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Abstract

Electrochemical biosensors transduce biochemical events (e.g., DNA hybridization) to electrical 

signals and can be readily interfaced with electronic instrumentation for portability. 

Nanostructuring the working electrode enhances sensor performance via augmented effective 

surface area that increases the capture probability of an analyte. However, increasing the effective 

surface area via thicker nanostructured electrodes hinders the analyte’s permeation into the 

nanostructured volume and limits its access to deeper electrode surfaces. Here, we use nanoporous 

gold (np-Au) with various thicknesses and pore morphologies coupled with methylene blue (MB) 

reporter-tagged DNA probe for DNA target detection, as a model system, to study the influence of 

electrode features on electrochemical sensing performance. Independent of the DNA target 

concentration, the hybridization current (surrogate for detection sensitivity) increases with the 

surface enhancement factor (EF), until an EF of ~ 5, after which the sensor performance 

deteriorates. Electrochemical and fluorometric quantification of desorbed DNA probe suggest that 

DNA permeation is severely limited for higher EFs. In addition, undesirable capacitive currents 

disguise the faradaic currents from the MB reporter at larger EFs that require higher square wave 

voltammetry (SWV) frequencies. Finally, a real-time hybridization study reveals that expanding 

the effective surface area beyond EFs around 5, decreases sensor performance.
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Electrochemical biosensors are powerful bioanalytical tools that are emerging in many 

applications (e.g., clinical, environmental, industrial, pharmaceutical, defense, etc.), due to 

their simplicity and cost, excellent limits of detection1, ease of integration with electronic 

instrumentation2, and amenability to miniaturization3, multiplexing4, and portability5. The 

biophysical interface, that is, the working electrode functionalized with a molecular 

recognition layer for a specific target analyte, plays a critical role in the sensor 

performance6. Even though the recognition layer can consist of various biomolecular 

elements, such as enzymes and antibodies7, nucleic acids have been gaining significance as 

both, the target and recognition layer (capture probe). The reasons include nucleic acids’ 

high selectivity for specific targets, reversible binding to a wide variety of molecular targets 

(e.g., ions8, small molecules9, proteins10, whole cells11), ease of custom synthesis12, and 

high tolerance to storage temperature variations13. Similarly, the working electrode that 

supports the recognition layer and interfaces it to electronics plays an equally vital role in 

electrochemical biosensor performance. Nanostructuring the working electrode with 

different material architectures (e.g., carbon nanotubes14, gold nanorods15, palladium 

dendritic nanostructures10) generally enhances electrochemical sensor performance17-20 via 

several mechanisms, including an increased number of capture probes per electrode volume 

that increases the probability of capturing analytes and leverages unique nanoscale transport 

phenomena17,21,22. These beneficial features have driven interest in implementing porous 

and dendritic structures as working electrode thin-film coatings in electrochemical sensors. 

Thicker porous films increase effective surface area of the working electrode (referred to as 

enhancement factor (EF), or the ratio of the porous film electrochemically-active surface 

area to that of a smooth electrode). Increasing the effective surface area (assuming no 

transport limitations) by increasing electrode thickness would increase the number of 

capture probes, and thereby increase the probability of target DNA capture, and in turn, 

enhance target detection capability of the sensor. EHowever, for thicker porous electrodes, 

there is a mass transport efficiency trade-off, where the permeation of analytes into the pores 

is hindered. The competition between these two factors (effective surface area and mass 

transport limitations) largely dictate the overall sensor performance23. Here, we use 

nanoporous gold (np-Au) functionalized with DNA capture probes as a model working 

electrode system. The np-Au electrode coatings have shown to increase dynamic range22,24 
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and selectivity25, as well as improve biofouling tolerance26 of electrochemical nucleic acid 

sensors. In addition, np-Au thin films can be produced and patterned by conventional 

microfabrication techniques and the pore morphology can precisely be tuned by thermal 

annealing27. Enabled with these features of np-Au thin films, the objective of this study is to 

provide insight into the influence of working electrode features on DNA-based 

electrochemical sensing performance, by systematically varying pore morphology and film 

thickness of np-Au thin-film electrodes to obtain a wide range of effective surface. Here, we 

define sensor performance metric as the difference in peak current relative to the baseline 

between the probe and target signal, expressed as hybridization current change (Figure 1). 

