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Abstract 

Aptamers are a class of bioreceptors intensively used in current analytical tools dedicated 

to molecular diagnostics due to their ability to perform large structural reorganization upon 

target binding. However, there is a lack of methodologies allowing to rationalize their 

structure in order to improve the transduction efficiency in aptamer sensors.  We choose 

here, as a model system, a three-strand DNA structure as probe, composed of two DNA 

strands anchored on a gold surface and partially hybridized with an aptamer sequence 

sensitive to Ampicillin (AMP). The DNA structure has been designed to show strong 

structural change upon AMP binding to its aptamer. 

Using a set of computational techniques including molecular dynamics simulations, we 

deeply investigated the structure change upon analyte binding, taking into account the 

grafting on the surface. Original analyses of ions distributions along the trajectories unveil 

a distinct pattern between both states which can be related to changes in capacitance of 

the interface between these states. To our knowledge, this work demonstrates for the first 

time the ability of computational investigations to drive, in-silico, the design of 

aptasensors. 
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Aptamers are structured DNA or RNA sequences selected in-vitro to bind specifically to 

a non-nucleic target1. Current SELEX (systematic evolution of ligands by exponential 

enrichment) methodologies allow to identify quickly specific aptamer sequences against 

a broad variety of targets e.g., from whole cell to low molecular weight molecules. 

Aptamers have proven their relevance as specific bioreceptors and used to date in many 

highly sensitive analytical methodologies2, 3. Many of them, named aptasensors, involve 

the anchoring of one of the aptamer ends to a surface acting as the transducer element4. 

Among the varieties of aptasensors, those that do not require labelling of the distal end 

of the sequence (i.e., by a biomolecular probe, a protein, a nanoparticle, etc.) to assay 

the target constitute the most interesting ones according to their ease of use and their 

often better analytical characteristics. This is especially true for low molecular weight 

targets that can show dramatic affinity decay upon even minor aptamer labelling5. To 

avoid labelling, powerful transduction strategies have been proposed, those based on the 

monitoring of the charge distribution change close to the surface upon target binding 

being particularly promising.  

 

Nucleic acids sequences are polyelectrolytes and their conformational change associated 

to the target binding can lead to charges reorganization close to the transducing surface. 

Current analytical techniques such as surface plasmon spectroscopies and field-effect 

transistors can detect small ionic distribution changes of an electrolyte. The intensity of 

the recorded signal depends on the refraction index and on the capacitance of the thin 

solution layer close to the surface, respectively. These techniques have already shown 

their relevance in the field of aptasensors6, 7. However, the inherent lack of affinity of 

aptamers selected against low molecular weight targets, with affinity constants usually in 

the µM range, requires innovative amplification strategies to reach lower limits of 

detection.  

 

Recent advances in designing functional DNA architectures7, 8 allow to consider a new 

class of highly sensitive aptasensors that switch their entire conformation even if only few 

bases are involved in a target binding process. In most of the cases, the aptamer 

sequence is introduced inside a host matrix (scaffold) participating in its overall 3D-

structure.9 By properly designing the nucleic acids scaffold i.e., when anchoring aptamer 

functions to the scaffold are the same as those interacting with the target, scaffold 

structure change may be induced by the target binding. The equilibrium constant of the 



 

competitive exchange reaction involving the aptamer sequence, the scaffold and the 

target must thus be carefully tuned in order to maintain both a scaffold stability at ambient 

temperature and a relevant apparent aptamer/target affinity constant. 

 

To achieve the design of such structures, information about the structural mechanism of 

the biomolecular complex formation is required. However, precise aptamer/target 

complex structure is known only for a few systems. In these well-described cases, the 

aptamer is already folded to bind the target constituting a relevant starting point for the 

overall structure determination10, 11. However, in the most general case, “induced-fit 

mechanism”12, 13, 14 is involved and the structure cannot be single-handedly deduced from 

classical tools such as mfold alone. Besides, the vast majority of biosensor devices 

requires immobilization of a biomolecule on a surface which involves surface/biomolecule 

interactions and thus structural modifications. Despite its wide importance, experimental 

investigations of such structural modifications remain elusive15 so that molecular 

simulations, in this context, represent an alternative to understand the underlying physical 

processes which occur at the biomolecule/surface interface15. 

