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ABSTRACT: DNA origami nanostructures can be used to functionalize solid-state
nanopores for single molecule studies. In this study, we characterized a nanopore in a DNA
origami−graphene heterostructure for DNA detection. The DNA origami nanopore is
functionalized with a specific nucleotide type at the edge of the pore. Using extensive
molecular dynamics (MD) simulations, we computed and analyzed the ionic conductivity
of nanopores in heterostructures carpeted with one or two layers of DNA origami on
graphene. We demonstrate that a nanopore in DNA origami−graphene gives rise to
distinguishable dwell times for the four DNA base types, whereas for a nanopore in bare
graphene, the dwell time is almost the same for all types of bases. The specific interactions
(hydrogen bonds) between DNA origami and the translocating DNA strand yield different
residence times and ionic currents. We also conclude that the speed of DNA translocation
decreases due to the friction between the dangling bases at the pore mouth and the
sequencing DNA strands.
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■ INTRODUCTION
Biological and solid-state nanopores have great potential for
DNA sequencing as they provide label-free and fast single-
molecule detection.1,2 In nanopore devices, the ionic current
modulated during DNA translocation reveals the nucleotide
type.3,4 Noise in the electric current readout can mask the
detection signal, making detection erroneous and difficult.5−7

To overcome this challenge, practical solutions such as using
thin 2D material membranes,8−16 slowing down DNA
translocation,17−19 employing flexible biological nanopores,20

pore functionalization, and hybrid nanopores were devel-
oped.21−23 Among these solutions, hybrid nanopores con-
structed with biological and synthetic materials and chemically
and synthetically functionalized pores offer two advantages.
First, they can be programmed to yield specific interactions
improving the noisy currents or even yielding ancillary
detection signals.24,25 Second, functionalization may be tuned
and engineered with nanometer scale precision at the pore
mouth.26,27

Programmable nanoboxes,28−32 plates,24 and channels in
bilayers33,34 are some of the structures constructed using DNA
origami techniques. It has been shown that DNA origami28 can
be used for selective detection of biomolecules.24,35 The self-
assembly property and nanometer precision engineering of
DNA origami nanostructures are attractive for creating
heterostructure and hybrid nanopores.24,35 Using experimental
techniques, DNA origami was inserted into a silicon nitride
nanopore and used for detection of λ-DNA.24 In another
work,24,35 DNA origami nanoplate with some single-stranded
DNA (ssDNA) overhangs attached to the pore mouth were
deposited on the surface of a solid-state nanopore, and the
hybrid nanopore was used for selective detection of proteins

and ssDNAs. The “bait−prey” mechanism24 was used by taking
advantage of DNA origami plate on a nanopore to create
specific interactions with a translocating target molecule.24 The
specific interactions between the nanopore and the prey
molecule increase the translocation time and give rise to a
distinguishable signal for selective detection, facilitating single-
molecule studies and protein recognition.36 Molecular dynam-
ics simulations were also used to explore and investigate the
stability and structural properties of DNA origami shapes.37

Recently, the dependence of conductivity on the number of
DNA origami layers with different applied biases was
characterized.38 In addition, the packing of origami plates in
the presence of Mg2+ ions was explored.38

With advances in fabrication technologies, deposition and
alignment of DNA origami on top of substrates and patterned
surfaces,39−43 chemically modified graphene,44 and MoS2

45 are
feasible. Considering these advances and the benefits that DNA
origami offer to nanopore functionalization,46 we investigate
DNA translocation through a nanopore in a heterostructure of
graphene and DNA origami nanoplate. It is notable that
molecular scale interactions between DNA origami and
translocating DNA are largely unknown. Furthermore, the
stability and structure of DNA origami at the pore edge during
DNA translocation needs to be understood. In this work, the
DNA origami nanopore is functionalized by dangling T bases;
i.e., a DNA origami nanopore with unpaired T bases at the edge
of the pore is placed on top of a graphene nanopore. In this
study, the graphene substrate was primarily used to restrict the
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DNA origami motion under a positive applied bias, even
though the electronic structure changes in graphene during
DNA translocation can provide additional sensing signals. The
sticky behavior of DNA to graphene decreases the movement
of DNA origami on top of the graphene and maintains the
initial alignment of the nanopores. The (hybrid) nanopores
with zero, one and two layers of DNA origami were
characterized and used for the detection of DNA bases. The
interactions between the hybrid nanopore and translocating
DNA, the dwell time of each base type, and the stability of
hybrid nanopores were investigated.

