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Introduction

Formation of precisely composed cancer cell
clusters using a cell assembly generator (CAGE)
for studying paracrine signaling at single-cell
resolutiont

Nikos Fatsis-Kavalopoulos, @°2° Paul O'Callaghan, @2 Beichen Xie,?
Rodrigo Hernandez Vera,® Olof Idevall-Hagren® and Johan Kreuger 0@

The function and behaviour of any given cell in a healthy tissue, or in a tumor, is affected by interactions
with its neighboring cells. It is therefore important to create methods that allow for reconstruction of tissue
niches in vitro for studies of cell-cell signaling and associated cell behaviour. To this end we created the
cell assembly generator (CAGE), a microfluidic device which enables the organization of different cell types
into precise cell clusters in a flow chamber compatible with high-resolution microscopy. In proof-of-
concept paracrine signalling experiments, 4-cell clusters consisting of one pancreatic B-cell and three
breast cancer cells were formed. It has previously been established that extracellular ATP induces calcium
(Ca*) release from the endoplasmic reticulum (ER) to the cytosol before it is cleared back into the ER via
sarcoplasmic/ER Ca®" ATPase (SERCA) pumps. Here, ATP release from the B-cell was stimulated by depo-
larization, and dynamic changes in Ca®* levels in the adjacent cancer cells measured using imaging of the
calcium indicator Fluo-4. We established that changes in the concentration of cytosolic Ca®* in the cancer
cells were proportional to the distance from the ATP-releasing B-cell. Additionally, we established that the
relationship between distance and cytosolic calcium changes were dependent on Ca*-release from the
ER using 5-cell clusters composed of one B-cell two untreated cancer cells and two cancer cells
pretreated with Thapsigargin (to deplete the ER of Ca2*). These experiments show that the CAGE can be
used to create exact cell clusters, which affords precise control for reductionist studies of cell-cell signal-
ling and permits the formation of heterogenous cell models of specific tissue niches.

cells can enter secondary sites. Complex heterotypic cell-cell
interactions can occur between the cancer cells and the

There is a continued need for better in vitro methods for the
study of human cell clusters representing distinct tissue
niches.™” Cells in all tissues send and receive messages in the
form of direct contacts and secreted signaling molecules.
These messages affect cell behavior in the broadest sense
throughout animal life; from the first cell divisions during
embryonic development to adult tissue homeostasis, as well
as in situations of tissue damage or disease.

The heterogeneity of tumors derived from the inherent ge-
nomic instability of cancer cells influences both tumor devel-
opment and responsiveness to specific treatments.** Follow-
ing their escape from the primary tumor, individual cancer
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healthy cells that reside in the affected tissue,” and the out-
come of these interactions may well determine whether or
not a metastasis will be established. Cancer cell responses to
paracrine stimulation include cell migration,® increased met-
astatic behaviour’® and growth, while cancer cell signaling
to its surroundings increases tumor angiogenesis,'** immu-
nosuppression,'* and chemoresistance.”> Consequently, elu-
cidating the impact of paracrine signaling on cancer cells,
and the communication between cancer cells and surround-
ing healthy cells, will aid in our understanding of tumor es-
tablishment in tissue-specific microenvironments.”"®

3D tumor spheroid models have been extensively used in
basic research for experimental studies of tumor growth'’°
and drug screening.>*>' Spheroid models are especially well
suited for the study of the collective behavior and interaction
of cancer cells with specific non-cancer cell types. Nonethe-
less, it is practically speaking impossible in the currently
available spheroid systems to resolve the impact of a single
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cell's paracrine signal on cancer cell behavior. Furthermore,
the spheroid system does not permit modeling of the respon-
siveness of cancer cells that are acting independently of the
primary tumor. For example, when cancer cells enter second-
ary tissue sites they encounter new cell-type specific paracrine
signals, which may induce responses that are distinct from
those of cells that remain at the primary tumor site. Ulti-
mately, these responses will play a role in determining the
behavior of the tumor cell at this secondary microsite, so
studying such interactions will contribute to our understand-
ing of the early stages of metastatic colonization. To study in-
teractions with this level of resolution requires assays that
permit the precise assembly of heterotypic cell groups.

