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There is a wide range of literature on soft lithography, organic

surface science (especially self-assembled monolayers of

organic thiols adsorbed on gold) and microfluidics. These areas

have developed in the fields of physical and surface chemistry,

materials science and condensed matter physics, but they offer

broad new capabilities in the development of relevant micro-

and nanosystems to users in biology in general, and in cell

biology in particular. The ability to integrate these techniques

for fabricating materials and for controlling the chemistry of

surfaces with electrical and electrochemical measurements

should be especially relevant in neurobiology. The major

impediment to the development of a field of ‘microfabrication

and measurement’ in neuroscience is the absence of effective

collaborative interactions between the communities of

fabricators and neurobiologists.
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Introduction
The interface between the living and the non-living is an

important one for cell biology. Much of what we know

about mammalian cells comes from studying them in

culture, so the techniques of anchorage dependent cell

culture are highly developed, and used in virtually all

laboratories involved in this subject. Cell culture is con-

venient, but the cells are unquestionably in a different

environment — to an extent that is currently difficult to

define — from the one that they experience in vivo.

There is, at present, no substitute for cell culture for

detailed, reductionist studies in cell biology. It is, there-

fore, particularly important to understand, define and

control the interface(s) between the cell and the solid

material that supports this cell. This interface is not a

bystander in the biology: it is a vital part of the system,
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and one that has a strong influence on the behavior of the

cells. It is crucial to controlling the attachment, spreading,

differentiation and death of cells, and it provides an

important window that can be used for observing cells

[1–4].

The relationship between ‘microstructures’ and ‘cell

biology’ is a surprisingly natural one. The mammalian

cell is an entity with typical dimensions of approximately

tens of microns (neurons, with their elongated axons and

dendrites, are exceptional in their extension). To study

and manipulate cells, one needs tools for observing,

patterning, assaying and stimulating that have a range

of dimensions [5]: it would be useful to have structures

both larger (e.g., microchannels that surround the cell and

control the flow of medium over it) and smaller (such as

subcellular probes) than cells. The ability to constrain

cells growing in culture into ordered patterns proves

especially useful in a variety of studies: for example,

examination of the cytoskeleton [6,7] and cell motility

[8–11] have been extensively studied using patterned

cells. The ability to assemble regular networks of neurons

should be particularly useful in neurobiology, but is just

beginning to develop as an area of technology [12–

14,15�,16–18]. This paper provides an overview and guide

to the relevant literature of soft lithography, organic sur-

face science (with an emphasis on self-assembled mono-

layers of organic thiols adsorbed on gold), and

microfluidics.

The soft lithography tool box
Soft lithography is a collective name given to a set of

techniques that make microstructures by printing, mold-

ing and embossing.

History

Soft lithography developed as an alternative to photo-

lithography and electron-beam lithography (see glossary),

as a method of making networks of electrical connections

for use in microelectronics [19,20]. The development of

photolithography and related techniques has continued

beyond what seemed, ten years ago, to be its intrinsic

physical limits. It is now possible to foresee commercial

electronic devices — operating with familiar principles of

physics — with wires that are less than 20 nm in width.

These techniques (photolithography and electron-beam

lithography) have become almost unbelievably sophisti-

cated; they are also very specialized, expensive, difficult

to use and are unfamiliar and inaccessible to biologists.

It seems unlikely that soft lithography can compete with

these other methods on the basis of feature size alone
Current Opinion in Neurobiology 2005, 15:1–8
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Glossary

Alkanethiol: a chemical moiety in which the terminal carbon of a

saturated alkane chain is bonded to a sulfhydryl group (SH).

Bas-relief master: a silicon wafer on which a photoresist is

patterned so that the features of the pattern project outward from the

surface of the wafer.

Electron-beam lithography: this technique creates patterns in

polymers without a mask; it also enables easy reconfiguration of the

pattern. Lithography using an electron-beam produces smaller

feature sizes than that with UV light.

Ellipsometry: a technique for measuring the thickness of thin films

based on the phase shift of plane polarized light reflecting off a

surface.

Mask: a glass or plastic surface on which metal or ink is patterned.

The pattern is transferred to a layer of polymer using

photolithography; UV light passes through regions of the mask that

are transparent and is absorbed by regions that are opaque.

Microfluidic: channels or networks of channels for transporting

liquids that are typically between ten and several hundred microns

wide.

Nanorods: rod-like structures that are less than 250 nm wide.

Phase-separated block copolymer films: films of polymers

containing a repeating sequence of blocks — repeating units of

monomers — that phase separate and produce structures with

nanometer dimensions.

Photolithography: a technique for fabricating small structures in

which a photoreactive polymer is exposed to ultraviolet light through a

mask, and then etched with a chemical; the pattern created in the

polymer corresponds to the pattern on the mask.

Photoresist: the photoreactive polymer used in photolithography.

Surface plasmon resonance spectroscopy: a technique for

detecting biomolecules bound to surfaces by measuring changes in

the refractive index of surfaces coated with a thin layer of gold; the

change in refractive index has a linear relationship to the number of

molecules bound.