More specifically, the study consists of the following complementary parts: (i) 

electrochemical evaluation of sensor’s performance for a wide range of EFs; (ii) 

electrochemical and fluorometric characterization of the DNA capture probe layer; (iii) 

investigation of the key electrochemical interrogation parameters (e.g., square wave 

voltammetry frequency); and (iv) a real-time hybridization study to reveal transport effects 

and optimal nanoporous working electrode thickness.

EXPERIMENTAL SECTION

Chemical Reagents.

Electron Microscopy Sciences glass coverslips were used as substrates for film deposition 

(22 x 22 x 0.15 mm). Gold (Au), silver (Ag), and chrome (Cr) targets (99.95% pure) were 

obtained from Kurt J. Lesker. Nitric acid (70%), sulfuric acid (96%), and hydrogen peroxide 

(30%) were purchased from Sigma-Aldrich, USA. Piranha solution consisted of 1:4 ratio (by 

volume) of hydrogen peroxide and sulfuric acid. CAUTION: Piranha solution and nitric acid 
are highly corrosive and reactive with organic materials and must be handled with extreme 
care. Tris(2-chloroethyl)phosphate (TCEP, 0.5 M), magnesium chloride (MgCl2, powder) 

and phosphate buffer (PB, 1 M) were obtained from Fisher Scientific. Phosphate buffered 

saline (PBS, 10×) was purchased from Life Technologies. Zeba™ Spin Desalting Columns 

were obtained from Thermo Fisher Scientific. The oligonucleotides used in this project 

consisted of 26 bases and were purchased from Integrated DNA Technologies, USA. The 5′ 
end of single-stranded DNA (ssDNA) MB-tagged probe was modified with a C6 linker and 

thiol group, while 3’ end was modified with Methylene Blue (MB) as a redox reporter of the 

system: /5ThioMC6-D/CGT GTT ATA AAA TGT AAT TTG GAA TT/3MeBIN/. Single-

stranded Target DNA sequence matching to the DNA probe was: AAT TCC AAA TTA CAT 

TTT ATA ACA CG. Quant-iT™ OliGreen™ ssDNA Assay Kit was obtained from Thermo 

Fisher Scientific.

Fabrication of Nanoporous Gold (np-Au) Electrodes.

The np-Au gold films of various thickness were prepared by varying sputter-deposition time 

(i.e., 5, 10, 20, 30 minutes) of the Au0.36Ag0.64 (atomic %) alloy on top of 160 nm-thick 

chrome adhesion layer and 80 nm-thick gold seed layer pre-deposited on the piranha-

cleaned glass coverslips, using a previously established deposition protocol22. All sputter-

coated alloy thin films are dealloyed in the nitric acid at 55°C28, generating set of 

unannealed np-Au samples with four different thicknesses. A set of each of the generated 

samples was thermally treated at 250 °C for 1.5 min on a hotplate25, generating four 
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additional thicknesses with coarser morphology (annealed np-Au). Planar gold electrodes 

(control morphology) were fabricated similarly. Fabrication details can be found in 

Supporting Information (SI).

Microscopic and Electrochemical Characterization of Electrode Morphology.

To investigate micro- and nano-scale morphological features of the fabricated samples, high-

magnification images (100k× magnification) were taken using scanning electron microscopy 

(SEM; FEI Nova NanoSEM430) to obtain top-view images. The top views of varying 

electrode morphology and thickness samples were analyzed using ImageJ (National 

Institutes of Health shareware, http://rsb.info.nih.gov/ij/index.html) in order to determine the 

median pore size29. To determine thickness of each representative sample set, a FEI Scios 

Dual Beam FIB/SEM was used. The cross sections were obtained by cutting into the sample 

surface using a gallium focused ion beam and were imaged simultaneously with a scanning 

electron microscope.

All electrochemical experiments were performed with a Gamry Reference 600 potentiostat. 

Effective surface area of the gold electrodes was determined using electrochemical cyclic 

voltammetry (CV) measurements using previously established protocols that report on the 

charge required to strip the gold oxide layer via CV30,31, when using 0.5 M sulfuric acid. 

For all the measurements, enhancement factor (EF) is defined as the ratio of effective surface 

area measured for any test morphology to that for pl-Au under the same testing conditions.

Immobilization of the MB-tagged DNA Probe Capture Layer.