A number of in vitro assays exist to study single cells.
Whereas these assays represent robust tools for biological as-
says that focus on single cell stimulation, the same assays do
not find use in models aiming to study multicellular behav-
ior. Cell pairing assays*®™*! have also been developed, that fo-
cus on the interplay between two adjacent cells, however the
designs and principles used for cell pairing assays are not
readily applicable for the study of larger and isolated cell as-
semblies. Methods have also been created for generating
large multicellular clusters, in some instances with high-
throughput capabilities.**™*° However, in many of these ap-
proaches the cluster composition is subject to a degree of
randomness, which can complicate the interpretation of ob-
served effects, as such clusters may not be readily compared.
Optically trapping,®~? positioning®* and manipulating®* liv-
ing cells has proved to be both precise and reliable. However,
the approach still relies on fluid handling components (e.g.
pumps) if cell stimulation or long-term culture is to be
performed and additionally relies on expensive equipment.

Assays developed for the study of detailed cell interactions
in cell clusters should be capable of establishing reproduc-
ible clusters composed of exactly the same number and types
of cells, with the possibility to treat the cluster after its for-
mation and provide for a suitable environment for a cell. As
many paracrine signaling events occur quickly, and are tran-
sient, the assay should also be fully compatible with analysis
by high-resolution time-lapse microscopy.

Here we present a device called the cell assembly genera-
tor (CAGE), which is a microfluidic system that can be used
to create precisely composed cell clusters. The CAGE can be
used to form multiple identical cell clusters, containing dif-
ferent types of cells, which can be stimulated after formation
and live imaged with high-resolution microscopy. Ca>" is a
key regulator of transcription, proliferation, migration and
cell death, and Ca** signaling is known to be altered in can-
cer cells.”® Inputs that induce changes in Ca®" signaling in
cancer cells will therefore also alter the behavior of these
cells. This is of particular relevance to metastatic cells that
will be exposed to new environments that may result in aber-
rant Ca®" signaling. In the present study the CAGE was ap-
plied to spatially resolve Ca®* dynamics in 3 or 4 individual
breast cancer cells relative to a paracrine ATP signal selec-
tively released from a single pancreatic -cell source. Al-
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though metastases in the pancreatic islets are known to oc-
cur,’® this should mostly be seen as a model system for the
impact of ATP and purinergic signaling on breast cancer
cells. ATP release is a common response in all secretory
cells,”” and therefore a messenger that cancer cells will be ex-
posed to in many locations in the body. The ability to assem-
ble precise constellations of cell clusters and live image them
at high-resolution in the isolated microenvironment afforded
by the CAGE, allowed us to observe that changes in cytosolic
Ca®" in individual cancer cells was proportional to their dis-
tance from the single ATP-releasing f3-cell.

Results and discussion
Design of the CAGE chip and system overview

The CAGE chip contains hydrodynamic single-cell traps that
are connected to separate clustering chambers. Defined
multicellular clusters are built one cell at a time by the re-
peated capture of individual cells in the hydrodynamic cell
traps, followed by ejection and transport into the clustering
chambers. The chip is composed of three traps with three adja-
cent clustering chambers (Fig. 1). Inlets and outlets permit cell
loading and treatment administration. Note that the number
of single-cell traps and corresponding clustering chambers per
chip could be increased according to the needs of the user.

System operation

To permit cluster formation the system has a cell-trapping
mode and a cell-ejecting mode. These operations are com-
pleted with the aid of two external pumps connected to the cell
and medium inlets, and stopcock valves connected to a cell
outlet, and three medium outlets (Fig. 1). In trapping mode,
flow was directed to the central trapping region of the chip by
activating syringe pump 1 and opening the cell outlet, while
the medium outlets were closed. The syringe pump was
equipped with syringes that each contained a unique cell popu-
lation for loading into the chip. The syringes were connected to
a manifold that made it possible to seamlessly switch between
loading of the different cell populations. Cells were pumped
into the chip via the cell inlet and flowed through a micro-
channel towards the three aligned single-cell traps (Fig. 1).

