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 2 

ABSTRACT 14 

Aptamers are short oligonucleotides capable of binding specifically to various targets (i.e., small 15 

molecules, proteins, and whole cells) which have been introduced in biosensors such as in the 16 

electrochemical aptamer-based (E-AB) sensing platform. E-AB sensors are comprised of a redox-17 

reporter-modified aptamer attached to an electrode that undergoes, upon target addition, a binding-18 

induced change in electron transfer rates. To date, E-AB sensors have faced a limitation in the 19 

translatability of aptamers into the sensing platform presumably because sequences obtained from 20 

Systematic Evolution of Ligands by Exponential Enrichment (SELEX) are typically long (> 80 21 

nucleotides) and that obtaining structural information remains time and resource consuming. In 22 

response, we explore the utility of aptamer base truncations and in silico docking to improve their 23 

translatability into E-AB sensors. Here, we first apply this to the glucose aptamer, which we 24 

characterize in solution using NMR methods to guide design and translate truncated variants in E-25 

AB biosensors. We further investigated applicability of the truncation and computational 26 

approaches to five other aptamer systems (vancomycin, cocaine, methotrexate, theophylline, and 27 

ochratoxin A) from which we derived functional E-AB sensors. We foresee that our strategy will 28 

increase the success rate of translating aptamers into sensing platforms to afford low-cost 29 

measurements of molecules directly in undiluted complex matrices. 30 

KEYWORDS 31 

Aptamer docking, Aptamer truncations, Electrochemical aptamer-based biosensors, glucose 32 

biosensor, Electrochemical impedance spectroscopy, NMR spectroscopy.  33 
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INTRODUCTION 34 

Aptamers are short oligonucleotides obtained via “Systematic Evolution of Ligands by 35 

Exponential Enrichment” (SELEX) that are capable of binding with high specificity to a wide 36 

variety of targets (e.g., small molecules, proteins, and whole cells).1–3,4 Due to their target-37 

recognition capabilities, stability and ease of modification, aptamers have increasingly been 38 

utilized in several biosensing platforms to enable development of new point-of-need biomedical 39 

tools.4,5 40 

Electrochemical aptamer-based (E-AB) biosensors are an example of such a platform. E-41 

AB biosensors are comprised of a redox-reporter-modified aptamer that is electrode-bound, which 42 

upon aptamer target addition undergoes a change in electron transfer rate6. Such change can be 43 

directly measured using different electroanalytical techniques to quantitively report on the target 44 

concentration to support direct, reagent-less, and real-time molecular measurements in different 45 

undiluted biological matrices.7–10 46 

To date, while several E-AB biosensors have been developed for different molecules8,9,11–47 

14, a major limitation that hampers their widespread use remains the translation of aptamers into 48 

the sensing platform.12 We presume that this is because: 1) aptamers obtained via SELEX are often 49 

long (typically ~60-80-mer)15, which may place the ligand binding site far from the electrode 50 

surface minimizing measurable changes in electron transfer rates; and 2) only a handful of 51 

aptamers (e.g., cocaine16-, adenosine triphosphate17-, ochratoxin18-, thrombin19-binding aptamers) 52 

have been structurally characterized using nuclear magnetic resonance spectroscopy18,20,21 and X-53 

ray crystallography22–24. As a result, it remains challenging to identify the ligand binding site to 54 

reengineer new aptamer sequences to maximize binding-induced changes in E-AB sensors.25–29  55 
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Only a small fraction of the total number of nucleotides in an aptamer sequence is involved 56 

in target recognition.20,21,30–34 Fifteen of the 60 nucleotides composing the α-thrombin parent 57 

aptamer, for example, are responsible for binding.35,36 Considering that E-AB sensors rely on 58 

changes in electron transfer rates of the redox reporter that occur within short distances (< 1-2 59 

nm)37–39 from the electrode, shortening sequences could improve their analytical responses.8,27 To 60 

guide aptamer length reduction, a few groups use isothermal calorimetry titrations (ITC) and 61 

circular dichroism (CD)14,26,40,41 to gain information on aptamer function such as binding and 62 

conformational changes. ITC and CD, however, can report on changes that occur far from aptamer 63 

tagging positions which would not support strong E-AB sensor signaling.26,41 Xiao and co-64 

workers, in contrast, elegantly provided an experimentally guided approach to yield functioning 65 

