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Fabrication of a modular tissue construct in a microfluidic chip†
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By combining microfluidics and soft-lithographic molding of gels containing mammalian cells, a
device for three-dimensional (3D) culture of mammalian cells in microchannels was developed.
Native components of the extracellular matrix, including collagen or MatrigelTM, made up the
matrix of each molded piece (module) of cell-containing gel. Each module had at least one
dimension below ∼300 lm; in modules of these sizes, the flux of oxygen, nutrients, and metabolic
products into and out of the modules was sufficient to allow cells in the modules to proliferate to
densities comparable to those of native tissue (108–109 cells cm−3). Packing modules loosely into
microfluidic channels and chambers yielded structures permeated with a network of pores through
which cell culture medium could flow to feed the encapsulated cells. The order in the packed
assemblies increased as the width of the microchannels approached the width of the modules.
Multiple cell types could be spatially organized in the small microfluidic channels. Recovery and
analysis of modules after 24 h under constant flow of medium (200 lL h−1) showed that over 99%
of encapsulated cells survived this interval in the microfluidic chamber.

Introduction

Experimental systems that make it possible to study cells in a
three-dimensional (3D) environment, at tissue-like cell densities
(cells per unit volume), would be useful (i) in understanding the
differences between cell behavior in vitro and in vivo,1,2 (ii) in
generating realistic in vitro models of disease,3 and (iii) in testing
drugs.4 Although engineered tissues now provide experimental
3D systems for cell culture, and may eventually have clinical
uses,5,6 they are currently not ideal for high-throughput studies,
such as those possible using microfluidic systems.4 This paper
describes work that combines the control and high-throughput
potential offered by microfluidic devices with the versatility of
modular tissue engineering7 to develop a chip-based tool for
studying the biology of mammalian cells in 3D environments at
high densities of cells. We describe a method to organize modules
(molded pieces of collagen that have controlled dimensions,
and that contain cells7–9) in a microfluidic channel, and to use
these organized modules to create an artificial “tissue construct”
that can incorporate multiple cell types in 3D environments at
densities of cells that approach the densities of real tissues (108–
109 cells cm−3). This system offers advantages over most 2D
microfluidic systems, in which cells are cultured as a monolayer,4

and over 3D systems limited to low densities of cells.1,8 We
demonstrate that 3T3 cells and HepG2 cells encapsulated in
modules remain alive, and appear to metabolize normally in
the assembled “tissue construct,” when perfused with culture
medium for at least 24 h.
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Using this approach, we organized distinct populations of cell-
containing collagen modules (distinguished by color or by type
of cells) in a microfluidic channel. We also generated different
patterns of assembled gel modules by varying the width of
the microfluidic channel relative to the dimensions of the
modules.

Background

Culturing cells on 2D substrates is often convenient, but
many cell types behave differently in 2D and 3D.10,11 Cells
respond to cues in their environment, including exposure to
soluble signals,12 contact with neighboring cells,13–15 and the
mechanics and dynamics of the surrounding extracellular matrix
(ECM).16,17 Cellular signaling and response in tissues in vivo is
therefore often different from that in cells cultured on a flat,
rigid 2D substrate.3,18,19 The technology for culturing cells in
2D is so familiar and standard that a 3D system must offer
considerable advantages before investigators will adopt it.10,11,20

Some desirable characteristics in a 3D culture system are (i)
control over the position and shape of gradients in nutrients,
oxygen, growth factors, and signaling molecules; (ii) control
over the density and relative location of different cell types, and
over the magnitude of physical forces such as fluid shear; (iii) an
optically transparent container that allows easy characterization
of the cells by microscopy;20 (iv) reconfigurability of the system,
so users can assemble, dismantle, and adapt the system to answer
a range of biological questions; (v) ease of fabrication and use;
(vi) the potential for high-throughput experiments, like those
possible in 2D with 96-well plates; and (vii) available choices
of extracellular matrix and maximum density of healthy cells
that match those found in native tissue. Whether a particular
in vitro system can mimic the in vivo behavior of interest often
determines the choice of a system for cell culture, whether in 2D
or in 3D. Thus, investigators would often prefer 3D systems that
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create environments like those of native tissue to 2D systems, if
appropriate technologies for creating 3D systems were available.