Hydrodynamic single cell trapping

All fluidic channels in the chip were designed to be 25 pm
high and 25 um wide. These dimensions were selected so
that the cells flown through the system (measured to be ap-
proximately 20 um in diameter in suspension) go through
the channels in single file. The hydrodynamic single-cell
traps have a 2 pm wide pore centrally located at their base
that allows for fluid flow through the trap, but is too narrow
to permit cell passage (Fig. 1C and 2). A finite element
method (FEM) simulation was used to demonstrate fluid
flows through the trap pore as well as laterally along paths
that circumvent the trap, prior to cell capture (Fig. 2A). Cells
that follow the central flow path enter the cell trap and are

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic illustration of the system and the microfluidic chip. (A) Overview of the CAGE chip and its connections to the other system
components (pumps, valves, and manifold). (B) Picture of the setup. The inset shows a magnification of the central part of the CAGE chip. (C)
Image showing one of the single-cell traps in the CAGE chip together with the corresponding clustering chamber, with its eight outward radiating

fluidic channels present in the fan-shaped cell restrainer.

immobilized (ESLj Movie M1). The trapped cell plugs the
trap pore, which eliminates the central flow path and ensures
that cells will now circumvent the populated trap via the lat-
eral flow paths (Fig. 2A). The single cell traps were typically
occupied within seconds of the first cells entering the chip,
but as the likelihood of capturing a cell is equal for all three
traps the order of trap occupation varied (Fig. 2B); however,
as the ejection process is only initiated once all the traps are
occupied, the order of trap occupation does not influence
cluster formation. Importantly, untrapped cells can be recov-
ered unharmed via the cell outlet, which is advantageous for
studies in which cell availability is limited.

Formation of precisely composed multicellular clusters

To eject cells from the hydrodynamic single-cell traps to the
clustering chambers, pump 1 is turned off and the cell outlet

This journal is © The Royal Society of Chemistry 2019

valve closed, all three medium outlet valves opened and
pump 2 activated (Fig. 1A). The flow from the medium inlet
to the medium outlets (Fig. 3) ejects the cells from each of
the three traps into the fluidic channels that lead to their re-
spective clustering chambers (Fig. 3C, Movie M1¥). The clus-
tering chamber extends from the fluidic channel and expands
to form a teardrop-shaped reservoir with a height of 25 pm
(Fig. 4A). Each clustering chamber ends in a fan-shaped cell
restrainer holding eight channels (each 2 pm high) that con-
nect the chamber to the adjacent medium outlet. These chan-
nels allow for cell medium and treatment solutions to flow
through the clustering chamber, but are suitably small to en-
sure that cells remain within the confines of the chamber
(Fig. 4A). Multiple rounds of trapping and ejecting enabled
the sequential formation of precisely defined cell clusters
(Fig. 4B). Using multiple rounds of trapping and two differ-
ent cell populations (MCF7 breast cancer cells that had been
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Fig. 2 Overview of flow dynamics and operation of the single-cell trap. (A) FEM simulation of the flow velocities (um s™*; color-coded) in and
around the hydrodynamic single-cell trap with an empty (left) or occupied (right) trap pocket. Occupation of the trap prevents fluid flow through
the centrally located trap pore. (B) Image sequence showing the trapping of three individual cells in the three serially connected traps.

fluorescently labeled green or red) the clustering efficiency
was evaluated (Fig. 4C and D). Of the 21 attempted cluster as-
semblies, all were successful in forming two-cell clusters of
the first cell population, 86% succeeded in adding the first
cell from the second cell population to form a three-cell clus-
ter, and 67% formed complete 4-cell clusters. After the switch
to the second cell population, the following malfunctions
were observed in the 33% of cases that the intended 4-cell
clusters were not formed (Fig. 4D). In 57% of the
malfunctioning cases, leftover cells from the first population
were still present in the system and occasionally re-occupied
a trap, and this prevented the creation of a cluster with the
desired composition. In 29% of cases the malfunction was a
failure to eject the cell from the trap thus not adding it to the
cluster. Finally, 14% of the malfunctions were due to two
cells being trapped and ejected at once, thus adding an extra
cell to the cluster. On average this would correspond to that
2 out of 3 of the clustering chambers on any given CAGE chip
would contain the intended cluster constellation.

