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High-throughput single-cell measurements of cellular
responses are of great importance for a variety of applica-
tions including drug testing, toxicology, and basic cell
biology. We present an optimization study for trapping
single cells with high efficiency in large arrays of micro-
wells. The method is compatible with standard fluores-
cence microscopy equipment and is not dependent on,
but is compatible with, cell adherence. We have charac-
terized microwell occupancy by cells for a range of
microwell dimensions and seeding parameters and opti-
mized it for fibroblasts (as a model of adherent cell) and
rat basophilic leukemia cells (as a model of nonadherent
cell). We have been able to obtain phase-contrast and
fluorescence micrographs with more than 18 000 single
cells per image using a 4× objective.

Most current biological assays are based on large cell popula-
tions, which lose important temporal data in the process of
averaging cellular responses. Biosensors that probe single cells1,2

have an enormous potential for drug testing and toxicology studies
as well as for cell biology research. Simultaneously probing large
numbers of single cells inevitably requires technologies to confine
single cells to particular locations of a substrate. Indeed, numerous
techniques for creating cellular microarrays have been developed.
Cells can be selectively adhered to defined areas of a substrate
using one of many chemical patterning strategies or physical
masks (such as stamps, stencils, or microchannels) (reviewed in
ref 3), but these methods are limited to adherent cells and are
often not straightforward to implement because they often require
advanced surface chemistry procedures and access to microfab-
rication facilities. Methods that do not require cell adhesion for
trapping single cells include negative dielectrophoresis,4,5 optical
tweezers,6 hydrodynamic confinement,7 selective dewetting,8,9 and

microwells etched at the tip of a fiber-optic bundle;10 these
methods, however, are not suitable for high-throughput micro-
scopic studies of thousands of cells. On the other hand, the passive
confinement of cells in microwells1,2,9-14 (whereby cells deposited
on a substrate fall inside a microwell from which the cells are not
easily dislodged) is a very attractive strategy due to its simplicity
and low-expertise requirements. The percentage of microwells that
contain a single cell (“single-cell occupancy”) can be used to
measure the performance of the trapping procedure. A single-
cell occupancy of >80% has been reported,15 but to the best of
our knowledge, the design parameters involved in trapping single
cells in microwells have not been fully characterized. Such
characterization is important because, as shown below, optimiza-
tion of single-cell occupancy is dependent on cell type and seeding
procedure.

Here we present an optimization study for obtaining high
single-cell occupancies in large arrays of microwells. With this
method, we determined the parameters that maximize single-cell
occupancy for two cell types, including microwell diameter,
microwell depth, and settle time.

METHODS
Cell Culture and Fluorescence Labeling. All cells used in

this study were either NIH3T3 fibroblasts or rat basophilic
leukemia (RBL-1) cells (ATCC, Manassas, VA). Unless noted, all
medium was Dulbecco’s modified Eagle medium (DMEM; with
phenol red, high glucose, L-glutamine, and pyridoxine hydrochlo-
ride, Invitrogen Corp., Carlsbad, CA), supplemented with 10% fetal
bovine serum (HyClone Laboratories Inc., Logan, UT) and
penicillin-streptomycin at 100 units/mL penicillin and 100 µg/
mL streptomycin (Invitrogen Corp.). Trypsin-EDTA 0.25% (Invit-
rogen Corp.) was used to release NIH3T3 cells from tissue culture
flasks. For fluorescence imaging, 2 µM calcein AM (Molecular
Probes, Eugene, OR) in serum-free DMEM was added to the cells
already trapped in microwells. Calcein AM is a nonfluorescent
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cell-permeant dye that reacts with esterases in the cytoplasm to
yield a fluorescent compound that remains trapped in the
cytoplasm; since this reaction does not happen in dead cells, the
dye labels live cells only, hence it is commonly used as a reporter
of cell viability.16

