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a great deal of interest in nanopore-based 
next generation DNA sequencing tech-
nology for being a single molecule, label-
free, amplifi cation-free approach that 
promises low cost and high-speed reading 
throughput. [ 1–3 ]  The transport of RNA and 
DNA homopolymer molecules through 
a biological nanopore  α -hemolysin was 
fi rst demonstrated by Kasianowicz et al. [ 4 ]  
Even though biological nanopores have 
the advantage of remarkable reproduc-
ibility and have been demonstrated to 
distinguish individual nucleobases in a 
static strand in a nanopore, [ 5 ]  sequencing 
has remained challenging due to the 
high velocity of DNA translocation. Sig-
nifi cant progress in the engineering of 
biological nanopores, including mutagen-
esis and targeted chemical modifi ca-
tion by incorporation of enzymes, has 
enabled relatively slow and controlled 
transport of DNA molecules in discrete 
steps. [ 6–9 ]  Recent work combining the use 
of polymerase enzymes with engineered 

octameric protein channel MspA, which has a shorter and nar-
rower constriction (0.6 nm long and 1.2 nm wide), has enabled 
a signifi cant enhancement in nucleotide discrimination. [ 10,11 ]  
Despite the progress that has been made with biological nano-
pores, solid-state nanopores are still attractive as they promise 
higher stability, greater control on a range of pore dimen-
sions, multiplexing and integration with alternative detection 
modalities that could improve both sensitivity and resolution 
of nanopore-based sequencing. [ 12 ]  

 Various dielectrics and metals have been used to make syn-
thetic membranes for solid-state nanopores. [ 13,14 ]  However, 
the fi nite thickness (usually above 10 nm) of the fabricated 
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  1.     Introduction 

 The concept of using nanopores as impedance based bio-sen-
sors has emerged as an attractive and versatile tool for detec-
tion and analysis of charged bio-molecules. The detection of 
target molecules is achieved by electrophoretically driving 
the molecules through nanometer-sized pores in biological 
or synthetic membranes and simultaneously monitoring the 
modulation of nanopore ionic current. [ 1–3 ]  These temporary 
fl uctuations in the ionic current can yield information on the 
biopolymer length, orientation, and sequence. The need for 
improvements in speed and cost of sequencing has prompted 
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membranes presents a limit on the spatial resolution of the 
measurements, making single nucleotide resolution diffi cult 
to achieve. Graphene, as a single layer material with mechan-
ical stability [ 15 ]  and the same order of thickness as the nucleo-
tide separation in a DNA strand, is an attractive solution to 
this problem. [ 1 ]  DNA transport through nanopores in freely 
suspended graphene membranes has been reported by various 
groups. [ 16–18 ]  These thin membranes demonstrate high sensi-
tivity in conductivity modulation with change in diameter of 
translocating polymer. [ 19 ]  The high 1/f noise in graphene nano-
pores reduces the signal-to-noise ratio making single nucleo-
tide distinction using ionic current challenging. [ 20 ]  However 
graphene as a material with interesting electronic proper-
ties [ 21,22 ]  has opened avenues to combine ionic current-based 
measurements with transverse sensing modalities by incorpo-
rating structures such as nanoribbons, [ 23,24 ]  nanogaps, [ 25 ]  and 
tunneling electrodes. [ 26 ]  But adding, transverse sensing func-
tionalities in a graphene system is challenging due to potential 
leakage paths created and thus stacked systems with various 
dielectrics might be needed to achieve reliable and robust inte-
gration with transverse electrodes. [ 27 ]  Another major roadblock 
presented by these thin membranes is the low temporal reso-
lution of ionic current measurements, and thus slowing down 
DNA translocations remains critical to achieve sequencing 
using graphene nanopores. Various methods have been sug-
gested in solid-state nanopores to slow DNA translocation 
speed including the use of stick-slip interactions by using die-
lectric materials with high surface charge density like Al 2 O 3  
and HfO 2 . [ 28,29 ]  Other proposed techniques include the use 
of different ionic solutions such as LiCl, [ 30 ]  increasing solu-
tion viscosity with glycerol, [ 31 ]  optoelectronic control, [ 32 ]  fl u-
idic gating, [ 33 ]  reducing nanopore diameter, [ 34 ]  use of pressure 
gradients, [ 35 ]  thicker membranes, [ 36 ]  and temporary hydrogen 
bonding. [ 37 ]  Recently, the potential for DNA–graphene hydro-
phobic interactions to induce ssDNA translocations in single-
nucleotide steps was discussed. [ 38,39 ]  ssDNA translocation 
experiments with standalone graphene membranes have been 
demonstrated by coating the graphene surface with a hydro-
philic layer [ 40 ]  or by performing the experiments at highly alka-
line pH, which signifi cantly reduce DNA–graphene interac-
tions. [ 19 ]  Our experiments are performed at a lower pH value 
(pH = 7.6) which enhances DNA adsorption on graphene [ 41 ]  
and is the fi rst demonstration of the effect of DNA–graphene 
interactions on DNA translocation. We have previously dem-
onstrated the fabrication of nanopores in stacked layers of 
graphene and Al 2 O 3  and demonstrated translocation of DNA 
molecules. [ 20 ]  The bottom graphene layer was used primarily 
as the supporting base. In this study, we add functionality to 
the structure by using the hydrophobic interactions between 
single or multiple graphene layers and ssDNA molecules to 
slow DNA transport. We compare translocation properties of 
the stacked graphene structures with a membrane made of 
Al 2 O 3 , a dielectric with a highly charged surface that binds 
to DNA through electrostatic interactions. [ 28 ]  A signifi cant 
reduction in translocation speed of ssDNA is observed in 
membranes with single or multiple graphene layers inte-
grated when compared to the standalone dielectric mem-
branes. In addition, the translocation of dsDNA through our 
stacked graphene–dielectric–graphene structure demonstrates 

signifi cantly reduced interactions between dsDNA molecules 
and graphene, which is manifested in much faster dsDNA 
translocation speed.  