■ METHODS
We performed all-atom molecular dynamics (MD) simulations with
NAMD 2.6 using the petascale Blue Waters machine.47 Visual
molecular dynamics (VMD)48 is used for the visualization of a typical
simulation setup consisting of the DNA origami nanoplate, graphene
nanopore, ssDNA, water, and ions (∼118 000−120 000 atoms, as
shown in Figure 1a). A pore with a diameter of 2.1 nm is drilled in the

center of a 10 nm × 10 nm single-layer graphene (Figure 1b). In all
simulations, the carbon atoms of the graphene sheet inside a ring of
radius 1.6 nm around the pore have been restrained by a harmonic
potential (with a spring constant of k = 5 kcal/(mol Å2)), and the
remaining atoms of the graphene sheet were fixed.
A single layer of 8.7 nm × 9.3 nm × 2.6 nm square lattice DNA

origami nanoplate has been designed and generated using caDNAno
software.49 Using caDNAno,49 the sequence of bases was properly
assigned to place a number of A−T base pairs in the middle of the
plate. The DNA origami nanoplate is then placed on top of the
graphene nanopore. At the location of the graphene pore, the structure
of the DNA origami was modified to create an aperture in the DNA
origami nanoplate by deleting eight A bases of staple strands and
leaving eight unpaired T bases in the scaffold strand. The generated
DNA origami pore has roughly a circular shape with a diameter of 1.8
nm. By following the same procedure as for a single-layer DNA
origami, a double-layer square lattice DNA origami nanoplate of
dimensions 9.0 nm × 11.1 nm × 4.4 nm that includes a semicircular
aperture with a diameter of 1.7 nm has also been designed and
generated. For the double-layer DNA origami hybrid nanopore, a
larger graphene nanoplate that measures 12 nm × 12 nm with a pore
diameter of 2.1 nm is used. The dangling unpaired T bases of the
DNA origami coat the edge of the graphene nanopore (Figure 1c) (see
the Supporting Information for more details on construction of the
DNA origami nanopore).

To perform simulations on the translocation of different nucleotide
types through the hybrid nanopore with single-layer DNA origami,
four different systems were constructed: one for each poly(dA),
poly(dC), poly(dG), and poly(dT). Each ssDNA consists of 20 bases.
In addition, the same simulation systems were built for translocation of
ssDNAs consisting of 30 bases through the double-layer DNA origami
hybrid nanopore. In each case, the three first bases of the ssDNA were
located inside the hybrid nanopore. Then, the entire structure was
solvated in an aqueous 1.0 M NaCl solution.

Water molecules were treated to be rigid using the SHAKE
algorithm.50 The CHARMM27 force field51 parameters were used for
nucleic acids, TIP3P water molecules, graphene, and ions. The
periodic boundary condition is applied in all the three directions. The
cut-off distance for Lennard-Jones and short-range electrostatic
interactions is 12.5 Å. The long-range electrostatic interactions were
computed by using the particle−mesh−Ewald (PME) method.52 The
integration time step is 1 fs.

Before equilibration, energy minimization was performed for each
system for 25 000 steps. Upon minimization, equilibration was
performed for 5 ns with harmonically restrained nucleic acids (for
both DNA origami and ssDNA with kspring = 100 kcal/(mol Å2)).
Following that, we maintained the ssDNA with harmonic constraint
(with kspring = 1 kcal/(mol Å2)) and performed equilibration for 2 ns,
while the DNA origami nanoplate was free to move with no constraint.
Next, another equilibration simulation was performed for 1 ns with no
constraint on nucleic acids. All of these equilibration steps were done
under NPT ensemble, while pressure was kept constant at 1 atm using
the Nose−́Hoover Langevin piston method,53,54 and the temperature
was maintained at the constant value of 300 K by Langevin
thermostat.55 Before applying an external electric field, the system
was further equilibrated for 2 ns with NVT ensemble at 300 K.

