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Living cells have the potential to serve as sensors, naturally integrating the response to stimuli to
generate predictions about cell fate (e.g., differentiation, migration, proliferation, apoptosis).
Miniaturized arrays of living cells further offer the capability to interrogate many cells in parallel
and thereby enable high-throughput and/or combinatorial assays. However, the interface between
living cells and synthetic chip platforms is a critical one wherein the cellular phenotype must be
preserved to generate useful signals. While some cell types retain tissue-specific features on a flat
(2-D) surface, it has become increasingly apparent that a 3-D physical environment will be
required for others. In this paper, we present two independent methods for creating living cell
arrays that are encapsulated within a poly(ethylene glycol)-based hydrogel to create a local 3-D

microenvironment. First, ‘photopatterning’ selectively crosslinks hydrogel microstructures
containing living cells with ~ 100 um feature size. Second, ‘electropatterning’ utilizes
dielectrophoretic forces to position cells within a prepolymer solution prior to crosslinking,
forming cell patterns with micron resolution. We further combine these methods to obtain
hierarchical control of cell positioning over length scales ranging from microns to centimeters.
This level of microenvironmental control should enable the fabrication of next-generation cellular
microarrays in which robust 3-D cultures of cells are presented with appropriate physical and
chemical cues and, consequently, report on cellular responses that resemble in vivo behavior.

Introduction

Living cells offer unique advantages as the sensing element of
biological assays compared with existing strategies based on
biomolecules (e.g., antibodies, nucleic acids, proteins). In
particular, the integrated, functional response of a mammalian
cell can report on the activity, mechanism of action, and
ultimate consequences of exposure to exogenous agents and
stimuli, all of which may be difficult to predict with
biomolecular detection assays.' Such cell- and tissue-based
sensors have numerous applications in drug development (e.g.,
toxicity screening),” medical diagnostics,® and detection of
known and unknown pathogens.*

Miniaturized platforms for cell-based sensors are expected
to provide the same economies of scale, increased sample
throughput at reduced cost, that have revolutionized the study
of genomics with nucleic acid and protein microarrays>® and
accelerated histological and molecular profiling via micro-
arrays of nonvital cells’ or tissues.® Current tools for
micropatterning arrays of living cells rely on selective adhesion
of cells onto flat two-dimensional (2-D) substrates;’ in this
manner, researchers have shown that cell-cell interactions, %!
cell shape,'? and extracellular matrix'® can regulate cell fate
and tissue specific functions. However, these micropatterns
often deteriorate over time'* and cells require several hours to
adhere and spread over the substrate thereby adopting a
flattened morphology. While two-dimensional culture can
provide an adequate representation of cellular behavior in
many instances, other cell types respond favorably to a 3-D
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physical microenvironment by alterations in cell shape, gene
expression, and resemblance to in vivo responses.'>>° Thus,
the development of cell microarray platforms that retain cells
in 3-D gel culture, rather than on rigid 2-D substrates,
represents an important step toward cell-based assays that
accurately predict in vivo behavior.

Hydrogels are increasingly popular biomaterials for 3-D cell
culture because their high water content and mechanical
properties resemble those of tissues in the body.>' Additionally,
many hydrogels can be formed in the presence of cells by
photocrosslinking. Poly(ethylene glycol) (PEG)-based hydro-
gels are of particular interest because of their biocompatibility,
hydrophilicity, and ability to be customized by varying chain
length or chemically adding biological molecules.”> These
materials have been used to immobilize various types of cells
that can attach, proliferate, and produce matrix within
millimeter-scale hydrogels.>*** Hydrogel —microstructures
containing living cells were recently demonstrated by selective
photocrosslinking,>?® but these methods are limited to
~100 pm feature size and are unable to define the cell-cell
interactions that potentially modulate cell behavior. Thus,
high resolution patterning methods capable of controlling cell
organization within the hydrogel environment would enable
reproducible control over the cellular microenvironment and
could be beneficial for the maintenance of cell functions.

