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Abstract

A variety of electrochemical (EC) biosensors play critical roles in disease diagnostics. More 

recently, DNA-based EC sensors have been established as promising for detecting a wide range 

of analyte classes. Since most of these sensors rely on the high specificity of DNA hybridization 

for analyte binding or structural control, it is crucial to understand the kinetics of hybridization 

at the electrode surface. In this work, we have used methylene blue labeled DNA (MB-DNA) 

strands to monitor the kinetics of DNA hybridization at the electrode surface with square-wave 

voltammetry (SWV). By varying the position of the double-stranded DNA (dsDNA) segment 

relative to the electrode surface as well as the bulk solution’s ionic strength (0.125 to 1.00 M), 

we observed significant interferences with DNA hybridization closer to the surface, with more 

substantial interference at lower ionic strength. As a demonstration of the effect, toehold-mediated 

strand displacement reactions were slowed and diminished close to the surface, while strategic 

placement of the DNA binding site improved reaction rates and yields. This work manifests that 

both salt concentration and DNA hybridization site relative to the electrode are important factors 

to consider when designing DNA-based EC sensors that measure hybridization directly at the 

electrode surface.
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INTRODUCTION

The development of DNA-based sensors for highly sensitive, sequence-specific 

quantification has become valuable due to their extensive applications in clinical diagnosis, 

pathogen detection, gene expression studies, and environmental monitoring.1–4 There are 

numerous analytical techniques that have been established for oligonucleotide detection, 

such as fluorescence, electrochemistry, surface plasmon resonance, chemiluminescence, 

photoelectrochemistry, and quartz crystal microbalance.5–8 Among these methods, usage of 

electrochemical (EC) DNA sensors has grown, owing to their reliability, rapid response, 

low cost, portability, lower sample requirements, their ability to work on complex/

multicomponent samples, and their remarkably high sensitivity and selectivity.9–14 Many 

nucleic-acid based EC sensors use structure switching probes for target-dependent signal 

change15, and some of these sensors have recently made an impressive leap into real-time 

blood measurements in living animals.16–20 Other sensor architectures based on steric 

hindrance10, 21, 22 and tethered diffusion of surface DNA probes have been developed more 

recently to address generalizability.23–27 The variety of targeted analytes have been greatly 

expanded28 from the original sensors of nucleic acids to other molecular categories such as 

small drug molecules, small hormones, peptides, and larger proteins (e.g. antibodies) within 

the field of EC sensors.

Regardless of the analyte class, a common theme in these DNA-based EC sensors 

is a foundation made from a self-assembled monolayer (SAM) and nucleic acid as a 

signaling element on the electrode.29 Along with complementary base-pair hybridization 

between long oligonucleotides for DNA detection, several DNA-based sensors targeting 

analytes employ short oligonucleotides (≤10 base pairs) toward this goal.30–34 For example, 

Plaxco and co-workers have constructed a smart bioelectrochemical switch to directly 

quantify antibodies in blood samples. The target distorted the 5 base pair (bp) stem-
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loop conformation of the probe DNA on the surface, resulting in analyte-dependent 

electrochemical signal change.32

In our previous works, we have reported a highly sensitive and selective electrochemical 

proximity assay (ECPA), where analyte-induced DNA hybridization (5, 7, or 10 bp) on 

the surface resulted in the recruitment of a redox-tagged DNA strand closer to the sensor 

surface.30, 31 Several research groups have studied the performance of similar EC sensors 

by investigating the effects of immobilized probe structure,35 surface density,36 nature of the 

co-adsorbates,37 redox reporters,38 reversible cation-induced collapse,39 nuclease hydrolysis 

rates,40 and modifications in the square-wave voltammetry (SWV) frequency.41 However, 

the dependence of such EC signals on the relative distance of DNA binding sites from the 

electrode surface has not been extensively explored. As solution-to-surface hybridization is 

distinct from solution-phase hybridization in terms of kinetics and thermodynamics,42, 43 

sensor performance may be sensitive to the location of the redox reporter and/or DNA 

binding site. The surface charge will likely alter the hybridization rate of negatively 

charged DNA24, 44, thereby altering the signaling properties of the EC sensor. Especially 

for short hybridization sequences (≤10 bp) near the electrode surface, this effect may lead to 

distinctive consequences such as low binding energy and loss of assay performance.

