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Abstract: The relative ease of predicting the secondary structure of nucleic acid sequences 

lends itself to the design of sequences to perform desired functions. Here, we combine the 

utility of nucleic acid aptamers with predictable control over the secondary structure to 

rationally design sequences with controlled affinity towards a target analyte when 

employed as the recognition element in an electrochemical sensor. Specifically, we present 

a method to modify an existing high-gain aptamer sequence to create sequences that, when 

employed in an electrochemical, aptamer-based sensor, exhibit reduced affinity towards a 

small molecule analyte tobramycin. Sensors fabricated with the high-gain parent sequence 

saturate at concentrations much below the therapeutic window for tobramycin (7–18 µM). 

Accordingly, the rationale behind modifying this high-gain sequence to reduce binding 

affinity was to tune sensor performance for optimal sensitivity in the therapeutic window. 

Using secondary structure predictions and analysis of the NMR structure of an 

aminoglycoside RNA aptamer bound to tobramycin, we are able to successfully modify the 

aptamer sequence to tune the dissociation constants of electrochemical aptamer-based 

sensors between 0.17 and 3 µM. The guidelines we present represent a general strategy to 

lessening binding affinity of sensors employing aptamer-modified electrodes. 
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1. Introduction 

Bioaffinity electrochemical sensors typically rely on the coupling of an affinity agent  

(protein, enzyme, nucleic acid) to an electrode surface [1–4]. Specific target recognition between the 

electrode-immobilized affinity agent is transduced into an electrochemical readout that is correlated to 

the concentration of analyte. The analytical performance (e.g., limit of detection, dynamic range, 

sensitivity, response time) of electrochemical biosensors is a topic of intense research when considering 

the “real-world” applications of the sensing device [5–7]. While methods such as introducing catalytic 

signal amplification [8], nanostructured electrode surfaces [9], and changing/altering the electrode 

material [10,11] can be used to dramatically improve the performance of electrochemical biosensors, 

ultimately sensor performance is dictated by the nature and strength of the interaction between the 

bioaffinity agent and substrate. This interaction is intrinsic to the affinity-agent:substrate pair. 

Examples exist that demonstrate site-directed mutagenesis of enzymes or various allosteric or binding 

site modifications [12–16] can improve sensor performance, however, it is often difficult to mutate 

proteins in a way that rationally tunes sensor performance.  

Biosensors that employ nucleic acids as the affinity agent have emerged as a powerful class of 

electrochemical biosensors as a result of the predictable control over nucleic acid architectures [5,6,17,18]. 

A key example of nucleic acid, bioaffinity electrochemical biosensors is the electrochemical  

aptamer-based (E-AB) sensor platform [19–22] that utilize in vitro-selected DNA or RNA  

sequences [20,23–26] as recognition elements. Target binding induces a conformation change in the 

electrode bound aptamer, which is coupled to an electrochemical readout mechanism (Scheme 1). 

Several reports describe in detail the mechanisms behind signaling in this class of sensor [6,27–29]. As 

mentioned above, sensor performance is usually linked to the intrinsic binding interaction (affinity) 

between the aptamer (bioaffinity agent) and the analyte. However, due to the folding-based mechanism 

and the predictability of nucleic acid secondary structure, sequences can be altered to modify the nature 

of the binding interaction between the aptamer and target. In addition, the potential applied to the 

electrode surface to reduce/oxidize the signaling molecule (methylene blue or ferrocene typically) [30] 

and the charge and length of the passivating monolayer can also effect the apparent affinity of the 

aptamer:target complex [31] when employed in an electrochemical sensor. Alternatively, mutations to 

an aptamer sequence have been demonstrated to be an effective method for tuning the sensor 

performance of several E-AB sensors [6,28,29]. Specifically, aptamer sequences designed to undergo a 

larger conformation changes result in an electrochemical sensor with improved signaling abilities in 

terms of sensitivity, limit of detection, and affinity [6,28,29]. It has also been demonstrated that 

altering the stability of a DNA probe sequence by modifying nucleotides outside the binding site alters 

the binding affinity of the respective sensor to its complementary DNA strand as described by a  

three-state binding model [17,18]. 
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Scheme 1. (Left) E-AB sensors utilize structure-switching aptamers. The change in conformation 

results in changes in the electron transfer efficiency between a 3'-distal-end-appended 

redox-active molecule which is (Right) readily measured voltammetrically using 

squarewave voltammetry. Signal is quantified using voltammetric peak current. 

