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Abstract
This paper describes a microfluidic method to form co-culture spheroids of various geometries and
compositions in order to manipulate cell–cell interaction dynamics. The cellular patterning is
performed in a two-layered microfluidic device that sandwiches a semi-porous membrane so that
flow occurs from the top channel through the membrane to the bottom channel. Arbitrary cellular
arrangements are enabled by regulating the geometric features of the bottom channel so that as culture
media drains, the flow hydrodynamically focuses (aggregates) cells onto the membrane only over
the regions of the bottom channel. Furthermore, when the top channel has multiple inlets, cells can
be seeded in adjacent laminar streams, allowing different cell types to be patterned simultaneously
in well defined spatial arrangements. Interestingly, the initial cell positioning of certain cell types
can result in two juxtaposed non-concentric “Janus” spheroids, rather than homogeneous mixtures
or layered shell structures. Therefore, the initial position of cells prior to aggregation can influence
the final configuration within a co-culture spheroid. When Janus spheroids were constructed from
mouse embryonic stem (mES) cells and hepatocytes, the mES cells differentiated in a spatially
distinct pattern dictated by the position of the hepatocytes. This contrasts with uniform mES
differentiation observed when co-culture spheroids are formed by the conventional method of
randomly mixing the two cell types. This cellular patterning method opens new possibilities for
understanding and manipulating interactions between different cell types in 3D.

Introduction
Over the past ten years, it has become evident that more physiological three-dimensional (3D)
cell cultures are significantly different from classical two-dimensional (2D) cell cultures.1–4

Engineering of purely cell-based 3D constructs is desired for tissue engineering because
scaffolds, such as extracellular matrices or biodegradable polymers, often limit cell-to-cell
contact, cause cell-sparse tissues, and can induce an inflammatory response.5 One of the few
methods to create purely cell-based 3D cell constructs that allows study of direct cell
interactions with minimal exogenous materials is the formation of multicellular aggregates,
called spheroids.6–8 Thus, much in vitro research aimed at understanding factors that direct
cell adhesion, migration, and differentiation during tissue organization has been performed
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using these constructs. Some of the most informative experiments involved classical methods
9–12 and also recent experiments of mixing different type cells together to form spheroids then
analyzing cellular self-sorting and organization. 13–17 The picture that emerges from these
studies is that cell-cell interactions and mechanics solely dictate the final organization of cells
within the spheroids resulting in layered shell structures. A limitation of conventional spheroid
formation technology, however, is that the cells are mixed together randomly, not allowing for
patterned constructs to form. Therefore, more complex dynamics of cell organization cannot
be viewed, which would be useful in understanding formation of tissue interfaces of different
cell types. 18–20

Insight, innovation, integration

We developed a microfluidic cell patterning method to form patterned spheroids of multiple
cell types. Our technique is unique in that the 3D co-culture spheroids can be constructed
where initial positions of different cell types can be controlled. This capability led to the
new insight that the initial position of the cells can dictate the final organization of the cell
constructs. The importance of this is seen by the patterned differentiation of ES cells which
may be utilized for tissue engineering purposes or used as a platform to study embryonic
development. These capabilities and insights provide new tools and concepts to investigate
development and tissue organization.

Current cell patterning techniques rely on cell-surface adhesion in order to maintain the desired
spatial configuration.21–23 However, since spheroid formation requires non-adherent surfaces,
currently these methods cannot be utilized. Recently, a method in which spheroids are loaded
into a micropipette and placed one by one into a biocompatible substrate by the use of a delivery
device, such as 3D printers, was developed.24 Although this is an efficient method for
manipulating pre-formed spheroids to make larger constructs, this method does not permit the
dynamics of spheroid formation to be studied. Microfluidic spheroid culture systems have
recently been developed to make high throughput systems. These systems, however, cannot
be utilized to pattern multiple cell types.25–27 In this paper, we describe a microfluidic cell
patterning method that allows cellular pre-positioning of multiple cell types adjacent to each
other before and during the process of spheroid formation.

