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Abstract
Monitoring electrochemical impedance changes across an asymmetrically functionalized nanochannel array provides an attractive mechanism for chemical
and biological sensors. Specific binding of the receptor molecules with their
analyte leads to changes in charge distribution on the nanochannel surfaces
modifying the ionic transport across them. The magnitude of impedance
change due to receptor/ligand binding or sensor sensitivity depends on a
large number of parameters and consequently, identification of parameters
that result in sensitive and specific sensing performance is extremely tedious
and cost-intensive. We rely on a ’virtual EIS’ procedure that models the transient ionic current due to a step-change in voltage to determine the frequencydependent impedance of an asymmetrically functionalized nanochannel. This
procedure is used to predict the impedance changes due to the specific binding of thrombin on nanochannel surfaces. Surface charge changes associated
with the binding of thrombin protein on the aptamer coated surface result
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in a decrease of the membrane impedance and computational results suggest
that a reduction in the ionic strength of the electrolyte leads to an increase
in the magnitude of binding induced impedance reduction. Sensing experiments with thrombin binding aptamer are performed to evaluate the trends
from the high-throughput computations. The agreement between model predictions and experimental observations suggests that the present modeling
approach may be utilized to computationally evaluate sensor performance for
a range of parameters and rapidly identify sensor configurations that enable
point-of-care diagnostic devices with improved sensitivities.
Keywords: Nanoporous alumina, surface charge, virtual electrochemical
impedance spectroscopy (EIS), thrombin

1. Introduction
Nanochannels with large aspect ratios (radius to length ∼ 1000) are being investigated for biomedical applications including sensing [1–3] , sequencing [4–6] , gating and drug delivery [7–10] . Sensors based on solid state nanopores
and nanochannels [11–14] with either asymmetric geometry (rectangular, cylindrical, conical) or asymmetric surface functionalization have demonstrated
highly sensitive and specific performance using the phenomenon of ionic current rectification [15–20] . However, large scale application of these sensors is
limited as the fabrication of single nanopores requires sophisticated nanofabrication techniques with expensive equipment. Asymmetrically functionalized anodized aluminium oxide (AAO) membranes with arrays of nanochannels are easy to fabricate and functionalize [21] , and thus provide an economic
and accessible platform for sensitive detection of analytes. [22–26]
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Receptor molecules such as antibodies or aptamers that have specific affinity towards the desired analyte can be immobilized on the AAO membranes
for highly specific sensors. Aptamers are short chain oligonucleotides that are
becoming an ideal option as they are robust, stable, cost-effective and offer
great flexibility to be tailored suitably to achieve higher affinities [27,28] . The
specific binding between the ligand and aptamer molecules immobilized on
the nanochannel surface is associated with changes in molecular conformations and charge distributions. When the size of the target analyte/receptor
complex is comparable to nanochannel dimensions, steric effects dominate
causing decline in nanochannel conductivity upon interaction with the analyte [24,26,29,30] . Kant et al. [30] have developed an impedance based biosensor
and studied the effect of nanopore geometry on sensitivity using biotin as
the model analyte. They have shown that the sensitivity can be boosted by
reducing pore dimensions. Hence, optimization of nanochannel dimensions
and fabrication of nanochannels with smaller diameters is needed for steric
hindrance mechanism based sensors.
Nanochannel biosensors that rely on detecting the receptor/analyte binding induced surface charge modulation provide additional advantages [31] and
a prospect for tuning sensitivities by altering parameters such as electrolyte
concentration, nanochannel geometry and receptor density. Wang et al. [32]
carried out a charge-based detection of DNA-DNA interactions in nanochannels using conductance as signal and they could achieve high sensitivity even
with nanochannels with larger diameters at low electrolyte concentrations.
Vlassiouk et al. [31] developed a nanofluidic diode biosensor using single conical nanopores with asymmetric charge distribution. The influence of surface
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charges and geometry on ionic transport across charged nanochannels can
be modeled numerically and utilized for optimizing sensor response [33–36] .
Daiguji et al. [35] studied the effect of modifying surface charge on ionic transport through high aspect ratio nanochannels with overlapping ionic double
layers. Ma et al. [37] studied entrance charge effects on ionic conductance using
three charge configurations of nanochannels for building sensitive nanofluidic
biosensors.
Previous modeling studies have relied on steady state solutions of iontransport to estimate the changes in rectification factor or conductance due
to surface charge changes. The electrical double layer formation inside the
nanochannels is a transient phenomenon and recent experimental results
show that frequency dependent transmembrane impedance may provide an
efficient mechanism for specific sensing of ligands in presence of large concentrations of interfering molecules [23,38] . Modeling the transient or frequency
dependent ionic conduction in the nanochannels will enable identification of
performance parameters that enhance the sensor sensitivity and specificity.
We report a computational approach that serves as a virtual electrochemical impedance spectroscopy (EIS) to determine the impedance of asymmetrically functionalized nanochannel. We utilize the numerical results to
identify the processing parameters that enhance sensitivity for Thrombin
protein sensing using thrombin binding aptamer (TBA). Thrombin binding aptamer (TBA), a 15mer (GGTTGGTGTGGTTGG) binds to human
α-thrombin reversibly via electrostatic interactions [39,40] . Binding reaction
between protein and TBA involves interaction of the positively charge moieties on the protein to the TT loops and TGT loop on the aptamer, respec4