  2.     Results and Discussion 

  2.1.     Device Fabrication and Overview 

 The details of fabrication of supporting the membrane struc-
tures and subsequent formation of stacked layers of graphene 
and Al 2 O 3  dielectric have been described previously. [ 20,27 ]      The 
transport of DNA and DNA-protein complexes through these 
structures has been previously demonstrated. [ 20 ]  In this study, 
we fabricate structures to study and compare the effects of 
exposed graphene layers on DNA transport speed. The sup-
porting membrane structures consist of stacked layers of 
50 nm Al 2 O 3 , 200 nm SiN x , and 10 nm Al 2 O 3  fabricated using 
deep reactive ion etching (DRIE). A 300 nm diameter hole is 
drilled using focused ion beam (FIB) onto these freely sus-
pended membranes (see Section 4).  Figure    1  A shows the 
schematic for the graphene–dielectric–graphene membrane. 
Graphene is grown by chemical vapor deposition (CVD) 
using a process described in an earlier article. [ 27 ]  The fi rst 
graphene layer is transferred onto the FIB drilled hole in the 
supporting membrane structure and covers the entire hole 
forming a freely suspended graphene sheet. Then we deposit 
2 nm of Al which acts as the seed layer for the subsequent 
deposition of 24 nm of Al 2 O 3  on graphene using atomic layer 
deposition (ALD). [ 42 ]  The seed layer is essential for uniform 
and dense growth of the dielectric layer. The superiority 
of Al 2 O 3  as the membrane material over SiO 2  and Si 3 N 4  in 
terms noise performance has been previously established 
and is the choice of dielectric in this study. [ 43,44 ]  The thick-
ness of dielectric is established based on our leakage studies 
with a similar structure and has been kept constant across 
all the structures described in this paper. [ 27 ]  Another layer 
of graphene is transferred on top of the dielectric layer. The 
schematic of the membrane structure (Figure  1 A) shows the 
thickness of the various layers. The motivation for this design 
is to study the interactions of the translocating polymer 
with exposed graphene, to which the ssDNA molecules are 
expected to adhere to, on both sides of the membrane. To 
compare the translocation characteristics of this membrane 
and understand the effect of DNA–graphene interactions 
on DNA translocation properties, two additional membrane 
structures are studied. Figure  1 B shows the graphene–
dielectric structure, where the same process as described 
above is used for sequential transfer of graphene followed 
by Al 2 O 3  deposition, leaving only one graphene layer for 
the translocating DNA molecule to interact with. Finally, 
Figure  1 C (i-iv) shows our process to fabricate a purely die-
lectric membrane. First, a sacrifi cial graphene layer is trans-
ferred on the FIB-drilled hole, which acts as the support for 
the deposition of the Al 2 O 3  dielectric layer on top. Subse-
quently, the backside trench (drain) of the device is exposed 
to an oxygen plasma process (see Experimental Section). The 
process removes all the exposed graphene on the 300 nm 
hole area drilled by FIB. After oxygen plasma processing, 
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 Figure 1.    Schematic of the membrane structures whose DNA interaction and translocation properties are compared in this study. A) (i) Sequential 
transfer of graphene followed by atomic layer deposition (ALD) of 24 nm Al 2 O 3  is followed by another graphene layer transfer. (ii) The nanopore region 
is magnifi ed and dimensions of the dielectric layer are indicated. (iii) IV curve for an ≈3.5 nm pore in a graphene–dielectric–graphene membrane. (iv) 
TEM image of the nanopore. B) (i) Graphene transfer was followed by ALD deposition of Al 2 O 3 . (ii) The nanopore region is magnifi ed. (iii) Open pore 
IV curve for an ≈4 nm pore in a graphene–dielectric membrane. (iv) TEM image of the nanopore. C) [(i)–(iv)] Graphene transfer was followed by ALD 
deposition of Al 2 O 3 . Reactive ion etching in an oxygen plasma environment is then used to etch the exposed graphene leaving only the oxide layer. (v) 
The nanopore region is magnifi ed. (vi) Open pore IV curve for an ≈3.3 nm pore in a dielectric membrane. (vii) TEM image of nanopore. The nanopore 
diameters (scale bar 5 nm) are comparable and the ionic conductivity is almost similar in all three cases, essential for direct comparison of DNA 
translocation properties. All experiments were done in 1  M  KCl, 10 × 10 –3   M  Tris, 1 × 10 –3   M  EDTA at pH 7.6. 100nt ssDNA is threaded from source to 
drain as indicated for all the cases studied here.
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the nanopore is drilled in this membrane. As a result the 
translocating DNA strand can only interact with the dielectric 
layer as there is no exposed graphene in the pore region. 

    2.2.     ssDNA Translocation Experiments 

 Nanopores are drilled using convergent beam electron dif-
fraction (CBED) mode in a transmission electron microscope 
(TEM). Subsequently the chips are assembled in a custom-built 
fl uidic setup and then buffer solution of 1  M  KCl, 10 × 10 −3   M  
Tris, 1 × 10 −3   M  EDTA at pH 7.6 is inserted in both the cham-
bers. Open-pore conductance curves for all nanopores com-
pared in this study show fairly similar conductivity (Figure  1 ). 
Since our CVD-grown graphene has been demonstrated to be 
mostly monolayer or bilayer thick, [ 27 ]  we do not expect a sig-
nifi cant difference in nanopore length and conductivity across 
all three membrane structures. [ 45 ]  Upon introduction of 100nt 
ssDNA molecules, current blockades are observed. In all the 
three structures shown in Figure  1 , the DNA is threaded from 
the topside (source) to the backside trench (drain). Translocation 
data at transmembrane voltage of 300 mV (drain with respect 
to source) for all three membrane structures are presented in 
 Figure    2  . Figure  2 A–C shows sample current traces for typ-
ical events for nanopores in graphene–dielectric–graphene, 
grapheme–dielectric, and dielectric membrane systems, respec-
tively. The translocation histograms for each corresponding 
case are presented to the right of sample traces (Figure  2 D–F). 
A mono-exponential decay function is fi tted to the dwell time 
distribution and the mean values for translocation time is indi-
cated next to the histograms. We see a slight increase in the 
observed translocation time when graphene layer is present on 
both sides of the membrane as we expect the DNA to stick to 
the graphene. ssDNA can stretch under the infl uence of the 
electrical fi eld giving lengths up to 0.6 nm per base. [ 46 ]  Given 

