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Abstract: 

Pore-functionalization has been explored by several groups as a strategy to control DNA 

translocation through solid-state nanopores. Here we present a hybrid nanopore system 

consisting of single-layer graphene and a DNA origami layer to achieve base-selective 

control of DNA translocation rate through aligned nanopores of the two layers. This is 

achieved by incorporating unpaired dangling bases called overhangs to the origami near 

the pore region. Molecular dynamics simulations were used to optimize the design of the 

origami nanopore and the overhangs. Specifically, we considered the influence of the 

number and spatial distribution of overhangs on translocation times. The simulations 

revealed that specific interactions between the overhangs and the translocating single 

stranded DNA resulted in base-specific residence times.  

Reliable, cost effective DNA sequencing is an important and challenging goal with significant 

promise in the field of healthcare1,2 due to the strong correlation between the sequence and 

sequence modifications on disease development and progression.3 The human genome project 

had been carried out using Sanger method,4 which is time consuming5 and cost intensive. 

Further, it cannot detect post-translational modifications such as methylation, for which single 

molecule sequencing techniques are necessary. Nanopore based single molecule sequencing 

techniques have emerged as a highly promising alternative in this direction.6–9 In this technique, 



a potential difference (typically 0.1 – 1V) is applied across a membrane containing a nanopore 

(typically 2-20 nm in diameter) causing DNA to be electrophoretically driven through the pore. 

This process is referred as DNA translocation. The translocating DNA bases result in the 

modulation of ionic current passing through the pore, which can potentially be used to identify 

the translocating base. Nanopore sensors fall into two categories, biological and solid state 

nanopores. Translocation of DNA through biological nanopores such as α-haemolysin, MspA 

has been extensively studied. Biological nanopores are formed by pore-forming proteins, 

typically a hollow core passing through a mushroom-shaped protein molecule.10–15 Biological 

nanopores suffer from variations in pH, ionic strength and lack of long-term stability.16 Solid 

state nanopores are not affected by the pH or ionic strength of sample solutions and offer better 

control over the pore diameter.17–19 However, solid-state nanopores have higher noise levels and 

provide lesser control over translocation of DNA through the pore.20,21 Mono-layer graphene 

nanopores have been studied extensively for DNA sequencing applications22–25 due to the close 

match between single layer graphene thickness and the distance between two adjacent bases in a 

DNA strand. The matched spatial dimensions lead to better resolution of ionic current 

modulations due to the different bases. Extensive molecular dynamics (MD) studies have been 

done to understand the interactions between the translocating DNA bases and the graphene 

pore.26–29 Functionalization of the graphene nanopore, for instance to control the surface charge, 

has been explored to slow down DNA30–32 translocation, which can significantly improve the 

signal-to-noise ratio and thereby the base-specificity of the measured signal.33 

DNA itself can be used for functionalization of solid state nanopores by virtue of base-pair 

interactions with the translocating strand. DNA origami offers the possibility to fabricate precise 

nanoscale structures which can be easily integrated with solid-state nanopores for 

macromolecule34 sensing as well as to control translocation process.35,36 Previously, pores made 

in DNA origami sheets have been combined with glass nanocapillaries for DNA trapping.37,38 



MD studies  of the dynamics of DNA origami sheet fluctuations have been done39,40. Recently, a 

graphene-DNA origami hybrid nanopore, consisting of sheets of DNA origami on graphene 

around the pore was explored by Farimani et al41. for controlling molecular transport through the 

nanopore system. They removed bases from the origami sheet near the nanopore to enable a 

“bait-prey” mechanism34 for selective control of DNA translocation. While their work 

demonstrates the feasibility of such an approach, questions such as effect of number and spatial 

distribution of the “baits” in selective translocation control have not been addressed so far. In this 

study, we consider this problem by proposing a different hybrid origami-graphene nanopore 

system where the geometry of the nanopore and functionality of the baits are decoupled. In other 

words, the origami contains a nanopore region around which unpaired dangling bases, referred to 

as overhangs, serve as baits. The number, length and spatial distribution of the overhangs around 

the pore control the extent of interaction between the translocating DNA and the hybrid 

nanopore. The conductivity of the hybrid pores, the residence times of translocating DNA 

containing different base types and the mechanism of translocation were investigated in detail. 