All ionic current simulations were performed under NVT ensemble
at 300 K. An electric field was applied along the z direction (ssDNA
axis). During all ionic current simulations, DNA origami nanoplate was
completely free to move. The external electric fields are reported in
terms of a transmembrane voltage difference V = −ELz, where E is the
electric field strength and Lz is the length of the simulation system
along the z direction.56 We monitored the time-dependent ionic
current, I(t), through the pore. We computed the ionic current
through the nanopore by using the definition of current, I = dq/dt, as
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is chosen to be 4 ps; zi and qi are the z-coordinate and charge of ion i,
respectively; and n is the total number of ions. The ionic current data
was block-averaged over intervals of 100 ps.56

■ RESULTS AND DISCUSSION

To characterize the conductivity of hybrid nanopores with one
and two layers of DNA origami, single-layer DNA origami, and
the bare graphene nanopores, we computed the ionic current
associated with these pores for different biases (these systems
do not contain translocating ssDNA). For the single-layer DNA
origami nanopore case, a graphene sheet with a larger nanopore
is used to keep the DNA origami in place because of the
applied electric field. Because DNA origami is negatively
charged, we did not study the negative branch of the I−V curve
as applying negative biases causes the detachment of DNA
origami from the surface of the graphene sheet. (See the
Supporting Information for detailed studies on detachment of
the DNA origami from graphene under negative applied
biases). For each bias point in Figure 2a, we performed a
simulation for a duration of 40 ns, and we block-averaged the
ionic currents over the simulation time. Although the DNA
origami has a porous structure that lets ions permeate through
(leakage current), in the hybrid nanopores, these porous areas
of DNA origami are blocked by the graphene surface.
Consequently, the current is primarily due to the ions passing

Figure 1. (a) Simulation box consisting of a single-layer DNA origami
(depicted in red), graphene sheet, water, ions, and translocating
ssDNA (depicted in blue). (b) Bare graphene nanopore. (c) Single-
layer DNA origami nanopore on top of a graphene nanopore.
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through the pore. In the case of a single-layer DNA origami
nanopore, we only accounted for the current through the
nanopore of the nanoplate and not through the gaps and free
spaces between DNA strands. For the same bias, the bare
graphene nanopore has the largest ionic current followed by a
single-layer DNA origami nanopore and then the single-layer
DNA origami hybrid nanopore followed by the double-layer
DNA origami hybrid nanopore (Figure 2a). For a bias of 0.25
V, the currents for double-layer DNA origami hybrid, single-
layer DNA origami hybrid, single-layer DNA origami, and bare
(pristine) graphene nanopores are 0.104, 0.52, 1.26, and 1.50
nA, respectively (Figure 2a). The characteristic plots for all the
pores denote a linear correlation between the current and the
applied bias. The resistance of the bare graphene pore is 0.285
V/nA and for the single-layer DNA origami hybrid nanopore is
0.667 V/nA. Because the DNA origami and the graphene
nanopores are connected in series, the resistance of the origami
nanopore turns out to be 0.382 V/nA (see the Supporting
Information for more details on calculating the resistance of the
nanopores). The resistances of the hybrid nanopores are higher
than the graphene nanopore, which can be attributed to the
higher thickness and polarization of the hybrid pores35,46 (see
the Supporting Information to find the I−V curve of single-
layer DNA origami hybrid nanopore solvated in 1 M KCl
aqueous solution.)
We computed the conductance of each nanopore (Figure

2b). The conductance is defined as G = I/V. The highest and
lowest conductance is associated with the bare graphene and
the double-layer DNA origami hybrid nanopore, respectively.

