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This paper describes the fabrication of large (up to 45
cm?) arrays of microwells, with volumes as small as ~3
fL/well and densities as high as 107 wells/cm?. These
arrays of microwells are formed by casting an elastomer,
poly(dimethylsiloxane) (PDMS), against “masters” pre-
pared by photolithography; arrays of microwells in other
polymers can be formed by using a master consisting of
posts in PDMS. A straightforward technique, discontinu-
ous dewetting, allows wells to be filled rapidly (typicaily
on the order of 10* wells/s) and uniformly with a wide
range of liquids. Several rudimentary strategies for ad-
dressing microwells are investigated, including electroos-
motic pumping and gaseous diffusion.

Techniques for handling and analyzing small quantities of
material are important for the development of new analytical
methods in both chemistry and biology. The ability to isolate and
manipulate small quantities of liquids is needed for studying single
molecules in solution: a 1L (1 fL = 1 um’) vessel filled with a
1-nM solution will contain, on average, one molecule. The use of
small amounts of materials in chemical reactions limits their
hazard and environmental impact. The combination of small
volumes with microanalytical methods is also a component of
microscale total analysis systems (uTAS).!"* Arrays of micro-
scopic vessels are useful for the examination of statistical events,
where large numbers of small, indistinguishable reactions are
needed: nucleation of crystals! and the formation of drops of
condensed liquids® are examples of such processes. In this paper,
we apply a fabrication technique developed in our group to the
preparation of arrays of microscopic vessels, and we present a
straightforward, general method for filling these arrays with
liquids. We also investigate several simple methods for delivering
reagents to these wells and for analyzing the products of reactions
in them.
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To perform reactions on a small scale, methods are required
to confine small volumes of liquids spatially in what we will refer
to as microreactors (to emphasize the focus on their use as
containers for chemical reactions). There are a number of
approaches to the formation of spatially localized arrays of small
quantities of liquids. A nebulizer can be used to form disordered
arrays of drops.®-® Precise control over drop size and placement
by this method is not practical, however: the drops formed range
in volume from picoliters to femtoliters and are randomly placed
on the surface. Formation of arrays of microdrops with good
control and more uniform volumes is possible, for example, by
the assembly of microscopic drops of liquids on patterned self-
assembled monolayers (SAMs).5 Another approach for confining
liquids is to generate microwells (or depressions in a surface)
into which liquid can be delivered. Microwells®-1* can be
fabricated in silicon and glass using standard micromachining
techniques.!~1¢ These materials and processes are, however,
relatively expensive, and the facilities required to use them are
not routinely accessible to most chemists and biologists. Small
arrays (~2 cm? of picoliter microvials (0.4—300 pL; 10—120 um
each side) in polystyrene that overcome some of these problems
have been formed by embossing using structures formed by
photolithographic patterning techniques.”” This embossing tech-
nique, however, is not convenient for the formation of large arrays
of microwells with uniform, small volumes because the array
cannot be released easily from the master. Recently, Walt et al.!8
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demonstrated that densely packed {~4 x 108 wells/cm?), ordered
arrays of submicrometer wells (~0.25 um diameter) can be formed
by etching a bundle of optical fibers (I mm diameter) and can be
replicated by molding. These arrays, however, are small in area,
and the size of wells and their density cannot be varied easily.

Methods for addressing microreactor vessels of the types
described here typically involve the use of a micromanipulator to
position a micropipet®-#17 or the use of an ink-jet printer.}%%0 Ink-
jet printing of drops of liquid onto contoured or patterned surfaces
is a promising technique that is being developed actively for the
synthesis of arrays of oligonucleotides'® and combinatorial librar-
ies:?0 at this stage, however, the drops it forms are relatively large
in size (>100 pL volume, >100 um diameter).! Rapid delivery
of reagents to microreactors is not simple and is currently the
subject of research—new methods for delivery are needed.

