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We present a microfluidic cell culture array with unique versatility and parallelization for experimental
trials requiring perfusion cultures. Specifically, we realize a rectangular chamber array in a PDMS
device with three attributes: (i) continuous perfusion; (ii) flow paths that forbid cross-chamber
contamination; and (iii) chamber shielding from direct perfusion to minimize shear-induced cell
behaviour. These attributes are made possible by a bridge-and-underpass architecture, where flow
streams travel vertically to pass over (or under) channels and on-chip valves. The array is also designed
for considerable versatility, providing subarray, row, column, or single chamber addressing. It allows
for incubation with adsorbed molecules, perfusion of differing media, seeding or extraction of cells, and
assay staining. We use the device to characterize different phenotypes of alveolar epithelial type IT
(ATII) cells, particularly the extent of epithelial-to-mesenchymal transition (EMT), a highly suspected
pathway in tissue regeneration and fibrosis. Cells are cultured on combinations of matrix proteins
(fibronectin or laminin by row) and soluble signals (with or without transforming growth factor-1 by
column) with two repeats per chip. Fluorescent assays are performed in the array to assess viability,
cytoskeletal organization, and cell-cell junction formation. Assay and morphological data are used to

tease-out effects of cues driving each phenotype, confirming this as an effective and versatile

combinatorial screening platform.

Introduction

Over the past several years, numerous works have demonstrated
the utility of microfluidic arrays as screening tools to culture cells
in diverse microenvironments.’* Interest in microfluidic systems
arises from the prospect of very low sample usage, highly-par-
allelized experiments, and well-controlled culture conditions, all
of which are facilitated through miniaturization. With respect to
microenvironments, the screening of cellular responses to
simultaneous stimulation of soluble and extracellular matrix
(ECM) cues is a broad line of inquiry that is particularly useful in
studying phenotype transitions. Epithelial-to-mesenchymal
transition (EMT) is one such transition that is implicated in
numerous developmental and pathological processes. Greater
understanding of phenotype transitions could lead to new ther-
apeutic approaches, facilitated by microfluidic arrays with new
capabilities.
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Microfluidic chamber arrays have been developed in many
forms, and most can be categorized into one of three generalized
architectures. First, there are open array architectures, where all
chambers are fluidically linked, allowing flow and diffusional
transport among chambers.”* The extent of cross-chamber
communication (convective or diffusional) is determined by the
flow rate, flow direction, and device geometry. Second, there are
architectures isolated by rows/columns, where flow is restricted
to individual rows (or columns) by valves or other barriers.?*'¢
Therefore, only communication among chambers within rows
(or columns) is possible. Signals secreted from cells in upstream
chambers may be a concern, the extent of which depends upon
the signal and its concentration, which in turn is determined by
cell density, secretion rate, and flow velocity. Third, there are
architectures where the chambers are completely isolated from
each other and individually addressed. This eliminates cross-
chamber communication by extensive use of on-chip valves and
bussing channels.'”!®

In addition to the general array architecture, the chamber
design is also an important feature, particularly with respect to
shear stress.” Undesired shear-induced cell behaviour can be
minimized by the use of flow barriers to protect cells from shear®
or by recessing the chamber from the main flow path.”*

In this work, we introduce a microfluidic array architecture
that demonstrates a novel combination of attributes: continuous-
perfusion through each chamber, no cross-chamber communi-
cation (ie. contamination), and chamber shielding to reduce
shear stresses experienced by cells. At the same time, a high degree
of versatility is offered, as well as experimental parallelization.
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We demonstrate the utility of this device by studying the effect of
extracellular matrix (ECM) proteins fibronectin (Fn) and lam-
inin (Ln), in conjunction with the soluble transforming growth
factor- B1 (TGF-B1), on the extent of EMT in alveolar epithelial
cells. This requires a combinatorial experimental setup that takes
advantage of the attributes of our device design. While the
experiments conducted here are meant as a validation of previous
findings regarding the role of ECM in the regulation of epithelial
cell responses to TGF-B1, understanding the complex integration
of extracellular signals on cell fate has significance in the study
of tissue development, homeostasis, repair/regeneration, and
pathology. Enabling massively parallel interrogation of orthog-
onal substrate and soluble signals will contribute significantly to
the rapid identification of critical integrin-growth factor receptor
synergistic signals regulating complex cell behaviours, as well as
the ability to rapidly screen potential therapeutic compounds to
regulate such complex cellular behaviours.

