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Ionic transport in nanopores is dependent on the nature of the electrical communication between the pores
and the surrounding environment. A particularly useful fluidic device structure uses nanopores in nanocapillary
array membranes (NCAMs) as electrically switchable valves between vertically separated microfluidic channels.
In the off-state, the gate isolates the fluidic environments in the microchannels, but when the appropriate
forward-bias voltage is applied, it selectively allows ions and analytes to move between the microchannels.
However, the populations of species in the microfluidic channels are perturbed from their steady-state values
due to ion accumulation and depletion effects. Experiments conducted here characterize the electrical conduction
along the length of a microfluidic channel, and laser-induced fluorescence probes the formation of a high-
and low-concentration regions of fluorescent dye before and after application of forward- and reverse-bias
voltage pulses in both small (a ) 10 nm) and large (a ) 100 nm) pore NCAMs. In all cases, switching from
injection (transport across the NCAM) to microfluidic flow (transport only in the microfluidic channel) results
in a multiphasic current recovery profile, signifying the presence of ion accumulation and depletion regions
at the microfluidic-nanofluidic boundary, that is, in the region adjacent to the NCAM. The behavior is
consistent with a model in which a volume of altered ion concentration is created at the microfluidic-nanofluidic
boundary upon injection. Switching back to microfluidic flow causes this altered conductivity region to be
swept from the microfluidic channel, re-establishing the steady state conduction properties.

Introduction

The behavior, manipulation, and control of fluids confined
in spaces with dimensions, a ∼ 1-100 nm, constitutes nanof-
luidics. Fluids confined in these structures exhibit behaviors not
observed in larger structures, because the physical scaling
lengths characteristic of the fluid, for example, Debye length,
hydrodynamic radius, are comparable in size to the nanostructure
itself. Nanocapillary array membranes (NCAMs) are synthetic
membranes that contain large areal densities, Np ∼ 108 cm-2,
of either conical or cylindrical nanopores of high aspect ratio,
that is, length-to-diameter ratios, l/a > 50. NCAMs have been
studied extensively, because they represent especially simple
nanofluidic structures that may be used either for model studies
of nanofluidic transport or for applications in hybrid microfluidic-
nanofluidic architectures. Fundamental transport studies can
exploit the large surface-to-volume ratio, providing a pathway
to interrogate fluid properties by observing how the fluid behaves
when it is exposed to external stimuli, for example, voltage, or
confined in a small space, that is, the interior of the nanopore.
When incorporated into three-dimensional hybrid devices,
NCAMs can isolate and maintain two chemically disparate
environments within the same device, perform rapid and efficient
mixing,1 facilitate mass selective transport of analytes,2,3 and
realize preparative separations of mass-limited samples.4,5

When an NCAM is sandwiched between two oblique mi-
crofluidic channels, fluidic isolation or mixing may be ac-

complished by manipulating the pore diameter, a, the surface
density, σ, and, thus, the zeta potential, �, of the nanopore and
the ionic strength of the fluid in contact with the nanopores.
For example, a univalent electrolyte with a 1 mM concentration
flowing through a 10 nm cylindrical pore with a strong positive
surface charge density produces an electrical double layer at
the surface of the cylindrical pore whose thickness is defined
by the inverse Debye length, κ,

κ)�8πne2

εkT
(1)

where n is the ion number density, e is the electron charge, ε is
the dielectric constant, k is the Boltzman constant, and T is the
temperature. The inverse Debye length, in this case, is κ ∼ 0.11
nm-1, which, with a ) 10 nm, gives κa ∼ 1. Physically, the
electrical double layer spans the pore, and over a very large
range of surface charge densities the pore contains a preponder-
ance of counterions. Consequently, co-ions are largely excluded,
giving rise to ion permselective behavior. The electrical equi-
librium thus established acts to isolate the two chemical
environments on either side of the nanopore and has been used
to maintain pH6 or ionic concentration gradients across a
nanopore in the absence of an externally applied electric field.

