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Abstract

Structure-switching sensors utilize recognition elements that undergo a conformation change upon 

target binding that is converted into a quantitative signal. Electrochemical, aptamer-based sensors 

achieve detection of analytes through a conformation change in an electrode-bound, 

oligonucleotide aptamer by measuring changes in electron transfer efficiencies. The analytical 

performance of these sensors is related to the magnitude of the conformation change of the 

aptamer. The goal of the present work is to develop a general method to predictably tune the 

analytical performance (sensitivity and linear range) of electrochemical, aptamer-based sensors by 

utilizing a mixture of rationally-designed aptamer sequences that are specific for the same target 

but with different affinities on the same electrode surface. To demonstrate control over sensor 

performance, we developed heterogeneous sensors for two representative small molecule targets 

(adenosine triphosphate; tobramycin). We demonstrate that mixtures of modified sequences can be 

used to tune the affinity, dynamic range, and sensitivity of the resulting sensors predicted by a bi-

Langmuir-type isotherm.

Graphical abstract

*Corresponding author: rjwhite@umbc.edu. 

Supporting Information Available
Background voltammograms using sensors fabricated without aptamers to show the electrochemical response in the absence and 
presence of tobramycin can be found in Supporting Information. This information is available free of charge via the Internet at http://
pubs.acs.org/.

HHS Public Access
Author manuscript
Langmuir. Author manuscript; available in PMC 2017 October 04.

Published in final edited form as:
Langmuir. 2015 June 16; 31(23): 6563–6569. doi:10.1021/acs.langmuir.5b01418.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://pubs.acs.org/
http://pubs.acs.org/


Introduction

The use of nucleic acid aptamers in the development of chemical and biochemical sensors is 

a rapidly expanding field. While the list of sensing methods coupled with aptamers is long, 

electrochemical 1–12 and optical methods13–15 dominate the literature. The specificity of 

aptamer-based sensors is afforded by the recognition abilities of the nucleic acid aptamer 

sequence to its binding target, which can range from ions, proteins, cells, and small 

molecules.3,4,6,8,16,17,18 The aptamer-target interaction typically involves a single binding 

site with a combination of shape complementarity, hydrogen bonding, hydrophobic-

hydrophobic, stacking, and electrostatic interactions.19 The analytical figures of merit of the 

resulting sensors are a function of the signal transduction methodology, as well as the 

intrinsic binding abilities, or affinity, of the aptamer-target pair.8,20,21 When these aptamers 

are immobilized on a sensor surface (e.g., a sensing electrode), the resulting sensors exhibit 

single-site binding isotherms, similar to the Langmuir binding isotherm.5,11,22 Fitting data to 

this binding isotherm enables quantitative characterization and benchmarking of the 

analytical figures of merit, including the maximum signal, sensitivity, dynamic range, and 

observed binding affinity.

Electrochemical, aptamer-based (E-AB) sensors utilize surface immobilized aptamers to 

achieve sensitive, specific, and reusable analyte detection.1,3,4,8,10,17,23 The signaling 

abilities of an E-AB sensor is based on the target-induced conformation change of the 

electrode-bound aptamer.3,6,8,22,24,25 Target binding changes the conformation of the 

aptamer and alters the electron transfer efficiency between a covalently-altered redox 

reporter and the electrode surface.21 As mentioned above, the sensor response typically 

follows a Langmuir-like binding isotherm. Using this sensing method, E-AB sensors have 

been reported to achieve dynamic ranges encompassing one to three orders of 

magnitude.10,21,26

Various techniques exist to optimize the response and analytical figures of merit of E-AB 

sensors. Specifically, modifying the packing density of DNA or RNA on an electrode surface 

by changing the concentration of the nucleic acid probe used to fabricate sensors can affect 

the observed binding affinities, maximum signal change, and sensitivity.22,27 These 

parameters, however, have only modest effects. For example, White et al. utilized the 

cocaine aptamer at various packing densities and obtained binding affinities ranging from 