Wannanu et al.57 proposed the following equation for the
conductance
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where κ is the conductivity of the solution, lpore is the effective
thickness of the nanopore, and d is the diameter of the
nanopore. The conductivity of the buffer κ is calculated by
performing ionic current simulations for a 1 M NaCl solution
cell (see the Supporting Information for more details on
calculating the conductivity of the buffer). Kowalczyk et al.58

showed that this model is accurate enough to predict the
conductance of nanopores with a thickness of ∼8.5 nm, while it
overestimates the conductance of thinner membranes.58 We
evaluated and compared the results from eq 1 to our results
obtained from MD simulations (Figure 2b). The higher values
from eq 1 in comparison with the simulations results can be
due to the small thickness of our nanopores. The pore
thickness of bare graphene, single-layer DNA origami, single-
layer DNA origami hybrid, and double-layer DNA origami
hybrid nanopores is 0.34, 2.6, 2.94, and 5.44 nm, respectively.
When an electric field is applied, the DNA origami can move

on top of the graphene nanoplate. To characterize the motion
of the DNA origami under different biases, we monitored the
distance from the center of the graphene pore to the center of
the DNA origami pore in the x−y plane for a single-layer DNA
origami hybrid nanopore. Figure 2c shows the center-to-center
distance averaged over the simulation time for different external

Figure 2. Characteristics of the hybrid nanopores under external biases. (a) I−V curves for the four types of nanopores. Lines are linear fits with the
corresponding color for the symbols. (b) Conductance of different pores and their comparison with theoretical predictions. (c) Center-to-center
distance of the DNA origami pore to the graphene pore in the x−y plane. Interaction between the DNA origami and the external positive bias does
not disarrange the alignment of the hybrid nanopore.
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biases. Under a positive external bias, the initial alignment of
the hybrid nanopore is not significantly changed because the
motion of the DNA origami is compensated by the stickiness of
DNA origami to graphene. However, under a large negative
applied bias, DNA origami detaches from graphene and the
interaction between DNA origami and graphene becomes
weaker (see the Supporting Information for detailed studies on
the detachment of DNA origami from graphene under negative
applied biases), and the DNA origami moves on top of the
graphene under a negative bias (Figure 2c). The motion of
DNA origami under a negative bias can be overcome by
sandwiching DNA origami between two graphene nanoplates,
i.e., on top and bottom and creating a nanopore in the
sandwiched structure (see the Supporting Information for
studies on sandwiched DNA origami graphene hybrid nano-
pore.)
The previous studies59,60 have shown that by increasing the

external bias beyond a critical value, DNA origami can be pulled
inside the solid-state nanopore. In our hybrid nanopores, the
pores in graphene and DNA origami have almost the same size,
and we did not observe any significant pull in phenomenon for
external biases below 2 V. In fact, we did not observe pull in
phenomenon in our simulations as the DNA strands that are
located near the edges of the pore are completely supported by
the graphene sheet.
We characterized the instantaneous electrostatic potential

map for the distribution of ions, approximated by Gaussian
spheres,61,62 in the single-layer DNA origami hybrid nanopore
system under an external bias of 2 V. The instantaneous
potential is averaged over 9.5 ns of the simulation time to get
the mean resulting transmembrane bias. Figure 3a shows the
resulting bias for the system in the x−z plane. The electrostatic
potential map near the graphene nanopore is slightly affected
by the presence of negatively charged DNA origami. Also, we
averaged the total potential over the pore along x and y axes to
find the resulting transmembrane bias in the pore along the
direction of the external bias, i.e., the z axis (Figure 3b). This
plot shows that the potential drops primarily across the
nanopore from zero to −2 V and does not change significantly
in the electrolyte (far from the nanopore).
The presence of the T bases at the mouth of the pore