In this article, we utilize two different strategies to reduce the binding affinity of an RNA-based 

aminoglycoside sensor to shift the dynamic range and sensitivity towards the therapeutic window for 

the antibiotic tobramycin. Specifically, we rely on the predictable secondary structure as well as the 

solved NMR structure [32] to alter our recently described high-gain parent sequence [6] to create new 

aptamer sequences for use in electrochemical sensors that perform within the therapeutic window of 

tobramycin (7–18 µM [33]). The overarching goal of the work described here was to develop new 

sequences that indeed exhibit a reduced affinity while maintaining the high sensitivity 

(Δsignal/Δ[tobramycin]) achieved from the high-gain sequence. The high-signal gain of this sequence 

is afforded by the magnitude of the target-induced conformation change [6]. Using secondary structure 

predictions, we engineer several new aptamer sequences with mutated binding sites as well as aptamer 

sequences with stabilized target-free states in attempts to reduce the intrinsic interaction between the 

aptamer-target pair. The motivation for this work was two-fold. (1) Because the strength (affinity) of 

aptamer-target interactions is a product of the selection procedure they are often not ideal for sensing 

purposes. In this case, the affinity of the tobramycin sensor is too high (nM), thus precluding 

measurements in the low micromolar therapeutic window for the drug; (2) While it is typical to report 

on modifications to increase the binding affinity and lower the limit of detection [6,7,28,29], on a 

fundamental level, here we provide general guidelines for sequence alterations that can produce 

reduced affinity sensors.  

2. Experimental Section 

2.1. Materials 

Sodium chloride, Trizma® base (2-amino-2-(hydroymethyl)-1,3-propanediol), and magnesium chloride 

(Sigma Aldrich, St. Louis, MO, USA) were all used as received. 6-mercapto-1-hexanol (99%) and  

tris-2-carboxyethyl-phosphine (TCEP) were also used as received (Sigma Aldrich). The buffer solutions 

were prepared using autoclaved, ultrapure water (Mili-Q Ultrapure Water Purification, Millipore, 

Billerica, MA, USA). All of the RNA sequences (Table 1) were synthesized and purified via dual 

HPLC (Biosearch Technologies, Inc., Novato, CA, USA). The oligonucleotides are modified at the  

5'-terminus with a 6-carbon thiol to immobilize the aptamer on a gold electrode and at the  
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3'-terminus with a redox active methylene blue (MB) via a 7-carbon linnker. The aptamer probe 

solutions were all aliquotted at a stock concentration of 0.2 µM in autoclaved 0.01 M Tris-EDTA 

solution buffered at pH 8.0 (Sigma Aldrich) and stored at −20 °C until used. 

Table 1. Mutated Aminoglycoside Aptamer Sequences.  

Sequence Name Sequence 

High-Gain Parent 5'-HSC6H12-CUUGGUUUAGGUAAUGAG-MB-3' 
7UG 5'-HSC6H12-CUUGGUGUAGGUAAUGAG-MB-3' 
7UC 5'-HSC6H12-CUUGGUCUAGGUAAUGAG-MB-3' 

16GU 5'-HSC6H12-CUUGGUUUAGGUAAUUAG-MB-3' 
3-UAC 5'-HSC6H12-CUUGGUUUAGGUAAUGAGUAC-MB-3' 

2.2. Electrochemical Aptamer-Based (E-AB) Sensor Fabrication 

The E-AB sensors were fabricated on 2 mm-diameter polycrystalline gold electrodes (CH Instruments, 

Austin, TX, USA). Sensors were fabricated as previously described [7]. In short, the electrodes were 

hand polished circularly on microcloth in a 1 µm diamond suspension followed by polishing in an 

alumina oxide water mixture (Buehler, Lake Bluff, IL, USA). The electrodes were then sonicated in 

water for 5 min. Afterwards, the electrodes were electrochemically cleaned via various voltammetric 

scans in dilute sodium hydroxide and sulfuric acid solutions as described previously [34]. Following the 

electrochemical cleaning, the electrodes were incubated in 200 nM RNA probe solution in autoclaved 

20 mM Tris buffer, with 100 mM sodium chloride and 5 mM magnesium chloride, at pH 7.4 for 1 h. 

Before the immobilization of the RNA probes, the RNA was reacted with 4 μL of either 10 mM or  

50 mM TCEP for 1 h in order to reduce the 5'-disulfide bond, which was the result of the 

oligonucleotide synthesis. After the RNA immobilization, the sensors were dipped into an autoclaved 

Tris buffer solution to remove any nonspecifically absorbed RNA. The sensors were incubated in a  

3 mM solution of 6-mercapto-1-hexanol in autoclaved Tris buffer for 1 h. The sensors were dipped 

into autoclaved Tris buffer solution to remove excess 6-mercapto-1-hexanol and stored in 3 mL of 

autoclaved Tris buffer for 1 h prior to use.  

