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ABSTRACT
This Account summarizes techniques for fabrication and applications in biomedicine of microfluidic devices fabricated in poly(dimethylsiloxane) (PDMS). The methods and applications described focus on the exploitation of the physical and chemical
properties of PDMS in the fabrication or actuation of the devices.
Fabrication of channels in PDMS is simple, and it can be used to
incorporate other materials and structures through encapsulation
or sealing (both reversible and irreversible).

I. Introduction
Microfluidic Systems. Capillaries are commonly used in
chemistry to minimize the quantities of sample or reagents used in analyses, to increase resolution in separations, and to increase the density of arrays.1 Microfluidic
devices based on capillaries that typically have lateral
dimensions of 10-1000 µm are now applied in medical
analysis, environmental monitoring, biochemical analysis,
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and microchemistry.2 Simple two-dimensional (2D) channel systems can be used for many applications, but more
complex devices may require pumps, valves, detectors,
and channel systems that are three-dimensional (3D).
The first microfluidic devices used silicon and glass,
since the techniques for fabrication in these materials
were well-developed.3,4 These techniques are, however,
expensive and time-consuming, and they require access
to specialized facilities;4-6 they are therefore only marginally useful in research requiring rapid evaluation of
prototypes.
Polymers and Poly(dimethylsiloxane). Fabrication in
polymers is easy, and their use as materials reduces the
time, complexity, and cost of prototyping and manufacturing.7,8 Poly(dimethylsiloxane) (PDMS) has been one the
most actively developed polymers for microfluidics.9
Fabrication of systems of channels in PDMS is particularly
straightforward since it can be cast against a suitable mold
with sub-0.1-µm fidelity. PDMS is also more than a
structural material: its chemical and physical properties
make possible fabrication of devices with useful functionality (Table 1).
Scope. This Account details recent developments in
microfluidic devices that exploit the physical and chemical
properties of PDMS. We organize this Account into three
sections. The first discusses techniques for the fabrication
of microfluidic channels in PDMS. The second describes
functional components of devices such as valves, inlets,
and outlets, and the third describes analytical devices.

II. Methods for Fabrication
Soft Lithography. (a) Replica Molding and Rapid Prototyping. Soft lithography starts with the production of a
PDMS replica of a master (or mold). The PDMS used in
these experiments is supplied in two components, a base
and a curing agent. Silicon hydride groups present in the
curing agent react with vinyl groups present in the base
and form a cross-linked, elastomeric solid. To produce a
replica, we mix the two parts together (typically at 10:1
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Table 1. Physical and Chemical Properties of PDMS
property
optical
electrical
mechanical
thermal
interfacial
permeability
reactivity
toxicity

characteristic

consequence

transparent; UV cutoff, 240 nm
insulating; breakdown voltage, 2 × 107 V/m 71
elastomeric; tunable Young’s modulus, typical
value of ∼750 kPa 24
insulating; thermal conductivity, 0.2 W/(m‚K);
coefficient of thermal expansion, 310 µm/(m‚°C)7l
low surface free energy ∼ 20 erg/ cm2 20
impermeable to liquid water; permeable to gases
and nonpolar organic solvents
inert; can be oxidized by exposure to a plasma;
Bu4N+F-((TBA)F)

optical detection from 240 to 1100 nm
allows embedded circuits; intentional breakdown to open connections43
conforms to surfaces; allows actuation by reversible deformation;24
facilitates release from molds
can be used to insulate heated solutions;64 does not allow
dissipation of resistive heating from electrophoretic separation
replicas release easily from molds; can be reversibly sealed to materials
contains aqueous solutions in channels; allows gas transport
through the bulk material; incompatible with many organic solvents
unreactive toward most reagents; surface can be etched;
can be modified to be hydrophilic and also reactive toward silanes;20
etching with (TBA)F can alter topography of surfaces59
can be implanted in vivo; supports mammalian cell growth57,59

nontoxic.

