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The study of inter-polyelectrolyte complex formation at
interfaces is one of the important areas of interfacial and polymer chemistry. Linear polyelectrolyte,[1] DNA/polyelectrolyte,[2] and protein/polyelectrolyte[3] systems have been studied in bulk solution. Protective, synergetic, catalytic, and
hydrophilic (hydrophobic) effects of polyelectrolyte/biomacromolecule combinations could be demonstrated. Such composite polyelectrolyte structures are of practical importance
for medical purposes, as components of biosensors, protective
coatings, and as biocompatible tools for targeted DNA or
enzyme delivery in cells. A number of approaches, including
layer-by-layer assembly,[4] mixing of polyelectrolytes in stoichiometric and non-stoichiometric ratios,[1] and in-situ inter-
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polymerization[5] have been developed to provide polyelectrolyte structures with desired composition, properties, and
biofunctionality. Ordered, functional polyelectrolyte microstructures allow the production of nanoengineered systems
for cell treatment and complex inter-polyelectrolyte sensor
elements.[6] Conventional photolithography was used to fabricate such microstructures;[7] however it is not applicable for
biological materials, because in photolithographic processes
high-energy physical or aggressive chemical treatments are
required. Therefore, lithographic methods have strong limitations with respect to the type of materials that can be employed and the resulting microstructures.
One of the most facile and versatile approaches for microfabrication in mild, ambient conditions is laminar-flow synthesis inside microchannels, as proposed by Whitesides and coworkers.[8] This method employs a laminar stream of two or
more miscible solutions in one capillary or microchannel.
Laminar streams of multiple solutions in the same channel
flow individually, and the only method of interaction between
dissolved reagents is transverse molecular diffusion. A multiphase laminar-flow approach has been used for the microfabrication of engineered inorganic structures,[8a,b] patterned
delivery of cells,[8c] manipulation with lipid bilayers,[9] separation and detection,[10,11] and in the adsorption of protein
microstrips.[12] This approach is especially useful in handling
proteins, cells, and other delicate biological structures, and it
allows control of the spatial delivery of reagents inside microchannels.
In this work, we developed a microfluidic approach for the
complex formation of polyelectrolyte and polyelectrolyte/protein microstrips on a glass surface. We also demonstrate experimentally a new, soft micropatterning technique for the
anisotropic modification of micrometer-sized objects such as
spherical microparticles and polyelectrolyte capsules. Synthesis of poly(dimethyldiallylammonium chloride)/poly(styrene
sulfonate) (PDDA/PSS) and poly(dimethyldiallylammonium
chloride)/bovine serum albumin (PDDA/BSA) microstrips is
demonstrated with a laminar-flow microfluidic reactor. Resulting micropatterns are 8±10 lm wide, separated by a gap of
a few micrometers. The width of these microstrips, as well as
their position in the microchannel, can be controlled by varying the flow rate and concentration of the individual components.
The synthetic procedure is schematically illustrated in Figure 1. Y- and S-type microchannel reactors (Figs. 1a,b) were
employed to realize the formation of inter-polyelectrolyte and
polyelectrolyte/protein micropatterns. To fabricate polyelectrolyte microarrays on a glass support, a poly(dimethylsiloxane) (PDMS) membrane with a pattern of channels molded
into its surface was placed onto the flat surface of a glass slide
(Fig. 1c). Each reactor channel was provided with two inlets
and one outlet. Reagents from the inlet channels converge
into a single laminar stream in the reactor microchannel. Each
reagent solution was gently pumped into its inlet by a
KdScientific pump. When two or more liquids flow in parallel
at low Reynolds numbers (Re < 2000), there is no turbulence
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Figure 1. Schematic representation of a laminar-flow patterning experiment. Polyelectrolyte complex formation inside a) S-type microchannels,
and b) Y-type microchannels; c) side view, perpendicular to the reactor
microchannel; d) microphotographs of channel microreactors.

peated three times. A similar phenomenon was observed
while employing more complicated S-type microchannels. The
width of the resulting inter polyelectrolyte pattern mostly depends on the overall concentration of the inlet solutions and
ranges from tens of micrometers (for solution concentrations
of > 2 mg mL±1) to 3±5 lm (for solution concentrations of
< 0.1 mg mL±1). The ratio between the concentrations of the
reagents in the inlet channels did not affect the width of the
pattern, and the total flow rate had a minor influence.
