put on a hot plate at 110 degrees for 2 hours under
pressure, in order to facilitate evaporation of the ethanol through the PDMS. As the ethanol
evaporates it deposits the polyHEMA into the microwells. To remove any undesired residual
polyHEMA on the surface that might inhibit adherent culture on the rest of the PDMS
surface, 30 seconds of 800 Watt plasma etching was performed using a YES polymer striper
(the expected etching depth is 0.3 um). This results in a clean PDMS surface with
polyHEMA only left in the suspension culture chambers. The fabricated substrate is the then
aligned and bonded to the other PDMS fluidic layer containing the outer chambers and
interaction channels. Before alignment, the two layers of PDMS were exposed to 100 Watt
plasma for 60 seconds. These layers were then aligned on a KARL SUSS MJB3 Mask
Aligner. The alignment error could be controlled to under 25 um, while the alignment
tolerance in the device itself is designed to be 60 um. Thus, we can achieve a yield of
approximately 90%. A fabricated device is shown in Fig. 1(c).

Harvesting of Cancer Associated Fibroblast Cells

Cell Culture

The primary breast cancer associated fibroblasts (CAFs) were obtained from the lab of Dr.
Max Wicha. Breast tumor specimens were obtained according to the approved IRB
(HUMO00042204) from the patients diagnosed with breast cancer and operated at the
University Hospital of University of Michigan. Samples were anonymously coded and a
written informed consent was obtained from all patients in accordance with the Declaration
of Helsinki. First, primary tumor tissue was obtained from ER+/PR+ patients and then
minced into fine pieces using a scalpel. The minced tissue was transferred into a 50 mL
conical tube, and a 1X Collagenase/hyaluronidase solution (Stem Cell Technologies, Cat #
07912) was added in a 1:1 ratio. The tissue was then gently dissociated on a rotary shaker
(200 RPM) for 30-60 minutes at 37 °C or until all larger tissue fragments were digested.
After dissociation, the solution was filtered through a 100 micron filter into a new 50 mL
conical tube and centrifuged at 40 x g for 2 minutes. Then, the supernatant containing the
fibroblasts was pipetted carefully into a new 50 mL conical tube. The fibroblasts were spun
down at 250 x g for 5 minutes. After spinning down, the pellet was washed with HBSS and
spun down again at 250 x g for 5 minutes. After centrifugation, the pellet was re-suspended
in fibroblast growth media (Science Cell Research Laboratories, Cat # 2301), plated in a cell
culture flask, and incubated at 37 °C and 5% CO2. The media was changed after 1.5-2 hours
to separate the adhered fibroblasts from other floating blood or epithelial cells. The adhered
cancer associated fibroblasts were then expanded in fibroblast media for up to 3-4 passages
for use in experiments.

Several cell lines, including MDA-MB-231 (human breast cancer cell line), C2C12 (mouse
myoblast cell line), and T47D (human breast cancer cell line), were cultured for the
adhesion-suspension co-culture cell experiments. MDA-MB-231 cells were obtained from
Dr. Gary Luker’s Lab (University of Michigan, MI, USA). C2C12 cells were obtained from
the Dr. Ken Pienta’s Lab (the University of Michigan, MI, USA, currently at Johns Hopkins
University). T47D cells were obtained from Dr. Max Wicha’s Lab (University of Michigan,

Lab Chip. Author manuscript; available in PMC 2017 August 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 5

MI, USA). MDA-MB-231 and C2C12 cells were cultured in DMEM (Gibco 11965) with
10% FBS (Gibco 10082) and 1% penicillin/streptomycin (Gibco 15070). T47D cells were
cultured in RPMI (Gibco 11875) with 10% FBS (Gibco 10082) and 1% penicillin/
streptomycin (Gibco 15140). Cancer associated fibroblasts were obtained from Dr. Max
Wicha’s Lab and cultured in Fibroblast Medium (ScienCell Cat. No. 2301), which is
composed of of 500 ml of basal medium, 10 mL of fetal bovine serum (FBS, Cat. No. 0010),
5 mL of fibroblast growth supplement (FGS, Cat. No. 2352), and 5 mL of penicillin/
streptomycin solution (P/S, Cat. No. 0503). All the cells were cultured in polystyrene culture
dishes and passaged at or before cells reached 80% confluency.