 

The available literature on molecular modeling studies of sensing architectures including 

an immobilized bioreceptor is scarce. Some recent articles deal with peptide-based 

systems (i.e., ochratoxin17, carboxyhemoglobin18, dopamine19) but very few engage a 

nucleic acid sequence as a receptor. Choodet et al. deciphered the mechanisms of 

naked-eye aptasensors, based on citrate-capped gold nanoparticles (AuNPs), for 8-oxo-

dG detection, using molecular dynamics (MD) simulations19. The modeling of the most 

encountered aptasensors format where the nucleic acid sequence is immobilized onto a 

solid, was only discussed, to our knowledge by Ruan et al. They analyzed the effects of 

adding T6 linker to an anti-flavin RNA-based aptamer and its anchorage to a 1-mercapto-

6-hexanol-functionalized gold surface on the biorecognition process20. They concluded 

that the immobilized aptamer undergoes a structural reorganization, which may cause a 

loss in affinity, and that this restructuring is due to an anisotropic ion distribution around 

the aptamer. This loss of affinity is dominant when immobilizing bioreceptors to a surface, 

which is well-known experimentally21. Our aim is here to take advantage of this ionic 

distribution variation, at the vicinity of an aptamer grafted on a gold surface, to create an 

efficient biosensor. 

 



 

In this work, we propose a DNA-based biorecognition structure immobilized on a gold 

surface taking advantage of a conformational switch to promote a change in the ionic 

concentration at the vicinity of the gold surface, which can be a label-free method of 

transduction for a future EGOFET-based biosensor. The recognition process is mediated 

by the presence of an aptamer sequence available for interacting with the target molecule. 

As a proof-of-concept, we have chosen ampicillin (AMP) as our molecule of interest, 

which is environmentally important as it plays an important role in bacterial antibiotic 

resistance22–24. As aptamers can be readily developed for a large group of molecules, we 

believe that the results obtained with this proof-of-concept would be straightforwardly 

adapted to other similar analytes. 

 

2. Computational Details 

 

2.1 In-silico constructions 

 

DNA systems were built with the nucleic acid builder (NAB) module of Amber software24. 

Manual editions were performed to generate the sequences displayed in Schematic 1. 

The initial aptamer hairpin structures were obtained with the help of the Mfold26 platform 

and 3D RNA Web server27. The gold surface model used in this work is the Au{111} 

functionalized with a 6-mercapto-1-hexanol self-assembled monolayer as already defined 

and validated in a previous work on aptasensor simulations20, 28. This surface is of size 

9.1 x 8.9 nm2, large enough to encompass the off or on-state. The AMP compound (Figure 

S2 in the supplementary material) was generated with the help of the maestro 

Schrödinger program29. This last software was also used to graft the concerned DNA 

sequences on the gold surface in combination with the xleap module of AmberTools. 

 

AMP docking computations were performed with the Autodock 4.2 software30 specifically 

modified with the help of an artificial intelligence procedure, to cope with nucleic-acid 

targets30. This software modification has already been validated and proven its 

reliability31–33. The Lamarckian Genetic Algorithm was employed34 for the global optimum 

binding position search. For each DNA aptamer conformers, grid boxes enough to 

encompass the whole target structures were created around the DNA conformers, so that 

the AMP ligand may interact on any target location without a priori. 100 docking poses 

were realized for each target and the resulting ligand structures were then clustered 

according to a RMSD (root-mean-square deviation) lower than 2 Å. The conformation 



 

selected was the one which presented the best docking score in the most populated 

cluster34. 

 

2.2 MD simulations 

 

All molecular dynamics simulations (MD) were realized with the Amber 2036 software suite 

under periodic boundary conditions with Particle Mesh Ewald (PME) method37. Systems 

were solvated using TIP3P water molecules38 and ionic concentrations were adjusted to 

160 mM with NaCl in order to fit usual experimental conditions. The OL15 force-field39 

was used for DNA and AMP was considered with the general amber force field40 (gaff). 