Seeding cells in polymer scaffolds or hydrogels is a popular
method for generating engineered tissues.1,8,9,21–28 Engineered
tissues offer an interesting and controllable alternative to other
3D culture methods, such as cells aggregated into spheroids,29–32

for studying cells in 3D. The main drawback to this approach
is that most engineering methods focus on the production of
one, relatively large (mm- to cm-scale), section of tissue. This
is not ideal because (i) transport of nutrients and waste to
and from the center of the artificial tissue limits the maximum
possible density of healthy cells in tissues with dimensions
greater than ∼200 lm33 and (ii) large tissue sections are not
ideal for biological studies that often require many experimental
treatment groups to be run in parallel. A method to generate, and
culture in parallel, a large numbers of identical 3D engineered
tissues with smaller volumes (and, presumably, at higher cell
densities) would enable engineered tissues to be utilized as 3D
culture systems for investigating 3D cell biology.

Recently, McGuigan and Sefton proposed a method to engi-
neer artificial tissues by assembling cells encapsulated in molded
collagen particles—or “modules”—with sub-mm dimensions
(see ESI Fig. S1†).7,34 Loosely packing tens-to-hundreds of these
small modules, at random, into a tube yields a porous assembly
permeated by random, irregular channels. When the diameter
of the module is less than ∼200 lm, every cell in the assembly is
within ∼200 lm of one of these porous channels. By perfusing
cell culture medium through the network of interstitial channels,
this strategy, in principle, overcomes the limitations of diffusion
on nutrient transport to cells in the center of the artificial tissue.
Growing cells in assemblies of modules offers many advantages
over other methods for cell culture in 3D: (i) the sizes of the
modules and the densities of cells in them are uniform and
controllable. (ii) Batches of modules can be fabricated separately
from different gel matrixes, or from different types of cells;
modules from different batches can then pack together to form
an assembly. (iii) The assembly of gel modules containing cells is
reversible, and dissolution of the matrix protein can recover the
individual cells for analysis at any time during the experiment.
(iv) Cells in modules are easy to image and, after dissolution
of the matrix, easy to characterize by light microscopy or flow
cytometry.

The random packing of modules in an assembly leads to
two significant disadvantages of modular assemblies: (i) little
control over the microenvironment experienced by cells in the
modules, and (ii) the inability to make ordered arrays of modules,
instead of random mixtures. Microfluidics offers an attractive
solution to these limitations35,36 because it provides (i) optical
transparency for easy characterization of the samples, and (ii)
precise control over the microenvironment of the cells and
over the dimensions of the microfluidic channel in which the
modules pack together. Solid objects packed into a narrow
microchannel form an ordered array,37 in contrast to the random
assemblies discussed above. Microfluidics also provides the
potential for processing multiple samples in parallel. In this
paper, we combine the attractive qualities of modular tissue
engineering with the control offered by microfluidic systems to
generate an on-chip device for 3D cell culture at high densities
of cells (Fig. 1) for use in investigative studies.

Experimental

Experimental design

We wanted to develop a system that allowed controlled assembly
of modules into a non-random artificial tissue, and organization
of modules with different cell types into a single assembly. The
experiments reported here demonstrate (i) fabrication of cell-
containing gel modules of various sizes and with various types
of cells; (ii) assembly of a modular artificial tissue by packing
the modules into a microfluidic channel; (iii) continuous 3D
cell culture of several modular artificial tissues in parallel by
perfusion with cell culture medium for 24 h; (iv) recovery of the
modules and subsequent biochemical assays on the constituent
cells; and (v) organization in a single microfluidic chamber
of modules that contain multiple types of cells. We used 3T3
fibroblasts and HepG2 mouse liver cells, because both types of
cells are well characterized, and because HepG2 cells respond
to the presence of nearby fibroblasts in several ways, one of
which is an increase in the production of albumin.38 A mixture
of 3T3 cells and HepG2 cells on a chip therefore serves as a
proof-of-principle demonstration that we can fabricate a 3D
“tissue-on-a-chip” with multiple, interacting types of cells.18 To
show that modules containing cells from different populations
can be combined, we built modular artificial tissues containing
(i) modules made from either 3T3 cells and modules made from
HepG2 cells; and (ii) modules made from one of three different
populations of fluorescently labeled 3T3 cells.