Methods: 

 
Design of the hybrid nanopore system: 

The DNA origami structures were designed using caDNAno42 software. The sheet dimensions 

were 138.6 nm x 114.1 nm x 2 nm with a central pore of size 3.4nm x 4nm (Figure 1a). The 

graphene nanopore underneath this layer had a diameter of 2.1 nm. The relatively larger size of 

the DNA origami nanopore was to allow for flexibility in the number of overhangs. The PDB 

(Protein Data Bank) structure was generated from the caDNAno drawing using custom written 

code written in Nucleic Acid Builder (NAB).43 The NAB program generates the bases first and 

then adds the phosphodiester bonds to get the final intended structure shown in figure 1a. 

Simulation was restricted to the pore region of the origami structure for ease of computation as 



well as because our study primarily focused on the interaction of the overhangs near the pore 

region with the translocating DNA. Figure 1b shows the simulated origami sheet whose 

dimensions are 9.1 nm x 8 nm x 2 nm. Unpaired overhangs were added to the origami staple 

strands near the pore region. A graphene sheet of 10 nm x 8.5 nm size was generated using 

nanotube builder plugin of Visual Molecular Dynamics (VMD).44 A 2.1 nm pore was created in 

the graphene sheet and the DNA origami sheet was placed on top of it with both pores aligned as 

shown in figure 1c. In all the simulations, initially three bases of the translocating 18mer ssDNA 

is inserted into the pore (figure 1d) to reduce the time involved in searching for the pore entry by 

the DNA strand.   

Different bait configurations were evaluated by varying the length and spatial distribution of the 

overhangs as shown in Fig. 2a. Specifically, we included models with no bait, bait with 2 

unpaired bases (henceforth referred as L2 overhang) and bait with 4 unpaired bases (henceforth 

referred as L4 overhang) to each of the 4 corners (Figure 2). In this study we only considered 

bait configurations occupying all the corners of the origami pore. In other words, 4 L2 or 4 L4 

overhangs attached to each corner consisting of 8 and 16 (L2: 2 x 4 =8; L4: 4 x 4 =16) total 

unpaired bases respectively. Apart from this, a design with 10 unpaired bases arranged as a strip 

on either side of the origami pore (henceforth referred as LS overhang) was also considered 

(figure 2c) which had 20 (LS: 2 x 10 = 20) total unpaired bases. To understand the interactions of 

overhangs with the translocating DNA, we studied the translocation of 18mer single stranded 

poly(C)18 and poly(T)18 through the pore with either poly A or Poly G overhangs in the pore 

region. For the translocation of poly(C)18 strand, 8 designs were made, namely, system with no 

origami sheet, origami sheet with no overhangs, L2, L4 and LS overhangs with unpaired G and 

A bases. The same systems were used to study the translocation of the poly(T)18 strand. Table 1 

provides the complete list of all configurations studied for the translocation studies.  



Simulation Methodology: 

The initial structure of the origami pore with the graphene sheet and the translocating strand  

were loaded into xleap module of AMBER45 and solvated in a box of TIP3P water. This resulted 

in simulation boxes with dimensions as shown in Table 1. AMBERff9946,47 force fields with 

parmbsc048,49 corrections (OL15) were used for describing DNA as they have been reported to 

reproduce the conformations of large DNA structures.50 Joung-Chetam ion parameters51 were 

used for describing the interaction of the ions in the system. Particle mesh Ewald (PME)52 was 

used to calculate long range electrostatic interactions and a cut off of 9 Å was used for short-

range interactions. SHAKE53 algorithm was used to restrain all the bonds involving hydrogen 

and allowed us to use an integration time step of 2 fs. The origami and the graphene sheets were 

initially harmonically restrained to 500 kcal/mol.Å-2. To remove the bad contacts, the system was 

subjected to energy minimization which involved 3000 steps of steepest descent and 1000 steps 

of conjugate gradient while slowly reducing the harmonic restrain to zero. After the energy 

minimization, 40 ps of MD simulation was performed with integration time step of 1 fs. During 