The aim of the experiments described here was to produce a
system for studying small volumes of liquid in vessels that were
(i) manufactured by a flexible, rapid process that permits the
volume of wells to be controlled easily; (ii) optically transparent
at wavelengths required for spectroscopic analysis; (jii) low in
background fluorescence, to enable analysis by fluorescence
microscopy; (iv) chemically and physically inert; (v) easily filled
with solution; (vi) addressable; (vii) inexpensive; and (viii)
electrically insulating. Using low-cost, soft lithographic techniques
that have been described previously,?!% we have fabricated large,
regular, and planar arrays (<45 cm?) of microwells in the surface
of polymers. The microwells can be tailored to have dimensions
and densities ranging between ~3 fL, with 107 wells/cm?, and
~160 nL, with ~100 wells/cm?. We present a method that we
refer to as discontinuous dewetting that addresses the major
problem associated with working with large arrays of wells: filling
them uniformly and rapidly with a solution. Discontinuous
dewetting fills wells by expioiting the differences in the interfacial
free energies of the substrate and the liquid. It is a phenomenon
that occurs when a drop of liquid is allowed to drain from a surface
bearing discrete depressions and having surface free energy lower
than that of the liquid: the holes remain filled as the liquid dewets
the surface of the material.

We believe that the fabrication and filling methods presented
here should find immediate use in applications that require the
rapid distribution of small, uniform volumes of solutions or
suspensions into spatially well-defined microreactors arranged in
large ordered arrays. We have explored strategies for delivering
reagents to and removing products from individual microwells in
PDMS substrates, including electroosmotic pumping and gaseous
diffusion, to demonstrate that chemical reactions can be performed
in these microwells.

RESULTS AND DISCUSSION
Fabrication of Microwells. Figure 1 illustrates the method
that we used to produce large arrays of microwells.32¢ This
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Figure 1. Procedure for the fabrication of microreactor wells.
Photolithography using either a chrome mask (for feature sizes < 50
um) or a high-resolution transparency mask (for feature sizes > 50
um) produced a master. Poly(dimethylisiloxane) (PDMS) prepolymer
was cast against the master. After curing the PDMS at 65 °C for 2 h,
we removed the polymeric mold with microwells defined on its surface
from the master. To make arrays of microwells from other materials,
an array of posts was made in PDMS by this procedure, and then
the other material was molded against the PDMS master. A scanning
electron micrograph of a section of an array of microreactor wells
formed in epoxy (Epo-tek UVO114) is shown (bottom left); inset shows
side view of wells.

method has been used previously for the fabrication of stamps
and molds for soft lithographic techniques;? our approach has
been to adapt this fabrication technique to the formation of arrays
of microwells. An array of posts formed in photoresist on a silicon
wafer was used as a “master” to form the arrays of microwells.
The master was generated either by “rapid prototyping” (for
feature sizes > 50 #gm)®—a method that uses a high-resolution
transparency as the photomask for photolithography—or by
performing standard photolithography with a chrome mask (for
feature sizes < 50 um). The arrays of wells were fabricated by
molding an elastomeric polymer, poly(dimethylsiloxane) (PDMS),
against the master.?® An elastomeric polymer was used because
it could be separated easily from the master without damaging
either the molded polymer or the master. The masters could be
reused many {(>20) times.?® Figure 1 shows a scanning electron
micrograph (SEM) of a section of an array of the smallest
microwells (diameters ~2 gm) that we have obtained using this
technique.
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We have used this molding technique to produce wells with a
variety of geometries, with aspect ratios (depth:width) between
1:5and 1:1. The lateral dimensions and shapes of the wells were
controlled by using different masks for photolithography; the
depth of the wells was controlled by using different photoresists
and different speeds of spin coating. Diameters (and depths) of
the wells ranged between 2 um (~1 um deep), 10 um (1-2 ym
deep), 50 um (1—50 um deep), and 1000 #m (40—200 um deep);
volumes ranged between ~3 fL and ~160 nL. The density of wells
in the array was determined by the period of the features on the
mask; the highest densities that could be achieved easily with
the procedures we used were approximately 107 wells/cm? (for
wells 2 um in diameter, separated by 1 um). It should be possible
to fabricate smaller wells with higher densities using appropriate
masters, since neither the fabrication nor the phenomenon of
discontinuous dewetting used to fill the wells is intrinsically limited
to the dimensions, densities, and circular shapes we have
examined. The area over which these arrays can be produced is
limited only by the mask aligner used for photolithography and
the size of the mask itself: we have formed arrays as large as 45
cm?, but typically worked with arrays of ~10 cm?