induces specific interactions with the translocating DNA,
especially with its complementary base, i.e., base A. These
interactions usually lower the ssDNAs translocation speed and
give rise to specific signatures for DNA detection. To
investigate the translocation speed of ssDNA in hybrid
nanopores and bare graphene, we simulated a poly(dA)20 in a
bare graphene nanopore (Figure 4a), 4 poly ssDNAs with 20
bases (A, C, G, and T bases) in single-layer and double-layer
DNA origami hybrid nanopores (Figure 4b,c). All of these
simulations were performed for a bias of 2.0 V. The most rapid
electrophoretic translocation is observed for the bare graphene
nanopore, in which 20 DNA bases (type A) passed through the
pore in 5 ns (Figure 4d). The lowest translocation is observed
for poly(dA)30 through the double-layer DNA origami hybrid
nanopore, in which only five bases translocated in 26 ns (Figure
4e). For the single-layer DNA origami hybrid nanopore,
poly(dG)20 has the fastest translocation speed followed by
poly(dC)20 and poly(dT)20, and poly(dA)20 has the smallest
translocation speed. For poly(dA)20, only 15 bases successfully
translocated, and the five last bases were stuck in the pore for
more than 30 ns. All the base types reside in the double-layer
DNA origami hybrid nanopore for a longer time compared to

the single-layer DNA origami hybrid nanopore although the
capture of A bases is still more stable compared to the other
base types (Figure 4e).
To find the statistical distribution of dwell times, we

performed 20 simulations for each translocating ssDNA type,
poly(dA)20, poly(dC)20, poly(dG)20, and poly(dT)20 (80
simulations in total), through a single-layer DNA origami
hybrid nanopore under an external bias of 2 V with different
initial velocities and a total simulation time of ∼1.2 μs. Figure
4f shows that most of the A bases reside inside the pore for
longer times compared to the other base types. The expected
value of the residence time of base type A is approximately 3 ns,
and for base types C, G, and T is 1.6, 0.75, and 0.64 ns,
respectively. Although the nonhybridized dangling bases of
DNA origami nanopore only allow for efficient interactions
with A bases, C bases also have long residence time compared
to G and T bases. The reason can be explained by the overall
(VdW and electrostatic) interactions between ssDNA and
nanopore especially the instantaneous hydrogen bonding
between poly(dC) and G bases of G−C base pairs near the
nanopore. These interactions are a result of the specific
configuration of DNA origami base pairs (see the Supporting
Information for detailed studies about the interactions between
ssDNAs and nanopore). We also averaged the residence time of
bases at the pore mouth and found that the A base resides in
the single-layer DNA origami hybrid nanopore about nine
times longer than in the bare graphene nanopore (Figure 4g).
Furthermore, in the case of single-layer DNA origami hybrid
nanopore, A bases dwell in the pore about two times longer
than T and C and three times longer than G (Figure 4g). While

Figure 3. (a) Electrostatic potential map of the single-layer DNA
origami hybrid nanopore under an external applied bias of 2 V. Ions
and other point charges are approximated by Gaussian spheres with an
inverse width of β = 0.25 Å−1. (b) The resulting mean bias across the
pore along the z direction, averaged over x and y directions. The cyan
and yellow regions approximately show, respectively, the area where
the graphene nanopore and the DNA origami nanopore occupy along
the z direction during the simulation time. The potential is primarily
changing across the graphene nanopore.
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the residence time of different base types is nearly the same for

the graphene nanopore, it varies significantly depending on the

base type translocating through the hybrid nanopore. This

feature of the hybrid nanopore can be used as an ancillary

detection signal for DNA base sensing. Although the dwell time

can help distinguish the signal, it cannot be a standalone

signature for detection (specifically, if the levels of currents for

each base are close to each other).