E-AB sensors for adenosine or fentanyl-binding aptamers.42–44 For this, the authors produce shorter 66 

aptamer variants by inhibiting exonucleases digestion when an aptamer is in the presence of target. 67 

This approach has shown great promise to obtaining an ideally optimized aptamer.42 68 

To engineer aptamers into their shortest sequences for E-AB sensors we decided to perform 69 

truncations (removing nucleotides from the 3’ and 5’ extremities of the aptamer) of aptamers and 70 

investigate the applicability of in silico docking computational tools that do not require advanced 71 

programming skills. We first studied the glucose45 aptamer through NMR spectroscopy to enable 72 

the design of a functional E-AB sensor through base truncations. Concomitantly, we performed in 73 

silico docking and corroborated potential nucleotides involved in target binding identified via 74 

NMR spectroscopy. Motivated by these results, we truncated four other DNA aptamers binding 75 

low-molecular-weight targets including methotrexate40, theophylline46, cocaine21, and 76 

vancomycin7. In doing so, we observed that for all truncated variants in which we brought the 77 

predicted (as per docking) binding region closer to the electrode improved the response of E-AB 78 
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sensors. We thus envision that performing truncations and ligand docking could provide for rapid 79 

translation of aptamers in different sensing technologies. 80 

 81 

RESULTS AND DISCUSSION 82 

As a test bed for our study, we decided to use the glucose binding aptamer previously reported by 83 

Nakatsuka and co-workers45. Given that its target binding region and structure has still not been 84 

studied in great lengths, we first set out to characterize it with NMR spectroscopy. The 1D 1H 85 

NMR spectrum of the free parent glucose aptamer (Figure 1A) revealed ~ 7 peaks in the Watson-86 

Crick region of its imino 1H spectrum indicating base pairing that we confirmed with a 2D NOESY 87 

experiment (Figure S1). These assignments confirmed the presence of two stems separated by a 88 

large asymmetrical bulge region (Figure 1B). The addition of glucose results in the formation of 89 

many new imino peaks (Figure 1A) and specifically ones from nucleotides in the bulge region 90 

indicated the likely formation of new base pairs (G11-G27, G9-C32 and T8-A33) supporting 91 

ligand-induced structure formation (Figure 1B).  92 

  93 
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 94 

Figure 1. In performing (A) 1D 1H NMR and 2D NOESY experiments (see Figure S1), we were able to assign 95 
nucleotide imino 1H signals of the glucose parent aptamer as highlighted in green in the predicted secondary structure 96 
in (B). Increasing the glucose concentration results in structure formation and new imino proton signals to appear (see 97 
1D 1H NMR in (A) and in 2D NOESY in Figure S1)). From these results, glucose appears to bind in the bulge region 98 
of the parent aptamer. NMR spectra acquired at 0.5-1.5 mM in 250 mM NaCl, 10 mM HxNayPO4, pH 7.6, 10% 99 
2H2O/90% 1H2O at 5 ˚C. 100 

 101 

Having assigned imino protons of nucleotides in the glucose aptamer, we were interested 102 

to gain further insights into the location of ligand binding. For this, we studied different mutations 103 

of the parent aptamer (Figure 2). When changing nucleotides in the bulge region of the aptamer 104 

(Glu-mod1, Glu-mod2, Glu-mod3, Glu-mod4, Glu-mod5, Glu-mod6, Glu-mod9 and Glu-mod10), 105 

we observed no discernable change in the NMR spectrum when adding target, indicating that these 106 

variants were unable to bind glucose (as an example see Figure S2A for Glu-mod1). When 107 

mutations were performed outside of the bulge region (Glu-mod7 and Glu-mod8), in contrast, we 108 

still observed changes in the NMR spectrum indicative of aptamer binding (Figures S2B and C). 109 

