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T
he controlled synthesis of nanopo-
rous membranes (defined by pores
less than 100 nm in width) is en-

abling for a variety of applications includ-
ing separations,1–3 molecular sensing,4–7

and drug delivery.8–10 The ability to selec-
tively mediate molecular transport using
nanoscale channels is critical for these appli-
cations. Nanoporous membranes offer spa-
tial selectivity and high efficiency.11 How-
ever, a major challenge is the construction
and integration of nanoporous membranes
within multiscale systems, while retaining
the ability to regulate the transport of small
particles with precision, selectivity, and
control.

One approach to synthesizing nanopo-
rous membranes has been to modify natu-
rally occurring membrane proteins, such as
�-hemolysin and the mechanosensitive
channel of large conductance (MscL) from
Escherichia coli, to act as nanoscale gate
valves.12–16 These proteins have been modi-
fied to switch between open and closed
states in response to specific chemical, elec-
trical, and mechanical stimuli. In applica-
tions such as molecular sensing, biological
nanopores remain the gold standard by
which other nanopores are judged. How-
ever, membranes constructed from these
biological components can be fragile, be
difficult to incorporate within macroscalar
systems, and provide only fixed-dimension
pores.

Alternatively, synthetic analogues that
mimic the gating functionality of biological
nanopores are being developed as alterna-
tives. Nanoporous membranes have been
synthesized using porous alumina,17 by

track etching of nanopores in polymer
films,20–23 from carbon nanotubes embed-
ded in thin polymer films,24,25 by ion beam
etching of oxide films,26,27 and using soft li-
thography.28 These synthetic membranes
are fairly robust when compared to biologi-
cal structures. They offer adjustable surface
properties, control over pore diameter and
membrane thickness, and routes for inte-
gration within micro- and macroscalar sys-
tems and devices.

Another approach to synthesizing nan-
oporous membranes is by creating ob-
stacles in the path of transport. Such struc-
tures can be created by “top-down” micro-
and nanofabrication techniques29–31 and by
the deterministic growth of vertically
aligned carbon nanofibers (VACNFs).32–35

VACNFs can be grown with control over
nanofiber length, diameter, shape, posi-
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ABSTRACT Nanoporous membranes are applicable to a variety of research fields due to their ability to

selectively separate molecules with high efficiency. Of particular interest are methods for controlling membrane

selectivity through externally applied stimuli and integrating such membrane structures within multiscale

systems. Membranes comprised of deterministically grown, vertically aligned carbon nanofibers (VACNFs) are

compatible with these needs. VACNF membranes can regulate molecular transport by physically selecting species

as they pass between the fibers. Defined interfiber spacing allows for nanoscale control of membrane pore

structure and resultant size selectivity. Subsequent physical or chemical modification of VACNF structures enables

the tuning of physical pore size and chemical specificity allowing further control of membrane permeability. In

this work, the dynamic physical modulation of membrane permeability that results when VACNFs are coated with

an electrically actuatable polymer, polypyrrole, is demonstrated. Electrochemical reduction of polypyrrole on the

VACNFs results in controlled swelling of the diameter of the nanofibers that in turn decreases the pore size.

Dynamic control of membrane pore size enables selective transport and gating of nanoscale pores.

KEYWORDS: carbon nanofibers · polypyrrole · electropolymerization · surface
modification · nanomaterial · actuation · membranes · nanopore
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tion, orientation, and chemical composition.36–38

Within an ensemble of nanofibers that makeup a mi-
croscale membrane structure, such control allows for
precise engineering of critical dimensions such as inter-
fiber spacing and membrane thickness, which dictate
membrane permeability and size selectivity. Further-
more, the catalytic growth of carbon nanofibers allows
for nanoscale functionality to emerge from simple mi-
croscale lithography techniques. VACNF growth typi-
cally yields individual nanofibers up to several hundred
nanometers in diameter, spaced several hundred na-
nometers apart. As a result, membranes of carbon
nanofibers, patterned using techniques such as con-
tact photolithography, have nanoscale features that
emerge during synthesis.