Photolithographic Microfabrication of Master Molds.
Photolithography was performed in the Washington Technology
Center’s Microfabrication Laboratory at the University of Wash-
ington. Test-grade 3-in. silicon wafers (Silicon Sense Inc., Nashua,
NH) were used as substrates for fabricating the master molds.
The wafers were baked on a hot plate at 140 °C for 15-25 min to
remove adsorbed moisture (which improves photoresist adhe-
sion). Immediately after, the negative photoresist SU-8 2015
(MicroChem Corp., Newton, MA) was spread at ∼550 rpm for
10 s and then spun for 30 s at 1300, 1700, or 2500 rpm to yield
feature heights of H ) 25, 20, or 15 µm, respectively. Immediately
after spinning, to evaporate the solvent, each wafer was placed
on a 65 °C hot plate for 1-10 min; the hot plate was then ramped
to 95 °C at 240 °C/h, held at 95 °C for 4 min, and ramped back
to 65 °C at 240 °C/h. Wafers were then exposed to a UV dose of
375, 316, or 249 mJ/cm2 (with respect to each SU-8 thickness of
H ) 25, 20, or 15 µm) on a contact aligner (Kaspar-Quintel, model
2001) using a dark-field mask printed at 20 000 dpi (CAD/Art
Services, Poway, CA). Wafers were placed on a 65 °C hot plate
for 1-8 min, ramped to 95 °C at 240 °C/h, held at 95 °C for 3
min, and cooled to 40 °C at 240 °C/h to selectively cross-link the
exposed areas of the photoresist layer. Next, the substrates were
immersed in SU-8 developer (MicroChem Corp.) for 3-4 min each

to remove nonexposed portions of the SU-8. Actual heights (H)
of the SU-8 posts as measured with a surface profilometer (model
P15, Tencor) at three different locations per master were H )
26.56 ( 0.33 µm, H ) 20.69 ( 0.34 µm, and H ) 15.77 ( 0.05 µm
(average ( maximum difference from average); even though these
values are determined with a precision of four significant digits,
throughout the text they are rounded to 27, 21, and 16 µm,
respectively, for better readability. Masters were then exposed
to a vapor of (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane
(United Chemical Technologies, Inc., Bristol, PA) in moderate
vacuum for 1 h; this step renders the exposed silicon surface very
inert, which facilitates the release of the PDMS mold after curing.

Replica-Molding of Masters in Poly(dimethylsiloxane)
(PDMS). We used standard soft lithography methods17 to
fabricate microwell arrays in PDMS (Dow Corning, Midland, MI).
Briefly, PDMS base was mixed with cross-linker at a 10:1 ratio,
degassed, and poured onto masters (Figure 1a), each of which
contained three microarrays. After degassing again, PDMS was
allowed to cure in a 65 °C oven for at least 1 h and up to 16 h.
Cured PDMS was manually peeled off the master, and each
microarray was cut out with a razor blade (Figure 1b). Multiple
microarrays were put side by side in a P35 Petri dish, and uncured
PDMS was poured around the devices and cured to create an
even surface in the dish (Figure 1c).

Seeding of Cells in Microwells. Microwells tend to trap air
bubbles due to the high hydrophobicity of PDMS. To avoid
trapped air bubbles, cell culture medium was dispensed onto the
microwell substrates in a custom-made CO2 chamber within a

(16) In The Handbook-A Guide to Fluorescent Probes and Labeling Technologies,
10th ed.; Molecular Probes, Inc.: Eugene, OR, 2004.

(17) Xia, Y.; Whitesides, G. M. Angew. Chem., Int. Ed. Engl. 1998, 37, 550-
575.