Photolithography

Transparency masks were designed in Freehand39 (Macromedia,
Inc.) and printed by Pageworks.com (Cambridge, MA, USA).
We spin-coated SU-8 100 (Microchem Corp., Newton, MA,
USA) to form masters for channels up to 250 lm in height ac-
cording to the manufacturer’s instructions. To fabricate 500 lm
high masters, we first oxidized a 7.5 cm silicon wafer in oxygen
plasma for 5 min at 100 W. We then poured 3 g of SU-8 50 in
the middle of the wafer and spin-coated the wafer at 500 rpm
to form an even coating (no photoresist was allowed to spin
off of the wafer). We baked the photoresist for 2 min at 40 ◦C,
and then increased the temperature to 110 ◦C at 80 ◦C h−1.
After baking 1 h 45 min at 110 ◦C, the wafer cooled to room
temperature. We exposed the baked photoresist for 100 s through
a photomask (see above) at 50 mJ cm−2 (AB-M mask aligner)
The bake after exposure required 1 min at 40 ◦C, then an increase
in temperature to 110 ◦C at 80 ◦C h−1. After baking for 20 min at
110 ◦C, the wafer cooled to room temperature. Developing the
photoresist required ∼5 min in propylene glycol methyl ether
acetate (PGMEA) with sonication, followed by drying under a
stream of nitrogen. The procedure for masters with a 1000 lm
height was the same as the procedure for 500 lm high masters,
except in the following respects: we used 6.5 g of SU-8 50, pre-
baked the resist for 12 h at 110 ◦C (after the same gradual
increase in temperature from 40 ◦C) before allowing it to cool
to room temperature, exposed the resist for 300 s through the
photomask (see above) at 50 mJ cm−2 (AB-M mask aligner),
post-baked the resist for 80 min at 110 ◦C (after the same
gradual post-bake increase in temperature described above), and
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Fig. 1 Schematic suggesting the assembly of modules in a microfluidic chip.

developed the resist ∼15 min in propylene glycol methyl ether
acetate (PGMEA) with sonication.

Fabrication and cleaning of the membranes

We used a soft-lithographic method described elsewhere to gen-
erate poly(dimethyl siloxane) (PDMS) membranes for molding
gel modules.39,40 Photolithography (described above) generated
an array of posts (25–800 lm high, 40–1000 lm wide) on silicon.
After photolithography, masters were kept in a dessicator at 20
Torr with a few drops of tridecafluoro-1,1,2,2-tetrahydrooctyl-
1-trichlorosilane (United Chemical Technologies, Haverhill, PA,
USA) for three hours. This treatment left a monolayer of
fluorinated molecules on the surface of the master, and rendered
the surface “non-stick” to most materials, including PDMS. We
then spin-coated a degassed mixture of 10 : 1 Sylgard 184 base :
catalyst over the posts for 20 s; faster spin times yielded thinner
membranes. We wiped the tops of the posts with a slab of cured
PDMS and cured the membrane at 70 ◦C for one hour.

Before filling the membranes with gel, we oxidized the
membranes in air plasma at 1 Torr (SPI Plasma Prep II) and
submerged them in Millipore water at 20 Torr to remove air
from the PDMS and to keep the surfaces of the membrane
hydrophilic. We cleaned the membranes with 2% Micro-90

detergent (International Product Corporation) in water, and
then with ethanol. We repeated the plasma oxidation and then
autoclaved the membranes in Millipore water to sterilize them.41

Fabrication of the modules

Fabrication of the modules followed McGuigan et al.;40 we
mixed NIH 3T3 cells (106 cells cm−3 of a 3 mg cm−3 solution
of collagen (Inamed Biomaterials, Fremont, CA, USA) with
10X minimum essential medium (Gibco/Invitrogen, USA) and
neutralized the pH with 1 N sodium bicarbonate. Dipping a
clean, hydrophilic PDMS membrane in the mixture of gel and
cells filled the holes in the membrane. Wiping the faces of the
membrane on the edge of a Petri dish removed excess gel but did
not affect gel already in the holes. Suspending the membrane
on the edge of a Petri dish for 45–60 min in an incubator at
37 ◦C caused the gel to solidify. Shaking the membrane under
cell culture medium released the modules.