2.3. Electrochemical Measurements 

The electrochemical measurements were performed with a 620D Electrochemical Work Station 

(CH Insturments, Austin, TX, USA). All measurements were performed in a three-electrode cell using 

an Ag/AgCl (3 M NaCl) reference and platinum counter electrode. The square wave voltammetry 

(SWV) parameters were as follows: frequency was 900 Hz, a step width of 1 mV, and a pulse 

amplitude of 25 mV. The measurements were completed in a glass cell with 3 mL of Tris buffer. To 

generate calibration titrations, sensors were challenged with varying amounts of tobramycin and 

interrogated utilizing SWV. Upon target addition the aptamer undergoes a conformation change 

altering the electron transfer efficiency between the methylene blue and the electrode surface, which is 

observed as a change in peak current intensity (Figure 1). Quantitation of a target concentration is 

based on the signal change observed (change in peak current) in the presence of target (S[T]) with 
respect to baseline signal (or signal without target— [்ܵ]బ—Figure 1). We calculated the percent signal 
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change (%SC) normalizing to the peak current without target via the following equation:  %SC	 = 	 ௌ[೅]ିௌ[೅]బௌ[೅]బ 	× 	100. The concentration of target, tobramycin, versus percent signal changes are 

plotted to create calibration curves explained below.  

 

Figure 1. E-AB sensors for tobramycin fabricated with the high-gain parent sequence 

exhibit a dissociation constant of 0.08 ± 0.01 µM and a 117% ± 12% signal change at 

saturating levels of tobramycin (>~5 µM). While these sensors are sensitive, they  

saturate at concentrations much lower than the lowest anticipated concentration in the 

therapeutic window for the drug (~7–18 µM [33]). The inset illustrates the signal change at 

concentrations ≤1 µM. These data represent titration curves calculated as percentage signal 

change using voltammetric peak currents as described in the experimental section. Each 

data point represents the average and standard deviation of at least three independently 

fabricated sensors. 

3. Results and Discussion 

As a basis for sensor development, we employ an 18-nucleotide mutated high-gain aptamer 

sequence (high-gain parent—Table 1) that specifically binds to aminoglycoside antibiotics [6]. We 

recently demonstrated that this modified sequence, adapted from the original aptamer sequence 

reported by Wang and Rando [35], exhibits increased sensitivity and binding affinity when employed 

in electrochemical, aptamer-based (E-AB) sensors [6,35]. The high signal gain is afforded by the large 

conformation change of the aptamer structure from the target-free to the target-bound state. 

Unfortunately, sensors using the high-gain parent aptamer exhibit a high affinity for tobramycin, such 

that the sensor saturates well before the therapeutic levels of the antibiotic tobramycin (7–18 µM) [33]. 

The 18-nucleotide sequence exhibits a dissociation constant of 80 ± 10 nM and saturates at a 

tobramycin concentration of ~5 µM, precluding sensitive measurements in the therapeutic window 

(Figure 1). Motivated by this result, we explore two strategies to reduce the observed binding affinity 

of E-AB sensors while maintaining the magnitude of the signal change (read conformation change) 
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and thus sensitivity. Furthermore, while the motivation here was to push sensor performance into the 

therapeutic window, the strategies we outline below should represent a general approach to reducing 

the observed binding affinity of E-AB sensors. Of note, in this report, we use “observed binding 

affinity” and “binding affinity” interchangeably. Both terms refer to the binding affinity displayed by 

the fabricated sensors which is not to be confused with the intrinsic binding affinity of the original 

RNA aptamer to tobramycin (~12 nm) [32]. 

We employ two strategies to engineer aptamers capable of supporting E-AB signaling with reduced 

affinity towards tobramycin. Naively, our first strategy was to mutate a nucleotide involved in binding 

interactions with tobramycin to reduce binding affinity while minimally perturbing the predicted 

secondary structure of the parent aptamer. Hypothetically, maintaining similar secondary structure to 

our high-gain parent sequence would ensure that the magnitude of the conformation change would be 

similar. Our second approach was to modify the aptamer sequence in order to stabilize an 

alternatively-folded structure or target-free state, such that target binding would have to overcome a 

larger energy barrier to force the aptamer to the target-bound state. This approach is similar to the 

three-state equilibrium model reported by Kang et al. [17,18] in the development of electrochemical 

DNA hybridization sensors. The strategy again was to minimally perturb the predicted secondary 

structure in order to maintain similar sensor sensitivity.  