Cell Loading

The fabricated microfluidic devices were put in a low pressure desiccator (0.4 atm) for 30
minutes, and then culture media was pipetted to the inlet and outlet to prime the device.
Before the experiment, the devices were examined under microscope to make sure that there
were no bubbles trapped in the device after priming. CAF cells were first harvested from a
petri-dish with 0.05% Trypsin/EDTA and centrifuged at 100 x g for 5 minutes. Then, cells
were re-suspended at 1 x 10° cells/mL in culture media, and 100 pL of the cell solution was
pipetted into the adherent cell port. Flow for cell loading (10 pL/min) was generated by
applying negative pressure to the suspension port using a Pasteur pipette bulb. The merit of
our design is that it is a self-adjusting system. When CAFs are loaded into a chamber, the
cells will block the interaction channels connecting the adherent and suspension chambers,
and the flow resistance in this chamber will increase. As such, the next coming CAF is less
likely to enter this chamber and instead will flow into a lower resistance chamber (one with
fewer CAFs already inside). Therefore, we achieve uniform cell loading (10 = 2 CAFs per
chamber) of CAFs in a robust manner. Within 1-2 minutes, the CAFs cells were loaded in
the outer (adherent) chambers, and the cell solution was replaced with CAF culture media
(ScienCell Cat. No. 2301). After two days of culture, CAF cells had completely adhered and
formed a mono-layer in the outer chamber. At this time, the single T47D (breast cancer)
cells were loaded. T47D cells were harvested from a petri-dish with 0.05% Trypsin/EDTA
and centrifuged at 100 x g for 5 minutes. Then, cells were re-suspended at 1 x 104 cells/mL
in culture media, and 100 pL of the cell solution was pipetted into the suspension cell port.
Then, negative pressure generated by a Pasteur pipette bulb was applied to the adherent cell
port for 1-2 minutes to generate flow. Cells were loaded into the inner suspension chambers,
mostly as single cells following a Poisson distribution based on the initial cell concentration.
For samples with small numbers of cell, cells were re-suspended in 20 L. With our
approach, the whole sample will flow through the device to minimize the loss of cells in the
dead volume of the ports. Losses are further minimized by the channel and capture layout.
The ports are only connected via the narrow interaction channels, so that cells are not lost in
an outlet port and are maintained on the side loaded.

Cell Culture On-chip

After loading of the cancer cells, the media in the device was replaced with standard tumor
sphere assay media. This serum-free media contains MEBM (CC-3151, Lonza)
supplemented with B27 (Gibco 17504-044), 20 ng/ml bFGF (BD 354060), 20 ng/ml EGF
(BD 354052), 5 pg/mL insulin (Sigma 16634), 1 mM lipid concentrate (Gibco 11905-031), 1
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ug/mL hydrocortisone (Sigma H4001), 7.8 ug/mL mercaptoethanol (Sigma M3148), 3.9
ug/mL cholesterol (Sigma C4951), and 1% penicillin/streptomycin (Gibco 15070) [40, 41].
To exchange the media each day, we first take out all the residual media in the adherent port
and suspension port, and then we add 100 pL of fresh media into the adherent port. The total
volume in a 120-well device is around 1.5 pL, so the media in all of the chambers can be
completely replaced. The media flows from adherent port to suspension port driven by
gravity flow. Initially, the flow rate is around 8 pL/hr. In the first 12 hours of each day, the
media, and thus the secreted proteins, flows from the CAF chamber to the cancer cell
chambers downstream. Gravity flow ceases after 12 hours; therefore, diffusion enables
mutual interaction between CAFs and cancer cells during this time. Simulations show that
the concentration distribution reaches steady-state within 8 hours when flow is present in the
device and within 4 hours when no flow is present (Supplementary Fig. 3—-6). According to
simulation, the fibroblast secreted protein concentration is around 20 nM concentration,
which is more than enough for effective cell-cell interaction because this number is much
higher than the concentration used to induce EMT in literature [42]. Though PDMS can
absorb some secreted proteins, the high cell density (>1.7 cell/nL volume) and the resulting
high concentration of secreted proteins in our microfluidic chamber allow cells to adequately
interact with each other via secretion. The cells were cultured on-chip for 14 days, and
spheres larger than 50 um in diameter were counted and harvested for further analysis.