(v/v) base:curing agent), pour the liquid pre-polymer over
the master, and cure it. The liquid PDMS pre-polymer
conforms to the shape of the master and replicates the
features of the master with high (10’s of nm) fidelity. The
low surface free energy and elasticity of PDMS allow it to
release from masters without damaging the master or
itself. Obtaining a master is the limiting factor in the
production of PDMS replicas. The master can be obtained
by a range of methods.8,10-17 A common method starts
with a high-resolution transparency as a photomask for
generation of the master by photolithography (Figure 1).10
The resolution of the transparency (>20 µm) is adequate
for most microfluidic applications.
(b) Sealing. One advantage of PDMS is that it can seal
to itself, or to other surfaces, reversibly or irreversibly and

FIGURE 1. Scheme for rapid prototyping. A system of channels is
designed in a CAD program. A commercial printer uses the CAD
file to produce a high-resolution transparency (∼5000 dpi). (A) This
transparency is used as a photomask in contact photolithography
to produce a master. A master consists of a positive relief of
photoresist on a silicon wafer and serves as a mold for PDMS. (B)
Liquid PDMS pre-polymer is poured over the master and cured for
1 h at 70 °C. (C) The PDMS replica is peeled from the master, and
(D) the replica is sealed to a flat surface to enclose the channels.
The overall process takes ∼24 h.
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without distortion of the channels.9,10,18 Sealing of PDMS
channels is substantially simpler than sealing channels in
glass, silicon, or thermoplastics.5-7,19 PDMS that has been
molded against a smooth surface can conformally contact
other smooth surfaces, even if they are nonplanar, because
PDMS is elastomeric. A reversible seal provided by simple
van der Waals contact is watertight but cannot withstand
pressures greater than ∼5 psi.9 Adhesive tapesssilicone
or cellophanesalso seal the PDMS channels reversibly.13
Cellophane tape provides only a temporary seal; silicone
tape makes a much stronger seal, is waterproof, and
provides a fourth wall composed of PDMS.
To form an irreversible seal, we expose the PDMS (and
perhaps the second surface) to an air plasma for 1 min.9,20
We, and others, believe this treatment generates silanol
groups (Si-OH) on the surface of the PDMS by the
oxidation of methyl groups.21 Surface-oxidized PDMS can
seal to itself, glass, silicon, polystyrene, polyethylene, or
silicon nitride, provided that these surfaces have also been
exposed to an air plasma.
This sealing process, while simple and reproducible,
requires technical agility. The two surfaces must be
brought into contact quickly (<1 min) after oxidation,
because the surface of the oxidized PDMS reconstructs
in air.22,23 Contact with water or polar organic solvents
maintains the hydrophilic nature of the surface indefinitely.10,22 Empirical evidence shows that oxidative sealing
works best when the samples and chamber are clean, the
samples are dry, the surfaces are smooth on the micron
scale, and the oxidized surfaces are not mechanically
stressed. Heating a weak seal in an oven at 70 °C can
sometimes improve the strength of the seal.
Quake et al. have developed an alternative method for
irreversibly sealing that involves adding an excess of the
base to one slab of PDMS and the curing agent to another
slab.24 When these layers were brought into conformal
contact and again cured, the seal that formed was
indistinguishable in physical properties from bulk PDMS.
The method allows for careful alignment of two slabs since
sealing is initiated by heat, but the method limits sealing
to devices containing only PDMS and generates hydrophobic channels. Treatment with hydrochloric acid makes
the channels slightly hydrophilic.25
3D Fabrication by Stacking Multiple Layers. The
“membrane sandwich” method11 (Figure 2) allows the
fabrication of complex systems of channels by stacking
multiple, thin (∼100 µm) 2D layers. Since PDMS is
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FIGURE 2. Scheme outlining the membrane sandwich method of
fabricating a five- level channel system comprising two membranes.
(A) The bottom master is a positive relief of photoresist on a silicon
wafer and contains two levels of features. We produce the two levels
by two-level photolithography that consists of two successive rounds
of spin coating to determine the height of the photoresist, alignment
of the photomask to the wafer, and exposure to UV light. The first
round defines the lower level of features. The second round uses a
thicker layer of photoresist than the first round to define the higher
level of features. The top master has a single level of features (or is
a flat layer) and was fabricated in PDMS by molding against a
suitable master. PDMS pre-polymer is placed between the two
masters, which are then aligned to one another. Applying pressure
to the sandwich causes the higher features on each level to come
into contact by excluding the PDMS. (B) The bottom masters were
removed from the membranes, which were then oxidatively sealed
to flat slabs of PDMS, and the top masters were peeled off. (C) The
newly exposed surfaces of the two membranes were aligned using
micromanipulators and oxidatively sealed. (D) This panel shows an
optical micrograph of a portion of the fluorescein-filled channel
system. Adapted from ref 11.
transparent, visual alignment of the layers required to
form 3D systems is usually straightforward, when using a
stereomicroscope. In contrast to other methods,18,24,26-28
the “membrane sandwich” method allows up to three
levels of features to be present in a single layer.11,29,30 We
mold membranes between two masters, a “top” master
and a “bottom” master, by placing a small amount of
liquid PDMS between the two masters and aligning them
relative to one another (Figure 2). When pressure is
applied, features on each master that contact one another
form vias.
The alignment of two oxidized layers of PDMS containing embedded channels to form multilevel systems of
channels can be difficult, since oxidative sealing occurs