Viability of cells in modules

We released the cells from the modules by digesting the gel
in 100 lL of a solution (∼50 000 caseinolytic units per cm3) of
dispase (BD Biosciences) for 45 min at 37 ◦C, followed by 100 lL
of a solution of 1X trypsin for 15 min at 37 ◦C. After mixing the
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suspension of single cells with Trypan Blue, we counted living
(colorless) and dead (blue) cells.

Fabrication of the microfluidic chambers

After photolithography, masters were fluorinated as described
above. Replica molding proceeded by pouring a degassed 10 :
1 w/w mixture of Sylgard 184 PDMS prepolymer and catalyst
on the masters and curing the polymer at 70 ◦C for three hours.
After curing, the replicas were peeled from the masters and 12G
needles were used to punch holes for the inlets and outlets of each
channel. A clean glass slide and the PDMS replica were oxidized
in air plasma for five minutes and one minute, respectively. We
laid the PDMS slab on the glass slide, so that the oxidized side
(which bore the channels) made contact with the glass. After
baking 20 min at 70 ◦C, irreversible bonding occurred between
the glass and the PDMS.

To preserve the hydrophilicity of the PDMS, we filled the
channels with water or phosphate-buffered saline (PBS) within
30 min of the plasma oxidation. Air bubbles did not form during
subsequent experiments if the walls of the chamber were kept
hydrophilic. For perfusion experiments (longer than 3 h), we
stored the PDMS under water in a glass jar, overnight. Keeping
the PDMS in water removed air from the polymer, and thus
prevented the formation of air bubbles during perfusion.

Assembly of the modular construct in the chip

We used a filed and blunted 20G needle to punch an inlet
and outlet in the ends of the chamber. We then inserted PE-
60 polyethylene tubing into the inlet, and submerged the other
end of the tubing in a 15 mL conical tube of culture medium (see
above). To draw liquid through the channel, we inserted another
section of tubing into the outlet of each chamber and connected
the tubing to an empty 10 mL syringe via a 20G needle. We
used suction to fill the microfluidic device with medium by
withdrawing the plunger of the syringe before adding modules
or other particles.

For the 3 mm wide channels, we assembled a layer of glass
beads against the pillars in the microchannels by (i) submerging
the inlet tubing in a suspension of glass beads, and then (ii)
withdrawing the syringe connected to the outlet tubing. The
layer of glass beads prevented modules from deforming and
escaping the chamber during the flow of medium. To add
modules to the chambers, we pipetted a sample of modules
contained in cell culture medium into a conical tube and allowed
the modules to settle. We moved the inlet tubing to the conical
tube that contained the modules. Withdrawing the syringe at
the outlet channel pulled modules into the channel to form a
modular assembly. We pulled the modules into the chamber
instead of injecting them through a needle to avoid tearing of
the gel modules by the rough inside of the metal needle. For
modules over 100 lm in size, it was possible to count modules
in the inlet tubing before they packed together on the chip.

Construct perfusion

We perfused medium through the microfluidic chip containing
the construct by connecting a syringe filled with culture medium,
to the inlet, and regulating perfusion of the assembly with a

syringe pump at a rate of 200 lL per hour. During perfusion,
the entire microfluidic chip was submerged in PBS to prevent
the formation of gas bubbles in the channels. A 50 mL conical
tube collected waste medium from the tubing at the outlet.