The cell types tested in this study are adhesive and we in-
vestigated whether cell adhesion to the cover glass substrate
used in the CAGE could be established within the timeframe
of cluster formation (approximately 20 minutes). MCF7 cells
were added to a culture dish containing a cover glass and
within 15 minutes typically established a sufficient degree of
attachment to resist movement caused by fluid flow (Fig.
S1AT). Additionally, the conditions within the cluster cham-
ber were compatible with longer durations of cell culture,

1074 | Lab Chip, 2019, 19, 1071-1081

during which more extensive cell spreading and migration
were observed (Fig. S1BY).

Paracrine-induced calcium signaling in breast cancer cells by
a single pancreatic f-cell

As mentioned above, though a relatively rare event the pan-
creas is targeted by metastases derived from a number of pri-
mary tumor types, including breast cancer.® Pancreatic
B-cells are an essential functional unit of the endocrine pan-
creas and, in response to membrane depolarization, the
B-cells release insulin and other signaling molecules, includ-
ing ATP. We applied the CAGE to assemble 4-cell clusters
consisting of a single clonal MIN6 f-cell and three MCF7
breast cancer cells, to analyze the paracrine effects of p-cell
ATP release on the Ca>* dynamics in the adjacent cancer
cells. We first defined the signaling responses of the MIN6
and MCF7 cells by conducting a number of control experi-
ments using cells grown on cover glass, that was transferred
to an open imaging chamber, superfused with medium
supplemented as indicated, and analyzed by TIRF microscopy
(ESL} Fig. S2). Membrane depolarization of excitable MIN6
cells with 30 mM K" triggered a rapid increase in the cyto-
solic Ca®" concentration by voltage-dependent influx,*® which
can be visualized with the Ca®>" indicator Fluo-4 (Fig. S2Aft).
The rise of Ca®" triggers insulin granule fusion and release of
content. Besides insulin, the granules are rich in ATP, which
will bind P2Y; purinoceptors of the p-cell surface and initiate

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Ejection of cells from single-cell traps. (A) Illustration of the
ejection of a trapped cell from a single-cell trap. Block arrows denote
the flow paths. In the cell ejection mode, pump 1 is switched off and
the cell outlet valve is closed. Pump 2 is switched on and the cell is ex-
posed to flow from the medium inlet, which dislodges the cell from
the trap and carries it towards the clustering chamber. (B) FEM simula-
tion of the flow velocities in the single-cell trap, transport channel and
clustering chamber during ejection of captured cells. (C) Time-lapse
images of the cell ejection process 20 s after that flow had been
established.

autocrine signaling. This involves conversion of PI(4,5)P, to
diacylglycerol (DAG) and inositol triphosphate (IP3). IP3 in
turn stimulates release of ER-stored Ca>" to the cytoplasm.>
In MIN6 cells, DAG production (and consequently Ca®" re-
lease) was blocked by the P2Y; receptor inhibitor MRS2179
(ref. 60) demonstrating that depolarization triggers ATP re-
lease from MIN6 cells (Fig. S2Bf). As expected, no pro-
nounced changes in Fluo-4 fluorescence were observed in re-
sponse to depolarization in the non-excitable MCF7 cells
(Fig. S2C¥). In contrast, Fluo-4 fluorescence in MCF7 cells in-
creased in response to exogenously added ATP (as MCF7 cells

This journal is © The Royal Society of Chemistry 2019
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do express P2Y receptors®’) and decreased to below baseline
once the ATP stimulus was removed (Fig. $2D and Et). Ca**
is cleared from the cytosol back into the ER via the sarcoplas-
mic/ER Ca>* ATPase (SERCA) pump.®* Application of the
SERCA inhibitor Thapsigargin caused a gradual increase in
Fluo-4 fluorescence in MCF7 cells (Fig. S2D and Ef), this is
due to passive leakage of the ion from the ER that is
unmasked in the absence of SERCA activity. This eventually
leads to depletion of ER-stored Ca®’, which was evident in
MCF7 cells as Thapsigargin treatment rendered these cells in-
sensitive to ATP stimulation (Fig. S2D and ET).

