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Whole-genome sequencing projects have generated a wealth of gene sequences from a variety of organisms. A
major challenge is to rapidly uncover gene regulatory circuits and their functional manifestations at the cellular
level. Here we report the coupled fabrication of nanocraters ranging in size from 100 pL to 1.5 nL on permeable
membranes for culturing cells. Using this approach, we developed bacterial and yeast cell microarrays that
allowed phenotypic determinations of gene activities and drug targets on a large scale. Cell microarrays will
therefore be a particularly useful tool for studying phenotypes of gene activities on a genome-wide scale.

The availability of full genome sequences has generated great
interest in studying gene functions on a genome-wide scale.
Several technologies have been developed that allow global
functional analyses of gene activities. For example, DNA mi-
croarrays have allowed gene expression profiling for specific
cellular states (DeRisi et al. 1997; Lockhart et al. 1996; Schena
et al. 1995). Global two-hybrid analyses have provided a
glimpse of intracellular signal wiring systems in yeast (Ito et
al. 2001; Uetz et al. 2000). Biochemical genomics will enable
the genome-wide analyses of protein activities (Haab et al.
2001; MacBeath and Schreiber 2000; Martzen et al. 1999; Zhu
et al. 2001; Zhu et al. 2000; Ziauddin and Sabatini 2001).
Genome-wide surveys of the targets of DNA-binding proteins
will also have an impact on our understanding of regulatory
circuits (Iyer et al. 2001; Ren et al. 2000). Systematic gene
deletion projects have also begun to provide insights on gene
function on a large scale (Ogasawara 2000; Ross-Macdonald et
al. 1999; Winzeler et al. 1999).

Because genetic information encoded in the genome is
ultimately manifested at the cellular level, the unit of life,
global approaches for analyzing cell phenotypes would
greatly facilitate our understanding of cellular functions of
genes under a variety of conditions. However, there are sev-
eral challenges to studying phenotypic manifestations of gene
activities on a genome-wide scale. Large-scale phenotypic
analyses require that cells be grown in parallel and miniatur-
ized format without cross-contamination. Cells must also be
grown on a transparent support to allow microscopic visual-
ization of phenotypes. In addition, the solid support must be
durable and yet flexible enough to allow cell growth under a
variety of growth conditions. Finally, necessary nutrients,
chemical compounds, and macromolecules must be acces-
sible to the cells so that exogenous molecules affecting par-
ticular biological processes can be identified.

In this paper, we describe the construction of high-
density cell microarrays and proof-of-principle experiments
demonstrating that cell microarrays allow phenotypic deter-
minations of gene activities on a large scale.

RESULTS
To construct cell microarrays, we tested a number of solid and
semi-solid materials including common dialysis tubes, cello-
phanes, nylon membranes, glass slides, agarose gels, and cel-
lulose ester membranes. We found that cellulose ester perme-
able membranes (details in Methods) have the following
properties that make them a good solid support for growing
cells. These membranes are largely transparent, relatively in-
ert, and therefore unlikely to interfere with subsequent func-
tional assays. In addition, nutrients, small molecule com-
pounds, and large macromolecules can freely permeate across
the membranes with defined pore sizes. In fact, these mem-
branes have routinely been used as a dialysis barrier with de-
fined molecular weight cutoff points. Furthermore, because of
their density and hydrophobicity, the membranes can float
on the surface of liquid media. Most importantly, liquid drop-
lets were not formed on the surface of the membranes after
being placed on top of agar or liquid media (data not shown).
This particular property prevented the micro-flooding and
subsequent cross-contamination of arrayed cells.