Figure 1

A schematic representation of the procedure used to fabricate a PDMS

stamp from a master that has relief structures in photoresist on its

surface, and the process of microcontact printing using the PDMS

stamp. The stamp is inked with an alkanethiol and brought into contact

with a gold surface; the pattern on the stamp is transferred to the gold

surface by the formation of a SAM. The bare areas of gold are exposed

to a different alkanethiol to produce a surface patterned with a SAM that

presents different chemical functionalities in the different regions. This

figure was adapted from Kane et al. [33].
(although it is possible to perform astonishing feats of

replication using soft lithography: for example, replica

molding can reproduce features that are less than 1 nm in

size [21]). Soft lithography continues, however, to retain

characteristics that are very important for applications in

cell biology: these include simplicity, low cost, rapid

prototyping, compatibility with cells and ease of use.

The stamp (or mold, or microchannel)

The central object of soft lithography is a slab or mem-

brane of poly(dimethylsiloxane) (PDMS), or occasionally

some other polymer with similar properties. This block

has, embossed on its surface, bas-relief features that

typically have lateral dimensions of 1–1000 microns,

and a height of a few hundred nanometers to tens or

hundreds of microns. It is used in a wide variety of ways:

as a stamp, to print patterns of molecules on substrates

[22–24], or to print patterns of cells [6,25]; as a mold, to

generate three-dimensional topography in a substrate

[19]; or as one part of a larger structure that becomes a

network of microchannels [26,27].

The processes that are used to make the stamp have been

described in detail (Figure 1) [19,20,27]. Typically, they

start with a bas-relief master (see glossary) prepared by

photolithography using straightforward techniques. The

patterns are drawn using a computer aided design (CAD)
Current Opinion in Neurobiology 2005, 15:1–8
tool, and printed on a sheet of transparency that functions

as the mask (see glossary); this pattern is transferred into a

photoresist (see glossary) using photolithography; when

the resist is developed, it gives the appropriate bas-relief

structure. Liquid PDMS prepolymer (a commercial and

inexpensive material) is poured over the bas-relief struc-

ture, cured and peeled away. This patterned polymer

structure can be used directly as a stamp for contact

printing molecules or cells [6,20], or as a mold for replica

molding the pattern into another material (including,
www.sciencedirect.com
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polymer, gel or metal); when used to make a microfluidic

system (see glossary), it is usually lightly oxidized on the

surface by exposure to an oxidizing plasma before it is

sealed against a flat surface. The entire process requires

less than a day to go from the design on a computer to the

microfabricated mold or microfluidic device [26,28]. The

fabrication of copies of the elastomeric molds, using an

existing template, requires only an hour or two. (‘Found-

aries’ that provide stamps and other tools of soft litho-

graphy as a service to users who want to use the

techniques, but do not want to learn how to make the

stamps, are being set up at several universities, notably

Harvard and the California Institute of Technology).

PDMS — the most commonly used material in soft

lithography — has several very attractive characteristics

from the vantage of cell biology: it is soft, transparent,

permeable to gases, impermeable to water, biocompatible

and has a low electrical conductivity. The characteristics

of PDMS have been summarized in several reviews [29–

31].

Self-assembled monolayers

Self-assembled monolayers (SAMs) are structures that

have transformed surface science from a field focused

on single crystals of metals to one concerned primarily

with organic surfaces. The catalyst for this transformation

was SAMs, which made it possible to prepare, routinely

and easily, organic surfaces — SAMs of alkanethiols (see
Figure 2

The control of the shape of cells using microcontact printing to pattern adh

shaped cells. (a) A diagram of square, adhesive islands with sides ranging f

gold substrates using microcontact printing. (b) An immunofluorescence mi

limited to the square islands. (c) A differential interference contrast microgra

islands of different sizes coated with fibronectin. (d) Fluorescent confocal m

on square islands of different sizes (the lengths of the sides are indicated).

per cell, for cells cultured on square islands of different sizes. More than 30

error of the mean. This figure was reproduced from Figure 1 by Chen et al.
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glossary) supported on thin gold films — in which the

composition of the surface was precisely specified, and in

which there was a high degree of order in the structure.

SAMs are based on spontaneous chemisorption and self-

organization of functionalized, long-chain organic thiols

onto the surfaces of appropriate substrates. The particular

advantage of SAMs from the vantage of cell biology is that

the extensive body of methodologies that has been devel-

oped for their preparation makes it straightforward to

attach ligands relevant to biology on surfaces, the other

properties of which — especially their tendency to adsorb

proteins non-specifically — are well-controlled. The field

of SAMs has been reviewed extensively [20,24], as has

that of SAMs specifically relevant to cell biology [6,32,33].

There are four major components to this field. First,

patterning; PDMS stamps wetted with an alkanethiol

are very effective at patterning gold and palladium films;

this technique is referred to as ‘microcontact printing’ and

is discussed in more detail below. Several methods are

available that can be used to present ligands that promote

cell attachment on the surface of SAMs that are otherwise

inert [25,34,35]. These systems give very precise control

over the nature of interactions between cells and surfaces

(Figure 2). Second, inert surfaces; there are now several

functional groups which, when presented at the surface of

a SAM, effectively prevent the adsorption of proteins

from the growth medium onto the surface [25,36]. Thus,

non-specific adsorption of proteins does not occur.