In the CAGE we confined a single MIN6 B-cell, serving as a
paracrine source of K'-induced ATP, with three MCF7 breast
cancer cells as ATP-responders (Fig. 5A). The MCF7 cells were
pre-stained with the blue nuclear stain Hoechst to distin-
guish them from the unstained MING cell (Fig. 5B), and intra-
cellular changes in cytosolic Ca*>" monitored in all 4 cells
with Fluo-4. Time-lapse imaging of Fluo-4 fluorescence in the
assembled clusters was performed 20 s after depolarization
with K" and for a duration of 500 s (Fig. 5C). Following the
treatment with K* all flow was stopped in the chip for the en-
tire duration of the imaging.

Direct comparison of Fluo-4 fluorescence between cells is
complicated by the fact that cells exhibit differential degrees
of Fluo-4 uptake. To circumvent this limitation we quanti-
fied intracellular changes in Ca®" levels by calculating the
area under the curve of Fluo-4 fluorescence in each MCF7
over time (Fig. 5C), which represents accumulated fluores-
cence change (AFC = ) (AF/F,)). Additionally, the distance
between each MCF7 responder cell and the signaling MIN6
cell was measured. We found that the greatest Fluo-4 AFC
was observed in MCF7 responders in closest proximity to
the MING6 source of ATP (Fig. 5D). This effect was replicated
using the breast cancer cell line MDA-MB-231 (Fig. 5E). Fur-
thermore, correlation analysis revealed a statistically signifi-
cant relationship between the distance from the MING6 cell
and the Fluo-4 AFC, for both MCF7 and MDA-MB-231 re-
sponder cells (Fig. 5D and E). In addition, by determining
the basal AFC of cancer cells in clusters with no f-cells and
applying that value to the previously described correlation
models in Fig. 5D and E, a distance can be identified that
can be used to categorize the cells into high and low re-
sponders (Fig. S37).

Given the timing of our imaging protocol the Fluo-4 AFC
represents changes to Ca®>* that occur after ATP has stimu-
lated ER release of Ca®" to the cytosol of MCF7 cells. There-
fore, we considered that Fluo-4 AFC is predominantly a mea-
sure of Ca*" clearance from the cytosol to the ER. To
specifically investigate the importance of Ca®" clearance in
the observed distance-dependent effects (Fig. 5D and E), we
again employed the SERCA inhibitor Thapsigargin. In the
CAGE, 5-cell clusters composed of a single MIN6 B-cell, 2
untreated MCF7 cells, and 2 Thapsigargin-treated MCF7 cells
were formed (Fig. 6A). Thapsigargin-treated cells revealed
lower Fluo-4 AFC in response to MIN6-derived ATP (Fig. 6B)
and while the distance from MING6 correlated as before with

Lab Chip, 2019, 19, 1071-1081 | 1075
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Fig. 4 Formation of specific cell clusters one cell at a time. (A) lllustrations of the clustering chamber (CC) as viewed from below and from the
side. The position of the cell restrainer (holding eight channels enabling perfusion but preventing cells from going through) and the medium outlet
are indicated. Cells are shown as white circles, arrows indicate the direction of flow through the clustering chamber. (B) Consecutive images from
the same clustering chamber. The empty chamber is filled incrementally with individual cells through cycles of trapping and ejecting, which
permitted the formation of a 4-cell cluster of MCF7 cells. (C) Examples of 4-cell MCF7 cell clusters derived from two different cell populations
stained green or red with Celltracker dye. (D) Quantification of the efficiency of clustering at each step in the formation of 4-cell MCF7 clusters;

the green cells were loaded first, followed by the red cells (n = 21). A pie chart detailing the failure modes is shown.