For this last ligand, atomic partial charges were derived through AM1-BCC method41, 42 

as its reliability has been demonstrated43. Consideration of the gold surface functionalized 

with a 6-mercapto-1-hexanol self-assembled monolayer were reproduced from previous 

works of the team20, 28. MD simulations started with a first minimization before engaging 

a MD heating phase of 150 ps in order to reach 300 K; this last temperature was chosen 

for all MD simulations. A molecular dynamics in NTP conditions was then engaged for 

500 ps in order to equilibrate the solvent density. Then the simulation systems were 

switched to the NVT ensemble, more suitable for simulations with a solid/liquid 

interface15. MD productions (50 ns to 200 ns) were made with the help of the SHAKE 

algorithm44 in order to use a time increment of 2 fs. 

 

2.3 Trajectory analyses 

  

VMD software45 was used for trajectories visualization and figures generation while other 

analyses were performed with the cpptraj module of AmberTools46. 

Free energies of binding between AMP ligand and its aptamer were evaluated with the 

MMGBSA technique47 for which we already demonstrated its reliability in various contexts 

of ligand associations47–49. These last computations were made over the last 50 ns of 

trajectories. Free energy landscape was deduced from trajectory analyses by using 

Boltzmann statistical mechanics as previously reported by Ruan and collaborators20. 

 

3. Results and Discussion 

 

3.1 Aptasensor description 

 



 

Our system has been designed while keeping in mind its experimental feasibility. Alkyl-

thiol self-assembly on gold50 is one the most popular method to immobilize a DNA 

structure in aptasensor. Grafting can be easily done using 5’ or 3’ alkylthiol-modified DNA 

sequences. Moreover, saturation of the gold surface with a short alkyl-thiol such as 

mercaptohexanol (MCH) is commonly realized in order to displace occasional impurities 

and avoid the collapse of biomolecules onto the uncovered surface. As a consequence, 

we investigated the structure depicted on Figure 1. 

The supramolecular DNA structure is composed of two sequences immobilized on a gold 

surface through Au-S bond and bridged through a third strand that contains the anti-AMP 

aptamer sequence at one of its hybridized extremities (off-state, see Fig. 1 left). The 

presence of AMP in the media is expected to trigger the de-hybridization of the aptamer 

sequence in order to fold with the ligand leading to another supramolecular structure (on-

state, see Figure 1 right). 

 

 

Figure 1. General scheme of the functioning of the proposed system, passing from an off-state 

structure (left) to an on-state structure (right) in the presence of the target molecule (AMP) 

(green), by the formation of the aptameric hairpin (red). 

 

 

3.2 Anti-AMP aptamer structure 

 

Inspired by the work made by Song and collaborators51, we designed the 70-bases DNA 

three-strand system presented on Schematic 1a). The structure is composed of a central 

33-mer sequence containing the anti-AMP sequence, hybridized by 13 base pairs on 



 

each extremity to two other sequences 18- and 19-base long which form the two legs 

grafted to the surface through a C6H12-SH function. 

 

One key element of our study is the analysis of the capacity of this nucleic acid to achieve 

the expected arch organization after we graft the thiolated extremities to the surface. We 

desire that the nucleic acid structure attains a stable U-shaped folding where both 

extremities point towards the same direction in space, which would translate in a direct 

grafting on the surface. Consequently, in the following, the U-shaped geometry of the 

DNA will be a noteworthy element of our structural enquiries since it allows a direct 

immobilization of our nucleic acid onto the gold/MCH surface.  

 

Prior to immobilizing this system on a functionalized gold surface, we thus investigated 

the organization of this nucleic acid structure in isotropic conditions. The triple-strand 

structure contains distinct areas of various flexible behavior, being composed of two 

double-helix sections connected to a central single strand of nucleic acid. When we 

consider that a single strand DNA is overall more flexible than a double-helix, it is 

reasonable to consider that the central part, which bridges the two double-stranded 

structures, has the most important role on the curvature of the system. Therefore, we first 

decipher the conformational space of this central section i.e., the seven unpaired bases 

with four base-pairs on each side forming a 23-base system (see Schematic 1b)). 

 

 

     Schematic 1. a): 70-bases DNA three-strands system, (bold) anti-AMP sequence, (italic) 

bases involved in hybridization, b): a smaller DNA structure formed by the central section of the 



 

bridge sequence a), (underlined) bases involved in the analyses of interatomic distances 

performed, c) Structure of the off-state. 