To array cells at high-density on the membranes, we de-
veloped a coupled fabrication process using a precision robot.
Robot-controlled pins were first loaded with cell suspension
(∼ 30 pL) on their flat and solid tips (125 µm in diameter, Fig.
1A) by the surface tension and were programmed to strike the
membrane with a precalibrated impact depth to form nano-
craters. The size of the nanocraters typically ranged from 100
pL to 1.5 nL, dependent on the precalibrated impact depth
and pin size. While forming the nanocraters, the robot pins
simultaneously inoculated cells at the bottom of the nano-
craters (Fig. 1). Throughout the arraying process, the mem-
brane was cushioned by a piece of flat chromatography paper.
The chromatography paper was soaked with 0.5% agarose and
placed on top of a microscope slide, which helped to immo-
bilize and moisturize the membrane during the arraying pro-
cess. The cushion also prevented cellular damage from the
impact and allowed efficient formation of the nanocraters.
Furthermore, the cushion could be supplemented with nutri-
ents to keep cells healthy during the arraying procedures.
When the procedures were completed, the membrane with
cell microarrays was peeled off from the cushion by lifting a
corner of the membrane with a forceps. The membrane could
be placed on the surface of either an agar plate or liquid me-
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dium for subsequent tests. Alternatively, the cell microarray
membrane was placed on an agar plate at 4°C until use. Nano-
craters retained their original configuration even after the
membranes were incubated on the surface of agar media for at
least 5 mo, the longest period of time tested. With smaller
pins, it should be possible to construct smaller craters that are
less than 100 pL in size. The distance between centers of ad-
jacent nanocraters was programmed to be 375 µm in the pres-
ent study. However, with a shorter distance, nanocraters or
picocraters could be arrayed at even higher densities.

To illustrate the coupled fabrication process, we first
made cell microarrays of Escherichia coli that express �-galac-
tosidase. An overnight bacterial culture in 96-well format was
arrayed by the robot onto the membrane to simultaneously
form nanocraters and inoculate cells. To grow cells in the
nanocraters, the membrane was peeled off from the cushion
and placed on the surface of rich medium containing X-gal or
S-gal (Heuermann and Cosgrove 2001) chromogenic sub-
strates of �-galactosidase. The membrane was then incubated
at 37°C overnight. Shown in Figure 2A are 144 colonies ar-
rayed in an area of about 20 mm2. All of the arrayed bacteria
expressed �-galactosidase as indicated by the black staining.
Next, we arrayed two E. coli strains, one of which expressed
�-galactosidase as shown in Figure 2B. The microarrays of
LacZ- cells remained white whereas those of LacZ+ cells
stained black on S-gal medium.

These results indicate that there was no cross-contam-
ination between the nanocraters or exogenous contamination
during the fabrication process. Nutritional and chemical com-
ponents were accessible to cells in the nanocraters on the
membranes. Although cells were not homogeneously spread
at the bottom of each nanocrater (Fig. 1D), cells proliferated
to fill each nanocrater to form one colony (Figs. 2, 3). As a
result, the colony apices of the cell microarrays were perfectly
aligned with centers of the nanocraters. These characteristics
of cell proliferation in the nanocraters maintained colonies in
an ordered array (Figs. 2, 3), which should enable technolo-
gies for the automated storage and analyses of the cell micro-
array data. In fact, if cells were arrayed onto a flat surface
rather than into nanocraters, multiple colonies would form
from a single arrayed spot (data not shown).

Using the coupled fabrication approach, we next devel-
oped yeast (Saccharomyces cerevisiae) cell microarrays. Shown
in Figure 2, C and D, were yeast cell microarrays of an auxo-
trophic strain carrying either LEU2 or TRP1 plasmids. The cell
array membranes were placed onto the surface of synthetic
media lacking either leucine or tryptophan and incubated at
30°C for 12–24 h. Yeast cells with a LEU2 plasmid grew in the
medium lacking leucine whereas those with a TRP1 plasmid
did not. Conversely, yeast cells with a TRP1 plasmid grew on
the medium lacking tryptophan, but those with a LEU2 plas-
mid did not. These bacterial and yeast results indicated that
the cell microarrays allowed cellular phenotypes of genes to
be accurately assayed.

To further illustrate the utility of cell microarrays for as-
saying drug target, we used a series of yeast diploid strains
carrying homozygous gene deletions of fkb1 and 93 other
genes chosen at random (Winzeler et al. 1999). FKB1 encodes
FPR1 that binds FK506 and rapamycin, two natural products
used as antifungal and immunosuppressant drugs. The FPR1-
drug complex inhibits progression through the G1 phase of
the cell cycle in yeast. Deletion of FKB1 has been shown to
render yeast resistant to rapamycin (Chan et al. 2000; Heit-
man et al. 1991; Schreiber and Crabtree 1995). These yeast