MD, the system was gradually heated from 0 K to 300 K with the origami and the graphene 

harmonically restrained to their starting configuration using a force constant of with 20 

kcal/mol.Å-2. Subsequently, equilibration of the system under constant pressure - constant 

temperature conditions (NPT) was performed which consisted of the following steps a) 

equilibration with a harmonic restrain of 1 kcal/mol.Å-2 for 1 ns; b) equilibration with a harmonic 

restrain of 0.5 kcal/mol.Å-2 for 0.5 ns; c) equilibration with no restrain for 25 ps. Berendsen weak 

coupling method54  was used for both the temperature and pressure regulation with 0.5 ps time 

constant for heat bath coupling and 0.5 ps pressure relaxation time. For translocation simulations, 

5 kcal/mol.Å-2 harmonic restrain was applied to the outer corners of the origami sheet and also to 

the carbon atoms inside a ring of 2 nm radius around the pore. The system was solvated in 1M 

NaCl solution. The rest of the carbon atoms of the graphene sheet were fixed.  



Constant electric field was applied along Z direction (figure 2g) and was calculated from the 

voltage difference across the membrane as V = -E.ltrans (ltrans is the length of the system box along 

the translocation axis) and translocation simulations were performed using NAMD55 with 

AMBER force field parameters. The ionic current was computed by 𝐼(𝑡) =

 
∑ 𝑞𝑖 [ 𝑧𝑖(𝑡+ 𝛥𝑡)−𝑧𝑖(𝑡)]𝑁

𝑖=1

 𝛥𝑡∗𝐿𝑧
, where N represents the total number of charge carriers contributing to 

the ionic current, Δt is the sampling frequency (10 ps), zi (t + Δt) and zi (t) represent the z co-

ordinate of the ith ion within the Δt and qi represents the charge of the ion. The graphical 

visualization presented in this study and analysis of the data was done using custom scripts 

written in VMD and CPPTRAJ software module of AMBER14.56 

Results and Discussions:  

Pore characteristics: 

The conductivity of hybrid nanopores with origamis containing different bait configurations 

were computed. To understand the effect of the origami and baits on the nanopore conductivity, 

we compute the ionic current for different applied voltages. I-V characteristics for different 

origami designs are shown in figure 3(a).  The simulations were run for 40 ns and the ionic 

current value was block averaged over the entire simulation time. It was observed that though the 

ions pass through the porous DNA origami sheet, they are hindered by the graphene layer. The 

translocating strands were not included in the simulation for computing the pore conductivity. 

The conductance was extracted from a linear fit of the I-V characteristics curve (figure 3b). The 

conductance values extracted from the simulations were 2.99 nS (bare graphene nanopore), 2.81 

nS (origami without baits, refer Table 1 for nomenclature of the origami types), 2.51 nS (G2 

origami, L2 with unpaired G bases), 2.13 nS (G4 origami, L4 with unaired G bases) and 2.29 nS 

(GS origami, LS with unaired G bases). The conductance of the bare graphene nanopore and that 



of the system with the origami on graphene sheet without the baits are qualitatively very similar. 

