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Abstract Amperometric detection is ideally suited for
integration into micro- and nanofluidic systems as it
directly yields an electrical signal and does not necessitate
optical components. However, the range of systems to which
it can be applied is constrained by the limited sensitivity and
specificity of the method. These limitations can be partially
alleviated through the use of redox cycling, in which multiple
electrodes are employed to repeatedly reduce and oxidize
analyte molecules and thereby amplify the detected signal.
We have developed an interdigitated electrode device that is
encased in a nanofluidic channel to provide a hundred-fold
amplification of the amperometric signal from paracetamol.
Due to the nanochannel design, the sensor is resistant to
interference from molecules undergoing irreversible redox
reactions. We demonstrate this selectivity by detecting
paracetamol in the presence of excess ascorbic acid.
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Introduction

Amperometric detection, in which the faradaic current
generated by redox reactions at an electrode is used to
determine the composition of a sample, is in principle an
ideal detection method for integration into nanofluidic
analysis systems. First, it directly provides an electrical
signal that is proportional to the concentration of a redox-
active analyte. Low-cost, robust devices can thus be
fabricated without the need to integrate cumbersome optical
components. Second, real-time, label-free detection in
nanochannels is especially difficult as most analytical tools
currently lack the necessary sensitivity at these volumes.

Amperometric detection however has limitations that
have so far hindered its broad deployment. Most impor-
tantly, it suffers from limited specificity: typical samples of
interest in medical or environmental monitoring applica-
tions contain multiple chemical species that react at similar
electrode potentials, rendering it difficult or impossible to
discriminate between these different species. Many differ-
ent techniques have been developed to enhance selectivity.
These include for example sample pretreatment by enzy-
matic reactions [1, 2], chemical surface modification [3—6],
and sample pre-separation by electrophoresis [7-9]. These
approaches can only be applied in very specific situations,
however, and further progress must occur before ampero-
metric detection can become more widely applicable in lab-
on-a-chip technology.

Recent years have seen important progress in the
ability to control and fashion matter on the nanometer
scale, and the field of electrochemistry is no exception.
The extension of amperometric detection methods to the
nanoscale has already yielded much new information
about mass transfer [10-12], adsorption [13, 14], and
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electron-transfer kinetics [15—17] that would be otherwise
difficult to observe. One goal of nanofluidics, the handling
and probing of individual molecules, is already becoming
a reality [16, 18]. As a further example, miniature probes
are increasingly employed for in vivo measurements of
neurotransmitters in the brain [19-23]. Despite these
successes, however, the use of electrochemistry in nano-
fluidics remains in its infancy.

In this paper, we focus on one particular approach in
amperometric detection: redox cycling. This approach
employs multiple electrodes to reduce and oxidize redox-
active molecules repeatedly and reversibly. Each analyte
molecule thus contributes multiple electrons to the faradaic
current, amplifying the detected signal. Redox cycling is
naturally suited for use in nanofluidic systems since the
degree of amplification increases with decreasing separa-
tion between the electrodes. Here, we introduce a device
consisting of interdigitated electrodes imbedded in a nano-
fluidic channel that combines ease of fabrication with high
levels of amplification and demonstrate its capabilities
using paracetamol as a prototypical analyte.

Redox cycling

Amperometric reactions individually involve only one or a
few electrons per reacting molecule, rendering the direct
detection of single or small numbers of molecules in
solution virtually impossible. This obstacle can be over-
come by redox cycling, a technique in which each target
molecule travels between electrodes repeatedly, reversibly
changing its charge state with each electrode interaction.
Thus, each molecule, over time, contributes hundreds or
thousands of electrons to the measured current.

In conventional voltammetric techniques, a potential
(most commonly varying linearly in time) is applied to a
single working electrode to oxidize or reduce species
present nearby in solution, and the current resulting from
the redox process is measured as a function of potential.
The resulting voltammogram provides information about
the chemical identity of the redox species (position of the
features on the potential axis) as well as the concentration
(magnitude of the current at a given potential). The shape of
the voltammogram can also be analyzed in further detail to
yield information about the thermodynamics and kinetics of
the electrode reaction.

Redox cycling requires at least two working electrodes.
The electrodes are biased at sufficiently cathodic and anodic
potentials relative to the formal potential of the given
reaction that the product of the reduction at one electrode
can diffuse to the other electrode where it undergoes
oxidation and vice versa. This cycle is illustrated in Fig. 1.