 

We ran six replicas of MD simulations in explicit solvent for the b) system. To elucidate 

the representative structure of the b) system and thus the structural organization of the 

"arch" with its "two legs", i.e., the de-hybridized versus the double-strands parts of the 

nucleic acids, a free energy landscape was computed from the molecular dynamics 

trajectory. Two distances, D1 and D2 corresponding to the distance between the 

phosphorus atoms of the nucleotides C5/C12 and T3/G13 respectively were employed 

as coordinates for the free energy map. Only the last 100 ns of the 6 molecular dynamics 

replicas were used leading to a statistical view of 600 ns. This resulted in the free energy 

landscape shown on Figure 2. 

 

 

Figure 2. Free energy map of b) system with the local minima tested circled in black and the 

local minimum where we found our U-shaped structure circled in red. D1 and D2 are interatomic 

distances defined in the text of the underlined bases in the Sequence shown in 1b). 

 

Figure 2 shows a large zone in the free energy landscape that can be easily accessible, 

showing that b) system is highly flexible. We were mostly interested in the energy minima, 



 

as they would be representative of the most stable structures. Amongst the minima, we 

actively looked for the one that would give us a U-shaped global structure when 

transposed back to the initial DNA sequence.  

 

To get back to the structure of the full 70 bases system a) defined on Schematic 1, the 

values for D1 and D2 were then used as restraints (5 kcal.mol-1.Å-1), taken from the 

minima highlighted in circles on Figure 2. After 20 ns of MD simulations with restraints 

followed by 50 ns of relaxation, an appropriate U-shaped structure was extracted from 

the simulation using D1 between 13.50 Å and 15.50 Å and D2 between 12.00 Å and 15.00 

Å (area circled in red on Figure 2). Illustrations of all structures obtained in this process 

are available in the Supporting Information. It can be pointed out that despite the weak 

restraints force constant, the whole structure readily adapts to the restraints emphasizing 

the stability of this U-shaped structure. This last geometry was then grafted through a 

phosphate linker to the Au/MCH surface on both extremities, forming the off-state bridge 

system shown on left part of Figure 3.  

 

 

Figure 3. The complete off-state bridge system (Left) and open on-state system (Right) grafted 

to the Au/MCH surface, with Na+ (pink) and Cl- (purple) ions in solution and the AMP molecule 

in green. The aptamer sequence in both systems is marked in red. For the sake of clarity, water 

molecules are not displayed. 

 

3.3 Construction of the on-state system 

 



 

3.3.1 Structure of the aptamer-AMP complex 

 

In order to build the on-state system bound to AMP, we first elucidated the structure of 

the aptamer-AMP complex. To date, there is no experimental 3D structure of this 

aptamer-AMP complex. The only available description corresponds to three sequences 

of AMP aptamers grafted on magnetic beads and used in a fluorescence-colorimetric 

strategy52. The prediction made with the mfold software of the 2D organization of these 

three DNA sequences24 unveil, in all cases, a hairpin organization in accordance with the 

experimental results found by Song and coll.51, shown on Figure 4a). From these results, 

we selected the sequence shown on schematic 1 (bases in bold), which according to their 

results, has the best binding interaction when bound to a surface. To obtain the 3D 

structure of the AMP aptamer, a computational pipeline method52 was undertaken (see 

Figure 4). This recent strategy has been specifically created for single-strand DNA 

aptamers and validated by reproducing numerous experimental structures52. The 

methodology consists in converting DNA into RNA prior to making explorational folding 

and then transforming back RNA into DNA. 

 

 

 

Figure 4. Computational protocol employed for the prediction of the most relevant three-

dimensional structure of the AMP aptamer: a) Predicted hairpin structure obtained from mfold; 

b) Overlap of the five 3D DNA structures after prediction with 3dRNAweb and 50 ns of 

relaxation; c) Docking results of the five structures with the AMP molecule in green. 

 



 

The first step of this protocol is the generation of a 3D structure from its sequence. We 

selected the five best scored aptamer structures from 3dRNAweb and engaged a 

molecular dynamics simulation in a water box for 50 ns to relax these structures. At the 

end of this step, the five structures tended to converge to a consensual organization as 

shown on Figure 4b). To ensure that these 5 aptamer structures are able to bind AMP, 

molecular docking computations were engaged. The interacting site for the AMP molecule 

was defined as the whole hairpin so that the ligand is free to interact with the entire nucleic 

acid. Molecular docking energies, compiled on Table S1, cannot discriminate the 5 

structures since their variations are below 2 kcal/mol34.  

