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m Abstract Soft lithography, a set of techniques for microfabrication, is based on
printing and molding using elastomeric stamps with the patterns of interest in bas-
relief. As a technique for fabricating microstructures for biological applications, soft
lithography overcomes many of the shortcomings of photolithography. In particular,
soft lithography offers the ability to control the molecular structure of surfaces and to
pattern the complex molecules relevant to biology, to fabricate channel structures ap-
propriate for microfluidics, and to pattern and manipulate cells. For the relatively large
feature sizes used in biology 50 «m), production of prototype patterns and structures

is convenient, inexpensive, and rapid. Self-assembled monolayers of alkanethiolates
on gold are particularly easy to pattern by soft lithography, and they provide exquisite
control over surface biochemistry.
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INTRODUCTION

Microfabrication has become important to biology. The decoding of the genome
(1-3) and the development of combinatorial methods of organic synthesis (4, 5)
have generated both therapeutic targets and drug candidates; both require mi-
crofabricated or microstructured components. Pharmaceutical and biotechnology
laboratories perform thousands of assays daily, with an increasing number based
on sophisticated uses of complex biochemical pathways. These assays are often
carried out using small volumes of analytes and reagents and in small reaction
vessels. Combinations of disease-specific genetic information and miniaturized
assays are making it possible to develop new classes of diagnostic tools (6—8).
Many of these technological achievements have been made possible by the con-
vergence of microfabrication, automation sciences, and biology. The microelec-
tronics industry developed photolithography and associated techniques to fabricate
integrated circuits. Silicon micromachining had been developed for the fabrica-
tion of microelectromechanical systems, and these techniques were the first to
be adapted to the fabrication of microstructures for biological research. The use
of photolithography in the fabrication of DNA arrays was the first example that
attracted wide attention (9-12). Although the most highly developed technology
for micropatterning, photolithography is limited in its application to biotechnol-
ogy and biology. 4) It is intrinsically expensive k) it gives limited control over
surface propertiesg) it often is not directly applicable to proteins and celt$) (
the time to go from a design to prototype can be long, &the techniques are
unfamiliar and inaccessible to most biologists.
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We have developed a set of techniques called soft lithography that offers tools
for micropatterning that complement and extend conventional fabrication meth-
ods (13). Two of the key features of soft lithography are the use of elastomeric
(that is, mechanically soft) materials to fabricate the pattern transfer elements by
molding, and the development of techniques that pattern complex biochemicals
(14-18). Both features involve organic materials and polymers—“soft matter,” in
the language of physics (19, 20).

This review describes the central techniques of soft lithography and their ap-
plications to biology. The first section introduces the major techniques of soft
lithography and discusses their advantages. Understanding the principles behind
soft lithography helps rationalize its applications to problems in biology. We focus
on the application of soft lithography in the fabrication of microsystems useful in
biology. The second section describes the components and systems for microflu-
idics that can be fabricated using soft lithography. The third section discusses
the extensive application of soft lithography to problems in cell biology and uses
these applications to illustrate the characteristics of each of the variants of soft
lithography.

KEY FEATURES OF SOFT LITHOGRAPHY AND THEIR
RELEVANCE TO APPLICATIONS IN BIOLOGY

Surface Engineering

As the size of devices decreases, their surface-to-volume ratios increase, and their
surface properties become increasingly important in determining their perfor-
mance. In microscopic systems, and especially those used in biology, it is often
necessary to engineer the properties of the surfaces with molecular-level detail.
Self-assembled monolayers (SAMs) of alkanethiolates on gold have become in-
dispensable systems for modeling and, in some cases, controlling biologically
relevant surfaces (Figure 1) (21, 22). Soft lithography is well suited to pattern the
composition, topography, and properties of surfaces (13). The combination of soft
lithography and SAMs has proved invaluable in the formation of microsystems for
use in biology.

SELF-ASSEMBLED MONOLAYERS The surfaces of noble metals such as gold and
silver react with organic thiol groups and form SAMs. The most ordered structures
are formed from compounds with the structure HS{{zM, wheren ~ 16-18 and

X = asmall, nonpolar, organic functional group (22—-27). Selective reaction of the
metal atoms on the surface with the thiol groups generates a dense array of thiolate
groups; the organic groups then order and reach densities approaching those of a
crystalline solid (Figure 1) (23, 24, 28). SAMs of alkanethiolates with more than
10 methylene (Ch) units are essentially impermeable to water, and the properties
of their surfaces are largely determined by the functional group X (22, 29, 30).
SAMs also function as etch resists in the fabrication of patterned structures (31, 32).
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Figure 1 (a) Schematic illustration of the structure and packing of a self-assembled
monolayer (SAM) on gold. The sulfur atoms coordinate the gold surface to expose the
terminal groups X at the interface. The alkyl chains pack at an angle e¥i8®the sur-

face, where X is small; this orientation maximizes the van der Waals’ contacts between
adjacent alkyl chainsbj The structure of typical alkanethiols used in biological stud-
ies. €) A diagram of a mixed SAM drawn using the structures of alkanethiols illustrated
in panelb. (d) The “common intermediate method” described in the text as a procedure
for attaching ligands to preformed SAM®) (The “anhydride method” described in

the text.

Because the end group X of the alkanethiols can be determined or modified through
organic synthesis, SAMs offer the ability to generate well-defined surfaces with a
broad range of characteristics.

SAMs of alkanethiols on gold have been used extensively in fundamental stud-
ies of wetting, adhesion, tribology, multilayer formation, protein adsorption, and
cell adhesion (21,22,27,28 ,30,33,34). Biological processes—for example,
adsorption of protein—that occur at the surfaces of SAMs can be studied with
surface plasmon resonance (35-39), quartz crystal microbalance (40-42), ellip-
sometry (43), contact angle (44, 45), infrared spectroscopy (46, 47), atomic force
microscopy (48, 49), sum frequency spectroscopy (50), X-ray photoelectron spec-
troscopy (51), surface acoustic wave and acoustic plate mode devices (52, 53),
confocal and optical microscopies (15), low-angle X-ray reflectometry (54, 55),
electrochemical methods (56,57), and scanning elecron microscopy (58, 59).
SAMs on gold are also used in commercial products that require stringent con-
trol of surface properties: DNA arrays (12) and biosensors (35, 37) are examples.
SAMs can also be formed with molecules other than alkanethiols, on surfaces
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other than coinage metals. The most important alternative system is that formed
with alkyltrichlorosilanes (RSiG) or alkyltrialkoxysilanes [RSiO(Chjs] on SiO>-
terminated surfaces (glass or silica). Alkylsiloxane SAMs are useful, but they are
less ordered than are SAMs of alkanethiolates on gold, and neither the synthesis of
the RSIC} nor the preparation of the SAMs is simple. They have, however, been
used extensively in industry for modification of surfaces (for example, to improve
adhesion or wettability). Alkylsiloxane SAMs have been reviewed extensively
elsewhere (60-62).

INERT SURFACES One important application of soft lithography in biology is to
generate patterns of proteins or cells. The formation of these patterns, in turn, is
based on patterning the surfaces into regions that either promote or resist the adhe-
sion of proteins and cells. Many surfaces allow proteins and cells to adhere. Most
proteins, for example, adhere to hydrophobic surfaces; far fewer surfaces resist the
adsorption and the adhesion of biological species. We have explored such surfaces
(which we call inert surfaces for brevity) extensively. The most straightforward
method to generate inert surfaces is to cover the surface with an appropriate density
of derivatives of oligo(ethylene glycol) [(E¢)or poly(ethylene glycol) (63). This
density depends on the length of the (E@)oup: Longer groups require lower
densities (64, 65, 66).