on contact. One way we address this problem is with
micromanipulators.11,29,30 The micromanipulators allow
the two layers to be translated, rotated, and tilted relative
to one another. We place the two layers in the micromanipulator, bring the two faces into close proximity, and
align them under a stereomicroscope. We then separate
the two pieces, place the entire assembly (including the
micromanipulators) in the plasma cleaner, oxidize the
surfaces, remove the assembly from the cleaner, and bring
the oxidized layers into contact with the micromanipulators.
Another method for the alignment of multilayer systems uses solvent-assisted sealing.1,18,31 In this method, we
cover the oxidized surface of the PDMS with a film of
polar solventsmethanol, ethanol, or trifluoroethanols
immediately after removing the PDMS from the plasma
cleaner (these liquids do not swell PDMS). The solvent
acts in three ways: (1) It prevents instantaneous sealing
when two layers are brought into contact; (2) it provides
lubrication and allows the layers to be moved laterally
relative to one another; and (3) it prevents the oxidized
surface from reconstructing to a lower free-energy form
before sealing is accomplished. To seal the device, we
allow the solvent to evaporate from between the layers of
PDMS while they are warmed on a hot plate or in an oven.
Sealing with this method produces a bond equivalent to
sealing immediately upon removal from the plasma
cleaner. Since, in this method, we heat the PDMS to form
the seal, the surfaces of the channels formed are hydrophobic.
Solid-Object Printing. An alternative, non-photolithographic technique for producing masters is solid-object
printing (SOP).13 This technique prints a thermoplastic
material without the need for masks, alignment, timed
exposures, or development, and it requires only an appropriate CAD file to direct the printer (Figure 3). The
benefit of SOP is that it can produce masters having
multiple levels of features and masters covering a large
area (or several smaller masters) in one round of printing.
The increased area and height of masters comes at a cost
of limited resolution: the masters have significant surface
roughness because of the resolution of the printer (300 ×
400 × 600 dpi, xyz), and we cannot fabricate channels
having dimensions <250 µm using this method. The
equipment for SOP is widely available and can produce
devices with an area up to 480 cm2 and a height up to 20
cm. This method can also make one-time masters for lost
wax molding.13,32