Here, we describe a detailed study in which we varied the site of DNA hybridization relative 

to the electrode under different conditions. The experimental results showed that the surface 

hybridization kinetics of short DNA strands depend strongly upon the distance between the 

electrode and the binding site, and the ionic strength dependence suggests that this effect 

is driven by the electric double-layer. The importance of this effect is demonstrated using 

toehold-mediated DNA strand displacement reactions at the electrodes, where more rapid 

and efficient sensing is achieved by distancing the binding site away from the electrode. 

Ultimately, this study suggests that the position of the nucleic acid hybridization site relative 

to the electrode should be carefully controlled in conjunction with the bulk ionic strength 

when developing DNA-based EC sensors.

EXPERIMENTAL

Reagents and Materials.

All solutions were prepared with deionized, ultrafiltered water (Fisher Scientific). The 

following reagents were used as received: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) (99.5%), tris-(2-carboxyethyl) phosphine hydrochloride (TCEP), (Sigma-

Aldrich, St. Louis, MO). HPLC-purified, methylene blue-conjugated DNA (MB-DNA) was 

purchased from Biosearch Technologies (Novato, CA). Oligonucleotides were obtained from 

Integrated DNA Technologies (IDT; Coralville, Iowa). Sequences of single-stranded DNA 

(ssDNA) used in the experiment are given in Table S-1. These sequences were designed 

using the nucleic acid package webserver (NUPACK).45

Preparation of the Electrode.

Electrochemical sensors for the kinetics study were prepared using an Au working electrode 

(2 mm diameter, CH Instruments, Inc., Austin, TX). The electrodes were polished using a 
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previously reported protocol,30 with slight modification. Briefly, electrodes were cleaned 

with freshly prepared piranha solution (H2SO4/H2O2, 3:1) for 5 min and rinsed with 

deionized (DI) water. To obtain a uniform surface area, electrodes were polished carefully 

with an aqueous alumina slurry with particle size of ~0.05 μm (Buehler, Lake Bluff, IL) 

for 3 min followed by sonication in ethanol/water (1:1) for 5 min. Subsequently, the 

Au electrode was rinsed with deionized water and electrochemically etched using cyclic 

voltammetry (CV) in 0.5 M H2SO4 by applying the potential from −0.35 to +1.5 V vs. 

Ag|AgCl(s) (3 M KCl) at a scan rate of 0.1 V s−1 for 5 cycles to remove the impurities. 

The cleaned Au electrode was thoroughly rinsed with DI water and dried using a stream of 

nitrogen gas.

DNA Self-assembled Monolayer Formation.

Typical experiments included the preparation of three electrodes in parallel, as follows. 

Thiolated DNA (thio-DNA), with a dithiol group at its 5’ terminus, was used for monolayer 

assembly. The dithiol was reduced to a monothiol with TCEP to effectively form the self-

assembled monolayer (SAM). A 6 μL portion (2 μL per electrode) of 200 μM thiolated DNA 

was mixed with 18 μL (6 μL per electrode) of 10 mM TCEP and incubated for 1 h at room 

temperature (~21 °C) in the dark for reduction of disulfide. The solution was then diluted to 

a total volume of 300 μL in HEPES/NaClO4 buffer (10 mM HEPES and 0.5 M NaClO4, pH 

7.0; referred to herein as “buffer”)30 to a final concentration of 1.25 μM. Unless otherwise 

noted, all solutions used in the following experiments were carried out in buffer at pH 7.0 

and 0.5 M salt. Immobilization of DNA was carried out by directly transferring freshly 

cleaned electrodes to the reduced thiol-DNA solution and incubating them for 1 h at room 

temperature in the dark. Following the self-assembled monolayer (SAM) formation, the 

electrodes were thoroughly rinsed with deionized water (~ 20 s) to remove any excess thio-

DNA physically adsorbed on the surface. To prevent nonspecific binding, the SAM-modified 

electrode was immediately transferred to 3 mM 6-mercaptohexanol (MCH) solution and 

incubated for 1 h at room temperature in the dark46 followed by gentle rinsing with DI water 

(~ 40 s) to remove any excess MCH. The electrode was then placed into a glass container 

with buffer until ready for use.

