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We are attempting to produce high-density arrays of surface-bound
oligonucleotides for hybridization experiments. Our approach is to mechanically
miniamri~ conventional DNA synthesis chemistry. Ink-jet printer heads are used to deliver
small drops of reagents to a chemically modified silicon dioxide surface, where they react
to synthesize DNA. The drops are confined to small areas by a pattern of hydrophobic
surface modifications, thus allowing the formation of high-density arrays without mixing
between adjacent drops.
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One of the most important analytic tools of the molecular
biologist is DNA hybridization. Relying on the
difference
in
interaction
energies
between
complementary versus mismatched DNA strands, it is
possible to determine whether two short pieces of DNA
are exactly complementary or not. Longer DNA can
compared for similarity.
D N A hybridization is often used in screening clone
libraries to identify similar, thus presumably related,
clones. This application typically uses natural DNA
targets, many of which are bound to a single membrane,
and a single natural or synthetic DNA probe, which is
washed over many targets at once. With the appropriate
mechanics, membranes can be constructed with targets
at a density of one target per 1-10 mm 2. Hybridization
detection is carried out by labeling the probe, either
radioactively or with chemiluminescent reagents, then
recording the probe's emissions with film.
We are pursuing the complementary format, one where
a large number of synthetic probes are bound to a solid
support, which are then hybridized to a single natural
target. We envision probe densities of roughly 60 m m 2,
or two orders of magnitude greater than with bound
natural targets.
In the not-to-distant future, the genomes of many
interesting organisms, including H o m o sapiens, will be

completely sequenced. At that point it may be
considerably easier to synthesize arrays of DNA probes
for any part of the genome than to create clone libraries.
DNA synthesis can be carried out by any of a number
of different chemistries, two popular ones being the Hphosphonate (Froehler et al., 1986) and phosphoramidite (McBride & Caruthers, 1983) chemistries.
While the details differ, the basic scheme is to covalently
attach an organic linker molecule to a surface, then build
the DNA molecule off the end of the linker through a
series of coupling and deprotection steps. The coupling
step adds one nucleotide to the end of the already present
D N A (or linker) molecule. After washing away the
excess nucleotide monomer, the deprotection step
reactivates the new end of the molecule for the next
cycle. Each cycle extends the molecule by one
nucleotide. The sequence is determined by which of the
four nucleotide monomers is added during each coupling
step. The DNA molecule remains covalently bound to
the surface.
Arrays of surface bound oligonucleotides have been
prepared by at least two other groups. Fodor et al. have,
by using photolabile protecting groups, made arrays
through successive cycles of deprotecting defined
regions of the array by photolithography, then flooding
the entire surface with an activated nucleotide monomer.
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The monomer reacts only to the exposed regions, thus
allowing arbitrarily different sequences to be built up in
different regions of the array. Every base position takes
four cycles of exposure, one for each of the four
nucleotides. A complete array of all 256 tetranucleotides,
requiring 16 exposure cycles, has been reported to take
4 h to synthesize (Pease et al., 1994). Because the
essential step is photolithographic, it is possible to create
very high density arrays. Spot sizes of 50 microns have
been reported, but the technology is probably capable of
5 micron features without major modifications. The main
drawbacks to this technique are that each different array
requires a new set of photolithography masks and each
array takes one hour per nucleotide to synthesize. An
array of 25-mers would require 100 masks, a
considerable expense, and over a day to synthesize.
Southern et al. have used a more traditional, and
commercially available, synthesis chemistry in
conjunction with clever arrangements of mechanical
seals to make specialized arrays (Southern et al., 1994).
Their arrays demonstrate that the chemistry works and
that the resulting oligos hybridize as expected (Maskos
& Southern, 1993). Unfortunately, they have feature
sizes on the order of millimeters and the technique is illsuited for making arrays of arbitrary sequences.
We propose to construct an automated machine to
make custom high-density oligonucleotide arrays
cheaply and efficiently. Our strategy is a mechanical
miniaturization of existing chemistry with two key
features.
The first is a mechanism for localizing and separating
small (100 pl) reagent droplets. At such small scales,
surface tension is the strongest force acting on a droplet.
Accordingly, we have exploited this effect to create
'surface tension wells' (Figure 1) to constrain the
droplets. We have developed procedures to produce an
array of 100,000 circular wells, each having a diameter
of 100 microns and separated from each other by 30
microns, on the surface of a 75 mm diameter oxidized
silicon wafer. The wells define the locations of the array
elements, and act as miniature reaction vessels for DNA
synthesis. The procedure uses conventional photolithography to produce 100 micron circles of photoresist on
the wafer surface. A highly hydrophobic coating is then
created by chemical vapor deposition of (tridecafluorotetrahydrooctyl)-triethoxysilane onto the exposed oxide
surrounding the resist-protected circles. The remaining
resist is then removed, exposing the circular regions of
the wafer for further modification and DNA synthesis
following generally the procedures of Southern et al.
(Maskos & Southern, 1992). We, and others (L'opez et
al., 1993), have demonstrated that such a structure can
indeed localize small volumes of solvent within the
circular wells by virtue of surface tension effects.
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Fig. 1. Top: Photograph of water condensed onto an array of
approximately 250 surface tension wells. Individual droplets
are confined to square regions of 100 micron sides by 30
micron wide hydrophobic barriers. Bottom: Side view of a
surface tension well showing the arrangement of hydrophilic
and hydrophobic regions.