These (EG)- or poly(ethylene glycol)-terminated surfaces are useful but have
some deficiencies: They may autoxidize in the presence of dioxyggafd tran-
sition metals [especially Cu(ll) and Fe(lll), both common in biological systems]
(67-69), and in vivo, they are modified by alcohol dehydrogenase (70, 71). We
have used SAMs to define the molecular properties that make surfaces inert. A
survey of approximately 60 surfaces indicated that most inert surfaces have four
characteristics:a) They are polar,if) they have hydrogen bond acceptor groups
but (c) no hydrogen bond donor groups, amk) they are overall electrically neu-
tral (72, 73; E Ostuni, RG Chapman, RE Holmlin, S Takayama & GM Whitesides,
submitted for publication). Luk et al (75) have reported that surfaces terminating
in mannitol apparently are also inert, although they do not meet the third criterion;
the origin of the properties of these interesting surfaces remains to be established.

Thin polymer films with these same four characteristics grafted onto surfaces
also resist protein adsorption and bacterial adhesion (76). For many applications in
biotechnology, these surface-grafted films may provide the best methods available
to generate usefully inert surfaces.

VERSATILE METHOD OF ATTACHING LIGANDS By synthesizing alkanethiols that

are terminated with a molecule, such as a ligand, for an enzyme (77) or a tripeptide
that is specific for the integrin receptors of mammalian cells (78), it is possible
to engineer the surfaces of SAMs to bind proteins or to promote the adhesion
of mammalian cells biospecifically. Complex problems such as protein-ligand
binding or cell-surface interactions are best studied using a surface that presents
a low density of the ligand of interest in a background that is otherwise inert.



340

WHITESIDES ET AL

A useful strategy for preparing these kinds of surfaces is to form mixed SAMs
with two alkanethiols (45, 79-81): one (the majority species) terminated with
tri(ethylene glycol) [([EGJOH], and one (a minority) terminated with (ER,
where R is the ligand, or a group such asCB,H that can be easily activated for
attachment of the ligand (Figure)l(77, 78, 82-84). A mixed SAM of this type
makes it possible for binding events to occur biospecifically between the ligand
and the protein or the cell in the absence of steric interference from neighboring
ligands, and without nonspecific interactions with the surrounding substrates (84).
This capability is particularly useful when studying cell adhesion because the cells
themselves secrete adhesive molecules that change the properties of the surface
to which they are attached (as well as the surrounding surface) if it is not inert
(“surface remodeling”) (78).

In these kinds of studies, the synthesis of the alkanethiol HS(@EG)OR
that is required can be a technical challenge, even for synthetic organic chemists
(78). The design of experiments requiring a surface that presents a specific li-
gand is simplified greatly by procedures that use a common intermediate that
can be activated to react with a variety of ligands. We have developed a sys-
tem that allows attachment of ligands and is relatively straightforward (and op-
erationally familiar to biochemists) by forming mixed SAMs using alkanethi-
ols terminated with (EGH and (EG)OCH,CO;H groups. The acid groups in
these mixed SAMs can be activated toward coupling with amines using stan-
dard methods (Figured) (82—-84). The method is useful for the immobilization
both of small ligands and of proteins. Incorporation of as much as 2% (mol/mol)
of acid-terminated groups into a SAM otherwise terminated in BB groups
leaves the surface inert but allows it to be activated for attachment of ligands
or protein. At surface densities of the gGEONHR groups greater than 2%,
the surfaces cause increasingly larger amounts of nonbiospecific adsorption of
proteins.

Mrksich and coworkers have developed a method for derivatizing SAMs that
uses electrochemically switchable surfaces (56,57,85 ,86). Mixed SAMs are
formed with a small percentage of hydroquinone-terminated alkanethiols in an
inert background of (EG) A brief oxidizing electrochemical pulse converts the
hydroquinone to a benzoquinone derivative that can react with a functional group
that carries a reactive diene moiety. The method is simple to use if the proper
molecules are available, and it has been adapted to the immobilization of proteins
(57).

A method for functionalizing a surface that is operationally simpler than the
ones described above begins withahomogeneous SAM terminated with carboxylic
acid groups. This surface can be functionalized by dehydration with trifluoroacetic
anhydride to generate interchain carboxylic anhydride groups. The subsequent re-
action of the activated surface with amine groups (MRIRR =H, R=organic
group) generates amide bonds (Figueg (B7). SAMs formed using the “anhy-
dride method” present an approximately 1:1 distribution of CONR'R groups
and CQ/CO,H groups. The properties of a SAM formed by the reaction of
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undecylamine with an anhydride-terminated surface are, none the less, similar
to those of a single-component SAM formed with hexadecanethiol; the longer
terminal group [in this instance, the(CH,);0CHs group] seems to shield the
CO,H/CO,™ group (87, 88). The anhydride method is particularly useful in screen-
ing the properties of surfaces quickly to evaluate the need to undertake the syn-
thesis of the alkanethiol that presents the functional group of interest (73, 89). In
some experiments, the presence of a high surface density §f/CO,H groups

may introduce complexities that would be absent in experiments performed with
mixed SAMs, but the operational simplicity of the method makes it attractive for
screening and exploratory experiments (73).

Poly(dimethylsiloxane) Stamps: Fabrication
Using Replica Molding

The ability to control surface properties using SAMs is most useful when combined
with spatially defined patterns. Soft lithography allows the creation of patterned
surfaces using a combination of SAMs and microcontact prinfr@R). InuCP, a
microstructure (a stamp) fabricated of an elastomer transfers materials to a surface;
the use of elastomers allows the micropatterned surface to come into conformal
contact with the surfaces over large areas (Figije 2

The key strategy for fabricating stamps and molds used in patterning is to
replicate, in an elastomer, the three-dimensional topography of a patterned, solid
surface by replica molding (FiguraR(90-92). Because masters are typically rigid,
the use of an elastomer facilitates separation of master and replica (Faure 2
Polymeric stamps can also be used as masters for fabrication with rigid materials
that cannot be molded and separated on conventional, brittle masters. Replica
molding is successful even with features that are only tens of nanometers wide and
tall (13, 92).