Because cells attach to surfaces by specific interactions
esive islands of fibronectin and the distribution of focal adhesions in

rom 10 to 50 mm in length; the islands were micropatterned onto

crograph showing that the distribution of adsorbed fibronectin is

ph of bovine capillary endothelial (BCE) cells cultured on square

icrographs of individual cells labeled for vinculin that were cultured

(e) Quantification of total vinculin and total phosphotyrosine labeling

cells per condition were averaged; error bars indicate the standard

[7].
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with ligands (either on adsorbed proteins or those pre-

sented specifically), these so-called ‘inert’ surfaces —

surfaces that do not adsorb proteins — make it possible

to prepare substrates to which cells do not attach with

submicron resolution. (In the best systems — SAMs

terminated in oligo(ethylene glycol) groups, adsorbed

on surfaces of palladium — attachment and spreading

of representative cell types is prevented for approxi-

mately a month [37].) Third, analysis; the thin gold films

used as supports for SAMs are exactly those required for

surface analysis by surface plasmon resonance (SPR)

spectroscopy, and by (less useful, in this context) ellip-

sometry (see glossary) [38,39]. These surfaces are also

compatible with analyses carried out by infrared spectro-

scopy and mass spectrometry [40]. Fourth, biocompat-

ibility; SAMs on films of gold and palladium seem to be

non-toxic to cells (silver, by comparison, is cytotoxic) [37].

Molecular control of interfaces
The general principles of soft lithography

Soft lithography forms patterns and structures with

dimensions usually between 1–1000 microns using ‘soft’

materials (organic polymers, SAMs, gels, or other struc-

tures based on organic matter.) The word ‘soft’ in this

context is a little misleading. It is a term taken from

physics, and has come to mean most types of organic

matter, not just matter that would meet the intuitive

criteria for soft (elastomers, gels). Soft lithography refers

both to the pattern-forming tool (e.g. a PDMS stamp) and

to the material being patterned (a SAM, an organic

polymer). There is sometimes confusion between related

techniques for forming patterned polymers, depending

on whether they use stamps that are soft or hard (the

latter, for example, fabricated in metal or silicon). These

distinctions are not relevant to our discussions; both types

of stamps have their uses.

Microcontact printing

Microcontact printing provides a very convenient method

of patterning surfaces into regions having different mole-

cular surface chemistries, and thus, different interactions

with cells [20]. The techniques used for this type of

patterning are readily accessible to a cell- or neurobiol-

ogy- laboratory, and many of the relevant organic thiols

used for this technique are now commercially available.

Microfabrication of fluidic Microsystems

Microfluidic systems are formed when embossed stamps

are sealed to flat surfaces. These systems are readily

prepared, and are very useful in the study of cells; they

make it possible to study the behavior of individual cells

in defined microenvironments. The two components of

these systems — the embossed stamp and flat surface —

can be joined reversibly (so that the components can be

separated, and the interiors of the channels are accessible

for other types of analyses), or permanently (through

covalent bonds).
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Other types of soft lithography potentially relevant

to cell biology

There is a wide range of variants of soft lithography, many

of which are relevant to biology. First, printing proteins

and cells; the stamps used in microcontact printing are

typically fabricated in PDMS, but a wide range of other

soft materials can also be used as stamps. Gels are

particularly interesting in these applications, and sur-

face-patterned agar stamps are effective in patterning

proteins and both bacterial and mammalian cells [41–

43]. The latter application is interesting, in the sense that

the ‘ink’ of the stamp is self-renewing. If the agar contains

nutrients, cells will grow on its surface, and after an initial

inoculation, in principle, it should be possible to use these

stamps to print patterns for long periods of time without

subsequent re-inking. Second, electrochemistry on sur-

faces; the SAMs that are so useful in providing biospe-

cificity to the interactions at surfaces can, in some cases,

be released from a gold surface by applying a brief,

reducing electrochemical potential [44,45]. We illustrate

uses of this technique below; here we only point out that

this approach makes it possible to modify the properties

of surfaces used in experiments in cell biology in real

time, during the experiment. Third, irreversibly sealed

membranes as a method of patterning cells; a straightfor-

ward method of patterning cells is to bring a patterned

membrane into contact with an appropriate surface, grow

cells in the holes in the membrane, and then release

the cells from their artificial constraints by peeling off

the membrane [46]. This type of experiment is especi-

ally useful in the study of cell motility: when the mem-

brane is removed the cells are released, and they migrate

across the surface. Fourth, mass spectrometry (MS) on

molecules adsorbed at surfaces; MS has become one

of the most information-rich methodologies in biochem-

istry and molecular biology, and is revolutionizing the

study of proteins. SAMs on gold are good substrates

for matrix-assisted laser desorption ionization MS

(MALDI) [40].