Electrochemical Measurements.

Electrochemical measurements were performed using a GAMRY Reference 600 

electrochemical workstation with a standard three-electrode system composed of an Ag|

AgCl(s) (3 M KCl) reference electrode (Bioanalytical Systems), Pt wire counter electrode, 

and an Au as a working electrode (diameter = 2 mm). All potentials are reported relative to 

Ag|AgCl (3 M KCl) reference electrode. Electrochemical measurements were performed at 

25 °C in buffer using square wave voltammetry (SWV) with a step size of 1 mV, a pulse 

height of 25 mV, and a frequency of 100 Hz over the potential range from −0.45 to 0 V 

(average of −0.225 V). For the hybridization kinetics measurements, a voltammetric trace 

was recorded upon immersion of the electrode into the sample (t ≈ 0 min), and a scan was 

carried out every 5 min for 125 min. For the calibration experiment, the sensor was allowed 

to equilibrate in 500 μL of buffer with various concentrations of M10 DNA for 30 min 

at 25 °C. Subsequently, the counter and reference electrodes were introduced, and SWV 

measurement was initiated.
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Hybridization Kinetics.

The sensor was immersed in a glass electrochemical cell containing 100 nM MB conjugated 

DNA sequences (M10 DNA) in 500 μL of buffer to study the binding kinetics of a 

short (10 bp) DNA hybridization segment. For varying the double-layer thicknesses, four 

different salt concentrations were used to prepare the buffer solutions: 0.125 M, 0.25 M, 

0.5 M, and 1.0 M NaClO4. As a control experiment, M40 DNA in 0.5 M NaClO4 was 

used to increase the number and stability of complementary bases (40 bp), since this long 

complementary strand’s stability should not be significantly affected by the double layer. For 

toehold-mediated strand displacement studies, two competitor DNA sequences (C-33-LTH 

and C-33-UTH), were used as shown in Table S-1. The sensor was allowed to equilibrate 

with 500 nM of competitor in 300 μL buffer for 24 h at room temperature (~21 °C) in 

the dark. Following the duplex formation of competitor and thio-DNA, the electrodes were 

rinsed with buffer (~ 5 s) to remove any excess physically adsorbed competitor from the 

surface. To initiate strand displacement and study the role of hybridization site, the sensor 

was incubated in 100 nM of M40 DNA in 500 μL of buffer. For all kinetics studies, SWV 

measurements were made once every 5 min.

Data Analysis.

For all experiments, each set of raw SWV data (including Vstep and Idiff data) was 

transferred to Microsoft Excel, and a third-order polynomial baseline was calculated near the 

redox potential of MB-DNA. The “Linest” function in Excel was used, and data points from 

−0.450 to −0.360 V and −0.12 to −0.001 V were selected for baseline fitting. The baseline 

function was subtracted from the raw data to get a baseline-corrected SWV voltammogram. 

The maximum current from this graph was used as the peak height of each particular run. 

Additional details are provided in our previous work.27

In studying hybridization kinetics, the reversible DNA–DNA hybridization on the electrode 

surface can be described by a Langmuir kinetic model,47

dθ
dt = konc(1 − θ) − koffθ (1)

Where θ is the fraction of hybridized target DNA on the surface, c is the concentration of 

target ssDNA in solution, and kon and koff are the association and dissociation rate constants, 

respectively. The solution of this first-order differential equation is,

θ = Kc

1 + Kc
(1 − e− t

τ ) (2)

The equation describes the adsorption kinetics, where Kc = kon / koff is the equilibrium 

constant. Figure S-1 in Supporting Information shows a normalized and log-transformed 

version of Equation 2 which was used to fit kinetic data and estimate the hybridization time 

constant, τ, a constant that provides the time (in minutes) required to reach ~63% of the 

asymptotic equilibrium value. This time constant (i.e. the lifetime of the process) is related 

to the rate constants as follows.
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τ = 1
kon + koff

(3)

Hybridization data were analyzed in GraphPad Prism 7.03. For all determinations of 

hybridization time constant, τ, the average of three kinetic measurements with three different 

electrodes was used, plugged into Equation S-1, then linearly fit to determine τ; error bars 

on lifetime values represent standard errors after the slope determination from the linear fit.