Electropatterning systems based on dielectrophoretic (DEP)
forces are able to localize single cells within a fluid volume to
micron-scale resolution, providing precise control over cell
shape, organization, and interactions.>”?® Such electrokinetic
systems move living cells rapidly toward positions dictated by
the local electric field strength established via micropatterned
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surface electrodes.” ' DEP force advantageously operates on
all cells in parallel, in contrast to serial methods such as optical
tweezers that move cells one by one or in small groups.*>
Furthermore, careful selection of electrical properties has
allowed efficient cell manipulation without compromising cell
viability or apparent behavior.>> 7 Thus, DEP electropattern-
ing is well suited for adaptation to the photosensitive PEG-
based hydrogel system.

The objective of this paper is to demonstrate the fabrication
of living cell arrays encapsulated within 3-D hydrogels by
two methods: photopatterning and DEP electropatterning.
Furthermore, we show that these methods can be combined
into a versatile system capable of defining hydrogel and cell
micropatterns over length scales ranging from microns to
centimeters. This capability should enable the fabrication of
next-generation microarrays of cells that are presented with
appropriate 3-D physical and chemical cues and, consequently,
report on cellular responses that resemble in vivo behavior.

Experimental
Microfabrication

To establish regions of high and low electric field strength for
cell localization during DEP electropatterning, reusable planar
microelectrode arrays were fabricated using a single-layer
photolithographic process. A thin layer of electrically insula-
tive photoresist was micropatterned upon a conductive bus
plane such that all electrodes (i.e., holes within the resist layer)
were energized using a single external connection. Aluminosi-
licate glass slides coated with indium tin oxide (ITO), a
transparent conductor (Delta Technologies, Stillwater, MN),
were cleaned in sequential solvent washes, exposed to oxygen
plasma (Technics 500 IT Asher, 100W) for 5 min, and baked at
110 °C to promote resist adhesion. The negative, epoxy-based
photoresist, SU-8 2 (Microchem, Newton, MA), was statically
dispensed and ramped to a final spin speed of 2500 RPM for
20 sec. The photoresist was soft baked for 12 min at 95 °C to
evaporate the solvent, cooled, and exposed on a contact mask
aligner (Kasper 2001, 2 mW cm ™2, 365 nm) for 25 s through a
patterned photomask. Emulsion masks were designed with
CorelDraw and commercially printed at 8000 dpi (CAD/Art
Services, Poway, CA). The slides were then baked for 75 min at
65 °C, developed in Nano XP, and cured at 185 °C for 60 min
to complete crosslinking and to enhance the physical stability
of the 1.5 pum thick film. The array was then soaked in distilled
water overnight to leach out any residual species from the
patterning process and ensure the biocompatibility of the SU-8
film.

Patterning apparatus

A closed, transparent, parallel-plate flow chamber was designed
to permit external UV light exposure while preventing oxygen
quenching of the hydrogel polymerization reaction. A thin
silicone rubber gasket (100 um or 250 pm thick) was sandwiched
between the electrode microarray slide and another ITO-coated
slide outfitted with fluidic connections to enclose an 8 x 20 mm
chamber area (Fig. 1, Step 1). The chamber components were
assembled and sterilized with 70% ethanol for 15 min followed

by several buffer washes. To discourage cell adhesion to the
walls, surfaces were treated with Pluronic F108 (1% in H,O;
Spectrum Quality Products, Gardena, CA), a triblock copoly-
mer previously shown to resist protein adsorption and decrease
cell adhesion.®® Also, the adhesion of hydrogel microstructures
to internal chamber surfaces was either prevented by exposure to
vapors of tridecafluoro-1,1,2,2-tetrahydrooctyl 1-trichlorosilane
(United Chemical Technologies, Bristol, PA), or promoted with
3-(trimethoxysilyl) propyl methacrylate (Sigma) to provide free
surface-bound reactive groups that bind with the polymer during
UV exposure.”

Cell culture

Swiss 3T3 murine fibroblasts (American Type Culture
Collection, Manassas, VA) were cultured in 150 cm? flasks
(Fisher, Springfield, NJ) and passaged in preconfluency no
more than 15 times. The cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM; Gibco, Grand Island, NY)
supplemented with 10% bovine calf serum, 100 pg mL ™!
penicillin, and 100 pg mL ™! streptomycin and incubated in 5%
CO, at 37 °C. Prior to patterning experiments, cells were
released from tissue culture flasks into suspension.
Alternatively, freshly isolated primary rat hepatocytes™® were
used for some experiments. Some cells were fluorescently
labeled with chloromethylfluorescein diacetate (CMFDA;
C-2925, Molecular Probes, Eugene, OR) or chloromethylben-
zoylaminotetramethyl ~ rhodamine (CMTMR; (C-2927,
Molecular Probes) for identification at (ex/em) 492/517 and
514/565 nm wavelengths, respectively.