tively [41–43] and quenching of the negative charge of the aptamer. Electrochemical impedance spectroscopy (EIS) is used to monitor the impedance
changes in asymmetric functionalized nanochannels using a four-electrode
setup. The nanochannel arrays are asymmetrically functionalized through
deposition of thin gold film on the nanochannel opening and modifying the
gold-coated region with a thiol terminated TBA. Experimental measurements
of the impedance changes on aptamer/thrombin binding are compared with
numerical predictions to demonstrate the efficacy of virtual EIS identifying
processing parameters that enhance sensor sensitivity.

2. Materials and Methods
2.1. Theoretical model
The electric current is modeled by the Nernst-Planck equation, which
describes charged species transport in electrolyte in terms of convection, diffusion, and electric migration:
~ji = ~uci − ∇ci − Di zi F ci ∇φ,
RT

(1)

where ~j, ~u, ci , and φ are flux of species i, fluid velocity, species concentration,
and potential. Di is the diffusion coefficient, zi is charge valence, F is Faraday
number, R is gas constant, and T is temperature. The fluid resistance is
high at the nanochannel; therefore, the convection is neglected in this study.
The temporal variations of the species concentration can be evaluated by
considering mass conservation:
dci
zi F
− ∇ · (∇ci + Di
ci ∇φ) = 0.
dt
RT
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(2)

The chemical reactions at the electrodes are neglected. To close the equation
(eq 2), we introduce Poisson equation,
−ε0 εr ∇2 φ = ρe ,

(3)

where ρe is local charge density,
ρe = F

N
X

zi ci .

(4)

i=1

ε0 and εr are the absolute and relative permittivity. The validation of the
computational code is shown in supplementary material.
Fig 1(B) shows the theoretical model of a single nanochannel employed
with asymmetric charge distribution. To minimize the computational cost,
we focus on a single nanochannel (with length, 1 µm, and width, 20 nm)
which can be easily extended to an array of nanochannels. For the boundary conditions, the species concentration is held equal to bulk electrolyte at
both inlet and outlet reservoir (the left and right ends in Fig 1(B)). The
study was performed employing NaCl as the electrolyte and the effect of
electrolyte strength on sensitivity was studied by incorporating a hundredfold dilution in our model. No-flux condition was assumed on all the other
boundaries. The potential was controlled at both ends, Vapp , 5mV on the left
end and ground on the right end. The surface charge for aptamer modified
region, σDN A was applied to a depth of 250 nm (hDN A ) assuming that the
sputter-coated gold has penetrated to a reasonable extent into the nanochannels. For the rest of the nanochannel, a positive surface charge, σAAO was
applied. Assuming the channel wall is insulating, the surface charge density
is transformed in to Neumann boundary conditions [44] .
∇φ · ~n = −

σDN A/AAO
.
0 r
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(5)

~n is surface normal vector. There is no electric field across all the other
boundaries,
∇φ · ~n = 0.