Image Acquisition

The microfluidic chips were imaged using an inverted microscope (Nikon). The bright-field
and fluorescent images were taken with a 10x objectives and a charge-coupled device (CCD)
camera (Coolsnap HQ2, Photometrics). A FITC/TRITC filter set was used for the
fluorescent imaging of Cell tracker Green and Orange (Invitrogen, C2925, C2927). Bright
field imaging was performed using an exposure time shorter than 10 ms, and the fluorescent
imaging was performed using an exposure time shorter than 100 ms, minimizing the
phototoxic effect on cells. The microfluidic cell chamber array was scanned with a
motorized stage (ProScan 11, Prior Scientific). Before each scanning, the stage was leveled to
ensure the image remained in the focus throughout the whole imaging area.

Sphere Retrieval, Dissociation and Single Cell Gene Expression Analysis

After 2 weeks of culture, spheres formed from single cells at a rate characteristic of the
abundance of CSCs in the loaded cell population. The devices were dissembled, and the
spheres formed inside the chambers were retrieved as previously described [16]. The
retrieved spheres were spun down and then re-suspended in 1mL of 0.05% Trypsin/EDTA
(Gibco 25200). The suspension was pipetted up and down 20 times to enhance the
dissociation of the spheres. The tube was incubated for 5 minutes and then pipetted up and
down 20 times again. The dissociated cells were loaded onto the C1 (Fluidigm) chip and
processed by the C1 instrument to isolate the single cells. All the chambers of C1 chip were
examined under the 1X83 fluorescent microscope to record the status of captured cells in
each chamber. Single cells underwent lysis, RNA release, reverse transcription, and finally
cDNA pre-amplification for 96 target gene transcripts in the C1 chip. The pre-amplified
cDNAs from each single cell were analyzed using the BioMark HD instrument that
generates nearly 10,000 gPCR data-points in a single run using a 96 x 96 chip and TagMan
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assays. Technical and biological replicate experiments were performed to show convincing
reproducible data (Supplementary Fig. 7).

Data Analysis and Processing

Statistical analyses were performed using R (version 3.0). One-way ANOVA tests were used
for all comparisons and significance level of p < 0.05 was used to consider statistical
significance. * refers to P < 0.05, ** refers to P < 0.01, and *** refers to P < 0.001. Results
are presented as mean + SD. Measurements with high variability (such as gene expression
levels) were compared on the log-scale. The gene expression data were normalized to
GAPDH, a common housekeeper gene in the cell, and the un-normalized data were provided
as supplementary information. For single-cell qRT-PCR data generated from the Fluidigm
Biomark HD system, we used SINGULAR v3.0 for data analysis, such as outlier detection,
hierarchical clustering and principal component analysis. R package SingleCell Assay was
used for its improved statistical power in detecting differentially expressed genes.

Results and Discussion

Design of the Adherent/Suspension Co-Culture Platform

The presented co-culture platform is composed of an inner suspension culture chamber, an
outer adherent culture chamber, and narrow interaction channels connecting them (Fig. 1
(@)). The whole device consists of 120 (a 15 columns by 8 rows array) co-culture units (Fig.
1 (b)), and each unit is composed of the two culture chambers connected by 7 narrow (cross-
section 3 um by 20 um and 100 um long) channels. To facilitate suspension and adherent
culture on the same device, two layers of PDMS are used in fabrication. The bottom layer
was patterned with indented microwells that were selectively coated with Poly-
hydroxyethylmethacrylate (polyHEMA), which has been extensively used as a cell adhesion
blocking coating material [16]. The top channels layer is patterned with microfluidic
channels for flow control and chambers for co-culture.

Characterization of the Engineered Surface

First, we examined the surface profile of the fabricated substrates using scanning electron
microscopy (SEM). As shown in Fig. 2(a), we can clearly see the vertical side wall of the
indented micro-well before it is coated with polyHEMA. After polyHEMA filling, the side
wall of the indented microwell becomes smooth, showing (Fig. 2(b)). If the polyHEMA is
over-etched, exposed PDMS on the bottom of the micro-well can be clearly visualized by
SEM (Supplementary Fig. 8). This was used as an indicator to determine the proper etching
time (30 seconds) during fabrication optimization. In addition, we measured the surface
profiles using a laser interference microscope (LEXT, Olympus) as shown in Fig. 2 (c, d)).
Due to better affinity to the PDMS surface, more polyHEMA deposited at the corners of the
microwell, and thus smoothened the cross-section of the microwell. Based on a comparison
of the profiles, the polyHEMA coating depth at the center of the chamber is approximately 4
um. Based on our previous experiments, this is a sufficient coating thickness to generate a
non-adherent culture surface.
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Cell Culture on the Engineered Surface

To verify the effect of polyHEMA coatings for suspension culture, T47D breast cancer cells
were cultured on the selectively coated substrate, an uncoated PDMS substrate, and a
standard tissue culture plastic dish. (Fig. 3). Cells were clearly attached on both the PS dish
and the uncoated PDMS substrate. The uncoated PDMS was fabricated following the same
protocol and using the same master as the polyHEMA coated substrate (40 um deep wells).
The cells adhered both inside and around the wells (Fig. 3 (b)).