To quantitatively characterize the E-AB sensors developed in this manuscript, we fit the sensor 

calibration curves to a binding model adapted from the Langmuir isotherm [36]. The calibration relies 

on the equilibrium reaction between the aptamer (A) and target (T) where A + T ↔ A:T and KA = 

[A:T]/[A][T] (M−1) and KD = 1/KA (M). With the assumption that each non-interacting binding site 

(aptamer) binds one tobramycin and binding does not appreciably alter the concentration of free target 

([T]) in solution. The binding isotherm is given by Equation (1): S = S୫ୟ୶ [T]Kୈ + [T] (1)

where S and Smax are the percent signal change at a given [T] and at saturating target  

concentration, respectively. 

3.1. Disrupting the Aptamer–Target Interaction for Reduced Affinity Sensors 

To design a mutated binding site aptamer sequence with a reduced affinity towards tobramycin, we 

set two design parameters to maintain sensitive signaling ability. Our goal was to disrupt a polar 

contact (e.g., hydrogen bond) between the aptamer and tobramycin by mutating one of the nucleotides 

involved in binding (Figure 2). Our first criterion was that the altered nucleotide should only have one 

polar contact with tobramycin in order to weaken the interaction rather than eradicate it. The second 

criterion was that the secondary structure of the new sequence must be similar to that of the  

18-nucleotide parent sequence as predicted by MFOLD [37,38] (Figure 1). This would ensure that, 

upon target binding, the signal change of the E-AB sensor (and thus sensitivity) would be similar to the 

original sensors.  
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Figure 2. Secondary structure predictions for the parent sequence suggests an internal loop 
that can potentially keep the redox label (MB—methylene blue) distal from the electrode 
surface. The introduction of tobramycin forces the aptamer to fold bringing the methylene 
blue close to the 5'-terminus. The lowest energy secondary structure prediction is 
calculated using MFOLD [37,38]. This prediction was based on the parent aptamer in a  
1 M NaCl solution at 25 °C and has a folding energy of −0.66 kcal/mol.  

We examined the solved NMR structure of the aptamer-target complex to determine possible polar 

contacts between the aptamer and tobramycin [32] (Figure 3). Upon analysis, we find 15 hydrogen 

bonds between 10 different nucleotides in the aptamer sequence and tobramycin. Of the 10 nucleotides, 

only eight have one polar interaction with the target of interest and only six of the nucleotide 

interactions involve the base (in contrast to interactions with the sugar or phosphate in the backbone). 

As a result, we identified six possible sites for mutation. We then explored the effects of  

iterative mutations using MFOLD to ensure that the secondary structure of the mutant sequence was 

similar to that of the parent sequence [6]. We find that modifications to the uracil-7 site  

(5'-CUUGGUUUAGGUAAUGAG-3') to adenine, guanine, or cytosine all exhibited similar structures 

(Figure 3), as did folding free energies to the parent high-gain sequence. Moving forward, we chose to 

design two sequences in which the uracil-7 was changed to either a cytosine or guanine (Table S1). 

The uracil was replaced with cytosine (sequence 7UC) with the prediction that the 4’ nitrogen would 

inhibit the hydrogen bond interaction. Alternatively, the uracil was replaced with a guanine (sequence 

7UG) to sterically hinder the hydrogen bond between the aptamer and tobramycin (all sequences listed in 

Table 1).  

 

Figure 3. The uracil-7 site is a likely candidate for mutation to disrupt aptamer binding 

with target, thus reducing sensor affinity. We chose this site based on our criteria that it 

only has one polar contact (dashed lines) with tobramycin as determined via the NMR 

structure. This figure is generated from the previously reported NMR structure (PDB ID 

2TOB) by Jiang and Patel [32].  
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Unfortunately, the sensors employing both of the new sequences (7UC and 7UG) did not function 

as expected (Figure 4). For example, no appreciable or specific signal changes were observed with 

sensors fabricated using the 7UC and 7UG sequences. At 30 µM, tobramycin sensors employing 7UG 

displayed a −9% ± 1% signal change and 7UC exhibited a 3% ± 1% percentage signal change. As 

such, these sensors exhibited no quantitative binding to tobramycin. It is likely that the alterations we 

made to the aptamer sequence rendered the aptamer unable to bind tobramycin.  

 

Figure 4. (Left) The aptamers with mutated binding sites, 7UG and 7UC, did not produce 

functioning electrochemical sensors. Unfortunately, both constructs exhibit largely variable 

signals with changing tobramycin concentrations suggesting that disrupting the interaction 

of uracil-7 abolished any specific interaction with the target molecule; (Right) Illustrates 

the signal for sensors employing 7UG and 7UC at <35 μM tobramycin. These data represent 

titration curves calculated as percentage signal change using voltammetric peak currents as 

described in the experimental section. Each data point represents the average and standard 

deviation of at least three independently fabricated sensors. 