Experimental
Fabrication

A schematic of the device architecture is shown in Fig. 1, high-
lighting the main attributes and features (chamber and channels)
associated with a unit cell of the array. Devices are fabricated
using a combination of techniques, including soft lithography,?
multi-layer PDMS thermal bonding,?* and through-hole pro-
cessing. Fabrication requires two master molds (masters A and
B). Each master is a silicon wafer (100 mm diameter) with
a photoresist pattern forming device features in positive relief.
Photoresist patterns are realized using standard photolitho-
graphic methods.??
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Fig. 1 Schematic of device architecture. Three-dimensional flow
network requires through-holes (middle layer) that fluidically connect top
and bottom layers. White arrows indicate selected locations where flow
travels 3-dimensionally. (i) Chamber is continuously-perfused by
inflowing medium. (ii) Cross-chamber communication is avoided; fresh
medium from a delivery channel (not shown) flows through the chamber
and into an exit channel (also not shown). (iii) High-resistance conduits
on chamber ceiling shield the protected area from the majority of flow.
The chamber, along with supporting channel network, is repeated to
realize a 2 x 4 prototype array device. Three-dimensional flows and
bridge/underpass points are essential to implement a rectangular array of
chambers with continuous perfusion, no cross-chamber communication,
and versatility described in this work.

Master A contains a two-layer pattern of SU-8 (MicroChem
Corp., Newton, MA, USA), a negative-type photoresist. The first
layer is 50 um tall, and its features define the “bottom” device
layer. The second layer, which is patterned on the first layer, is
30 um tall with features defining the “middle” device layer (i.e.
through-holes).

Master B contains patterns made of both AZ P4620 (AZ
Electronic Materials Corp., Branchburg, NJ, USA), a positive-
type photoresist, and SU-8. The AZ P4620 features (35 um tall)
define flow channels. These channels have a semi-circular cross-
section, allowing them to be fully closed by push-up valves
located throughout the device. The SU-8 features (7 pm tall)
correspond to conduits (four for each chamber) that allow
perfusion through the chamber ceilings (Fig. 1). See ESI for
further discussion of master mold fabrication.}

Devices are made of poly(dimethylsiloxane) (PDMS) using the
process summarized in Fig. 2(a). Through-holes are realized by
adapting the compression-molding techniques of Folch et al?®
and Kim et al* with certain modifications. Briefly, PDMS
(Sylgard 184, Dow Corning Corp., Midland, MI, USA) with
a base-to-curing agent ratio of 20 : 1 is mixed and degassed under
vacuum in a desiccator for 2 h. The PDMS is then spin coated
onto master A to a thickness of 200 um. A mylar transparency is
laminated on top of the PDMS; care is taken not to introduce
bubbles between the transparency and PDMS. More trans-
parencies are added, including small device-sized transparencies
located above device positions (see ESI Fig. 11). Additionally,
a blank silicon wafer, cloth sheets (TechniCloth II, ITW
Texwipe, Mahwah, NJ, USA), and steel blocks (total weight
~40 1bs) are placed on the stack to displace PDMS from the top
of the tallest SU-8 features. The entire stacked assembly is placed
on a flat bake plate (CEE 100CB plate, Brewer Science Inc.,
Rolla, MO, USA) at 80 °C for 10.5 min. After cooling, the stack
is disassembled, and the transparency is peeled off the PDMS
surface. Hence, master A is left with a layer of partially cured
PDMS that is the same height as the tallest SU-8 features
(~80 pm); the tops of such features are devoid of residual PDMS,
resulting in well-defined through-holes.

The PDMS on master A is aligned and bonded to a subsequent
PDMS layer, which is derived from master B as follows. PDMS
with a base-to-curing agent ratio of 5 : 1 is mixed, degassed (2 h),
and poured onto master B to a thickness of 4 mm. The PDMS is
cured at 70 °C in a convection oven for 20 min. After cooling, the
PDMS is peeled off the master and cut into individual device
slabs. Inlet and outlet ports are cored through the slabs using
20G luer stubs.

Each slab is aligned and attached to corresponding locations
on the PDMS layer of master A. The two layers are then cured
at 70 °C for at least 4 h to fully bond into a monolithic device.
After cooling, the devices are peeled off the master, and valve
control ports are cored through the devices using 21G luer
stubs. Finally, each device, along with a glass slide, is exposed to
air plasma for 30 s (Plasma Cleaner PDC-32G, Harrick Plasma,
Ithaca, NY, USA), and the two are brought into contact and
irreversibly bonded. Thus, each microfluidic “chip” is comprised
of a PDMS device containing all the topographical features
(channels, chambers, through-holes, efc.) bonded to a glass
substrate. A 2 x 4 array of cell culture chambers is in each
device.

572 | Lab Chip, 2010, 10, 571-580

This journal is © The Royal Society of Chemistry 2010



@) spiy ®)

PDMS
-—--...___,...--—-—._.--—-—..'._/__,/

*—— Si wafer

chamber
[

chamber

(c) chamber (cells
(fully isolated)
1

flowing through)
Al
1

STACK & PARTIAL CURE (master A)
G weight cloth
—_— : ECM 2
men o blank Si wafer

_— transparency
] stack ! & Y
] e v
%I::} displaced PDMS bridge *® ::Iosed valve cell bypass
(underpass) channel
ALIGN, BOND & FULL CURE (d) medium 1 medium2 (e assay 1 assay 2
~— PDMS device (delivery) (delivery) (o). lipyied)
N / from master B i i % N b