327 μM to 101 μM.22 Other methods have been utilized to tune the sensing abilities of E-AB 

sensors. For example, optimizing the potential waveforms used to voltammetrically 

interrogate the sensor surface can control the magnitude and polarity of the signal change 

upon target addition, as well as the observed binding affinity.20,21,27,28 A more radical 

technique to improve sensors responses is to modify aptamer sequences to undergo larger 

conformation changes upon target binding, resulting in increased signaling with 

consequential changes in the observed affinity.9,21 In all of these examples, the sensing 

attributes are still limited by the employed aptamer sequence and its binding interactions. 

For the detection of complementary DNA with structure-switching sensors, Kang et al. 
introduced the concept of heterogeneous sensor surfaces with multiple DNA probes for the 

same complementary DNA strand, but with different binding affinities.24 They 

accomplished this by designing multiple stem-loop probes for the same complementary 
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target with stems of various stabilities. They then combined these on the electrode surface at 

various ratios to control the dynamic range of the resulting sensors.24 This strategy of 

altering stem-loop DNA probes for tuned binding affinities is relatively straightforward and 

has been reported for optical sensors as well.29

Here, we present for the first time, heterogeneous surfaces with rationally designed aptamer 
sequences to control the dynamic range and sensitivity of resulting EAB sensors. We design 

two different representative E-AB sensors employing DNA-based ATP aptamers20 and 

RNA-based aminoglycoside aptamers7,21,30 to demonstrate that the technique is general. 

Using a combination of in-house designed mutant aptamer sequences with different binding 

abilities to the same targets we developed mixed ratio sensor surfaces that exhibit predicted 

analytical responses. Specifically, we demonstrate control over the dynamic range and 

sensitivity of the resulting sensors, as well as provide quantitative predictions of this 

performance. Finally, while we demonstrate this control using electrochemical-based 

detection, the aptamer design guidelines we present should be applicable to any type of 

structure-switching aptamer-based sensing strategy.

Materials and Methods

Materials

Sodium chloride, Trizma® base (2-amino-2-(hydroxymethyl)-1,3-propanediol – here called 

Tris), magnesium chloride, tris-2-carboxyethyl-phosphine (TCEP), 6-mercapto-1-hexanol 

(99%) (Sigma Aldrich) were used as received. Buffer solutions were prepared using 

ultrapure water (Mili-Q Ultrapure Water Purification, Milipore, Billerica, MA). Buffer used 

for RNA-based sensor fabrication was autoclaved prior to use. RNA and DNA sequences 

(Tables 1 and 2) were synthesized and purified using dual-HPLC (Biosearch Technologies, 

Inc. Novato, CA). All the probes were aliquoted at 0.2 mM in 0.01 M EDTA aqueous 

solution (autoclaved for the RNA sequences) at pH 8.0 (Sigma Aldrich) and stored at −20°C 

until use.

Fabrication of Electrochemical Aptamer-Based (E-AB) Sensors

All sensors were fabricated on 2 mm diameter polycrystalline gold electrodes (CH 

Instruments, Austin, TX). Electrode modification was performed as previously described.21 

Briefly, the electrodes were hand polished in a circular fashion on microcloth (Buehler) in a 

1 μm diamond suspension and then they were polished in an alumina oxide slurry (Buehler). 

The electrodes were then rinsed and sonicated for 5 min. Sonication was followed by 

electrochemical cleaning of the electrodes via a series of voltammeric scans in sodium 

hydroxide and sulfuric acid solutions as previously described.31 After cleaning the electrode 

surfaces, each electrode was incubated in a 200 nM probe solution for 1h diluted in 20 mM 

Tris buffer with 100 mM sodium chloride and 5 mM magnesium chloride at pH 7.4, which 

was autoclaved for the RNA probe solutions. For the mixed monolayer sensors the total 

concentration of aptamer was kept constant at a total oligonucleotide concentration of 200 

nM to allow for constant aptamer packing density. Prior to probe modification, the aptamer 

was reacted with 4 μL of 10 mM TCEP for 1h to reduce the disulfide bond at the 5′ end of 
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the aptamer sequence, resulting from probe synthesis. The sensors were then incubated in 3 

mM 6-mercapto-1-hexanol solution diluted with Tris buffer for 1h.