In contrast, polyHEMA coatings successfully blocked cell adhesion (Fig. 3 (c, d)). Without
the plasma etching process, a thin polyHEMA residue remains on the top surface of the
polyHEMA coated substrate. As such in Fig. 3 (c), we observed that cells remain rounded
and aggregated on both the top surface and within the microwells, demonstrating that the
T47D could not adhere. To remove this residue from the surface that will be used for
adherent culture, a short plasma etch was performed. As the residual poyl[HEMA is much
thinner (< 0.5 um) than the polyHEMA deposited in the wells (~ 4 um), the polyHEMA
coating inside micro-wells can be preserved while removing all polyHEMA on the non-
indented surface. Fig. 3 (d) demonstrates successfully non-adherent culture within the
microwell with adherent culture in close proximity around the well. In addition to the
luminal breast cancer cell line (T47D) shown here, a basal breast cancer cell line (MDA-
MB-231) and a mouse myaoblast cell line (C2C12) were tested on the substrate
(Supplementary Fig. 9). The selectivity was observed in all these cell lines, indicating that
the fabrication process is robust and reliable for suspension/adherent cell culture.

Single Cell Loading

During cell loading, the stromal cells are loaded first in the outer ring and then allowed to
adhere to the substrate. The single cancer cells are then loaded in the suspension culture
microwells for sphere formation. When a single cell is loaded into the indented well, it
settles to the bottom of the well. As demonstrated by the fluidic simulations shown in
Supplementary Fig. 10, the flow rate at the bottom of the indented well is slow, preventing
the non-adherent cell from being washed away. The interaction channels are 3 um in height,
preventing migration between the inner and outer chambers while allowing paracrine based
interactions between the two populations. As a proof of concept, we demonstrated cell
loading using T47D (breast cancer) and C2C12 (mouse myoblast) cells as the suspension
and adherent populations, respectively. The myoblasts were first loaded in outer chamber
(Fig. 4 (b)). These cells were then cultured in fibroblast media, which contains serum that
encourage cell adhesion. After 2 days, cells attached and grew to monolayer (Fig. 4 (c)).
Then, the cancer cells were loaded from the suspension cell port. As the interaction channels
are much narrower than the size of cell, all loaded single cancer cells were captured in the
inner chambers (Fig. 4 (d)) and not able to flow out to the port. One example of single tumor
cell co-cultured with C2C12 fibroblast is shown in Fig. 5 (a).

Although conventional hydrodynamic capture schemes can have higher capture rates (60—
90%), they are not ideal for small samples such as primary cells or CTC, due to lower cell
capture efficiency (typically less than 10%). This lower efficiency is caused by large dead
volumes in channels and loss of cells in the inlet and outlet ports. We attained a higher
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capture efficiency in the presented platform by (1) collecting all incoming cells (narrow
interaction channel prevent cells from flowing out to the ports) and (2) minimizing the dead
volume in the inlet (suspension cell port). Though the presented probabilistic capture
scheme cannot guarantee single cell capture in each chamber, the distribution of cells in the
chambers should follow Poisson's distribution. This can be used to tune single cell capture
characteristics. When the number of incoming cells is much smaller than the number of the
chamber, it is likely single cells will be distributed per chamber. As a proof of concept, we
loaded 50 cells in 10 pL into a device having 120 chambers; 37 single cells (> 70% capture
efficiency) were captured in the wells. The experimental results matched well with a Poisson
distribution model (Fig. 5 (b)), showing that the capture scheme is tunable and suitable for
studies using small numbers (< 100) of cells. Different numbers of cells were loaded into
devices containing 120 chambers, and the number of wells capturing exactly single cells is
shown in Fig. 5 (c). Due to the nature of Poisson distribution, minor change in cell number
will not significantly affect the capture efficiency, leading to robust operation and capture.