Figure 1. Seeding of cells in PDMS microwells. (a-e) Schematics of the fabrication and seeding procedure: (a) PDMS prepolymer is poured
onto a photolithographically patterned master; (b) after curing, PDMS is peeled off and microwell devices cut out (cut location indicated with
dotted lines); (c) a PDMS microwell device is placed in a P35 Petri dish and PDMS is added to fill in the rest of the dish; (d) a cell suspension
is allowed to settle onto the microwells; (e) cells remain in the microwells after rinsing the excess cells from the top surface; (f) nine representative
pictures of RBL-1 cells in microwells for all the combinations of three different diameters (range D ) 20-40 µm) and three different depths
(range H ) 16-27 µm). Note the increase in the total number of trapped single cells as microwells gets deeper (left to right) and narrower (top
to bottom); wide microwells can accommodate multiple cells, but the cells also tend to be more easily dislodged from the bottom of the microwells
during the rinsing step. Scale bar, 100 µm.
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tissue culture hood. The CO2 chamber was a six-cup GladWare
bowl (The Glad Products Co.) with an O-ring placed in a hole cut
in the top for pipet access and a Luer connector placed in a hole
cut in the side for connecting to CO2. Trapped CO2 bubbles
dissolve readily into the fluid, which ensures complete filling of
the microwells. After filling the microwells with medium, the
microarrays were removed from the CO2 chamber and the
medium was replaced with fresh medium.

We studied two different cell types, 3T3 fibroblasts as a model
of adherent cells and RBL-1 cells as a model of nonadherent cells.
3T3 fibroblasts were removed from their cell culture flask by
trypsinization prior to resuspension in medium. Both cell types
were centrifuged at 800 rpm for 5 min to concentrate before
resuspending in medium. In a tissue culture hood, cells were
seeded on bare PDMS microarrays at densities ranging 2500-
6200 cells/mm2 (Figure 1d). After allowing the cells to settle at
room temperature for 5-40 min, the microarrays were carefully
rinsed by propping the edge of the Petri dish on the edge of its
lid to tilt the dish, removing the medium with a pipet, carefully
adding ∼1 mL of medium at the top of the tipped Petri dish with
a pipet, allowing medium to flow over the three microarray areas,
and removing ∼1 mL of medium from the lower side of the tipped
Petri dish. After rinsing one or two times to remove cells not
trapped in microwells, 1-2 mL of medium was carefully added
so as not to disturb captured cells (Figure 1e) and pictures were
taken at 10× magnification on a phase-contrast Nikon Eclipse
TS100 microscope with a Nikon Coolpix 990 color camera. The
cells were examined on the microscope for ∼40-80 min. Ex-
amples of RBL-1 cells trapped in microwells of various dimensions
are shown in Figure 1f. For counting cells, three to four fields
were taken of each combination of microwell dimensions (depth
and diameter). Rinsing a device once or twice resulted in most of
the untrapped cells being rinsed away while keeping most of the
cells in the microwells. Occasionally, if many cells remained
outside of the microwells, an extra rinse step was required.

Microwell Array Design. We refer to a “region” as a
hexagonal array of circular microwells of a given depth (H) and
diameter (D); each region was ∼3 mm × 0.6 mm. A “microarray”
occupied an area of ∼3 mm × 4 mm and consisted of six regions
of microwells, each with a different diameter (D ) 15, 20, 25, 30,
35, and 40 µm), but all with the same depth. Depending on D
and microwell spacing (S), each microarray contained ∼8000-
11 000 microwells while the number of microwells in each of the
six regions ranged from ∼800 (∼400 microwells/mm2 at D ) 40
µm, S ) 15 µm) to ∼3500 (∼1800 microwells/mm2 at D ) 15
µm, S ) 10 µm). A “dish” is defined as a P35 Petri dish containing
three microarrays side by side, each of a different depth (H )
16, 21, and 27 µm, corresponding to the same heights of posts on
three different SU-8 masters); thus, a dish contained 18 different
regions. A single “experiment” uses one suspension of cells seeded
on multiple dishes (typically 2-4 dishes) in parallel.