Fluo-4 AFC in the untreated MCF7 cells (Fig. 6C), there was
no such correlation for the Thapsigargin-treated MCF7 cells
(Fig. 6D). Together these data reveal the capacity of the CAGE
to facilitate detection of spatially determined differences in
the dynamics of Ca®" clearance in individual cancer cells fol-
lowing paracrine signaling from a single B-cell.

Whereas our main focus here was on Ca** clearance in
cancer cells subsequent to the paracrine stimulation by

1076 | Lab Chip, 2019, 19, 1071-1081

MIN6-derived ATP (Fig. 5 and 6), the CAGE was also applied
to visualize earlier Ca®* signaling events, occurring during
the K stimulation phase (Fig. S47). In these experiments,
fine-focus adjustments were occasionally required due to
small movements of the cells in the chamber, caused by the
fluid flow during K" perfusion. Focus-dependent artefacts in
Fluo-4 fluorescence were corrected for using Celltracker red,
which served as a reporter for Ca’*-independent changes in

This journal is © The Royal Society of Chemistry 2019
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MCF7 cells. (B) 4-Cell cluster composed of a single MING6 (s) and 3 MCF7 cells (r1-r3) in the CAGE. The identity of the MCF7 cells was confirmed by
pre-staining with Hoechst (nuclear stain; blue). (C) Fluo-4 fluorescence was imaged for a total of 500 s, starting 20 s after K* perfusion was initi-
ated. Fold change in Fluo-4 fluorescence was plotted for every cell in the cluster over time. (D) Accumulated fluorescence change (AFC = Y AF/F,)
was calculated for each MCF7 cell and its distance from the individual MIN6 cell present in each cluster was measured. The Fluo-4 AFC for 12
MCF7 cells from 4 independent clusters were plotted against distance (um) to their MIN6 source and correlation analysis was performed. (E) The
experiments in B-D were repeated with clusters formed from three MDA-MB-231 breast cancer cells with a single MING6 signaling source. The
Fluo-4 AFC for 9 MDA-MB-231 cells from 3 independent clusters was plotted against distance (um) to their MIN6 source and correlation analysis

was performed. The line in each plot (D and E) corresponds to a linear int

fluorescence (Fig. S4t). This application of the CAGE is bene-
ficial for the study of paracrine and/or autocrine signaling
events that specifically occur in rapid response to a stimulus.

Manufacture of CAGE chips using 3D-printed molds

The CAGE microfluidic chip was cast from molds generated
by photolithography in a cleanroom facility. This requires
knowledge of microfabrication and access to relatively expen-
sive equipment, which has limited many users in the life sci-
ences from adopting microfluidics-based technologies that
are not commercially available. To address this, we addition-
ally cast CAGE chips from 3D-printed molds produced using
a recently developed hybrid system for 3D-printing capable of
resolving structures in the low micrometer range (Fig. S57).
CAGE chips cast from silanized 3D-printed molds had similar
functional properties to their cleanroom-derived equivalents
(Fig. S51); however, it will be necessary to optimize surface
treatments for such molds as they proved to be more suscep-

This journal is © The Royal Society of Chemistry 2019

erpolation from all data points.

tible to erosion. Nonetheless, it is clear that the rapid devel-
opments within the 3D-printing field soon will enable more
widespread application of microfluidic methods for cell stud-
ies in general, and for high-resolution studies of tailor-made
cell clusters as described here.