Laminar flow
An important characteristic of applications of microfab-

ricated structures for the transport of fluids (channels

with widths and heights in the order of tens to hundreds

of microns) in cell biology is laminar flow [27,47]. In

small channels, the flow of liquids with low viscosity

(on the order of the viscosity of water) is laminar: that is,

two streams of fluid introduced into a channel flow

parallel to one another, without turbulence; the fluids

only mix by diffusion at their point of contact (the

interface). This ability to generate parallel flows of

liquids makes it possible to pattern the deposition of

cells in a channel [48] (Figure 3), to expose different

populations of — or individual — cells in a channel to

reagents, drugs, dyes, or temperature gradients [49�,50],

and even to ‘paint’ different parts of the same cell with

different molecules [50,51]. This technique also makes it
www.sciencedirect.com
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Figure 3

A schematic representation of an experiment in which laminar flows were used to pattern cells. (a) Top view of the microfluidic network. A PDMS

slab containing micron-size channels embossed on its surface was pressed against the flat surface of a Petri dish to form a network of channels.

Micrographs were obtained for the area of the capillary system at which the inlet channels converged into a single channel. (b) Two different cell

types were patterned next to each other. Chick erythrocytes and Escherichia coli were deposited selectively in their designated lanes by

patterning flows of each suspension of cells. Adherent cells were visualized with a fluorescent nucleic acid stain (Syto 9). (c) A pattern of

selectively stained BCE cells. A suspension of BCE cells was introduced into the capillary network (pretreated with fibronectin) and allowed to

attach and spread on the surface. The non-adherent cells were removed by washing with media, and then Syto 9 and media were introduced

from the designated inlets. (d) Patterned detachment of BCE cells by treatment with trypsin and EDTA. Cells were allowed to adhere and spread

in a fibronectin-treated microfluidic network; non-adherent cells were removed by washing. Trypsin, EDTA and media were flowed into the

channel from the inlets indicated in the figure. Images b and c are fluorescence micrographs imaged from above (through the PDMS).

Image d is a phase contrast micrograph acquired using an inverted microscope to image through a polystyrene Petri dish. White dotted lines

indicate channels that were not visible with fluorescence microscopy. This figure was reproduced from Figure 10 by Kane et al. [33].
possible to pattern gradients of small molecules or pro-

teins on surfaces, to produce gradients in solution, and to

study the behavior of cells in these environments

[52,53,54��].

Observation and readout
The most general methods of assaying the behaviors of

cells in cell culture are those that use optical microscopy.

Optical methods are directly compatible with cells grown

on patterned substrates. PDMS is transparent to visible

and UV wavelengths of light, and makes it possible to

observe cells through slabs of PDMS [6]. Techniques

other than optical have not, yet, been extensively devel-

oped for microfabricated systems, although the potential

to use other methods — especially electrochemical mea-

surements — certainly exists.

Electrical connections
The combination of soft lithography, to fabricate micro-

structures, and electrochemistry, to modify, stimulate and

detect biochemical events, is clearly a promising one.

Microcontact printing on metal (especially gold) surfaces

is especially relevant, because the substrate in these

experiments (the gold film) also functions as an electrode,

and because microcontact printing can be used both to

pattern SAMs on the surface and (in combination with

procedures based on selective etching) to fabricate elec-

trically distinct circuits and electrodes. The resolution of

microcontact printing makes it possible to fabricate tens

of distinct electrodes (or more) reliably in the area occu-

pied by a single cell spread on a surface. Because elec-
www.sciencedirect.com
trical measurements are centrally important in

neurobiology, this combination is one with great promise.

Its development is still at the stage of demonstrating

proofs of principle; the important biological applications

remain to be explored.

Electrochemistry in microfabricated structures relevant

to cell biology has found two types of applications: in

modification of the structure and composition of surfaces

that are in contact with cells and in the measurement of

cellular, electrochemical potentials.

Electrochemistry to control surface chemistry

There are two broadly useful applications of electrochem-

istry in modifying synthetic surfaces fabricated using soft

lithography. The first takes advantage of the fact that

application of a cathodic (reducing) pulse of current to an

electrode supporting an alkanethiolate SAM releases the

organic group as an alkanethiol, and generates a bare gold

surface. If other molecules that are present in the solution

adsorb on this surface, the electrochemical step has the

effect of changing the interface from one presenting a

SAM that, for example, resists the adsorption of proteins

and cells, to one that enables cells to attach or spread

[44,45]. A second class of experiments takes advantage of

functional groups on the surface of the SAM that can be

interconverted between reactive and unreactive forms by

electrochemical redox reactions to trigger chemical reac-

tions at surfaces [55,56]. These methods have been used

to attach and release ligands that interact biospecifically

with cells.
Current Opinion in Neurobiology 2005, 15:1–8
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Electrical measurements of cellular potentials and

electrochemical stimulation of cells

There have been several experiments demonstrating the

co-fabrication of electrodes and microchannels using soft

lithography [57,58]. The applications of these systems has

largely been restricted to demonstrations of conventional

electrochemistry, but the same principles can, in princi-

ple, be used to stimulate cells electrochemically, or to

detect electrical responses of cells.