Data Collection. For every experiment, at least three non-
overlapping pictures were taken of each region, covering about
half of the entire region, and the number of cells in each microwell
was counted (cell counts within each region were added). Data
for each well size was then averaged across multiple experiments,
and the standard deviation was calculated. The RBL-1 cell data
(Figure 2a) were obtained from four dishes (in one experiment

with two dishes, cells were seeded at a cell density of 2600 cells/
mm2 in one dish and 5200 cells/mm2 in the other, using 25-min
settle time; in the other experiment, also with two dishes, cells
were seeded at 4500 cells/mm2 for each dish using 20-min settle
time). Data sets corresponding to different cell densities could
be averaged because no dependence with cell density was
observed at the densities used (for either cell type; data not
shown). The 3T3 fibroblast data (Figure 2b and 20-min settle time
data in Figure 3) were obtained from eight dishes in seven
experiments (cell densities: 2500, 2500, 2700, 3900, 3900, 4200,
4700, or 5500 cells/mm2, settle time 20 min). Data for 40-min settle
time (Figure 3) was averaged from eight dishes in seven
experiments (cell density: 2500, 3400, 3600, 3800, 3900, 4200,
5500, or 6000 cells/mm2). Data for 10-min settle time (Figure 3)
were averaged from three dishes in four experiments (cell
density: 2500, 2700, 3100, or 6200 cells/mm2). Data for the 5-min
settle time (Figure 3) corresponds to one dish (cell density: 4700
cells/mm2).

RESULTS AND DISCUSSION
Cell Seeding Density. For all experiments shown here, cells

were seeded at densities of 2500-6200 cells/mm2, which is the
same order of magnitude of a single layer of close-packed cells
(a hexagonally packed single layer of spheres with 15-19-µm
diameter is 3200-5100 cells/mm2). These cell seeding densities
were chosen to be in excess of the density of microwells (400-
1800 microwells/mm2) in order to maximize the probability of
cells settling into any given microwell. This range of seeding
densities did not have a noticeable effect on the microwell
occupancy results (data not shown), so seeding density will not
be discussed further in this optimization study.

Optimization of Microwell Dimensions. The microwell
arrays featured microwells of five different diameters (D ) 20,
25, 30, 35, and 40 µm) and of one height; several heights (i.e.,
depths H ) 16, 21, and 27 µm) were studied during any given
seeding by placing different microarrays side by side. The result
of a typical experiment and a schematic of the method are shown
in Figure 1. The variability in microwell height across the
microarray was negligible (see Methods). The microarrays also
contained D ) 15-µm microwells, but the vast majority of these
microwells were empty; hence, they were not entered into this
quantitative study. We did not consider testing microwells deeper
than H ) 27 µm because for this depth there were already some
microwells with two cells on top of each other. In fluorescence
images in particular, a stack of two cells is hard to distinguish
from a single cell, so even if deeper microwells resulted in a higher
number of single cells, it would also likely increase the number
of microwells with cells on top of each other that cannot be
distinguished from single-cell microwells in nonconfocal micro-
scopy assays. We only tested circular microwells; shapes other
than circular, or wells deeper than those studied here, may still
be interesting for cell-cell interaction studies that require a more
controlled two-cell occupancy or for single-cell studies of non-
spherical cells. Other shapes are straightforwardly achieved by
changing the design of the photolithographic mask.

For the goal of maximizing the number of microwells that are
occupied by a single cell, we used the following criteria: (a) the
microwell must be wide enough for a cell, but not too wide to fit
multiple cells; and (b) the microwell must be deep enough to

5630 Analytical Chemistry, Vol. 77, No. 17, September 1, 2005



protect the cell from being washed out by flow in the rinse steps,
but not so deep that more than one cell may be trapped on top of
another. Panels a and b in Figure 2 show cell occupancy statistics
for RBL-1 cells and 3T3 fibroblasts, respectively, for all the

combinations of five microwell diameters (ranging D ) 20-40
µm) and three microwell depths (H ) 16, 21, 27 µm), using a
settle time of 20 min. In all cases, we recorded whether the
microwells were occupied by 0, 1, 2, or >2 cells. The graphs in