Eight different types of electrodes (4 thicknesses of unannealed and 4 thicknesses of 

annealed np-Au, all n = 3) were used. Note that for the entire study, four identical sets of 

such electrodes were prepared using previously described grafting protocols that consisted 

of incubating the working electrode overnight (~15 hours) with 0.5 μM MB-tagged DNA 

probe solution prepared in 25 mM PB and 50 mM MgCl22232. To obtain a well-ordered 

DNA probe monolayer, electrodes were backfilled with MCH, as routinely used33-35. 

Finally, the DNA probe-functionalized electrode was assembled in the electrochemical cell 

for electrochemical characterization (Figure S1).

Electrochemical Evaluation of Sensor Performance at Various EFs and Morphologies.

To evaluate sensor performance, quantified through the hybridization current change as a 

measure of target detection capability, it is necessary to first electrochemically quantify the 

amount of DNA probe immobilized on the electrodes, via the relative probe current (Figure 

1). Electrochemically-active surface area of the immobilized MB-tagged probes was 

acquired in 1× PBS using square wave voltammetry (SWV) measurements for all 8 types of 

electrodes (n = 3). The SWV relative probe current was determined directly from Gamry 

Software and used as an indirect measure of the amount of DNA probe immobilization on 

the electrode surfaces. SWV was performed using a pulse size of 40 mV and frequency 

previously optimized for different electrode morphologies: 18 Hz for unannealed np-Au, 30 

Hz for annealed np-Au, and 60 Hz for pl-Au22. After the relative probe current signal 

determination, all electrodes were challenged with four different target DNA concentrations 

(250, 500, 1000, 4000 nM) to determine the sensor performance in detecting the DNA 
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analytes. Each electrode was incubated in 1x PBS containing the target DNA fragments for 

15 min at room temperature (RT), as shown in Figure S1. The electrodes were then rinsed to 

remove nonspecifically bound target molecules. Amount of target DNA captured by the 

probe recognition layer can be determined by the difference between the probe peak current 
and target peak current36 (Figure 1). The difference in SWV peak current relative to the 

baseline between the probe and target was used to quantify the hybridization events in each 

case, expressed as hybridization current change, which is classified as a ‘signal-off 

electrochemical detection mode (Figure 1). See Figure S1 for the electrochemical cell and 

operation mechanism description.

Electrochemical and Fluorometric Characterization of the Capture Probe Layer.

To understand the effect of DNA probe capture layer on overall sensor performance, eight 

types of representative immobilized electrodes (n = 3) were tested to obtain SWV peak 

current due to MB-tagged DNA probe at previously mentioned optimal frequencies and 

SWV parameters. The immobilized DNA probes were electrochemically eluted for 

fluorometric determination of the amount of DNA probe, using a previously-established 

protocol ensuring efficient extraction of immobilized DNA from the pores37,38.

Electrochemical Extraction and Fluorometric Analysis of DNA Probe-Immobilized 
Electrodes.

To decouple the influence of electrochemical effects, which would obscure the 

determination of actual immobilized probe amount, an independent measurement with 

fluorescent dyes was used on the electrochemically-extracted DNA probes39,40. To 

fluorometrically quantify the amount of DNA probes, extracted DNA probe solution was 

analyzed using Quant-iT™ OliGreen™ ssDNA Kit. Briefly, OliGreen dye was added to the 

extracted samples, and after 5 minutes of incubation at room temperature, a NanoDrop™ 

Spectrophotometer was used for quantifying the amount of DNA present in the extracted 

samples.

Frequency Optimization for the Capture Probe Layer.

DNA probe-functionalized electrodes were used to determine the optimal SWV frequency 

that maximizes the relative probe current. Each electrode was tested at various SWV 

frequencies (3, 10, 18, 25, 30 and 40 Hz) and SWV relative probe current was measured.

Impedance Measurements.

To approximate the extent of MCH passivation in the np-Au electrodes, electrical double 

layer capacitance Cdl was extracted from electrochemical impedance spectroscopy (EIS) of 

the DNA probe-functionalized electrodes with the highest and lowest EFs. The EIS Nyquist 

plots were obtained for the frequency range of 0.3 - 10,000 Hz in 1× PBS. A Randles 

equivalent circuit with a Warburg element was modeled with a built-in model editor in 

Gamry Software (Figure S9) and used to fit the EIS data to obtain Cdl and electrolyte 

resistance (Rs) for comparison with previous studies.
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Real-time Hybridization of Target DNA.