Experimental reproducibility and statistics
Cells are not well-defined objects. One cell can differ

from another, even within a common population, by

virtue of its position in the cell cycle, its passage number,

its history of environmental stimuli, and many other

factors [6,32]. These differences have been one factor

that has made cell biology a technically difficult area, and

one in which the standards for reproducibility of experi-

mental results has always been more difficult than in

other areas of science that involve non-living systems.

A particularly interesting capability that soft-lithographic

procedures bring to cell biology is the ability to carry out

experiments on indistinguishable systems (e.g. indistin-

guishable cells) in parallel; this capability makes it pos-

sible to average measurements over large numbers of

individual cells or populations. For example, we have

patterned a large number of bovine capillary endothelial

cells into ‘teardrop’ shapes, released them electrochemi-

cally, and observed whether the direction of their motion

correlated with the orientation of their shape [59��]. By

performing measurements on a statistically significant

number (�100) of individual (‘indistinguishable’) cells,

we found that the shape of a cell does determine the

direction of its motion — a result that would be virtually

impossible to obtain through a smaller number of obser-

vations. We believe that these kinds of experiments have

the potential to begin to generate data in cell biology that

can be associated with reproducibility and variance in the

way that data in the harder sciences (chemistry and

physics) has always (ideally) been treated.

Nanofabrication using soft lithography
Many of the applications of soft lithography in biology

have been in the fabrication of structures significantly

larger than the cell. These structures — especially sur-

faces patterned into regions that are adhesive and non-

adhesive to cells, and systems of microchannels that

confine the growth of cells — usually have dimensions

of tens to hundreds of microns. Other types of applica-

tions — especially those involving features significantly

smaller than cells that cannot be easily replicated using

soft lithography — will require new methods of fabrica-

tion.

This area is one in which development is now very active.

‘Unconventional nanofabrication’ — nanofabrication that
Current Opinion in Neurobiology 2005, 15:1–8
does not involve e-beam or UV photolithography —

produces a range of structures that are potentially useful

in cell biology [60–62]. Some of these structures include

nanorods (see glossary) grown electrochemically through

pores in membranes or in phase-separated block copoly-

mer films (dimensions of 5–100 nm; see glossary), thin,

electrically connected wires embedded in polymers

(smallest dimensions �20 nm) [63], and steps in sub-

strates; these materials will be useful in studying the

response of motile cells to changes in topography (down

to 1 nm) [21]. To find application in biology, nanostruc-

tures must satisfy a different set of criteria than those

required for micro- and nanoelectronics. The application

of nanostructures in micro and nanoelectronics is con-

cerned with the myriad details of a very demanding and

highly developed technology requiring the generation of

circuits of high complexity, with essentially no defects.

The introduction of nanostructures into research in neu-

robiology will require (at least at the outset) development

of techniques that are convenient and flexible chemically

(especially with respect to surface chemistry).

Conclusions and future directions
Micro and nanofabrication and cell biology are just begin-

ning to overlap. Soft lithography and related techniques

are providing one bridge between these areas. These

techniques make it possible to fabricate biologically

relevant structures — with dimensions from a few nan-

ometers to millimeters — easily (at least relative to

conventional microfabrication), and with exquisite con-

trol over the composition and properties of the interfaces.

These systems already offer useful control over electrical

connectivity, and their integration with optical methods

of detection is well advanced. The electrical methods

have not been applied seriously to problems in neuro-

biology for two reasons: first, many of the relevant soft-

lithographic techniques have been developed only in the

past few years, and have not yet diffused across the border

between ‘fabrication’ and ‘biology’; second, the commu-

nities that are interested in these techniques have not yet

formed effective, productive collaborations. The fabrica-

tors do not know what structures to make for the neuro-

biologists, and the neurobiologists do not know what

structures (and what associated electrical and optical

systems) might be available if asked for.

Neurobiology is a field that is developing very rapidly.

The development of fields, however, is often limited by

the availability of new tools. Genomics has grown rapidly

because it has been able to take advantage of the remark-

able toolkit of molecular biology to sequence and synthe-

size nucleic acids, and mass spectrometry to analyze and

detect proteins; cell biology has relied on advanced

optical microscopy, combined with structure-selective

dyes, for much of its advance. There is an opportunity

for neurobiology to develop, based on methods in organic

surface chemistry, in microfabrication (especially using
www.sciencedirect.com
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soft lithography), in microfluidics, and in electrochemis-

try, a new set of tools for patterning neurons and support-

ing cells, the development of 2D ‘tissues’, and the

electrical and optical stimulation of cells and of detection

of cellular responses. These techniques will also be

applicable to the fabrication of new types of electrodes

and junctions, and to the design and fabrication of nanos-

tructures that can act as ‘reporters’ for composition, move-

ment, and organization within cells.

The technology is now available; what remains to be

developed are effective collaborations that develop the

relevant tools, demonstrate their use, and transfer them to

the community of neurobiologists.

Acknowledgements
This work was supported by the National Institutes of Health
(GM065364). We wish to thank D Ingber, M Mrksich, and R Nuzzo
for various contributions to the field of soft lithography. DB Weibel
thanks the National Institutes of Health for a postdoctoral fellowship.
P Garstecki acknowledges financial support from the Foundation for
Polish Science.