RESULTS AND DISCUSSION

Hybridization of short DNA strands near the electrode surface.

Electrochemical assays based on DNA hybridization have been expanded by successfully 

quantifying a wide range of analytes in the past decade.5, 13, 25, 27, 28, 32 The unique 

flexibility in DNA design allows users to control the specific hybridization site and location 

of the redox label(s). Nonetheless, surface-based hybridization reactions are seldomly 

studied under assay-relevant conditions, thus there is a need for an improved understanding, 

particularly with shorter hybridization segments. In this work, we have evaluated sensors 

with a single DNA hybridization site, in which a redox-labeled ssDNA analyte in solution 

hybridizes to a SAM of complementary ssDNA on the electrode surface. This hybridization 

places the redox molecule at various, controlled distances from the electrode surface, where 

we use distance units of equivalent nucleotides of ssDNA (nt) for ease of understanding; a 

distance of 0.68 nm is considered equivalent to 1 nt.48 Herein we designed eight different 

thio-DNA (0A-thiol to 7A-thiol), which places the DNA binding site at varying distances 

relative to the sensor surface (about 1 to 6 nm for the closest part of binding site) by tuning 

the length of the spacer, a series of adenines (A) at the 5’-end of thio-DNA. Nucleotides 

were removed from the 3’-end to preserve the length of all eight thio-DNAs at 40 nt and to 

promote equivalent biophysical characteristics such as flexibility and tethered diffusion. The 

DNA hybridization site between thio-DNAs and analyte strand M10 formed 10 base pairs 

(bp). The hybridization of the M40 strand formed 40 bp, which was used as a control strand 

which could largely avoid surface effects.

Figure 1 depicts the experimental design employed to study the kinetics of DNA 

hybridization (short segments of 10 bp) at different sites relative to the electrode. As the 

system approaches binding equilibrium, hybridization of the thio-DNA (blue) and M10 

redox-labeled DNA (red) brings the MB label close enough to the Au electrode surface to 

enable the transfer of electrons, which leads to a faradaic electrochemical signal during the 

SWV potential scan. An increase in current was observed upon the addition of analyte DNA 

(M10), and peak currents and kinetic data were used to determine the time constants for 

DNA hybridization at different spacings and salt concentrations. As discussed further below, 

binding sites closer to the electrode and at lower ionic strengths exhibited significantly 

slower hybridization rates and diminished currents, likely due to double-layer interference 

with the base pairing interactions. Figure 1 (lower plots) also shows the expected peak 

currents observed over time in kinetic experiments. It is important to note that two 

convoluted effects will be observed, labeled with numbered circles in the figure: 1) DNA 

hybridization kinetics and equilibria and 2) distance dependent electron transfer. While an 
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intermediate spacer should allow faster hybridization and higher current, longer spacers will 

avoid surface effects but will exhibit lower current due to the distance from the surface.

Steady-state experiments.

In earlier steady-state measurements, we had expected the highest faradaic currents to be 

observed with the DNA hybridization segment and MB label closest to the surface (0 nt 

spacer; 0A-thiol strand). However, we consistently observed the steady-state peak currents 

to gradually increase from about 600 to 900 nA as the label was moved away from the 

surface, from 0 nt to about 5 nt (Figure 2a). The more precipitous decrease at distances 

further from the electrode (6–7 nt) was expected, since the MB label was being positioned 

further away. To better understand the loss of current close to the electrode, we elected to 

more closely study the DNA hybridization kinetics. Since this steady-state peak current loss 

near the electrode was not observed with long, stable DNA hybridizations (e.g. M40) in 

control experiments, the electric double-layer (shaded in red in Figure 1 and Figure 2a) was 

surmised to play a meaningful role in shorter segment hybridizations (e.g. M10).

Hybridization kinetics.