the thickness of the membrane, the DNA strand is expected to 
interact with only one graphene layer at a time during translo-
cation for the grapheme–dielectric–graphene membranes (Sup-
porting Information, Figure S1). This might explain the minor 
variation in dwell time observed while comparing translocation 
characteristics of nanopores in grapheme–dielectric—graphene, 
and grapheme–dielectric membranes.  

 We compare the translocation properties observed in our 
stacked layers with a positively charged (at experimental pH) 
dielectric layer of Al 2 O 3  which has been reported to slow DNA 
translocations through electrostatic interactions. [ 28 ]  We report a 
ssDNA translocation speed of 180 ± 10 µs which is in the same 
range as expected from literature for such oxide membranes. [ 29 ]  
The alumina membrane nanopore shows a three times faster 
translocation speed than the graphene–dielectric–graphene 
case. We model the pore as having a truncated double conical 
structure (Figure S1, Supporting Information) similar to that 
reported for Alumina nanopores. [ 43 ]  The pore conductance is 
given by Equation  ( 1)  
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   where  G  pore  is the pore conductance calculated by adding the 
pore resistance derived through geometric arguments. [ 47 ]  In 
this equation  σ  is the ionic conductivity of 1  M  KCl buffer 
solution (measured to be 112.8 mS cm –1 ).  d  is the diameter of 
the pore and  h  is the height of the membrane (≈24 nm) and 
 δ  = ( h –   h  eff )/ d . Assuming effective channel length  h  eff  =  h /3 
and a cone angle of  α  = 30° we calculate expected nanopore 
diameters based on observed conductance values (Figure S1, 
Supporting Information). This is consistent with previous 
work on Al 2 O 3  nanopores from our lab using aluminum 
oxide nanopores and the same electron microscope instru-
ment. [ 43 ]  The calculated pore diameters are reported in 
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 Figure 2.    Experiments indicating the effect of graphene layers in slowing ssDNA translocation. A–C) Sample current blockades for 100 nt ssDNA for 
each membrane system of graphene–dielectric–graphene, graphene–dielectric, and dielectric respectively. All experiments were performed in 1  M  KCl, 
10 × 10 –3   M  Tris, 1 × 10 –3   M  EDTA at pH 7.6 and a transmembrane voltage of 300 mV. The sample traces show considerable slowing down with the 
introduction of graphene layers at the membrane area. D–F) Translocation time histograms for the cases A–C, respectively. With 100nt ssDNA we fi nd 
average translocation times of T = 550 ± 20 µs, T = 470 ± 20 µs, T = 180 ± 10 µs for graphene–dielectric-graphene, graphene–dielectric, and dielectric, 
respectively. Graphene DNA hydrophobic interactions reduce the translocation velocity of the DNA molecule by about 3 times when compared to 
translocation properties of the purely dielectric membrane.
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Figure  1  (insets). The expected and observed pore diameter 
values fi t well to the conductance model for the graphene 
and graphene–dielectric membranes. The geometric model 
however does not take into account the presence of dif-
ferent materials in the three membrane structures which 
could have a surface charge-based contribution to the ionic 
fl ow and slightly different geometric shapes based on dif-
ferent sputtering rate of stacked materials. [ 48 ]  Transloca-
tion statistics are reported to be sensitive to variations in 
pore diameter when translocating polymer and nanopore 
have comparable diameters. [ 34 ]  For ssDNA translocations as 
pore diameter increases above 3 nm, translocation velocity 
is expected to saturate as a result of decreased van der Waals 
interactions with the pore walls. [ 49,50 ]  All our nanopores are 
approximately 3 times the diameter of the ssDNA molecule 
and signifi cant variation in pore-DNA interactions with 
minor changes (≈0.4 nm) in pore diameter is not expected. 
Additionally, the graphene–dielectric membrane pore shows 
a larger current than the dielectric pore but still shows sig-
nifi cantly longer translocation times indicating that the 
observations are not due to variations in the pore diameter. 
We attribute the observed changes to specifi c interactions 
between the DNA molecule and the membrane materials. 
We hypothesize the possible cause for slow ssDNA translo-
cations in the graphene embedded membranes to be hydro-
phobic interactions between ssDNA and the graphene layers. 
Nanopore experiments in Al 2 O 3  membranes [ 28,43,44 ]  indicate 
an order of magnitude reduction in translocation speeds as 
compared to Si 3 N 4  or SiO 2  based nanopores. The addition 
of graphene layers makes the pore hydrophobic (Supporting 
Information, Figure S5). ssDNA–graphene interactions 
due to hydrophobic attraction is well known. The aromatic 
purines and pyrimidine bases of ssDNA have been observed 
to freely adsorb on graphene surfaces. [ 51 ]  