Figure 2. Cell occupancy as a function of microwell dimensions. (a, b) Distribution of microwell occupancies for a range of microwell diameters
and depths, for (a) RBL-1 cells and (b) 3T3 fibroblasts. Each vertical bar depicts the percentage of microwells occupied by a single cell (black
segment), two cells (dark gray), more than two cells (light gray), or no cells (white). The nine white arrows in (a) point to the occupancy distributions
corresponding to the nine microarrays used for the pictures shown in Figure 1f. (c, d) Pictures of D ) 25 µm, H ) 27-µm microwell arrays
containing (c) RBL-1 cells and (d) 3T3 fibroblasts. The black arrows in (a) and (b) point to the occupancy distributions corresponding to the
microarrays used for the pictures shown here (c and d). Error bars show the standard deviation. Scale bars. 100 µm.

Figure 3. Single-cell occupancy as a function of settle time. Single-cell occupancy for four different settle times and various combinations of
microwell depths and diameters. (a-c) Single-cell occupancy as a function of settle time comparing various microwell diameters for microwell
depths H ) 16 µm (a), H ) 21 µm (b), and H ) 27 µm (c). (d-f) Single-cell occupancy as a function of microwell diameter comparing various
settle times for H ) 16 µm (d), H ) 21 µm (e), and H ) 27 µm (f). All error bars show standard deviations.
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Figure 2 show that the microwell occupancy follows some
distinctive trends regardless of cell type as described in the
following paragraph.

There is an optimal H/D ratio, H/D ∼1, for obtaining
maximum single-cell occupancy (black bars in Figure 2a and b),
which correlates to the symmetrical spherical shape of the cells
in suspension. An optimal H/D of ∼1 is valid for both cell types:
D ) 20 µm, H ) 21 µm microwells result in 92.2 ( 2.2% single
RBL-1 cells; D ) 25 µm, H ) 27 µm microwells result in 84.5 (
0.2% single 3T3 cells. Increasing the H/D ratio to values higher
than 1 does not improve the percentage of microwells occupied
by single cells due to a larger number of multicell microwells as
H increases. This is presumably due to cells stacking on top of
each other in deeper microwells where the cells are more
protected from being dislodged by flow during rinsing. Likewise,
shallower microwells contain fewer cells regardless of their
diameter (compare the leftmost five bars in Figure 2a and b to
the corresponding middle five and rightmost five bars), likely
because in shallower microwells cells are more exposed to flow
during the rinsing step.

There are also trends that are specific to each cell type
considered. First, for RBL-1 cells, the optimal microwell dimen-
sions for single-cell occupancy (D ) 20 µm, H ) 21 µm) are
smaller than those for 3T3 fibroblasts (D ) 25 µm, H ) 27 µm).
Comparing microwells of diameter D ) 20 µm, the single-cell
occupancy for RBL-1 cells is substantially larger than that for 3T3
fibroblasts for any given microwell depth. In addition, RBL-1
microarrays have 2.5× more multicell microwells (∼25%) than 3T3
microarrays (∼10%) in the D ) 25 µm, H ) 27 µm microwells as
exemplified by the pictures in Figure 2c and shown in the graphs
(see bars marked with black arrows above the graphs). Altogether,
the data suggest a tendency of RBL-1 cells to fit into smaller
microwells than 3T3 fibroblasts; this difference is intriguing,
because it cannot be straightforwardly correlated with differences
in average cell size (both cell types appear very similar in size as
well as in size variability under phase-contrast microscopy).
Therefore, the single-cell occupancy difference between the two
cell types must be due to differences in some other cell
characteristic, such as density (i.e., buoyancy), membrane compli-
ance, or affinity between the cell surface and the microwell surface
(e.g., 3T3 fibroblasts are adherent cells whereas RBL-1 cells are
not).