(6)

2.2. Materials
The AAO membrane (Sigma Aldrich, Whatman), having nominal nanochannel diameters of 20 nm and membrane thickness of 50 µm, were used for the
experiments. Thiol-modified thrombin-binding aptamer (TBA) was obtained
from Integrated DNA Technologies (IDT) with the sequence 5’-/ThioMC6D/GCCTTAACTGTAGTACTGGTGAAATTGCTGCCATTGGTTGGTG
TGGTTGG-3’. The bolded portion of the sequence denotes the aptamer sequence that binds selectively to human α-thrombin. Human α-thrombin and
mercapto-1-hexanol (MCH) were procured from Thermo-Fisher Scientific.
Sensing experiments were performed in a buffer solution: 137 mM NaCl, 2.7
mM KCl, 10 mM Na2 HPO4 , 2 mM KH2 PO4 , pH 7.4 at room temperature.
All the chemicals used for electrolyte were purchased from Sigma-Aldrich.
All solutions were prepared with distilled deionized water (ddH2 O) produced
by a Corning Mega-Pure system.
2.3. Membrane preparation
The AAO membranes were cleaned/sonicated with isopropanol, ethanol
and ddH2 O. Then, one side of the membranes was sputter-coated with gold
(∼ 50 nm thickness), followed by washing again with isopropanol, ethanol
and ddH2 O. Thiolated-TBA received from IDT was stored at higher concentration of 100 µM at -20°C. Before an experiment, aliquots of 1 µM TBA
were prepared in the buffer and were heated to 95°C, 5 mM of MgCl2 was
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added and the solution was cooled down to room temperature (RT) slowly
over a period of at least 45 min. Then the gold coated AAO membranes were
incubated in the TBA solution at RT for 12 h to immobilize the TBA. The
AAO membrane was then washed with the buffer containing 5 mM MgCl2
and further incubated for 1 h at room temperature in 3 mM MCH (in ddH2 O)
to block the gold surface not covered with TBA followed by washing with
the buffer again.
2.4. EIS measurement
The four-electrode method was utilized to measure the impedance changes
across the AAO membrane and nanochannel resistance extracted by fitting
the EIS data to a circuit consisting of two Randles circuits in series. Platinum
wires were used as the working (WE) and counter electrodes (CE) while
Ag/AgCl wires were used as the two reference electrodes (RE). EIS was
carried out with an AC perturbation signal of 5 mV, within the frequency
range of 100 kHz-0.1 Hz. Fig 1(A) illustrates EIS measurement with four
electrode setup. For all electrochemical experiments a custom-made Teflon
cell (Fig 1(C)) was used. Equal volumes of protein solution (α-thrombin
as analyte and γ-thrombin as negative control) prepared in the buffer were
injected onto the port of the Teflon cell containing the TBA functionalized
side of the membrane. The concentration of each injection was determined
to achieve the desired target concentration inside the electrochemical cell to
obtain a calibration curve for the experiment. In experiments done to study
the effect of electrolyte ionic strength on sensitivity, the electrolyte and the
protein dilutions were done in the buffer diluted by 100-fold. For all cases,
the system was tested separately for selectivity using γ-thrombin as negative
8