 We observe material inhomogeneity in the vicinity of the 
nanopore as seen in the contrast around the nanopore in the 
TEM images (Figure  1 ). Changes in local stoichiometry and 
crystallization of material have been reported for Alumina 
membranes due to preferential sputtering of Oxygen atoms. [ 28 ]  
We have observed such material inhomogeneities in our pre-
vious study with similar stacked structures. [ 20 ]  The possibility 
of graphene damage due to TEM convergent beam has also 
been addressed to confi rm the presence of graphene in the 
pore vicinity for these structures (Supporting Information, 
Figure S1). We simulated the same beam conditions on a pure 
graphene membrane. While the pore nucleates very quickly, the 
pore expansion saturates if the beam is not moved to the edges 
of the pore. Intensity profi les for the electron beam probes used 
in these studies have been reported to have a tail approximating 
a radius of 5 nm. [ 28 ]  Consistent with those results, even long 
exposures (well beyond those used for the pores in the fl uidic 
experiments) do not expand the pore to beyond 7 nm of radius. 
The protocol to minimize graphene damage has been described 
in the Experimental Section. Also graphene layers are expected 
to adhere well to oxides due to van der Waals interactions and we 
expect the graphene damage reported here to be an upper bound 
for the possible graphene damage in the stacked grapheme–
dielectric structures. [ 52 ]  While local graphene crystal structure 
changes or amorphization under the infl uence of electron 

irradiation cannot be ruled out, [ 53 ]  hydrophobic interactions of 
DNA with different forms of carbon have been shown. [ 54 ]  Given 
the length of the DNA strand used in these experiments, we 
expect graphene to have a signifi cant infl uence on translocation 
characteristics (Supporting Information, Figure S1). 

 The enhanced pore/membrane and DNA interactions produce 
translocation rates of ≈5.5 µs bp –1  at 300 mV and ≈10.1 µs bp –1  
at 200 mV. This compares favorably to studies on ssDNA 
translocation through other materials such as HfO 2 , [ 29 ]  SiN  x  , [ 55 ]  
and bare graphene membranes, when operated in experi-
mental conditions where the DNA–graphene interactions are 
minimized. [ 19,40 ]  In addition, graphene–DNA interactions are 
known to be nucleobase specifi c. The specifi city of these inter-
actions have been applied to a variety of optical sensors and 
for separation of single and double-stranded DNA. [ 41,56,57 ]  The 
binding energy of the four nitrogenous nucleobases with gra-
phene is known to vary [ 58,59 ]  with guanine known to have the 
strongest binding affi nity. The difference in interaction could 
result in different translocation speeds and provide a basis of 
nucleotide separation essential for sequencing applications. 
The addition of dielectric layers increases the thickness of the 
membrane and thus can reduce the spatial resolution of the 
measurement if ionic currents through the pore are expected 
to resolve the DNA sequence. We envision the eventual inte-
gration of these dielectric–graphene-based membrane systems 
with an embedded graphene ribbon to produce a stack of gra-
phene–dielectric–graphene–dielectric–graphene. In such a 
device, the top and bottom graphene layers can interact and 
slow the DNA molecule, while the middle graphene layer can 
be patterned into a ribbon to sense DNA. [ 23 ]  Our previous 
studies show that the electrical integrity of embedded gra-
phene layer is not damaged by the TEM beam used to drill the 
nanopore. [ 27 ]  While measurement of DNA charge-based cur-
rent fl uctuations in graphene nanoribbon current is expected 
to have very high intrinsic bandwidth, the fabrication of these 
structures can be highly challenging as they need ribbons with 
nanoscale widths and constrictions of less than 5 nm. [ 24 ]  Other 
mechanisms of sensing have been reported with larger gra-
phene ribbons up to 100 nm in width. [ 23 ]  In this study, the gra-
phene current was measured using a 400 kHz current ampli-
fi er, whose temporal resolution would be in the same range 
as demonstrated by our graphene–dielectric–based membrane 
systems shown here. In such devices, further slowing DNA 
transport would allow the use of fi lters with lower bandwidth, 
thus improving signal-to-noise ratio and enhance the reliability 
of nucleotide separation. 

 The necessary controls and detailed analysis for both gra-
phene–dielectric–graphene and dielectric nanopore experiments 
are presented in  Figure    3  . The scatter plots (Figure  3 A,B) dis-
play similar blockade levels in both cases. The slightly higher 
blockade levels for the dielectric membrane are indicative of 
a slightly smaller nanopore. Additionally, we speculate that 
the higher degree of freedom for the ssDNA molecules in the 
absence of graphene layers and specifi c interactions can lead 
to formation of secondary structures and higher current block-
ades. The signifi cant shift in the event duration densities of the 
blockade events (as borne out by the translocation time histo-
grams) for both membrane systems seems to indicate signifi -
cant differences in the DNA–membrane material interactions. 
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In addition, translocation histograms at two different trans-
membrane voltages have been presented to indicate the expected 
increase in average dwell time with applied voltage, confi rming 
the observed blockades to be due to translocations instead of 
random collisions. The additional scatter plots and histograms 
(Supporting Information, Figure S3) also provide similar con-
clusions. The broad distribution of translocation times in all 
cases indicate signifi cant interaction with the pore surface. [ 28,34 ]  
Expected blockade ratio for ssDNA ( d  DNA  = 1.2 nm) blocking a 
3.5 nm pore can roughly be estimated by Equation  ( 2)  

    

=
⎛
⎝⎜

⎞
⎠⎟

DNA

pore

2

B
d

d
r

  

(2)

 

    The expected blockade ratio for unfolded ssDNA transloca-
tion is 0.12. The blockade histograms (Supporting Informa-
tion, Figure S2A) for a 3.5 nm pore in graphene–dielectric–
graphene membrane displays a mean blockade level of 
Δ I  ≈ 326.4 ± 7.3 pA at 300 mV. This indicates a mean 
blockade level of  B r   = Δ I / I  = 0.14, where  I  is the open pore 
current, in good agreement with expected blockade for 
unfolded DNA translocation. Also the average blockade level 
reduces as expected with decreasing voltage (Supporting 
Information, Figure S2B); however, the blockade ratio ( B r  ) is 
similar.  