The second challenge is to deliver small amounts of
synthesis reagents to the appropriate wells. Our strategy
uses microfabricated ink-jet pumps, similar to those used
in certain ink-jet printers (Kyser et al., 1981), to deliver
the required volumes of synthesis reagents to the array of
surface tension wells. The pumps are made by using
standard etching techniques to fabricate a shallow cavity
and channels in silicon. A thin glass membrane is then
anodicly bonded to the silicon to seal the etched cavity,
thus forming a small reservoir with narrow inlet and exit
channels (Figure 2). When the inlet end of the pump is
dipped in the reagent solution, capillary action draws the
liquid into the cavity until it comes to the end of the exit
channel. When an electrical pulse is applied to the
piezoelectric element glued to the glass membrane it
bows inwards, ejecting a droplet out of the orifice at the
end of the pump. Simple designs for ink-jet pumps will
operate at 1 kHz, while more advanced designs operate
at 6 kHz (Takahashi et al., 1986). We have built pumps
that will deliver 100 pl droplets on demand at rates of
several hundred Hz.
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Fig. 2. Schematic diagram of an ink-jet pump. A transient
voltage applied to the piezoelectric actuator causes the thin
glass membrane to bow inwards. This results in a small
droplet being ejected from the nozzle. The reservoir refills
itself through the inlet by capillary action.

Wash
With these two essential technologies in place, it then
becomes a matter of straightforward electrical and
mechanical engineering to scan the array across a set of
pumps using a computer-controlled x - y translation stage
(Figure 3). The computer can then time the firing of the
pumps to deliver a single droplet of the appropriate
reagent to each well. The machine ends up resembling,
in function, a commercial four-color ink jet printer,
except that the four inks are now DNA monomers.
Commercial printers are not suitable for this purpose
because essential parts tend to dissolve in the harsh
solvents used in DNA synthesis.
A complete synthesis cycle starts by delivering the
appropriate DNA monomer to each well on the wafer
(Figure 4). The entire wafer is rinsed to remove excess
monomer, then rinsed with acid to deprotect the end of
the oligo in preparation for the next round of synthesis.
The rinses are common to all the wells and can be done
by bulk immersion. One such cycle adds one nucleotide
to each oligo, thus a wafer of 10-mers requires 10 such
cycles.
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Fig. 3. A computer, in conjunction with an x-y stepping stage,
coordinates the firing of the ink-jet pumps with the motion of
the array to deliver the correct nucleotide to each surface
tension well

Deprotection

Fig. 4. A complete cycle of DNA synthesis consists of
delivering the correct nucleotide to each well, washing away
unreacted nucleotide monomers, and deprotecting the ends
of the extended molecules. Each cycle adds one nucleotide to
each position on the array, thus an array of 25-mers would
require 25 such cycles.

Modern ink-jet printers have heads with roughly 100
independently controlled pumps. With each pump
operating at several hundred Hz, a machine with four
such heads could deliver the appropriate reagents to
100,000 wells in a matter of seconds. Based on the
reports of Southern et al., a complete synthesis cycle
would then take roughly 5 min, or just over 2 h for an
array of 100,000 arbitrary 25-mers. Since there are no
custom photolithography masks to be made, synthesis
could start, literally, within seconds of the creation of a
computer file detailing the sequences to be synthesized.
Commercial services already exist that will ship
oligonucleotides within days of receipt of the desired
sequence. Our proposed machine could extend this sort
of service to entire arrays.
While our present efforts are focused on DNA arrays,
the basic scheme could be applied to any other chemistry
that relies on cycles of coupling and deprotection. It may
be possible to construct arrays of peptides, or any other
heteromeric polymer with interesting sequence
dependent properties, with this technology.
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