Theoretical modeling and analysis for Y-shaped channels
were performed to determine the effect of the flow-rate ratio
of the inlet channels on the position and width of the PDDA/
PSS complex. The interplay of solutions with different flow
rates in the two inlets results in a shift of the interface of the
interpolyelectrolyte complex towards the side with the lower
flow rate (Fig. 2c,d). As the flow rate increases, the volume of
the channel occupied by the fluid also increases, causing a latent movement of the diffusion (reaction) zone towards the
side with the lower flow rate. An experiment in PDDA/PSS
complex formation with different flow rates at the inlets
(0.05 mL min±1 for the PDDA inlet, 0.01 mL min±1 for the PSS

at the interface between them, and sharp boundaries over the
distance of centimeters are maintained. In our device and at
the chosen flow conditions, Re is about 1 (superlaminar flow).
Therefore, the reaction at the interface between the fluid
streams is primarily caused by diffusion of the reagents in the
transverse direction. Laminar flow controls the spatial delivery of two oppositely charged polyelectrolytes within one
microchannel and allows inter polyelectrolyte complex formation with high
spatial precision, exclusively at the
interface between adjacent streams.
The width of the deposited polyelectrolyte microstrip is determined by the diffusion of the reagents across the interface and the flow rates of the solution in
the microchannels. Decreasing the diffusion coefficient of the reagents (e.g.,
by substituting small molecules or
solutes (ions) with D ~ 10±5 cm2 s±1 with
large polyelectrolyte molecules with
D ~ 10±7 cm2 s±1) results in the formation
of a thin reaction zone of a few micrometers.[13] Delamarche et al.[12] used a
similar microfluidic device for protein
patterning through adsorption. A typical deposition time was 1 h. In our laminar-flow device, inter-polyelectrolyte
complexes formed in 20±30 s, i.e., one
hundred times more quickly, and no
specific binding of any of the initial
reagents onto the bottom of the reactor
channel was observed during the entire
experiment, which lasted a few minutes.
Introducing solutions of PDDA
(1 mg mL±1) and PSS (1 mg mL±1) into
the inlet microchannels at the same flow
Figure 2. a±c) Optical micrographs of PDDA/PSS microstructures obtained in laminar-flow microrate (0.01 mL min±1) leads to a reaction
reactors. d) Numerical simulation of PDDA/PSS interaction inside a microreactor channel. Mass
fraction: quantity of the resulting PDDA/PSS complex. Distance: position of the complex inside a
at their interface and to inter polyelec400 lm channel. Curve 1: microstructure of (a) and (b), flow rates 0.01 mL min±1 in both inlets.
trolyte complex formation at the middle
Curve 2: microstructure of (c), flow rate 0.05 mL min±1 (PDDA inlet) and 0.01 mL min±1 (PSS inlet).
of the Y-type reactor microchannel
e) Confocal fluorescent image of a PDDA/PSS micropattern on a glass support. PDDA was labeled
(Fig. 2a). To eliminate stochastic errors,
with FITC. The micropattern was formed by changing the flow rate ratio in-situ from 1:1 (central
all the synthetic procedures were remicrostrip) to 1:1.8 and 1.8:1 (lower and upper microstrips).
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(Mw ~ 10 000, 1 mg mL±1) was introduced, while the other inlet
channel was filled with distilled water. Selective deposition of
labeled dextran macromolecules on one half of the template
microparticles fixed in the center of the microreactor channel
was studied (Fig. 3). Microparticles placed inside laminar
streams were either completely covered with dextran or remained unmodified. Therefore, the microfluidic approach
allows formation of micropatterns not only on flat substrates
but also on the spherical shell of microcapsules, allowing one
to change their properties with precise spatial resolution.
BSA was explored as a model protein for studying polyelectrolyte/protein interactions inside a microfluidic reactor. The
use of a BSA solution instead of PSS as an inlet reagent
(1 mg mL±1) allows formation of a polyelectrolyte/protein pattern deposited directly on the glass support. The thickness of
this polyelectrolyte/protein pattern, as illustrated by the fluorescent image in Figure 4, is about 7 lm. The effects of the
flow-rate ratio and initial inlet concentrations previously observed for interpolyelectrolyte complex formation were also
found for the PDDA/BSA protein complex. The width of the
micropattern was adjusted by the initial concentrations of
PDDA or BSA, while the position of the micropattern was
varied by the flow-rate ratio. Therefore, using laminar flow, it
is possible to obtain polyelectrolyte/protein microstrips of
predetermined geometry and thickness on a glass support under mild biological conditions.
The structure of the PDDA/BSA complex was studied by
atomic force microscopy (AFM, Fig. 4b), which indicated that
the PDDA/BSA complex is globular. 300 nm globules and
smaller 20±50 nm globules can be identified in the image.