Interfiber spacing, and resultant membrane pore
size, can be further tuned through physical modifica-
tion or coating of the nanofibers. Modification by ox-
ide deposition or electropolymerization of
polypyrrole (pPy) has been
demonstrated.35,39–41 Because VACNFs pos-
sess electrochemical properties similar to
those found in carbon-based electrodes,42

conductive polymers such as pPy can be
electrochemically synthesized on the active
surface areas to controllably modify fiber di-
mensions and surface energy.41,43 In addi-
tion to passive adjustment of pore size, the
physical volume of the pPy coating can be
controllably altered by electrical
stimuli,44–51 providing a means to dynami-
cally modulate membrane permeability and
size selectivity.

In this work, the synthesis and demon-
stration of hybrid carbon nanofiber based,
actuatable polymer membranes in microflu-
idic manifolds, representing the first steps
toward the creation of devices with electri-
cally controllable, dynamic membrane
structures, is described. The actuatable
polymer, pPy, was electrochemically depos-
ited on the sidewalls of vertically aligned
carbon nanofibers. Altered transport of vari-
ously sized fluorescent species was
achieved by actuation of the nanoscale
pores created by the interfiber spacing.
Membrane permeability was modulated by
external electrical control. The membranes
are relatively thin, as compared to through
pores in oxide or polymer films, yet are
highly robust. Because of the short trans-
port distances, species can diffuse rapidly
through the membrane. In addition, these
structures were integrated within devices
featuring multiscale components using con-
ventional microfabrication techniques.
VACNF membrane structures will enable

fundamental studies of biochemical reaction sys-

tems and will facilitate the development of new

technologies for chemical sampling, biosensing, and

pharmaceutical dosing.

RESULTS AND DISCUSSION
Polypyrrole is an electrically conductive, biocompat-

ible polymer whose physical and chemical properties

are well-characterized. High-quality, stable films are

relatively easy to prepare at low temperatures (25 °C)

and under aqueous conditions.43,44 Oxidation of the

monomer results in a polymer film forming on the an-

ode. The polymer coating can be controllably expanded

and contracted when the oxidation state of the poly-

mer film is changed in the presence of an electrolyte.

The mechanics of this reaction have been extensively

described.45–49 Here, the large anion, dodecylbenzene-

sulfonate (DBS), is incorporated within the pPy matrix

Figure 1. A series of pPy actuations as measured from longitudinal
cross sections of a pPy film by performing continuous line scans us-
ing an AFM. The pPy film swells when –1.0 V is applied and shrinks
when 0.0 V is applied. (A) Repeated actuations, by applying step po-
tentials at –1.0 V for 30 s followed by 0.0 V for 30 s. The discontinuity
represents the time elapsed between the two consecutive actuation
experiments. (B) An extended actuation, by applying a voltage of –1.0
V for 400 s. (C) pPy actuation as related to applied potential. The solid
line represents the measured pPy(DBS) film thickness. The dotted
line represents the corresponding applied potential. The vertical lines
denote where volume changes in the pPy film begin to occur.
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during polymerization to balance the posi-
tive charge of the oxidized polymer. The an-
ion is relatively large and becomes trapped
during polymerization of the polymer matrix.
When the polymer/anion matrix is reduced,
cations from the surrounding electrolyte rush
in to balance the charge, resulting in an in-
crease in volume and swelling of the
polymer.48,49

The process of volume expansion/con-
traction that pPy undergoes has been de-
scribed previously.45–49 Additionally, the
nanoscale actuation properties of pPy films
incorporating dodecylbenzenesulfonate,
pPy(DBS), have been characterized by atomic
force microscopy (AFM).50,51 The AFM is used
essentially as a highly sensitive profilometer,
measuring height differences between the
underlying planar electrode and the top of
the film. The AFM allows for in situ measure-
ment and a high degree of control over the
amount of force exerted by the stylus. There-
fore, to guide the preparation of pPy-coated
CNF membranes, initial studies used gold
planar electrodes to evaluate the characteris-
tics of the pPy(DBS) films that would be ap-
plied to the CNF-based structures. The main-
tenance of the volume change under prolonged

actuation, the reproducibility of the volume expansion/

contraction upon multiple actuations, and the effects

of applied potential were examined. Polypyrrole films
were then synthesized on the electrically active surface
areas of carbon nanofiber membrane structures and
evaluated in microfluidic structures. The ability to alter
the permeability of the CNF membranes by actuation
was evaluated.