Hydrogel chemistry

Poly(ethylene glycol) diacrylate (PEGDA) (3.4 kDa; Nektar
Hydrogels, Huntsville, AL) was obtained in lyophilized form
and dissolved in either phosphate-buffered saline (pH 7.4) or a
custom electropatterning buffer (see below). The photoinitia-
tor 2-hydroxy-1-[4-(hydroxyethoxy)phenyl]-2-methyl 1-propa-
none (Irgacure 2959; Ciba, Tarrytown, NY) was dissolved in
70% ethanol in water or 1-vinyl-2-pyrrolidinone (Sigma, St.
Louis, MO) and added to the prepolymer solution. Upon UV
exposure, the photosensitive PEGDA solution crosslinks
covalently via radical chemistry.?>°

Photopatterning

A prepolymer solution containing 20% w/v PEGDA, 20 x
10° cells mL~" and 0.1% w/v Irgacure 2959 photoinitiator
in PBS was injected into the chamber (Fig. 1, Step 2). A
photomask was secured to the chamber top with emulsion side
facing the glass. Exposed regions of hydrogel were crosslinked
by UV illumination (365 nm filter and collimating lens, EXFO
Lite, Mississauga, ON) at 64 mW cm > for 100 s (Fig. 1, Step
4). The remaining uncrosslinked prepolymer solution and cells
were then flushed from the chamber with PBS (Fig. 1, Step 5).
To add additional cell types, the next cell/prepolymer solution
was injected into the chamber and flowed around already
crosslinked hydrogel microstructures (Fig. 1, Step 6). Further
exposure to UV light through different masks formed
additional cell-laden hydrogel domains. This procedure is
illustrated as Protocols I and II in Fig. 1.
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Fig. 1 Process flow for the formation of hydrogel microstructures containing living cells by hydrogel photopatterning, cell electropatterning, or a
combination of both techniques. Classified by Protocol number, resulting hydrogels are either photopatterned (I, II, III, IV) or unpatterned (V),
contain cells randomly encapsulated (I, II) or in clusters (I1I, IV, V), are linked to a substrate (I, II, I1I) or free-floating (IV, V), and may contain

multiple cell types (e.g., I).

Electropatterning

Cells prepared for DEP electropatterning were washed twice in
a HEPES-buffered glucose solution (HBG; 306 mOsm,
pH 7.35). The low ionic strength of this custom electropattern-
ing buffer (conductivity: 21.4 mS m™"') is required for rapid
DEP cell patterning towards regions of high electric field
strength.?*° Immediately prior to patterning, cells were added

to form a prepolymer suspension with final concentrations of
20% w/v PEGDA, 6-25 x 10° cells mL™', and 0.1% w/v
Irgacure 2959 in HBG.

The flow chamber with a 100 um gasket was flushed with
buffer and filled with ~20 nL. PEGDA cell suspension (Fig. 1,
Step 2). A sinusoidal AC signal (3 MHz, 3.0 V) was then
applied between the conductive top slide and the bottom
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microelectrode array via a function generator (Agilent 331204,
Palo Alto, CA) and monitored by an oscilloscope (Tektronix
TDS2014, Beaverton, OR) connected in parallel. The resulting
AC electric field is strongest near the electrodes at the
microarray surface, and DEP-induced cell motion toward
these locations was observed by microscopy (Fig. 1, Step 3).
Following cell localization, the chamber was exposed to UV
light to crosslink the entire hydrogel (Fig. 1, Step 4), depicted
by Protocol V in Fig. 1. Because the chamber is transparent on
both top and bottom (Fig. 2A), illumination was possible
either from the top with an external UV lamp, or from below
with the microscope’s mercury arc lamp (Fig. 2B), filtered to

emit 340-380 nm wavelengths at 25 mW cm 2.