When an NCAM connects two microfluidic channels, and a
potential difference is applied between the channels, ion
depletion and accumulation phenomena are observed at the
microfluidic-nanofluidic boundary,7 a phenomenon observed
in other types of ion permselective membranes8,9 and known
as concentration polarization. These ion reorganization effects
result in differential transport10 of ions through the nanopores
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and nonlinear electrokinetic phenomena, features that can be
exploited to effect sample stacking11 or preconcentrate analytes12,13

such as proteins.14,15 For example, Chatterjee et al. used compact
models to simulate the I-V characteristics of microchannels
connected to 30 and 15 nm pore diameter NCAMs.16 They
observed that differential ion transport leads to permselectivity
and highlighted the significant role that surface charge density
and membrane capacitance play in electrokinetic transport in
NCAMs. Pu et al. studied the electrokinetic transport of
rhodamine and fluorescein dyes in 60 nm deep nanochannels
connected to 100 µm deep microchannels and observed enrich-
ment at the cathode and depletion at the anode of both dyes,
despite the fact that they are oppositely charged.17 This
observation was attributed to preferential transport of ions
toward the cathode due to the overlap of the electric double
layer in the nanochannels. Plecis et al. observed hindered
transport by diffusion of charged species in a 50 nm nanoslit.7

They attributed the hindered transport to an exclusion-enrich-
ment effect caused by the electrical double layer (EDL)
expanding in the nanoslit, thereby decreasing the effective width
of the nanoslit. However, the EDLs from opposite walls do not
have to overlap for the effect to be observed, and other
properties, such as the net charge of the diffusing species and
the zeta potential of the surface, were implicated in the hindered
diffusion. These studies all highlight the central nature of
nanopore charge and its distribution in understanding funda-
mental characteristics of nanofluidic transport18-23 and its use
for analysis24-27 and separations.28-30

Of special relevance to the work described here is a set of
numerical simulations performed by Jin et al. to investigate ion
accumulation and depletion mechanisms at microfluidic-
nanofluidic boundaries.31 These authors studied single 10 nm
× 1 µm (long) slit pores under both positive- and negative-
bias conditions to capture the transient phenomena associated
with injection-recovery cycles. These studies identified mul-
tiphasic current signatures and electrical-mechanical coupling
effects, such as induced convective transport at the micro-nano
junction. The injection-recovery sequence studied is identical
to that used in the present work. Here, we describe a series of
experiments targeting the behavior of integrated, NCAM-
coupled microfluidic channels during injection-recovery cycles.
These cycles are designed specifically to allow the ion popula-
tions to be perturbed (during injection), and then the recovery
to steady state is studied by monitoring both the microchannel
current as well as the evolution of the intensity of a fluorescent
marker placed in the source channel.

Experimental Section

Materials. Mono- and dibasic salts of sodium phosphate were
used to prepare 10 mM, pH 7.4 phosphate buffer solution.
Fluorescein disodium salt (Sigma-Aldrich) was dissolved in 10
mM, pH 7.4 phosphate buffer to make a 5 µM fluorescein
solution. Deionized (DI) H2O from a Mini-Q UV-Plus system
(Millipore) was used to prepare all solutions, and all reagents
were used as received.

Device Fabrication. The four-terminal device used in these
experiments was constructed by sandwiching polycarbonate
NCAMs between two crossed polydimethylsiloxane (PDMS)
microfluidic channels. The PDMS microfluidic channels, 12 mm
in length and 50 µm in height and width, and reservoirs were
fabricated using standard rapid prototyping and soft lithography
protocols.32 Poly(vinylpyrrolidone)-coated, polycarbonate track-
etched membranes (Osmonics) of 100 nm pore diameter (Np )

4 × 108 cm-2), and 10 nm pore diameter (Np ) 6 × 108 cm2)
with a thickness of ∼6 µm were used.