control.
3. Results and Discussion
3.1. Virtual EIS based parametric exploration
Finite element-based solution of the Poisson-Nernst-Plank equations [45] is
used to model the transient ionic current due to a step voltage change in the
nanochannel with charged surfaces as shown in Fig 1. Fast Fourier transform
of the derivative of the current response is used to determine the magnitude
and phase of the frequency dependent impedance on the nanochannels. This
approach is well developed for use in experimental investigations [46–49] and
has been applied in the present work as a suitable method for computational
determination of EIS spectrum. Fig 2(A) shows the typical current response
and derivative of the current response for an applied step voltage of 5 mV.
An initial spike as high as 1.2×106 A/(m.s) can be seen from the derivative
of the current plot indicating the initial response of the system to step input.
Bode and Nyquist plots for the computed impedance are plotted in Figs 2(B)
and (C), respectively. Both Bode and Nyquist plots obtained numerically are
similar to the plots obtained from electrochemical impedance spectroscopy
of asymmetrically functionalized nanoporous membranes.
The sensor response of membrane depends on a number of different parameters including electrolyte concentration, nanochannel diameter, aspect
ratio, and functionalization, among other variables. Experimental investigations to characterize the influence of each parameter on the sensor response
can become resource expensive and time consuming. Hence, numerical investigations are a promising approach to quantify the influence of the parameters
9

and identify the sensing conditions that maximize the sensor response. We
numerically investigated the effect of electrolyte ionic strength on the sensitivity of nanochannel impedance. Impedance of the nanochannels were predicted for high electrolyte concentrations (100 mM) as well as low electrolyte
concentrations (1 mM). Front surface and quarter depth of the nanochannel are functionalized with negative surface charges, while the rest of the
nanochannel depth and back surface are covered with positive surface charge
(Fig 1). The asymmetric charge distribution models the aptamer functionalization of membranes used for biosensors [23] . In experiments, one of the
membrane surfaces and a portion of its depth are coated with gold and a
monolayer of aptamers is immobilized on the gold coated surface. Meanwhile, the back surface and remaining depth of the alumina film are left
uncoated. The surface functionalized with nucleic acid aptamers monolayer
is negatively charged while the uncoated surface is covered with low positive
surface charge density accounting for protonated -OH groups at pH 7.4 [50] .
Surface charge density of the functionalized aptamer monolayer is based
on a sequence length of 50 nucleotides and typical grafting density of 1012
chains/cm2 [51] . Accounting for Manning condensation [52] , the DNA surface
charge density is computed as:
σDN A = eδN f

(7)

where, e is the electron charge, N is the number of bases, δ is grafting density.
The charging fraction, f , is given by, f = b/lB , where b the separation per
charge, lB is the Bjerrum length defined as lB = e2 /kB T ,  is relative permittivity of the medium, kB the Boltzmann constant and T is the temperature.
For most polyelectrolytes, b is equal to 0.4 nm and lB is equal to 0.7 nm for
10

water and the magnitude of σDN A is computed to be -50 mC/m2 . Surface
charge in the remaining non-functionalized portion of the nanochannel σAAO
was assumed to be a low positive charge of 1 mC/m2 [53,54] . The DNA/ligand
binding is expected to quench the surface charges in the monolayer covering
the nanochannel surface. The σDN A/ligand is computed as:
σDN A/ligand = (1 − q)σDN A

(2)