3.2. Stabilizing an Alternative Fold for Reduced Affinity Sensors 

As an alternative approach to design an aminoglycoside aptamer with a reduced binding affinity 

towards tobramycin, we aim to stabilize an alternative aptamer fold by stabilizing a stem-loop 

structure internal to the aptamer sequence. Stabilization of the unbound structure will make it more 

difficult for the oligonucleotide to bind target and thus lower binding affinity [17,18]. This technique 

has been used before in the development of electrochemical DNA sensors in order to tune the linear 

range and sensitivity of the resulting sensors [18]. Specifically, Kang et al. utilized a DNA sequence 

that forms a stem-loop structure when the oligonucleotide is not bound to its complementary target and 

altered the stability of the DNA probe sequence by modifying nucleobases not involved in interacting 

with the target. The stability was improved by increasing the GC content in the stem, which is in the 

stem-loop of the unbound DNA probe, to reduce the affinity of the DNA sequence to its 

complementary target [18]. 

We took two approaches to stabilize the target-free aptamer structure as a stem-loop. First, we made 

various mutations at the 3'-end of the aptamer sequence to bases that are not involved in binding with 

-20

-15

-10

-5

0

5

10

15

0 200 400 600 800 1000

P
er

ce
n

t S
ig

n
al

 C
h

an
ge

[Tobramycin] μM

7UC

7UG

-15

-10

-5

0

5

10

0 5 10 15 20 25 30 35

P
er

ce
nt

 S
ig

n
al

 C
ha

ng
e

[Tobramycin] μM

7UC

7UG



Sensors 2015, 15 7762 

 

 

tobramycin such that the 3'-terminus possessed internal complementarity. Alternatively, we extended 

the sequences at the 3'-end to self-fold into a stem-loop structure (Figure 5). The secondary structures 

of the various sequences were predicted by MFOLD to ensure that they formed a stem-loop structure 

where the 5' and 3' ends are distant from one another (Figure 5) with a more favorable free energy for 

folding than the parent aptamer. It was necessary to ensure that the mutated aptamer sequences  

formed a stem-loop with distant 5' and 3' ends so that the probe will be forced to undergo large 

conformational changes upon target addition.  

 

Figure 5. We aimed to alter the aptamer sequences to develop stabilized target-free states 

while maintaining a similar secondary structure to the high-gain parent sequence. The 

sequence mutations (highlighted in red boxes) attempt to stabilize the internal loop structure 

at the 3'-distal end. Free energies of each structure were calculated using MFOLD as 

described above [37,38].  

In analyzing the parent aptamer structure, it was determined that there is a hydrogen bond 

interaction between uracil-8 and guanine-16 (Figure 5). Mutating guanine-16 to uracil causes an 

interaction between adenine-9 and uracil-16, which stabilizes a stem-loop from −0.66 kcal/mol for 

parent, to −2.13 kcal/mol (Figure 5). This new sequence is named 16GU. Extending the parent 

sequence with nucleotides UAC at the 3'-end results in predicted interactions between guanine-11 and 

cytosine-21, uracil-12 and adenine-20, and adenine-13 and uracil-19. This sequence, here named  

3-UAC, also stabilizes a stem-loop structure with a free energy of −1.60 kcal/mol (Figure 5).  
The sensors fabricated with the new aptamers, 16GU and 3-UAC, were successful in creating 

reduced affinity sensors. For example, sensors prepared with the parent aptamer exhibited a 
dissociation constant of 0.08 ± 0.01 μM (Figure 1), while sensors fabricated with the 16GU aptamer 
exhibited a dissociation constant of 3.0 ± 0.4 μM (Figure 6) and sensors employing 3-UAC displayed a 
0.17 ± 0.03 μM dissociation constant (Figure 6). Consequently, the limits of detection (LOD) for each 
sensor are also affected. Specifically, the LODs increase as the dissociation constants for the aptamers 
increase. Sensors employing the parent, 3-UAC, and 16GU aptamers exhibit LODs of 1.99 nM,  
14.8 nM, and 114 nM, respectively, calculated as three times the standard deviation of the blank. In 
addition, the E-AB sensors fabricated with the 16GU aptamer exhibited a maximum percent signal 



Sensors 2015, 15 7763 

 

 

change at 30 μM of 112% ± 22%, which is comparable to that of the parent sensors (117% ± 12%). 
The 3-UAC sensors, however, only exhibited a maximum percent signal change of 69% ± 8%, which 
is smaller than that exhibited by the 16GU sensors and the parent fabricated sensors (Figure 7). It is 
still unclear as to why the 3-UAC sequence exhibits lower sensitivity, but is likely due to the 
difference in the secondary structure with respect to the high-gain and 16GU sequences.  