For two planar electrodes separated by a thin layer of
fluid, diffusion of redox molecules between the two

@ Springer

’ e !

Fig. 1 Illustration of redox cycling. The molecule is oxidized at the top
electrode, and after diffusing to the bottom, electrode is reversibly
reduced back to its original state. Every cycle, one electron (or more,

depending on the species) is shuttled by the molecule from one electrode
to the other, giving rise to a steady-state electrochemical current

electrodes is essentially one dimensional. The corres-
ponding steady-state current, 7, is then given by

_ nFSDC
==

(1)

Here, n is the number of electrons transferred per molecule,
F is the Faraday constant, S is the area of overlap between the
two electrodes, D is the diffusion constant of the redox
species, C is the bulk concentration of the redox species, and
z is the distance between the electrodes. This equation
assumes that the transport of redox species is due solely to
diffusion, a valid approximation as long as an excess of
supporting electrolyte is present such that the Debye length is
much smaller than z. Equation 1 also neglects any contribu-
tion from fringing of the diffusion profile around the edge of
the electrode; this contribution to the current is negligible so
long as z is much smaller than the lateral dimensions of the
electrodes. Equation 1 indicates that the degree of amplifica-
tion of the amperometric signal increases as the electrode
spacing, z, is made smaller. Efficient redox cycling thus
requires a method for accurately controlling the distance
between two electrodes.

In standard amperometric detection, each molecule gains
or loses n electrons only once. Therefore, a useful figure of
merit for quantifying the effectiveness of redox cycling is
the average number of times that a given molecule gains
and loses n electrons during a measurement. We define this
value as the amplification factor, 4. Since the amplification
factor is independent of the concentration or the choice of
redox species, it facilitates comparison of results obtained
by different groups measuring under different conditions. It
is easiest to measure in systems where the faradaic current
reaches a steady state. The amplification factor is then
simply the ratio of the redox cycling current flowing
through the working electrodes inside the nanochannel,
I, to the current I..; simultaneously flowing through the
reference electrode outside of the nanochannel: A=1,/I ..
Since conventional electrochemistry instrumentation does
not allow measurement of the current through the reference
electrode, an alternative means of extracting 4 is to measure
the ratio of the current flow under redox cycling conditions
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versus the case where only one electrode has a potential
applied while the other is left floating, /;, and using A=21,./
Lt

The main limitation of redox cycling as a detection
scheme is that it can only be applied to molecules that under-
go reversible redox cycling. Also, as in conventional voltam-
metry, the potential window that can be used for detection is
limited because of other unavoidable reactions, such as
reduction and oxidation of water or solutes.

Interdigitated electrodes

Interdigitated electrodes (IDEs), also known as interdigitat-
ed arrays or band-array electrodes, are often employed in
electrochemical detection. IDEs have been fabricated and
analyzed since the 1980s [24-28]. They are primarily
employed as conductometric [29-31] and amperometric
sensors. As amperometric sensors, they are often used in
the detection of biomolecules [32-34] and have even been
employed as detectors in capillary electrophoresis [8, 35,
36]. A sketch of an IDE is shown in Fig. 2. For
amperometric detection, the sensitivity of IDEs is deter-
mined by how small the spacing between electrodes can be
made, which is set by fabrication limits.

Recent fabrication improvements have rekindled interest in
the technology. With electron-beam lithography becoming
more widely available, there has been a move toward
nanoscale electrode widths as well as spacing between
electrodes. Several groups have demonstrated sub-micrometer
wide electrodes and spacing [37-40], and novel geometries
and designs have been analyzed using simulations [41-44].

A recently introduced approach is to purposely fabricate
the electrodes out of plane by increasing the thickness of the
electrode wires [37]. Dam et al. took this approach one step
further and etched trenches in the substrate before patterning
metal so that the electrodes face each other [45]. By
reducing the space between electrodes, the chance that a
molecule residing in the space between electrodes will
undergo redox cycling increases. Using this technique,
amplification factors 4 in the range of 60—70 were achieved.