Second, as microwell diameter is increased from D ) 30 µm
to D ) 40 µm, 3T3 microarrays have more microwells occupied
by >1 cell (“multicell microwells”) while RBL-1 microarrays show
similar, or even fewer, multicell microwells with increased
diameter. For example, for H ) 27 µm microwells, 3T3 fibroblast
single-cell occupancy decreases as D is increased from 30 to 40
µm while total occupancy remains at ∼80% because the number
of multicell microwells increases (see the three rightmost bars
in Figure 2b, with black, dark gray, and light gray segments
indicating the percentage of microwells that contain 1, 2, and >2
cells per microwell, respectively). However, for RBL-1 cells in
microwells of the same size (D ) 30-40 µm, H ) 27 µm), the
total occupancy decreases from ∼90 to ∼70% due mainly to the
decrease in the number of multicell microwells as diameter
increases (see rightmost three bars in Figure 2a following the
same gray scale scheme as Figure 2b). This points, again, to some

cell characteristic other than size affecting microwell occupancy.
Third, as with the wide, deep microwells (D ) 30-40 µm, H

) 27 µm), fibroblast microarrays of wide, middepth microwells
(D ) 30-40 µm, H ) 21 µm) have more multicell microwells as
D increases. This increase in multicell microwells for 3T3
fibroblasts is partially at the expense of single-cell occupancy as
it was for deep microwells (H ) 27 µm), but in contrast to the
deep microwells, the increase in multicell microwells is also due
partially to a small increase in overall microwell occupancy. Only
∼5% or less of wide mid-depth microwells (D ) 30-40 µm, H )
21 µm) in RBL-1 microarrays contain more than one cell. There
is also a large drop in RBL-1 single-cell occupancy (from ∼60 to
∼20%) from D ) 30 µm to D ) 35 µm microwells at H ) 21 µm,
which is very different from 3T3 microarrays of the same H as
well as from deeper (H ) 27 µm) RBL-1 microarrays.

Finally, except for ∼60% RBL-1 single-cell occupancy for D )
20 µm, the shallowest microwells (H ) 16 µm) result in essentially
the same occupancy regardless of microwell diameter; however,
3T3 fibroblast single-cell occupancy (∼20%) is twice as large as
that of RBL-1 cells (∼10%). At these shallow microwell depths, it
appears that cells become susceptible to being dislodged by flow
during rinsing steps or perfusion, just as the top of the trapped
cells is close to the top of the microwells. Here again, we attribute
the higher cell retention in fibroblast versus RBL-1 microarrays
of shallow depth to the fact that 3T3 fibroblasts are more adherent
than RBL-1 cells.

Settle Time. Cells take some time to sediment or “settle” from
solution when seeded onto a surface. Settle time is important to
consider because cells must have time to settle to the surface
and then fall into the microwells; the settling velocity is necessarily
smaller when the cell is inside the microwell because, as the cell
falls deeper into a microwell, the cell must displace a large fraction
of the microwell volume and the inertial forces acting on the cell
must be a function of microwell size. Since for many applications
it may be desirable to minimize the settle time in order to increase
cell viability and reduce experiment duration, we studied the effect
of settle time on single-cell occupancy in fibroblast microarrays
(Figure 3). The following trends were observed:

First, for shallow microwells (H ) 16 µm, Figure 3a), longer
settle time results in a higher percentage of single-cell microwells.

Second, for mid-depth microwells (H ) 21 µm, Figure 3b),
some improvement in single-cell occupancy is seen for longer
settle times up to ∼20 min (except for the largest diameter
microwells). However, increased settle times beyond 20 min result
in equal single-cell occupancy, but slightly greater overall cell
occupancy (one or more cells per microwell), because more
microwells have multiple cells (except for the smallest diameter
microwells). (The data for multicell microwells are not shown in
Figure 3 but are listed in the following: the change from 20 to 40
min for H ) 21 µm microwells is 0.6-0.9 (D ) 20 µm), 2.7-4.4
(D ) 25 µm), 9.9-16.9 (D ) 30 µm), 23.9-38.9 (D ) 35 µm),
and 32.8-49.3% (D ) 40 µm).)