References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:

� of special interest
�� of outstanding interest

1. Dertinger SKW, Jiang XY, Li ZY, Murthy VN, Whitesides GM:
Gradients of substrate-bound laminin orient axonal
specification of neurons. Proc Natl Acad Sci USA 2002,
99:12542-12547.

2. Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE:
Geometric control of cell life and death. Science 1997,
276:1425-1428.

3. Huang S, Chen CS, Ingber DE: Control of cyclin D1, p27(Kip1),
and cell cycle progression in human capillary endothelial cells
by cell shape and cytoskeletal tension. Mol Biol Cell 1998,
9:3179-3193.

4. McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS:
Cell shape, cytoskeletal tension, and RhoA regulate stem
cell lineage commitment. Dev Cell 2004, 6:483-495.

5. Jiang X, Whitesides GM: Engineering microtools in polymers to
study cell biology. Engineering in Life Sciences 2003, 3:475-480.

6. Whitesides GM, Ostuni E, Takayama S, Jiang XY, Ingber DE:
Soft lithography in biology and biochemistry. Annu Rev Biomed
Eng 2001, 3:335-373.

7. Chen CS, Alonso JL, Ostuni E, Whitesides GM, Ingber DE:
Cell shape provides global control of focal adhesion
assembly. Biochem Biophys Res Commun 2003,
307:355-361.

8. Jiang XY, Takayama S, Qian XP, Ostuni E, Wu HK, Bowden N,
LeDuc P, Ingber DE, Whitesides GM: Controlling mammalian cell
spreading and cytoskeletal arrangement with conveniently
fabricated continuous wavy features on
poly(dimethylsiloxane). Langmuir 2002, 18:3273-3280.

9. Parker KK, Brock AL, Brangwynne C, Mannix RJ, Wang N,
Ostuni E, Geisse NA, Adams JC, Whitesides GM, Ingber DE:
Directional control of lamellipodia extension by constraining
cell shape and orienting cell tractional forces. FASEB J 2002,
16:1195-1204.

10. Brock A, Chang E, Ho CC, LeDuc P, Jiang XY, Whitesides GM,
Ingber DE: Geometric determinants of directional cell
motility revealed using microcontact printing. Langmuir 2003,
19:1611-1617.
www.sciencedirect.com
11. LeDuc P, Ostuni E, Whitesides G, Ingber D: Use of
micropatterned adhesive surfaces for control of cell behavior.
Methods Cell Biol 2002, 69:385-401.

12. Craighead HG, Turner SW, Davis RC, James C, Perez AM,
St John PM, Isaacson MS, Kam L, Shain W, Turner JN et al.:
Chemical and topographical surface modification for control
of central nervous system cell adhesion. Biomed. Microdev.
1998, 1:49-64.

13. Sorribas H, Padeste C, Mezzacasa T, Tiefenauer L, Leder L,
Fitzli D, Sonderegger P: Neurite outgrowth on microstructured
surfaces functionalized by a neural adhesion protein.
J Mater Sci Mater Med 1999, 10:787-791.

14. Sorribas H, Padeste C, Tiefenauer L: Photolithographic
generation of protein micropatterns for neuron culture
applications. Biomaterials 2002, 23:893-900.

15.
�

Romanova EV, Fosser KA, Rubakhin SS, Nuzzo RG, Sweedler JV:
Engineering the morphology and electrophyscilogical
parameters of cultured neurons by microfluidic surface
patterning. FASEB J 2004, 18:1267-1269.

Using micropatterned surfaces, the authors studied the morphological,
biochemical, and electrophysiological parameters of individual neurons
cultured in patterns.

16. Ravenscroft MS, Bateman KE, Shaffer KM, Schessler HM,
Jung DR, Schneider TW, Montgomery CB, Custer TL,
Schaffner AE, Liu QY et al.: Developmental neurobiology
implications from fabrication and analysis of hippocampal
neuronal networks on patterned silane-modified surfaces.
J Am Chem Soc 1998, 120:12169-12177.

17. Stenger DA, Pike CJ, Hickman JJ, Cotman CW: Surface
determinants of neuronal survival and growth on self-
assembled monolayers in culture. Brain Res 1993,
630:136-147.

18. Stenger DA, Hickman JJ, Bateman KE, Ravenscroft MS, Ma W,
Pancrazio JJ, Shaffer K, Schaffner AE, Cribbs DH, Cotman CW:
Microlithographic determination of axonal/dendritic polarity
in cultured hippocampal neurons. J Neurosci Meth 1998,
82:167-173.

19. Xia YN, Whitesides GM: Soft lithography. Annu Rev Mater Sci
1998, 28:153-184.

20. Xia YN, Whitesides G: Soft lithography. Angew Chem Int Ed Engl
1998, 37:550-575.

21. Xu QB, Mayers BT, Lahav M, Vezenov DV, Whitesides GM:
Approaching zero: using fractured crystals in metrology
for replica molding. J Am Chem Soc 2005, 127:854-855.