Single Cell Derived Sphere Formation under the Influence of CAFs

The single cell derived sphere formation rate is an indicator of tumorigenic potential within
the cell population, and these clonal spheres are derived from CSC [39]. Thus, in order to
investigate the effects of stromal interactions on CSC populations, we quantify single T47D
sphere formation rates in mono-culture and co-culture with cancer associated fibroblasts.
After co-culturing single tumor cells with CAFs for 14 days, we quantified the cell-cell
interaction effect by counting the number of single-cell-derived spheres present throughout a
500-well array [16]. Compared to mono-cultured single cancer cells (Fig. 6 (2)), the cancer
cells co-cultured with CAFs (Fig. 6 (b)) have doubled the sphere formation rate (Fig. 6 (c)),
indicating an increased tumorigenic potential. As compared to T47D/CAF co-culture, T47D/
T47D co-culture did not significantly increase sphere formation rate. These results suggest
that the interaction with CAFs rather than the same cancer cells is critical in enhancing
tumorigenic potential. In addition, CAF co-cultured spheres were observed to be larger as
well (Fig. 6 (d)), indicating a higher cell proliferation rate induced by cancer-stromal
interaction. This experiment demonstrates the feasibility of performing co-culture tumor-
sphere assays using the presented dual suspension and adherent co-culture environment. The
results demonstrate quantifiable differences in cancer sphere formation and sphere
proliferation when cultured in close proximity to a stromal microenvironment.

Single Cell mMRNA Expression

In addition to the phenotypic observation, the platform allows for the retrieval of mono-
cultured and co-cultured cells for downstream genotypic analysis. To decipher the genetics
mechanism causing the observed behavioral changes, we chose to perform transcriptome
analysis by multiplexed single cell qRT-PCR. After 14 days of culture, spheres from
different culture conditions were dissociated into single cells via trypsinization and
mechanical force (pipetting) and loaded into the Fluidigm C1/Biomark HD system for
multiplexed transcriptome analysis. The 96-gene panel (Supplementary Table 1) was chosen
to identify the oncogenic signature of breast cancer cells and CSC [21]. At the time of
sphere retrieval, there is no risk of non-sphere forming cells (non-CSCs) contaminating the
retrieved sample; the non-adherent environment induces anoikis and cell death in the cells
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not able to form spheres. If dead cells are retained, they are unlikely to be captured in the
Fluidigm C1 chip due to their shrunken size, and even if captured, the dead cells can be
identified under microscope and then excluded in the data analysis. Due to capture rate and
capture site limitations (96 capture sites), the Fluidigm C1 chip will not capture each cell
loaded from a single sphere. However, testing has shown that C1 can capture cells with
different sizes and morphology without significant bias or preference toward certain
population of single cells (Supplementary Fig. 11). Expression levels were normalized to
GAPDH, a common housekeeping gene, but the un-normalized data is provided in
Supplementary Fig. 12-14. The genes that are statistically distinct between the two culture
conditions are shown as violin plots in Fig. 7 (a) and as a heatmap in Fig. 7 (b). P-values,
based on one-way ANOVA, are shown in Supplementary Table 2. The principal component
analysis (PCA) clustering showing clear separation between the two culture conditions (with
and without stroma). The violin plots and heatmap of genes that are not significantly
different are shown in Supplementary Fig. 15-17.

The single cell expression data obtained has great explanatory power for interpreting our
functional sphere co-culture assay. When examining the differences between mono-cultured
and co-cultured conditions, we first noticed the significant differences in MKI67, STAP2
(Signal-Transducing Adaptor Protein 2) and BAX (BCL2-Associated X Protein). MKI67
and STAP?2 are proliferation indices; the cells under co-cultured condition have significantly
higher expression. This matches with the larger sphere size observed (indicating more cell
proliferation) after 14 days of culture [41, 42-44]. BAX, on the other hand, is known to be a
pro-apoptotic marker. The mono-cultured cells have higher expression, correlating with the
lower sphere formation and anoikis (pro-apoptotic) in the suspension environment [45].
More interestingly, we observed direct evidence that cancer associated fibroblasts facilitated
induction of EMT during suspension culture for the formation of spheres from CSC. EMT is
a critical process in both cancer progression and metastasis. Epithelial markers CDH1 (E-
CAD), KRT8 (Keratin 8), and KRT18 (Keratin 18) were down-regulated in the co-cultured
cells [46-47]. At the same time, AMOTL2 (Angiomaotin-like protein 2) and Oct-4 (octamer-
binding transcription factor 4), which are upstream controllers of EMT, are up-regulated in
the co-cultured group [48-50], while GATA3 (GATA Binding Protein 3), which can reverse
EMT, is down-regulated [51]. In addition, we saw a down regulation of tumor suppressor
SOCS3 (Suppressor of Cytokine Signaling 3) in the co-culture group. Upregulation of SOC3
in tumors has been associated with poor cancer prognosis, so correlates well with the
phenotypic and genotypic changed observed during co-culture with CAFs [52]. Using the
96-multiplexed single cell gRT-PCR, we can clearly link increased sphere formation and
sphere size to CAF-induced enhanced proliferation, malignancy, and EMT transition.