Electrochemical Measurements

Electrochemical measurements were completed utilizing a CH Instruments 660D 

Electrochemical Workstation (CH Instruments, Austin, TX). The measurements were 

performed in a three-electrode cell with a Ag/AgCl (3 M NaCl) reference electrode and a 

platinum auxiliary electrode. The square wave voltammetry were as follows: pulse 

amplitude of 25 mV, frequency of 900 Hz for the RNA-based aminoglycoside sensors and 

200 Hz for the DNA ATP-based sensors, and a step width of 1 mV.

Results and Discussion

In this manuscript we demonstrate that heterogeneous sensor surfaces employing several 

aptamer mutants, designed to bind the same target with different affinities, can be used to 

tune the analytical response characteristics of the resulting sensor (Fig. 1). We have 

previously reported that rational modifications to an existing aptamer sequence to create 

larger target-induced conformation changes significantly enhances the observed binding 

affinity and sensitivity of the resulting sensor.21 In this report, we add a new layer of control 

by utilizing multiple aptamers with different affinities for the same target molecule on a 

sensor surface for better control over the analytical figures of merit. We achieve this control 

by varying the ratio of the different aptamers used during sensing monolayer formation. To 

demonstrate the generality of our approach we successfully develop tunable sensors for two 

representative targets employing aptamer sequences for tobramycin and adenosine 

triphosphate. In addition, we present a general quantitative expression to describe the 

analytical performance of the resulting aptamer-based sensors that takes into account the 

variation in current densities of both the target-bound and unbound state of each sensor, 

employing various aptamer architectures.

Quantitative Binding Isotherms for Heterogeneous Sensor Surfaces

A surface with two distinct non-cooperative binding sites for the same target should exhibit a 

response that follows a combined binding isotherm or bi-Langmuir isotherm (Fig. 1).24,32 To 

quantitatively predict heterogeneous E-AB sensor response, we derived a bi-Langmuir 

isotherm written in terms of signal (S – absolute current density in units of A/cm2) to 

provide a general expression for sensor response (Eqs. 1–3). To properly describe the 

heterogeneous sensors, we take into account that the individual aptamer architectures will 

exhibit different minimum current densities (Smin) when no target is present and different 

maximum current densities (Smax) at saturating target concentrations. These values are a 

result of the apparent electron transfer rates given the different aptamer architectures. When 

mixed on the surface we observe a weighted algebraic average of the signals. Consistent 

with this, we find sensors employing either the Parent or Mut tobramycin aptamers exhibit 

Smin values for each architecture are 306 ± 10 μA/cm2 and 143 ± 14 μA/cm2 respectively. 

When mixed at different ratios (Ri – where R is the fraction of aptamer i) the current density 

represents the weighted sum of the contributions of both aptamers. For example, a 50:50 

mixture of Parent and Mut give a Smin of 226 ± 40 μA/cm2 (see Fig. 2 – of note, no 
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appreciable faradaic signal is observed with the aptamer is not present – Fig. S1). The 

quantitative binding isotherm for the mixed monolayer can thus be described by the 

following:

(1)

(2)

(3)

In eq. 1 the heterogeneous sensor signal (S) is the sum of the contributions of the signal from 

aptamers A and B employed on the sensor surface. By definition, RA + RB = 1. Eq. 2 and 3 

represent the individual binding isotherms for sensors fabricated with aptamers A and B 

where [T] represents the concentration of free target in solution (M) and Kd is the 

dissociation constant of the sensor using the respective aptamer (Fig. 1). We proceeded to 

use the equations above for constructing calibration curves for mixed aptamer coated sensor 

surfaces. Of note, when plotted as a calibration curve, all data is normalized to the initial 

current density (signal without target present). This is done to better visualize the change in 

current density as a function of target concentration for the various mixtures as this change is 

what is important in quantifying target.