  2.3.     MD Simulations 

 To elucidate the microscopic interactions that give rise to 
the experimentally observed variation of the DNA transloca-
tion rate, we construct two atomic-scale models of the experi-
mental systems. Each model, shown in  Figure    4  A,B, contains 
a 50-nucleotide fragment of a poly(dT) strand threaded through 
a double-cone nanopore of 1.7 nm minimum diameter cut in a 
5.5 nm-thick amorphous silica membrane. One of the systems 
has a graphene sheet added on each side of the membrane; 
the pore was cut in graphene to match the size and shape of 
the nanopore openings. Following our earlier work, [ 60 ]  we use 
slightly positively charged amorphous silica as a model of alu-
mina. The systems are solvated and populated with ions to 
produce a 1  M  KCl solution. The systems equilibrate under con-
stant pressure for over 80 ns. Following that, a 500 mV bias is 
applied across each system forcing ssDNA to move from one 
side of the membrane to the other through the nanopore (see 
Animations M1 and M2, Supporting Information). Further 
details on the construction and equilibration procedures are 
given in the Experimental section.  

 During equilibration, ssDNA is observed to adhere to the 
surface of the membrane in both systems. However, the micro-
scopic conformations of ssDNA in the two systems are qualita-
tively different: hydrophobic adhesion of DNA bases is observed 
only in the case of the graphene–dielectric–graphene membrane, 
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 Figure 3.    Control experiments for grapheme–dielectric–graphene, and dielectric nanopores for translocation experiments with 100nt ssDNA. For 
these experiments, a 3.5 nm pore was drilled in the graphene–dielectric–graphene membrane and a 3.3 nm pore was drilled in a dielectric membrane. 
A,B) Scatter diagram for Blockade ratio versus Dwell time for both the membrane systems. C,D) Translocation time histograms for the graphene—
dielectric—graphene, and dielectric nanopores showing an increase in Dwell time with increased transmembrane voltage indicating the events 
observed to be due to DNA translocation. All experiments were performed in 1  M  KCl, 10 × 10 –3   M  Tris, 1 × 10 –3   M  EDTA at pH 7.6. The blockade ratios 
are in the same range and a signifi cant difference is observed in the translocation time.
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Figure  4 B. Such differences are seen to affect the rate of ssDNA 
transport through the nanopore. In Figure  4 C, we plot the 
number of nucleotides permeated through the membrane’s 
midplane under a 500 mV transmembrane bias. The trans-
port of ssDNA through the nanopore in the graphene covered 
membrane is considerably slower than that in the bare dielectric 
membrane. To calculate the average permeation rate, we divide 
the total number of permeated nucleotides by the duration of the 
simulation. The graphene–silica–graphene pore is simulated for 
951 ns, and the permeation rate is measured to be 0.0195 nt ns –1 , 
considerably slower than in the case of a free-standing graphene 
membrane. [ 38 ]  The silica-only pore is simulated for 464 ns, and 
the observed permeation rate is 0.0324 nt ns –1 . Thus, the pres-
ence of the graphene sheets contributes to approximately a 40% 
reduction of the DNA permeation rate, which is in excellent 
agreement with the experimental measurements reported above. 
For comparison, the translocation rate of dsDNA in a bare die-
lectric membrane under identical conditions (but using a larger 
3.8 nm diameter pore) is 4.9 bp ns –1 , two orders of magnitude 
faster than the ssDNA permeation rate. 

 Two types of interactions determine the rate of ssDNA per-
meation through the nanopores. The fi rst one is stacking of 
the DNA bases to the graphene sheets. The abundance of such 
hydrophobic contacts can be appreciated from the close-up 
views of the nanopore edge shown in the inset to Figure  4 C. 
All DNA bases outside the nanopore adsorb to graphene but 
only few are adsorbed to the surface of the bare dielectric mem-
brane. The second type is an attraction of the DNA backbone to 
silica. Examples of such interactions can be seen in the snap-
shots as Movies M1 and M2, Supporting Information: the base 
of a nucleotide points toward the center of the pore as the back-
bone attaches to the wall. 

  Figure    5   provides further details on the process of 
ssDNA translocation. Snapshots in Figure  5 A illustrate the 

conformation of ssDNA at the beginning (left) and the end 
(right) of the 951 ns MD trajectory. The DNA strand appears to 
be under tension. The average distance between the nucleotides 
along the pore axis in the top (inlet) and bottom (outlet) halves 
of the pore is about 0.59 and 0.54 nm, respectively, which 
corresponds to a stretching force of approximately 80 and 
40 pN. [ 61,62 ]  Lower tension in the bottom part of the DNA strand 
permits for intermittent accumulation of DNA nucleotides at 
the exit opening of the nanopore.  

 Because the strand is under tension, displacements of the 
nucleotides in the nanopore are correlated, which can be clearly 
seen from the main panel of Figure  5 A that plots the coordi-
nates of individual nucleotides in the nanopore. For transloca-
tion to occur, the bases must desorb from graphene. Vertical 
arrows at the top of Figure  5  indicate the times at which a base 
desorbs from the graphene and enters the nanopore. This 
unbinding process is likely the reason for slower translocation 
kinetics of ssDNA in graphene–dielectric–graphene membrane 
in comparison to otherwise identical bare dielectric system. The 
higher extent of DNA adsorption at low pH has been reported 
for graphene oxide. [ 41 ]  The single nucleotide traces in Figure  5 A 
also clearly show that the translocation process is not only step-
wise, but also that the DNA nucleotides visit the same locations 
during the translocation, Figure  5 B. Repetitive placement of 
DNA nucleotides within the same region of the pore may be 
advantageous for DNA sequencing applications.  