Planar Electrode Experiments. Actuation experiments on
gold planar electrodes were conducted using previ-
ously described techniques.50,51 Swelling and shrink-
ing of the pPy(DBS) films were controlled by applying
�1.0 and 0.0 V potentials versus a known reference. A
series of six actuations was measured by continuous
line scans using AFM. Resulting changes in film thick-
ness relative to the underlying gold substrate versus
time can be seen in Figure 1A. The upward slope of the
graph is due to tilt in the AFM stage. Voltages were ap-
plied in a sequence of step potentials: �1.0 V for 30 s
followed by 0.0 V for 30 s. After the first actuation, the
film displayed an irreversible increase in thickness, 17%
larger than the original state. This observation is consis-
tent with previously reported pPy actuation results.51

Subsequent actuations, however, are fully reversible
with the reduced (swollen) state 35% thicker than the
oxidized (shrunken) state. Analysis of the height traces
reveals that the expansion and contraction rate of the
polymer film is similar and occurs at a rate of 100 nm/s.
In Figure 1B, the pPy(DBS) film was reduced (swollen)

for an extended amount of time (400 s). The actuated
polymer appears to be stable over this time period, as
the volume does not significantly change during the ac-
tuation. To evaluate the effect of applied voltage, bias
was applied to a pPy(DBS) film as a cyclic voltage from
0.0 to �1.5 V at �0.01 V/s. The resulting actuation was
observed under the AFM, and the results are presented
in Figure 1C. Volume changes in the pPy(DBS) film do
not appear to continuously follow applied bias. Instead,
actuation appears to occur at applied voltages close to
the reported oxidation potential (�0.7 V) of pPy(DBS)
films in 100 mM DBS solutions.47 Further decreases in
applied potential had negligible effects on the swelling
of the polymer film.

Carbon Nanofiber�Polypyrrole Membrane Experiments. Car-
bon nanofiber membrane structures were fabricated
on titanium-coated silicon wafers. Catalyst stripes, 2 �m
wide, were patterned on the wafers in the shape of
squares with sides of 10, 25, 50, 100, and 150 �m. Then,
carbon nanofibers were grown in a PECVD process
from the nickel catalyst stripes to be 8.5–9.5 �m tall
with nominal diameters of 500 nm, measured at the
base, and 300 nm, measured at the tip. Figure 2 pre-
sents scanning electron micrographs of the resulting
VACNF membrane structures.

Polypyrrole films were deposited on the surface
of carbon nanofiber membrane structures. The de-
posited films were found to be 150 –200 nm, reduc-
ing the average interfiber spacing from 600 – 800 to
250 –350 nm (difference of �45–55%). Films pre-

Figure 2. Electron micrographs of the VACNF membrane structures. The membrane
structures were grown as 10, 25, 50, 100, and 150 �m square cells with walls 2 �m wide,
on a 500 Å Ti substrate. Carbon nanofibers were generally 8.5–9.5 �m tall. Shown in
(A) is an electron micrograph of a 25 �m square cell taken at a 30° tilt while (B) is a top
view of the same structure and (C) shows a top view of the array of different sized mem-
brane structures.
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pared on gold planar electrodes in similar reaction

conditions were thicker than films prepared on car-

bon nanofibers. Differences in thicknesses were

likely due to the different geometries of the elec-

trodes. After pPy deposition, it was possible to im-

age the underlying nickel catalyst at the tip of the

nanofibers using the upper detector of the scanning

electron microscope at an acceleration voltage of

10.0 kV. Measurements of resulting pPy film thick-

nesses were made relative to this feature. Film thick-

ness measurements were confirmed by comparing

electron micrographs of the VACNF membranes, be-

fore polymerization and after (see Figure
3), using previously described methods.41

Swelling and shrinking of the pPy films
were controlled by applying �1.0 and 0.0
V potentials. Considering the �35% vol-
ume expansion, the limiting pore size
upon actuation should be �50 –250 nm.
To test membrane actuation, CNF-based
structures were enclosed in simple microf-
luidic channels and tested with various
sized, fluorescently labeled species. Chan-
nels were molded in poly(dimethylsilox-
ane) (PDMS) and were cut with a scalpel
to a channel length of �1.5 mm, long
enough to enclose approximately five to
seven membrane structures (see Figure
4A). The relatively short channel lengths
enabled flow of fluid into the channels dur-
ing wetting. VACNFs were typically grown
to a height of 8.5–9.5 �m while the microf-
ludic channels were molded to a depth of
5.5 �m. Because of this height differential,

the tips of the carbon nanofibers would embed in
the PDMS lid after mating.33 This ensured a good
seal between the top of the membrane and the
PDMS lid (see Figure 4B).