These observations indicate that glucose likely interacts with nucleotides found in the bulge to 110 

result in ligand binding.  111 
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 112 

Figure 2. Predicted secondary structures of the different sequence variants of the glucose parent aptamer we tested 113 
via point mutations to determine the ligand binding region. Nucleotides in red are ones that inhibited glucose binding 114 
while ones in green did not alter target binding. 115 

 116 

Guided by these results, we designed truncated variants of the glucose aptamer to produce 117 

a functional E-AB sensor. We envision that performing truncations increases the aptamer 118 

flexibility and brings the identified binding site closer to the electrode surface allowing for an 119 

enhancement in E-AB sensor response.47 We produced 2 truncated variants of the glucose aptamer 120 

by removing three and six terminal base pairs from the parent aptamer (Figure 3A). Along with 121 

the parent aptamer, we functionalized the 3’ and 5’ extremities of each variant with a methylene 122 
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blue redox reporter and a thiol anchor. We fabricated E-AB sensors using known procedures48 123 

with the modified sequences and interrogated each using electrochemical impedance spectroscopy 124 

due to its ability to deconvolute the different electrochemical processes occurring at different time 125 

scales and maximize E-AB sensors’ faradaic contribution to the measured current. This involved 126 

fixing a sinusoidally oscillating potential at methylene blue’s reduction potential and measuring 127 

the alternating current response. We then fitted the impedimetric responses to a known equivalent 128 

circuit composed of 4 elements (i.e., solution resistance (Rsol), electrical double-layer formation 129 

(Cint), charge transfer resistance (RCT) and the redox reporter pseudocapacitance (CDNA)).49 We 130 

observed that Rsol, Cint and CDNA remained constant as a function of target concentration while RCT 131 

varied (Figure S3). The parent glucose aptamer and its 6-trunc variant showed no electrochemical 132 

change upon addition of target. The 3-trunc variant, in contrast, showed the largest response 133 

(Figure 4A). These results suggest that T35 of the aptamer, as seen in our NMR spectroscopy 134 

mutation study, participate in binding with glucose. 135 

 136 
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 137 
Figure 3. We performed truncations on 5 different aptamers to reduce the sequence length so that when adapted in 138 
the E-AB sensing platform this would position the ligand binding site closer to the electrode. The dashed lines on each 139 
aptamer show the different nucleotides we discarded. The blue residues indicate the interacting nucleotides predicted 140 
by in silico docking of the top-ranking docked target conformation with the corresponding aptamer binding (A) 141 
glucose, (B) methotrexate, (C) theophylline, (D) cocaine and (E) vancomycin. For MN4 and glucose parent aptamers, 142 
the nucleotides circled in red represent ones experimentally identified in binding from NOEs or where mutations 143 
impede binding in NMR studies. The nucleotides circled in green are ones experimentally identified where mutations 144 
impede target binding as per ITC method as identified previously in past reports.  145 
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 146 
Figure 4. Aside from variants in which we removed identified binding nucleotides, all E-AB sensors for (A) glucose, 147 
(B) methotrexate, (C) theophylline, (D) cocaine and (E) vancomycin designed using truncated aptamers produced 148 
increased responses when challenged with their corresponding targets. We show this by modifying the 3’ and 5’ 149 
termini of all aptamers with a methylene blue redox reporter and a thiol anchor from which we fabricated E-AB 150 
sensors. We then acquired electrochemical impedance spectroscopy results that we fitted using an equivalent circuit 151 
diagram to quantify changes associated with interfacial charge transfer resistances (RCT). We derived from these fits 152 
the dissociation constant (see KD values in Table 1). The errors illustrate the standard deviation of signals produced 153 
by at least three sensors independently fabricated and tested. In certain cases, we did not obtain sensor saturation as 154 
we typically refrain from reaching high target concentrations due to changes in pH or non-specific interaction with 155 
the aptamer ultimately resulting in confounding effects of E-AB sensors.50 Each aptamer was tested in different buffers 156 
(see supporting information for more details) to match with the SELEX conditions used. 157 