Results and discussion

Fabrication of the modules

We fabricated cylindrical collagen modules (750 lm diameter,
500 lm length) containing 3T3 cells using a method described
elsewhere.40 After fabrication, we cultured a suspension of the
modules in medium for seven days, during which time the
cells proliferated in the gel, shrunk the modules (to an average
diameter of 280 ± 7 lm and an average length of 210 ± 6 lm
for 41 modules after seven days), and grew to a density near
that of native tissue (8.4 ± 0.5 × 107 cells cm−3, compared
to 108–109 cells cm−3 for native tissue). The density of cells in
the modules was calculated from measurements of the number
of cells per module and measurements module dimensions by
optical microscopy, as reported elsewhere.40 The modules were
denser, and easier to handle, after seven days in culture than
immediately after fabrication, and we therefore only loaded
seven-day-old modules into microfluidic chambers and channels
(see below). Fig. 2A shows a light microscopy image of a
module after seven days in culture. Dimensions of the modules
were highly reproducible within and across batches.40 Confocal

Fig. 2 Cell-containing gel modules in a microfluidic chamber. (A)
Light-micrograph of a 750 lm collagen module containing 3T3 cells after
five days in cell culture. (B) Confocal image of HepG2 cells in a collagen
module (seeded at 106 cells cm−3 17 h earlier). The nucleus was stained
with DAPI (blue); the cytoskeleton was labeled with CFSE (green),
and actin was labeled with phalloidin (red). (C) Schematic diagram
of parallel microfluidic chambers for the assembly and perfusion of a
porous assembly of modules (a “construct”). (D) Light-micrograph of
a construct of modules in the channel. The long pillars of PDMS held
the modules in place.
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imaging of the modules revealed highly detailed 3D cell–cell
interactions and cellular organization (Fig. 2B).

Fabrication of the chip

We used soft lithography39 to generate two types of channels
to form modular artificial tissues in microfluidic chips: a large
(3 mm wide) chamber that yielded poorly organized modules,
and a narrow (250 lm wide) channel that constrained the
positioning of the modules. To hold the modules in place in
the 3 mm wide chamber, we partially blocked one end of the
chamber with an array of 250 lm wide, 2 mm long PDMS
pillars at one end. The pillars were incorporated into the design
(see Experimental), and prevented modules from exiting the
chamber under the pressure of culture medium flowing at low to
moderate rates. To prevent modules from deforming and exiting
the chamber under the pressure of medium flowing faster than
∼100 lL h−1, we loaded a layer of 260 lm wide glass beads into
the microfluidic chamber before loading the modules into the
chamber: to load the beads, we connected polyethylene tubing to
both ends of the chamber and submerged the tubing at the inlet
in a suspension of glass beads, then manually applied suction at
the outlet with a 10 mL syringe.

We expected the packing of modules in narrow channels to be
more organized than their packing in the 3 mm wide chambers.
We fabricated narrow channels (150–500 lm wide) with narrow
“bottlenecks” (40 lm wide) before the outlet. Convective mixing
did not occur at the corners of channels wider than 500 lm that
had this design.

Perfusion of the assembly and retrieval of the modules

Seven days before loading the microfluidic chambers, we fab-
ricated collagen modules with encapsulated 3T3 cells (see Fab-
rication of modules, above) and suspended them in cell culture
medium. To load the modules, we connected polyethylene tubing
to the inlets of five parallel 3 mm wide microfluidic chambers
(containing a layer of glass beads; see above). We submerged
the polyethylene tubing in the suspension of modules. We then
applied gentle suction at each outlet to load modules into the
chip. Fig. 2C and 2D show a schematic drawing that represents
modules packed on a chip, and a corresponding image taken
using light microscopy. Passing the modules through the inlet
tubing and into the channel (for assembly) or vice versa (to
retrieve the modules from the device) did not visibly damage
them.

Approximately one metre of polyethylene (PE-60) tubing
connected each inlet to a 10 mL syringe of cell culture medium
mounted on a syringe pump. One more metre of tubing
connected the outlets to a single tube for waste medium. The long
tubing allowed the medium (at the inlet) to be kept outside of
the cell incubator at room temperature while the chip remained
inside. The medium passed through approximately 80 cm of
tubing inside of the incubators, so the medium reached 37 ◦C
before flowing through the chip. We perfused the modular
construct assemblies on the chip with medium at 200 lL h−1

for 24 h. The system is entirely compatible with longer periods
of perfusion, but we believe that 24 h is sufficient to show that
cells can be cultured successfully in 3D in the chip. Under high
rates of flow, the collagen modules deformed, passed through