Poly(dimethylsiloxane) (PDMS) and other siloxane-based polymers are widely
used in making stamps and molds for soft lithography, although other elastomers
can also be used (93). PDMS has a useful combination of properties. It has
a Young’'s modulus that makes it a moderately stiff elastomer (1 MPa) (94).
It is nontoxic and readily available commercially. It is optically transparent to
~300 nm. It is intrinsically very hydrophobic (advancing contact angle of water,
64120 ~ 110°), but its surface can be converted to a hydrophilic fo#gi{® ~ 10°)
by brief treatment with a plasma (95, 96). Contact of two freshly oxidized PDMS
surfaces results in irreversible contact adhesion, presumably by a spontaneous
dehydration of SiOH groups{SiOH + HOSi= — =SiOSike) (96-98). Treatment
of the plasma-oxidized PDMS with an alkyltrichlorosilane (Rg)@itroduces R
groups onto the PDMS surface; this process is commonly used to introduce per-
fluoroalkyl groups that reduce interfacial free energies and thus reduce adhesion.
The conversion of PDMS to a form with high surface free energy by plasma
oxidation (95, 96) generates a negatively charged surface that can support elec-
troosmotic flow for applications in biochemical separations based on capillary
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Figure 2 A schematic outline of patterning by preparation of a poly(dimethyl-
siloxane) (PDMS) stamp using replica molding, and pattern transfer by microcontact
printing (wCP). @) The processes begin by exposing photoresist to ultraviolet light
on a silicon support through a mask (which, fe80-um features, can be prepared by
commercial or desktop printing). On dissolving the unexposed photoresist, the cured
photoresist remains on the silicon support in a bas-relief pattern defined by the mask (a
structure we call a master). The master is exposed to vaporsz0CEH(CH,).SiCl;
overnight to reduce its tendency to adhere to the stamp. An elastomer is poured over
the master; typically PDMS (Sylgard 184) is used as the elastomer (curingZisfat

60°C). After curing, the PDMS stamp can be peeled off the madiein . CP, stamps

are inked with an ethanolic solution of an alkanethiol, and the ethanol is removed by
evaporation in a stream of nitrogen and then brought into contact with a thin, supported
film of gold for 30 s to 5 min. (See text for details.)

electrophoresis (97). The ability to change the surface properties of PDMS is
useful when designing a stamp for pattern transfer of a molecular species; the
amount of material that is loaded on the stamp can be maximized by using a
stamp with properties similar to those of the compound—for example, a hy-

drophilic stamp may be required to transfer a pattern of hydrophilic molecules

(83). PDMS is relatively permeable to nonpolar gases, includingNp, and

CO,: This property is essential to its use in channel systems for mammalian cell
culture.

Formation of Masters: Rapid Prototyping Methods

Typically, soft lithographic techniques rely on photolithography for the formation
of masters. One of the most time consuming and expensive (ca $500 fier in
features between 1 and /sm) parts of conventional photolithography is the
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Figure3 Schematicillustration of the size ranges that are accessible by the techniques
of soft lithography that are being applied to biological problems. The upper limits of
some of the techniques are not indicated because they have not yet been tested.

production of the photomask; the mask also limits the area that can be patterned
in a single step. We have developed several methods to make the masks required
in soft lithography rapidly and inexpensively (Figure 3).

TRANSPARENCY SHEETS The patterns to be created in photoresist can be designed
using commercial computer drawing packages. The graphic designs are printed
onto transparencies using a commercial printer operating at 5080 dpi. These trans-
parencies are used instead of chrome masks in contact photolithography and can
routinely generate features of photoresist with dimensions gifa0as well as

(with some degradation in quality) features as small agi2((99, 100). It is pos-

sible to use this method to produce continuous patterns with dimensions of at least
20 cnt, and larger printed areas should allow larger areas of reproduction.

MICROFICHE OF PHOTOGRAPHIC NEGATIVE An alternative method for producing
masks involves the use of an office printer to generate low-resolution (600 dpi)
prints of the mask designs, followed by reduction of the features using photo-
graphic methods onto 35-mm film or microfiche. The film and the microfiche can
be used for contact photolithography to produceudb-features with a 1.5em

edge roughness (101, 102). This method can produce patterns with areas of ap-
proximately 4 cr.

MICROSCOPE PROJECTION LITHOGRAPHY Transparency masks can also be used
with a conventional microscope to produce features that are 5-25 times smaller than
the features printed on the masks. The microscope lenses are used as the reducing
elements, and the transparency is placed in the path of the light before it reaches
the lenses. Microscope projection lithography can produce features with widths of
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1 um and an edge roughness of Qun (JC Love, DB Wolfe, HO Jacobs, &
GM Whitesides, unpublished results). It is limited to areas of approximately
10000m?.

Microcontact Printing

The ability to engineer the properties of surfaces with SAMs has made it possible
to study biological processes, such as cell adhesion, that occur at interfaces as well
as to conduct miniaturized and high-throughput assays. Most current biological
uses of micropatterning require features with sizes between 1 andrh00

uCP is a method for patterning by printing material using a PDMS stamp
(Figure D) (31,32,104 ,105). It can routinely transfer patterns with features
having 1um dimensions and with an edge roughness<df00 nm, provided
the necessary masters are available (13); the fabrication and patterning of sim-
ple 40-nm features, such as lines and circles, is possible with some additional
steps (106—109). This procedure has been most widely used in printing alkanethi-
olates on films of gold and silver. The general procedurg(foP involves inking
the stamp with a solution of the substance to be printed. As the solvent (typi-
cally ethanol) evaporates, the alkanethiolate ink is deposited on the relief structure
(104); it may also dissolve in the PDMS (110, 111). The stamp is then brought
into conformal contact with the surface for a period ranging from 30 s to sev-
eral minutes, depending on the application (Figuog ®n removing the stamp
from the surface, a pattern is left that is defined by the raised bas-relief struc-
ture of the stamp. If required by the intended application, the remainder of the
surface can be filled in with a second SAM simply by dipping it into a solution
of the alkanethiolxCP is convenient and suitable for patterning large areas (ca
100 cnf) in a single impression. This technique has also been used to print alkyl-
siloxanes [the quality of the patterned features (112) can be improved by printing
at high temperatures (113)] and would probably work with most systems that form
SAMs.

SAMS ON GOLD AND SILVER Alkanethiols can be printed onto both gold and silver
films with equally good results, although all applications of printed SAMs in cell
biology use films of gold, because silver is cytotoxic. Alkanethiols with a broad
range of structures can be patterned withP (33). In a typical experiment, the
hydrophobic hexadecanethiol is printed onto a gold-coated surface to generate
patterns that promote the adsorption of proteins; the remainder of the surface is
covered with an alkanethiol that is terminated with (E@H groups; this surface
resists the adsorption of proteins and the adhesion of cells (15, 17).

The quality of the SAMs formed by microcontact printing, and the resolution
of the printed features, depends on the concentrations of the alkanethiols and
the conditions used to perform the printing. Delamarche and coworkers found
that using ethanolic solutions of dodecanethidl0 mM for printing caused the
resulting SAM to be structurally comparable to a high-quality SAM formed from
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a solution (111, 114). The resolution of the printed features decreases as the vapor
pressure of the alkanethiol increases. Short alkanethiols can transfer from the stamp
to the substrate through the vapor and give blurred edges or broadened lines (110).
This blurring is important only fo<500-nm features and is irrelevant for most
biological applications (115). Maracas and coworkers have shown{BBtcan

be used to print 550-nm-wide lines with40-nm accuracy over a circular area
with a 7.5-cm diameter by using a rigid backing and a precision-controlled jig to
place the stamp on the surface (116).

TRANSFER OF OTHER MATERIALS uCP is also useful for generating patterns of
materials such as proteins on surfaces other than gold (polystyrene, glass); the only
requirement is that the material being transferred can be deposited on the surface
of the stamp. PDMS stamps have been incubated with solutions of proteins and
the adsorbed proteins transferred to glass, polystyrene, or silicon (14, 16, 18). The
activities of the proteins are generally 50%—-100% of those measured with protein
layers adsorbed from solution.

We have also use@dCP to transfer poly(ethyleneimine) (PEI) onto a SAM
terminated with anhydride groups; the PEI was grafted covalently (117, 118). The
free, residual amino groups on the PEI were then used to attach other groups to
the pattern (76).