 158 

Table 1. We report here the measured limits of detection and KD values obtained using electrochemical impedance 159 
spectroscopy (EIS) that we compare to isothermal titration calorimetry (ITC) or nuclear magnetic resonance (NMR) 160 
results previously reported. 161 

Target Aptamer Limit of detection 
(µM) 

KD value (µM) 
EIS ITC/NMR 

Glucose 
Parent - n/a 5000 ± 2000 
3-trunc 7900 40000 ± 10000 > 10000 
6-trunc - n/a - 

Methotrexate 

Parent 
(HMX38) - n/a 0.165 ± 0.083 40  

3-trunc 
(HMX32) - n/a 0.488 ± 0.234 40 

7-trunc 
(HMX24) 0.04 2.9 ± 0.3 0.529 ± 0.153 40  

Theophylline 

Parent 
(Theo2201) - n/a 0.51 ± 0.13 46 

10-trunc 
(Theo2201-t2) 0.25 7.1 ± 0.5 9.8 46 

Cocaine Parent (MN4) - n/a 8.6 ± 4.4 51 
3-trunc (MN19) 0.63 6.3 ± 0.8 * 17 ± 3 51 
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Vancomycin 

Parent - n/a 0.14 ± 0.02 41 
2-trunc - 7 ± 5 n/a 
4-trunc 0.63 5.9 ± 0.7 52 ± 20 41 
6-trunc - n/a n/a 

n/a: there is no concentration-dependent signal. * KD value for the high affinity binding site. 162 

Given that E-AB sensors response can be complicated by several parameters especially 163 

when at high target concentrations,50 we wanted to confirm that the response of our E-AB glucose 164 

3-trunc variant is ascribed to target binding. For this we performed solution-based characterization 165 

in NMR by monitoring the increase of 6 imino proton peak intensities as glucose was added, a 166 

reliable approach due to the weak affinity of this aptamer (Figure S4 and Table S4). When looking 167 

at the parent variant, we determined an average KD value of 5 ± 2 mM closely matching with that 168 

measured by fluorescence45 and 2-aminopurine methods52. As was previously observed by Lu and 169 

co-workers52, this binding appears specific since when we added galactose, an epimer of glucose, 170 

we observed no chemical shift changes or new imino signal appearance indicating that no 171 

detectible binding occurs under these conditions (Figure S2D). We likewise determined the 172 

affinity of the Glu-mod7 and Glu-mod8 variants (mutations in the upper stem portion of the 173 

aptamer) and found those to have KD values of 2.9 ± 0.3 and 12 ± 3 mM, respectively, closely 174 

approaching our results for the parent variant. When characterizing our glucose 3-trunc variant, 175 

we also observed binding with NMR methods, albeit at higher concentrations, with an affinity 176 

comparable to when adapted into the E-AB sensing platform (unsaturated titration even with 80 177 

mM of glucose added in comparison to a KD value of 40 ± 10 mM when in E-AB sensors) (Figure 178 

S2E). Together, these observations further support that glucose binds in the bulge region of the 179 

aptamer. 180 
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 181 

Figure 5. The computational workflow to predict an aptamer tertiary structure and nucleotides involved in target 182 
binding consists of four steps. We start by predicting the aptamer tertiary structure using the online bioinformatic tool 183 
DeepFoldRNA53 using the aptamers’ sequences in their RNA format. Next, we modified the predicted RNA aptamer 184 
structure by converting uracil residues to thymines using another web-based tool, x3DNA54, followed by removal of 185 
the 2’-OH groups of the RNA structures using PyMol55 to obtain a rough DNA aptamer model. Target structures 186 
provided by PubChem and target charges are calculated using a molecular operating environment (MOE).56 Third, we 187 
performed blind aptamer-target  docking via AutoDock Vina.57 Finally, out of the 9 possible ligand conformations 188 
obtained, we analyzed the top candidate using Discovery Studio Visualizer,58 to determine an estimation of aptamer-189 
ligand interactions and nucleotides involved in binding.  190 