Nanofluidic TLCs

Microfabrication techniques also offer an opportunity to
construct thin-layer cells (TLCs) in which the electrode
spacing is below 100 nm [40, 46, 47]. We refer to these here
as nanofluidic TLCs (nF-TLCs). To achieve the smaller

! The factor of 2 appears because in this procedure, /.¢~/;/2 for a
device with a symmetric IDE geometry. This is because 50% of the
redox species is in the oxidized state, while the other 50% is in the
reduced state in the region during the measurement of /.. while they
are completely reduced or oxidized during the measurement of /;.

M Insulator

I Metal

Fig. 2 Schematic diagram of an IDE viewed from above

spacing, the fabrication is based on a sacrificial layer instead
of bulk micromachining [10]. The advantages of this
approach are that small dimensions can be achieved in a
controlled and reproducible manner, that the lateral geometry
of the devices can be controlled at will, and that the devices
can easily be integrated into micro-/nanofluidic systems. The
devices are however challenging to fabricate in that great
care must be taken to ensure that stress in the roof material is
eliminated to prevent warping of the top electrode.

Figure 3a shows a fabrication process developed in our
group for nF-TLCs. A finished device is pictured in Fig. 3b.
The devices offer extraordinary sensitivity: amplification
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Fig. 3 a Fabrication schematic for nF-TLCs. / Pt is deposited and
patterned on an oxidized silicon wafer. 2 A Cr sacrificial layer is
deposited. 3 A second layer of Pt is deposited and patterned to form
the top electrode. 4 SiO, is deposited to enclose the device. 5 Access
holes are defined in the SiO,. 6 The Cr sacrificial layer is removed to
create the nanochannel. b Scanning electron microscope image of a
completed device
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factors as high as ~10* and detection limits approaching
100 molecules are possible for devices with channel heights
of 25-55 nm [40, 46, 47].

Selective amplification

Redox cycling has the additional advantage that it offers
some degree of selectivity to amperometric detection,
which is achieved entirely through geometric constraints.
In a mixture containing chemically reversible and irrevers-
ible species, the signal from species that can redox cycle is
amplified by the amplification factor, 4, while chemically
irreversible processes only contribute one or a few electrons
per molecule. This allows detection of species that undergo
redox cycling in the presence of an excess concentration of
chemically irreversible species, even when both species
react at the same electrode potential. In order to maximize
A, the residence time of molecules inside the detection
volume has to be maximized, while the spacing between the
electrodes, z, is minimized. Complete chemical irreversibil-
ity in the reactions of the interfering species is not required:
so long as the lifetime of the reduced or oxidized form of
this species is shorter than the residence time inside the
device, some degree of selective enhancement is achieved.

Selective detection using this approach was observed in
IDEs, but the molecules did not interact with the electrodes
long enough to offer significant amplification of the target
molecule [48]. The selectivity is significantly increased in
out-of-plane IDEs; here, 4 is larger since the molecules
reside between the electrodes for extended amounts of time
before diffusing back out to the bulk [45].

Wolfrum et al. recently demonstrated selective detection
of catechol in the presence of ascorbic acid using nF-TLCs
[46]. Since ascorbic acid decomposes quickly after being
oxidized, it does not contribute significantly to the cycling
current. Ascorbic acid was shown not to interfere with the
detection of catechol up to 500:1 excess in this approach.

Nanofluidic IDEs

The nF-TLC devices discussed above provide enough
amplification to detect a few hundred molecules, but the
small volume of the active region of the device limits their
molar sensitivity, which is more important in many
applications. Increasing the volume by creating a large
detection area (>100 um?) remains quite challenging using
the fabrication scheme for nF-TLCs presented in the
previous section due to the higher probability of defects
in the sacrificial layer that lead to short circuits in the
device. Here, we combine the simpler fabrication scheme
offered by IDEs with the higher redox cycling amplification
factors offered by nF-TLC geometries. The result is a
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hybrid device that we call a nanofluidic IDE (nF-IDE). A
nF-IDE is an IDE device that has an upper wall or roof
placed over the top of the electrodes to partially restrict the
fluid volume in the vicinity of the detection area. This
geometry differs from nF-TLCs in that the fluid is not
completely confined in the cleft between the electrodes, but
still offers a high degree of localization without changing
the electrode height or spacing. Since the electrodes are
patterned in the same plane using a single processing step,
the electrode spacing is defined by the lithographic pattern.
The Cr sacrificial layer is thus not involved in creating the
separation between electrodes. Pattern definition using
electron-beam lithography has nearly the same resolution
limit as the thickness of the sacrificial layers employed to
date in nF-TLCs. Figure 4 shows a schematic diagram of
the device, with a nanochannel of height # and spacing
between electrodes z.