Large 300 nm globules were formed during polyelectrolyte/
protein complex deposition on glass supports while small
20 nm globules represent initial globular agglomerates of
BSA molecules. PDDA/BSA micropatterns on the glass slide
can be considered as a PDDA matrix with embedded, separate globular BSA agglomerates.
In conclusion, the laminar-flow microfabrication procedure
has been successfully used to produce polyelectrolyte/protein
microarrays on the surface of a glass support, and for modify-
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inlet) confirms the prediction of the simulation (Fig. 2c). Doubling the flow rate in one channel shifts the position of the interpolyelectrolyte complex from the center of the channel by
one fourth (ca. 50 lm) in the direction of the low flow rate
stream, and vice versa. Therefore, changing the flow rate ratio
is an efficient tool for controlling the position of interpolyelectrolyte microstrips.
A flow-rate variation can be performed during the reaction
to control the position of interpolyelectrolyte microarrays on
the glass support with 5 lm resolution. Fluorescence microscopy visualized the resulting PDDA/PSS micropattern on the
glass slide (Fig. 2e), where 20 lm labeled PDDA/PSS strips
are separated by 20 lm gaps. A wide central microstrip was
obtained at a 1:1 flow ratio and 2 min reaction time. Then, the
flow ratio was changed in situ to 1:1.8 and 1.8:1 (lower and
upper microstrips, 40 s reaction time for each microstrip). The
width and geometry the of interpolyelectrolyte micropatterns
are governed by the microchannel geometry, total flow rate
(which determines the reaction time), and concentration of
the reagents in the inlet channels. By introducing more than
two polyelectrolytes into the reactor microchannel (adding
more inlet channels), one can form complex inter-polyelectrolyte micropatterns with diverse polymer compositions.
The micrometer-scale resolution observed in the patterns
offers the possibility of employing a microfluidic approach for
the anisotropic modification of polyelectrolyte microcapsules.
The microcapsules could thus be imparted with advanced
release and protection abilities. Hollow polyelectrolyte
capsules have semipermeable properties and, depending on
the pH and ionic strength of the solution, they can release or
retain encapsulated material.[14] By modifying part of their
wall, unique microcapsules with an anisotropic shell permeability could be fabricated.
To validate the hypothesis that the microfluidic method
can be used for selective shell modification, rhodaminelabeled melamine formaldehyde microparticulate templates
were adsorbed inside the reactor microchannel prior to introducing a polyelectrolyte solution. Then, in one inlet channel,
a fluorescein isothiocyanate (FITC)-labeled dextran solution

Figure 3. a) Anisotropic micropatterning of rhodamine-labeled microparticulate templates with fluorescein-labeled
dextran macromolecules. b) Confocal fluorescent image. c) Overlaid fluorescent image of the resulting anisotropic microparticles.
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Figure 4. a) Confocal fluorescent image. b) AFM image of a PDDA/BSA microstrip deposited onto a glass support.
PDDA was labeled with FITC.

ing microsphere surfacesÐboth under mild conditions. This
simple deposition procedure allows one to obtain 5±10 lm
wide strips of proteins complexed with linear polyions on a
flat surface. By varying the microchannel structure and flow
rate of the reagents, it is possible to fabricate microarrays of
different geometry, resolution, thickness, and composition.
Selected deposition of labeled dextran macromolecules on
one half of the microparticles fixed in the microreactor
channel was also elaborated. The resulting micropatterned,
bioconjugated structures can be used to produce polyelectrolyte arrays, and they can be utilized as sensor layers, selective
bio- (enzymatic) microreactors, and as components of micrometer-scale bioimplants. The application of cells, microcapsules, and blood platelets in assembling micrometer-resolved
microarrays and their anisotropic modification by the microfluidic approach are under investigation now.

Experimental
Materials: PDDA (MW 200 000, Aldrich) and PSS (MW 70 000, Aldrich) were used to obtain inter-polyelectrolyte micropatterns. For
confocal fluorescent spectroscopy, PDDA was labeled with FITC according to the procedure described in the literature [15]. BSA (Sigma)
was employed to form polyelectrolyte/protein microstructures. All
chemicals were used as received. The water in all experiments was
prepared in a three-stage Millipore Milli-Q Plus purification system
and had a resistivity higher than 18 MX cm. Glass slides, used in all
experiments as the support for the polyelectrolyte microstructures,
were washed in ethanol and deionized water prior to pattern formation.
Characterization: Confocal microscopy images were obtained with
a Leica TCS SP IRE2 (Leica, Germany) scanning system equipped
with 10 and 63 oil immersion objectives. Q-Scope 350 Atomic
Force Microscope (Quesant Instrument Corporation, USA) operating
in tapping mode was used for atomic force microscopy investigations.