METHODS BASED ON WRITING WITH A “PEN”  Our initial work in the area of print-

ing alkanethiols used simple pens to write lines of alkanethiols on a gold surface
with widths of >0.1 um (31, 104). Mirkin and coworkers have used an opera-
tionally related, but mechanistically different, method [dip-pen nanolithography
(DPN)] to write patterns of alkanethiols on gold surfaces with line widths as small
as 15 nmusing AFM tips (119). In DPN, Piner et al have suggested that as the AFM
tip coated with alkanethiol is carried across the surface, water that condenses from
vapor into liquid between the tip and the surface carries the alkanethiol molecules
from the tip to the substrate; the reaction of the alkanethiol with the gold surface
forms a SAM only in the regions traced by the AFM tip. The size of the features
depends on the duration of contact between the AFM tip and the surface (119).
DPN has also been extended to the writing of adjacent features with different ter-
minal groups and to the parallel writing of features with eight different AFM tips
(120, 121).

Elastomeric Membranes for Dry Lift-off

Surfaces can be patterned by the direct transfer of material with a stamp—as in
uwCP—or by selectively blocking the access of material using physical barriers.
“Lift-off” is a technique commonly used in microelectronics fabrication. A surface
patterned with photoresist is exposed to a metal vapor. The photoresist is then
dissolved; as it dissolves, it “lifts off” the metal deposited on it but leaves the
metal deposited on the unprotected surface. The result of this procedure is a pattern
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of metal that corresponds to the pattern of holes in the exposed and developed
photoresist.

Conventional lift-off involves several steps—especially treatment with an al-
kaline or organic solution to dissolve the photoresist—that are incompatible with
patterning proteins or cells. We have developed a method for fabricating elas-
tomeric membranes containing through-holes (122). The elastomeric membranes
can be used to provide patterned access to the surface. After patterning, the mem-
branes can be physically lifted off the substrate. The fabrication of such membranes
is straightforward; it only involves spinning a layer of PDMS on a master of pho-
toresist posts to a thickness lower than the height of the posts (Figure 4). On curing
the PDMS, the membrane can be removed from the master as a free-standing film
with features in the shape of the posts on the master (122). The thinnest membranes
we have made are/om thick with 3-um diameter holes. Elastomeric membranes
have been useful in patterning metals, sol-gels, electroluminescent materials, and
proteins in arrays of dots (122—-124). Multiple materials can be patterned using
multiple, stacked membranes (122).

Folch et al (125) fabricated similar membranes using a procedure that is not
as straightforward as the one we have described, but it does not require a spin
coater. After pouring PDMS on a pattern of photoresist, the substrate is covered
with an adhesive film made to adhere to the posts by pressure or by removing the
excess PDMS with a syringe. The adhesive film seals against the photoresist and
allows the PDMS to cure around the posts to generate a film that has through-holes
(125).

Fabrication Using Laminar Flow in Microfluidic Systems

In microfluidic systems—uwith typical channel sizes of sh—fluids flow lam-
inarly. A buffer that flows inside a microscopic channel (&t wide) with a
velocity of 0.6 cm/s has a Reynolds numbRe& vlp/u) ~1 (126).Reis a dimen-
sionless parameter that describes a fluid’s tendency to become turbulent; laminar
conditions in a fluid are obtained at low values of the veloaily the diameter of
the capillary [, (m)], and the density of the liquigb| (kg/m?)], and high values of
the viscosity [t, (kg m~ts™3)]. Fluids withRe<« 2000 flow laminarly. Becaudés
small for microfluidic systemsReis typically 0.1-1 for flow rates commonly used
in biology. Two streams of fluid that flow into a common channel of a microflu-
idic structure from independent inlets do not mix turbulently but flow in adjacent,
separate laminar streams that mix only at their interface by diffusion (Figgre 5

We have used the laminar flow of fluids in microfluidic structures to pat-
tern surfaces and to fabricate structures at the interface between different fluid
streams (127, 128). Figure 5 shows a silver wire that was created inside a mi-
crofluidic structure by precipitation at the interface between two liquid streams of
an electroless plating solution; these structures can be used to generate electrodes
inside a channel and should be useful in electrochemical assays and in probing the
behavior of cells potentiometrically (127). The ability to fabricate electrodes that
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(b) bare BSA
substrate PDMS

1. peel away | 2. expose to
membrane

FN or gelatin

Figure 4 Use of elastomeric membranes in studies of cell spreadfgdanning
electron micrograph of a membrane ca/s® thick with holes 50um in diameter.
Poly(dimethylsiloxane) (PDMS) was spun on a master of photoresist to a thickness
slightly smaller than the height of the features of photoredisS¢hematic illustration

of the procedure for the use of membranes in studies of cell spreading. A PDMS
membrane coated with bovine serum albumin (BSA) is placed on a Petri dish and
exposed to a solution of fibronectin (FN); the system is exposed to vacuum for three
30-s intervals to allow the solution to fill the wells. The FN adsorbs to the surface of the
dish that is exposed by the holes of the membrane and directs the selective adhesion
of the cells to those parts of the surface. Removal of the membrane leaves cells on the
surface of the Petri dish in a pattern apamnel ¢ brief exposure of the Petri dish to a
solution of gelatin renders the rest of the surface adhesiyeM{crograph taken 2.5 h

after that inpanel cshowing the cells spread onto the remainder of the surface. After
ca 4 h, the surface becomes covered with cells and no longer exhibits a pattern.

are smaller than, and aligned to, the channels of a microfluidic system is unique to
soft lithographic methods and will find application in the design of assay systems
(129).

Patterning Using Two-Dimensional Microfluidic Structures

Channel systems, in combination with laminar flow, can be used to pattern material
onto a surface from solution. Delamarche et al used multiple, adjacent channels
to pattern proteins onto a surface and to direct chemical reactions on surfaces
(130, 131). The system uses small volumes of reagents and may be useful in
immunoassays. Laminar flow of liquids can be used to generate simple patterns of
proteins and cells inside a channel (127, 132).
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Figure 5 (a) Laminar flow in microfluidic systems. Agueous solutions colored with

a black and a red dye were combined in a channel. The two solutions only mix at their
interface because they are flowing laminarb).A three-electrode system that was fab-
ricated using the laminar flow of fluids inside the 20f-wide channel of a microflu-

idic structure. The microfluidic channel was placed on top of a stripe of evaporated gold.
Etchant solution was allowed to flow in the central channel of a three-channel inlet to
remove a central strip of gold and thus to create the working and counter electrodes.
The reference electrode was fabricated as a silver wire by flowing solutions of the com-
ponents of electroless silver plating mixture from the two outer inlets of the system.
The silver wire extended to a silver contact pad.