Transport Control and Measurement. A schematic of the
microchannel architecture used in our study is shown in Figure
1. The microchannel labeled (1,2), filled with a fluorescein dye
probe solution, is designated the source channel and that labeled
(3,4) the receiving channel. Each microchannel is terminated
with a reservoir that holds reserve fluid. The microchannels were
vacuum filled and the reservoir heights adjusted to minimize
Laplace pressure-induced flow. Platinum wires (250 µm diam-
eter, Goodfellow Corp.) placed in the terminal reservoirs served
as bias electrodes. To switch the high voltage power supplies
(Bertran High Voltage, 0-3 kV controlled by Labview (National
Instruments) software) between the steady state and injection
state, a computer controlled 8-relay system controlled by
Labview was used. The current in the source channel was
continuously monitored during the experiments using an external
resistor and nanovoltmeter (Keithley Instruments). At steady
state, 40 V was applied to one end of the source channel, while
the other end was electrically grounded, and the receiving
channel floated. In the ∆t ) 5 s injection phase, the entire source
channel was biased relative to the receiving channel by holding
both terminals of each microchannel at the required potential.
During injection, the applied voltage is designated as ∆V )
Vreceiving - Vsource. Current measurements were performed
between reservoirs 1 and 2 during steady state and between
reservoirs 1 and 3 during injection. Fluid transfer from one
microfluidic channel to the other was simultaneously monitored
by single spot epi-illumination laser-induced fluorescence (LIF).
LIF was used to interrogate the behavior of fluorescein probe
in the source channel, in response to the injection-recovery
sequences under study.

Results and Discussion

In these experiments, an injection-recovery technique is
employed that is capable of providing insight into perturbed
ion populations at the nanofluidic-microfluidic boundary and
their effect on channel conductance. Typical operation includes
three states: rest, injection, and recovery. Initially, the system
is in the rest state during which a potential of 40 V is applied
along microchannel 1-2, and microchannel 3-4 electrically floats.
The injection state then is initiated, during which ions are
transferred from one microchannel to the other for 5 s. During
the injection stage, the source channel is either positively biased
relative to the receiving channel or vice versa. When ∆V > 0,

Figure 1. Schematic diagram illustrating the four-terminal NCAM-
connected integrated microfluidic architecture. 50 µm × 50 µm PDMS
microchannels cross at 90°, where the NCAM provides electrically
switchable fluidic communication between the two. The current
measurement paths for the rest and recovery states in source channel,
1-2, and the injection state between source and receiving channels, 1-3,
are shown. The relative position of the fluorescence measurements is
shown near reservoir 2.
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the external electric field is from the receiving channel to the
source channel and this is defined as a positively biased case
(see Table 1). When ∆V < 0, the external electric field is from
the source channel to the receiving channel and this is defined
as a negatively biased case. At the end of the injection stage,
the applied potentials on the electrodes are reverted back to those
of the rest stage, and the system evolves back to steady state.
The applied voltages used are summarized in Table 1. Because
the current path changes, the current is measured differently in
the three states; in rest and recovery states the current is
measured in the 1-2 microchannel, while during injection it is
measured between the 1-2 microchannel and the 3-4 micro-
channel, that is, across the NCAM.

The focus of these experiments is understanding how the
microchannel conductivity and ion population distributions
change during and after injection, by measuring current and the
fluorescence of a probe in the source channel adjacent to the
membrane. The NCAM pore diameter was changed from 10 to
100 nm, covering the cases κa ∼ 1 and κa > 1, respectively,
and both structures were studied using injection potentials ∆V
) +40 and -40 V. The current, I, was measured continuously
through the injection cycle and is given by

I) FA∆�
l

(2)

where F is the resistivity of the solution, A is the cross-sectional
area, l is the length, and ∆� is the applied potential difference,
all measured along the conduction path (different conduction
paths used in injection and recovery states).

Case 1: a ) 100 nm; ∆V ) +40 V. Figure 2 shows the
relationship of the current and fluorescence to the applied voltage
during three successive rest-injection-recovery cycles for a
) 100 nm, ∆V ) +40 V. The current transient shown in the
inset of Figure 2 is divided into three regions: a rest state (a),
injection state (b), and recovery state (c). After injection, the
current initially increases rapidly, at the (b)-(c) boundary, as
the current path is re-established in the microfluidic channel.
In fact, the current in the microchannel is elevated above its
value in the rest state, subsequently recovering to the steady
state over ∼40 s, where it is stable until the next injection event.