@ align and bond

b

PLASMA BOND TO GLASS

I through-hole
=i l—ir=0l

=—— glass substrate

(exit)

‘.
medium 1 medium 2

(exit)

Fig. 2 Device fabrication (a) and selected modes of operation shown in a subarray of 4 chambers (b—¢). (a) PDMS devices are fabricated using soft
lithography, thermal bonding, and compression-molding. To improve yield of well-defined through-holes, modifications to previously reported
compression-molding techniques were developed (see Results and Discussion and ESIf). (b) ECM incubation: matrix molecules adsorb to chamber
surfaces by rows or individual chambers. (c) Cell loading: cell suspension flows into rows, and chambers are isolated (individually or together) to confine
cells. Cells attach and spread. (d) Culture: Perfusion of different media by columns. Channel architecture directs flows over/under other flows to avoid
cross-chamber communication. (e) Assay: Solutions flow through the entry or exit channels to label cells with desired probes. Illustrations not to scale.

Simulation of chamber flow field

The chamber is designed to provide continuous perfusion while
protecting cells from adverse shear stress. To achieve these
effects, a barrier is used to divert the majority of flow around
a protected area where cells grow. Conduits (with high hydraulic
resistance) on the ceiling of the chamber are intended to allow
adequate mass transport through the protected area to nourish
cells without undesired shear. To validate this rationale, a 3-
dimensional finite element model of the chamber is constructed
using the COMSOL software package (Multiphysics 3.3,
COMSOL AB, Stockholm, Sweden).

The geometry of the model represents a half chamber, which
exploits the two-fold symmetry of the design. All boundary
conditions are no-slip, except for the inlet, outlet, and symmetry
boundaries. Flow is driven by imposing a pressure drop between
the inlet and outlet (positive pressure at inlet boundary and zero
pressure at outlet boundary). The Navier-Stokes equations are
solved at a variety of flow rates, using water as the medium. The
resulting flow fields are used to generate flow velocity profiles and
compare residence times through the diverted and protected
areas of the chamber (Fig. 4 later).

Cell culture off-device

RLE-6TN cells (ATCC, Manassas, VA, USA), a rat-derived
ATII cell line, are maintained in D-MEM/F-12 medium (Gibco
10565, Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine

serum and 1% penicillin/streptomyocin. Cells are incubated at
37 °C and 5% CO,, and medium is changed every 48-72 h.

Prior to each trial, cells are detached from their culture flask
using trypsin-EDTA solution (0.25% w/v trypsin and 0.53 mM
EDTA, Gibco 25200, Invitrogen, Carlsbad, CA, USA). Once the
cells are detached, excess medium is added, and the suspension is
centrifuged. The supernatant is aspirated, and the cells are
resuspended in medium to a density of ~3 x 10° cellsymL and
loaded into the device.

Microscope setup and supporting apparatus

Device preparation, cell loading, and assays are performed on
a DM IRB/E inverted microscope (Leica Microsystems GmbH,
Wetzlar, Germany) at 10x or 20x magnification in phase
contrast mode or fluorescence mode (ESI Fig. 2). Hollow stain-
less steel pins (L-shaped, 21G) are press-fitted into device ports
and are connected to flexible plastic tubing (PE-60) for fluid and
pressure delivery. Perfusion is driven by syringe pump (PHD
2000, Harvard Apparatus, Holliston, MA, USA). Pressurization
of on-chip valves is regulated by off-chip miniature solenoid
valves (Hargraves Technology Corp., Mooresville, NC, USA)
attached to a pressure source at 30 psig. Images are captured
using a digital CCD camera (ORCA C4742-95-12, Hamamatsu
Photonics, Hamamatsu City, Japan). Valve actuation and image
capture are computer-controlled using a custom-designed inter-
face written in the LabVIEW programming environment
(National Instruments Corp., Austin, TX, USA).

This journal is © The Royal Society of Chemistry 2010
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Device preparation and cell culture in-device

Devices are prepared to culture cells under four different signal
combinations: Fn only, Ln only, Fn with TGF-B1, and Ln with
TGF-B1. Fn and Ln (33016 and 23017, respectively, Invitrogen,
Carlsbad, CA, USA) solutions used for incubation are both
50 nM concentration in phosphate buffered saline (PBS). When
present, TGF-B1 (R&D Systems, Minneapolis, MN, USA)
concentration is 5 ng/mL.

Each device is pre-filled with PBS. To prevent on-chip valves
from introducing gas bubbles into the device during experi-
ments, each valve is filled with water. Solutions of ECM protein
are introduced through row inlet ports, and each solution is
addressed to selected chambers by opening the appropriate on-
chip valves. The ECM is incubated at 37 °C for 1 h to allow
matrix molecules to adsorb to chamber surfaces. Following
ECM adsorption, the device is filled with heat-denatured BSA
solution (1% w/v in PBS) and incubated at room temperature for
30 min to block surfaces from non-specific binding. The device is
then flushed with additional PBS, and rows are isolated from
each other with on-chip valves.