To investigate the hybridization kinetics of target DNA when introduced to electrodes of 

various thicknesses, DNA probe-functionalized electrodes were used. First, the SWV DNA 

relative probe current signal was acquired as described above. Next, all the electrodes were 

challenged with four different target DNA concentrations (250, 500, 1000, 4000 nM). Each 

electrode was incubated with the target DNA fragments in 1× PBS at room temperature and 

SWV signal was recorded at previously determined optimal frequencies to determine the 

extent of hybridization at the given time point (0, 1, 2, 3, 5, 7, 9, 12 and 15 minutes). The 

samples with EF = 27.9 and 36.1 were not used for this part of the study, since their relative 

probe current signal could not be optimized, reasons for which are described in Results and 

Discussion.

RESULTS AND DISCUSSION

Electrode Characterization.

Selective dissolution of silver atoms in nitric acid and surface diffusion of gold atoms at the 

metal electrolyte interface, which is the process of dealloying, results in a bicontinuous 

open-pore structure41. Typically, the residual silver in the final np-Au electrodes is less than 

5% (atomic %)42 and the silver is spatially distributed as clusters within the ligaments and 

on the ligament surfaces43. The tortuosity (the ratio of the meandering pore-channel length 

to a straight pore-channel) of unannealed np-Au is ~3, as reported elsewhere44. The 

tortuosity should decrease for the annealed np-Au films since coarser pores would reduce 

meandering and provide a straighter path through the film thickness, which is qualitatively 

observed in the corresponding cross-sectional views (Figure 2 left panel). We used SEM to 

evaluate the electrode thickness from FIB-carved thin films cross-sections (Figure 2 left 

panel) and pore size from image processing of high magnification top-views (Figure 2 right 

panel). The median pore size (radius) for the samples was 12 – 15 nm for as-dealloyed 

(unannealed) electrodes and 28 – 40 nm for coarsened (annealed) np-Au electrodes samples. 

The electrode thicknesses ranged from 250 ± 15 nm to 1,780 ± 30 nm. Finally, the 

electrochemically-active surface area was determined via anodic oxide stripping method, as 

previously described22,24,30. The increase in surface area for porous electrodes is expressed 

as enhancement factor (EF), which is the ratio of the electrochemically-active surface area to 

that of planar gold (pl-Au). We used EF as a parameter that combines both the electrode 

thickness and pore morphology variables, which allows for more efficient analysis of the 

influence of electrode properties on sensor performance. Table S1 provides further details of 

electrode characterization.

Sensor Performance at Varying Electrode Morphologies and EFs.

Effective electrode surface area is one of the main parameters that can influence the 

performance of an electrochemical biosensor45,46. Larger effective to geometric surface area 

ratio (hence, higher the EF) ideally translates into a larger number of capture DNA probes 

bound to the sensor, and therefore an enhanced probability of probe-target interactions. This 

has been one of the primary motivators for the sensor community’s interest in 

nanostructured electrodes 26,31. To that end, we initially investigated if the increase in EF of 

the np-Au electrodes monotonously improve the sensor performance. Figure 3 shows the 
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aggregate hybridization current change for the two different morphologies with different 

thicknesses, expressed in terms of their EF values. Independent of the DNA target 

concentration (250 – 4000 nM), hybridization current change, which determines detection 

sensitivity, increased with EF up to approximately an EF of 5. However, the sensor 

performance deteriorated with higher EFs (indicated by decreasing hybridization current 

observed for both unannealed and annealed electrode morphologies as shown in Figure S3). 

In addition, around an EF of 12, the sensor displayed the highest resolution in detecting 

DNA target at different concentrations. We attribute this EF-dependent reduction in sensor 

performance to transport limitations of DNA probe and/or target DNA into the deeper pore 

surfaces, which is discussed next.

Electrochemical and Fluorometric Characterization of the Capture Probe Layer.

Since the quality of the DNA probe monolayer (the capture layer) plays a critical role in the 

sensor performance47-49, we investigated whether the entire electrochemically-active surface 

area is functionalized with the DNA probe using relative probe current measurements and 

fluorometric quantification of electrochemically desorbed and eluted DNA probe (Figure 4). 