where, q, is the degree of quenching or quenching fraction used to model the
influence of ligand binding induced changes in surface charge density.
3.2. Effect of quenching fraction on EIS.
Impedance response across the asymmetrically charged nanochannel for
different charge distributions are plotted for two electrolyte concentrations.
Figs 3(A) and (B) show the computed Bode and Nyquist plots for q varying from 0 (-50 mC/m2 ) to 0.9 (-5 mC/m2 ) respectively. Computed Bode
and Nyquist plots for the charged membrane at low electrolyte concentrations are plotted in Figs 3(C) and (D), respectively over the same range of
quenching fractions. At both 100 mM and 1 mM concentrations of NaCl,
the increase in quenching of the surface charge leads to reduction in the predicted nanochannel impedance. Channel resistance (R) is extracted from the
impedance plots and the reduction in the channel resistance changes, ∆R,
is plotted as a function of q in Fig 4. At both electrolyte concentrations,
the reduction in R showed a bilinear trend. At high electrolyte concentrations, R decreased linearly as q increased from q = 0 (-50mC/m2 ) to q =
0.4 (-30mC/m2 ) but minimal changes in impedance are observed on further
increase from q = 0.4 (-30 mC/m2 ) to q = 0.9 (-5 mC/m2 ). In contrast, at
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low electrolyte concentrations, the reduction in R is gradual in the initial
range of q = 0(-50mC/m2 ) to q = 0.4 (-30mC/m2 ) and the rate of reduction
increases as quenching fraction is further increased from q = 0.4 (-30 mC/m2 )
to q = 0.9 (-5 mC/m2 ).
These impedance changes indicate that aptamer/ligand binding induced
surface charge quenching modifies the ionic transport in the nanochannel.
Large magnitude of surface charge changes are expected only on the specific binding between the ligand and aptamer monolayer. Physisorption of
other molecules or non-specific binding is not expected to modify the surface charge distribution. Hence, impedance change may be utilized to detect
binding between the aptamer modified surface and its specifically binding
ligand. The sensing mechanism is different from biosensors based on steric
hindrance where the channel resistance increases with binding of analytes
due to blockage of the nanochannels. This is in contrast to surface charge
modulation based sensing mechanism, where the nanochannel impedance will
decrease (increase) if the surface charge magnitude is decreased (increased)
on specific binding.
The slope of R change at low electrolyte concentration is about 7500
times larger than that at high electrolyte for the quenching fraction from 0
(-50 mC/m2 ) to 0.4 (-30 mC/m2 ) and is about 4.5x105 times larger for the
quenching fraction range of 0.6 (-20 mC/m2 ) to 0.9 (-5 mC/m2 ). At low
electrolyte concentrations, the debye length or extent of ionic double layer
becomes larger and for the nanochannel, the debye length can become comparable to the nanochannel diameter resulting in counterions enrichment.
The counterion enrichment will be strongly dependent on the surface charge
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distribution and consequently, charge modulation may result in significant
changes in ionic conduction across the nanochannel. Computed anion concentrations (Cl- ) are plotted in Figs 5 (A) and (B), respectively for higher
and lower bulk electrolyte concentrations for monolayer charge density of -50
mC/m2 . At high ionic concentrations, only a narrow region adjacent to the
DNA monolayer covered channel wall is devoid of any anions however at lower
ionic concentration, anions are depleted across the whole channel in the DNA
monolayer covered portion. The cation concentration distribution (included
in supplementary information) shows that Na+ ions get concentrated in the
negatively charged region of the nanochannel and their concentration is 85
times larger for lower bulk concentrations in comparison to higher electrolyte
concentrations. The surface charge induced segregation of the cations and
anions in the nanochannel resists the ionic transport across the channel and
this resistance is highly pronounced at lower ionic concentrations. Quenching
of surface charges reduces the segregation and thus reduces the resistance to
ionic transport. These effects are more pronounced at lower ionic concentration as the double layer extends across the whole nanochannel.
Slope of the normalized R changes due to quenching represents the sensitivity of the nanochannel impedance to aptamer/ligand binding and is presented in Table 1. These results indicate that reducing the electrolyte concentration from 100 mM to 1 mM, will result in 4.5 times increase of sensitivity
for the quenching fraction from 0 (-50 mC/m2 ) to 0.4 (-30 mC/m2 ) and of
about 240 times for the quenching fraction range of 0.6 (-20 mC/m2 ) to 0.9
(-5 mC/m2 ). Horn et al [40] estimated the number of surface charges on human α-thrombin at pH 7.4 to be 7/molecule and assuming 100% binding
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efficiency between TBA and thrombin, maximum quenching of DNA monolayer is about 0.22 - 0.24 (11-12 mC/m2 ). Sensing experiments of thrombin
with thrombin aptamer coated membranes are conducted to investigate the
postulated surface-charge-based sensing mechanism and increase in sensitivity at lower ionic concentrations over the quenching fraction range of 0 ( -50