Heterogeneous Sensor Surfaces Allow Tunable Sensor Response

Heterogeneous, electrochemical, aptamer-based sensors with varying ratios of two different 

aptamers with different affinities for the same target quantitatively respond to target as 

predicted by our bi-Langmuir isotherm model. Specifically, we investigated sensors for the 

detection of two representative small molecule targets tobramycin and ATP. To demonstrate 

rational control over the signaling properties of the heterogeneous sensors, we tested 

multiple Parent:Mut ratios, including 75:25, 50:50, and 25:75. As a baseline measurement, 

sensors fabricated with a homogenous surface comprising only the Parent aminoglycoside 

aptamer exhibit a high dissociation constant (Kd = 23 ± 4 μM). Conversely, sensors 

comprising only the Mut aptamer exhibit a low dissociation constant (Kd = 0.045 ± 0.003 

μM) (Fig. 3). All data points and error bars represent the mean and standard deviation of at 

least 3 independently fabricated sensors. As expected, skewing the ratio in favor of the 

Parent aptamer on the sensor surface results in a signal that more closely resembles that of 

sensors employing the Parent aptamer. For example, sensors fabricated with the Parent 

aptamer display a 12 ± 1 μA/cm2 signal change at 0.5 μM tobramycin, while, if 75% of the 

surface is modified with the Parent aptamer, we observe 33 ± 8 μA/cm2 current density at 
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the same concentration. Thus, the heterogeneous sensor responses followed the predicted bi-

Langmuir isotherm described above. All data is plotted as a change in current density.

We find that heterogeneous sensor responses fabricated with the Parent and Mut ATP 

aptamer-based sensors follow the same trend as the aminoglycoside sensors – and the bi-

Langmuir isotherm (Fig. 4). For example, the Mut ATP aptamer sensors display a current 

density of 27 ± 2 μA/cm2 at 2.5 mM ATP, where the sensors fabricated with 75% Mut 

aptamer exhibit 21 ± 4 μA/cm2 (Fig. 4). Also, the sensors employing Parent aptamers shows 

a current density of 7.1 ± 0.3 μA/cm2 at 2.5 mM and when the sensors are modified with 

75% Parent the signal is 12 ± 1 μA/cm2. When the sensors are employing 50% of each 

aptamer the sensor response is 17 ± 3 μA/cm2 at 2.5 mM ATP, which is in the middle of the 

sensor responses of Mut and Parent. The strategy of heterogeneous sensor surfaces is 

generally applicable to DNA and RNA aptamer-based sensing elements.

Tuning Affinity, Sensitivity, and Dynamic Range of Electrochemical Sensors by Using 
Mixed Ratio of Aptamers

Sensors fabricated with mixed ATP DNA and aminoglycoside RNA aptamers have tunable 

affinities determined by the ratio of the parent and mutated aptamers employed on the sensor 

surface. To quantify heterogeneous sensor performance we use the concentration at which 

the signal is half of the maximum signal (Km - Table 3). As boundary values, the 

dissociation constants of the Parent and Mut ATP DNA-based sensors are 134 and 206 μM, 

respectively. Because these dissociations are close to each other, the values of Km for 

sensors comprising mixtures of 75:25, 50:50, and 25:75 (Parent:Mut) fall in between these 

boundaries and are 148, 162, and 171 μM respectively (Table 3). Conversely, the Km values 

for the heterogeneous aminoglycoside sensors are very similar to the dissociation constant of 

the sensors fabricated with 100% Mut aptamer (~0.045 μM). This is a result of the mismatch 

in the magnitude of signal change at low tobramycin concentrations between the Mut and 

Parent sequences.21 As such, the presence of Mut aptamer presumably dominates the 

signaling at low concentrations <1 μM. This observation indicates a quantitative limit to the 

tunability of sensor performance based on mutant sequences.