Third, for large, deep microwells (D ) 30-40 µm, H ) 27
µm), longer settle time results in fewer single-cell microwells
(Figure 3c) due to an increase in multicell microwells (Figure
2b). Smaller diameter microwells (D ) 20 and 25 µm) are not
affected by this trend since multiple cells do not fit.
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Fourth, for all settle times, microwell diameter has very little
effect on single-cell occupancy for shallow microwells (Figure 3d).

Fifth, as opposed to shallow microwells (Figure 3d), mid-depth
microwells (Figure 3e) show some diameter dependence for all
settle times with a maximum in single-cell occupancy at D ) 25
µm.

Finally, for all settle times in deep microwells (Figure 3f),
single-cell occupancy is maximum for D ) 25-µm microwells with
much larger changes than for mid-depth microwells (Figure 3e).
In Figure 3f, it is important to note that, for the microwell
dimensions that are optimal for 3T3 fibroblasts (D ) 25 µm, H )
27 µm, black arrow in Figure 2b), there is no significant difference
in single-cell occupancy over the range of settle times tested (5-
40 min).

Viability. Cells were labeled with calcein AM and ethidium
homodimer-1 while settling into the microwells (for 30-40 min;
see Supporting Information for more details). After rinsing the
excess cells (and the calcein AM and ethidium homodimer-1) and
replacing with fresh medium, fluorescence micrographs were
taken. As shown in Figure S-1 and S-2 (Supporting Information;
for 3T3 fibroblasts and RBL-1 cells, respectively), the adverse effect
of the whole procedure itself is negligible: less than ∼0.1% of the
3T3 fibroblasts and less than ∼0.5% of RBL cells were dead after
the end of the labeling procedure (which lasted ∼30 min).

Camera Considerations. We wanted to explore the suitability
of our large-scale microwell arrays for high-throughput screening
of single cells on a microscope stage. In many screening applica-
tions (e.g., a toxicity assay where cells are preloaded with calcein
AM), it is desirable to probe as many cells as possible simulta-
neously. Therefore, the specifications of the camera used for data
acquisitionsresolution (i.e., pixel size), chip size (i.e., total number
of pixels or image area), and sensitivitysare of great importance.
Cropped phase and fluorescence images of D ) 25 µm, H ) 23-
µm microwells taken with a 4× objective and a large-chip (10-
megapixel), 12-bit, cooled-CCD camera (Orca-HR, C4742-95-
12HR, Hamamatsu Photonics, Hamamatsu City, Japan), are shown
in Figure 4a and 4b, respectively. The 3T3 fibroblasts were labeled
with calcein AM, a fluorescent dye commonly used as a cell
viability indicator for live cells in toxicity assays.16 Figure 4c shows
the size of the camera’s field of view with respect to the small
area shown in (a) and (b). An expanded version of Figure 4 is
included in the Supporting Information (Figure S-3) to compare
the large-chip Orca-HR with a camera with a more standard
2-megapixel chip size. Our large-chip camera enables simultaneous
imaging of thousands of microwells as displayed in Table S-1
(Supporting Information) for a range of center-to-center spacings,
C. Figure 4c shows a pixel intensity map of the cell shown in the
insets in (a) and (b) after background subtraction (the minimum
pixel value in the region mapped in (d) was subtracted from all
pixel values before plotting). This shows that a cell’s fluorescence
is easily discernible even at only 4× magnification. From Figure
4, we conclude that the sensitivity of the Orca-HR is very well
suited for detecting cell viability fluorescence signals from large
numbers of single cells. It is possible that, for applications yielding
much lower cell brightness, the sensitivity of the Orca-HR may
not be sufficient. Nevertheless, we believe that the simultaneous
detection of tens of thousands of single-cell responses represents

a powerful strategy for identifying “rare” responses in a variety
of bioanalytical assays.