In the 100 nm pore NCAM, eq 1 predicts that the Debye
layer occupies a small volume, ∼3% of the pore diameter,
meaning that the bulk of the nanopores is filled with fluid whose
chemical composition is that of the bulk fluid in the micro-
channel. The surfaces of both source and receiving PDMS
microchannels are negatively charged, �PDMS < 0, meaning that
the counterions are cations. When the receiving channel is biased
positive relative to the source channel, the positively charged
counterions are driven from the receiving channel to the source
channel, creating a net accumulation of counterions at the
micro-nano boundary in the source channel. Then, when the
system is switched to the recovery phase, the current is
monitored in the source channel, and since the conductivity of
the electrolyte solution is governed by the relative mobilities
of the cations, µ ∼ 2 × 10-5 cm2 s-1, and anions, µ ∼ 0.9 ×
10-5 cm2 s-1,31 the influx of ions into the microchannel produces

a region of higher conductivity in the center of the microchannel.
When the recovery phase begins and the current path is switched
back to the microchannel, this region of higher conductivity
leads to a higher current. Once the recovery voltage is restored,
the region of lower resistivity begins to move and experience
diffusional broadening as the fluid moves to the reservoir in
the source channel, thus removing the high conductivity fluid
zone and returning the current to its rest state value.

Laser induced fluorescence (LIF) was used simultaneously
to monitor bulk fluid transport of 5 µM fluorescein, Fl2-, in 10
mM phosphate buffer at pH 7.4 in the source channel. The laser
was focused in the microchannel ∼1 mm from the intersection,
and LIF was used to monitor changes in fluorescence intensity
during three successive rest-injection-recovery phases, as
shown in Figure 2. When the injection voltage is applied across
the NCAM, the fluorescent intensity is initially unchanged;
however, ∼20 s after the injection, a reproducible decrease in
intensity is observed which later recovers to the steady-state
fluorescent intensity. This transient decrease in intensity is
attributed to the transfer of buffer solution from the receiving
channel to the source channel, discussed above. Immediately
after initiation of the recovery voltage, the volume directly under
the NCAM has a decreased [Fl2-] due to the transfer of buffer
from the receiving channel. Once flow commences in the source
channel, this volume element starts to move to the reservoir at
∼0.5 mm s-1, and the delay observed in the LIF scan directly
correlates with the time required for transport from the NCAM
to the observation zone. The zone of decreased probe concentra-
tion transits the observation zone rapidly, and the fluid behind
it has the bulk [Fl2-], so the fluorescence intensity returns to its
original value. Fluorescence microscopy movies (not shown)
confirm that the transient decrease is due to a volume element
of decreased fluorescein concentration moving through the
detection region.

Case 2: a ) 100 nm; ∆V ) -40 V. In a second set of
experiments with the same NCAM structure, the voltage polarity
was changed to ∆V) -40V, with the fluorescence and current
data obtained over three successive rest-injection-recovery
cycles being shown in Figure 3. Both current and fluorescence
data are the inverse of that obtained for ∆V ) +40 V. The
current transient again begins by recovering to a metastable level
as current is re-established in the source channel, but now the
initial recovery current is below that of the rest state. Then,
after ∼50 s, the current smoothly increases up to the rest state
value. This behavior can be understood based on the same
physical principles used to discuss the +40 V case. Here,
however, the direction of cation transport is from the source to
receiving channel; thus, the decreased initial source channel
current in the recovery phase is associated with the formation
of a depletion region in the source channel at the nano-micro
boundary. This region, which is localized at the NCAM junction,
when the recovery stage begins, exhibits a higher resistivity,
causing the overall resistance of the source channel to increase
and the current to decrease. The region moves toward the
reservoirs in the source channel and broadens via diffusion,
eventually exiting the microchannel, at which point the current
recovers to the rest state value.

It is worth noting that the ∆V ) +40 and -40 V cases are
both characterized by a biphasic recovery profile, in which the
current returns to a metastable level immediately after re-
establishing in the (1,2) source microfluidic channel, before
returning to its steady-state value some time later. Similarly, in
both cases, the biphasic recovery is attributed to a confined space
charge created by differential transport across the NCAM during

TABLE 1: Applied Voltages During Rest, Injection, and
Recovery

positive bias negative bias

1 2 3 4 1 2 3 4

rest 40 0 F F 40 0 F F
injection 0 0 40 40 40 40 0 0
recovery 40 0 F F 40 0 F F
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injection. The space charge regions of accumulated and depleted
ion densities at ∆V ) +40 and -40 V, respectively, in the
source channel, then move toward the grounded reservoir once
the recovery potential is re-established. Although they certainly
broaden by longitudinal diffusion during this phase of the
experiment, the current only returns to the rest state value, when
the region of altered conductivity is removed from the
microchannel.