III. Components
Components such as valves,24,33-35 pumps,24,35 mixers,36,37
and switches27 are needed to control the flow of fluids in
complex devices.38 Molding in PDMS can encapsulate
structuressglass capillaries, silicone tubing, optical
fibers, and electronic devicessinto a microfluidic
device.10,27,31,34,39-41 The incorporation of organic polymeric
membranes (for separation, filtration, or chemical reaction) is also trivial, since they can be sandwiched between
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FIGURE 3. Scheme for prototyping devices in PDMS using solidobject printing. First, a CAD file is generated that defines the system
in 3D. Next, the solid-object printer printed the object layer by layer.
The ink is a melted thermoplastic material that cools and solidifies
once it leaves the print head. Once the object is printed, liquid PDMS
pre-polymer is poured over the mold and cured at 70 °C for ∼1 h.
The PDMS replica is then peeled from the thermoplastic mold. The
device depicted in this figure is a 3D cross of microfluidic channels
conformally sealed to a flat piece of PDMS and filled with ink.
Reproduced from ref 13.
two layers of PDMS.26,30,42 Including organic membranes
in glass or silicon devices is generally impractical, since
they do not withstand the processing temperatures required to seal these materials.
Inlets and Outlets. Introducing and recovering fluids
(e.g., samples, reagents, or buffers) can be accomplished
by using compression fitting of polyethylene tubing.26,27,43
Holes slightly smaller than the outer diameter of the
tubing are bored in the PDMS; when the tubing is inserted,
it exerts pressure on the PDMS and provides a waterproof
seal. This method provides a reversible seal, since the
tubing can be removed and replaced with minimal effort.
The polyethylene tubing also conforms to syringe needles.
This ability allows for syringes (and syringe pumps) to be
coupled easily to microfluidic channels. It is also straightforward to make fluidic connections by using reservoirs
that are accessible by pipet. Figure 4 shows a system
494 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 35, NO. 7, 2002

FIGURE 4. Scheme for a device to mate a 12-channel pipettor with
microfluidic channels for parallel analyses. (A) Twelve input reservoirs were molded to match the spacing of a standard 12-channel
pipettor. Each of these reservoirs was connected to a microfluidic
channel. The channels were all the same length so that flow rates
were the same in each channel. The PDMS replica was sealed with
two pieces of silicone tape, except for a region where the channels
are parallel. A small piece of PDMS (dashed box, 1 × 1 cm2, ∼1
mm thick) was pressure fit to the exposed region of the channel.
(B) This panel depicts the results of an immunoassay for mouse
IgG performed in the device. The immunoassay occurred in two
parts. In the first part, solutions of mouse IgG flowed through every
other channel. The result was a pattern of six straight lines of IgG
on the small piece of PDMS clamped to the channel system. In the
second part, the patterned piece of PDMS was separated from the
channel system, rotated 90° and clamped to the surface again. The
lines of IgG deposited in the first step were then perpendicular to
the direction of flow in the channels. After the newly exposed PDMS
was blocked to prevent nonspecific absorption of species, solutions
of goat anti-mouse IgG conjugated to phycoerythrin (Ab-phyco) and
fluorescein (Ab-FITC), placed in adjacent channels, flowed over the
patterned surface. The micrograph shows the pattern of squares
formed from Ab-phyco (red) and Ab-FITC (green) binding to the
mouse IgG absorbed to the surface. Adapted from ref 13.
designed for sample addition that uses a 12-channel
pipettor.13
Valves and Pumps. Several groups have used the
elasticity of PDMS in the actuation of valves and
pumps.24,26,33,34,40,43,44 The valves operate by applying a force
that pinches a fluidic channel closed at a precise location,
and these valves can be incorporated into membrane35
and peristaltic pumps.24 Compression of the channels can
occur from air pressure,24 water pressure,35 expansion of
a hydrogel,33 or force from magnetic fields.34 We developed
a check valve loosely based on those found in the
mammalian lymph system (Figure 5A).35 This valve con-
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Table 2. Applications of Microfluidic Devices
Fabricated in PDMS

FIGURE 5. (A) Demonstration of a passive “lymph” valve. Two flaps
are present in the valve. Flow in one direction pushes the flaps apart,
but flow in the opposite direction causes the flaps to collapse
together and block the channel. (B) Scheme for the fabrication of a
membrane pump. Two reservoirs are connected to a pumping
chamber through channels containing lymph valves. When the
pumping chamber is manually depressed, the valves in the IN
channel are closed while fluid is pushed through the OUT channel.
When the pumping chamber expands, fluid is pulled from the IN
reservoir, but the valves in the OUT channel prevent backflow.
Repeated compression of the membrane pump moves all the liquid
from the IN reservoir to the OUT reservoir. Adapted from ref 35.
sists of two parallel flaps in the middle of the channel that
are secured to only one wall. Since PDMS is elastomeric,
the flaps collapse together or spread apart on the basis of
the direction of the flow in the channel. Fabrication is
simple since the valve is fabricated in one material and
consists of only one level of features. These valves, placed
in series, form the basis of a simple membrane pump
(Figure 5B).