The VACNF membrane structures were then se-
cured in a Petri dish, along with counter and quasi-
reference electrodes. A diagram of the experimental
setup can be seen in Figure 4C. During actuation experi-
ments, the pPy on the carbon nanofibers as well as on
the titanium substrate would shrink or swell. These
shifts in volume of the underlying substrate would
cause sealing problems with the PDMS channels. To al-

leviate this problem, excess pPy was scraped
from the titanium substrate with a scalpel
prior to mating with the PDMS channels,
leaving only a thin (�1 mm) strip of pPy sur-
rounding the VACNF membrane structures.
pPy can be observed in Figure 4A as the dark
stripe in the middle of the microfluidic chan-
nel. The volume change of the remaining pPy
on the channel substrate introduced a pump-
ing action to the microfluidic channel. The in-
creased volume of the pPy would displace
fluid, pushing fluorescent species out of the
channel. Upon shrinking, surrounding fluid
and fluorescent species would rush back in.
The pumping action facilitated testing of the
membrane structures by alleviating the need
to integrate other flow control mechanisms.
Fluorescent micrographs of an experiment
using 321 nm latex beads can be seen in Fig-
ure 5. In Figure 5A, the membrane structure
is in the “open” state and beads are flowing
relatively freely through the structure. The
membrane structure shown in Figure 5B was

Figure 3. Electron micrographs of a VACNF membrane structure, prior to pPy polymeri-
zation (A, C) and after (B, D, E). Polypyrrole films were �200 nm thick, reducing interfi-
ber spacing from �600 – 800 to �250 –350 nm. Thickness measurements were made
relative to the diameter of the nickel catalyst (highlighted in E) present at the tip of the
nanofiber.

Figure 4. (A) An optical micrograph of the VACNF membrane structure mated with a
PDMS microfluidic channel. Channel walls are represented by dotted lines. The PDMS
channel is 2 mm wide and �1.5 mm long. The two structures were aligned and mated
by manual manipulation using forceps. Prior to mating, excess pPy was scraped clean
from the substrate with a scalpel to improve the seal between the PDMS and the tita-
nium substrate. Remaining pPy appears as the black horizontal stripe. Flow through the
channel is from left to right. (B) Graphical representation of the channel interior as
viewed down the length of the channel. The microfludic channel depth was 5.5 �m
while nanofibers were grown to heights of 8.5–9.5 �m. (C) Diagrammatic description
of the experimental setup (top view) for VACNF membrane structure actuation.
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taken 10 s after the pores of the mem-

branes were dilated. Transport is “re-
stricted” and beads are largely excluded

from the structure. Flow primarily occurs

around the structure. However, fluid flow
through the membranes continues as evi-
denced by the accumulation of beads on
the membrane surfaces. The membranes
are not completely size selective as some
of the trapped beads leak through the
structures over time.

The leakiness of the membranes can
be attributed to the stochastic arrange-
ment of individual elements within the
VACNF forests. The stochastic forests are
grown from catalyst nanoparticles formed
by dewetting of continuous thin films pat-
terned using contact photolithography. Prior to nanofi-
ber growth the patterned catalyst film is subjected to
an ammonia plasma etch at 600 °C. During this etch, the
catalyst film breaks up and particles several hundred
nanometers in diameter nucleate stochastically at spac-
ings several hundred nanometers apart. While stochas-
tic forests of VACNFs are fabricated using microscalar
techniques, they result in nanoscale functionality. How-
ever, the stochastic nature of the forests also results in
variability in the locations of carbon nanofiber mem-
brane components, affecting interfiber spacings and
membrane permeability. Interfiber spacings in portions
of the membrane may vary significantly, resulting in re-
gions of relatively higher permeability. This is a phe-
nomenon that may be alleviated by nanoscale litho-
graphic techniques such as electron beam patterning
that allows for definition of nanofiber location. Accurate
placement of individual membrane components would
allow for better control of membrane permeability and
membrane actuation properties.