  2.4.     dsDNA Translocation Experiments 

 The degree and effect of these hydrophobic interactions can be 
further understood by comparing ssDNA and dsDNA transloca-
tion properties. The dsDNA translocation experiments are con-
ducted with long dsDNA molecules (850 bp) in an approximately 
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 Figure 4.    All-atom MD simulations of ssDNA translocation through nanopores. A,B) Representative conformations of a poly(dT)50 strand in MD 
simulations of nanopore transport through dielectric. A) and grapheme—dielectric–graphene. B) membranes. The minimum diameter of the nanopore 
in each membrane was 1.7 nm. C) The number of nucleotides transported through the midplane of the membrane by a 500 mV bias versus simula-
tion time. The midplane’s location is indicated by a red line in panels A and B. The average permeation rates are 0.0324 and 0.0195 nucleotides/ns for 
the dielectric (black trace) and graphene–dielectric–graphene (red trace) membranes, respectively. The insets depict interactions of ssDNA with the 
surface of the dielectric (top) and graphene–dielectric–graphene (bottom) membranes. The bases do not strongly interact with the surface of silica, 
but stack strongly to graphene.
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6 nm pore through a graphene–dielectric–graphene membrane. 
Even though the nanopore size is larger than those used for 
ssDNA translocation experiments, we believe the direct com-
parison is still valid, as translocation velocity and DNA–pore 
wall interactions have been calculated to be fairly constant for 
large nanopores. [ 49 ]  The diameter of the pore is more than twice 
the diameter of dsDNA. In all our studies, the nanopore diam-
eter is much larger than the molecule size thus the major con-
tributing factor to interactions slowing down DNA molecules 
are expected to be interactions between the membrane sur-
face and DNA strand. The results of dsDNA experiments and 

translocation histograms at transmembrane voltages of 300 mV 
and 500 mV have been presented in  Figure    6  B,C. The scatter 
diagrams indicating the expected trend of increasing transloca-
tion speed with transmembrane voltage and current blockade 
histograms indicating expected blockade levels (Supporting 
Information, Figure S4A–D) validate the observed blockades to 
be true translocations rather than random collisions.  

 The translocation speed for the dsDNA strand is observed 
to be an order of magnitude faster than that for the ssDNA 
experiments.  Table    1   shows a summary of translocation time 
and speeds for ssDNA and dsDNA molecules. While this may 
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 Figure 6.    Nanopore experiments indicating the effect of graphene layers on double-stranded DNA translocation. A) Schematic of graphene–dielec-
tric–graphene membrane used in studying translocation of 850bp dsDNA. A 6 nm pore is used in this experiment. B,C) Translocation histograms for 
dsDNA translocations at transmembrane voltages of 300 mV and 500 mV, respectively. All experiments were performed in 1  M  KCl, 10 × 10 –3   M  Tris, 
1 × 10 –3   M  EDTA at pH 7. Insets: Sample current traces of dsDNA blockade events for both values of transmembrane voltages. The smaller timescale 
of translocation of a much longer dsDNA (compared to ssDNA used in this study) indicates signifi cantly reduced hydrophobic interactions in between 
graphene and dsDNA as compared to graphene and ssDNA.

 Figure 5.    Stepwise transport of ssDNA through graphene–dielectric–graphene membrane. A) Z-coordinates of DNA nucleotides (measured as the 
center of mass of each nucleotide's backbone) versus simulation time. The snapshots illustrate the conformation of ssDNA at the beginning (left) 
and the end (right) of the MD simulation. The color of the nucleotides corresponds to the color of the Z-coordinate traces; dashed arrows relate select 
traces to the nucleotides they represent. Vertical arrows at the top and bottom of the graph indicate the moments of DNA base unbinding from the top 
layer of graphene (top) or binding of a DNA base to the bottom layer of graphene (bottom). The traces demonstrate long periods of very little motion 
punctuated by short quick movements of approximately the length of one nucleotide. B) The distribution of the DNA nucleotide along the length of 
the nanopore averaged over the course of the ≈950 ns MD simulation. Repetitive placement of DNA nucleotides within the same region of the pore 
may be advantageous for DNA sequencing applications.
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appear surprising at fi rst glance, as the dsDNA molecules used 
here are much longer than the ssDNA molecules, the dsDNA 
molecule is expected to have signifi cantly less interaction 
with graphene. [ 51 ]  For dsDNA, the nucleobases are effectively 
shielded within the helical structure protected by a charged 
phosphate backbone. In addition, the persistence length for 
ssDNA molecules is around 2–4 nm which, owing to a larger 
degree of freedom, is signifi cantly smaller than that for dsDNA 
(50 nm) molecules. [ 63,64 ]  The stiffer dsDNA molecule has weak 
interactions with the membrane surface and could be expected 
to be linearly oriented (Figure  6 A) under the infl uence of the 
strong local electric fi eld and translocate much faster than the 
ssDNA molecules. On the other hand, a ssDNA molecule can 
easily orient along the graphene surface and enter the nanopore 
through a 2D diffusion process which would signifi cantly slow 
down DNA translocations as confi rmed by our results. [ 38,39 ]  

     3.     Conclusions 

 In summary, we investigated the interaction effects of DNA 
and graphene as a means of slowing DNA transport through 
a nanopore. We fi nd that a reduced rate of ssDNA transloca-
tion can be induced by the presence of exposed graphene layers 
on dielectric membranes. The results can be explained by the 
possibility of hydrophobic interactions between the nucleobases 
and graphene layers. The adsorption of nucleobases to DNA 
and subsequent desorption necessary for translocation provides 
the impeding force for DNA translocations. This is evidenced 
through direct comparison with dielectric membranes con-
sisting of materials with highly charged surface at experimental 
pH conditions. Also the signifi cant difference in translocation 
characteristics of ssDNA and dsDNA observed in these experi-
ments validates our conclusions regarding the hydrophobic ori-
gins of these interactions.  