IV. Devices
Since the initial report15 of a microfluidic device for CE
fabricated in PDMS and the widespread development of
soft lithography,l0,11,13,18,39,43,45 a number of systems have
been described (Table 2).

application

reference

biochemical assays
capillary electrophoresis
cell counting and sorting
cell growth
chemical reactions
computation
control of fluid flow
detection of biological species
mixing
generating gradients
genomics
liquid chromatography
mass spectrometry
optical components
patterning surfaces

17, 43, 47, 50
10, 15, 28, 39, 51-54
55, 56
29, 57-59
26, 41
30
16, 24, 27, 33-35, 40, 60
12, 61
36, 37
62, 63
25, 64
65
31, 42, 66, 67
68, 69
46, 49, 70

Capillary Electrophoresis. Confocal microscopy is
often used for detection in micro-capillary electrophoresis
(micro-CE) devices. While this method is useful for
validating concepts, it is expensive and cannot be used
in portable devices. We (in collaboration with Arieh Karger
and Jim Christian at Radiation Monitoring Devices, Inc.,
http://www.rmdinc.com) have developed an inexpensive,
compact, and potentially portable detection system for CE
in PDMS based on an encapsulated optical fiber and
microavalanche photodiode (µAPD) (Figure 6).39 The µAPD
is a sensitive photon counter that, because of its size, can
be easily incorporated in a layer of PDMS. We embedded
an optical fiber in another layer containing channels. The
fiber couples light from a blue LED into the separation
channel to excite fluorophores. We sandwiched a polymeric, colored filter between the layer with the channels
and the layer with the µAPD, using reversible sealing. The
filter allows fluorescence from the analytes to reach the
detector but blocks scattered excitation light. The incorporation of the fiber and the detector into the PDMS
makes the system more compact than those that use
external detectors; it also eliminates the need for transfer
optics. PDMS is an ideal material for this application since
it is transparent to visible light, conforms to the embedded
components, and seals reversibly to the polymeric filter.
Immunoassays. Several groups have reported immunoassays in devices that exploit the reversible assembly/
disassembly of PDMS channel systems.13,17,46,47 We have
developed a device that uses the intentional electrical
breakdown of PDMS as a way to control the storage and
dispensing of the solutions necessary for ELISA.43 We
fabricated a microfluidic system in which disconnected
channels are separated by a 20-µm membrane of PDMS
(Figure 7). By applying a voltage (typically 1-2 kV) well
above the breakdown voltage (420 V) across the 20 µm of
PDMS, catastrophic breakdown occurs and a fluidic
connection opens (irreversibly) between the channels.
This method of controlling fluid flow is simple since
replica molding forms both the channels and the PDMS
that separates the channels: electrical connection, provided by platinum wires, is the only other component
required. While the voltages used to open connections are
high, connections could be opened using an inexpensive,
hand-held igniter for a gas grill.43
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FIGURE 6. Schematic diagrams of the encapsulation of an optical
fiber and a µAPD in PDMS for detection of fluorescence in CE. (A)
The device consisted of two layers of PDMS with a polymeric filter
sandwiched between them. The light from a blue LED was coupled
into the optical fiber to excite fluorophores in the channel. The
emitted photons were detected by the actively quenched µAPD and
counted with a Hewlett-Packard universal counter interfaced with
a personal computer. (B) This panel shows the detail of the
excitation/detection region showing the relative position of the µAPD,
the channel, and the optical fiber. (C) Comparisons are made
between electropherograms of a ∼5 µM mixture of (1) fluoresceinlabeled carbonic anhydrase, (2) fluorescein-labeled R-lactalbumin,
(3) fluorescein, and (4) 5-carboxyfluorescein separated in a PDMS
device and those of a fused-silica capillary in a commercial
instrument. Adapted from ref 39.
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FIGURE 7. Scheme describing the opening of connections between
channels by using electrical breakdown. (A) Optical micrographs of
closed and open connections. Applying a 2 kV pulse for 1 s opened
a fluidic connection. (B) Scheme of a configurable device for ELISA.
Two channels were separated from a T channel by ∼20 µm (see
inset). To perform an ELISA experiment, solutions of the capture
antibody, blocking agent, and sample flowed in order from reservoirs
3 and 4 to 5 under pressure from gravity. Placing a high-voltage
electrode in reservoir 1, grounding reservoir 3, and applying a -1
kV pulse for 1 s opened the first connection. Once the connection
opened, a solution of antibody conjugated to alkaline phosphatase
was pumped into the T channel by a syringe pump. Applying -1 kV
for 1 s between reservoirs 2 and 3 then opened the second
connection. The substrate was then pumped into the device. The
substrate hydrolyzed and precipitated if hemoglobin was present in
the sample. (C) Results of an ELISA experiment. A micrograph of
the control experiment (no hemoglobin in the sample) shows no
fluorescence. A micrograph of an experiment in which the sample
contained hemoglobin shows the fluorescent precipitate. Adapted
from ref 43.