Patterning Using Three-Dimensional Microfluidic Structures

By stacking membranes, it is possible to fabricate three-dimensional microfluidic
structures (Figure 6) (133, 134). These structures can generate complex patterns
of different materials in one step on a surface by deposition from solution. Simple

1 CP is restricted to printing crossing lines (135).

Generation of Gradients Using Microfluidic Systems

Appropriately designed microfluidic channels can be used to create gradients.
Figure 7 shows a “Christmas tree structure” fabricated to generate gradients and
illustrates its use with fluorescein using three inlet reservoirs (136, 137). Using
a small number of inlet streams allowed to mix diffusively within the serpen-
tine channels that separate the crossing points of the channels, it is possible to
create smooth gradients of two substances over a dimension of a few hundred
micrometers in the common channel (136, 137). A range of other methods for
producing gradients has also been demonstrated. These methods include diffusion
of alkanethiols through porous matrices (138, 139), photochemical activation of
SAMs for peptide coupling (140, 141), electrochemical desorption of SAMs (142),
and depletion of protein inside microfluidic channels by adsorption (143). Meth-
ods that use pipettes for forming gradients in solution have also been described
(144-147).
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Figure 6 Fabrication of three-dimensional (3D) microfluidic systems and their ap-
plication in cell biology. &) Stacked membranes were used to fabricate a 3D network

of channels. The channels were filled with epoxy and cured before dissolving away the
poly(dimethylsiloxane).lf) A microfluidic system similar to that ipanel awas used

to deliver cells to an adhesive tissue culture surface in concentric squacesr &nd

inner squaresCovered by bovine capillary endothelial cellsjifildle squargcovered

by human bladder cancer cells. The system also makes it possible to deposit the same
type of cell on all surfaces defined by the channels and to treat each area with different
substances.

APPLICATIONS OF SOFT LITHOGRAPHY
IN MICROSCOPIC BIOCHEMICAL ASSAYS

Overview

The important advantages of miniaturizing biochemical assays are the minimiza-
tion of the amounts of analytes required for analysis and the maximization of the
number of assays that can be carried out in parallel, using systems that require only
a small amount of laboratory space and labor (148). Miniaturized devices that per-
form complete laboratory tasks, such as polymerase chain reaction or sequencing,
are called micro total analysis systemdAS). A fully completex TAS would be

a device capable of performing all phases of an analysis. For example, the device
might (@) sample and concentrate organisms from a flljllyse them to release
nucleic acids, ) separate the DNA from the rest of the cell debrig,dmplify the

DNA using polymerase chain reaction, am)l §equence the DNA. Currently, no

1 TAS of this sophistication has been fabricated, but products that perform simpler
tasks—such as separations of proteins and DNA, sequencing, or binding assays in
parallel arrays—are beginning to emerge.

One of the challenges to the use of microfluidic structures is the ability to create
systems that manipulate laminar flow of fluids moving in 50- to 280-channels.
These microfluidic systems require the same types of functional components—
pumps, connectors, valves, mixers—that are used for manipulating fluids at higher
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Figure 7 Generation of gradients using microfluidic networka) $chematic of

the microfluidic structure used to generate gradients. Solutions from the three inlets
were combined repeatedly and allowed to mix diffusively before being recombined
to generate a smooth gradient in the main chanmglFluorescence micrograph of

a gradient of fluorescein isothiocyanate). The calculated fluorescence intensities in
each channel. The shape of the gradient is influenced by the flow speed of the liquids.

Reynolds’ numberRRé, but they require fundamentally new designs that take into
account the behavior of the fluids when there is no turbulence. Some of these
components have been fabricated using silicon micromachining, but the methods
are complex, and some devices (especially valves) malfunction when particles
are present. The miniaturization of fluidic components can also be achieved with
soft lithographic methods and elastomeric materials (13). These procedures, when
combined with advances in flow imaging, make it possible to test and characterize
the design of components quickly (149, 150).

The initial work in fabrication of+ TAS was carried out using silicon (151, 152);
current versions oft TAS are being fabricated using glass (153, 154). The use of
plastics (including elastomers such as PDMS) in the fabricatigT48S is rapidly
becoming more common because of the advantages—especially in cost—offered
by these materials (13, 97).
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Components

pumMmps  Microfluidic pumps can be classified as mechanical [piezoelectric (155—
158), electrostatic, electromagnetic (159), pneumatic (160), thermopneumatic
(161), ultrasonic (162), or bubble formation (163)] or nonmechanical [surface ten-
sion (131, 164-166), electrohydrodynamic (167-169), electroosmotic (150, 170
, 171), or gravitational (132)]. Microfluidic pumping inside channels created by
soft lithographic methods can operate by mechanisms in either category. A suc-
cessful example of mechanical pumping is the pneumatically driven peristaltic
pump fabricated by Quake’s group (160). Examples of nonmechanical pumping
schemes in PDMS channels include electroosmosis (148, 150, 172), gravitational
pumping (132), electrokinetic generation (173, 174), surface tension (96, 175), and
wetting by capillary force (131). External macroscopic pumps can also be used to
drive fluid flow inside the microfluidic channels (127). An important consideration
with the different pumping schemes is the flow profiles (parabolic, plug-like, com-
plex) they generate. Inside uniformly charged channels, electroosmotic pumping
gives plug-like flow; pressure-driven pumping gives parabolic flow. Complicated
flow profiles can be produced in electroosmotically pumped systems by creating
surfaces patterned with different charges using microcontact printing (176).

VALVES The direction of fluid flow at junctions where three or more capillaries
meet can often be controlled without mechanical valves (150, 171). For example,
hydrophobic patches can be used to regulate flows of aqueous solutions (177). Most
sophisticated microfluidic devices will, however, include valves, and elastomeric
materials have the advantage that they allow motion of fluids with simple designs.
Valves can be built into microfluidic systems made from elastomers by taking
advantage of the softness of the material. We have built a passive check valve using
PDMS flaps that open only when liquid flows in one direction (NL Jeon, DT Chiu,
CJ Wargo, H Wu, IS Choi, et al, submitted for publication). By using a crossed-
channel architecture, where channelsin one layer run perpendicular to the direction
of the channels in an adjacent layer, Quake and coworkers fabricated a valve in
which a pneumatically expanded channel in one layer pinched off a perpendicular
channel in an adjacent layer (160). Beebe and coworkers have used pH-responsive
hydrogels as the actuating component to prepare a variety of microvalves (179).

MIXERS Mixing of fluids in microfluidic channels is challenging because the flow
is usually laminar (i.e. nonturbulent). In a channel with a diameter smaller than
10 um with the fluids introduced side by side, the mixing by diffusion would be
relatively fast 0.1 s for molecules with diffusion coefficients 056107 cn¥/s).
Channels for most microfluidic devices are, however, 504200wide. In these
channels, mixing by diffusion is slow, especially for particles (e.g. cells or beads)
and for macromolecules (proteins, DNA). A variety of mixers have been developed
for microfluidic mixing: laminating mixers (180), plume mixers (181), and chaotic
advection mixers (163, 182). Laminating mixers work by generating multiple thin
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layers of two or more liquids to increase the contact area and enhance diffusive
mixing. Plume mixers enhance diffusive mixing by injecting small plumes of one
liquid into another liquid through arrays of micronozzles. In chaotic advection,
volume elements of fluid that are initially close to each other become widely sepa-
rated because of chaotic flow (the type of flow where initial conditions profoundly
influence the path and final position of individual particles).

DETECTORS The majority of miniaturized assays have been developed to use
changes in fluorescence emission as a means of detection; fluorescence is sensi-
tive and the technology for fluorescent labeling of reagents is highly developed.
A common strategy in microarray or microfluidic devices is to utilize external,
separate, macroscopic detectors, such as slide readers, epi-fluorescence optical
microscopes, and confocal microscopes (150, 183). The strategy of separating de-
vice and detector is satisfactory in many applications, but not when the entire
system must be portable; developing small, low-cost detectors would also allow
each device to operate simultaneously and would eliminate detector bottleneck.