Combined photo- and electropatterning

The transparent DEP electropatterning apparatus is amenable
to photopatterning, allowing for further microstructure com-
plexity. Cell electropatterning proceeded as in the previous
section, except that UV illumination through a photomask
selectively crosslinked hydrogel structures only the exposed
regions (Fig. 1, Steps 4). Subsequently, uncrosslinked polymer
was flushed with buffer and, in some cases, additional
prepolymer/cell suspensions were introduced into the chamber
and further UV exposed through additional masks (Fig. 1,
Steps 5-6). This process is described by Protocols IIT and IV in
Fig. 1.

Microscopy and quantitation

Crosslinked hydrogel microstructures, either free or attached
to the glass substrate, were removed from the apparatus,
transferred into Petri dishes (Fig. 1, Step 7), and observed in
epifluorescence and Hoffman modulation contrast using a
Nikon TE300 inverted microscope and digital camera
(Photometrics CoolSnap HQ; Roper Scientific, Tucson, AZ).
To characterize cell cluster size, some electropatterned hydrogels
were treated sequentially with 4% paraformaldehyde and 0.1%
Triton-X to fix and permeabilize cells, followed by 4 pg mL ™!
ethidium homodimer-1 (Molecular Probes) for 30 min to
fluorescently stain cell nuclei. Gels were then mounted on slides
and viewed by epifluorescence or laser scanning confocal
microscopy (Bio-Rad MRC-1024UV, Hercules, CA). The
number of cells per cluster was quantified with a semi-automated
cell counting program (MetaMorph, Universal Imaging,

Westchester, PA) using an intensity-based algorithm and verified
in several microscope fields by manual counts.

Results and discussion
Photopatterned cell arrays

Hydrogel microstructures encapsulating a random distribution
of rat hepatocytes were photopatterned in an array format
with two distinct cellular constituents (Fig. 3). One array
contained circular 500 pm diameter cell-laden islands
surrounded by a field of another cell type, both embedded
within a uniform 250 pm thick PEGDA hydrogel (Fig. 3A).
This microstructure was formed by sequential crosslinking
steps: photopatterning the first cell type (green), rinsing away
the uncrosslinked polymer and cells, flooding the chamber
with the second cell type (red), and crosslinking again by
overall exposure to UV light (Protocol I). Each island of
~50 nL volume contained approximately 1000 homoge-
neously distributed cells. This type of array would be useful
when cells of primary interest require proximity of a secondary
supportive cell type to maintain their normal cellular function,
such as non-parenchymal cell stabilization of hepatocyte
function in co-culture.'!

A second multiphase example contained individual cell-
laden hydrogel islands (Fig. 3B). This array was formed as in
the preceding example, by first photopatterning one cell type
(red), rinsing away the uncrosslinked polymer and cells,
flowing in the second cell type (green), and photopatterning
and rinsing again (Protocol II). For the second UV exposure
step, the photomask was shifted, such that the circular green
cell islands were separated from the red cell islands by a 200 pm
gap. While a two-step process is shown, the sequence could be
repeated as many times as desired, for example, to create a
regular hexagonal array of islands containing four distinct cell
types (Fig. 3C).

Because hydrogel microstructure dimensions are defined in
the x—y-plane by the printed photomask features, noncircular
islands of arbitrary shape may be formed. Furthermore,
hydrogel thickness in the z-direction is easily adjustable by
the silicone spacer thickness, although structures less than
50 um tall may impose significant shear forces on large cells
during chamber loading. For some applictions, smaller
diameter features may be desired. However, the minimum
feature size of photopatterned hydrogels is on the order of
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Fig. 2 Photograph and diagram of the patterning apparatus. (A) A photomask placed beneath demonstrates transparency of the flow chamber.
(B) The apparatus is loaded onto the microscope stage for visualizing cell patterning and for UV exposure by either the microscope or an external

source.
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Fig. 3 Examples of photopatterned hydrogel microstructures con-
taining living cells. (A) Red and green-labeled cells encapsulated within
distinct 500 um diameter domains of a 250 pm thick hydrogel layer
(Protocol 1), viewed in brightfield montage and epifluorescence. (B)
Cells encapsulated within an array of micropatterned hydrogel islands
(Protocol II). Repeated photopatterning through an incrementally
shifted mask forms a multiphase microstructure array containing
many cell types (C).

100 pm when limited to cytocompatible gelling conditions, due
to feature widening from hydrogel swelling, light scattering, or
radical diffusion.”>® Because this length scale is significantly
greater than cell dimensions, it is currently not possible to
define cell-cell interactions solely by photopatterning. The
high-resolution electrokinetic cell patterning method addresses
this limitation.