Theory

To illustrate the effect of creating a roof over an IDE, we
numerically solved the diffusion equation to determine the
maximum, diffusion-limited current as a function of device
geometry. The calculations were performed for a simple
two-dimensional model of our device geometry using finite
element simulation software (Comsol 3.4, Stockholm,
Sweden). Constant-concentration boundary conditions were
applied at the electrode surfaces, which corresponded to
applying high overpotentials to the electrodes so that
complete oxidation or complete reduction takes place there.
Figure 5a shows the computed concentration profiles for two
devices with different roof heights #=75 and 4#=200 nm,
where /% is defined in the figure. Both devices have 50-nm-
tall electrodes, spaced z=250 nm apart. Figure 5b shows
the corresponding amperometric current for a 100 uM
concentration of a species with a diffusion coefficient
D=233x10"""m?/s and n=2 electrons transferred.

Fig. 4 Schematic diagram of a nF-IDE
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Fig. 5 a Concentration profiles in a nF-IDEs as determined by
solving the two-dimensional diffusion equation. The color scale
shows the concentration distribution of oxidized molecules in the
nanochannel (red fully reduced, blue fully oxidized). The yellow
rectangles represent the electrodes. b The black curve shows the
current generated per unit length of electrode as a function of the
height of the nanofluidic channel placed over the IDE with 50-nm-tall
electrodes spaced 250 nm apart. The red curve shows the current per
molecule for the same device. These results are for a 100 uM
concentration of a molecule (paracetamol) that transfers two electrons
per cycle and has a diffusion coefficient of 2.33x 107" m%/s

These parameters correspond to paracetamol, which was
used to test the nF-IDE devices. D was determined from the
steady-state current at a conventional Pt disk ultra-micro
electrode (UME, BASI, Stareton, United Kingdom). The
linear current density can be converted into a total current by
multiplying by the length of the electrodes and by the
number of electrode fingers in a given device.

Figure 5b indicates that the magnitude of the current
(black curve) increases with increasing roof height,
h matches the spacing between the IDEs, at which point it
saturates to a value that corresponds to a conventional IDE
with no roof. The increase of the current is due to the fact
that the number of molecules present in the cavity for a
given concentration increases with 4. Even as the total
current increases, however, the current contributed by each
molecule in the channel decreases precipitously, as shown
by the red curve in Fig. 5b. For 4 much larger than the
electrode spacing, the increase in current with /# due to the

increasing number of molecules is counteracted by the
reduction in the current per molecule. A large current per
molecule corresponds to efficient redox cycling and is
achieved with small roof heights. In the limit #—50 nm,
the device resembles a TLC, and the current per molecule
is simply neD/z*(=1.2 fA for n = 2 and z = 250 nm),
where e is the charge of one electron [18, 40]. Controlling
the height of the roof, /4, therefore allows tuning between
regimes of efficient cycling and high selectivity (2— 50
nm) and maximum signal level (h—o0).

Experimental section
Device fabrication

Devices were fabricated using standard lithographic techni-
ques. Figure 6 shows a sketch of the fabrication scheme.
Ideally, a single broad nanochannel would be constructed
over the entire array of IDEs, but the roof material that we
employ exhibits significant intrinsic strain. This would
cause significant deformation of the roof and could cause
the resulting nanochannel height to deviate significantly
from its designed value upon removing the sacrificial layer.
To minimize this effect, we designed a series of narrow
nanochannels that are placed over the IDE device. While a
fraction of the IDE surface is then unused, the walls
between the nanochannels provide added support and
greatly reduce deviations in channel height. Figure 7a
shows an optical image of a nF-IDE device with the Cr
sacrificial layer still in place. The nanochannel layout used
in this paper employs 24 nanochannels, 75 nm tall, 3 um in
width, with a 1 pum wall between channels. Figure 7b is a
zoomed-in image of the lower left corner of the device;
250-nm-wide IDEs with 250 nm spacing are visible at the
top of the image. The length of the IDE array is 100 pm.