Initial kinetic experiments at different spacer lengths (Figure 2b) showed a similar effect, 

suggesting double-layer interference in hybridization near the surface. The 0 nt spacer 

exhibited the slowest observed hybridization, positioned closest to the electrode (0A-thiol, 

red data), as suggested by the schematic in Figure 1. As seen in Figure 2b, once the 

hybridized segment was spaced at least 4 nt away (4A-thiol, blue data), the rate was 

faster, and the system reached higher steady-state currents. Although the steady-state current 

was lower with longer spacers (7A-thiol, gray data), the hybridization rate was essentially 

equivalent to that of intermediate spacers, indicating that a surface effect was interfering 

with hybridization of the short DNA segment. As shown in Figure 2b, the same effect was 

easily observed at both 0.500 M (left) and 0.250 M (right) salt concentrations. Normalized 

current data (inset plots) show clearly that using a 0 nt spacer (red data) resulted in the 

slowest DNA hybridizations. The inset table describes the two convoluted effects (numbered 

in Figure 1), where current increases as the MB label is positioned closer to the electrode 

surface, yet DNA hybridization is impeded closer to the surface.

Double-layer thickness considerations.

At the electrode surface, it is well-known that an electric double-layer forms when exposed 

to a fluid such as an aqueous buffer solution.49 The thickness of the double layer depends 

on the electrolyte concentration, and its thickness is related to the κ−1, the Debye-Hückel 

length.50

κ−1 = εε0kT
2n0z2e2 ≈ 3.04 × 10−8

z C
(4)

Here ε is the relative permittivity of the solvent, ε0 is the vacuum permittivity, k is the 

Boltzmann constant, T is the temperature, C is the bulk electrolyte concentration, z is the 

ion charge, and e is the elementary charge. Using the simplified form of Equation 4 (right), 

as described by Bard and Faulkner,49 we calculated the values of the Debye-Hückel length 

Khuda et al. Page 7

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for the varying salt concentrations used in this study. Here, we define the value d = 2.3 × 

κ−1 to represent a distance at which the electrical potential decays from the surface value by 

90%. For NaClO4 concentrations of 1.0 M, 0.5 M, 0.25 M, and 0.125 M, we calculated the d 
values to be approximately 0.7 nm, 1.0 nm, 1.4 nm, and 2.0 nm, respectively. Thus, we could 

vary the double-layer thicknesses and control the range at which hybridization interferences 

may occur from 0.7 to 2.0 nm.

It should be noted that the chemical structure at our gold electrodes includes a DNA 

monolayer that is filled in with a protective MCH monolayer, both layers being 

coadsorbed,51 and we can assume the MCH monolayer to be approximately 1.2 nm in 

thickness52 based on a tilt angle of ~30° (depicted this way in Figure 1). From thickness and 

capacitance measurements,53 it is understood that the MCH layer acts as a thin dielectric, 

yet it is also somewhat permeable to ions and has been observed to oscillate in thickness 

by about 0.1 nm.54 With our particular system, double-layer calculations via Equation 4 

do not consider these structural complexities, although we do know that there is significant 

charge on equivalent gold-MCH/DNA surfaces in buffer at floating potential.51 Herein, we 

have assumed the double-layer effects calculated from Equation 4 to extend from the top of 

the MCH monolayer, which may limit our precision by ~1 nm (about 1 nt spacer length). 

Nonetheless, our results indicate that double-layer effects are most likely the cause of the 

hybridization interferences, as described within this work. An interesting avenue for future 

work would be to carry out dynamic simulations of the gold-MCH/DNA surfaces.

Effects of position and ionic strength on current and hybridization time constant.

Useful preliminary information was obtained from steady-state and kinetic measurements 

shown in Figure 2a–b. While steady-state peak current magnitudes can vary with electrode-

to-electrode differences,13 hybridization time constants are independent of these variations. 

The next study was a more thorough evaluation of similar kinetic data at varying distances 

from the surface (0 to 7 nt spacers) and at different ionic strengths (0.125 to 1.00 M). From 

these data, we calculated the maximum currents using a simple spreadsheet function, and 

we determined the hybridization time constants, τ, by fitting temporal data to Equation 2 

(Figure 2c–d) using the transformation in Equation S-1. These experiments included 40 

different experimental conditions carried out in triplicate, thus 120 different electrodes were 

used to obtain the data in Figure 2d.