mC/m2 ) to 0.4 (-30 mC/m2 ).
3.3. Experimental validation of observed trends.
Bode and Nyquist plots for the experimentally measured impedance of
the aptamer covered membrane in presence of different concentrations of αthrombin are plotted in Figs 6(A) and (B), respectively for high electrolyte
concentration of 100 mM and in Figs 6(C) and (D), respectively for low electrolyte concentration of 1 mM . The plots for both electrolyte strengths show
that the impedance decreases with increasing concentrations of α-thrombin
which is comparable to the simulation predictions. The impedance was fit to
a two-loop model consisting of two Randles circuits in series (Fig 6(A) inset).
The first loop corresponds to the higher frequency data and the second loop
is for the lower frequency region. We observed through multiple experiments
done on our system [23] with/without protein that the change in impedance
observed due to TBA-thrombin binding is mainly in the higher frequency region. The lower frequency loop parameters varied randomly, independent of
binding and may depend on electrodes used for the impedance measurement.
Similar observation was made by Wang et al [32] , where they reported
change in impedance occuring at relatively higher frequencies of 3 kHz and
10 kHz across a morpholino modified membrane due to surface charge modulation upon binding with target DNA. This indicates a strong frequency
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dependence for impedance changes due to surface charge modulation. The
changes in ionic double layer determine the impedance changes and consequently, the phenomena is primarily present in the high frequency region.
Hence, the membrane parameters for the first loop, R (Nanochannel resistance) and C (Nanochannel capacitance) were extracted as parameters of
interest.
Measured changes in R are plotted as a function of protein concentration
of protein for both higher and lower electrolyte concentrations in Fig 7(A).
We observed that R decreased as the membrane was exposed to increased concentrations of α-thrombin and this decrease was significant as compared to
changes in other membrane parameters. The decrease in R was not observed
when the membranes were exposed to a non-specific protein (γ-thrombin) indicating that only specific binding results in sensor response (supplementary
information).
The specific binding between TBA and α-thrombin is expected to quench
the surface charge in the DNA-covered region of the membrane. This surface
charge modulation is responsible for the decrease in R. The sensor response
was fitted to Langmuir isotherm and the dissociation coefficient, KD , for
TBA/protein binding was estimated to be about 0.27 nM and 0.59 nM in
higher and lower electrolyte concentrations, respectively. The estimated values are comparable to KD for TBA-thrombin of about 3 nM reported in solution [55] . It has been reported previously that the α-thrombin-TBA complex
height above surface is about 2 nm [56] . The complex height is significantly
smaller than the nanochannel diameter and hence, steric hindrances due to
binding of α-thrombin to TBA are expected to be negligible. The slope of
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the resistance change as a function of thrombin concentration in the linear
region are determined to be 40.7 and 13648.64 at electrolyte concentration
of 100 mM and 1mM, respectively indicating an increase of 335 times.
The magnitude of resistance change observed for each membrane depend on experimental parameters like the nanochannel size distribution, gold
film thickness and aptamer functionalization. We normalized the resistance
changes with the initial resistance of the membrane to facilitate comparison across different experimental conditions. Slope of the normalized resistance changes with thrombin concentration are compared to the virtual EIS
based prediction in Table 1, to determine the sensor sensitivity at higher and
lower electrolyte concentration. We observed that the sensitivity considering
∆R/R in the linear range (below KD ), the sensor signal increased by 2 times
(Fig 7(B)) in the lower concentration medium which is less than what we
saw in the simulation.
The predictions of sensitivity is for a single nanochannel assuming the
gold coating to penetrate to about 250 nm into the channel, but it was hard
to control the gold film penetration during sputter coating of membranes.
Therefore, only a qualitative comparison with experimental results could be
achieved. The sensitivity with which α-thrombin binds its aptamer decreases
as the pH of the environment is increased/decreased [57] . The pH of the electrolyte in our case was reduced from 7.4 to 6.9 by diluting it by 100 times and
this might be a possible reason for the sensitivity to increase only by a factor
of 2 times with decreased ionic strength in our experiments as opposed to the
predicted 4.5 times increase in the theoretical model. The experimental conditions should be optimized further, and well-controlled fabrication methods
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may achieve the theoretically predicted sensitivities. Additional experimental and theoretical studies are required to fully optimize such nanoporous
sensing systems.