The nF-IDEs do not have a planar nanochannel roof.
Since the electrodes have a thickness of 50 nm and the Cr
sacrificial layer has a uniform 75 nm thickness, the roof
instead has a corrugated shape reflecting the topography
of the electrodes. Simulations show that this deviation from
the idealized geometry of Fig. 5 has a negligible impact on
the magnitude of the current.

A polished and diced 4-in. silicon wafer with 500 nm of
thermally grown SiO, was used as the substrate. The wafers
were cleaned in acetone and isopropylalcohol (IPA) prior to
use. First, the wafer was spin-coated with polymethylme-
thacrylate (PMMA) 950K (4% in anisole) at 2,500 rpm for
60 s, followed by baking at 175 °C for 5 min. The PMMA
was exposed in a Leica (EBPG 5000) electron-beam pattern
generator using a dose of 1,000 pC/cm” (high tension
100 kV, aperture 400 um, current 159 nA, BSS 70 nm, spot
size 89 nm). The exposed parts were developed using a 1:3
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Fig. 6 Fabrication process for
nF-IDEs. a Pt is deposited and
patterned to create the IDEs. b A

Cr sacrificial layer is deposited

and patterned. ¢ SiO, is depos-

ited to enclose the structure and

patterned to create access holes.
d The Cr layer is removed to
create nanochannels on top of
the IDEs

mixture of methylisobutylketone/IPA for 70 s, followed by
a 30-s rinse in [PA.

After development, the wafer was coated with 4 nm Ti
(0.5 A/s) as an adhesive layer using electron-beam
evaporation, followed by 50 nm Pt (0.7 A/s) and 2 nm of
Cr (0.3 A/s) as the top adhesion layer. Metal lift-off was
carried out by placing the wafer in boiling acetone to
remove the unexposed PMMA. A new layer of PMMA
950K (9% in anisole) was then spun on the device at
2,500 rpm and baked for 5 min at 175 °C. The PMMA was
exposed and developed using the same process as in the
previous step, but with a different pattern that defines the
nanochannels over the IDE. The nanochannels were created
by depositing 75 nm of Cr (0.6 A/s) and performing metal
lift-off. The channels were enclosed by sputter deposition
of 245 nm of SiO,. Access holes were defined by
patterning PMMA as before. The holes were created using
reactive ion etching (Leybold, Cologne, Germany; O,
2.0 scem, CHF3 50 sccm, 50 pbar, 90 W). The individual
devices were diced from the wafer and mounted into
polydimethylsiloxane (PDMS) microfluidic flow cells. The
sacrificial Cr layer was etched away just prior to using the
devices using Cr etchant [49].

Reagents

Paracetamol and potassium chloride were obtained from
Sigma-Aldrich (the Netherlands). Chromium etchant and as-
corbic acid were purchased from Merck (the Netherlands). All
chemicals were used without further purification. The solu-
tions were passed through an Anotop 20-nm filter (Whatman,
Madistone, England) before use. All solutions were prepared
in 1.5 M KCl and 0.5 M sodium phosphate buffer (PB) with
Millipore water (Milli-Q) with a final pH of 6.3.
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Measurements

Cyclic voltammograms were recorded with a bipotentiostat
(CHI832B, CH Instruments). A standard Ag/AgCl elec-
trode (3M NaCl, BASi, Stareton, United Kingdom) that
served as both a reference and counter electrode was
immersed in a PDMS flow cell that contacted the device.
Due to the low currents flowing through the reference
electrode in our measurements (<1 nA), a separate counter
electrode was not necessary. The two interdigitated electro-
des served as working electrodes. Voltammograms were
obtained by cycling the potential at one electrode while the
potential at the other was held constant at 0 V.

A flow cell was connected to the device to provide a
fluidic interface and to integrate the reference electrode in
the setup. After use, the chips were cleaned in Milli-Q
water, dried with nitrogen gas, and stored for future use.
Devices could be reused multiple times. All of the experi-
ments were conducted in a Faraday cage to reduce
electromagnetic interference.

Results and discussion

For these proof-of-concept experiments using nF-IDEs, we
used paracetamol as the redox-active species. Paracetamol is
a common ingredient in many pain medications [50].
Because overdoses can be lethal, testing of urine for
paracetamol is a common procedure [51]. Its presence in
urine samples can also interfere with tests for other catechols
[52]. Paracetamol thus represents an ideal prototypical
system for exploring the capabilities of new sensor devices.