The fluorescence data similarly bear an inverse relationship
to the fluorescence data at ∆V ) +40 V. Initially, in the
recovery phase, the fluorescence is unchanged, and then a
transient increase in fluorescence intensity is observed. This zone
of increased fluorescence intensity is a clear sign of sample
stacking. The transfer of fluid is determined by the direction of
electroosmotic flow in the microchannels, that is, from source
to receiver. However, electrophoresis of the Fl2- transports the
probe against the direction of electroosmotic flow, which, when
coupled to the formation of the space charge region at the
NCAM interface in the source channel, results in Fl2- entering
the NCAM and moving into the receiving channel more slowly
than the cationic buffer components.

Case 3: a ) 10 nm; ∆V ) +40 V. The 10 nm pore diameter
NCAMs access the limiting case, κa e 1, where the opposed
double layers overlap and interact. A detailed set of simulations
focused on the impact of ion depletion and accumulation on

fluidic transport in a single 10 nm slit pore has been reported
by Jin et al.31 These calculations provide the context for
interpreting the current transients and fluorescence profiles
shown in Figures 4 and 5.

The data shown in Figure 4 for a ) 10 nm, ∆V ) 4V are
qualitatively similar to the data shown in Figure 3 for a ) 100

Figure 2. Current and fluorescence measurements during several consecutive rest-injection-recovery cycles in the case of a ) 100 nm, ∆V )
+ 40 V. (Inset) Magnified portion of the current profile in the rest (a), injection (b), and recovery (c) states during one representative cycle. The
voltage trace shows the magnitude of the applied potential across the NCAM only.

Figure 3. Current and fluorescence measurements during several
consecutive rest-injection-recovery cycles in the case of a ) 100
nm, ∆V )-40 V. The voltage trace shows the magnitude of the applied
potential across the NCAM only.

Figure 4. Current and fluorescence measurements during several
consecutive rest-injection-recovery in the case of a ) 10 nm, ∆V )
+40 V. The voltage trace shows the magnitude of the applied potential
across the NCAM only.

Figure 5. Current and fluorescence measurements during several
consecutive rest-injection-recovery cycles in the case of a ) 10 nm,
∆V ) -40 V. (Inset) Magnified portion of the current profile in the
rest, injection, and recovery states during one representative cycle. The
voltage trace shows the magnitude of the applied potential across the
NCAM only.
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nm, ∆V ) -40 V. This type of reversal of behavior between
κa . 1 and κa e 1 has been observed for NCAM mediated
transport between microchannels since the earliest experiments.33

Although the data of Figures 3 and 4 are similar, the mechanisms
responsible for them are very different and reflect the special
nature of transport in nanostructures at the κa e 1 limit. When
the 10 nm NCAM is biased at ∆V ) +40 V during the injection
phase, both cations and anions deplete in the source channel31

(and accumulate in the receiving channel, although that is not
probed in these experiments). In particular, Figure 12 of ref 31
shows the direction and magnitude of electrokinetic flow vectors
in both channels. Since the NCAM pores are positively charged,
and the Debye layer occupies ∼60% of the pore diameter, the
pores are permselective for anions, and cations are repelled from
the pore. Thus, cations, which would enter the NCAM from
the receiving side, cannot do so. Furthermore, the flux of cations
in the source channel is toward the reservoirs and away from
the NCAM, resulting in a reduction in cation concentration at
the NCAM. At the same time, the anion flux in the receiving
channel is toward the reservoir and away from the NCAM
junction, so anion flux entering the NCAM pores cannot
compensate for the anions exiting the nanopores on the source
side. These effects result in an ion depleted region at the NCAM
junction that decreases the conductivity of the bulk solution such
that, at the onset of the recovery stage, the current is significantly
less than that of the bulk solution as indicated in Figure 4. The
current recovers to its original value as the ion depleted region
is swept into the reservoir of the microchannel, just as in Case
2. Furthermore, the creation of the space charge region
establishes a new field, thereby inducing electroosmotic flow
of the second kind.35 Electroosmotic flow of the second kind
accentuates mixing at the micro-nano junction, enhancing the
delivery of doubly charged fluorescein molecules and raising
the local concentration, [Fl2-].9,15,36