The maximum peak current data are shown in Figure 2c. It should be noted that with 

increasing salt concentration, DNA binding energy is known to increase. This could have 

been a plausible cause of an increase in maximum current, although the effect should be the 

same for all eight spacer lengths tested. However, we found that the 10-bp binding at both 

6 nt and 7 nt spacer lengths gave statistically the same current response (p>0.6) with 0.5 M 

and 1.0 M salt, whereas, shorter spacer lengths gave a distinct current response (p<0.05), 

indicating that the attenuation of the double-layer is most likely responsible for the improved 

current response for 0 to 5 nt spacers. As a control experiment, strands with much more 

stable hybridization energy (40 bp) were evaluated at 0.5 M ionic strength (blue data), since 

the dsDNA of 40 bp strands should not be significantly affected by the double layer. In 

this case, the fact that the current continued to increase as the MB label was positioned 
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closer to the electrode suggests that the very strong hybridization was able to overcome any 

double-layer interference effects, and the expected increasing SWV current response was 

observed as the MB label was moved closer to the surface.

Hybridization time constant data are shown in Figure 2d; note the logarithmic y-axis scaling. 

As anticipated, higher ionic strength (1.00 M) reduced double-layer effects and resulted in 

the shorter hybridization time constants (~10–20 min) at all spacer lengths, while lower 

ionic strength (0.125 M) gave pronounced double-layer effects and much longer time 

constants (~2–3 h). The observed strong enhancement in hybridization speed with increasing 

salt concentration indicated that double-layer effects could be reduced experimentally, in 

turn facilitating more efficient hybridization of complementary DNA close to the sensor 

surface. The kinetic data at the middle range of salt concentrations (0.25 and 0.5 M) provide 

more evidence for the same. Increasing distance from the electrode (0 to 7 nt spacers) 

facilitated faster kinetics in both cases. Again, the 40 bp strands were used as a control at 

0.5 M ionic strength (blue data). This result essentially provided a limit on the speed of 

hybridization (~10–15 min time constant), and as expected, the 10-bp binding at the highest 

salt concentration (1.0 M; yellow data) was very similar to this control.

Structural justification of double-layer effects.

Considering the experimental evidence to this point, the depiction of the electrode surface 

in Figure 1 can be revisited. In this figure, the MCH monolayer was shown with a thickness 

of about 1.2 nm and with individual MCH molecules at a 30° tilt angle, as described in 

detail by others.52 We have attempted to show the double-layer thickness (red shaded region) 

in the figure to scale, compared to the MCH monolayer thickness, the 4-nt spacer length, 

the 10-bp segment of dsDNA, and the MB-to-DNA tether length. For clarity, all these 

molecular lengths are shown in the fully extended polymer conformation, therefore it is 

probable that the average lengths are shorter than we depicted. The double-layer is shown 

as if the ionic strength were 0.5 M, giving d = 2.3 × κ−1 ≈ 1.0 nm. It is clear from Figure 

1a (right) that with no spacer included in the thio-DNA (0A-thiol), the double-layer has 

the propensity to interfere with several of the DNA base pairs within the 10-bp segment of 

the dsDNA (M10 bound to 0A-thiol). This effect would destabilize DNA binding, causing 

slowed hybridization kinetics, and it would be ionic strength dependent, all of which agree 

with our experimental observations (Figure 2). By contrast, when we include at least a 4 nt 

spacer, the dsDNA is physically cleared from significant interactions with the double-layer, 

particularly in its fully extended form as shown in Figure 1b (right). The spacer would thus 

promote typical (faster) hybridization rates at longer distance and higher ionic strength, as 

observed in experiments.

Toehold-mediated strand displacement near electrode surfaces.