22. Tien J, Xia YN, Whitesides G: Microcontact printing of SAMs.
Thin Films 1998, 24:227-254.

23. Wilbur JL, Kumar A, Kim E, Whitesides GM: Microfabrication
by microcontact printing of self-assembled monolayers.
Adv Mater 1994, 6:600-604.

24. Kumar A, Abbott NL, Kim E, Biebuyck HA, Whitesides GM:
Patterned self-assembled monolayers and mesoscale
phenomena. Acc Chem Res 1995, 28:219-226.

25. Mrksich M, Whitesides GM: Using self-assembled monolayers
to understand the interactions of man-made surfaces with
proteins and cells. Annu Rev Biophys Biomol Struct 1996,
25:55-78.

26. Duffy DC, McDonald JC, Schueller OJA, Whitesides GM:
Rapid prototyping of microfluidic systems in
poly(dimethylsiloxane). Anal Chem 1998, 70:4974-4984.

27. Whitesides GM, Stroock AD: Flexible methods for microfluidics.
Phys Today 2001, 54:42-48.

28. McDonald JC, Duffy DC, Anderson JR, Chiu DT, Wu HK,
Schueller OJA, Whitesides GM: Fabrication of microfluidic
systems in poly(dimethylsiloxane). Electrophoresis 2000,
21:27-40.

29. Lee JN, Park C, Whitesides GM: Solvent compatibility of
poly(dimethylsiloxane)-based microfluidic devices.
Anal Chem 2003, 75:6544-6554.
Current Opinion in Neurobiology 2005, 15:1–8



8 New technologies
30. Lee JN, Jiang X, Ryan D, Whitesides GM: Compatibility of
mammalian cells on surfaces of poly(dimethylsiloxane).
Langmuir 2004, 20:11684-11691.

31. Ng JMK, Gitlin I, Stroock AD, Whitesides GM: Components for
integrated poly(dimethylsiloxane) microfluidic systems.
Electrophoresis 2002, 23:3461-3473.

32. Chen CS, Jiang XY, Whitesides GM: Microengineering the
environment of mammalian cells in culture. MRS Bull 2005,
30:194-201.

33. Kane RS, Takayama S, Ostuni E, Ingber DE, Whitesides GM:
Patterning proteins and cells using soft lithography.
Biomaterials 1999, 20:2363-2376.

34. Ryan D, Parviz BA, Linder V, Semetey V, Sia SK, Su J,
Mrksich M, Whitesides GM: Patterning multiple aligned
self-assembled monolayers using light. Langmuir 2004,
20:9080-9088.

35. Dillmore WS, Yousaf MN, Mrksich M: A photochemical
method for patterning the immobilization of ligands and
cells to self-assembled monolayers. Langmuir 2004,
20:7223-7231.

36. Mrksich M, Chen CS, Xia YN, Dike LE, Ingber DE, Whitesides GM:
Controlling cell attachment on contoured surfaces with
self-assembled monolayers of alkanethiolates on gold.
Proc Natl Acad Sci USA 1996, 93:10775-10778.

37. Jiang XY, Bruzewicz DA, Thant MM, Whitesides GM: Palladium as
a substrate for self-assembled monolayers used in
biotechnology. Anal Chem 2004, 76:6116-6121.

38. Mrksich M, Sigal GB, Whitesides GM: Surface-plasmon
resonance permits in-situ measurement of protein adsorption
on self-assembled monolayers of alkanethiolates on gold.
Langmuir 1995, 11:4383-4385.

39. Wasserman SR, Whitesides GM, Tidswell IM, Ocko BM,
Pershan PS, Axe JD: The structure of self-assembled
monolayers of alkylsiloxanes on silicon - a comparison of
results from ellipsometry and low-angle X-ray reflectivity.
J Am Chem Soc 1989, 111:5852-5861.

40. Min DH, Su J, Mrksich M: Profiling kinase activities by using a
peptide chip and mass spectrometry. Angew Chem Int Ed Engl
2004, 43:5973-5977.

41. Stevens MM, Mayer M, Anderson DG, Weibel DB, Whitesides G,
Langer R: Direct patterning of mammalian cells onto porous
tissue engineering substrates using agarose stamps.
Biomaterials 2005, 26:7636-7641.

42. Mayer M, Yang J, Gitlin I, Gracias DH, Whitesides GM:
Micropatterned agarose gels for stamping arrays of proteins
and gradients of proteins. Proteomics 2004, 4:2366-2376.

43. Weibel DB, Lee A, Mayer M, Brady SF, Bruzewicz D, Yang J,
DiLuzio WR, Clardy J, Whitesides GM: Bacterial printing press
that regenerates its ink: Contact-printing bacteria using
hydrogel stamps. Langmuir 2005, 21:6436-6442.

44. Jiang XY, Ferrigno R, Mrksich M, Whitesides GM:
Electrochemical desorption of self-assembled monolayers
noninvasively releases patterned cells from geometrical
confinements. J Am Chem Soc 2003, 125:2366-2367.

45. Yeo WS, Yousaf MN, Mrksich M: Dynamic interfaces
between cells and surfaces: electroactive substrates that
sequentially release and attach cells. J Am Chem Soc 2003,
125:14994-14995.