the array of pillars, and exited the device; choosing a lower
rate of flow allowed us to avoid deformation of the modules.
Clogging of the device did not occur at any rate of flow used
here. Deformation of the modules limited the flow rates that
could be used. A flow rate of 200 lL h−1 was selected because
this did not produce module deformation. Furthermore, this
rate corresponded to 4.8 mL of medium over a 24 h period, and
that amount of medium is sufficient to maintain the viability of
an 75 cm2 flask, containing ∼106 3T3 cells, for 24 h . Since the
number of cells in one module was ∼103, we expected all the cells
on the chip to survive for at least 24 h under flow at 200 lL h−1,
even with 1000 modules in the chip.

After perfusion, we retrieved the modules from each channel
by reversing the direction of flow and collecting the modules
from the original inlet. The construct easily separated into
individual modules after gentle pipetting. To verify that the
cells inside the modular assembly remained healthy during
perfusion, we digested the collagen component of the modules
by incubating them in a solution of dispase and trypsin for
30 min, and pipetted the suspension up and down to break up
the gel. We stained the digested solutions with Trypan Blue,
which is excluded from living cells whose membranes are intact.
Cell counts revealed that less than 1% of the total number of
cells in perfused modules died after 24 h in the chambers.

Assembly of multiple cell types in 3D on a chip

To demonstrate the versatility of systems based on cell-
containing gel modules for 3D cell culture in microfluidic chips,
we built two types of mixed construct assemblies: (i) a semi-
ordered mixture of modules containing 3T3 fibroblasts and
modules containing HepG2 liver cells, and (ii) a highly ordered
assembly of three fluorescently labeled populations of 3T3 cells.
Both systems exploited the fact that narrow channels template
the packing of objects that fill the channel.37 The packing
behavior of soft, cylindrical modules differs, however, from
that of rigid glass spheres (Fig 3, see ESI† for a more detailed
discussion of these differences).

Fig. 3 Templated packing of hard and soft objects in microchannels.
Glass beads (260 lm wide) in microchannels (A) 2 mm, (B) 500 lm,
and (C) 250 lm wide. The beads were most ordered when confined to
the narrowest channels. Agarose cylinders (150 lm diameter, 300 lm
long) in microchannels (D) 2 mm, (E) 500 lm, and (F) 150 lm wide also
showed more order in narrow channels than in wide ones.
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To demonstrate that it is possible to create a construct of
multiple cell types, we generated 750 lm long, 500 lm wide
modules that contained either 3T3 cells or HepG2 hepatocytes,
and additional 3 mm wide microfluidic chambers. As above, we
cultured the modules in suspension for seven days and loaded
a layer of glass beads into the devices before adding modules.
We also incubated each type of module with a different color
of fluorescent probe. The modules containing HepG2 cells were
visibly larger than those containing 3T3 cells, because HepG2
cells do not pull on the collagen and contract the gel as their
population increases.7,42–44

Both types of modules loaded easily into the chamber, either
separately (Fig. 4A, modules containing 3T3 cells only and
Fig. 4B, HepG2 only) or in a random mixture (Fig. 4C). By
alternating layers of modules containing 3T3 cells with layers
containing HepG2 cells, we generated assemblies for semi-
organized co-culture (Fig. 4D–F). These layered assemblies were
more ordered than the random mixture, and including a layer of
glass beads between layers of different types of modules (Fig. 4)
allowed even greater order and control over the minimum
distance between types of cells. In all of these layered assemblies,
some glass beads did occasionally mix into the layers of modules
during loading, but the beads did not appear to harm the cells
or damage the modules. The soft HepG2 modules deformed
more under the pressure of flow than did modules containing
3T3 cells, so the layered assemblies were limited to ∼5 mm in
length. The largest assemblies with multiple types of cells were
approximately the same size as gel assemblies used elsewhere in
modular tissue engineering.7

To demonstrate that templated assembly in microfluidic
channels can yield well ordered arrays of modules, we formed a
modular assembly that contained three differently labeled pop-
ulations of 3T3 cells encapsulated in collagen gel. As described
above, we fabricated collagen modules that contained 3T3 cells,
and allowed the cells to proliferate in the modules for seven days.
We then divided the modules into three groups, and incubated
each group with a different color of fluorescent probe (see ESI†),
and then loaded modules from each group sequentially into a
250 lm wide microchannel by moving the tubing at the channel
inlet from one group of modules to another. Fig. 5 shows a light
microscopy image, and the corresponding fluorescent image, of
three different types of modules assembled in a microfluidic
channel.