To obtain more insight into the interactions between the
hybrid pore and the translocating DNA strand, we computed
the average number of hydrogen bonds (HB) between ssDNA
and DNA origami in the nanopore region for the single-layer
DNA origami hybrid nanopore. The snapshots of hydrogen
bonding during translocation of DNA are shown in Figure 5a,b.
The bases of poly(dA)20 create the largest number of hydrogen
bonds with the DNA origami, while the bases of poly(dT)20
have the smallest number of hydrogen bonds during the

Figure 4. (a) Simulation system of DNA translocating through a bare graphene nanopore. The all-atom model contains a graphene nanopore,
ssDNA (depicted in blue), water, and ions. (b) Simulation system of DNA translocating through a single-layer DNA origami hybrid nanopore. The
all-atom model contains a single-layer DNA origami (depicted in red)−graphene nanopore, ssDNA (depicted in blue), water, and ions. (c)
Simulation system of DNA translocating through a double-layer DNA origami hybrid nanopore. The all-atom model contains a double-layer DNA
origami (depicted in red)−graphene nanopore, ssDNA (depicted in blue), water, and ions. (d) Translocation history of ssDNA in pristine graphene
and single-layer DNA origami hybrid nanopores. (e) Translocation history of ssDNA in double-layer DNA origami hybrid nanopore. (f) Statistical
distribution of the dwell times for different base types translocating through single-layer DNA origami hybrid nanopore under an external bias of 2 V.
(g) Average residence time of base in single-layer DNA origami hybrid and bare graphene nanopores.
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simulation time. Bases of poly(dC)20 and poly(dG)20 create
almost the same number of hydrogen bonds during the
simulation time (Figure 5c). The A (translocating base type)−
T (unpaired dangling bases of the pore) base pairing gives rise
to the highest attraction between poly(dA)20 and the hybrid
nanopore and the highest number of HBs. However, for
translocation of poly(dT), we observed the lowest number of
HBs because of the mismatch between ssDNA T bases and the
unpaired dangling T bases of the pore (Figure 5c).
To understand the change in the interaction energy during

translocation of ssDNA, we computed the interaction energy
between the atoms of the translocating poly(dA) and the DNA
origami nanoplate in the single-layer DNA origami hybrid
nanopore (Figure 5d). There is a high correlation between the
interaction energy and the stepwise translocation history
(Figure 5d). For example, some bases were stuck in the time
window of 7−10 and 14−16 ns (long-lasting flat steps are the
signatures of bases being stuck; Figure 5d), and at the same
time, we observed a peak (local maxima) in the interaction
energy (190 and 210 kcal/mol, respectively). In other words, at
time instances in which the DNA origami and the translocating
DNA are strongly interacting with each other, the electro-
phoretic forces could not overcome the friction between the
DNA origami and the translocating DNA, which gives rise to a
higher residence time. At the time instances in which successive
translocation occurs, the average of interaction energies is lower
and around 110 kcal/mol.
Figure 6a illustrates the schematic of the system used for

ionic current simulations. To explore the ionic current
characteristic of the single-layer DNA origami hybrid nanopore,
we averaged the current associated with the translocation of

each poly ssDNA type (Figure 6b). Bases A and G are
distinguishable by their ionic currents, while for bases C and T,
the ionic currents are about the same (Figure 6b). In
measurements with the nanopore technology, the translocation
of DNA chain is performed hundreds of times and the ionic
current and the dwell time (bandwidth) of each translocation
event are recorded. The combination of dwell time and ionic
current in the statistical distribution (data clusters built upon
dwell time and ionic current for each base) are used to
distinguish nucleotides.
To understand the stability and arrangement of the dangling

unpaired T bases at the pore entrance, we monitored the
number of bases of DNA origami nanoplate, which reside
around the pore for the translocation of poly(dA)20 through the
single-layer DNA origami hybrid nanopore (see the Supporting
Information for translocation of other poly ssDNAs). The
geometrical space that we examined the bases is within an
infinitely long cylinder concentric with the pore center and with
a radius of 22.4 Å. The most-prevalent base type of the DNA
origami nanoplate around the pore is T, which resides around
the pore in a stable manner (Figure 6c). The number of the
other base types (i.e., A, C, and G) prevalent at the pore vicinity
is approximately one-third of the number of base type T, which
implies that the initially functionalized DNA origami with
unpaired T bases is stable even in the presence of thermal
noise, water and ion permeation, and DNA electrophoretic
translocation (Figure 6c).
To investigate the status of pore functionalization during the

translocation of other poly ssDNAs, we averaged the number of
different base types of the DNA origami residing in the
geometrical space, as defined above, over the entire period of