46. Ostuni E, Chen CS, Ingber DE, Whitesides GM: Selective
deposition of proteins and cells in arrays of microwells.
Langmuir 2001, 17:2828-2834.

47. Stone HA, Kim S: Microfluidics: basic issues, applications, and
challenges. AIChE J 2001, 47:1250-1254.
Current Opinion in Neurobiology 2005, 15:1–8
48. Chiu DT, Jeon NL, Huang S, Kane RS, Wargo CJ, Choi IS,
Ingber DE, Whitesides GM: Patterned deposition of cells
and proteins onto surfaces by using three-dimensional
microfluidic systems. Proc Natl Acad Sci USA 2000,
97:2408-2413.

49.
�

Lucchetta EM, Lee JH, Fu LA, Patel NH, Ismagilov RF:
Dynamics of Drosophila embryonic patterning network
perturbed in space and time using microfluidics. Nature 2005,
434:1134-1138.

Using microfluidic systems, the authors studied the development of
single Drosophila embryos exposed to a gradient of temperature.

50. Takayama S, Ostuni E, LeDuc P, Naruse K, Ingber DE,
Whitesides GM: Selective chemical treatment of cellular
microdomains using multiple laminar streams. Chem Biol 2003,
10:123-130.

51. Takayama S, Ostuni E, LeDuc P, Naruse K, Ingber DE,
Whitesides GM: Laminar flows - subcellular positioning
of small molecules. Nature 2001, 411:1016.

52. Jeon NL, Dertinger SKW, Chiu DT, Choi IS, Stroock AD,
Whitesides GM: Generation of solution and surface gradients
using microfluidic systems. Langmuir 2000, 16:8311-8316.

53. Jeon NL, Baskaran H, Dertinger SKW, Whitesides GM,
Van de Water L, Toner M: Neutrophil chemotaxis in linear
and complex gradients of interleukin-8 formed in a
microfabricated device. Nat Biotechnol 2002, 20:826-830.

54.
��

Jiang XY, Xu QB, Dertinger SKW, Stroock AD, Fu TM,
Whitesides GM: A general method for patterning gradients
of biomolecules on surfaces using microfluidic networks.
Anal Chem 2005, 77:2338-2347.

In this paper, the authors describe a general technique for patterning
immobilized gradients of proteins and polymers on surfaces of micro-
fluidic channels. This method enables the user to tailor the precise shapes
of gradients on the surface.

55. Mrksich M: Dynamic substrates for cell biology. MRS Bull 2005,
30:180-184.

56. Yeo WS, Mrksich M: Electroactive substrates that reveal
aldehyde groups for bio-immobilization. Adv Mater 2004,
16:1352-1356.

57. Ferrigno R, Stroock AD, Clark TD, Mayer M, Whitesides GM:
Membraneless vanadium redox fuel cell using laminar flow.
J Am Chem Soc 2002, 124:12930-12931.

58. Ferrigno R, Lee JN, Jiang XY, Whitesides GM: Potentiometric
titrations in a poly(dimethylsiloxane)-based microfluidic
device. Anal Chem 2004, 76:2273-2280.

59.
��

Jiang XY, Bruzewicz DA, Wong AP, Piel M, Whitesides GM:
Directing cell migration with asymmetric micropatterns.
Proc Natl Acad Sci USA 2005, 102:975-978.

The authors used soft lithography to pattern fibroblasts and endothelial
cells in ‘teardrop’ shapes on SAMs adsorbed on gold surfaces. The
application of a potential between the gold surface and the medium
desorbed the SAM and released the cells from confinement. The cells
moved across the surface toward the blunt end of teardrop patterns.

60. Gates BD, Xu QB, Love JC, Wolfe DB, Whitesides GM:
Unconventional nanofabrication. Annu Rev Mater Res 2004,
34:339-372.

61. Gates BD, Xu QB, Stewart M, Ryan D, Willson CG, Whitesides GM:
New approaches to nanofabrication: molding, printing, and
other techniques. Chem Rev 2005, 105:1171-1196.

62. Zhao XM, Xia YN, Whitesides GM: Soft lithographic methods for
nano-fabrication. J Mater Chem 1997, 7:1069-1074.

63. Xu QB, Gates BD, Whitesides GM: Fabrication of metal
structures with nanometer-scale lateral dimensions by
sectioning using a microtome. J Am Chem Soc 2004,
126:1332-1333.
www.sciencedirect.com


	Combining microscience and neurobiology
	Introduction
	The soft lithography tool box
	History
	The stamp (or mold, or microchannel)
	Self-assembled monolayers

	Molecular control of interfaces
	The general principles of soft lithography
	Microcontact printing
	Microfabrication of fluidic Microsystems
	Other types of soft lithography potentially relevant �to cell biology

	Laminar flow
	Observation and readout
	Electrical connections
	Electrochemistry to control surface chemistry
	Electrical measurements of cellular potentials and electrochemical stimulation of cells

	Experimental reproducibility and statistics
	Nanofabrication using soft lithography
	Conclusions and future directions
	Acknowledgements
	References and recommended reading