  4.     Experimental Section 
  Nanopore Fabrication and Fluidic Measurements : The fabrication of 

the supporting membrane structure stack of Al 2 O 3 , SiN  x  , Al 2 O 3 , and 
chemical vapor deposition of graphene has been explained in detail 
previously. [ 20,27 ]  The graphene–dielectric–graphene, grapheme–dielectric 
membranes are fabricated sequentially as described earlier. The 
dielectric (Al 2 O 3 ) thickness of 24 nm is deposited using atomic layer 
deposition (ALD). The deposition is done at a platen temperature of 
250 °C using tetramethylaluminum (TMA) as the metal precursor and 
water vapor as the oxygen precursor. A seed layer Al (2 nm thick) is 
deposited on graphene using a CHA SEC-600 electron-beam evaporator 

prior to deposition of both dielectric layers. For the pure dielectric 
membrane, a graphene–dielectric membrane stack is fabricated using 
the same process as above. Subsequently the graphene is etched away 
in Plasmalab Reactive Ion Etcher using an O 2  plasma at 90 W for 30 s 
at a fl ow rate of 20 sccm. All nanopores are drilled using a JOEL 2010F 
fi eld-emission gun TEM operated at 200 kV in CBED mode with focused 
electron probe of diameter = 1.6 nm. The nanopores take ≈30–40 s to 
form consistent with our previous studies on stacked structures. [ 27 ]  To 
minimize damage to the graphene layers, beam alignment is performed 
on the supporting membrane area, which is much thicker and we wait 
about 5 min to minimize beam drift. The beam is then quickly moved 
to a clean fresh area on the FIB hole area to drill the pore. For the 
experiments involving the purely dielectric membrane, a pretreatment 
with an O 2  plasma treatment is done for 1 min at 50 W to facilitate 
wetting. In all other experiments the chip is assembled as is. The chip is 
assembled in a custom-built chamber. Ethanol is fi lled in both reservoirs 
initially to help clean the devices and promote wetting. Subsequently, the 
ethanol is fl ushed out and the reservoirs are fi lled with a solution of 1  M  
KCl, 10 × 10 −3   M  Tris, 1 × 10 −3   M  EDTA at pH 7.6. All nanopore experiments 
are performed with Axopatch 200B at room temperature (22 ± 2 °C). 
Data are low-pass-fi ltered at 10 kHz using the built-in 8-pole Bessel fi lter. 
The output signal is sent to a Digidata 1440A data-acquisition module 
(Axon Instruments, USA) and is digitized at 100 kHz and recorded using 
pClamp 10.2 software. DNA translocation studies involve the use of 
100 nt ssDNA (Integrated DNA Technologies) and 850bp dsDNA 
(Thermo Scientifi c). 

  MD Simulations : The software package NAMD [ 65 ]  is used to 
perform all MD simulations. Periodic boundary conditions are applied 
to the simulation box. The simulations use particle mesh Ewald 
electrostatics [ 66 ]  computed over a 0.11 nm grid to regulate long-range 
interactions. We employ multiple time-stepping [ 67 ]  to calculate local 
interactions every time step and the full electrostatics every three time 
steps. SETTLE [ 68 ]  and RATTLE [ 69 ]  algorithms with a time step of 2 fs is 
used on the covalent bonds involving hydrogen atoms in water and 
DNA, respectively. The van der Waals forces are cut off smoothly starting 
at 0.7 nm and completely cut off by 0.8 nm. The CHARMM27 [ 70 ]  force 
fi eld is used for nucleic acids, graphene, water, and ions. Type CA atoms 
from CHARMM27 are used for graphene, [ 38 ]  a custom force fi eld is used 
for SiO 2 , [ 71 ]  and NBFIX corrections are included for ions. [ 72 ]  A langevin 
thermostat controls the temperature acting on the membrane atoms with 
a 1.0 ps −1  damping constant. In all simulations, the graphene and silica 
are harmonically restrained with a spring constant of 20 kcal mol −1  Å 2 . 
Atomic-scale models of annealed silica nanopores are built by adding 
silicon and oxygen atoms into a membrane volume, with a G-SMD 
force applied to expel the atoms from the pore and confi ne the atoms 
to the membrane volume. The membrane size is 10 nm × 10 nm in 
cross-section and 5.5 nm thick with an hourglass-shaped nanopore of 
minimum diameter 1.7 nm passing through the center. Because Al 2 O 3  
has a slight positive surface charge under a pH of 7.6, 39 oxygen atoms 
are removed from the membrane system to simulate the experimental 
conditions. The BKS [ 73 ]  force fi eld anneals the systems at 7000 K, 5000 K, 
2000 K, and fi nally 300 K for 20 ps, 20 ps, 50 ps, and 50 ps respectively. 
For the stacked system, the inorganic builder plugin [ 74 ]  of VMD (Visual 
Molecular Dynamics) produces a single-layer graphene sheet. [ 75 ]  A pore 
is added to the sheet by removing atoms that satisfy the condition  x  2  +  y  2  
<  r  2 , where  r  = 1.75 nm is the radius of the graphene pore and is chosen 
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  Table 1.    Summary of all nanopore measurements conducted at transmembrane voltage of 300 mV. The translocation rate is calculated from the 
Dwell time measured for different molecules listed here. 

Membrane material 
[thickness,  t  ≈24 nm]

Pore diameter 
[d] [nm]

Dwell time,  τ  
[transmembrane voltage 300 mV] [µs]

DNA length Translocation rate 
[@300 mV]