Cell suspension is then introduced into the inlet of each row
and flows through all chambers in the row. Cells are confined to
a chamber by closing its chamber isolation valves. Bypass
channels allow cells to travel around closed chambers to other
chambers. If the density or distribution of cells in a chamber
is unsatisfactory, the isolation valves can be momentarily re-
opened and closed to sample another set of cells.

The device is transferred from the microscope to an incubator
at 37 °C and 5% CO». Medium is introduced into medium inlet
ports and perfuses through each column at 0.3 pL/min.

Cell assays

All assays are performed after 48 h in culture in the device. Cell
viability is determined by staining with two-probe LIVE/DEAD®
solution (L-3224, Invitrogen, Carlsbad, CA, USA) prepared by
the manufacturer’s specifications (2 uM calcein AM and 4 uM
ethidium homodimer-1 in PBS). LIVE/DEAD solution is intro-
duced to the device through an assay port (ESI Fig. 3), flow is
stopped, and the stain is incubated for 30 min before imaging.

To characterize differences in spreading and cell shape in
response to culture conditions, actin cytoskeletons are labeled
with Texas Red®-X phalloidin (T7471, Invitrogen, Carlsbad,
CA, USA) and imaged. The following washes are flowed through
the array: (i) fix with 4% v/v paraformaldehyde in D-MEM/F-12
medium for 15 min; (i1) PBS rinse; (iii) acetone permeabilization
for 10 min; (iv) PBS rinse; and (v) phalloidin in PBS (160 nM,
prepared by manufacturer’s protocol) for 20 min. Flows are
~1 pL/min. Washes are performed by alternating the introduc-
tion of the different solutions through the assay/exit ports.

To characterize differences in the extent of epithelial junction
formation, immunofluorescent staining for E-cadherin is per-
formed. The following washes are flowed through the array: (i)
fix with 4% v/v paraformaldehyde in D-MEM/F-12 medium
for 10 min; (ii) PBS rinse; (iii) Triton X-100 (0.5% w/v in PBS)
permeabilization for 10 min; (iv) PBS rinse; (v) goat serum (10% v/
v in PBS) blocking for 15 min; (vi) primary antibody (36/E-Cad-
herin, BD Transduction Laboratories, San Jose, CA, USA) in
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exit delivery
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Fig. 3 Flow characterization with colored dyes. (a) Prototype device is
a 2 x 4 chamber array. Blue dye loaded in 3-D flow channel/chamber
network; darker square features indicate through-hole locations. Purple
dye in valve control channels. (b-c) Chambers can be individually
addressed with ECM, cells or assay solution. Yellow dye displaces blue dye
in 2 chambers. (d-f) Cross-chamber communication avoided by routing
flow through each chamber from delivery channel to exit channel (curved
arrows). Upper-right valve is opened and blue dye flows through chamber.
Images at 5, 10, and 20 s after valve opens at experimental flow rate. Flow
into the protected area is markedly slower due to high-resistance conduits.
Scale bars: (a—c) 1000 um, (d—f) 500 pm.

PBS + 0.2% w/v Tween (PBST) static incubation for 12 h over-
night; (vii) PBST rinse; (viii) secondary antibody in PBST (Alexa
Fluor® 488-conjugated goat-anti-mouse, Santa Cruz Biotech Inc.,
Santa Cruz, CA, USA) static incubation for 1 h; and (ix) PBST
rinse. Optimization of the protocol showed that Triton X-100
permeabilization produces better-quality fluorescent images
(more visible staining) compared to acetone permeabilization. All
flows are ~1 pLL/min, and the introduction of different solutions is
alternated between assay/exit ports.

Data analysis

To quantify morphological differences, cells are traced by poly-
lines using image processing software (Image-Pro 6.1, Media
Cybernetics Inc., Bethesda, MD, USA). Sample cell traces are
shown in ESI Fig. 4. Circularity and area of cells is calculated for
each culture condition (30 randomly selected cells per condition,
10 from each of 3 trials). Circularity, C, is defined as C =47 A/(P?),
where A is cell area and P is cell perimeter. A circularity of
1 corresponds to a perfectly circular shape.

For LIVE/DEAD assays, cells emitting on each fluorescent
channel (green/red) are counted for each condition (6 trials per
condition), and percentages live/dead are calculated.
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All statistical analyses are performed by multi-variate
ANOVA using Prism software (GraphPad Software Inc., La
Jolla, CA, USA). A Tukey’s posthoc test is performed.

Device design and rationale

Our design objective is to unite three beneficial attributes into
a versatile, multiple-mode chamber array for cell culture and
assay. The array is designed in a scalable, rectangular configu-
ration so as to emulate the traditional well plate format with
which life scientists are already familiar. In addition, other
factors are considered in the design to provide additional
experimental flexibility and reliability.