Figure 5. (a) Snapshot of hydrogen bonds between poly(dA) and DNA origami (the black dashed lines represent HBs). (b) Snapshot of hydrogen
bonds between poly(dT) and DNA origami (the black dashed lines represent HBs). (c) Average number of HBs between ssDNA and DNA origami
nanoplates. (d) Time-dependent interaction energy between poly(dA) and DNA origami nanoplate (black). Translocation plot of poly(dA) through
hybrid nanopore (red).
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DNA translocation (Figure 6d). A total of 10−13 T bases
reside around the pore, but only 4−6 bases of A, C, and G
types stay near the pore. Interestingly, bases of poly(dA) and
poly(dC) attract the T bases of DNA origami nanoplate more
than poly(dG) and poly(dT) do (Figure 6d, green line). As a
result, more number of T bases of DNA origami line the pore
during the simulation of poly(dA) and poly(dC). For the
translocation of A bases, the higher number of hydrogen bonds
combined with the high density of complementary T bases
around the pore create specific interactions resulting in a higher
dwell time for base A.
The higher residence time of the single base at the pore

would be beneficial for DNA read-out. Longer residence time
and slower speed of DNA translocation can ensure a higher
resolution signal acquisition. In nanopores, usually, the speed of
translocation is fast even at low biases of around 100 mV that
the MHz bandwidth of current amplifiers may not be able to
resolve the single base readouts. Among the solutions that were
proposed for speed reduction are the use of high-viscosity
buffer solution,17 lower temperature,63 flexible MscL nano-
pores,20 pore functionalization,64 and ionic liquid systems.65

The presence of DNA origami on top of a graphene nanopore
not only creates an additional signature for recognition but also
reduces the speed of translocation. To quantify and compare
the speed of translocation of poly(dA) in hybrid and bare

graphene nanopores, we performed simulations of up to 70 ns
at different biases (Figure 7). At biases between 2 and 4 V, the
translocation rate for the hybrid pore is 5−7 times slower than
that for the bare graphene pore (Figure 7). At lower biases,
DNA bases reside for a longer time inside the pore, and hence,

Figure 6. (a) Schematic of the ionic current simulation system showing the interaction of the complementary bases (A−T). (b) Ionic currents for
different bases computed from the translocation of poly ssDNAs through the single-layer DNA origami hybrid nanopore. (c) Density of different
bases of the DNA origami nanoplate in the vicinity of the pore vs simulation time for translocation of poly(dA) through the single-layer DNA
origami hybrid nanopore. (d) Average density of different bases of the DNA origami nanoplate in the vicinity of the pore during poly ssDNAs
translocations through the single-layer DNA origami hybrid nanopore.

Figure 7. Comparison of poly(dA) translocation rate through the
single-layer DNA origami hybrid nanopore and the bare graphene
nanopore.
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the probability increases to form hydrogen bond with the
hybrid pore. This gives rise to a longer dwell time.

■ CONCLUSIONS
We demonstrated that the hybrid DNA origami−graphene
nanopore can yield a distinguishable dwell time for DNA bases.
A total of four different nanopores (i.e., bare graphene, single-
layer DNA origami, single-layer DNA origami hybrid, and
double-layer DNA origami hybrid nanopores) were charac-
terized in terms of ionic current, conductance, and resistance.
The functionalization of a DNA origami nanopore with T bases
remains intact during the electrophoretic translocation of
ssDNA bases. The combination of distinguishable dwell time
and ionic current along with the slower speed of translocation
make the hybrid DNA origami−graphene nanopore attractive
for selective DNA detection. The hydrogen bonds between
translocating ssDNA and DNA origami at the pore contribute
to the distinguishable dwell time.
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