4. Conclusions
We report a "virtual" EIS based approach to determine the sensing response due to binding of specific receptor molecules on aptamer functionalized nanochannels. Computational results indicate that quenching of surface charges in an asymmetrically functionalized nanochannel increases the
transient ionic conductivity and the magnitude of change in conductivity increases with decrease in electrolyte concentration. Sensing experiments conducted to detect binding of thrombin proteins on aptamer modified alumina
membranes show that the specific binding leads to increase in the transient
ionic conductivity. Experimental measurements also show that reducing the
electrolyte concentration results in higher sensitivity for thrombin detection.
The agreement between virtual EIS computations and experimental observations demonstrates that computation of the transient response can provide
insight into the mechanism governing asymmetric nanochannels based sensors. The virtual EIS computations may be used to optimize the sensor
performance and can be utilized to build highly sensitive biosensing devices.
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Table 1: Predicted and measured slopes of normalized nanochannel resistance changes at
different quenching fractions at higher and lower electrolyte concentrations

Quenching ratio (q )

Slopes
Simulation Experiment
100 mM

0 - 0.4

0.028

0.24

0.6 - 0.9

-0.0024

1 mM

0 - 0.4

0.125

0.55

0.6 - 0.9

0.58

-
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Figure 1: Schematic of the four-electrode setup (A) used for conducting the electrochemical
impedance based sensing experiments- WE, CE, RE stand for Working, Counter and
Reference Electrode respectively. An AC voltage of 5 mV is applied across the two REs
and Current measured between WE and CE. Impedance is recorded over Frequency range
of 0.1 Hz-100 kHz, Computational model (B) of Gold-coated asymmetric nanopore d =
20 nm, hDN A = 0.25 µm and L = 1 µm and picture of the Teflon cell (C) used for
experiments: Platinum electrodes are used as WE and CE, Ag/AgCl electrodes are used
as REs
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Figure 2: Current response, derivative of the current response (A) and the impedance
response thus obtained by taking FFT (Bode (B) and Nyquist (C) plots) for an applied
step voltage of 5 mV for σDN A = -5 mC/m2 case
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Figure 3: Bode and Nyquist plots with varying quenching ratios, q = 0 to 0.9, at 100 mM
((A) and (B))and 1 mM ((C) and (D) bulk electrolyte concentrations

Figure 4: Nanochannel resistance changes, ∆R plotted as a function of quenching fractions,
q at 100 mM and 1 mM bulk electrolyte concentrations. Inset shows the region focused
on the q range of 0 to 0.4, which is the range of interest for thrombin and its aptamer
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Figure 5: Contour plots of the concentration distribution of Cl- ions in the nanochannel
at bulk electrolyte concentrations of 100 mM and 1 mM for σDN A of -50 mC/m2
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Figure 6: Experimentally measured impedance response- Bode and Nyquist plots for bulk
electrolyte concentrations of 100 mM ((A) and (B)) and 1 mM ((C) and (D)) respectively.
Inset in (A) shows circuit model used to analyze data
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Figure 7: (A) Changes in nanochannel resistance (Sensor response) plotted as a function of protein concentration both at higher (100 mM ) and lower (1 mM) electrolyte
concentration. (B) shows comparison of sensitivities in the linear range of the sensor
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