Previously, some groups have attempted to generate mi-
crofluidic systems for cells in 3D. Tang and co-workers have
demonstrated 3D cell culture in microfluidic channels by using
microtransfer molding,45 and Tan et al. used micromolding
in capillaries to generate isolated and interconnected collagen
structures with encapsulated fibroblasts.46,47 It is unclear how
well such systems simulate the cellular microenvironment of
native tissues, since most cell culture in channels has involved
culturing the cells at low densities to avoid distortion of the
molded gel inside of the channels; this distortion occurs as the
gel is populated and remodeled by proliferating cells.42–44,48 Sepa-
rating the culture of the cells in 3D (by culturing the modules in
suspension) from the assembly of the 3D system in the microflu-
idic chip alleviates this problem in the system discussed here.

After building the devices and loading them with modules,
a major challenge of this work was demonstrating that some

Fig. 4 Mixed modular assemblies on microfluidic chips. (A) Light-
micrograph of an assembly of modules containing HepG2 cells. (B)
Light-micrograph of an assembly of modules containing 3T3 cells. (C)
Light-micrograph of an assembly of a mixture of modules containing
HepG2 or 3T3 cells. (D) Light-micrograph of an assembly containing
a mixture of types of modules. (E) Layered assembly of modules
containing 3T3 cells, glass beads, and modules containing HepG2 cells.
(F) Image of construct formed by layering 3T3 (un-colored) and HepG2
modules (red). The image was formed by combining the fluorescent
channel and phase channel images showing only the top layer of modules
contain the red HepG2 cells.
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Fig. 5 Templated assembly of gel modules containing three differently
labeled groups of cells. Three batches of modules were fabricated, and
each batch contained 3T3 cells labeled with a different fluorescent
dye. Sequentially loading a narrow microfluidic chamber with modules
from each batch generated an organized array of modules. (A) Light
micrograph of a sequence of modules in a templated assembly in a
microchannel. (B) Fluorescent image of (A).

rate of fluid flow through the modular assembly is (i)
sufficiently rapid that all cells in the modules can receive enough
nutrients to avoid death, but (ii) slow enough that pressure does
not build and deform (or destroy) the gel modules. In the 3 mm
wide channels, over 99% of 3T3 cells encapsulated in modules
survived for 24 h at flow rates up to 200 lL h−1 (∼1 mL h−1), and
the modules did not deform or suffer damage during perfusion
or removal from the chamber. Narrow channels or soft modules
(e.g., modules that contain HepG2 cells) require low rates of
perfusion to avoid deformation of the modules. Since collagen
is a weak hydrogel,49 our modular devices were rather simple,
but they demonstrated that it is possible to culture 3D gel
modules containing cells inside of a microfluidic chip. More
rigid hydrogels that have been developed for the encapsulation
of cells50 may allow the generation of much more complicated
modules and assemblies.

In addition to forming randomly assembled “tissues” in
microfluidic channels, we wanted to develop a method to
generate greater organization of the modules on the chip for
studies with multiple types of cells. Drawing on previous work
in our group,37 we used the channel to template the assembly
of modules into an ordered structure; in the current work, the

objects to be organized were soft cylinders instead of rigid
spheres. In channels much wider than the modules, random
packing occurred. In channels approximately twice the width
of the modules, the soft modules became noticeably more
organized (soft components did not, however, pack into arrays
as highly ordered as did glass beads). Channels with widths
comparable to the dimensions of the modules resulted in the
greatest degree of organization. The ratio of the dimensions
of the channels to the dimensions of the modules therefore
determines the extent of ordering in the packed assembly.