The fabrication of detectors integrated in the microscopic devices poses several
challenges. Major problems include their size, cost, and requirements for power.
There is also a serious issue of the incompatibility of materials used to fabricate
the device (typically plastic and glass) with those required by the detector (which
normally requires metals and often incorporates microprocessors). The integration
of optical detectors into the microfluidic device for DNA analysis developed by
Burns et al (184) was simplified by the use of silicon to fabricate the entire device.
Integrated systems fabricated in polymers, or using soft lithography, are still being
developed.

An alternative to detecting analytes by fluorescence is to analyze changes in the
index of refraction (185); examples of detectors include a liquid-core waveguide
(186) and a microfluidic diffraction grating (187) made from PDMS. Chemilumi-
nescence and electrochemical detection are also possible (127). Cell-based sen-
sors that monitor the electric response of cells to toxins have been fabricated from
PDMS and silicon (188). Miniature nuclear magnetic resonance systems based on
surface coils have been described (189). Capillary electrophoresis (CE) systems
and other microfluidic systems are also often interfaced with mass spectrometers
(190, 191). We have recently demonstrated that a micro avalanche photodiode can
be embedded in microfluidic structures made of PDMS and can function as a detec-
tor for biochemical separations; the system is sufficiently sensitive and potentially
inexpensive enough to make it suitable for manufacturing low-cost, disposable
U TAS devices (DT Chiu, ML Chabinyc, J Christian, JC McDonald, AD Stroock,
et al, submitted for publication).

Separation Systems

Capillary electrophoresis (CE) was the first separation technique used in minia-
turized analytical systems. The commercially available CE instruments already in
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use, with small (5Q<m inner diameter) capillaries to separate proteins and DNA,
were prime candidates for miniaturization into more compact systems (193-195).
The first miniaturized CE system fabricated in PDMS, developed by Effenhauser
et al (196-198), was used to separate DNA fragments. This system was based on
PDMS that was sealed reversibly against a flat glass surface by external pressure;
although the ability to disassemble such systems is useful for cleaning and reusing
the channels, the electrical weakness of the seal between the PDMS and the glass
limits the voltage that can be applied.

We and others have made microfluidic systems to carry out separations with CE
by using plasma oxidation to seal PDMS capillaries irreversibly to glass surfaces
(97,199). The oxidation of the PDMS is important to CE because it generates
surface charges that support electroosmotic flow.

Quake and coworkers developed an elegant microfabricated fluorescence-
activated cell sorter and a microfabricated, single-molecule DNA sizing/sorting
device (200) in PDMS. Austin and coworkers demonstrated that a lattice of small
PDMS channels sorts white blood cells (201, 202). Cells adhered to different re-
gions of the lattice depending on their size, nuclear morphology, and surface prop-
erties.

Systems for Polymerase Chain Reaction
and DNA Detection/Analysis

A variety of companies and academic research groups have developed systems for
nucleic acid amplification and/or detection (8, 184, 203—208). Because of the low
cost of replica molding, a number of commercial nucleic acid analytical chips
incorporate polymeric components.

Biochemical Assays

Yager and coworkers have developed two devices that take advantage of lami-
nar flows, using the differences in the rates of diffusion of molecules and parti-
cles of different size, to achieve separations in the direction perpendicular to that
of the flow (126, 209, 210). The T-sensor has been used to analyze blood (211).
When blood is allowed to flow laminarly adjacent to a stream that contains an
acid-sensitive indicator, the protons diffuse rapidly & 10> cn¥/s) from the

blood into the adjacent indicator stream (209, 212). The resulting change in color
allows the determination of their concentration. There is little colorimetric
background from the erythrocytes because they diffuse slovly:(10~-° cn?/s)
(209-211). The constant flow in the microfluidic systems ensures that reagents
are replenished and avoids photobleaching when using fluorescent markers.
Similar principles were used to fabricate the H-filter—a device that filters
complex mixtures such as blood (209). Filtration and sorting of complex
biological media are essential steps in sample preparation for analysis by
WTAS.



354

WHITESIDES ET AL

APPLICATIONS OF SOFT LITHOGRAPHY
IN CELL BIOLOGY

Overview

The ability to position anchorage-dependent cells on a surface with control over
their size and spatial arrangement—a capability that soft lithography has made
routine—is being developed for fundamental biological research; we believe it
will ultimately be used commercially in high-throughput screening, and perhaps
in cell-based sensors and human diagnostic systems. Approaches to patterning
cells generally involve the patterning of proteins in the geometry desired for the
cells; proteins and cells are delivered to the patterned surfaces from solutions or
suspensions (15, 17). The isolation of cells on a surface makes it possible to study
events occurring in each individual cellinstead of relying on statistical distributions
based on ensembles of cells; it also prevents cells from migrating across the surface
and thus makes it straightforward to address and observe single cells repeatedly.
These same techniques also make it practical to isolate pairs and triplets of cells,
with the potential (so far relatively unexplored) of studying interactions between
them (213).

The combination of patterned cells and reagents delivered to the cells in laminar
flows in microchannels makes it possible to study the influence of these reagents on
cells with high accuracy. The single-cell systems are not complicated by cell-cell
interactions but have the disadvantage that the behavior of isolated cells may be
very different from that of the same classes of cells in vivo surrounded by other
cells. They also use substrates with unnatural mechanical properties. Collagen
and polymer gels are used routinely in patterned cell culture to study the effect of
substrate elasticity, butthey do not provide well-defined surfaces (214, 215). Recent
advances in cell patterning and coculture are making it possible to create and study
well-defined multiple cell systems that resemble the physiological environment of
the cell in vivo (133, 216, 217).

Patterned Cell Culture

STUDY OF GROWTH AND CELL CYCLE ON MICROPATTERNED sAMS We have used
uCP to pattern the size and shape of bovine capillary endothelial (BCE) cells
by patterning the sizes and shapes of the adhesive islands of hydrophobic alka-
nethiolate SAMs; the area separating these islands was covered with inert (non-
adsorbing) SAMs. The hydrophobic islands adsorbed extracellular matrix (ECM)
proteins such as fibronectin and laminin from solution and promoted cell adhesion
(15, 218, 219). BCE cells also attached to patterns consisting of multiple adjacent
islands with diameters smaller (3+%n) than that of the cell (Figure 8) (15).
Examination of the adhesion of cells to micropatterned SAMs revealed that
the surface area over which a cell spreads determined the metabolic program it
followed (15, 220). The number of BCE cells that entered the growth phase was
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Figure 8 The extent of cell spreading determines the genetic programs engaged
by a bovine capillary endothelial (BCE) cell)(Micrographs of BCE cells attached

to individual 20- or 50xm-diameter islands, or to multiple om-diameter islands
patterned with microcontact printind)(Plots of the values of the extracellular matrix
contact area and projected cell area, the percentage of cells in the growth phase, and
the percentage of cells entering apoptosis for cells patterned on circular areas with
diameters of 20, 5, and3m, separated by 40, 10, and«én, respectively.

largest when the cells were confined to the largest areas (15). This result raised
the question of whether the adhesive area or the projected footprint of the cell
determined its behavior (Figure 8). BCE cells attached to surfaces composed
of multiple adhesive islands in an inert sea—where each island was too small
to allow growth—spread over an area that was larger than the aggregate area
of the adhesive spots and entered the growth phase (15). This observation sug-
gests that it is the projected footprint of the cell that is crucial in determining
the progression of the cell through the cell cycle; the total adhesive area is less
important.