Cellular distribution and heterogeneous cellular contact are crucial for in vivo development.
28,29 The effect of cell shape on gene regulation during embryogenesis and organogenesis has
been studied and well appreciated,30–32 however additional parameters such as cellular
positioning influences cell fate specification.33 We show that for some cell combinations, the
initial cell positioning affects subsequent spheroid formation resulting in two juxtaposed non-
concentric “Janus” spheroids of different cell types. Therefore, the final organization of co-
culture spheroids is determined not only by the cell types mixed together but also by their initial
positions relative to each other. Janus spheroids of mouse embryonic stem (mES) cells and
hepatocarcinoma HepG2 cells resulted in spatially patterned differentiation of mES cells,
suggesting that cellular differentiation can be controlled by intercellular positioning. This
research demonstrates a versatile technology for creating arbitrary user-defined patterns of
spheroids.

Materials and methods
Cell culture

Monkey kidney fibroblast cells (COS7 cell line; ATCC), human hepatocarcinoma cells
(HepG2 cell line; ATCC), and breast cancer cells (MDA-MB-231 cell line; ATCC) were
cultured in Dulbecco's Modified Eagle's Medium (DMEM; 11965; Invitrogen) containing 10%
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v/v fetal bovine serum (FBS; 10082; Gibco), 100 U mL−1 penicillin, and 100 U mL−1

streptomycin. Human umbilical vein endothelial cells (HUVECs, Lonza) passage number 2–
6 were cultured in endothelial growth medium-2 (EGM-2, Lonza). When HUVECs were co-
cultured with other type of cells, the cells were cultured in 50% DMEM containing 10% FBS
and 50% EGM-2. Mouse ES cells (D3 cell line; ATCC) were cultured in complete medium
containing DMEM containing 15% v/v FBS, 0.1 mM 2-mercaptoethanol, 0.02% v/v sodium
pyruvate, 1% v/v non-essential amino acids, 100 U mL−1 penicillin, 100 U mL−1 streptomycin,
and 1000 U mL−1 ESGRO which contains leukemia inhibitory factor (LIF) in a humidified
incubator. When mES cells were introduced to differentiate, mES cells were co-cultured with
HepG2 cells in complete medium without LIF. MDA-MB-231 cells were stably transfected
with EGFP.34 D3 mESC were transfected with an OCT4-EGFP plasmid (generous gift of Dr
Gratsch) using lipofectamine plus reagent (Invitrogen). Clones were selected in hygromycin,
expanded and cell lines with high levels of EGFP expression tested for their ability to down-
regulate EGFP on LIF withdrawal. Two lines that expressed high levels of EGFP, which was
strongly down-regulated with differentiation, were expanded to obtain stable lines. All other
cells were stained with CellTracker red CMTPX (1.5 μM) for 1 h before seeding the cells.

Fabrication of microfluidic devices and cell seeding
The devices consist of two layers of microchannels separated by a semi-porous membrane (Fig.
1a). The basic fabrication method of these types of devices was reported previously.35 The top
channel is designed with a dead-end to facilitate cell capture, whereas the bottom channel is
continuous to allow media perfusion. The semi-porous membrane is made of polycarbonate
(TMP04700, Fisher), with 5 μm diameter pores and is 10 μm thick. The microchannel was
fabricated from poly(dimethylsiloxane) (PDMS) formed from pre-polymer (Sylgard 184, Dow
Corning) at a ratio of 1:10 base to curing agent using a soft lithographic method. The top
channels were straight having either three or five inlet channels with a height of 200 μm. The
bottom channels were different shapes, such as “Michigan” or “human” shape, with a height
of 100 μm. The membrane was bound to the PDMS channels using a thin layer of liquid PDMS
pre-polymer as mortar. To allow introduction of solutions into the channels, the outlet of the
bottom layer was connected with tubing (id 1/32 inch). 1% w/v solution of Pluronic F108 (an
ethylene oxide–propylene oxide block copolymer) was introduced into the channels after
plasma oxidization and incubated overnight to render them resistant to cell adhesion.