Figure 1 Schematic diagram of coupled fabrication of cell micro-
arrays. (A) A robot-controlled pin with cells on the tip was pro-
grammed to strike the cellulose ester membrane to form nanocraters
and simultaneously inoculate cells into them. The cellulose ester
membrane was placed on top of a cushion during the arraying pro-
cess. (B) Top view of arrayed nanocraters. The diameter of the nano-
craters was 125 µm with a depth of 10–125 µm. The distance be-
tween centers of the adjacent nanocraters was 375 µm. (C) Cell mi-
croarray membranes were incubated on the surface of agar or liquid
medium. (D) Nanocraters with yeast cells at their bottoms.
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deletion strains were arrayed with five repeats,
resulting in a total of 576 arrayed spots. The cell
microarrays were incubated on the surface of
YPD-rich media with or without 1 µg/mL rapa-
mycin until the fastest growing colonies were in
contact with each other. As shown in Figure 3,
there were some growth differences among cell
arrays on YPD medium lacking the drug, which
was in part attributable to the growth differences
between strains. However, only the fkb1 strain
could proliferate on YPD in the presence of rapa-
mycin (Fig. 3). Other cells did not grow even
after the cell microarrays were incubated on YPD
in the presence of rapamycin for several days.
This data indicated that cell microarrays could
be a powerful approach for assaying cellular
functions of genes and drug targets on a large
scale.

DISCUSSION
We show that the coupled fabrication of cell mi-
croarrays on permeable membranes is simple,
yet very accurate and robust. We also performed
proof-of-principle experiments demonstrating

that high-density cell microarrays allow parallel phenotypic
assays of gene activities on a large scale. Future development
of this technology would be a real-time image acquisition
system by which cell numbers and phenotypes (e.g., budding
defects, cell shapes, and drug resistance) could be digitally
recorded and compared for each nanocrater from the begin-
ning to the end of an experiment. This would also allow the
quantification and comparison of cell proliferation rates be-
tween different strains under a variety of conditions. Never-
theless, it is clearly shown that the cell microarrays allowed
parallel assays of phenotypes such as color changes, growth
defect, and drug target on a large scale (Figs. 2, 3).

Cell microarrays should thus facilitate the functional
studies of genome-wide gene deletion projects of yeast, Bacil-
lus subtilis, or other cells that are currently under way (Ogasa-
wara 2000; Ross-Macdonald et al. 1999; Winzeler et al. 1999).
For example, more than 5000 viable yeast deletion strains
could be arrayed on the permeable membrane within an area
of ∼ 6 cm2. Such cell microarrays would allow high-
throughput phenotypic assays (e.g., cell shape, budding pat-
tern, and drug resistance) of gene activities under a variety of
conditions. Therefore, cell microarrays should complement
other functional genomic tools such as DNA microarrays,
yeast two-hybrid, and proteomic approaches (Ideker et al.
2001).

Current protein microarrays require that proteins be im-
mobilized to a solid support for biochemical assays (Haab et
al. 2001; MacBeath and Schreiber 2000; Zhu et al. 2001; Zhu
et al. 2000). Despite the current success of these protein mi-
croarrays, there is a possibility that biochemical properties of
proteins could be altered by the immobilization or covalent
attachment. Because the coupled fabrication of nanocraters
on permeable membranes is a physical process that requires
no immobilization or chemical reactions, it could be used as
an alternative approach for making protein or other molecu-
lar and cellular microarrays.

Because cell microarray analyses require only a small
amount of medium, one could systematically examine cellu-
lar interactions with small molecules, natural products, pep-

Figure 3 S. cerevisiae cell microarrays for assaying the drug target of rapamycin.
Ninety four yeast homozygous deletion strains, including fkb1 strain and two negative
controls, were arrayed with five repeats in a total of 576 nanocraters. fkb1 strain was
arrayed at 8A to 8F; two negative controls that did not contain any cells were arrayed
at 15M to15R and 18S-18X. One set of cell microarrays was grown on YPD and the other
on YPD containing 1 µg/mL of rapamycin at 30°C overnight.

Figure 2 Cell microarrays of E. coli and S. cerevisiae. (A) E. coli cell
microarrays (144 colonies) expressing �-galactosidase in the presence
of S-gal (3,4-cyclohexenoesculectin-�-D-galactopyranoside), a chro-
mogenic substrate for �-galactosidase. (B) E. coli cell microarrays with
48 colonies that did not express �-galactosidase. (C) S. cerevisiae mi-
croarrays grown on synthetic medium without leucine. (D) S. cerevi-
siae microarrays grown on synthetic medium without tryptophan.
Bacterial cell microarrays were placed on the surface of LB in the
presence of 50 µg/mL S-gal at 37°C overnight. Yeast cell microarrays
were placed on the surface of dropout media indicated in the figure
at 30°C overnight.
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tides, antibodies, polysaccharides, and other large molecules,
most of which are too difficult or expensive to be synthesized
in large quantity. Such systematic phenotypic studies should
accelerate the discovery of drug and drug targets (Hartwell et
al. 1997; Mayer et al. 1999). Cell microarrays may also become
a powerful tool in the emerging field of chemical genomics
(Chan et al. 2000; Giaever et al. 1999). With high-capacity
diversity-oriented synthesis of small molecules (Tallarico et al.
2001) it is feasible to assay one compound (from one bead)
against the cell microarrays containing the genome-wide col-
lection of gene deletion or overexpression strains.