In addition to tunable affinities, the heterogeneous aptamer-based sensors have tunable 

dynamic ranges and sensitivities are again dictated by the ratio of the two aptamers 

employed on the sensor surface. The dynamic range for each sensor is calculated using the 

limit of detection and the limit of linearity. While the limits of detection calculated for the 

various ATP sensors were all ~2 μM (Table 4), the limit of linearities followed the expected 

trend based on the ratio of the aptamers used. The same is true for the sensitivities – defined 

as the slope of the linear portion of the calibration curve. Specifically, sensors fabricated 

with the parent aptamer have the narrowest dynamic range, hitting an upper limit of 82 μM 

with a sensitivity of 0.0427 μAμM/cm2. Sensors fabricated with the Mut ATP aptamer 

display a limit of linearity of 123 μM and the best sensitivity of 0.0948 μAμM/cm2. 

Heterogeneous sensors fall in between these limits of linearity and sensitivities according to 

the ration of Parent:Mut (Table 4). Conversely, the RNA aminoglycoside Parent and Mut 

sensors have large disparity between their signaling, where their limits of detection varied by 

a factor of ~650 (260 nM and 0.395 nM respectively).20 The heterogeneously coated RNA 
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sensors have limits of detection (LOD) that trended similarly with mixes of the two 

aptamers, but weighted towards the mutant sensor properties, as did the limits of linearity. 

The sensitivities also exhibited a similar trend with the mutant being the most sensitive 

(2381 μAμM/cm2) and the parent being the least sensitive (5 μAμM/cm2) and the mixes 

falling in between, which were weighted by the ratio of the aptamer sequences employed 

(Table 4).

The ability to quantitatively tune the analytical figures of merit based on mixtures of 

aptamers with different affinities to the same target is achieved via quantitative control over 

the ratio of the aptamers attached to the electrode surface. The magnitude of tunability of 

each figure of merit depends on the signaling of the individual aptamer components. 

Specifically, the difference between the magnitude of the signal change observed (Smax-
Smin) with each aptamer and the dissociation constants (Kd) can bias, or weight, the 

performance favoring one aptamer over the other as is seen in the RNA-based 

aminoglycoside sensors. Nonetheless, the ability to quantitatively control sensor 

performance is general.

Conclusion

In this manuscript we demonstrate, for the first time, that the use of a family of rationally 

designed aptamer sequences with different affinities for the same target can be combined on 

a single sensor surface in order to quantitatively and predictably control sensor performance. 

Specifically, we demonstrate the ability to control the sensitivity, dynamic range, and 

dissociation constant of the resulting sensors by varying the ratio of a high-affinity and low-

affinity aptamer for the same target on a single sensor surface. To demonstrate the generality 

of our approach we successfully developed tunable sensors using several DNA aptamers for 

ATP detection and RNA aptamers for tobramycin detection. In addition we present a 

quantitative binding isotherm that takes into account the absolute signaling of each aptamer 

sequence in both the target-free and target-bound state. We find that this model accurately 

predicts the experimental observations of heterogeneously coated sensors. A caveat to this 

method is the algebraic weighting of sensor signaling in favor of one mutant over the other. 

The magnitude of signal change (Smax-Smin) and the difference in the dissociation constants 

limit the tunability of the sensor analytical figures of merit. Nonetheless, this variability is 

quantitatively predicted using the bi-Langmuir isotherm presented above.

The parameters we outline here to tune the sensitivity, dynamic range, and dissociation 

constants for electrochemical aptamer-based sensors should be applicable to optimize the 

performance of any E-AB sensor using relatively simple sequence modifications. 