Cells were introduced into the top channel using gravity-driven flow while closing an inlet of
the bottom layer. Different types of cell suspensions (typically, 105 cells mL−1) were poured
into each inlet of the top channel simultaneously using a multi-pipette while keeping the outlet
at a lower height (ca. 10 cm). The top channel defines the relative position of each cell type
by laminar flow streams while the bottom channel dictates the final pattern cells will take. After
the bottom channel region was covered with cells, the flow was stopped and the cell suspension
in the inlets was replaced with culture medium. The cells were cultured under static conditions
with daily medium exchange through the bottom channel layer.

Evaluation of mES cell differentiation
mES cell spheroids were imaged by fluorescence microscopy after 7 days in culture. Image
analysis was carried out using MetaMorph software (Universal Imaging) to evaluate relative
EGFP intensity of mES cell spheroids. 20 spheroids in 5 devices were used to analyze EGFP
expression. The data were analyzed by T-test at a 99.9% confidence level.
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Results and discussion
Formation of Janus spheroids

We previously reported a microfluidic system in which cells form spheroids of uniform size
due to the physical confinement of microchannel walls.35,36 Although this approach was useful
in obtaining uniformly sized spheroids, the confinement by the microchannels did not allow
for cell growth and control of initial cell positioning to observe co-culture formation dynamics.
Also, when co-culture spheroids were formed, the different cell types mixed together randomly
because there was only one inlet for introduction of cells.36 Here we present an approach that
patterns spheroids of multiple cell types with defined shape and position while facilitating
spheroid growth.

Cells are patterned by flow that hydrodynamically focuses them on geometric features in the
bottom layer. The device consists of two PDMS layers of microchannels separated by a semi-
porous membrane (Fig. 1a). The top layer has a large straight channel that has a dead-end to
facilitate capture of cells and formation/growth of spheroids. The bottom layer has geometric
features which dictate the pattern cells will take since flow only occurs through the membrane
into those features. By combining laminar flows,37,38 different cell types can be seeded
simultaneously in well defined spatial arrangements. Two types of cells are introduced into the
left and right inlet of the top channel. Culture media is introduced into the middle inlet as a
third stream to minimize mixing of cell types as they flow through the channel. Fig. 1b shows
two kinds of cells, breast cancer cells (MDA-MB-231) transfected with EGFP and monkey
kidney cells (COS7) labeled with CellTracker red, juxtaposed in the top channel as fluid focuses
them together into one channel in the bottom layer. Since the membrane is treated with Pluronic
to block cell adhesion, cells self-aggregate and form patterned spheroids in defined positions.

The formation of each spheroid can be spatially controlled by the geometry of the bottom
channel. When cells are pattered as a confluent layer over a continuous straight bottom channel,
the cells self-aggregate and break up into several spheroids as shown in Fig. 1b. When two
types of cells are patterned over a bottom channel with distinct geometric features, the cells
form individual Janus spheroids (Fig. 1c). Furthermore, the cellular ratio of a Janus spheroid
can be controlled by the respective area of the geometric feature under each laminar flow stream
(Fig. 1d).

Geometric control of multiple co-cultures
The size and shape of the cellular patterning can be controlled by altering the geometry of the
channels in the bottom layer (Fig. 2a). Cells introduced into the top channel are guided into
position and shape of the features in the bottom layer. Fig. 2b shows cells forming individual
spheroids on distinct side chambers of the bottom channel and continuously growing in their
defined locations for fourteen days. The long-term culture is enabled by the semi-porous
membrane which allows culture media to exchange from the bottom channel with minimal
perturbation of the spheroids positioning. The ability of co-culture spheroids to conform to
more complex patterns both initially mixed and patterned is shown in Fig. 2c and d,
respectively. In addition, co-culture spheroids of multiple cell types can be achieved by adding
additional laminar streams. Fig. 3a demonstrates the simultaneous patterning of five distinct
cell groups by using a five inlet main-channel. The ability to control the positioning of different
cell types can be seen in Fig. 3b where only one of the red groups of cells was patterned over
the “head” region of the “human-shaped” bottom channel.