However, the presence of unpaired bases from the baits impedes the ionic current. Consequently, 

the G4 exhibits a lower conductance compared to G2, which in turn had a conductance lower 

than an origami with no baits. In the case of GS, despite the higher number of unpaired bases, the 

spatial organization of the unpaired bases makes them less flexible than that of G2 or G4. The 

mean variance of center of masses (σ2
COM) of the unpaired bases in G4 and GS was computed 

and was found to be 16.91 Å2 and 9.69 Å2 respectively for a potential difference of 2V (see 

section S7 of supporting information).  This quantitatively establishes the reduced degrees of 

freedom of the baits in GS despite having more unpaired bases. As a result, the GS conductance 

was slightly higher than the G4 value but smaller than G2. To understand the effect of the 

applied bias in the translocation process, we have also calculated the instantaneous electrostatic 

potential map (averaged over the entire simulation time) under an applied bias of 2V and have 

shown in figure 3c and 3d. The electrostatic potential near the pore region is slightly modified 

because of the presence of DNA origami. For the calculation of the potential   the point charges 

were approximated by Gaussian spheres 56 with an inverse width of β = 0.25Å. The change in 

the potential profile is more for the case with a strip of overhangs than with no overhangs. We 

also average the potential along x and y direction and plot the total electrostatic potential along 

the direction of the applied bias which is along the z-direction. We find a sharp drop in the 

potential across the graphene nanopore and almost a constant potential across the DNA origami 

region. Note that similar behavior was seen the study by Farimani et. al.41 It is seen that most of 

the potential drop is near the graphene nanopore (figure 3e) and the type of origami did not 

significantly affect the potential distribution. A magnified view of the potential distribution near 

the nanopore is shown in figure 3f.   

 



ssDNA Translocation studies 

To understand the translocation of ssDNA (single stranded DNA) through the hybrid nanopore, a 

bias of 2V was applied along the z axis. Eight independent trials for each configuration were run. 

The base is defined to have translocated when its distance along the axis of the applied electric 

field exceeds 3.4 Å from the graphene base. Initially, 3 bases are inside the pore and so the 

translocation times that are calculated are effectively for 15 bases. We illustrate the role of the 

origami and the baits by taking the example of translocation of a ssDNA sequence poly(C)18. 

Poly(C)18 translocates across a bare graphene nanopore in a timescale of 2-4 ns, which increases 

to 7-9 ns on addition of the origami sheet without baits on top of graphene. This is expected due 

to the increased molecular interactions between the bases in the origami sheet and the 

translocating strand.  

Addition of baits to the origami, resulted in further increase in translocation times due to base-

specific interactions between the translocating poly(C)18 strand and the unpaired G bases in the 

bait region. The average translocation times for poly(C)18 in G2, G4, GS were 12.09 ns, 55.43 ns, 

108.21 ns respectively in line with the increased number of unpaired bases in the bait to interact 

with the translocating ssDNA. The translocation times for the different configurations studied is 

provided in Table 2. As expected, changing the unpaired bases from G to A reduced the 

translocation time of the poly(C)18 strand due to lack of base complementarity between the 

translocating strand and the bait. The average translocation times for A2, A4 and AS were 10.35 

ns, 28.61 ns and 15.67 ns respectively. These results clearly show that incorporating an 

appropriate bait had a remarkable effect on the translocation time which exhibited an increasing 

trend with the increase in number of unpaired complementary bases in the bait region of the 

origami.  



To further confirm that the increase in translocation time is due to complementary base-pair 

interactions between the translocating strand and the bait region, we investigated the number of 

hydrogen bonds formed during the translocation. It was seen that the number of hydrogen bonds 

correlated with the residence time of the bases during translocation. In other words, an increased 

number of hydrogen bonds was indicative of slower translocation. This was true only when the 

translocating strand was complementary to the bait region as seen in table 2. Changing the bait 

region to unpaired A’s, not complementary to the translocating poly(C)18, resulted in a 7x times 

decrease in the rate of hydrogen bond formation from ~42 bonds/ns to ~6 bonds/ns for the LS 

overhangs (More information in S3). The rate of hydrogen bond formation is the total number of 

hydrogen bonds formed during the complete translocation process divided by the translocation 

time. The statistics of hydrogen bond formation between specific and non-specific bait-target 

interaction is shown in Fig. 7a and 7b. Further evidence of specific base-pair interactions is 

obtained when the dynamics of motion of the translocating strand is analyzed for the LS system. 