Normally, the relative probe current is expected to increase with the increasing EF (Figure 

4C), as a larger surface area should support more MB-labeled DNA. On the contrary, the 

relative probe current displayed the opposite of the expected trend (Figure 4A), that is, 

initially a constant value followed by a rapid decrease for the samples with the largest EF 

(27.9 and 36.1). The amount of DNA desorbed from the samples with different EFs (Figure 

4B) was in an agreement with the amount of DNA recovered from each sample (~10 ng/mL 

to 50 ng/mL) as determined by our previous studies using the same grafting solution 

concentration (0.5 μM)32. In that study, we observed that the amount of surface-bound and 

unbound DNA amounts strongly depended on the grafting solution concentration, where 

recovered DNA probe approached 5000 ng/mL for grafting solution concentrations of 8 μM. 

These results suggest that there is significant hindrance in permeation of DNA probe into the 

pores. Only a higher concentration gradient between bulk and the pores, attained by high 

grafting solution concentrations, can drive DNA into the deeper pores. Figure 4C is a 

composite plot of electrochemical and fluorometric quantification of the DNA probe layer 

illustrating the significant deviation from the expected linear relationship32 (shown with a 

trendline) between the two read-outs. Taken together, the severely reduced efficiency in 

grafting the electrochemically-active surface at higher EFs likely plays a role in the impaired 

sensor performance. Since SWV frequency is one of the main parameters that could affect 

electrochemical measurements22,50, we next investigate how different frequencies alter DNA 

probe signal (surrogate for sensor performance).

Influence of SWV Frequency.

For the MB-tagged DNA capture probe, signal-off sensor, the sensor performance can be 

influenced by a variety of parameters (e.g., capture probe layer density, target concentration, 

electrochemical testing parameters, etc.). For any given case, the difference between probe 
peak current and baseline, referred to as the relative probe current, is used as the main 

criteria for the sensor optimization (Figure 1). The SWV frequency plays an important role 

in the magnitude of the relative probe current6,51. The frequency that allows the participation 

of the entire DNA capture layer (labeled with MB reporters) in the redox reaction relies on 
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the rate of electron transfer kinetics and ionic transport in and out of the nanostructured film 

to facilitate the charge transfer. To investigate the influence of SWV frequency on probe 

peak current and baseline, we captured the DNA relative probe currents for the different 

samples at a frequency range of 3 to 40 Hz (Figure 5). There is an increase in the relative 

probe current with increasing frequency for all EFs at lower SWV frequencies. However, the 

relative probe current significantly decreases for higher frequencies, particularly for the 

thicker samples (EFs of 27.9 and 36.1). While unannealed np-Au samples (smaller pores) 

exhibited higher sensitivity to SWV frequency than the annealed np-Au samples (coarser 

pores), the relative probe currents reached their maximum value in general at mid-

frequencies for all samples with a trend of decreasing optimal frequency as electrode EF 

increased (Figure S4). While ionic transport into the pores, particularly if they are depleted 

through the electrochemical processes18,30,52, may play a role in reducing the relative probe 

current with increasing frequency, the peak probe current followed the expected trend of a 

square root dependence on scan rate (Figure S5), which can be converted from the SWV 

frequency by multiplying it with the step size. This suggests that the frequencies used here 

are below the electron transfer rates to obtain sufficient faradaic current from the MB tag 

and therefore the baseline current may be considerably influencing the final relative probe 

current, as studied next.

Baseline Shifts.

Baseline current shifts often stem from the capacitive currents due to formation and 

relaxation of the electric double layer (EDL) at the electrode-electrolyte interface, whereas 

the faradaic currents are due to redox reactions contributing to the peaks in 

voltammograms50,51,53-57. In order to evaluate the extent of baseline shifts as function of 

frequency in a stepwise manner, we studied how the baselines evolve as a bare electrode is 

successively functionalized with MCH and subsequently with the DNA probe with the MB 

redox reporter (Figure 6 and Figures S6-S8). The first general observation is that the 

baseline current increases with frequency and with electrode EF. The role of MCH in 

reducing the baseline shift, plausibly by suppressing EDL, is highlighted by the contrast 

between bare (Figure 6A) and MCH-functionalized electrodes (Figure 6B). MCH is a short 

mercapto-alkane molecule that reduces interfacial capacitance47,58 and reduces non-specific 

interactions of the electrode and electrolyte33,59. The electrodes functionalized with only 