Formation dynamics of heterogeneous spheroids
The effect that spatial patterning has on co-culture spheroid formation was determined by
comparing cell arrangement dynamics with the conventional initially mixed co-cultures (Fig.
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4). Breast cancer cells (MDA-MB-231) were co-cultured with either human umbilical vein
endothelial cells (HUVECs), monkey kidney cells (COS7), or hepatocarcinoma cells (HepG2).
HUVECs uniformly dispersed inside the MDA-MB-231 spheroids for both initially mixed and
pattered co-culture conditions (Fig. 4b and f), similar to previous reports.39 COS7 cells and
MDA-MB-231 cells were not miscible; both types of cells self-aggregated in two distinct
groups of spheroids either in an alternating fashion for the mixed condition (Fig. 4c) or side-
by-side for the patterned condition (Fig. 4g). Interestingly however, HepG2 cells tended to be
located on the outer surface of the spheroids in mixed co-culture (Fig. 4d), whereas they formed
separate spheroids when patterned side-by-side to MDA-MB-231 cells (Fig. 4h). This result
suggests that the final organization of co-culture spheroids can also depend on initial cellular
positioning in addition to intrinsic cell characteristics such as cellular surface tension17 and
adhesion proteins.14

Evaluation of mES cell differentiation in 3D co-culture
We applied this patterning method to evaluate ES cell differentiation. mES cells stably
transfected with OCT4-EGFP and HepG2 cells labeled with CellTracker red were co-cultured
as above, either initially mixed or patterned. As in the case of our results with breast cancer
cells, HepG2 cells tended to be found on the outside of the spheroids when initially mixed, in
both non-adherent dishes and the microchannel (Fig. 5a and b). For patterned co-culture, the
HepG2 cells still tended to progressively surround the mES cells but Janus spheroids could
still be maintained at about 10% yield (typically 5 spheroids in each device) after 7 days in
culture. It can be seen that HepG2 cells inhibited proliferation and induced a loss in EGFP
expression (indicative of OCT4 expression) in neighboring mES cells. An intensity line scan
for EGFP expression is shown for both mixed (Fig. 5e) and patterned (Fig. 5f) co-cultures after
7 days in culture. The graphs show that mixed co-cultures resulted in a uniformly lower EGFP-
expression as compared to the asymmetric expression levels in the patterned co-cultures (Fig.
5g and h). Downregulation of the OCT4 promoter and lower EGFP expression indicates a
decrease in the pluripotency of cells. The relative EGFP intensity of mES cells without any
cell contact in the patterned spheroids is significantly higher than other regions, suggesting
that cell–cell contact and cytokines produced by the mES cells themselves maintain
pluripotency after 7 days in culture. This regional downregulation observed in Janus spheroids
suggests the possibility that spatial differentiation of 3D constructs can be controlled by
intercellular positioning.