A useful demonstration of the observed double-layer effects is provided by positioning short 

DNA hybridization sites near or far from the electrode surface. Toehold-mediated strand 

displacement reactions using DNA55, 56 have become increasingly important in binding 

reactions used in analytical chemistry, bioanalysis, and nanotechnology. These systems 

typically rely on a short, ssDNA toehold segment or domain that facilitates displacement 

of a larger, dsDNA domain within the same strand; the displacement is initiated by an 
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invading strand complementary to the ssDNA domain and part of the dsDNA domain 

sequence. Here, we built a mock sensor using the 40 nt DNA strand (M40) as the analyte 

(i.e. invading strand) to bind to a 7 nt toehold, thereby triggering strand displacement of a 

33 bp competitor hybridized to thio-DNA at the gold electrode surface (Figure 3a–b). Two 

competitor DNA sequences were designed (C-33-LTH and C-33-UTH in Table S-1), in such 

a way that they expose either a lower toehold (LTH) or an upper toehold (UTH). The LTH is 

positioned close to the electrode, while the UTH is far from the electrode. As shown in the 

schematic, the kinetics of hybridization to an LTH (Figure 3a) should be significantly slower 

than binding to a UTH (Figure 3b). In both cases, the M40-to-thio-DNA binding energies 

are equal (40 bp) and larger than the competitor-to-thio-DNA energies (33 bp), and the 

toeholds are of equal length (7 nt), such that toehold mediated strand displacement should 

be equally favored in both systems unless the toehold position relative to the electrode is 

relevant.

As shown in Figure 3c–d, the M40 strand readily displaced the competitor strand when 

the toehold was not near the surface (UTH; light blue). Hybridization time constants for 

UTH systems were short (τ ≈ 15–22 min), even approaching that of the 40 bp control 

experiments (red, blue; rightmost data) that did not include a competitor strand (τ ≈ 11–16 

min). By contrast, the lower toehold systems (LTH; green) showed obvious interference 

from double-layer effects, which slowed hybridization kinetics significantly (τ ≈ 34–39 

min). The impeded access of the analyte or invading strand (M40) to the LTH also reduced 

the asymptotic peak current when nearest to the surface (0 nt spacer; leftmost data). While 

the LTH system with a 4 nt spacer (green; middle data) was noticeably slower, it appears 

that the spacer gave the strand displacement reaction enough stability to eventually (> 2 h) 

approach steady-state currents that were comparable to the UTH system.

The 40 bp control experiments (red, blue; rightmost data) did not include a competitor 

strand, and by inference no toehold. In this instance, unimpeded 40-bp hybridization 

with the surface strand was not only more thermodynamically stable than the 33-bp 

hybridizations, but the lack of a toehold or competitor strand promoted faster hybridization 

as well. In this case, the equilibrium should be expected to be shifted further toward surface 

binding without a competitor, the kinetics should be fast without the competitor, and the 

steady-state currents should be higher by comparison. The data in Figure 3d matched with 

all of these expectations. Yet another interesting finding emerged from these data. Even 

though 40 bp binding is highly stable, the hybridization kinetics without a surface spacer 

were still somewhat impeded (τ ≈ 16 min) by the double-layer compared to that with a 4 nt 

spacer (τ ≈ 11 min). These data suggest that hybridization of even longer strands could be 

affected by the double-layer, albeit to a lesser extent.

Improving response of DNA-based EC sensors.

Finally, to further demonstrate the importance of controlling position and bulk ionic strength 

in DNA-based EC systems, we designed an E-DNA sensor57 with both favorable and 

unfavorable conditions of ionic strength and hybridization site positioning relative to the 

electrode. The peak height current plot of different analyte (M10) concentrations ranging 

from 1 nM to 160 nM is presented in Figure 4. It was observed that for a 4 nt spacer 
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(4A-thiol) with 1.00 M ionic strength, the peak current increased in proportion to the 

concentration of analyte, resulting in a curve that fits well to a Langmuir isotherm (blue 

curve). Data at low concentrations show good linearity (inset) in the range of 1 to 40 nM 

(R2 = 0.979); the sensitivity (slope of the best fit linear equation) was 14.0 nA nM−1, and 

the 3σ LOD for M10 DNA was 300 pM. By contrast, with no spacer (0A-thiol) and at 0.125 

M ionic strength, the sensitivity of the E-DNA sensor was only 0.0719 nA nM−1, and the 

LOD was much worse at 40 nM. The sensitivity improvement with a 4 nt spacer at high 

ionic strength compared to no spacer at low ionic strength was ~190-fold, and the LOD 

was improved by ~130-fold. These results, with drastically improved LOD and sensitivity, 

indicate that salt concentration and hybridization sites are important parameters that should 

be considered in sensor design. These findings should also allow users to engineer improved 

versions of previously developed E-DNA sensors.