Three attributes

The first attribute is continuous perfusion. Continuous perfusion
is desirable because it offers greater control of the cellular
microenvironment when compared to traditional static culture.
The concentration profile of any soluble signal of interest could
be spatially and temporally controlled, whether the signal is pre-
loaded into the medium or is secreted by cells in the chambers.
Such control has proven useful in eliciting more physiological
responses from a variety of cells in culture.?5-3¢

The second attribute is the implementation of flow paths that
forbid cross-chamber contamination. Flow paths are arranged
such that once a streamline passes through a chamber, it does not
pass through any other chambers before exiting the device.
Therefore, there is no cross-talk from chamber to chamber,
which eliminates the confounding effects of signals from neigh-
boring chambers. This is especially important when cells are
known to be highly-sensitive to signals present in other chambers
(i.e. conditions) of the array or when the sensitivity of the cells to
such signals is unknown. Additionally, fluid handling systems
used with traditional well plate arrays are subjected to thorough
cleaning procedures to minimize carryover contamination
between wells.>"*? For microfluidic arrays to yield biologically
significant data, they must (among other things) meet or exceed
the rigor of traditional systems in avoiding contamination.

The third attribute is a chamber design that reduces the shear
stress applied to cells by shielding them from direct flow. One
example of a shielded chamber is by Lee et al.,® where the
majority of perfusing medium is diverted around a wall-like
barrier, which surrounds a protected area where cells reside.
Narrow conduits (gaps or mini-channels) in the barrier allow
a small fraction of the overall flow to penetrate through the
protected area and transport nutrients to the cells. The fraction
of flow is determined by the hydraulic resistance of the conduits,
which in turn is determined by their geometry. The chamber
designed in this work is conceptually similar to the one just
described. However, there is a notable difference: the chamber is
designed so that flow enters and exits the protected area through
conduits on the ceiling, a different plane from where the cells are
attached. Flow must travel in three dimensions — vertically
upward, horizontally across a conduit, then vertically down-
ward. Two conduits serve as inlets at the upstream end of the
chamber, and two serve as outlets at the downstream end
(Fig. 1). The purpose is to avoid cell migration or proliferation
into the conduits, which could block the flow path (see ESI

Fig. 6). This is especially likely for cells that require seeding at
high densities (i.e. epithelial cells).

Modes of operation

A key philosophy in designing the array is not only to combine
the three attributes above, but also to provide considerable
versatility to the user. Such versatility is demonstrated through
multiple modes of operation and chamber addressing configu-
rations. Fig. 2(b-e) show four basic modes of operation: (i)
incubation of chamber surfaces with selected extracellular matrix
(ECM) molecules; (ii) loading of cells into chambers; (iii)
perfusion of selected growth media; and (iv) assay of cellular
response to culture conditions. In addition to the addressing
configurations illustrated in Fig. 2(b-e), other configurations can
be implemented in order to generate more combinations of
culture conditions or increase replicates. For instance, different

(a) ? / conduit -
symmetry — & é . / )

boundaries

;0.5

normalized velocity

diverted flow

2 0.0

Fig. 4 Simulation of chamber flow field. (a) Oblique view of model
geometry with solution shown in slice plot. Volumetric flow rate through
diverted channel estimated as 90% of total flow (10% perfuses through
protected area). (b) Shear stress field at floor of the chamber, solved using
experimental flow rate. Shear on diverted surfaces is over an order of
magnitude greater than in protected area. (c) Same solution as (b) with
heat plot re-scaled to visualize shear stress in protected area; >85% of
surface area less than 0.005 dyn cm=2.
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cell types could be loaded into separate rows, as opposed to
a single cell type.

A compelling feature of the array is the ability to address
individual chambers. Individual addressing is possible because
four on-chip valves regulate flow into each chamber (two for
column flow and two for row flow). When all four valves are
closed, the chamber is fully isolated from the rest of the array. As
a result, the experimentalist is given the opportunity to assign
conditions or query a response with a high degree of specificity. If
desired, different ECM molecules, cell types or assay reagents
could be addressed to each chamber. As shown in Fig. 2(c),
independent addressing is particularly useful during cell loading
(see ESI Movie 17). As the cell suspension flows across a row, the
cell density tends to vary spatially, which is troublesome when
the objective is to load each chamber with roughly the same
number of cells. If the cell density in a chamber is unsuitable,
then the valves can be opened momentarily and then closed again
to sample a new set of cells. This can be repeated until the
appropriate density is achieved. Furthermore, once a chamber is
isolated, the flow of cells to other chambers continues uninter-
rupted, since cells can travel around isolated chambers via bypass
channels. It is important to note that the ability to load cells by
individual chambers also implies the ability to extract cells from
an individual chamber of interest after the culture is completed.

Bridge-and-underpass architecture

Chambers in the device are arranged in a rectangular grid. This
configuration is an obvious choice, since the chambers are effi-
ciently packed in the grid, and it resembles rectangular arrays
found in traditional well plates.