MCH (Figure 6B) or MCH+DNA exhibit almost identical baseline shift behavior with 

respect to the frequency (Figure 6C) indicating that MCH passivation of the electrode 

surfaces is similar for both cases and it is the MCH functionalization (not DNA probe) that 

dictates the baseline shift. Taken together, the MCH treatment is critical in mitigating the 

undesirable contribution of capacitive currents, which ultimately reduces the resulting 

relative peak current (surrogate for sensor performance). However, while the MCH treatment 

helps in augmenting the relative peak current, the electrodes with high EFs still suffer from 

large capacitive currents resulting in severely diminished relative peak currents, which 

negatively impact sensor performance (Figure 3 and 5). This incomplete suppression of the 

baseline may be in part due to partial passivation of electrochemically-active surfaces 

especially for thick unannealed np-Au electrodes that are subject to hindered transport of 

MCH to the deeper pores.
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Electrochemical Impedance Spectroscopy.

To understand the extent of MCH passivation and its effect on the sensor performance, we 

conducted electrochemical impedance spectroscopy (EIS) on bare and MCH-functionalized 

electrodes for the samples with the smallest and largest EF values (Figure S9). We utilized a 

Randles equivalent circuit with a Warburg element to account for the influence of mass 

transport within the porous electrode60-63. However, the main circuit element of interest in 

this study is the EDL capacitance (Cdl), which should be suppressed upon MCH 

immobilization as discussed in the previous section 63,64. The equivalent circuit yields a 

solution resistance Rs of ~300 Ω across all electrode types, in agreement with PBS resistance 

reported by others65,66. Furthermore, EDL capacitance for the thin, annealed bare np-Au 

electrode (EF = 3.1) was 25-fold less than that for the thick, unannealed bare sample (EF = 

36.1), 24 ± 1 μF and 610 ± 70 μF respectively. Upon MCH passivation, the interfacial 

capacitance decreased between 75% to 90% with respect to the bare electrodes. This large 

percent reduction in capacitance rules out the hypothesis that MCH immobilization on 

thicker electrodes with small pores (i.e., large EF) is prone to hindered transport of MCH 

and hence partial MCH passivation. Nevertheless, the large effective surface area of thick 

electrodes still leads to large total interfacial capacitances, hence, more drastic shifts in the 

baseline current (Figure 6) and consequently a reduced relative probe current (impaired 

sensor performance) especially for high SWV frequencies. These results further highlight 

the imperative to identify the break-even electrode film thickness and morphology (bundled 

into the EF parameter) to maximize the probability of target DNA capture while minimizing 

mass transport limitations and parasitic capacitive current contributions, all of which 

increase with higher EFs yet at different rates.

Real-time Target Hybridization.

The observations so far support our initial statement that simply increasing the effective 

surface area does not translate into enhanced affinity-based electrochemical sensor 

performance. A variety of behaviors, such as baseline shifts and hindered DNA probe 

permeation into deeper pore layers, need to be considered. As a corollary to the mass 

transport limitations for DNA probe grafting,- we leverage the MB-tagged DNA probe 

capture layer for a real-time study of hybridization kinetics when target DNA is added to the 

electrochemical cell. Electrodes with different EFs were exposed to three different target 

concentrations to cover a wide dynamic range (250 nM to 4000 nM) and the time-course up 

to 15 minutes of hybridization was acquired via monitoring the hybridization current 
change. Figure 7 shows the normalized hybridization current change (normalized to the 

average of last three timepoints for each group; Figure S10) for two extreme EFs (3.1 and 

12.8). Note that we used the sample with EF of 12.8 as the upper bound, since EFs beyond 

12.8 suffered from excessive baseline shift with suppressed relative probe current. With 

increasing DNA target concentration, the steady-state hybridization current change increased 

for all electrode types (Figures S10), which is expected from the steeper concentration 

gradient between the bulk and intra-pore volumes likely increasing the permeation of target 

DNA into the pores. A comparison of the hybridization kinetics (assessed by time to reach 

the ~50% of steady-state hybridization current change in Figures 7A and 7B) reveals that 

both np-Au electrodes (EFs of 3.1 and 12.8) respond to added target DNA within a similar 

time scale (a few minutes) while the pl-Au reaches ~80% of the steady-state hybridization 
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current change during the same duration. This is expected since the target DNA needs to 

permeate the porous electrode unlike the pl-Au electrode with a flat surface. Moreover, since 

the bulk diffusion distance for the target DNA onto the electrode surface is the same for np-

Au and pl-Au electrodes, the rapid stabilization of pl-Au sensor performance suggests that 

the rate-limiting transport step is the pore permeation, and not bulk diffusion, underlining 

the importance of the working electrode properties.