METHODS

Chemicals, Plasmids, and Cell Cultures
S-gal and rapamycin were purchased from Sigma. Plasmids
were used as follows: pcDNA3 (Invitrogen) and pUC18
(Stratagene), pJG4–5 and pCWX200 (Xu et al. 1997). S. cerevi-
siae strains CWXY2 (Xu et al. 1997) and EGY42 (Gyuris et al.
1993) were used for yeast cell arrays for assaying auxotrophic
growth. The comprehensive collection of yeast homozygous
deletion strains was obtained from Research Genetics (Winze-
ler et al. 1999). Overnight bacterial DH5� cultures in 96-well
format could be directly used for arraying without concentra-
tion. However, yeast cultures (mid–late log phase, 1.2 mL)
in 96-well format were centrifuged and yeast cells were resus-
pended in 50 µL YPD-rich media with (Fig. 3) or with-
out 15% glycerol (Fig. 2C,D). DNA manipulations and bacte-
rial and yeast transformation were according to standard
protocols.

Membrane Preparation
Cellulose ester membranes for cell microarrays were pur-
chased from Spectrum Laboratories (catalog #132 974). These
membranes were originally designed for the 96-well micro-
dialyzer. The molecular weight cutoff point of the membranes
in this study was 3500 daltons. Its thickness is estimated to be
10 µm. These membranes were extensively rinsed with deion-
ized water and stored in water at 4°C overnight before use. For
the preparation of microarrays, a piece of chromatography
paper (2 cm � 3 cm) as a cushion was soaked with warm 0.5%
agarose solution and placed on top of a microscope slide. The
membrane (2 cm � 3 cm) was subsequently placed on top of
the cushion. Any bubbles or excessive agarose between the
cushion and the membrane were removed by gently rubbing
the membrane with a clean and smooth rod. The membrane
assembly (Fig. 1A) was then placed on a slide holder of a
microarrayer (GMS 417, Affymetrix). The membranes should
not be dried at any stage. The cushion helped to immobilize
and moisturize the membrane during the arraying process.
The cushion also prevented cellular damage from the impact
and allowed efficient formation of the nanocraters as de-
scribed below. Furthermore, the cushion could be supple-
mented with nutrients to keep cells healthy.

Coupled Fabrication of Cell Microarrays
A robotic arrayer (GMS 417, Affymetrix) equipped with four
rings and four pins (125 µm in diameter) was used for the
coupled fabrication of cell microarrays. The rings were first
loaded with cell suspensions from 96-well or 384-well cell
stocks by the surface tension. The pins were then pro-
grammed to penetrate the cell suspension solutions on the
rings, which allowed each flat and solid pin tip to hold about
30 pL of cell suspension by the surface tension. Pins were
programmed to strike the membrane with predetermined im-
pact depth to form nanocraters and inoculate cells simulta-
neously in an environment of 50% relative humidity. The
volume of the nanocraters was estimated to be from 100 pL to

1.5 nL, based on the pin size and typical depth of the nano-
craters. Inoculation of hundreds of yeast cells in each nano-
crater typically required two to six strikes (or loads of 30 pL of
the cell suspensions). After the arraying procedure was com-
pleted, the membrane with cell microarrays was peeled off
from the cushion by lifting a corner of the membrane with a
forceps. The membrane was then placed on the surface of
either an agar plate or liquid medium for incubation in ap-
propriate media at 30°C (yeast) or 37°C (bacteria) for about 16
hr. Alternatively, cell microarrays were stored on richmedium
at 4°C until use. The current setup of the robot could produce
42 sets of cell microarrays with a single run. The distance
between centers of arrayed nanocraters was programmed to
be 375 µm, although distance as small as 200 µm was feasible
with pins of 125 µm in diameter. Cell microarray images were
captured with a microscope equipped with a digital camera.
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