In addition to comparing the expression differences between culture conditions, with single
cell resolution, we can investigate the cellular heterogeneity in gene expression within the
clonal sphere populations. As a proof of concept, we examined heterogeneity in MKI67
expression. Though the co-cultured cells generally have higher expression of MKI167 than
mono-cultured, significant heterogeneity exists between single cells in the developed
spheres. Comparing the 10 cells with the highest MKI167 expression to the 10 with the
lowest within a single co-cultured sphere, we observed markedly different expression of
other genes (Fig. 8). P-values for the significant genes can been seen in Supplementary
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Table 3. PCA clustering and the results from the entire gene panel are shown in
Supplementary Fig. 18-20. Using the same MKI67 expression threshold that was used for
the highest cells in the co-culture condition, only 1 cell out of 22 cells were scored as
MKI67 high in the mono-culture group. This obviously tracks well with the lower
proliferative index observed in mono-culture of the spheres. The comparison between the
MKI167 high cell and 10 MKI167 low cells from mono-culture group is also shown in
Supplementary Fig. 21-23. For the MKI67 high cell, cancer proliferation genes EZH2
(Enhancer Of Zeste Homolog 2), PCNA (Proliferating Cell Nuclear Antigen), and ID1
(Inhibitor Of Differentiation 1) genes [53-55] are all significantly upregulated as compared
to MKI67 low cells, demonstrating good correlation between MKI67 and these genes even
at a single cell level. In addition, we found the elevated expressions in NOTCH1 and JAG2,
which is a ligand of NOTCH signaling, in the MKI67 high group indicating that up-
regulation of NOTCH pathways correlate with cell proliferation (sphere size) and increased
stemness and tumorigenicity (sphere formation) in a cancer cell population [56]. Combining
our novel microfluidic approach with single cell PCR, we (1) can functionally select CSC in
the form of clonal spheres, (2) co-culture spheres within a stromal (CAF)
microenvironement, (3) observe phenotypic effects directly prior to multiplex gene
expression analysis, and (4) investigate the heterogeneity within a clonal CSC derived
population, which has not been previously possible.

Conclusion

We have successfully demonstrated a dual adherent-suspension co-culture platform,
implemented by selectively patterning polyHEMA in indented PDMS microwells. Utilizing
the innovative substrate patterning, single cell suspension culture, which is ideal for
investigating the tumorigenic potential of cancer cells via CSC selection, and adherent
culture, which is favorable for the survival of stromal cells, can be implemented in close
proximity. The adhesion-suspension dual culture micro-environment has been proven
reliable for both luminal (T47D) and basal (MDA-MB-231) breast cancer cell lines in
addition to a variety of fibroblast cells indicating its broad potential. Combining the
patterned substrate and the fluidic scheme, the platform achieves high cell capture efficiency
(>70% capture efficiency), making the device suitable for studying rare cell populations or
for use with small clinical samples. As a proof of concept, we have performed a cell-cell
interaction study combining tumorsphere formation with T47D in close proximity co-culture
with primary cancer associated fibroblast cells in the fabricated chip. Experimental results
showed that both tumor sphere formation rate and the size of the single cell derived spheres
were both enhanced under co-culture conditions. In addition by using the Fluidigm C1/
Biomark HD system, single cell transcriptome analysis was performed to compare mono-
cultured and co-cultured CSC formed spheres. The gene expression was found to support the
observed elevated sphere formation rate and increased proliferation. Also, based on the gene
expression of related genes, the CAFs were found to induce EMT, a critical process in tumor
progression and metastasis. These observation supports the importance of the tumor
microenvironment and co-culture during the investigation of cancer pathology.
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Fig. 1.
The adhesion/suspension co-culture chip: (a) The schematics of a co-culture chamber (b) a
fabricated device with 120 chambers, and (c) a fabricated co-culture chamber (scale bar: 100

um).
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Surface profile

—PolyHEMA
Filled

-100 0 100 200
Position (um)