Microphotographs of complex polyelectrolyte microstructures were
acquired with a NIKON Eclipse TS100 (Nikon, Japan) optical microscope.
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Simulation: Theoretical modeling for Y-shaped channels was
performed with CoventorWare software version 2001.3 (http://coventor.com), a fully integrated microelectromechanical systems
(MEMS) design environment, to analyze the effect of solution flow
rates on the position of the polyelectrolyte complex in the microchannel. The reaction between PDDA and PSS, PDDA and BSA
was assumed to be a first-order, non-reversible, diffusion-controlled
reaction. The diffusion coefficient of the polymers in aqueous solutions was taken as 1  10±7 cm2 s±1, and that of BSA was taken as
5  10±6 cm2 s±1 [16].
Fabrication of Microchannels: First, lithography on silicon was performed using a thick layer of a positive photoresist. Then, the wafer
was etched by inductively coupled plasma etching (Alcatel, 601E,
USA) to prepare channels of 200±400 lm. The resulting wafer pattern
was used as a mold for the subsequent hot embossing (HEX01/LT,
JENOPTIK Mikrotechnik GmbH, Jena, Germany) of a PMMA
sheet. This hot-embossing step transfers the channels onto the PMMA
sheet as raised lines. A PMMA replica was used as the final mold to
form microchannels in a PDMS membrane. To obtain the final PDMS
microchannels, PDMS (Sylgard 184 silicone elastomer) and the curing
agent (Sylgard 184 curing agent) were mixed in a 10:1 ratio, poured
onto the PMMA replica, and heated at 80 C for 30 min.
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High-Conductivity Elastomeric
Electronics**
By Darren S. Gray, Joe Tien, and Christopher S. Chen*
Flexible electronic circuits have recently gained widespread
interest for numerous applications including flexible displays
(electronic paper)[1,2] and wearable electronics.[3,4] Despite
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substantial improvements over rigid devices, current flexible
electronics cannot fully conform to their surroundings, due to
the inability of metals and conductive polymers to stretch significantly.[5,6] Electronics that could undergo stretching as well
as bending would provide additional degrees of freedom in
range of motion and prevent damage to both devices and
surroundings by matching their mechanical impedances. Currently, to produce a material that is both elastomeric and conductive, metal particles are embedded in an elastomer, such
as silicone.[7] This approach is widely used to form interconnections between rigid materials, but the conductivity of such
connectors is lower than that of metals and tends to change
significantly with strain.[8] Additionally, miniaturization is limited because microfabricated features must be larger than the
particle size to ensure conductivity. Here we demonstrate a
general strategy to construct elastomeric electronics using microfabricated tortuous wires encased in a silicone elastomer.
After a single iteration of geometric optimization, these wires
were able to accommodate linear strains of up to 54 % while
maintaining stable conductivity. This approach to elastomeric
electronics dramatically improves current performance, enabling a range of applications such as forming a direct interface with delicate living tissues or withstanding extreme stress
and vibration.
Our strategy for constructing elastomeric electronics is
based on the fact that many metals, despite being unable to
stretch significantly, are able to bend if their cross sections are
sufficiently small. While the common helical spring has been
used for centuries to produce a net elongation based on bending, the potential of this simple device to produce stretchable
integrated circuits has been largely unexplored. To directly
test the hypothesis that integrated circuits made of springs
could form the basis of stretchable elastomeric electronics, we
used standard lithography techniques[9±11] to embed straight
or spring-shaped metal wires in an elastomer (Fig. 1). Circuits,
formed by connecting a conductivity meter to exposed contact
pads at the ends of the wires, were subjected to linear strain
until the point of electrical failure (strain at failure). For ease
of microscale manufacture, springs were fabricated in the
form of 2D oscillations instead of 3D coils. Gold was the chosen metal, based on its high conductivity, malleability, and
chemical inertness.[12] Poly(dimethylsiloxane) (PDMS) was
chosen to form the elastomeric ªcircuit board,º mechanically
protecting and electrically insulating the wires, based on its
durability, adjustable stiffness, biocompatibility, and commercial availability as an insulating compound.[11,13]
When straight wires were strained even minimally
(2.4 ± 0.5 %), macroscopic fractures interrupted the flow of
current (Fig. 2a, left). Upon allowing the gold wires and their
encasing PDMS to return to a strain-free state, the wires regained conductivity, in accordance with the observed return
of metal±metal contact at the fracture site. Tortuous wires,
containing a wave formed of linked half-ellipses with an amplitude of half the magnitude of the period, remained conductive at a much greater strain of 14.2 ± 0.5 % (Fig. 2a, center).
The strain at electronic failure was further improved to
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