PATTERNING CELLS WITHOUT sAMS «CP is not always the best method of patter-
ing cells: It may be difficult to release the cells from the pattern after they have
attached. Not all biological laboratories have access to gold-coated substrates
and alkanethiols terminated with ethylene glycol groups and/or ligands required
for biospecific attachment. The basic techniques of microfabrication are often
unfamiliar. The lift-off (see comments above) membranes described earlier are
useful alternatives tpCP for patterning ECM proteins on surfaces to direct cell
adhesion (for brevity, we call this method of membrane patterning MEMPAT)
(Figure £) (124). We have used MEMPAT to pattern BCE cells on the surfaces of
glass, PDMS, polyurethane, and silicon (Figuck #oner et al have also described
the patterning of cells on surfaces with membranes (125).
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STUDIES OF CELL SPREADING One approach to studying cell spreading is to pre-
pare cells constrained in a pattern and then to release them from the constraint of
that pattern and allow them to spread. Soft lithographic techniques have provided
two methods for studying cell spreading by this strategy.

We used membranes coated with bovine serum albumin (BSA) to pattern a Petri
dish with fibronectin when BCE cells were allowed to attach to the composite
systems (dish plus membrane). The cells adhered only to the regions of the dish
coated with adsorbed fibronectin; they did not attach to the BSA-coated membranes
even at the edge directly exposed to the cell. After removing the membranes, the
remainder of the surface was coated with gelatin to render it adhesive. The attached
cells spread out of the original pattern in a time-dependent fashion to cover most
of the surface (Figurecid) (124).

Mrksich developed an elegant method to study the spreading of fibroblasts
on substrates patterned with alkanethiols basegd@® and SAMs that can be
activated electrochemically (56, 85). The initial pattern is createg @ with
hexadecanethiol on gold, and the remainder of the surface is covered with a
SAM terminated with penta(ethylene glycol) groups and a low density24)
of a hydroquinone-terminated alkanethiol (86, 221, 222). This surface is inert and
cells do not attach to it, except in the pattern defined by the regions of hexade-
canethiolate SAMs. A diene terminated with an RGD tripeptide reacts with the
surface through a Diels Alder reaction, under conditions sufficiently mild that they
do not damage the cells (56, 85). The presence of the RGD groups introduced into
the area between the islands patterned with cells makes it possible for the cells to
spread over that surface from the pattern (86, 221, 222).

CELLS ATTACHED IN ARRAYS OF MICROWELLS The ability to generate arrays of cells

on a surface at densities higher than even 1536 well-assay formats is potentially
useful in cell-based screens. In these screens, the cells must be separated spatially
from their neighbors to allow testing different compounds. We have developed a
method for patterning the adhesion of cells in high-density arrays of microscopic
wells (ca 10,000 wells/ci 50-um well diameter) that are fabricated by replica
molding of PDMS against a master of photoresist (223). We were able to coat
the interior surfaces of the wells with an ECM protein, and the space between the
wells with BSA (to which BCE cells do not adhere) (Figure 9). A drop of aqueous
solution of BSA placed on top of wells fabricated in hydrophobic PDMS does not
fill the wells, traps air in them, and delivers the BSA only to the surface between
wells. The inner surfaces of the wells are then coated with ECM proteins; the
appropriate solution can be delivered to the wells by exposing them briefly to a
vacuum to release the trapped air bubbles.

Cocultures

PHOTOLITHOGRAPHIC METHODS Bhatia et al developed a photolithographic met-
hod for patterning the attachment of hepatocytes and fibroblasts to adjacent regions
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Figure 9 Mammalian cells arrayed in microwells using the behavior of liquids on
contoured surfacesa) Micrographs of bovine capillary endothelial (BCE) cells that
were deposited in an array of wells pon in diameter (1.3:m tall). (Inse) Two BCE

cells that spread to cover the entire area of their wells Schematic illustration of

the procedures used to produce the array of BCE cells showarial a A solution

of bovine serum albumin (BSA) was deposited on the array of microwells and trapped
air bubbles in the wells; BSA adsorbed selectively in the space separating the wells.
(Drop) The shape is spherical but here it is flattened to minimize the size of the image.
After rinsing with buffer, the system is exposed to vacuum for three 30-s intervals to
release the air bubbles from the wells. The buffer is then exchanged for a fibronectin-
containing (FN) buffer that enters the wells and coats them with a layer of protein.
Cells from suspension adhere selectively to the microwells that are coated with FN.

of a surface (224). A pattern of photoresist on glass was exposed to a solution of
collagen to allow the protein to adsorb to the glass and the photoresist; upon lift-
off (see above) of the photoresist, the collagen remained patterned on the glass
and, as important, remained active in promoting cell attachment (225). Hepato-
cytes adhered selectively to the pattern of collagen; fibroblasts were subsequently
deposited in the areas separating the islands of hepatocytes to create a patternec
coculture (216). Cocultures of hepatocytes and fibroblasts maintained the pheno-
type of the hepatocytes in vitro for several weeks (217); this result is remarkable in
light of the known instability of individual hepatocyte cultures in vitro. Cocultures

can also be created using MEMPAT (124).

3D CHANNEL SYSTEMS Three-dimensional channel systems have allowed us to
pattern suspensions of two or more types of cells onto tissue culture surfaces (133).
We have used the system described in Figlreogleposit human bladder cancer
cells and BCE cells in concentric squares separated hyrd00On removing the
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channel structures used to deliver the cells, both types of cells began to spread onthe
adhesive tissue-culture surface. The BCE cells spread faster than the cancer cells;
the two spreading cultures came into contact over a 20 h period after spreading
over ca 20Qum.

These studies demonstrate the ability both to generate systems in which cells
migrate in defined environments and geometries and to study rates of spreading
by direct comparison in cocultures.

Influence of Surface Topography on Cell Behavior

Epithelial and neuronal cells that adhere to topographical features that are long
and narrow with respect to the typical length scale of a eei((;xm) align their

bodies and cytoskeletons in the direction parallel to the length of the feature (226).
This alignment is influenced by the height of the microfabricated features used to
direct the attachment of the cells; the extent of alignment increases with increasing
height of the features (227). Wilkinson and coworkers found that cells that adhered
across several lines develop more focal adhesions and actin fibers in the areas of
contact with the lines than in the areas between the lines. We have used soft
lithography to produce contoured substrates that cause cells to align their bodies
and stress fibers; the subtrates were made using patterned SAMs (228) or etched
microfluidic structures (128). There is some indication that surfaces roughened
with features 0f<0.5 um prevent the adhesion of some cell types (229, 230).>

Patterning Over a Single Cell

The laminar flow of fluids in microfluidic channels can be used to deliver reagents
from solutions to a part of the surface of a single cell by positioning the inter-
face between two liquid streams containing different solutes, flowing laminarly,
over one cell (132; S Takayama, E Ostuni, P LeDuc, K Naruse, DE Ingber, &
GM Whitesides, submitted for publication). If the material being delivered is able
to diffuse across the cell membrane, this technique can also generate patterns in-
side the cell. The nature of these patterns depends on the relative rate of diffusion
across the cell membrane and of diffusion within the cell. We call the collection
of techniques that depend on delivering reagents to part of a cell using lami-
nar flows partial treatment of cells using laminar flow (PARTCELL) (Figure 10)
(S Takayama, E Ostuni, P LeDuc, K Naruse, DE Ingber, & GM Whitesatire

In press).