 191 

To support our experimental identification of the ligand binding site in aptamers, we 192 

explored the use of conventional computational in silico docking tools (Figure 5). With these 193 

tools, we do not aim at precisely predicting the tertiary structure of aptamers as current tools do 194 

not provide accurate representations, especially of non-Watson-Crick base pairs prevalent in DNA 195 

aptamers. Further experimental validation of the tertiary structure should be provided via, for 196 

example, 13C and 15N labelling in NMR, X-Ray or cryo-EM. We set out to test conventional 197 

computational tools by generating a 3-D model for the aptamer’s tertiary structure using 198 

DeepFoldRNA53. DeepFoldRNA is a web-based software that models tertiary structures using 199 

deep learning techniques, which has shown improved performances on benchmark datasets like 200 

Rfam families or RNA-Puzzle experiments with root mean square deviation (RMSD) averages of 201 

2.69 Å in comparison to other models. To use DeepFoldRNA, as others have prior to us,59–63 we 202 

transposed the glucose aptamer sequence into RNA format. From the 10 predictions generated by 203 

the algorithm, we picked the one with the lowest RMSD and then swapped the uracils for thymines 204 

in the structure using the web-based tool, x3DNA,54 prior to removing the 2’-OH on the ribose 205 

backbone using PyMol.55 Next, we performed blind docking of the target molecules to the 206 
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predicted aptamer structures64 using AutoDock Vina (version 1.2.0)57, a widely used open-source 207 

molecular docking software program. This tool has successfully performed virtual screening of 208 

small molecules binding to macromolecular receptors such as proteins.65–68 We modified the grid 209 

box dimensions that was generated by AutoDock Vina to cover all possible interactions between 210 

the aptamer and its target (Table S5). Following docking we obtained up to nine binding target 211 

poses that we classify per increasing Vina score (in kcal mol-1) and RMSD (Table S6). The former 212 

parameter is an equilibrium state that reflects the aptamer-target complex stability while the later 213 

informs on the changes in the conformation of the target compared to the model of best affinity.69 214 

The predicted structures were clustered with a 2 Å RMSD cutoff that we used as a criterion to 215 

predict the bound structure.70–72 We therefore chose the best-scoring binding pose having the 216 

lowest energy value and the best alignment that has 0 RMSD.25,57,73–75  217 

Conventional in silico docking computational results to determine the ligand binding site 218 

of the glucose aptamer appear to agree with our NMR spectroscopy-derived observations. We 219 

observed this through a final computational analysis step involving visualization of the ligand 220 

binding site and identification of the aptamer-ligand interactions using Discovery Studio 221 

Visualizer, part of the suite of software developed and distributed by Dassault Systems BIOVIA.76 222 

This software allowed us to identify the interactions such as hydrogen bonds, Van der Waals, 223 

halogen binding, π-π stacking, etc4,5,77 in the docked target-aptamer complexes (Figure S5). When 224 

visualizing interactions of the glucose-binding aptamer docked structure, we observed that the 225 

target inserted into the bulge and interacted with 6 (G11, T12, A26, G27, T28, and G29 in Figure 226 

3D) of the 40 nucleotides in the glucose sequence, 2 (G11 and G27 in Figure 3D) of which 227 

identified as inhibiting binding via NMR spectroscopy. We foresee that the loss of response of the 228 

6-trunc variant in buffer attest that T34 and T35 are needed for target binding either by interacting 229 
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with the ligand or stabilizing the structure necessary for binding as indicated by our NMR results. 230 

Together these results illustrate that docking tools currently available could provide for a rapid 231 

entry-point to assess the ligand binding site of the aptamer. 232 

Encouraged by the successful translation of the glucose aptamer into an E-AB sensor, we 233 

proceeded to derive truncated variants of 4 other aptamers binding small molecule ligands 234 