Bulk fluid movement in the device employing a 10 nm
NCAM was followed by measuring the fluorescence profile of
four injection cycles, as shown in Figure 4. Again, just as for
Case 2, a transient increase in fluorescence intensity, indicating
a stacked region of probe, is observed. Here, the large difference
in mobilities of anions and cations, the permselectivity of the
NCAM, and the induced space charge region result in the Fl2-

probe being driven toward the NCAM, but because of the large
difference in fluidic capacity between the microchannel and
the collective nanochannels the Fl2- stacks at the NCAM. The
difference in capacity can be appreciated by comparing the
volume of the microchannel above the NCAM, Vmicro ) 50 µm
× 50 µm × 50 µm ) 125 pL, with the total volume represented
by the pores in the NCAM, Vnano ) ANCAM Np Vnanopore ) 7.5
fL, for the NCAMs used in these latter experiments.

Case 4: a ) 10 nm; ∆V )-40 V. Next, the direction of the
applied potential bias was reversed by biasing the source channel
at +40V relative to the receiving channel at ground. Figure 5
shows that the current data are qualitatively similar to Case 1
(κa . 1, opposite polarity), suggesting the formation of an
accumulation region in the source channel, using the same
reasoning used to establish the formation of the depletion region
in the source channel in Case 3. Since there is a net increase of
ion density in the source channel, a volume element of increased
conductivity and, hence, an increase in the current at the onset
of the recovery stage are expected, as is indeed observed.
Furthermore, the data shown in Figure 5 (inset) indicate that
the current later recovers to its steady state in the characteristic
biphasic manner, as the region of ion accumulation is swept to
the reservoirs of the source channel.

The fluorescence data in Figure 5 are significantly more
complicated than the preceding cases, showing a transient
characterized by a decrease in intensity, followed immediately
by an increase, before returning to steady state. Significantly,
the behavior is reproducible and points to juxtaposed regions
of depleted and enhanced fluorophore concentration speaking
to the complex dynamics which must be driving the probe
populations in this case. We are currently working to develop
reliable simulation tools to treat a large array of coupled
nanopores to help unravel this unexpected behavior.

Conclusions

Conductance and LIF measurements were applied to study
the behavior of nanofluidically coupled microfluidic channels
using a perturbation approach employing a rest-injection-
recovery protocol. Several key features emerge from these
investigations. First, the behavior in all cases can be explained
by the formation of space charge regions adjacent to the NCAM
in both source and receiving microchannels. These space charge
regions constitute volumes of enhanced (accumulation) or
diminished (depletion) conductivity, so that, immediately after
re-establishing current flow in the source channel following
injection (recovery phase), the fluid in the microchannel contains
a central region of altered conductivity, either raising or lowering
the current relative to steady state. Re-establishing microfluidic
flow then eventually moves the altered conductivity region out
of the microchannel and into the larger volume reservoir where
its influence on conduction is diluted to negligible levels. These
events lead to a natural, biphasic current signature in the
recovery phase, which is reproducible across different cycles
and which, because it is observed under all limiting conditions,
would have to be considered a general feature of NCAM-
mediated fluidic coupling between microchannels. Furthermore,
the 10 nm pore NCAM data agree qualitatively with previously
published simulations reported by Jin et al. on single 10 nm
pores in which the multiphasic behavior is ascribed to the
formation of space charge regions of enhanced or diminished
conductivity. Although the experiments are performed with
membranes containing arrays of (>103) nanopores and the
simulations address a single nanopore, the qualitative agreement
between simulation and experiment lends credence to the
physical interpretation in terms of the formation of space charge
regions. The formation of the space charge region is also coupled
with altered bulk flow, as assessed through LIF experiments
away from the NCAM in the source channel. The fluorophores
exhibit either transient increases (sample stacking) or decreases
in response to the creation of space charge regions in the source
microchannel and the vast difference in volume flow capacity
between microchannels and the assembly of nanocapillaries
constituting the NCAMs, even for relatively small fluorophores,
such as the Fl2- probe used in the present experiments.
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