Modules are soft, deformable, and less regularly shaped
than, for example, glass beads; modules therefore packed into
somewhat disordered assemblies, except when the channels were
approximately the same diameter as the modules (Fig. 3). Gel
modules, unlike glass beads, deformed under the shear force
of flowing fluid; this effect limited the length of even our well
ordered assemblies (Fig. 5). To minimize disorder and damage
caused by shear, we perfused our microfluidic systems at rates of
flow that did not noticeably deform the modules. (An alternative
option is to develop more rigid material for the encapsulation of
cells.50)

One benefit of this modular system is the ability to encapsulate
different types of cells, either in the same module, or in
different ones; mixing different types of modules then forms
an assembly that contains multiple types of cells. We believe that
the ability to culture cells in 3D, and then further to organize
the gel objects that contain cells, into a 3D array will allow
hierarchical structures for the study of 3D cell–cell interactions
and signaling. Here we generated two artificial tissues with
different structures containing HepG2 cells and 3T3 fibroblasts:
a random mixture of modules, and layered structures (Fig. 4C–
4E). It was particularly easy to assemble a random mixture of
multiple cell types, and this method of assembly will find use
in experiments where precise organization of the different types
of cells is not critical—for example, when intercellular signaling
takes place over a length-scale comparable to the dimensions
of the modules. The mechanical strength of the gel still limits
the maximum size of the assembly, however, since the softest
modules will deform first under shear in a mixture of modules.

Generating modular tissues in microfluidic chips offers several
advantages over either 2D cell culture in microfluidic channels
or 3D culture in large blocks of gel or other matrices: (i) easy
control over the conditions of cell culture, (e.g., rate of fluid
flow and composition of the medium); (ii) parallel fabrication
and experimentation on multiple chambers on a single device
(to date, most tissue-engineered constructs for use as culture
models have been cumbersome and have not allowed multiple
experiments to be performed in parallel); (iii) increased sensitiv-
ity to rare analytes, due to the small volumes of sample used in
microfluidics; (iv) easy imaging of cells in modules by standard
tools such as confocal and light microscopy. Microfluidics allow
far more control over the cellular microenvironment than does
culture of modules in suspension, and we expect future work to
exploit this control in analysis and other applications.

Conclusions

We have generated a simple technique for assembling ∼200 lm
sized gel modules that contain cells at densities near that of
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native tissue (108–109 cells cm−3) in a microfluidic chamber.
With this technique, it is possible to design the composition
and architecture of an artificial modular tissue by assembling
multiple cell types in different modules, and then organizing
the modules in a confined chamber. By allowing placement of
cell-containing gel modules with sub-mm precision, this system
provides a 3D cellular microenvironment that is better controlled
and more complex than that provided by most other methods
of 3D cell culture, yet is simple enough to be accessible and
attractive to biologists. Building the system on a transparent
microfluidic chip allows real-time imaging of the assembled
artificial tissue, and allows the investigator to alter the inputs
to or monitor the outputs from the chamber. Removing the
individual modules from the chip at any time allows standard
biochemical analysis of the cells. We believe that combining
3D cell culture in gel modules with the control provided by
a microfluidic device will allow new studies of the differences
between cell behavior in 2D and in 3D environments.

Developing realistic and versatile systems to study the behav-
ior of cells in 3D is important to improve our understanding
of in vivo tissues under normal and pathological conditions.
In order to be widely adopted, a new system for cell culture
must offer easy control over a variety of experimental variables,
including density and organization of cells, and must also enable
the creation of a realistic cellular microenvironment. We believe
that engineered modular “tissues” assembled from particles of
gel that encapsulate cells will be useful for studying the behavior
of cells in 3D. Engineered tissues provide greater control over
the cellular microenvironment than do other methods of 3D
cell culture, and can therefore simulate in vivo tissue more
accurately than, for example, culturing cells in spheroids.29–32,51

Microfluidics provides extensive control over many experimental
variables in cell culture,4,35,41,52,53 but most of the microfluidic
systems used to study cells have examined 2D cell culture at
the bottom of microfluidic channels.54–56 The work presented
in this paper combines the advantages offered by modular
tissue engineering—an approach that enables 3D cell culture
at high density of cells—with the geometric control provided by
microfluidic devices.
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