CONCLUSIONS

Since DNA plays a vital role in the E-DNA class of biosensors and various other modern 

electrochemical sensors, an improved understanding of the kinetics of DNA hybridization 

at the electrode surface is crucial. Unlike in solution-based hybridization, we found 

surface binding kinetics to depend strongly on the distance between the electrode and 

the DNA binding site. As the site was positioned closer to the surface, decreases in 

hybridization kinetics were observed, implicating the electric double-layer as interfering 

with hybridization. Indeed, reduction of double-layer thickness with high ionic strength 

increased kinetics near the surface, and lower salt concentrations decreased kinetics, even at 

more distant sites. Strategically designed DNA strand displacement reactions at electrodes 

further validated our findings. Using toehold sites close to the electrode diminished the 

reaction speed and yield, while sites further from the electrode—with the same number of 

base pairs—showed faster and more efficient binding. Interestingly, we also showed that 

hybridization of even longer strands could be moderately affected by the double-layer. This 

work has important implications in DNA-based biosensors, showing that the positions of 

nucleic acid hybridization sites relative to the electrode, as well as the bulk ionic strength, 

should be carefully chosen in each system.
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Figure 1. 
Schematic representation of the sensor surface for studying DNA hybridization kinetics 

(short segments of 10 bp) at different sites relative to the electrode. The electrode surface 

is shown (a) without a spacer and (b) with an example poly-adenine (4 nt) spacer. Double-

layer effects are shaded red. Mercaptohexanol (MCH) layer (~1.2 nm) is included, with 

thickness drawn roughly to scale compared to the double-layer at 0.5 M salt. Schematic 

depictions of the effects of double-layer interference on time-dependent SWV peak currents 

are shown at bottom. Numbered labels at top indicate that two convoluted processes 

will affect the measured current, DNA hybridization equilibria (1) and distance-dependent 

electron transfer (2).
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Figure 2. 
DNA hybridization interference near the electrode surface was observed. (a) Steady-state 

peak currents were highest when the hybridized segment was at an intermediate distance 

from the electrode (4–5 nt). At longer distances (6–7 nt), current dropped in a predictable 

way. Closer to the electrode, a gradual but significant decrease in current was observed, 

likely from double-layer effects (shaded in red). (b) Hybridization kinetics of M10 DNA 

versus distance from the surface at 0.5 M salt (left) and 0.250 M salt (right). Hybridization 

was faster at intermediate (4 nt) and longer (7 nt) spacer lengths, while kinetics were slowed 

near the surface (0 nt; red). Insets show normalized data. More thorough studies of (c) peak 

current and (d) hybridization time constants at varying ionic strengths gave further evidence 

of interference near the electrode surface. The gray dashed arrows are included as visual 

aids to follow changes with increasing distance from the surface. Error bars depict standard 

deviation of triplicate electrodes.
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Figure 3. 
Toehold mediated strand displacement on gold electrodes confirmed hybridization 

interference near the surface. (a) Lower toehold (LTH) system, destabilized by the double-

layer, with slower hybridization. (b) Upper toehold (UTH) system permits fast hybridization. 

(c) Average hybridization time constants, τ, depicted in bar graphs color-coded to match 

kinetic data in (d). (d) Kinetic data for the LTH, UTH, and control systems. M40 control 

experiments shown at right (red, blue). Experiments were done at 0.5 M ionic strength with 

three electrodes each; error bars depict standard deviation.
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Figure 4. 
EC-based DNA sensor under favorable (blue) and unfavorable (red) conditions. Favorable 

conditions (high ionic strength, 4 nt spacer) gave a ~190-fold sensitivity improvement and 

a ~130-fold LOD improvement (LOD = 300 pM). Inset plot at upper right shows the linear 

region; inset on lower right shows a log-log plot of the full curves.
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