Figure 8 compares voltammograms obtained in one- and
two-electrode modes for solutions containing 200 uM
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Fig. 7 a Micrograph image of a nanofluidic IDE. The Cr sacrificial
layer has not yet been removed in this device, corresponding to the
structure in Fig. 6¢. The device has 24 nanochannels, each 3 um wide,
constructed using a 75-nm-thick Cr sacrificial layer, patterned over
250-nm-wide IDEs with 250 nm spacing. b Zoomed-in image of the
lower left-hand part of the device. I Preconditioning electrodes, not
used; 2 access holes connecting bulk solution to nanochannels; 3
IDEs; 4 nanofluidic channels; 5 Cr sacrificial layer; 6 wires to external
connections

Voltage vs. Ag/AgCI (V)

Fig. 8 Signal amplification due to redox cycling (black one electrode,
buffer only; red one electrode, 200 uM PC; green redox cycling,
buffer only; blue redox cycling, 200 uM PC). In one-electrode mode,
the second electrode is kept floating while the other is swept. In redox
cycling mode, the second electrode is maintained at a constant
potential of 0 V. A scan rate of 25 mV/s was used for both detection
modes. An amplification factor of 110 is achieved using nF-TLCs
with 250 nm IDEs and nanochannels made with a 75-nm-thick Cr
sacrificial layer

paracetamol or pure buffer only. A clear wave is observed
in redox cycling mode, whereas the corresponding wave in
one-electrode mode is well-defined but small compared to
the background signal. The redox cycling voltammogram
also exhibits hysteresis, suggesting that potential-dependent
adsorption is occurring [46]. These results correspond to an
amplification factor of ~110, illustrating the effectiveness
of redox cycling amplification inside of a nanochannel
device. This value is larger than the highest amplification
values reported for uncovered IDEs (4~70) [45] but, as
expected, is drastically lower than nF-TLCs, which confine
the sample within a 55 nm channel (4=10%) [40, 46, 47].
Next, we compared the maximum current achieved in our
devices to the finite element model. The predicted linear
current density from finite element calculations for A=
75 nm and 200 uM paracetamol concentration is 2.53 pA/
um, which corresponds to a total diffusion-limited current
of 36.5 nA. The current measured in our devices is
therefore about seven times lower than predicted. While
this is a significant deviation, it is not unexpected. The
diffusion-limited current can only be obtained when
reaction kinetics at the electrode surface are not influencing
the current. The fact that the voltammograms do not exhibit
an ideal sigmoidal shape with a plateau at high potential
indicates that such kinetic limitations are present. Poten-
tial-dependent adsorption to the electrode surfaces may
also play a role; such non-ideal voltammograms have also
been observed in nF-TLCs [46]. We also tested devices
with #=120 nm. The amplification factor, 4, for these
devices was approximately 30, which was considerably
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lower than for devices with 2=75 nm, as expected from
modeling.

In order to test the response and determine the detection
limit of our devices, we obtained cyclic voltammograms using
a range of concentrations of paracetamol. Figure 9a shows
cyclic voltammograms for paracetamol concentrations rang-
ing from 1 uM to 1 mM using a scan rate of 25 mV s™. Next,
the maximum cycling currents from the voltammograms were
plotted for each concentration (Fig. 9b). The response of the
devices is linear for concentrations ranging from 10 uM to
1 mM. The lower detection limit with these scan parameters
is approximately 10 uM, while the upper detection limit is
near the solubility limit of paracetamol. In the future, the
lower detection limit can be reduced further by decreasing the
spacing between electrodes.