Electropatterned cell arrays

Large-scale arrays of single cells or cell clusters (up to ~100
cells each) were embedded within thin hydrogel slabs using the
DEP electropatterning method. These examples utilized a 15 x
20 mm array of hexagonally-packed electrodes with 25 pum
diameter and 75 or 100 um spacing. The sinusoidal potential
applied across the electropatterning chamber, from the bottom
microelectrode array to the top conductive plane, generated
local regions of high electric field strength at the surface of
each electrode. Resulting DEP forces moved cells rapidly
toward the electrodes and formed an array of cell clusters
within the prepolymer solution in 90-150 s. The entire
chamber was then exposed to UV light to initiate crosslinking
(Protocol V). The pattern of arrayed, encapsulated cells was
preserved during careful opening of the chamber and transfer
of the hydrogel to a Petri dish (Fig. 4). Very few cells remained
on the electrode array slide, indicating low cell adhesion to the
chamber surface and excellent pattern retention within the gel.

In Fig. 4A, a free-floating hydrogel slab containing electro-
patterned fibroblasts in a uniform cluster array with 100 pm
spacing is shown folded over to indicate the 100 pm thickness.
The area density of clusters in a hexagonal array is y=2 / V3d?
where d is array spacing, such that hydrogels with ¢ = 100 or
75 pm contain 115 or 205 clusters mm >, and nearly 12 000 or
21 000 total clusters per >100 mm? gel, respectively. At higher
magnification, individual cluster organization is visible (Fig. 4B).
Cluster size is controlled via the cell suspension density, p, with cell
number per cluster defined by N = phly, where h is chamber
height. Average cluster size in Fig. 4 was 4.8 + 1.9 (SD) cells per
cluster, with 83% of clusters containing 3-7 cells each (Fig. 4C).
The size histogram matches a Poisson distribution due to the
stochastic nature of electropatterning, in which cells at random
initial locations move independently towards the nearest regularly-
spaced electrode.

We have demonstrated that electropatterning localizes cells
into clusters of controlled size within a 3-D hydrogel, at a
resolution capable of defining cell-cell contacts and commu-
nication. The planar flow chamber geometry allows straight-
forward design of cell patterns that correspond directly to the
surface electrode pattern. In this example, electrode spacing
and chamber height (gel thickness) were selected based on
theoretical models indicating that DEP electropatterning
would occur most rapidly when these parameters are
approximately equal.*® Because patterning slows exponentially
as feature spacing increases,”®*" the maximum spacing (e.g.,
between adjacent clusters of an array) is limited to a few
hundred pm in practice. Thus, the operating length scales of
photopatterning (~100 um) and electropatterning (between
one and hundreds of micrometres) do not overlap appreciably,
and a combination of both methods would greatly expand
overall resolution capabilities.

Combined photo- and electropatterned cell arrays

Several types of two-phase hierarchical cell arrays were
constructed in which multiple circular hydrogel microstruc-
tures each contained a high-resolution array of embedded cell
clusters (Fig. 5). In the first example (Fig. SA-D), cells were
electropatterned into clusters 75 pm apart and then photo-
patterned into circular hydrogel islands vie UV exposure
through a mask, as described by Protocol III. Next, a cell-free
prepolymer solution was introduced into the chamber, thereby
flushing out uncrosslinked cells and polymer. Overall UV
exposure then formed a single 8 x 10 mm rectangular
hydrogel slab containing the complex cell array. At higher
magnification (Fig. 5C,D), encapsulated cells are seen centered
over the visible electrodes. Each 450 pm diameter array
element contained approximately 35 cell clusters with an
average of ~6 cells per cluster.