(methotrexate40, theophylline46, cocaine21, and vancomycin7). We shortened the methotrexate-235 

binding aptamer (HMX38) by removing 3 and 7 base pairs to generate two truncated variants (3-236 

trunc and 7-trunc) (Figure 3B). For the theophylline-binding aptamer, we decided to fully remove 237 

the stem and loop regions below G11 and C33 of the Theo2201 aptamer to produce the 10-trunc 238 

variant (also known as Theo2201-t2) (Figure 3C). With the cocaine-binding aptamer, we removed 239 

three base pairs from its extremities to produce the variant we refer as MN19 (Figure 3D). Finally, 240 

we decided to produce 3 truncated variants of the vancomycin aptamer (2-trunc, 4-trunc, and 6-241 

trunc) (Figures 3E). Similar to the glucose aptamer, we functionalized the 3’ and 5’ extremities 242 

of each parent aptamer and its variants with a methylene blue redox reporter and a thiol anchor so 243 

that we could use each as an E-AB sensor.  244 

Truncating the methotrexate, theophylline, cocaine, and vancomycin aptamers resulted in 245 

an increased E-AB sensor response. We showed this by fabricating E-AB sensors from the parent 246 

and truncated variants of these aptamers (Figure 4). By exposing methotrexate E-AB sensors to 247 

increasing amounts of target, we found that the parent and 3-trunc aptamers did not exhibit any 248 

target-induced response while the 7-trunc aptamer showed sigmoidal responses (Figure 4B and 249 

Table 1). Similarly, the theophylline E-AB sensors fabricated from a 10-trunc variant also 250 

produced larger response in comparison to the parent aptamer which did not return any response 251 

at low target concentrations (Figure 4C and Table 1). When challenging the MN4 parent aptamer 252 

https://doi.org/10.26434/chemrxiv-2024-mshjh ORCID: https://orcid.org/0000-0002-0490-7115 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-mshjh
https://orcid.org/0000-0002-0490-7115
https://creativecommons.org/licenses/by-nc-nd/4.0/


 15 

and the corresponding MN19 truncated variant with increasing amounts of cocaine, only the 3-253 

trunc MN19 variant showed a measurable response (Figure 4D and Table 1). For the vancomycin 254 

aptamer truncated variants, we measured the largest maximal signal change for the 4-trunc variant. 255 

The 6-trunc variant of this aptamer, however, did not show any response when exposed to 256 

increasing amounts of vancomycin (Figure 4E and Table 1).  257 

We again observe agreement between our computational results and ones obtained 258 

experimentally for the other aptamers. In looking at the methotrexate, theophylline, cocaine and 259 

vancomycin aptamers, nucleotides identified via docking closely match ones reported to be 260 

important to maintain binding in previous ITC and NMR mutation studies (see supporting 261 

information for more details). For instance, docking of methotrexate to its aptamer showed that 262 

binding occurred in the loop (C10, G11, G12, G13) and the stem-loop (G20, G22, G23, G24, A25, 263 

C26, C27, C28, A29) (Figures 3B and S6) consistent with the study of He and co-workers.40 For 264 

the theophylline aptamer, docking predicted the binding site to be located at G11, T12, C27, G28, 265 

C30, C31, G32, and C33 of the aptamer (Figures 3C and S7), in line with Huang and colleagues46 266 

who found that only when the second stem (above T15 and T29) was removed did binding was 267 

abolished. When visualizing interactions of the MN4 cocaine-binding aptamer docked structure, 268 

we observed that the target inserted into the core of a three-way junction structure and interacted 269 

with 9 out of the 36 nucleotides in the MN4 sequence (C6, A7, A8, G9, C16, C17, T18, T19 and 270 

G30) (Figures 3D and S8). Of these, two nucleotides (T19 and G30) match those previously 271 

identified as making nuclear Overhauser effect (NOE) contacts with the aromatic ring of cocaine. 272 