Figure 6. Sensors fabricated with mutated sequences stabilizing the target-free state exhibit 
reduced affinity (as indicated by the increase in dissociation constants—Kd). (Top) For 
example, the sensors fabricated with the 16GU sequence exhibit a dissociation constant of 
3.0 ± 0.4 µM and a 112% ± 22% signal change at 30 µM tobramycin; (Bottom) Similarly, 
the sensors fabricated with the 3-UAC sequence exhibit a Kd of 0.17 ± 0.03 µM, but with a 
lower overall signal change of 69% ± 8% at saturating conditions. In agreement with the 
predicted stabilities of the target-free structure, the more stable 16GU (−2.13 kcal/mol) 
exhibits the highest Kd, followed by 3-UAC (−1.6 kcal/mol), both of which are higher than 
the high-gain parent sequence (−0.66 kcal/mol) with a dissociation constant of 0.08 μM. 
These data represent titration curves calculated as percentage signal change using voltammetric 
peak currents as described in the experimental section. Each data point represents the average 
and standard deviation of at least three independently fabricated sensors. 
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Figure 7. (Left) A comparison of the sensor responses when employing the parent, 16GU, 

and 3-UAC aptamers. The grey box is representing the therapeutic window of tobramycin 

from ~7–18 µM; (Right) A zoom in of the 0–1 µM window to show the difference in 

sensor function for the parent, 16GU and 3-UAC aptamer sequences. These data represent 

titration curves calculated as percentage signal change using voltammetric peak currents as 

described in the experimental section. Each data point represents the average and standard 

deviation of at least three independently fabricated sensors. 

Our initial goal was to design an aptamer sequence that would support sensing of tobramycin in the 

therapeutic window. Sensors utilizing the mutant aptamer 16GU provided better sensitivity towards 

tobramycin in the therapeutic window (Figure 7). Specifically, 16GU sensors exhibit a ~20% signal 

change between 7 and 18 μM tobramycin, whereas the high-gain parent and 3-UAC (which both 

saturate before 7 µM) exhibit essentially no signal change in that window. We were able to 

successfully reduce the binding affinity of the E-AB sensors and significantly improve the sensitivity 

in the therapeutic window of tobramycin. 

4. Conclusions 

In this article, we successfully modified an aminoglycoside aptamer sequence to reduce the binding 

affinity of an electrochemical, aptamer-based sensor. Our motivation was to shift the functional region 

of the sensor to include the therapeutic window for the aminoglycoside antibiotic tobramycin. We 

proposed two methods for the rational design of sequences to achieve this goal. Unfortunately, our first 

method of altering bases involved in binding tobramycin was unsuccessful. The resulting sensors did 

not display appreciable signal, suggesting that we had eliminated any specific binding interactions. 

Alternatively, we stabilized the secondary structure of the target-free state of the aptamer (i.e., stem-loop). 

Stabilizing the aptamer into a stabilized target-free state renders the interaction between the aptamer 

and the target less energetically favorable (reducing affinity). Using this method we were able to 

develop sensors that displayed better sensitivity in the therapeutic window for tobramycin. Using 

secondary structure predictions to design new aptamer sequences with alternative folds represents a 

potential universal method to tune the binding properties of an aptamer to its target. Typically, 
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alterations to a bioaffinity agent are made in order to improve sensitivity and overall sensor 

performance [6,17,18,29,34]. Here, we present a strategy that, while reducing binding affinity, creates 

sensors that function in a desired concentration window dictated by the real-world application of the 

sensor—detecting drugs at a therapeutically relevant concentrations. Aptamers are typically selected to 

bind a target of interest without consideration of what is needed to develop a sensor (e.g., 

conformation switching). Methods to introduce sensing ability are thus of utility to scientists building 

biosensors. The strategies outlined in this manuscript should be of relevance to a broad range of sensor 

development strategies employing aptamers. 

Acknowledgments 

This work was supported by UMBC Startup Funds. 

Author Contributions  

Lauren R. Schoukroun-Barnes and Ryan J. White conceived and designed the experiments; Lauren R. 

Schoukroun-Barnes performed the experiments and analyzed the data; Ryan J. White contributed 

reagents/materials/analysis tools; Lauren R. Schoukroun-Barnes and Ryan J. White wrote the paper.  

Supplementary Materials 

Supplementary materials can be accessed at: http://www.mdpi.com/1424-8220/15/4/7754/s1. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Wilson, G.S.; Yibai, H. Enzyme-Based Biosensors for in Vivo Measurements. Chem. Rev. 2000, 

100, 2693–2704. 