Despite the described limitations, the transport of a
wide range of species were modulated by pPy actua-
tion. Changes in permeability through VACNF-based
membranes were observed for 200 and 50 nm fluores-
cently labeled beads, fluorescently labeled streptavidin,
and fluorescein isothiocynate (FITC). Fluorescence mi-
crographs showing flow of each of these fluorescent
species through similar VACNF-based membrane struc-
tures can be seen in Figure 6. The micrographs shown
as Figures 6A and 6B were taken �10 s after flow out of
the channel was introduced. In these two experiments,
relatively large fluorescent particles were used (200 and
50 nm, respectively). Free flowing fluorescent species
have been largely evacuated from the channel while a
higher concentration of fluorescent species is found
within the VACNF-based membrane structures. The mi-
crographs shown in panels C and D of Figure 6 were
taken �5 s after volume swelling of the pPy was initi-
ated. The particles in these experiments were relatively
small. While flow of species through the VACNF mem-

brane structures appears to be more restricted relative

to the surrounding free flowing species, the degree of

restriction is less for the smaller particles than for the

larger latex beads. This is reflected in the brighter back-

ground fluorescence in the images.

When polypyrrole is actuated, the pores of the

VACNF membrane structures are reduced to �50 –250

nm. The pores of the membranes are sufficiently tortu-

ous enough to render the membranes virtually imper-

meable to the flow of 200 nm beads and restrictive to

the flow of smaller species. Larger particles (such as 200

nm beads) collect on the outer membrane walls (see

Figure 6A) while smaller particles pass through with

little to no noticeable buildup (see Figure 6B�D). How-

ever, fluorescent species preferentially flow around the

membrane structures where flow is less restrictive,

rather than through the membranes. The VACNF mem-

branes are more restrictive to flow when actuated and,

as a result, are able to affect the transport of much

smaller species (as small as FITC).

The VACNF-based membrane structures could be

actuated �5 times, on average, before failing. The most

common source of failure was due to fluidic leaks occur-

ring under the PDMS microfluidic channel. The bond

between the PDMS microfluidic channel and the sub-

strate was relatively weak and deteriorated as pressure

from fluidic flow was exerted on it. One possible solu-

tion would be to incorporate working, counter, and ref-

erence electrodes within a microfluidic channel and to

seal this channel by clamping. Covalent bonding of the

PDMS may also enhance sealing.52 Despite the de-

scribed shortcomings, VACNF membrane structures

show promise in applications where it is desirable to

have membranes that modulate membrane permeabil-

ity by external electrical control. This can be advanta-

geous for applications that require sampling of a flow

stream or controlled dosing of materials. The square-

shaped design of the current structures is suitable for

these applications and for forming small volume reac-

Figure 5. Fluorescent micrographs of 321 nm fluorescently labeled latex beads were
taken while beads were flowing through a VACNF membrane structure in (A) “open”
and (B) “restricted” transport states. Micrograph B was taken �10 s after actuation. The
interfiber spacing of the VACNF membrane components was decreased by potentiostat-
ically applying –1.0 V to swell the pPy coating and restrict flow. The pores of the mem-
brane were “opened” by removing this bias.
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tion containers of controlled permeability.33 The de-

scribed membranes can be made relatively thin, yet ro-

bust. This feature allows for short transport distances

and higher permeability. Further, the described fabrica-

tion process allows for ready integration of micro- and

nanoscale elements, facilitating the assembly of multi-

scalar devices for various uses.