Conclusions

The current study describes the design and fabrication of the
microfluidic CAGE chip, that can be used to create tailor-
made cell clusters for reductionist studies of cell-cell signal-
ing by live imaging. The concept described here provides a
basis for modeling tissue niches, built by the sequential trap-
ping of individual cells of interest and ejection into isolated
chambers to form precisely composed assemblies that can be
treated and imaged. In proof-of-principle experiments the
CAGE facilitated the detection of spatially resolved differ-
ences in cytosolic Ca®" clearance from cancer cells relative to
a single B-cell serving as a paracrine signalling source. The
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Fig. 6 Formation of 5-cell clusters to determine the contribution of Ca?* clearance to the MCF7 Ca?* response to MIN6-derived ATP. (A) Example
of a 5-cell cluster formed by the assembly of a single MIN6 signaling source (s), two untreated MCF7 cells (rl and r2), and two Thapsigargin-
treated MCF7 cells (T-rl, and T-r2). The identity of the MIN6 source cell was confirmed by pre-staining with Hoechst (presented in blue), and
Thapsigargin-treated MCF7 cells were pre-stained with Celltracker dye (presented in magenta). (B) Fluo-4 fluorescence was imaged for a total of
500 s, starting 20 s after K* perfusion was initiated. Fold change in Fluo-4 fluorescence was plotted for every cell in the cluster over time. (C and
D) Accumulated fluorescence change was calculated for untreated and Thapsigargin-treated MCF7 cells and their distance from each clusters
MING6 cell was measured. The Fluo-4 AFC for 8 untreated MCF7 cells (C) and 8 Thapsigargin-treated MCF7 cells (D) from 4 independent clusters
were plotted against distance (um) to their MIN6 source and correlation analysis performed. The line in each plot corresponds to linear interpola-

tion from all data points.

CAGE provides researchers with the capacity to resolve subtle
differences in dynamic signalling events due to the precision
with which clusters can be composed and analyzed. Refining
our ability to perform detailed quantification of interactions
in heterotypic cellular assemblies will undoubtedly expand
our knowledge of cell biology in various contexts, including
the repertoire of responses elicited by cancer cells in re-
sponse to signalling events in specific microenvironments.

Materials and methods
Production of the CAGE chip

The mold for production of the CAGE chip was created using
photolithography and SU8 negative photoresist. Briefly, after
initial surface treatment of the silica wafer, a 2 um thick layer
was created using spin coating of SU-8 2002 (MicroChem,
Newton, MA, USA). A photo mask encoding mold structures
for the cell restrainer was first used and the photoresist
crosslinked using a 12 mJ mercury lamp and cured using a
heat plate. Similarly, a second layer was created using SU-
8 50 (MicroChem, Newton, MA, USA) and a second photo
mask, to create 25 um thick mold structures coding for all
microfluidic channels and chambers, as well as the hydrody-
namic single cell traps. Finally, the mold was hard-baked at
150 °C for 45 min.

1078 | Lab Chip, 2019, 19, 1071-1081

After the fabrication of the mold, PDMS (Sylgard 184,
Sigma-Aldrich Sweden AB, Stockholm, Sweden) was cast into
the mold, degassed for 30 min, and cured at 80 °C for 1 h. The
PDMS piece was removed from the mold and holes correspond-
ing to the different inlets and outlets of the chip created using
a 1.5 mm biopsy puncher. The PDMS piece was then bonded to
a glass slide (Superfrost, VWR, Stockholm, Sweden) after co-
rona plasma treatment (Model BD-20, Electro-Technic Products
Inc., Chicago, IL, USA). Before use, the microfluidic network in
the chip was primed with ethanol, and washed extensively with
PBS. Gelatin coating was used exclusively in the proof of adhe-
sion experiments (Fig. S17), to investigate cell adhesion in a
more physiological context than the one presented by
untreated glass. The coating was carried out for 30 minutes
with 0.1% gelatin prior to cell loading.

Cell culture

MCF7 breast cancer cells, MDA-MB-231 breast cancer cells
(ATCC, Manassas, VA, USA) and MIN6 insulinoma f-cells (a
gift from Prof. Ken-ichi Yamamura®) were grown in
Dulbecco’'s Modified Eagle's medium (DMEM; Thermo Fisher
Scientific, Uppsala, Sweden) supplemented with 10% fetal bo-
vine serum (FBS; Thermo Fisher Scientific).
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CAGE operation