 

One common binding cavity is found for the 5 aptamer structures, as shown on Figure 

4c) even though this ligand could interact with any other region of the DNA structure. On 

the work of Song et al51, the authors have compared several DNA sequences of AMP 

aptamers and speculated that a common sequence of GGTT in the vicinity of a GC base-

pair could be the interacting site of the AMP. In our 3D models, we observe that this 

pattern belongs to the DNA cavity where the AMP interacts, supporting the relevance of 

our structures. While the interacting cavity on the hairpin is roughly similar for all aptamer 

structures, their interacting modes evidence the AMP interacting with this cavity in 

different orientations on each structure.  

 

To definitely state on the molecular structure of the aptamer, supplemental molecular 

dynamics simulations for 100 ns in water boxes were realized for the five complexes. 

From the five structures, only two kept the AMP in place over 100 ns, both shown on 

Figure 5. We computed the binding energy using the MM-GBSA method and found two 

favorable energies of ΔG1 = - 35.6 ± 4.0 kcal.mol-1 and ΔG2 = -41.4 ± 6.2 kcal.mol-1 for 

structures 1 and 2, respectively.  Despite the fact that the free energies are, according to 

the recovery of uncertainty, of similar values, the Structure 1 was selected since a 

supplemental hydrogen bond is formed between the aptamer and AMP and the 

conformation of the amide bond in AMP (see Figure S3) adopts a favorable trans 

conformation, which is not the case in the Structure 2. For all these reasons, the Structure 

1 was selected for further investigation on the on-state system.  



 

 

Figure 5. Aptamer-AMP structures. Left: Structure 1; Right: Structure 2. Nucleic acids are 

displayed in blue whereas the AMP ligand is colored by atom types (Carbon atoms in green, 

Nitrogen atoms in blue, Oxygen atoms in red, Sulphur atoms in yellow, Hydrogens in grey), its 

molecular surface is displayed in transparency. 

 

3.3.2 Addition of the AMP-aptamer complex to the on-state system 

 

The final AMP-aptamer complex was manually linked to DNA leg (see Scheme 1c). An 

MD simulation of 100 ns was run and the resulting structure was attached to the gold/MCH 

system by a phosphate linker. The other DNA leg which is dehybridized from the bridge 

was investigated by MD simulations in solution for 100 ns. The resulting most 

representative structure was then attached to the gold/MCH system by a phosphate 

linker. The surface with these two attachments constitutes the on-state system (Figure 3, 

right), which was finally investigated by MD simulations in duplicate.  

 

3.4 MD simulations of the full systems 

 

For both states (on- and off-), we monitored the kinetics, potential, and overall energies 

along the trajectory, as well as the densities, pressures or volumes, and temperatures. 

Root mean square deviations (RMSD) curves were produced for the nucleic acids, along 

the 100 ns trajectories, to observe global molecular movements. These curves, available 

on supplementary materials, reach a plateau indicating, this way, that the systems are 



 

structurally stable. In other words, no major distortion on the DNA structures grafted onto 

the surface was observed. 

 

During MD trajectories visualization no collapse of the DNA structure onto the surface 

was observed. This indicates the reliability of the self-assembled monolayer which is 

usually used to prevent undesirable adsorption of biomolecules onto gold surfaces. In 

addition, we found that the DNA base pairs remain associated during the whole 

simulations emphasizing that the choose sequences are accurate. The third observation 

made focused on the ampicillin which remains bound in the on-state system 

demonstrating the high affinity of the aptameric sequence. Another important result is, for 

the on-state simulation, the lack of re-hybridization of the DNA strands, reforming the off-

state. Taken together, these structural information evince the self-consistency of our 

approach.  

 

The Root Mean Square Fluctuation (RMSF) values were computed for all MD trajectories 

in order to investigate the variation of flexibility between the systems in solution and 

grafted onto the MCH gold surface. For the on-state, the fluctuations are less informative 

to compare since, as expected, the two grafted DNA structures make no specific 

interaction together (data not shown). For the off-state, comparison of RMSF values in 

solution and onto the surface led to a decrease of these ones, as illustrated on Figure 6. 