Using the rapid prototyping methodology, the complete cycle
from design of the array to its fabrication is less than 24 h; using
a chrome mask, once the mask has been produced, the fabrication
requires less than 6 h to make masters and to mold arrays. The
ability to use the master many times (>20) for the fabrication of
arrays is also a significant advantage over methods that require
micromachining of glass or silicon each time an array is prepared.

PDMS has several advantages over materials that are typically
used for the fabrication of microwells and lends itself to several
strategies of individually addressing microwells that will be
described in the next section. In addition to its ability to be
molded and its elasticity, it is optically transparent in the UV/
visible region (down to ~350 nm),* electrically insulating, and
permeable to many gases.” The optical transparency of PDMS
facilitates the study of events in microwells using optical micros-
copy and also makes spectroscopic assays possible. To pump
liquids into microreactors using electroosmosis requires an
electrically insulating substrate: PDMS is a suitable material for
this application. The permeability of PDMS to gases allows air
bubbles that form on immersion of the array in a solution to
dissipate and also allows diffusion of reactive gases into the wells.

Chemical stability is an important consideration when selecting
an appropriate material for the arrays of microwells. Although
PDMS is swollen by many organic solvents,? it is unaffected by
water, perfluorinated compounds, and other poiar solvents (e.g.,
alcohols, ethylene glycol, tri(ethylene giycol)); the microwells are
compatible with many chemical and biological systems. If an
organic solvent that swells PDMS is required for a reaction, then
arrays of wells can be formed from other polymers.

The fabrication of microwells in many polymers is hindered
by their rigidity; it is difficult to remove them from a master
formed by photolithography on a silicon wafer without damage
to both the master and the molded polymer. To fabricate arrays
from these rigid materials, we used elastomeric masters made

A
i
¢
Lt array of PDMS
;5-' microwells
/ liquid
B
e filled well
meniscus
liquid =
C
filled well
D

filled well

unfilled well

Figure 2. Discontinuous dewetting can fill large arrays of microwells.
(A) Schematic illustration of an array of microreactors filling with liquid
as they are pulled from a bulk soiution. (B) Optical micrograph of
wells (10 um diameter; 2.2 um deep) in a PDMS surface filling with
tri(ethylene glycol) saturated with brilliant green. (C) Optical fluores-
cence micrograph of a microtomed section through wells filled with
epoxy (Epo-tek UVO114) containing Rhodamine B. (D) Empty wells
(right) and wells filled with a solution of brilliant green in tri(ethylene
glycol) (left) by discontinuous dewetting.

from PDMS (Figure 1)2 and molded polymers (epoxies, poly-
urethanes, and poly(acrylic acid)} against them: this procedure
makes release of the replica easier.? The polyurethanes that we
used (Norland Optical Adhesives) are not attacked by most
organic solvents but are degraded by strongly basic solutions.®
Epoxy substrates are the most stable and inert materials we have
examined.®! Poly(acrylic acid), while soluble in methanol and
water, is inert to most other organic solvents.