Figure 5c shows that the center of mass of translocating poly(C)18 is very close to that of one of 

the arms of the GS overhang, presumably due to specific C-G interaction. On the other hand, no 

such bias is observed when the overhang is composed of non-specific A bases. (Mechanism 

shown in S4) 

Translocation of poly(T)18 was also studied in exactly the same manner as described above for 

poly(C)18. The results are summarized in table S6 (Supporting information) where it can be seen 

that the translocation behavior shows exactly similar trends as those of poly(C)18. All these 

observations taken together provide confidence on our hypothesis that specific base-pair 

interactions strongly determine the translocation dynamics in our system.  

 

 



Discussion and Open Questions: 

Although the results shown in the previous section illustrates the role of specific base 

interactions between the translocating strand and the unpaired bases of the overhangs, here we 

discuss some other factors which also affect the translocation behavior. In particular, we discuss 

the role of substrate interactions with the translocating strand and conformational flexibility of 

the baits in the bait-prey system on the translocation dynamics.  

Some of the poly(C)18 translocation events were found to be unusually long, particularly with G4 

and GS overhangs. These have been indicated in red font in supplementary table S2. We found 

that such large residence times were caused due to the interaction of the translocating strand with 

the graphene substrate. An example of such an event is shown in the image sequence S1 

(Supporting Information S1). Figure S1(f) shows the translocating strand sticking to the 

graphene substrate on the trans side. Such events highlight the crucial role of DNA substrate 

interactions on the observed translocation behavior in our system. For instance, it is possible that 

slowing down of the translocating strand due to stiction on graphene may enhance the rate of 

bait-prey interactions between the translocating strand and the origami. Vice-versa, enhanced 

bait-prey interactions may also increase interactions between the translocating strand and the 

substrate for the same reason. We are currently looking at a origami-nanopore system which can 

separate out bait-prey interactions from the substrate interactions. Such studies will elucidate the 

role of substrate in translocation behavior in our system.  

As pointed earlier, the conductance of GS overhangs turns out to be larger than that of G4, in 

spite of larger number of unpaired bases in GS. This implies that the number of bases alone is 

not sufficient to understand conductance as well as translocation dynamics through the nanopore. 

In addition to the number of unpaired bases, flexibility of motion of the unpaired bases also 

appears to be an important factor. Analysis of the motion of unpaired bases revealed that LS is 



less flexible than L4 (S7). This analysis is also supported by the observation that the 

translocation times for the non-complementary strand was significantly higher for the L4 strand 

compared to the LS strand. Translocation of the non-complementary strand should not be 

significantly affected by the number of unpaired bases due to the lack of specific base-pair 

interactions. Therefore, any difference in the translocation of non-complementary strand should 

come from stochastic, non-specific base-pair interactions. Increase flexibility of the unpaired 

bases in the overhangs enhance the chance of such stochastic interactions which we believe leads 

to increased translocation times of the non-complementary strand translocating through L4 

compared to LS. Further, in the case of a complementary strand translocation, the increase in 

translocation time for LS is nearly 2x that of L4 while the number of unpaired bases is only 25% 

larger. This observation is also strongly suggestive of the role of conformational flexibility of 

unpaired bases employed in a bait-prey system such as ours.     

Conclusions: 

In summary, we have studied the translocation of ssDNA through a hybrid graphene origami and 

demonstrated that in the design of origami pore results in tailoring the selectivity of the pore. 

Different origami pore designs on graphene were evaluated for their effect on translocation of 

complementary and non-complementary strands. It was found that complementary interactions 

between translocating strand and unpaired bases (baits) in the origami resulted in significantly 

longer translocation time correlating with increased rate of hydrogen bond formation. While this 

was expected, we also found evidence for the role of substrate-DNA interactions and 

conformational flexibility of the baits in determining translocation behavior. Our studies provide 

insight into optimal design of hybrid DNA origami nanopore structures for sensing and 

sequencing.  
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