Less obvious is the architecture required to implement the
rectangular array. In order to achieve the attributes and versatility
described herein, it is necessary for flow streams to occasionally

Fn + TGF-1

navigate over (or under) other flow streams as they travel through
the array. This avoids cross flows. Flow streams navigate over (or
under) other streams by traveling vertically between layers.
Vertical flows take place within through-holes that fluidically link
the layers. The result is a microfluidic channel network with three-
dimensional flows that resemble roadway bridges and under-
passes. Without the bridge-and-underpass architecture, the rect-
angular array configuration would be impossible.

The array device is comprised of three layers. The bottom layer
contains flow channels, cell chambers, and control channels (for
on-chip valve actuation). The middle layer contains through-
holes that connect the top and bottom layers. The top layer
contains flow channels, as well as conduits that allow flow into
the protected areas of chambers (Fig. 1).

Results and discussion

In this work, we introduce a microfluidic living cell array,
comprised of 8 culture chambers that do not cross-communicate,
are continuously perfused, and are designed to protect cells from
undesired shear stresses. This unique set of capabilities is
demonstrated by studying the epithelial-to-mesenchymal transi-
tion (EMT) of alveolar epithelial cells in response to pairwise
combinations of immobilized (Ln/Fn) and soluble (TGF-B1)
signals. Because TGF-B1 induces the expression of numerous
soluble factors, including additional TGF-f1,**3
contamination among chambers in the array must be prevented
for proper experimental control. Otherwise, cross-chamber
contamination of soluble cues, including exogeneous or induced
TGF-B1 secretion, would produce confounding phenotypes. The
features introduced herein make it possible for well-controlled
interrogation with different signal combinations under ideal
culture conditions in a versatile and scalable chamber array

Cross-
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Fig.5 Phase contrast images (representative) of ATII cells after 2 d culture. Matrix and soluble factor signaling combinations of (a) Ln, (b) Ln + TGF-
B1, (c) Fn, (d) Fn + TGF-B1. Monolayer with extensive cell-cell contacts suggests epithelial phenotype in Ln condition. Lower relative density suggests
decreased proliferation and/or apoptotic events for Ln + TGF-B1 condition. (¢) Box plot of cell circularity for each signal combination. Calculated from
traces of 30 randomly selected cells (3 trials, 10 per trial) for each signal combination. Boxes span 25th to 75th quartiles (median line inside) with lower
and upper extreme values noted by whiskers. Significant p-values in brackets. Scale bar 100 um.
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format. Multiplexing with the array makes it easy to load cells
and reagents with minimum dead volume in the system, hence
saving reagents.

Device characterization

We have successfully fabricated the array device using the
adapted through-hole process described earlier. We found that
yield is significantly improved if we apply the following modifi-
cations. When weight is applied, the pressure is focused above
each device by adding small transparency sheets cut to the size of
devices on top of the transparency stack (ESI Fig. 1). We
observed that this improves through-hole yield, presumably
because it assists in displacing PDMS from the tops of SU-8
features by providing a nearby reservoir between devices into
which PDMS can flow. We also use soft cloths (Texwipes) in the
stack, further improving the through-hole yield by providing
a more uniform distribution of pressure across the master and
over each device. In addition, the PDMS is partially cured (in lieu
of fully cured) so it can be thermally bonded to a subsequent
PDMS layer (from master B). The thermal bonding technique
provides ample time to properly align the two PDMS layers. This
differs with air plasma bonding, which affords far less time (<1
min after plasma surface activation). Extra time is beneficial,
particularly for manual alignments, or for aligning multiple
devices on a single master, which could take more than a minute
to complete (whether manual or automated).

An array device loaded with colored dyes (water as carrier
fluid) is shown in Fig. 3. Individual addressing offers the versa-
tility to load different cells or adsorb different matrix molecules
in each chamber (Fig. 3(b—c)). Also, individual addressing allows
the experimentalist to fine-tune the cell density in each chamber
by momentarily re-opening and closing chamber isolation valves
to sample different sets of cells as they flow into the device; this
process was essential to achieving uniform cell densities across
chambers for the experiments performed in this work (see ESI
Movie 1). Fig. 3(d—f) shows how flow travels through the

Ln + TGF-B1

Fn Fn + TGF-g1

chamber. Flow enters from a common delivery channel and is
expelled into a common exit channel that does not feed into other
chambers. Careful inspection of Fig. 2 and 3 reveals that a 3-
dimensional flow network is vital to prevent cross-chamber
contamination in an array that is continuously-perfused and has
a rectangular configuration. We use the strategies demonstrated
in Fig. 3 to adsorb different ECM molecules as well as perfuse
TGF-Bl-containing medium to different chambers for the
experiments summarized in Fig. 5-7.

Fig. 4 shows results of the chamber flow field simulation.
Integration of velocities at selected boundaries shows that
approximately 10% of the total flow through the chamber travels
through the protected area (1 : 10, protected-to-total flow ratio).
The balance of flow travels through the diverted flow channels.
In addition, shear stresses are calculated on the surface of the
chamber at experimental flow rates. Too much flow can result in
high velocity and high shear, which may be detrimental to the
cells; on the other hand, not enough flow will reduce the avail-
ability of nutrient and gas exchange, which may also affect cells
adversely. Having the shielded chamber design allows ample
amount of convective mass transfer and yet avoids direct shear
on the cells inside the chamber. We show here that the shear
inside the chamber is negligible.