CONCLUSIONS
Carbon nanofiber, actuatable polymer hybrid mem-

branes represent the first steps toward the creation of

dynamic membrane structures, capable of re-
versibly controlling transport on the molecu-
lar scale. We describe the fabrication and
characterization of these synthetic, actuat-
able membranes. While vertically aligned car-
bon nanofibers were patterned using tech-
niques such as contact photolithography,
nanoscale features emerged during synthe-
sis. These structures were then integrated
within devices featuring multiscale compo-
nents using conventional microfabrication
techniques. Examination of pPy by AFM re-
veals that pPy volume change is stable for
prolonged periods (400 s) and reproducible
over multiple actuations. Coating VACNF
membrane components with pPy enables

modulation of membrane permeability by physically re-

ducing the interfiber spacing and the resultant pore

size. Dynamic switching between open and restricted

flow states is facilitated by external electrical control.

Application of �1.0 V bias to the underlying CNF elec-

trode leads to swelling of the pPy coating and reduced

permeability of the membrane. Removal of the bias re-

stores membrane permeability. Reversible control of

nanoscale volume structures may find multiple uses in

applications requiring fluidic flow control, molecular

separations, or nanoscale actuators.

METHODS AND MATERIALS
Planar Electrode Experiments. Planar electrodes were prepared

on SiO2-coated Si wafers (Silicon Quest International, Santa Clara,
CA). Metal layers (50 Å Ti, 2000 Å Au) were patterned using pho-
tolithography and subsequently deposited using an electron
beam evaporator. The wafers were cleaved into rectangular
chips �4 cm2 in area. To provide electrical connectivity, a cop-
per wire was affixed to the corner of each individual chip by
silver-loaded epoxy (TRADUCT BA 2902, Tracon, Bedford, MA).
The connection was then strengthened and insulated by coat-
ing with a nonconductive epoxy (FDA2T, Tracon, Bedford, MA).
If a reduction in active electrode area was necessary to reduce
current flow, the electrode was painted with fingernail polish.
Polypyrrole films were deposited on the gold planar electrodes
as previously described.43–51 Pyrrole monomer solutions were
prepared as solutions of 100 mM monomer (Acros Organics,
Geel, Belgium) and 100 mM sodium dodecylbenzensulfonate
(NaDBS) (Aldrich, St. Louis, MO) in H2O. To synthesize the films,
a constant voltage of 700 mV, versus an Ag/AgCl (3 M KCl) refer-
ence electrode and a platinum wire counter electrode, was ap-
plied for 30 s using an electrochemical workstation (model 660A
CH Instruments electrochemical analyzer).

The pPy coatings were assessed by scraping an area of poly-
mer from the center of the sample with forceps. This provided
the abrupt change in height necessary for AFM measurements.
Polypyrrole films were deposited to a 500 nm thickness, on the
order of pPy films deposited on CNFs. Polypyrrole actuation ex-
periments were observed in 100 mM NaDBS solution, using a
Molecular Imaging PicoPlus AFM system operated in contact
mode. Actuation data were obtained from longitudinal cross sec-
tions of continuous line scans. To accurately determine film char-
acteristics from the resulting scans, data analysis software was
written in The Mathworks Inc. Matlab 6.5.0. Swelling and shrink-
ing of the pPy(DBS) films were controlled by applying �1.0 and

0.0 V versus a known reference using the electrochemical
workstation.

Carbon Nanofiber�Polypyrrole Membrane Experiments. To fabricate
polypyrrole�vertically aligned carbon nanofiber composites on
silicon wafers, a 500 Å Ti layer was first deposited on the wafers
with an electron beam evaporator for bulk electrical addressabil-
ity. Then, nanofiber membranes were grown from photolitho-
graphically defined nickel catalyst stripes as previously
described.37,38 Briefly, catalyst stripes 2 �m wide, in the shape
of squares with sides of 10, 25, 50, 100, and 150 �m, were pat-
terned under a Karl Suss MA6 contact aligner. Then 30 nm of
nickel catalyst was deposited with the electron beam evapora-
tor and excess metal was lifted off in acetone. Individual wafers
were placed in a dc-PECVD chamber. Wafers were heated to 600
°C and nanofiber synthesis was performed with 188 sccm NH3

and 70 sccm C2H2 at 10 Torr and 1.0 A of plasma current. Car-
bon nanofibers grown under these conditions were found to be
8.5–9.5 �m tall with nominal diameters of 500 nm, measured at
the base, and 300 nm, measured at the tip.