This is notably the case for the extremities which are directly linked onto the surface. 

Interestingly, a sharp decrease of flexibility is revealed for the central dehybridized DNA 

section when the system is grafted to the surface. This demonstrates that the impact of 

the linkage is not limited to the first nucleic acids residues but extended to the whole 

sequence and stress to the importance of taking this parameter into consideration when 

selecting an optimal DNA sequence. 



 

 

Figure 6. Graph of the RMSF values of the off-state (in Å) obtained per base on the off-state 

system, in solution (blue) and grafted to the surface (red). 

 

3.5 Analysis of the changes in ion distribution 

 

To further investigate if the simulations are able to provide meaningful information on the 

detection ability of aptasensors based on dielectric properties change, we analyzed the 

ionic distribution over the last 100 ns of each replica by counting the ions over slabs of 

width 4 Å, parallel to the surface20. To obtain an average atom count, the total count was 

divided by the number of analyzed frames.  

 

When a pure MCH monolayer is considered, Na+ and Cl- concentration profiles have the 

same feature and are both homogeneous above a distance to the surface of 

approximately 2.5 nm (Figure S3 in Supporting Material), In the case of  a mixed 

MCH/DNA monolayer. The Cl- concentration profile shows almost the same feature as 

for the pure MCH case whereas the Na+ concentration strongly increases close to the 

surface for both the on- and off-state (see Fig. 7).  

 

When comparing Na+ concentration profiles between both states, a noticeable difference 

is observed in the ions concentration profile. The peaks on the concentration profile of 



 

Na+ extend up to ca. 10 nm and 8 nm from the surface for the on- and the off-state 

respectively. There is a noticeable correlation between the localization profiles of Na+ and 

phosphates in both states, indicating that the ionic distribution change is directly 

connected to the architecture conformation switch upon the AMP binding. 

 

 

 

Figure 7. Graph of the average sodium ion count versus the distance to the surface in nm. In 

orange, the Na+ profile, in blue the phosphate (ROPO3R’)- profile, and in red the Cl- profile. The 

continuous lines represent the off-state while the dotted lines represent the on-state. 

 

4. Conclusions 

 

We have proposed a novel DNA-based aptasensor structure for ampicillin (AMP) grafted 

on an Au/MCH surface and we have studied a proposed structure by molecular modelling. 

We have performed a conformational study on the DNA system in solution in order to 

optimize its structure before grafting it to the surface to build our initial structure without 

AMP (off-state). We have elucidated the structure of an aptamer-ampicillin complex and 

used it to build our system while in presence of AMP (on-state). The expected 

conformational switch in the presence of AMP presents a change in ionic distribution at 

the vicinity of the surface (around 10 nm) that might be detected by methods based on 

dielectric properties change such as electrochemical and field effect transistors 

(capacitance change) but also optical device (change in refracting index). This 

computational study opens the possibility to modulate, in-silico, the sequence of each 

partners in order to screen many different architectures and drive aptasensors design.  
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As a prospect, and with the will to be as close as possible of real biosensors, especially 

transistors and electrochemical sensors, we plan to study the effects of electric charges 

present over the surface on the whole DNA structure and by consequence on the ionic 

distribution close to the surface. 
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Table S1: molecular docking results. 

Structure DG in kcal/mol % cluster 

Aptamer 1 -7.3 22% 

Aptamer 2 -8.8 27% 

Aptamer 3 -7.6 28% 

Aptamer 4 -8.5 30% 

Aptamer 5 -7.8 55% 

 

 

 

 

 

 



 

Figure S1: Schematic for the transferring of the parameters found for b) system to a) system 

described on Schematic 1 as restraints. 

 

Figure S2: Final structures obtained for a) system after applying restraints indicated in Figure 2 

and relaxation. 

 

 

 

 

Figure S3: Molecular structure of AMP. 



 

 

Figure S4: RMSD values (in Ǻ) (all atoms) for the on-state (red) and the off-state (blue) DNA 

structures over 100 ns of simulation time with the first frame as reference. 

Figure S5: Ionic profile of the NaCl 160 mM solution over an Au/MCH surface without DNA. 