2. Ronkainen, N.J.; Halsall, H.B.; Heineman, W.R. Electrochemical biosensors. Chem. Soc. Rev. 

2010, 39, 1747–1763. 

3. Yang, H. Enzyme-Based ultrasensitive electrochemical biosensors. Curr. Opin. Chem. Biol. 2012, 

16, 422–428. 

4. Kimmel, D.W.; Leblanc, G.; Meschievitz, M.E.; Cliffel, D.E. Electrochemical Sensors and 

Biosensors. Anal. Chem. 2012, 84, 685–707. 

5. Liu, J.; Morris, M.D.; Macazo, F.C.; Schoukroun-Barnes, L.R.; White, R.J. The Current and 

Future Role of Aptamers in Electroanalysis. J. Electrochem. Soc. 2014, 161, H301–H313. 

6. Schoukroun-Barnes, L.R.; Wagan, S.; White, R.J. Enhancing the Analytical Performance of 

Electrochemical RNA Aptamer-Based Sensors for Sensitive Detection of Aminoglycoside 

Antibiotics. Anal. Chem. 2014, 86, 1131–1137. 

7. Rowe, A.A.; Miller, E.a; Plaxco, K.W. Reagentless measurement of aminoglycoside antibiotics in 

blood serum via an electrochemical, ribonucleic acid aptamer-based biosensor. Anal. Chem. 2010, 

82, 7090–7095. 



Sensors 2015, 15 7766 

 

 

8. Zhu, L.; Anslyn, E.V. Signal amplification by allosteric catalysis. Angew. Chem. Int. Ed. 2006, 

45, 1190–1196. 

9. Liu, J.; Wagan, S.; Davila Morris, M.; Taylor, J.; White, R.J. Achieving Reproducible 

Performance of Electrochemical, Folding Aptamer-Based Sensors on Microelectrodes: Challenges 

and Prospects. Anal. Chem. 2014, 86, 11417–11424. 

10. Shi, J.; Claussen, J.C.; McLamore, E.S.; ul Haque, A.; Jaroch, D.; Diggs, A.R.; Calvo-Marzal, P.; 

Rickus, J.L.; Porterfield, D.M. A comparative study of enzyme immobilization strategies for 

multi-walled carbon nanotube glucose biosensors. Nanotechnology 2011, 22, 355502. 

11. Lei, Y.; Yan, X.; Zhao, J.; Liu, X.; Song, Y.; Luo, N.; Zhang, Y. Improved glucose electrochemical 

biosensor by appropriate immobilization of nano-ZnO. Colloids Surf. B. Biointerfaces 2011, 82, 

168–72. 

12. Mayhew, M, P.; Reipa, V.; Holden, M.J.; Vilker, V.L. Improving the Cytochrome P450 Enzyme 

System for Electrode-Driven Biocatalysis of Styrene Epoxidation. Biotechnol. Prog. 2000, 16,  

610–616. 

13. Interactions, H.À.G. Enhancing Binding Affinity by the Cooperativity between Host 

Conformation and Host–Guest Interactions. J. Am. Chem. Soc. 2011, 133, 8862–8865. 

14. Schlehuber, S.; Skerra, A. Tuning ligand affinity, specificity, and folding stability of an 

engineered lipocalin variant—A so-called “anticalin ”—Using a molecular random approach. 

Biophys. Chem. 2002, 96, 213–228. 

15. Houk, K.N.; Leach, A.G.; Kim, S.P.; Zhang, X. Binding affinities of host-guest, protein-ligand, 

and protein-transition-state complexes. Angew. Chem. Int. Ed. 2003, 42, 4872–4897. 

16. Hernandez, K.; Fernandez-Lafuente, R. Control of protein immobilization: Coupling 

immobilization and site-directed mutagenesis to improve biocatalyst or biosensor performance. 

Enzyme Microb. Technol. 2011, 48, 107–122. 

17. Vallée-bélisle, A.; Ricci, F.; Plaxco, K.W. Engineering Biosensors with extended, narrowed, or 

arbitrarily edited dynamic range. J. Am. Chem. Soc. 2012, 20, 2876–2879. 

18. Kang, D.; Vallée-Bélisle, A.; Porchetta, A.; Plaxco, K.W.; Ricci, F. Re-Engineering electrochemical 

biosensors to narrow or extend their useful dynamic range. Angew. Chem. Int. Ed. 2012, 51, 

6717–6721. 

19. Ricci, F.; Lai, R.Y.; Heeger, A.J.; Plaxco, K.W.; Sumner, J.J. Effect of molecular crowding on the 

response of an electrochemical DNA sensor. Langmuir 2007, 23, 6827–6834. 