Syringe pumps (Harvard Apparatus Model 22 Syringe Pump
980532, Holliston, MA, USA) fitted with 1 ml syringes (VWR)
were used for the operation of the CAGE chip. Polyethylene
tubing with an inner diameter of 0.8 mm (VWR) was used for
connecting the pumps to the inlets and outlets of the chip, to
stopcock  valves  (3-way  stopcock, Cole  Palmer,
BergmanLabora AB, Danderyd, Sweden) and to a 9-port
microfluidic manifold (Darwin Microfluidics, Paris, France).
Cells were loaded at a concentration of 10° cells per ml. Flow
speeds for both the capture and the ejection modes were se-
lected to ensure fast loading without compromising the func-
tion of the device or the integrity of the cells. A flow speed of
5 ul min™" was used for single-cell trapping, and a flow speed
of 15 pl min™ was used for ejection of cells from the single-
cell traps into the clustering chambers. Using the aforemen-
tioned flow speeds, the formation of 4-cell clusters was done
in under 20 minutes. No temperature control was used for
the duration of the experiments.

Flow simulations

All flow simulations were performed using the Comsol
Multiphysics Modeling Software (Comsol, LA, CA, USA) using
a creeping flow model and approximating for shallow
channels.

Cell treatments

Prior to seeding in the CAGE chip cells were detached from
culture flasks using Trypsin (Trypsin-EDTA, Thermo Fisher
Scientific), pelleted by centrifugation, and then suspended in
DMEM, 10% FBS, supplemented with 1% penicillin-
streptomycin-glutamine (Thermo Fisher Scientific), referred
to hereafter as imaging medium. Where specified cells were
labeled with 1 uM Celltracker red or green (Thermo Fisher
Scientific), with or without 1 mM Hoechst 33342 nuclear
stain according to the manufacturer's instructions, followed
by pelleting by mild centrifugation and media exchange
(wash). For paracrine model experiments cell suspensions
were incubated with 1 uM Fluo-4 (F23917, Thermo Fisher Sci-
entific) for 45 min, then washed and resuspended in imaging
medium and incubated for a further 1 h. Where indicated,
cells were additionally treated with 1 uM Thapsigargin for 5
min prior to loading the cells into the CAGE chip. In the
CAGE, membrane depolarization of the MIN6 cell was
achieved with a perfusion of 100 mM KCI (50 ul min™" for 5
seconds). To avoid microparticles aggregating in the cluster
chambers all reagents were filtered before use using 0.25 um
pore size syringe filters (#2741969 Sigma-Aldrich Sweden AB,
Stockholm, Sweden).

Microscopy

All imaging was performed within 4 hours after obtaining ap-
propriately stained single-cell suspensions. Imaging was car-
ried out using either an Axiovert 200M fluorescent micro-

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

scope or an LSM 700 confocal microscope (Carl Zeiss, Jena,
Germany) and the AxioVision or Zen software (Carl Zeiss).
Images were collected at a rate of 1 image per second for the
signaling experiments.

Data analysis and statistics

Fluo-4 fluorescence was analyzed using Image] software. Indi-
vidual cells were selected as regions of interest (ROI) and the
average fluorescence value of each ROI was extracted from
time-lapse series using the Image] multimeasure function.
Background fluorescence (average fluorescence from a ROI
outside of the clustering chamber) was subtracted from all
time points. Fluorescence fold change was calculated by di-
viding the fluorescence of every cell in every frame, by each
cell's fluorescence in the first frame. This permitted compari-
son between cells, despite differences in absolute fluores-
cence due to the fact that individual cells exhibited different
degrees of Fluo-4 uptake. Accumulated fluorescent change
was calculated as the area under the curve of the fluorescent
fold change over time. To calculate the area a numerical trap-
ezoid integration was performed. The distance between cells
was calculated based on the distance between the epicenters
of the regions of interest, as measured using Image]. In Fig.
S4,7 to correct for fine focus adjustments due to turbulence
from KCl (K') perfusion, cells were co stained with
Celltracker red, which served as a reference signal. All Fluo-4
reference values were then expressed as a ratio of Fluo-4 to
Celltracker red fluorescence. Population means and standard
deviations were calculated using Excel (Microsoft). The corre-
lation analysis between accumulated fluorescence in re-
sponder cells and distance from the ATP-secreting MING6 cell
was performed in MATLAB (MathWorks Inc., Natick, MA,
USA) using a Spearman's correlation test. The linear interpo-
lation lines were calculated in Excel to represent the data
trends.
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