The second example represents a co-culture array with two
cellular constituents (Fig. SE-G). A cluster array of cells
labeled with a green fluorophore was first formed similar to
the previous example. Next, uncrosslinked prepolymer was
flushed from the chamber with buffer and replaced with a
second cell/prepolymer solution containing red-labeled cells. In
this example, the red cells were encapsulated in a random
configuration by not energizing the electrodes. Each cell type
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Fig. 4 DEP electropatterned hydrogel formed via Protocol V. (A) Low-magnification view of fibroblast clusters arrayed 100 um apart within a
100 pm thick PEGDA hydrogel (arrows). The gel is free-floating and folded, showing the embedded cluster array in the upper portion; lower
portion is out of the focal plane. (B) Magnified view of the array in panel A as indicated. (C) Histogram of cell cluster size for a similar construct
with a density of 115 clusters mm ™2 and average of 4.8 + 1.9 (SD) cells per cluster. Poisson distribution is computed using average cluster size.

mm cell clusters 1500 pm-
[ cell-free gel g
B substrate

B random cells

[ mixed clusters

Fig. 5 Examples of combined photo- and electropatterned hydrogel microstructures. Micrographs are shown in Hoffman modulation contrast
above and identical fields in epifluorescence below. Example 1 (A-D): Green-labeled cell clusters were arrayed 75 pm apart within 450 pm diameter
domains of a 100 pum thick rectangular hydrogel slab (Protocol I1I). Low (B), medium (C), and high (D) magnification images of a single construct
are shown. The microelectrode array is visible in panels B, C, and I (circles). Example 2 (E-G): Hydrogel microstructure array with electropatterned
green-labeled cells surrounded by a field of randomly distributed red-labeled cells (i.e., without electropatterning). The hydrogel is shown released
from the chamber and folded (G) to demonstrate cross sectional thickness (arrows) and retention of complex cell patterns within the flexible
hydrogel. Example 3 (H-J): A mixed population of green and red labeled cells formed heterogeneous clusters 100 pm apart and within individual
400 pm diameter hydrogel microstructures and surrounded by air (I, dark boundary in Hoffman modulation contrast). (J) Free cylindrical hydrogel
“pucks” containing the heterogeneous cluster arrays after release from the glass substrate (Protocol IV). Note one “puck” (J, arrow) contains
unclustered cells created via Protocol II from the same mixed cell population.

was spatially confined within the hydrogel, indicating effective
washing between crosslinking events. The hydrogel slab was
then carefully removed from the chamber using sterile forceps
and retained all cell patterns when floating freely (Fig. 5G).
A third example demonstrates the fabrication of mixed cell
clusters containing multiple cell types (Fig. SH-J). A
prepolymer solution with equal proportions of red- and
green-labeled cells was patterned into clusters 100 pm apart
within 400 um diameter hydrogel microstructures, as described

by Protocol III. Uncrosslinked monomers were flushed with
air, resulting in individual hydrated gel islands (Fig. 5I). Some
islands were then removed from the glass substrate (Protocol
1V), resulting in free cylindrical hydrogel “pucks” containing
an array of heterogeneous clusters (Fig. 5J). Such prefabri-
cated cellular microstructures would be useful as elements in
nonpositional format multiplexed assays or incorporated into
lab-on-a-chip devices when their formation in situ is not
feasible.
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The combined photo- and electropatterning system offers
numerous advantages over current cell micropatterning
techniques. Because they do not rely on adhesion events that
are relatively slow (hours), these methods are significantly
faster (minutes) and equally effective for both adherent and
nonadherent cell types. These methods are independent and
therefore retain full functionality when combined. In parti-
cular, photopatterning allows for the multiplexing of different
cell types and/or hydrogel formulations, as has proven useful
for high-throughput 2-D cell-matrix screening,*' while electro-
patterning provides micrometre-scale resolution for defining
cell—cell interactions.

Cell viability assays

The transparent hydrogel microstructures are amenable to
imaging and detection via fluorescence or colorimetric cell
assays, even when the hydrogel slab remains on a transparent
chamber slide. The viability of cultured fibroblasts and
primary hepatocytes following photo- and electropatterning
was assessed with CellTracker dyes (Fig. SB-D, lower panels).
In this assay, cell viability is indicated by the fluorescent
product of cytoplasmic esterase activity and the retention of
these fluorophores within the cytosol (Figs. 3 and 5) that
would otherwise diffuse away if the cell membrane was
compromised. Additionally, fibroblast viability was quantified
after 1-2 h for some microstructures (Live/Dead kit, Molecular
Probes) and found to be consistent among electropatterned
hydrogels (95 + 1%), photocrosslinked but unpatterned
hydrogels (93 + 1%), and also the initial prepolymer/cell
solution (97% by Trypan Blue exclusion). Thus, cell damage
was not observed during hydrogel photopatterning or cell
electropatterning. The UV and electric field exposure para-
meters utilized here were previously determined to be safe for
various mammalian cell types;*>>”*® nonetheless, both are
potentially harmful for living cells and merit discussion. UV-
induced cytotoxicity is primarily due to free radical damage
rather than direct radiation effects.”> Sensitivity to UV
exposure intensity, wavelength, and duration, and photoini-
tiator type and concentration is highly dependent on cell type.
While minimization of these parameters reduces cytotoxicity,
photopatterning performance may also be compromised.
Previously, hydrogel pattern resolution was shown to decrease
appreciably with low intensity and extended exposure time,
possibly due to the diffusion of radicals within the solution.?
Thus, the UV exposure parameters used in this paper represent
a balance between high resolution hydrogel microstructures
and good cell viability.