20. Kang, D.; Zuo, X.; Yang, R.; Xia, F.; Plaxco, K.W.; White, R.J. Comparing the properties of 

electrochemical-based DNA sensors employing different redox tags. Anal. Chem. 2009, 81,  

9109–9113. 

21. Swensen, J.S.; Xiao, Y.; Ferguson, B.S.; Lubin, A.a; Lai, R.Y.; Heeger, A.J.; Plaxco, K.W.;  

Soh, H.T. Continuous, real-time monitoring of cocaine in undiluted blood serum via a microfluidic, 

electrochemical aptamer-based sensor. J. Am. Chem. Soc. 2009, 131, 4262–4266. 

22. Uzawa, T.; Cheng, R.R.; White, R.J.; Makarov, D.E.; Plaxco, K.W. A Mechanistic Study of 

Electron Transfer from the Distal Termini of Electrode-Bound, Single-Stranded DNAs. J. Am. 

Chem. Soc. 2010, 132, 16120–16126. 

23. Ferapontova, E.E.; Olsen, E.M.; Gothelf, K.V An RNA aptamer-based electrochemical biosensor 

for detection of theophylline in serum. J. Am. Chem. Soc. 2008, 130, 4256–4258. 



Sensors 2015, 15 7767 

 

 

24. Ferapontova, E.E.; Gothelf, K.V. Effect of serum on an RNA aptamer-based electrochemical 

sensor for theophylline. Langmuir 2009, 25, 4279–4283. 

25. Ferapontova, E.E.; Gothelf, K.V. Optimization of the Electrochemical RNA-Aptamer Based 

Biosensor for Theophylline by Using a Methylene Blue Redox Label. Electroanalysis 2009, 21, 

1261–1266. 

26. Ricci, F.; Zari, N.; Caprio, F.; Recine, S.; Amine, A.; Moscone, D.; Palleschi, G.; Plaxco, K.W. 

Surface chemistry effects on the performance of an electrochemical DNA sensor. Bioelectrochemistry 

2009, 76, 208–213. 

27. White, R.J.; Plaxco, K.W. Exploiting Binding-Induced Changes in Probe Flexibility for the 

Optimization of Electrochemical Biosensors. Anal. Chem. 2010, 82, 73–76. 

28. White, R.J.; Plaxco, K.W. Engineering New Aptamer Geometries for Electrochemical  

Aptamer-Based Sensors. Proc. Soc. Photo Opt. Instrum. Eng. 2009, 7321, doi:10.1117/12.820419. 

29. White, R.J.; Rowe, A.A.; Plaxco, K.W. Re-Engineeing aptamers to support reagenless,  

self-reporting electrochemical sensors. Analyst 2010, 135, 589–594. 

30. Jarczewska, M.; Kékedy-Nagy, L.; Nielsen, J.S.; Campos, R.; Kjems, J.; Malinowska, E.; 

Ferapontova, E.E. Electroanalysis of pM-levels of urokinase plasminogen activator in serum by 

phosphorothioated RNA aptamer. Analyst 2015, doi:10.1039/C4AN02354D. 

31. Farjami, E.; Campos, R.; Nielsen, J.S.; Gothelf, K.V.; Kjems, J.; Ferapontova, E.E. RNA 

aptamer-based electrochemical biosensor for selective and label-free analysis of dopamine.  

Anal. Chem. 2013, 85, 121–128. 

32. Jiang, L.; Patel, D. Solution sturucture of the tobramycin-RNA aptamer complex. Nat. Struct. Biol. 

1998, 5, 769–774. 

33. Setia, U.; Gross, P.A. Administration of tobramycin and gentamicin by the intravenous route 

every 6 hr in patients with normal renal function. J. Infect. Dis. 1976, 134, S125–S129. 

34. White, R.J.; Phares, N.; Lubin, A.A.; Xiao, Y.; Plaxco, K.W. Optimization of Electrochemical 

Aptamer-Based Sensors via Optimization of Probe Packing Density and Surface Chemistry. 

Langmuir 2008, 24, 10513–10518. 

35. Wang, Y.; Rando, R.R. Specific binding of aminoglycoside antibiotics to RNA. Chem. Biol. 1995, 

2, 281–290. 

36. Dill, K.A.; Bromberg, S. Molecular Driving Forces: Statistical Thermodynamics in Chemistry 

and Biology; Garland Science: New York, NY USA, 2003. 

37. Zuker, M.; Jacobson, A.B. Using reliability information to annotate RNA secondary structures . 

Using reliability information to annotate RNA secondary structures. RNA 1998, 4, 669–679. 

38. Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids 

Res. 2003, 31, 3406–3415.  

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