While docking did not find two other nucleotides (C20 and G31) previously identified as making 273 

NOE contacts with cocaine, these were neighboring nucleotides to ones identified by docking (T19 274 

and G30). Other nucleotides that docking identifies as potentially interacting with cocaine and not 275 
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identified by NOE interactions (C6, A7, A8, G9, C16, C17, T18) are at or adjacent to the junction 276 

and can plausibly interact with cocaine. In our previous study16 we just reported NOE interaction 277 

to the aromatic group on cocaine limiting the reported nucleotides to a subset of those interacting 278 

with the ligand. Additionally, some of the nucleotides identified by docking may also reflect the 279 

identity of nucleotides at a lower affinity binding site previously identified at low NaCl 280 

concentrations.21 Finally, blind docking showed that the vancomycin was predicted to bind to its 281 

aptamer at C5, G6, A7, G8, G9, T11, A12, C13, C14, T42, G43, G44, G45, T46, C47, and G48 282 

(Figures 3E and S9) in agreement with ITC results of Shaver and co-workers.41 In accordance 283 

with our sensor results, G6 appears as essential to support binding in this E-AB sensor and its 284 

removal decreases the measured response. This latter example illustrates the ability of the 285 

computational tools to predict which nucleotides are essential in binding with target and thus could 286 

help guide the design of E-AB sensors.  287 

All truncated aptamer variants that did not affect the ligand binding site determined 288 

computationally or via NMR spectroscopy exhibited improved E-AB sensor response in 289 

comparison to the longer parent sequences. We presume that the increase in sensor response is 290 

because of two intertwined phenomena. Specifically, when looking at the cocaine-binding 291 

aptamer, by truncating MN4, we destabilize the conformation of the aptamer21,26,78 which increases 292 

the probability with which the redox reporter competes with the ligand-binding site.79 Indeed, we 293 

find lower electron transfer rates when the truncated MN19 sensors are in absence of target 294 

(Figures S11A-B). The addition of target brings the redox reporter closer to the electrode or 295 

changes its reorganizational energy sufficiently to result in larger differences in electron transfer 296 

rates with the unbound configuration.27,47 The observation of such destabilization appears to also 297 

hold in cases of other aptamer systems (Figures S10 and S11) which could suggest for similarities 298 
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in signaling mechanism. Second, by truncating the aptamer, the identified ligand and redox 299 

reporter binding site is brought closer to the electrode surface.80 Given the exponential dependence 300 

of the tunneling current, which is thought to be the main electron transfer mechanism involved in 301 

these systems,81 reducing this distance allows us to increase our resolution with which we are able 302 

to resolve the redox-reporter competition mechanism. Thus, we envision that aptamer truncations 303 

represent a necessary post-SELEX procedure to translate aptamers into functional E-AB 304 

biosensors.  305 

 306 

CONCLUSION 307 

In this study, we explore the use of truncations and computational docking to predict the location 308 

of the aptamer-ligand binding site to accelerate sequence design and in turn fabricate functional 309 

E-AB biosensors. Doing so, we found that, in comparison to parent aptamers, all truncated variants 310 

exhibited improved responses with some responding in clinically relevant ranges. We presume 311 

that the improved analytical performances originated from an increased change in aptamer 312 

flexibility between the free and bound states and a proximal binding site to the electrode 313 

surface.27,47 While predicting aptamer tertiary structures and identifying all the nucleotides 314 

involved in target binding with any certainty poses as a challenge, the computational docking 315 

simulation outlined here appears to provide useful insights into the target binding region to allow 316 

for aptamer engineering. We foresee that the development of more accurate structure prediction 317 

tools and studies incorporating molecular dynamics simulations could help us further refine results 318 

obtained from docking, confirm the predicted binding mode and provide an estimate of the binding 319 

energy.82–84 This will ultimately, we envision, accelerate the development of new aptamer-based 320 
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sensors able to measure molecules of interest for different uses directly in undiluted complex 321 

matrices. 322 
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