The electric field required for DEP localization is also
potentially dangerous to living cells, due primarily to induced
transmembrane voltages and secondarily to current-induced
Joule heating of the prepolymer.”’ In our system, high
frequency AC excitation minimizes the induced membrane
potential, and the low conductivity buffer and microscale
electrode dimensions eliminate the temperature hazard. To
reduce electric field exposure time, we patterned cells rapidly
but safely by applying the greatest voltage that demonstrated
no discernible effect on endothelial cell morphology and
proliferation rate,>’ two metrics that are broadly indicative of

cell health. Other mammalian, yeast, and bacterial cells have
also been manipulated via DEP in aqueous media,’! and we
have electropatterned primary or cultured fibroblasts, epithe-
lial cells, chondrocytes, and hepatocytes from human, bovine,
and murine sources in hydrogels.?®

For long-term cultures, photo- and electropatterned hydro-
gel microstructures fabricated aseptically remained free of
contamination for 7 weeks (data not shown). Furthermore,
pattern fidelity of 3-D encapsulated cells was preserved up to
this time point, unlike most selective adhesion methods. '

Hydrogel properties

In addition to interactions with neighboring cells, the cell
microenvironment is defined by contacts with extracellular
matrix, soluble factors, and physical forces.*’ In these
preliminary studies, the PEG-based hydrogel was biologically
inert and nondegradable. The 20% w/v solution of 3400 MW
PEGDA produced a relatively firm hydrogel (360 kPa) with an
estimated mesh size of 6 nm.** While this network allowed
quick diffusion of small molecules, such as cell nutrients and
fluorescent assay substrates, antibody-based detection meth-
ods may not be compatible with this hydrogel formulation due
to diffusion limitations (IgG hydrodynamic radius ~ 7-8 nm).
However, the hydrogel transport and mechanical properties
can be tailored by the molecular weight and polymer fraction
of the PEG monomers to alter pore size, diffusion character-
istics, and hydrogel stiffness.”>**** Finally, photo- and
electropatterning are compatible with recent techniques to
present a well-defined chemical environment to encapsulated
cells. For example, acrylated biomolecules become covalently
incorporated into the PEG hydrogel when mixed into the
prepolymer to specify cell-matrix interactions, provide cell
anchorage sites, or allow hydrolytic or enzyme-specific
hydrogel degradation.?>>*4

Conclusion

Effective cell-based assays are required to be stabile, sensitive,
and responsive to stimuli in a useful manner. The patterning
methods described herein advance toward this goal by
incorporating into a cell array platform a hydrated 3-D
cellular microenvironment that is critical for the viability and
phenotypic stability of many cell types. We have demonstrated
the formation of various PEG hydrogel microstructures
containing living cells organized in specific cell micropatterns
or randomly dispersed, and illustrated their compatibility with
a fluorescence-based assay. Hydrogel photopatterning allows
the formation of multiple domains that may contain many cell
types or hydrogel formulations but does not specify microscale
cell organization, whereas DEP electropatterning provides
high resolution cell localization to control cell-cell interactions
within a single domain. These methods were then combined
into a rapid and versatile system with both multiplexed and
high resolution cell pattern capabilities, a wide operating range
from microns to centimeters, and compatibility with both
adherent and nonadherent cell types. Along with emerging
hydrogel biomaterials with defined chemistry and physical
properties, these tools for cell organization within a 3-D
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microenvironment may improve the sensitivity and perfor-
mance of future cell-based sensors.
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