Fabrication of non-adherent microwell: (a, b) SEM of microwell before and after filling
polyHEMA and (c, d) surface profile of microwell before and after filling polyHEMA
measured by LEXT interferometer. PolyHEMA was measured to be 4 um thick in the center
of the well. Due to the difference in coefficient of thermal expansion between PDMS and
polyHEMA, polyHEMA shrinks more than PDMS after coating on the hotplate and cooling
down. The PDMS sidewall is actually “dragged down” by polyHEMA coated in the
microwell. The curved surface is therefore formed due to this stress. (scale bar: 100 um)
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(a) Petri Dish (b)  PDMS Micro-well
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(d) Residual polyHEMA etched
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Fig. 3.
TA47D cells grow on: (a) Petri dish (all adherent), (b) micro-well without coating (all

adherent), (c) surface coated with polyHEMA (all suspension) and (d) selectively
polyHEMA coated substrate (suspension in the microwell, but adherent elsewhere). (scale
bar: 100 um)
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(a) Initial (b) Load Stromal Cells

Fig. 4.
Cell loading process: (a) schematics of the a co-culture chamber, (b) stromal cells loaded in

the outer culture chamber on day 0, (c) stromal cells adhere and grow into a monolayer by
day 2, and (d) single cancer cell loaded in the inner chamber by revsersing the flow.
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Single cell loading efficiency: (a) co-culturing of adherent stromal cells and suspended
single cancer cell (scale bar: 100 um), (b) distribution of the number of captured cancer cells
per chamber when loading 50 cells into a 120-well device (N=3), and (c) the number of

chambers with exactly one cell when loading different number of cells into a 120-well

device (N=3).
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Cancer associated fibroblast boost the sphere formation of T47D cancer cells:

Representative cancer spheres on day 14 from (a) mono-cultured or (b) co-cultured. (c)
Sphere formation rate of mono-cultured, T47D co-cultured, and CAF co-cultured T47D cells
after 14-day. (N = 5), ** P < 0.01. (d) Average size of mono-cultured, T47D co-cultured, and
CAF co-cultured T47D cells (N = 5), * P < 0.05. (scale bar: 100 pum)
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Violin Plot of Gene Expression By the Order of PCA Gene Scores
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Single cell gene-expression data of co-cultured and mono-cultured T47D cells utilizing
Fluidigm C1/Biomark HD for multiplexed gene expression analysis. (a) Violin plots of
genes that were scored as statistically different between co-cultured (red, N = 37) and mono-
cultured (green, N = 22) cells. * refers to P < 0.05, ** refers to P < 0.01, and *** refers to P
< 0.001. (b) Heatmap hierarchical clustering of single cell expression analysis for between

co-cultured and mono-cultured cells.
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Violin Plot of Gene Expression By the Order of PCA Gene Scores
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Fig. 8.
Single cell gene-expression data of MKI167 high and MKI 67 low T47D cells in the co-

cultured group utilizing Fluidigm C1/Biomark HD for multiplexed gene expression analysis.
(a) Violin plots of genes that were scored as statistically distinctive between MKI67 high
(green, N = 10) and MKI67 low (red, N = 10) cells. * refers to P < 0.05, ** refers to P <
0.01, and *** refers to P < 0.001. (b) Heatmap hierarchical clustering of single cell
expression analysis for MKI167 high and MKI67 low cells.

Lab Chip. Author manuscript; available in PMC 2017 August 07.



	Abstract
	Introduction
	Materials and Methods
	Device Fabrication
	Harvesting of Cancer Associated Fibroblast Cells
	Cell Culture
	Cell Loading
	Cell Culture On-chip
	Image Acquisition
	Sphere Retrieval, Dissociation and Single Cell Gene Expression Analysis
	Data Analysis and Processing

	Results and Discussion
	Design of the Adherent/Suspension Co-Culture Platform
	Characterization of the Engineered Surface
	Cell Culture on the Engineered Surface
	Single Cell Loading
	Single Cell Derived Sphere Formation under the Influence of CAFs
	Single Cell mRNA Expression

	Conclusion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8