Because the array was designed as a prototype to demonstrate
initial proof-of-concept, the array is small relative to other arrays
reported in the literature. Scaling the array to larger sizes will
require more control channels (and corresponding outlet ports)
for the additional chambers. Additional challenges include the
increased complexity of the device; however, others'*® have
shown that such additional complexity is manageable.

ATII response to soluble-matrix signal combinations

We use the array to study phenotypes expressed by ATII cells
when subjected to four different soluble-matrix signal combina-
tions, particularly ones that have been demonstrated to lead to
three different cellular responses; specifically, maintenance of
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Fig. 6 Viability of ATII cells after 2 d culture assessed by LIVE/DEAD fluorescent staining. Representative fluorescence images (green/red composite
overlays) showing entire chamber for each matrix and soluble factor signaling combination: (a) Ln, (b) Ln + TGF-B1, (c) Fn, (d) Fn + TGF-B1. (e)
Percentage of live (green) cells for each condition (6 trials each); error bars show SD. Significant p-values in brackets. Scale bar 100 pm.
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(f) Ln + TGF-B1

(h) Fn + TGF-B1

Fig. 7 Cytoskeletal organization and cell-cell junction formation of ATII cells after 2 d culture. False color fluorescent images of actin stress fibers
stained with Texas Red-phalloidin for each matrix and soluble signaling combination: (a) Ln, (b) Ln + TGF-B1, (c) Fn, and (d) Fn + TGF-BI1. Stress
fiber formation prominent in Fn conditions (with and without TGF-B1). Stress fibers also observed in Ln + TGF-B1 condition. Ln condition shows
diffuse staining. False color images of immunofluorescently-labeled E-cadherin shown in (e)—(h). Arrows in (e) indicate localization of E-cadherin at

cell-cell contacts and cell edges. Scale bar 50 pm.

epithelial phenotype, cellular apoptosis, and epithelial-to-
mesenchymal transition (EMT). EMT is a process where fully
differentiated epithelial cells undergo a transition to a mesen-
chymal phenotype, resulting in fibroblasts and myofibroblasts.
EMT can be induced by a number of extracellular signals,
individually or in combination, and EMT is known to play a role
in development and tumor invasion.’*3® In addition, EMT is
observed in response to epithelial stress or injury in a variety of
tissues, where it is involved in repair and scar formation.3**
EMT in the context of epithelial injury and fibrosis is not well
understood, and recent literature is just beginning to address its
underlying mechanisms.*?

EMT of ATII cells has been implicated in idiopathic pulmo-
nary fibrosis (IPF).** IPF is a fatal condition characterized by
excessive ECM deposition, resulting in interstitial scar tissue, loss
of tissue compliance and ultimately decreased gas exchange
across the alveolar epithelial barrier. Under normal conditions,
ATII cells perform multiple roles in the lung associated with
proper homeostasis and repair; in response to injury to the alveoli,
ATII cells proliferate and differentiate into ATI cells. However, in
fibrosis, ATII cells appear to undergo EMT, driving the cells
toward a fibroblastic (mesenchymal) phenotype. This increases
the number of ECM-depositing mesenchymal cells in the inter-
stitial space and further perpetuates the fibrotic condition.

Elevated levels of active TGF-B1 and deposition of a provi-
sional matrix rich in Fn are prominent components of pulmo-
nary fibrosis, whereas a matrix rich in Ln is typical of
homeostatic physiological conditions. Previous studies have
demonstrated that ATII cells undergo markedly different
behavioral responses to TGF-B1 depending on their underlying
substrate.*? In the presence of TGF-f1, ATII cells adhering to
Ln-rich matrices undergo apoptosis, whereas on Fn-rich

matrices they exhibit EMT-like events. To query and confirm the
response of ATII cells to the aforementioned signals, array
chambers were incubated with Fn or Ln and perfused with
medium with and without active TGF-B1. All signal combina-
tions were present in each array and repeated by subarray.

Cell morphologies in response to each signal combination after
48 h in culture are shown in Fig. 5. Cells cultured on Ln in the
presence of TGF-B1 show either contracted morphology (indic-
ative of cell death) or elongated morphology. Cells cultured on
Fn in the presence of TGF-B1 show similar elongation, resem-
bling a fibroblastic phenotype and indicating induction of alve-
olar EMT in the presence of the potent TGF-B1 cytokine. For
cells cultured on Fn in the absence of TGF-B1, a similar fibro-
blastic morphology results. This is consistent with reports
showing that Fn is capable of driving differing phenotypes for
multiple cell types and inducing EMT in alveolar cells.**** Cells
cultured on Ln in the absence of TGF-B1 show a round, semi-
cuboidal morphology and are arranged in an orderly monolayer.
This suggests that ATII cells cultured on Ln (no TGF-B1) follow
the “normal” ATII differentiation pathway and retain an
epithelial phenotype on-chip, consistent with culture using
conventional methods in cell culture dishes. When cultured on
Ln in the presence of TGF-B1, the lower density of cells, as well
as the prevalence of contracted morphologies, suggests a pheno-
type that is prone to apoptosis, which has been recently repor-
ted.*> Circularity is calculated for cells in each signal
combination, showing quantifiable differences in morphologies
(Fig. 5(e)). In the Ln with TGF-B1 condition, cells with con-
tracted, round morphologies (appearing to go into apoptosis)
exist with highly-elongated cells (fibroblastic), causing the rela-
tively wide variation in data for that condition. Cell areas are
plotted in ESI Fig. 5. The absence of statistically significant
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differences indicates that cell shape, rather than cell size, is more
affected by the conditions.