Wafers with the VACNF membrane structures were cleaved
into rectangular chips �6 cm2 in area. A copper wire was af-
fixed to the corner of each individual chip by silver-loaded ep-
oxy and was further strengthened and insulated by coating with
nonconductive epoxy (FDA2T, Tracon, Bedford, MA). The active
electrode area was reduced by painting with fingernail polish. A
rectangular-shaped area (�2 cm2) immediately surrounding the
VACNF membrane structures was left unpainted. The fingernail
polish acted as an insulator to decrease the current flow from the
bulk addressed electrode.

Polypyrrole films were then deposited on the VACNF mem-
brane structures. Pyrrole monomer solutions were prepared as
100 mM monomer, 100 mM NaDBS in H2O, and film synthesis
was conducted at 700 mV for 30 s. The nominal thickness of the
pPy films was found to be 150 –200 nm, which reduced interfi-
ber spacing from �600 – 800 to �250 –350 nm. At longer depo-

Figure 6. Fluorescent micrographs of (A) 200 nm and (B) 50 nm fluorescently labeled
latex beads, (C) fluorescently labeled streptavidin, and (D) FITC were taken while spe-
cies were flowing through a VACNF membrane structure in the “restricted” flow state.
The VACNF membrane structures in (A) and (C) were 150 �m squares and those in (B)
and (D) were 50 �m squares.
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sition times, the pPy coatings of adjacent nanofibers would
grow together closing the “pores” in the membrane wall.

To provide fluidic access and to seal the top surface of the
carbon nanofiber�polymer membrane structures, simple fluidic
channels were fashioned from poly(dimethylsiloxane) (PDMS).
Molds for channels 2 mm wide and 10 cm long were patterned
on silicon wafers by contact photolithography. The areas of sili-
con not protected by photoresist were etched down 5.5 �m by
inductively coupled SF6-based plasma RIE. Prior to use, the sili-
con molds were primed with hexamethyldisiloxane priming
agent to prevent PDMS from adhering during curing. PDMS
was then poured over the silicon channel mold and cured at 60
°C for 90 min. Channels were cut from the mold with a scalpel to
a channel length of �1.5 mm, long enough to enclose approxi-
mately five to seven membrane structures.

Excess pPy was scraped from the titanium substrate with a
scalpel leaving only a thin (�1 mm) strip of pPy surrounding
the VACNF membrane structures. After the substrate was
scraped, the PDMS channels and VACNF membrane structures
were oxygen plasma cleaned and then immediately aligned and
mated. Oxygen plasma cleaning promoted a stronger bond dur-
ing mating. However, prolonged exposure of pPy-coated struc-
tures to oxygen plasma (�10 s, 100 W, 10 sccm O2) appeared to
be detrimental to polymer integrity. Because the PDMS chan-
nels were wide (2 mm) and were not supported by a rigid back-
ing, sagging of PDMS into the channels was unavoidable. How-
ever, the PDMS would sufficiently separate from the substrate to
allow flow of species upon wetting of the channel and actua-
tion of the underlying pPy film.

For actuation experiments, the VACNF membrane structures
were secured in a 100 � 15 mm style Petri dish by double-sided
tape. A platinum wire, serving as a counter electrode, was fash-
ioned into a U-shape and was wrapped around the VACNF mem-
brane structures. The best results were attained when the
counter wire was within 5 mm of the VACNFs, to better control
the current during actuation. A chloride-coated silver wire was
wrapped around the outer edge of the Petri dish and acted as a
quasi-reference (�10 mV vs Ag/AgCl (3 M KCl) in 100 mM
NaDBS).

To assess changes in membrane permeability during pPy ac-
tuation, fluorescently labeled species of varying sizes were used.
Actuation experiments were observed using a Zeiss Axioscop
2FS epi-fluorescence microscope at 10� magnification. In a typi-
cal experiment, the fluorescently labeled species (e.g., latex
beads, Polysciences Inc., Warrington, PA) were suspended in
100 mM NaDBS. The Petri dish was filled with the solution until
the fluidic channels were wetted. Fluorescent species would rap-
idly diffuse, completely wetting the �1.5 mm length of microflu-
idic channel in �10 s. Voltage was then potentiostatically ap-
plied, and fluorophore transport through the membrane
structures was observed.
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