Conclusion
We present a microfluidic method to form 3D co-culture spheroids of various geometries and
compositions. This patterning method is one of few to spatially arrange multi-cell type 3D
constructs; and it is the only method currently that also allows observation of spheroid
formation in a single step. By simply changing the geometric pattern of the channel features,
spatially-arbitrary cellular constructs can be formed to investigate the effect shape has on
tissues formation. The compartmentalization of the spheroids from the media exchanging
channel enables convenient and rapid exchange of nutrients and/or morphogens facilitating
more complex dynamics to be observed both in real-time and long term experiments. In
addition, the capability to form many spheroids in parallel allows studies to be performed in
high-throughput. We demonstrate that this patterning method can be used to maintain cells in
pre-determined arrangements that otherwise would be impossible due to their intrinsic cellular
interaction dynamics, such as the formation of segregated “Janus” spheroids. Janus spheroids
of HepG2 cells and mES cells can be formed by this patterning method, resulting in the regional
differentiation of the mES cells. This demonstrates that cellular differentiation can be
controlled by cell–cell positioning. This cellular patterning method opens new possibilities for
understanding and manipulating interactions between different cell types in 3D.
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Fig. 1. Compartmentalized microfluidic system for cellular patterning
(a) Schematic illustration of the microfluidic device. Two PDMS channel layers are separated
by a semi-porous polycarbonate membrane which is rendered resistant to cell adhesion. The
top channel is a straight channel (2 mm in width) with a dead-end. The bottom channel consists
of a straight channel with or without chambers. Cells are introduced into the top channel using
multiple laminar flows. (b–d) Micrographs of bottom layer geometry and actual cellular
patterning. (b) Cellular patterning on a single straight bottom channel (200 μm in width). Two
kinds of cells, MDA-MB-231 cells (green) and COS7 cells (red), are juxtaposed in the top
layer as fluid focuses them together into one channel in the bottom layer. Each type of cell self-
aggregates to form multiple spheroids. (c, d) Cellular patterning on the bottom channel with
distinct geometric features to control either the shape (c) or size (d) of individual spheroids.
MDA-MB-231 cells were stably transfected with EGFP and COS7 cells were labeled with
CellTracker red. Scale bars: 200 μm.
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Fig. 2. Arbitrary geometry control of cellular patterning
(a) An optical image of the bottom channels and a fluorescent image of cells patterned on the
bottom channels. (b) Time-lapse images of cells patterned in a device. The bottom channel
consists of side-chambers (200 × 200 μm) and a microchannel (50 μm in width) and the top
channel is a straight channel (500 μm in width). (c, d) Time-lapse images of patterned cells;
mixed co-culture (c) or joint co-culture (d) of MDA-MB-231 cells (green) and COS7 cells
(red). The bottom channel is “Michigan” shape (mainly 200 μm in width) (top image in (c))
and the top channel is a straight channel (2 mm in width). Cells self-aggregated and formed
spheroids while maintaining the shape of the letters. Scale bars: 200 μm (b) and 500 μm (c, d).
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Fig. 3. Patterning co-culture of multiple cell types
(a) Fluorescent images of cells patterned on a straight bottom channel (1 mm in width). The
top channel consists of five inlet channels that converge into a main channel with a width of 1
mm. Two kinds of cells were patterned as five equal lines alternately and formed spheroids
that contacted each other after 3 days in culture. (b) An optical image of the bottom channel
and fluorescent images of patterned cells. Two kinds of cells were patterned as “human” shapes
while keeping alternate five equal lines. Scale bars: 500 μm.
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Fig. 4.
Formation of heterogeneous co-culture spheroids. Fluorescent images of mixed co-culture (a–
d) and patterned co-culture (e–h) of two kinds of cells after 7 days in culture. MDA-MB-231
cells were co-cultured with either HUVECs (b, f), COS7 cells (c, g), or HepG2 cells (d, h).
MDA-MB-231 cells were stably transfected with EGFP and all the other cells were labeled
with CellTracker red. The bottom channel is a straight channel with a width of 200 μm. Scale
bars: 200 μm.
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Fig. 5.
Evaluation of mES cell differentiation using Janus spheroids. (a–d) Fluorescent images of
mixed co-culture (a, b) and patterned co-culture (c, d) of mES cells and HepG2 cells. mES
cells were stably transfected with OCT4-EGFP and HepG2 cells were labeled with CellTracker
red. (a, b) mES cells and HepG2 cells were mixed and then cultured in a non-adherent dish for
3 days (a) or in a microfluidic device for 7 days (b). HepG2 cells tended to be located on the
outside of the spheroids. (c, d) mES cells and HepG2 cells were patterned juxtaposed and
cultured for 7 days. The bottom channel is a straight channel with a width of 200 μm. (e) and
(f) are relative EGFP intensity profiles of the white dotted line shown in (b) and (d),
respectively. (g, h) Relative EGFP intensity of mES cells at points A and B shown in (e) and
(f), respectively (average of 20 spheroids). Scale bars: 200 μm. *p < 0.001.
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