We have also tested the selectivity of our devices by
detecting paracetamol in the presence of ascorbic acid.
Since paracetamol testing is usually carried out with
complex samples, it is important to be able to detect the
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Fig. 9 Detection limit of paracetamol using nF-IDE. a Cyclic
voltammograms of the reductive currents obtained for paracetamol
concentrations ranging from 1 uM to 1 mM (black bufter; red 1 pM;
green 5 uM; blue 10 uM; cyan 20 uM; magenta 50 uM; olive
100 uM; purple 200 uM; turquoise 500 uM; orange 1 mM). b Plot of
the maximum wave height obtained from a versus concentration
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paracetamol signal in the presence of interfering molecules
[53, 54]. Figure 10a shows cyclic voltammograms obtained
by measuring solutions with 100 uM paracetamol and
varying concentrations of ascorbic acid using a 10-pum-
diameter Pt UME (BASi, Stareton, United Kingdom). An
UME was used for comparison in this case because the nF-
IDE gives no measureable signal in one-electrode mode for
these concentrations. In this case, no redox cycling can
occur. The current generated by the ascorbic acid contributes
significantly to the total signal, thereby masking the current
originating from the paracetamol. The deviation from ideal
mass transport limited cyclic voltammograms in Fig. 10 is
most likely caused by sluggish kinetics for the molecules and
potential-dependent adsorption of species to the electrode.
Similar behavior was observed in nF-TLCs [46].
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Fig. 10 a Cyclic voltammograms for 100 uM paracetamol and
various concentrations of ascorbic acid in 1.5 M KCI + 0.5 M
phosphate buffer (pH 6.3) using a 10-pm-diameter UME (scan rate
25 mV/s). The ascorbic acid signal overlaps and masks the signal
generated by paracetamol. b Cyclic voltammograms for 100 pM
paracetamol using a nF-IDE device in 1.5 M KCI + 0.5 M PB and
various concentrations of ascorbic acid. One electrode was swept at
25 mV/s, while the other electrode was kept at a potential of 0 mV vs.
Ag/AgCl (black buffer; red 0 AA; green 100 uM; blue 200 pM; cyan
500 uM; magenta 1 mM; olive 10 mM; purple 100 mM)
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Fig. 11 Plot of the peak currents for 100 pM paracetamol in the
presence of varying ascorbic acid concentrations measured using a a
10-pm-diameter UME (blue squares) and b a nF-IDE device in redox
cycling mode (red circles). Blue and red dashed lines represent the
current obtained with 100 uM paracetamol and no ascorbic acid added
for UME and nF-IDE devices, respectively. For the nF-IDE, only the
current from the reducing electrode is shown

Since the oxidation product of ascorbic acid is only
stable on the order of milliseconds [55, 56], its influence on
the amplified redox cycling current is expected to decay
quickly inside the nanochannel. Figure 10b shows cyclic
voltammograms from the reducing electrode obtained with
a nF-IDE filled with 100 uM paracetamol and varying
concentrations of ascorbic acid. The maximum signals
obtained from the UME and nF-IDE devices at various
ascorbic acid concentrations are compared in Fig. 11. The
relative contribution of ascorbic acid to the total signal is
suppressed when redox cycling is enabled. For high enough
concentrations (>10 mM), however, we begin to see a
current contributed by the ascorbic acid. The device can

therefore accurately detect paracetamol for ascorbic acid
present up to a 100:1 excess.

Conclusions

We have developed a redox sensor based on interdigitated
electrodes imbedded inside a nanofluidic channel. These
nanofluidic IDEs offer a simpler and more robust fabrica-
tion scheme than nF-TLCs as well as larger detection
volumes. The amplification factor, while lower than in nF-
TLCs, can be tuned by adjusting the roof height. Tailoring
the device geometry thus allows a tradeoff between
maximal molar sensitivity and selectivity.

We fabricated nF-IDEs with 250-nm-wide interdigitated
electrodes spaced 250 nm apart that were covered with
nanofluidic channels created by using a 75-nm-thick Cr
sacrificial layer. The devices were tested using para-
cetamol. An amplification factor of 110 was obtained,
and a lower detection limit of 10 uM was established.
Further reduction of the electrode spacing promises
additional enhancement in sensitivity. We have further
shown that the technique is capable of detecting para-
cetamol without interference from ascorbic acid over a
wide range of ascorbic acid concentrations.

Amperometric detection and nanofluidics complement
each other well to provide a relatively easy to implement,
label-free detection strategy. In particular, nanofluidic
approaches can enhance conventional amperometric assays
by improving sensitivity and selectivity. Nanofluidic devices
can also be manufactured using standard microelectronics
fabrication techniques and can thus be mass-produced. Once
fabricated, the devices can be stored indefinitely and used as
needed. We have tested devices after up to 1 year of storage
prior to Cr etching and have not observed any change in their
characteristics.
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