Importantly, the highest steady-state hybridization current change is achieved for EFs around 

5 (Figure 7C), underscoring the non-monotonous dependence of sensor performance with 

respect to the increasing effective surface area. Put another way, it is clear that expanding the 

effective surface area improves the sensor performance (higher steady-state hybridization 

current change); however, past a certain EF (~5 for the experimental parameters here), the 

sensor performance deteriorates and reaches a plateau. Since the majority of the target DNA 

detection occurs within the top portions of the electrodes, the putative changes in tortuosity 

due to coarsening may play a minor role in the sensor performance.

CONCLUSIONS

This study demonstrates the interplay of effective surface area (EF), mass transport, and 

electrochemical features of nanoporous thin film electrode coatings in defining the overall 

sensor performance. Higher EFs, given undeterred mass transport to the DNA probe capture 

layer, are desired for maximizing probability of target DNA capture, which enhances sensor 

sensitivity and response time. However, for porous electrodes, while the EF increases with 

thickness, the accessibility to the surfaces is hindered by transport limitations. One example 

of this in the current study was the limit to the amount of DNA probe immobilization that 

was insensitive to the porous electrode EF. To that end, there is a need for novel working 

electrode architectures that can both maintain high effective surface area and unhindered 

access to the surfaces. In addition, the electrodes with higher EF was susceptible to large 

interfacial capacitance even though partially suppressed by MCH molecules that were less 

affected by transport limitations due to their small molecular size. The large interfacial 

capacitance (observed as SWV baseline shifts) ultimately reduced the signal-to-noise ratio 

of faradaic current to capacitive baseline current, which adversely affected the sensor 

performance. Finally, the real-time hybridization assay highlighted that the steady-state 

hybridization current change exhibited a non-monotonous dependence on electrode EF, 

where increased EF (up to ~5) enhanced sensor performance while larger EFs impaired the 

performance. Collectively, these observations underline the importance of determining 

optimal nanostructured electrode thickness and morphology (conveniently expressed as EF) 

for tapping the optimal sensor performance for nanoporous electrodes. We expect this study 

to inform the design and implementation of other nanoporous working electrode coatings for 

advanced electrochemical sensors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Description of electrochemical sensor read-out terminology for the signal-off DNA detection 

mode.
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Figure 2. 
Left Panel: FIB/SEM micrographs of cross-sectional views of unannealed and annealed np-

Au films at various surface area enhancement factors (EFs). Right Panel: SEM micrographs 

of top-view unannealed and annealed np-Au films at various EFs. Electrode thickness (h) 

and pore radius (r) displayed for each sample image.
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Figure 3. 
Hybridization current change for a range of EFs (unannealed np-Au, annealed np-Au, and 

control pl-Au ) when exposed to various target ssDNA concentrations (250, 500, 1000, 4000 

nM) illustrating non-monotonic dependence on EF. Trendlines are visual guides only.
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Figure 4. 
(A) Electrochemical DNA probe current signal for unannealed and annealed np-Au at 

varying EFs immobilized with 0.5 μM DNA probe grafting solution concentration; (B) 

OliGreen fluorometric determination of ss-DNA concentration of the immobilized DNA 

probe on sample for various EFs and morphologies; (C) Composite plot of (A) and (B) to 

show the discrepancy between electrochemical and fluorescence measurements in the 

amount of DNA probe immobilized on the sample surface. Trendlines are visual guides only.
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Figure 5. 
DNA relative probe current measurements as a function of square wave voltammetry 

frequency for unannealed np-Au (solid data points), annealed np-Au (open data points) and 

control pl-Au (star), at their respective EFs. See Figure S5 for all EFs. Trendlines are visual 

guides only.
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Figure 6. 
Baseline shifts with respect to electrode EFs interrogated at various SWV frequencies for 

successive surface functionalization types (A: Bare electrode; B: MCH functionalization; C: 

MCH and DNA probe functionalization). Trendlines are visual guides only.
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Figure 7. 
Normalized hybridization current change for (A) EF = 3.1 and (B) EF = 12.8. for various 

target concentrations, measured at 1, 2, 3, 5, 7, 9, 12 and 15 minutes. (C) Hybridization 

current change at t = 9, 12 and 15 minutes for all EFs. Trendlines are visual guides only.
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