CONCLUSIONS
We have developed and optimized a simple method for

trapping single cells in large microwell arrays. The method, which
we have characterized for two cell types, does not rely on (but is
compatible with) cell adherence and does not require bulky or
expensive controls to keep the cells in the traps. We found that
microwells with an aspect ratio of ∼1 yield optimal single-cell
occupancy, ∼85% for fibroblasts (D ) 25 µm, H ) 27-µm
microwells) and ∼92% for RBL-1 cells (D ) 20 µm, H ) 21-µm
microwells). Well diameters were tested in 5-µm increments, but
further optimization may be possible by refining the microwell
diameter to other intermediate values. The microwell arrays have
a few limitations inherent to all single-cell-confinement methods:
(1) Since single cells do not behave like cells in tissue due to the
absence of supporting cells, extracellular matrix, or growth factors,
we anticipate that the microwell arrays will only be suitable for
short-term cell assays; (2) for adherent cells, the microwell
imposes constraints on cell shape (see images in Figure 4), which
can in principle affect cell function;18,19 and (3) in microwells
optimized for single-cell occupancy, the duration of any given assay

(18) Ireland, G. W.; Dopping-Hepenstal, P. J.; Jordan, P. W.; O’Neill, C. H. Cell
Biol. Int. Rep. 1989, 13, 781-790.

(19) Singhvi, R.; Kumar, A.; Lopez, G. P.; Stephanopoulos, G. N.; Wang, D. I.;
Whitesides, G. M.; Ingber, D. E. Science 1994, 264, 696-698.

Figure 4. Camera considerations. Phase-contrast (a) and fluores-
cence (b) images of calcein AM-labeled 3T3 fibroblasts in a PDMS
array of 25-µm-diameter microwells spaced 35 µm center to center
taken with a Hamamatsu Orca-HR camera and a 4× objective. Insets
in (a) and (b) show an enlargement of a single cell cropped from the
larger image obtained using a 4× objective with the Orca-HR. Note
the nonround shape of some cells as they spread and attach on the
side walls of the microwells. (c) Relative sizes of the field of view of
the large-chip Orca-HR (dark gray rectangle) and the area shown in
(a) and (b), with the light gray square representing the portion of the
field of view shown in (a) and (b). (d) 3-d map of the pixel intensities
of the same cell shown in the inset in (b). Scale bars are as follows:
100 µm in (a) and (b), 10 µm in (a) and (b) insets, and 1000 µm in
(c). The pixel intensity map shown in (d) covers 31 µm × 31 µm (21
pixels × 21 pixels).
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must be shorter than the replication time (otherwise the presence
of the daughter cell can be confounding). Nevertheless, assays
based on microwell arrays should benefit from rich statistics and
have a broad applicability in single-cell studies for toxicity,
matching ligand-receptor pairs, and isolating rare cells, among
other applications. Because they are made of PDMS, the microar-
rays can potentially be integrated within a microfluidic device (e.g.,
a monolithic PDMS device featuring valves and pumps20), thus
enabling the observation of cell behavior dynamics as cells are
perfused with sequences of solutions.
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SUPPORTING INFORMATION AVAILABLE

Details of the viability of procedure including Figure S-1 (3T3
cells labeled with calcein AM and ethidium homodimer-1) and
Figure S-2 (RBL-1 cells labeled with calcein AM and ethidium
homodimer-1) and camera comparisons including Table S-1
(camera comparison (4× objective)) and Figure S-3 (camera
considerations) (pp S-7-S-10). This material is available free of
charge via the Internet at http://pubs.acs.org.
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