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ABSTRACT

Embedded electrodes in 16 nm deep, 30 um wide, and 0.5 cm
long nanochannels were used to pump aqueous electrolyte
solutions.  Variations in the surface potential due to actively
controlled electrodes led to flow gating and flow reversal in
nanofluidic channels demonstrated through current-voltage
experimental data. Active control of surface potential for
pumping aqueous electrolyte solutions provides a key advance
towards development of an artificial ion pump.

INTRODUCTION

lon channels and ion-pumps form the basis of nearly all
cellular communication and electrolyte transport for maintaining
essential cell functions [1]. Numerous efforts have been made to
develop ‘smart’ nanostructures to understand and implement
operational principles of artificial ion channels and ion pumps for
applications in bio- and chemical sensing [2], drug delivery [1],
and energy conversion systems [3]. There are three main
requirements for ion channels and ion pumps to be implemented:
(i) sensing of species for (ii) flow gating of the ionic species (e.g.,
K*, Na*, or Ca?"), and (iii) selectively pumping the species of
interest in a preferential direction. Significant progress has been
made in requirements (i) and (ii) leading to potential development
of artificial ion channels, with almost all previous reports using
solid-state nanopores in polymers with chemically functionalized
surfaces [2]. Some previous reports also show using flow-FETs
featuring surface electrodes in nanochannels to modulate
nanoflows [4, 5]. Here, experimental current-voltage (I-V) data
shows use of asymmetrically distributed surface potential through
actively controlled embedded electrodes for pumping aqueous
electrolytes where flow gating and flow reversal was achieved —
key advances towards developing an artificial ion pump.

METHODOLOGY

Nanofluidic channel networks were fabricated with aspect
ratios as low as 0.0005 to enable nanoscale effects similar to
biological systems; while providing high throughput and benefits
of 1-D theoretical analysis. The devices were fabricated in
borosilicate glass substrates using standard UV lithography and
wet etching, with unique advances previously reported by our team
[6]. The nanochannels were sealed using a thin (< 1 um) PDMS
(poly dimethylsiloxane) adhesion layer supported on a glass cover
with patterned Au electrodes (~ 30 um wide, 15 nm thick, and
distributed asymmetrically i.e. with non-uniform spacing along
length of nanochannel). Two microfluidic channels with 10 pm
depth and either 50 or 100 pum width serve as fluidic reservoirs to
the bank of these ultra-low aspect ratio nanochannels with a critical
dimensions of 16 nm (Fig. 1). Electrolyte solutions with KCI,
NaCl, or CaCl, in DI water at concentrations varied between
0.1 mM to 100 mM were used as working fluids.
RESULTS

With no surface electrode potential, nanochannel
conductance, given by the ratio of current to applied axial potential
(I/V), remains constant at low electrolyte concentrations as
measured by comparable currents for 0.1 mM and 1 mM KCI
(Fig. 2A). However, as the concentration increases to 10 mM,
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Figure 1: Schematic for the geometric layout of the active ion
pumping device, in a hybrid micro/nanofluidic configuration. Two
microchannels connect a bank (3-6) of 16 nm deep x 30 wm wide
x 0.5 cm long nanofluidic channels. An array of non-uniformly
spaced Au electrodes are patterned on a glass cover and isolated
from the liquid by PDMS, which is then used as an adhesion layer

to bond and seal the nanochannels. The “+” and “-” signs
indicate the anode and cathode used to apply the axial potential
respectively. The red arrow indicates the direction of net flow.
[A] SEM image showing a partial cross section of a 16 nm deep
channel to confirm that channels are bonded and open for flow.
The 3-layers show the glass substrate, PDMS adhesion layer, and
glass cover. Note, the aspect ratio of the nanochannel makes it
impossible to view the entire cross-section in one frame. [B] SEM
image of a gold electrode on a glass cover before it is embedded in
PDMS and sealed to form the top of the channel. A thicker
electrode (50 nm compared to 15 nm in a typical bonded device) is
shown here to allow the full width and finite thickness to be
observed in one frame. The cover with the electrode was cut for
imaging purposes leading to a partial ripping of the Au film.

increase in current implies conductance values tend towards those
expected from the bulk conductivity, matching previous reports for
KCI in nanofluidic channels [4, 5, 7]. Figure 2B shows that ion-
type can have a significant impact on the I-V data, with the
measured current scaling as a function of valence. Current data
from 10 mM KCI and 10mM NaCl shows no significant
difference despite approximately 40% difference in ionic mobility
of K* and Na* (values of 7.63 and 5.18 x 10 m?v%s™, respectively
[8]). Comparison of the slopes of the linear portion of the I-V data
in Figure 2B indicates NaCl and KCI have nearly 5x higher
conductance compared to CaCl, where the ionic mobility of Ca®" is
higher than Na* (with a value of 6.15 x 10 m?Vv*s™ for Ca®").