To quantify cell viability for each combination of soluble and
matrix cues, cells are stained with LIVE/DEAD fluorescent
probes (Fig. 6). Without TGF-1, cells are predominantly viable.
For conditions perfusing TGF-B1, larger fractions of cells are
shown to be dead (red stain, Fig. 6(b) and (d)). The lowest
viability is measured for cells on Ln in the presence of TGF-B1,
which agrees with the morphological observations and the
previously mentioned report.*?

To further characterize the morphological differences observed
for each signal combination, we analyze cytoskeletal organiza-
tion and stress fiber formation in cells by staining F-actin with
Texas Red phalloidin (Fig. 7(a-d)). Stress fiber formation, a direct
indicator of cell contractility and indirect indicator of mesen-
chymal-like phenotypes, is evident in the three combinations with
Fn and/or TGF-B1 (Fig. 7(b—-d)). The diffuse staining observed in
cells on Ln (no TGF-B1) is typical of epithelial cells, suggesting
a more normal physiological phenotype.

EMT is also characterized by the disassembly of epithelial cell-
cell junctions. Junctions are marked by cell-cell adhesion proteins
(e.g. E-cadherin) concentrated at cell edges. To visualize E-cad-
herin, cells are immunofluorescently-labeled and imaged at each
condition (Fig. 7(e-h)). Labeling of E-cadherin in the three
combinations with Fn and/or TGF-B1 (Fig. 7(f-h)) appears
diffuse with perinuclear localization. This suggests a loss of
normal epithelial characteristics,***” which could be the result of
a presumably EMT-like shift toward a more fibroblastic pheno-
type. Concentration of E-cadherin at cell-cell contacts in the Ln
(no TGF-B1) condition further suggests retention of an epithelial
phenotype (Fig. 7(e)).

Taken together, the biological data suggest that cells assume
a mesenchymal phenotype when cultured in signal combinations
that include Fn or TGF-B1, while cells cultured on Ln (no TGF-
B1) retain an epithelial phenotype. In addition, Ln with TGF-B1
leads to an apoptosis-prone phenotype. These results are
consistent with prior findings.

The study herein validates the array as a unique platform to
culture cells under combinations of signals. The results suggest
that the microfluidic array chip can provide equivalent long-term
culture conditions suitable to study combinatorial treatments of
cells, and that the phenotypes of cells are preserved in such
conditions as compared to conventional culture and imaging.
Furthermore, the microfluidic chip allows for replicates and
controls to be performed on the same chip at the same time. The
array architecture is particularly well-suited to present soluble-
matrix signal combinations in order to elicit and distinguish
phenotype transitions. Moreover, the device can be extended to
other cell types and transitional phenomena, in addition to EMT.

Conclusions

In this work, we designed, built, and validated a microfluidic
chamber array that can present cells with different signaling
combinations comprised of both soluble and matrix factors. To
provide a unique set of capabilities desirable to life scientists, the
array operates with continuous perfusion, prevents cross-
chamber contamination, protects cells from excessive shear, and
offers considerable experimental versatility. These attributes are

made possible by implementing a 3-dimensional flow network
(bridge-and-underpass architecture), which is fabricated using
a modified compression-molding technique.

By characterizing the extent of EMT in ATII cells, we validate
the array as a screening tool, particularly for studying phenotype
transitions and cellular behavior under combinatorial soluble
and matrix conditions. The expression of these phenotypes is
particularly sensitive to the extracellular environment, which
highlights the utility of the non-cross-contaminating chamber
array shown in this work. Given that cellular response mecha-
nisms are tremendously complex, this array technology is ideal
to perform studies where cellular response is very sensitive to
microenvironmental conditions within a parallelized, well-
controlled, efficient microfluidic format.*® Furthermore, the
array could be used to perform studies under different perfusion
rates (in combination with soluble and matrix signals) or adapted
to stimulate cells with time-varying signal patterns. By further
scaling up the array and implementing greater automation, such
a setup will lead to higher control and throughput, making the
array capable of more sophisticated studies. These studies could
lead to insights into the mechanisms for the onset and progres-
sion of pathological phenotype transitions, like EMT, and the
identification of novel therapeutic targets to treat diseases.
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