Microreactors. Chemical reactions in microfluidic channels allow for the in situ production of reagents or
modification of samples for analysis and the minimal
production or consumption of potentially hazardous,
expensive, or rare compounds. McCreedy et al. achieved
reactions in PDMS by immobilizing a solid catalyst in a
thin film of PDMS.41 Since membranes can be pressure
fit into a device or “glued” in place with pre-polymer, they
represent another simple way to incorporate functionality
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FIGURE 8. Schematic drawings illustrating the fabrication of an array of crossed microfluidic channels. (A) In the membrane system, crossing
channels are separated by a single polycarbonate membrane (10 µm thick with 0.1 µm diameter pores). The pores of the membrane provide
a volume for species to diffuse into from the two channels. (B) In the microwell system, crossing channels are separated by two of the
polycarbonate membranes and a microwell. In this case, the membranes allow diffusion of species into the microwell while providing high
resistance to convective flow through the intersection. (C) This panel exhibits a photograph of a typical device. Reproduced with permission
from ref 26. Copyright 2001 American Chemical Society.
into PDMS devices. Lee et al. fabricated a reactor by
placing a membrane coated with trypsin between two
layers of PDMS.42 As proteins pass through the membrane,
they are digested by the trypsin. We fabricated a microfluidic array consisting of two layers of channels that cross
at 90° and that are separated by a membrane or a

microwell (Figure 8).26 Chemical reactions can take place
in the pores of the membrane or the microwell as reagents
diffuse from both layers of channels into the region of
intersection. Using these microfluidic arrays, we have
demonstrated assays for inorganic ions, bacteria, and
enzymatic activity.26
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Conclusions
In the still-developing field of microfluidics, the characteristics of PDMS are particularly useful in prototyping
new systems10,11,13,18,43 and in studies of fundamental fluid
mechanics.16,36,48,49 Since the fabrication of systems in
PDMS is simple, chemists and biologists working at a
benchtop can make devices quickly and easily. As the
focus of microfluidics shifts from demonstration of components and devices to development of fully functional
devices, the ease of production of multifunctional systems
will become more important.
Probably no single device will be able to take full
advantage of the properties of PDMS, and as with all
materials, some properties of PDMS may be advantageous
or detrimental depending on the application. PDMS has
been applied primarily to aqueous solutions, since nonpolar organic solvents swell it. The high solubility of
nonpolar compounds (including organic solvents) can also
be an advantage, for example, in removing small amounts
of organic contaminants from an aqueous sample prior
to analysis.
While PDMS is a useful material for prototyping microfluidic devices, its application to commercial systems
remains to be established. For example, the fabrication
of devices in thermoplastic polymers by hot embossing
and injection molding for applications that do not require
replication of features with nanometer precision would
be faster than fabrication in PDMS (minutes versus hours).
PDMS, however, has the ability to seal reversibly and
irreversibly to many materials and to encapsulate microelectronic and optical components. This ability to integrate systems easily is crucial to the development of
complex, multifunctional microfluidic systems.
Research in our laboratory was supported by DARPA and NSF
Grants ECS-9729405 and ECS-0004030 and used MRSEC supported facilities Grant DMR 9809363. We wish to thank our
colleagues who participated in this research and Steve Metallo and
Michael Chabinyc for helpful comments on the manuscript.
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