Discontinuous Dewetting: A Method for Filling Wells.
Discontinuous dewetting is a method we have developed for filling
large arrays of microwells with similar quantities of reagent
rapidly: this method takes advantage of the difference in the
interfacial free energies of the substrate and the liquid of interest
and the controlled topology of the surface. Other methods (ink-
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Figure 3. Filling of small, adjacent groups of wells by discontinuous
dewetting. (A) Schematic illustration of filling small groups of wells
by discontinuous dewetting. (B) Optical micrograph of small groups
of wells filled by dragging a sharp glass probe (~15 um diameter)
holding a drop of tri(ethylene glycol) containing brilliant green dye
across the surface of the microreactors using a small xyz stage. The
probe was made by dipping an optical fiber (125 um diameter) into
48% HF for ~10 min. Wells that appear gray are filled with solution
(brilliant green in tri(ethyiene glycol)), and wells that appear colorless
are empty.

jet printing, micropipetting, or using a picospritzer) for fluid
delivery exist, but these methods normally require complex
engineering and precise measurement to deliver small volumes
of liquid in a serial fashion and are unnecessarily complex for
filling an array uniformly with liquid.

In discontinuous dewetting, liquid is allowed to drain off an
array of microwells either by gravity or by pulling the array from
a bulk solution. For most liquids, the microwells remain filled
with approximately equal volumes of solution as the liquid dewets
the surface of the material. Figure 2 shows a schematic illustration
of discontinuous dewetting and optical micrographs of microre-
actors filled and in the process of filling. This technique, in
combination with a simple delivery system, can also be used to
fill smal! groups of wells: a small (~1 pL) drop of liquid is dragged
across the surface of small areas of the array using a small glass
probe mounted on a micropositioning stage (Figure 3). A single
25-nL drop of liquid (~1 mm diameter), in principle, could be
portioned into thousands of picoliter wells by dragging it along a
surface with a hydrophobic glass fiber.

Figure 4 summarizes a qualitative explanation for discontinuous
dewetting. As an array of microwells is pulled from a solution,
the bulk liquid retracts from the surface at a constant receding
contact angle. When the liquid front meets a microwell, the abrupt
change in angle at the edge of the well causes the drop to be
pinned: it is well known that liquids have a tendency to pin both
on heterogeneities on planar surfaces and on geometrical
heterogenities.®~3% As the bulk liquid continues to recede, the
pinned drop hinges on the edge of the well, and the drop tends
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toward its equilibrium contact angle at the top edge of the well.
Drainage of the liquid at the lower edge of the well causes the
film to thin until, finally, it ruptures and pins at the bottom lip
(marked *) of the well. This process leaves each of the microwelis
filled with an equal volume of liquid (Figure 4). We have
quantified the filling of the microwells by measuring the fluores-
cence from a large number (~500) of microwells (~10 um
diameter) and have determined that the deviation in the volume
of solution contained in each well is smaller than 5% at the 1o
level.

Discontinuous dewetting has been used to fill wells in PDMS
with diameters between 2 and 1000 #m and with aspect ratios
(depth:width) typically between 1:1 and 1:5. The size of the wells
that we have filled by discontinuous dewetting has been limited
only by the dimensions of masters that we can fabricate easily: it
should be possible to fill wells with submicrometer dimensions
in the same manner. Liquid in wells with a low aspect ratio (i.e.,
<1:20), however, tends to bead up to minimize free energy. While
this retraction from the boundaries of the well should not hinder
performing chemistry in the wells, it could be solved, in principle,
by the use of deeper wells, or by selectively increasing the surface
free energy of the interior of the well. The frequency of filling
wells depends on the rate at which the array is pulled from the
liquid, the density of wells in the array, and the lateral dimension
of the array: for an array (~5 cm wide) of wells (10 zm diameter,
spaced by 5 um on a square grid), the rate of filling was ~10*
wells/s. When wells were filled by the discontinuous dewetting
procedure, improper filling occurred only on areas of the array
where there were defects in the wells (due to photolithography)
or where there was debris on the surface of the array: for an
array ~6 cm? pulled from a solution of tri(ethylene glycol), ~99%
of wells could be filled.

Discontinuous dewetting can be used to fill microwells with
many solutions and suspensions of interest to chemists and
biologists. Table 1 presents a set of liquids that will fill wells in
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