Bradke & Dotti have recently described a method for patterning fluid flow over
single neurites that involves the use of two pipettes with tips positioned close to
the cell: one to deliver fluid to the neurite outgrowth and one to remove the fluid
(144). Each technique has useful characteristics, but PARTCELL can deliver fluids
to parts of cells more accurately and with sharper boundaries between different
liquid streams. The technique based on pipettes enables programmed motion of
the pipette tips in the plane of the substrate.
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(a)

Figure 10 PARTCELL (partial treatment of cells using laminar flow) makes it possi-
ble to treat parts of cells selectively with small molecules as well as with proteajns. (
Schematic illustration of a typical PARTCELL experiment. Flows of different fluids
(trypsin-EDTA and culture media) are positioned over different parts of a single, live
bovine capillary endothelial (BCE) celb) The BCE cell before trypsin treatment) (

The same BCE cell after 5 min of trypsin treatment over the left side of the cell. The
matrix proteins that maintain cell attachment were digested in the trypsin-treated side,
causing cell detachment. The untreated side of the cell remained practically unchanged.
Note that the position of the nucleusr{fows) does change after treatment of the cell
with trypsin.

PATTERNING THE MEDIUM OVER A SINGLE CELL PARTCELL made it possible to

flow a solution containing an acetylated low-density lipoprotein (LDL) derivative
over a part of a BCE cell. The LDL binds its receptors on the cell surface and is
endocytosed selectively in the area of the cell that was contacted by the flow. Over
time, the endocytosed LDL is distributed throughout the cell.

PATTERNING THE INSIDE OF A CELL PARTCELL was used to deliver latrunculin
A—a membrane-permeable, actin-disrupting molecule—to part of a cell with fluo-
rescently labeled mitochondria. The disassembly of the actin filaments in one area
of the cell caused a shift in the position of mitochondria—typically associated
with cytoskeletal structures—in the cytoplasm, while the morphology of the cell
remained largely unchanged.

PATTERNING THE CELL SUBSTRATE PARTCELL is also useful in targeting the ex-
tracellular proteins that determine interaction between a cell and the substrate to
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which it adheres. We have accomplished the selective detachment of a part of a
cell from a surface using PARTCELL to deliver a stream of trypsin to only that
part of the cell. Trypsin digests the ECM and the cell surface proteins only in the
region of the cell that it contacts (Figure 10).

Cell Behavior in and on a Gradient

Techniques we have developed for generating gradients make it possible to study
the biological problems in the areas of migration, proliferation, development, and
differentiation that, in vivo, occur along a gradient. These techniques enable us to
generate gradients flexible in shape or spatial extent conveniently (140, 141, 144).
The transfer of a gradient of protein in solution to a surface occurs on contact and
should make possible the study of a range of cellular problems (136, 137).

OUTLOOK AND CONCLUSIONS

Soft lithography has features that are unique in microfabrication and that com-
plement conventional techniques) (t can be carried out conveniently, rapidly,
and inexpensively especially for the relatively large featupds)(.m) commonly

used in biology, If) it can pattern delicate biological matter and is applicable to a
wide range of materials, and)(it provides the ability to control the properties of
surfaces at the molecular level. The characteristics of soft lithography are the basis
for new techniques for micropatterning and for new microdevices for biology.

The formation of surfaces with well-defined molecular characteristics and com-
plex topographies using the techniques of soft lithography has made it possible
to miniaturize existing biochemical and cell-based assays and to create new ones.
Applications of soft lithography to the patterning of proteins and cells have relied
on the availability of inert and biospecifically adsorbing surfaces based on SAMs
as well as on the ease of fabrication of elastomeric stamps for printing. The combi-
nation of surface engineering apCP has yielded methods for patterning single
and multiple cells and cocultures. The convenience of the fabrication of polymeric
components, combined with the unique ability of elastomers to seal conformally
to surfaces, underlies microcontact printing, microfluidics, and membrane-based
patterning methods—MEMPAT.

Complex structures fabricated by soft lithography provide the basis for mi-
croanalysis systems that use microfluidic channels. Soft lithography makes the
fabrication of microfluidic systems (both two and three dimensional) straightfor-
ward. The flow of fluids inside microfluidic systems is characterized largely by
laminar flow; this kind of fluid flow is the basis for useful fluidic devices, but it
also poses challenges in fluid manipulatia).New and sensitive methods of sep-
aration and detection of biochemical species have been developed using laminar
flow. (b) The ability to carry out reactions at the interface of two fluids flowing
laminarly in adjacent streams has made it possible to fabricate structures such
as electrodes inside microfluidic systen®.Generation of gradients in solution
and on surfaces with microfluidic systems has the spatial resolution that makes it
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applicable to biological problems. And ) the combination of laminar flow in mi-
crofluidic systems with surface patterning was key in developing new capabilities
in the analysis of single cells using PARTCELL.

The microanalysis systems that can be fabricated using soft lithographic tech-
niques are broadly applicable @) fapid and low-cost manufacturing of patterned
arrays of the structure needed for high-throughput screeripgrgteomics (when
combined with surface engineering) étudies of cell biology (e.g. the cell cycle
and stem cells), andl{) studies of cocultures for tissue engineering.

Rapid prototyping using soft lithography is particularly useful in the area of
uTAS. Components such as valves and mixers are more easily fabricated in elas-
tomers than in glass and silicon, and some designs can only be fabricated in
elastomers. Some components—for example valves and interconnects—are re-
markably tolerant of size variation when fabricated using soft materials. One of
the outstanding problems in the field @TAS is the integration of miniaturized
detectors with microanalysis systems; this problem exists regardless of the mate-
rial with which the systems are fabricated. It is, however, possible in principle to
integrate systems fabricated in elastomers using soft lithography with all-organic
electronic devices; these systems may be processed and fabricated more easily
than those based on silicon or glass. Implantable devices made with soft polymers
may have the advantage of being more biocompatible and more comfortable for
the recipient than devices made with rigid materials.

The tools provided by soft lithography for the study of cell biology are making it
possible to address new problems. PARTCELL is useful for studying phenomena
at the subcellular level; organelle trafficking and endocytosis are two relevant
examples. The application of a stimulus to a cell in a well-defined, localized region
with PARTCELL allows the observation of the “global” response of the cell to such
localized stimuli. The simplicity with which gradients of proteins can be generated
in solution or on a surface using soft lithography will be useful in the study of areas
of biology in which gradients are important: Embryonic development, neuronal
polarity, and stem cell differentiation are three areas in which the ability to generate
gradients over the length of one cell will provide new capability.

The use of polymeric materials in soft lithography will allow the application of
the broad range of properties available in these materials in microfabricated sys-
tems: Electrical conduction, actuation, tunable optical reflection, shear-induced
deformation, liquid crystalline behavior, and gelation are examples of such prop-
erties. The new capabilities made possible by the biological applications of soft
lithography, combined with the ease and low cost with which devices and arrays
can be fabricated, promise to make these techniques important components of both
basic and applied biological research.
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