The total current through a nanofluidic channels is the
summation of contributions due to diffusion, conduction, and
convection. Neglecting diffusion, the total current through the
nanofluidic channel is given by

I= foh Fw Zizi(_QiCiV¢+Ciﬁ)dx
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where F is Farday’s constant, ¢; is the concentration of the species
in the nanochannel, z; is the valence, and ©Q; is the ionic mobility
given by Q;=zFDy/RT [8]. The potential gradient, Vg, is given
by -Vaia/Lchannet in long channels with the bias configuration
shown in Fig. 1 [9]. Considering the values for the valence and
ionic mobility, the current values shown in Fig. 2B can be
explained by variations in ¢; and u, indicating the difference in
transport observed for different cations is dominated by
electrostatic interactions between the electrolyte and the charged
surface.

Microfluidic particle image velicometry measurements show
that the presence of trace amounts of calcium reduces the
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Figure 2: [A] I-V data for KCI confirming operation of a 16 nm
deep nanochannel device. Comparable current and, therefore,
conductance is observed for 0.1 mM and 1 mM while the 10 mM
case shows increased current and, therefore, conductance
expected in these types of devices in agreement with previous
reports. [B] I-V data shows influence of distinct cations on total
measured current in absence of a gate potential. At 10mM, KCI
and NaCl show comparable values for current. Conductance
(slope of I-V curve) of CaCl, filled channels is nearly 5x lower
than NaCl and KCI.
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magnitude of the electroosmotic velocity in KCI/CaCl, mixtures
compared to pure KCI. The effect is attributed to reduction of the
surface potential due to calcium adsorption to the wall [10], with
similar results reported for KCI/CaCl, mixtures in nanofluidic
pores [11]. To our knowledge, this is the first direct comparison of
CaCl, to NaCl and KCI |-V data and further investigation is
required to fully explain the observed trends.

By controlling the applied electrode potential for a fixed
streamwise or axial potential, reversal of net measured current in
the nanochannel was observed, demonstrating a reversal in
direction of net ionic flow (Fig. 3). In fact, gating to stop flow as
indicated by nearly zero measured current, and then reversing
polarity of measured current is seen in Fig. 3 for 1 mM NaCl
electrolyte solution as a representative case. As the measured
current is a total current with contributions from net diffusion,
conduction, and convection, the reversal in measured current
polarity indicates the reversal of the direction of net ion transport.
Leakage current through the PDMS insulation layer was
negligible, indicating extraneous current paths do not affect the
data shown in Fig. 3.
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Figure 3: At a fixed axial potential of 15V using 1 mM NaCl
electrolyte, the electrode or gate potential was increased leading
to a decrease in current (and therefore conductance) until the
channel is effectively “closed” and allows no net flow through the
channel. Further increasing the voltage leads to a change in the
polarity of the current indicating that the net ion transport within
the nanochannel has reversed direction.
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Fixing the surface electrode potential to -10 V, pumping of
1 mM CaCl, was observed with no axial applied potential as
indicated by a positive 67 pA current (Fig. 4). Figure 4 shows a
representative case where the surface electrode alone was capable
of pumping an aqueous electrolyte solution in the nanofluidic
channel. An axial potential of 130V, more than an order of
magnitude higher than the surface electrode potential used here, is
required to drive a 67 pA current for 1 mM CaCl, without surface
electrodes.

Flow gating and current reversal can also be observed by
varying the axial potential. The current reduces in magnitude as
the axial potential becomes increasingly negative where full flow
gating is observed at —70 V and flow reversal is observed at larger
(>-70 V) negative axial potentials.  Further investigation is
required to determine the origin of the non-linearities observed in
the 1V data in Figure 4.
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Figure 4: Pumping of 1 mM CacCl, electrolyte was observed with
a potential of -10 V applied to the surface electrode and no axial
potential as indicated by a positive 67 pA current. An axial
potential of 130 V, more than an order of magnitude higher than
the surface electrode potential used here, is required to drive a
67 pA current for 1 mM CaCl, without surface electrodes.
Applying a net negative axial potential led to a decrease in
current until the channel is effectively “closed” and allows no net
flow through the channel at ~70V. Further increasing the
magnitude of the negative voltage led to a reversal in net ionic
transport as indicated by a negative measured current.

CONCLUSIONS

We have demonstrated for the first time reversal of net ionic
transport in a nanofluidic channel through application of a
transverse electric field via an embedded surface electrode. The
configuration presented here allows for tunable control of the
direction of transport in the nanofluidic channel, where gating and
flow reversal have been demonstrated. The surface electrode alone
pumps the electrolyte solution using an applied potential that is one
order of magnitude lower than a streamwise or axial potential to
achieve similar electrokinetic pumping, as observed due to
measured currents.
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