Furthermore, while we demonstrate the feasibility of this approach towards the development 

of electrochemical-based sensors, the approach is broadly applicable to structure-switching, 

aptamer-based sensors, regardless of the signal transduction mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Aptamers engineered to undergo different conformation changes (top left and middle) in the 

presence of the same target results in different analytical figures of merit for the resulting 

sensor, including sensitivity and dissociation constants (Kd(A) and Kd(B)). Sensors fabricated 

with mixtures of aptamers with different affinities for the same target (bottom left) produce 

sensors with tunable analytical performance based on the ratio of the two aptamers. For 

example, the predicted sensor response of a sensor employing a 50:50 mixture of high- and 

low-affinity aptamers falls right in between the responses of sensors fabricated with 100% 

high-affinity or low affinity aptamers.
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Figure 2. 
The absolute signal (current density) measured at a heterogeneous surface in the absence of 

target molecule represents the weighted algebraic sum of the contributions of each aptamer. 

At constant surface coverage this results in minimum current densities (signal without 

target) of 306 ± 10 μA/cm2 and 143 ± 14 μA/cm2 for the homogenous Parent and Mut 

sensors respectively. When mixed at a 50:50 ratio, the current density with no target present 

is 226 ± 40 μA/cm2. The voltammograms show representative data and the bar graph and 

error bars represent the average of at least three independently fabricated sensors.
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Figure 3. 
Heterogeneous sensor surfaces exhibit predictable bi-Langmuir binding properties. (Left) 

Specifically when mixed in varying ratios on the electrode surface, the sensors perform as a 

weighted sum of the performance of the individual aptamer architectures. The lines are 

calculated with our derived combined binding isotherm using the dissociation constant 

values (Kd) and current densities at saturating concentrations. (Right) Because sensors built 

with the Parent aptamer show minimal change at low concentrations, a titration curve using 

higher concentrations is used to calculate the dissociation constant. All data points and error 

bars represent the mean and standard deviation of at least 3 independently fabricated 

sensors.
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Figure 4. 
Heterogeneous sensors fabricated with two variations on the ATP aptamer exhibit 

predictable sensor performance based on the ratio of the two aptamers on the sensor surface. 

Much like the tobramycin sensors, the ATP sensors are fabricated with a high gain (Mut) and 

low gain (Parent) sequence. The sensor performance follows the bi-Langmuir isotherm 

described here as indicated by the solid lines. All data points and error bars represent the 

mean and standard deviation of at least 3 independently fabricated sensors.
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Table 1

ATP Aptamer Sequences

Sequence Name Sequence

Full Length 5′-HSC6H12-ACCTGGGGGAGTATTGCGGAGGAAGGTT-MB-3′

Mut 5′-HSC6H12-CTGGGGGAGTATTGCGGAGGAAA-MB-3′

Parent 5′-HSC6H12-ACCTGGGGGAGTATTGCGGAGGAAGGTTTTTTTCTTC-MB-3′

*
Underlined sequence was conserved in the mutant
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Table 2

Aminoglycoside Aptamer Sequences

Sequence Name Sequence

Parent 5′-HSC6H12-GGGACUUGGUUUAGGUAAUGAGUCCC-MB-3′

Mut 5′-HSC6H12-CUUGGUUUAGGUAAUGAG-MB-3′
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Table 3

Km Values for Heterogeneous Sensor Surfaces

DNA (Parent:Mut) μM* RNA (Parent:Mut) μM†

100:0 134 100:0 23

75:25 148 75:25 0.052

50:50 162 50:50 0.045

25:75 171 25:75 0.042

0:100 206 0:100 0.045

*
The estimated concentration of the signal at half maximum for sensor responses at assuming the maximum response occurs at 2500 μM ATP.

†
The estimated concentration of the signal at half maximum for sensor responses at assuming the maximum response occurs at 1 μM tobramycin, 

with the exception of 100% Parent aptamer (assumed maximum at 500 μM tobramycin).
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