Graphene–Al 2 O 3 –graphene 3.5 550 100nt – ssDNA 5.5 µs nt –1 

Graphene-Al 2 O 3 4.0 470 100nt – ssDNA 4.7 µs nt –1 

Al 2 O 3 3.3 180 100nt – ssDNA 1.8 µs nt –1 

Graphene–Al 2 O 3 – graphene 6 340 850bp – dsDNA 0.4 µs bp –1 
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to be the same as the silica pore radius at the mouth of the silica pore 
and custom cut to fi t the rectangular simulation box. One copy of the 
graphene sheet is placed on top of the membrane, and another placed 
on the bottom. These graphene sheets are harmonically restrained in all 
simulations, and are not bonded to the silica. A 50 nt strand of poly(dT) 
ssDNA is inserted into the pore, and the system is solvated and 
ionized to produce an electrically neutral solution at 1  M  KCl. The fi nal 
dimensions of the system are 10 × 10 nm 2  in cross-section, 16 nm in the 
 z  direction, and contained approximately 160 000 atoms. The systems 
equilibrate in the NPT ensemble for over 80 ns using a Nosé-Hoover 
Langevin piston pressure control [ 76 ]  using a 1 atm pressure target and 
a 295 K temperature target. Furthermore, a small G-SMD force applied 
on the DNA atoms whenever they came near to the silica encourages 
unbinding of the DNA from the silica. [ 77 ]  During the equilibration of over 
80 ns, the DNA is allowed to move, and by the end of the equilibration, 
the DNA adheres to the graphene surface (graphene–silica–graphene) 
or clusters near the silica membrane (silica only). Following the 
equilibration, an electric fi eld is added to the simulation in the 
 z -direction, so that the electric potential over the entire simulation box 
dropped by 500 mV going from bottom to top. The stacked graphene 
system is simulated in the  NVT  ensemble with the electric fi eld for 
951 ns, and the silica only system is simulated in those same conditions 
for 464 ns. We calculate the center of mass of the backbone atoms for 
each nucleotide for each frame (approximately every 10 ps) by measuring 
the backbone positions over time. This position data are block averaged 
with a block length of 1 ns. Measurement of permeation is calculated 
by counting the number of nucleotides that were below a plane passing 
through the middle of the membrane. For nucleotides that were partly 
above the plane and partly below the plane, the fraction of atoms in the 
backbone below the plane is added to the count, so that the number 
permeated is not necessarily an integer.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  

  Acknowledgements 
 The authors would like to acknowledge support from the National 
Institutes of Health (R21 CA155863), Oxford Nanopore Technologies 
U.K., National Science Foundation (DMR-0955959), and the National 
Institutes of Health (R01-HG007406) for supporting the effort. The 
authors also gladly acknowledge supercomputer time provided through 
XSEDE Allocation Grant No. MCA05S028 and the BlueWaters Sustained 
Petascale Computer System (UIUC).   

Received:  October 23, 2014 
Revised:  December 1, 2014 

Published online:  December 22, 2014   

[1]     B. M.    Venkatesan  ,   R.    Bashir  ,  Nat. Nanotechnol.    2011 ,  6 ,  615 .  
[2]     D. W.    Deamer  ,   M.     Akeson  ,  Trends Biotechnol.    2000 ,  18 ,  147 .  
[3]     J.    Clarke  ,   H. C.        Wu  ,   L.    Jayasinghe  ,   A.     Patel  ,   S.    Reid  ,   H.     Bayley  ,  Nat. 

Nanotechnol.    2009 ,  4 ,  265 .  
[4]     J. J.    Kasianowicz  ,   E.     Brandin  ,   D.    Branton  ,   D. W.        Deamer  ,  Proc. Natl. 

Acad. Sci. U.S.A.    1996 ,  93 ,  13770 .  
[5]     N.    Ashkenasy  ,   J.     Sánchez-Quesada  ,   H.    Bayley  ,   M. R.        Ghadiri  ,  Angew. 

Chem., Int. Ed. Engl.    2005 ,  117 ,  1425 .  
[6]     S.    Benner  ,   R. J.        Chen  ,   N. A.    Wilson  ,   R.     Abu-Shumays  ,   N.    Hurt  , 

  K. R.        Lieberman  ,   D. W.    Deamer  ,   W. B.        Dunbar  ,   M.    Akeson  ,  Nat. 
Nanotechnol.    2007 ,  2 ,  718 .  

[7]     H.    Bayley  ,   O.    Braha  ,   S.    Cheley  ,   L.-Q.    Gu  ,  Nanobiotechnology  
 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim    2005 , p  93 .  

[8]     D.    Stoddart  ,   G.    Maglia  ,   E.    Mikhailova  ,   A. J.        Heron  ,   H.    Bayley  , 
 Angew. Chem., Int. Ed. Engl.    2010 ,  49 ,  556 .  

[9]     D.    Stoddart  ,   A. J.        Heron  ,   E.    Mikhailova  ,   G.     Maglia  ,   H.    Bayley  ,  Proc. 
Natl. Acad. Sci. U.S.A.    2009 ,  106 ,  7702 .  

[10]     E. A.    Manrao  ,   I. M.        Derrington  ,   A. H.    Laszlo  ,   K. W.        Langford  , 
  M. K.    Hopper  ,   N.     Gillgren  ,   M.    Pavlenok  ,   M.     Niederweis  , 
  J. H.    Gundlach  ,  Nat. Biotechnol.    2012 ,  30 ,  349 .  

[11]     I. M.    Derrington  ,   T. Z.        Butler  ,   M. D.    Collins  ,   E.     Manrao  ,   M.    Pavlenok  , 
  M.     Niederweis  ,   J. H.    Gundlach  ,  Proc. Natl. Acad. Sci. U.S.A.    2010 , 
 107 ,  16060 .  

[12]     C.    Dekker  ,  Nat. Nanotechnol.    2007 ,  2 ,  209 .  
[13]     J.    Li  ,   D.     Stein  ,   C.    McMullan  ,   D.     Branton  ,   M. J.    Aziz  , 

  J. A.        Golovchenko  ,  Nature    2001 ,  412 ,  166 .  
[14]     K.    Healy  ,   B.     Schiedt  ,   A. P.    Morrison  ,  Nanomedicine    2007 ,  2 ,  875 .  
[15]     A. K.    Geim  ,  Science    2009 ,  324 ,  1530 .  
[16]     S.    Garaj  ,   W.     Hubbard  ,   A.    Reina  ,   J.     Kong  ,   D.    Branton  , 

  J. A.        Golovchenko  ,  Nature    2010 ,  467 ,  190 .  
[17]     G. F.    Schneider  ,   S. W.        Kowalczyk  ,   V. E.    Calado  ,   G.     Pandraud  , 

  H. W.    Zandbergen  ,   L. M.        Vandersypen  ,   C.    Dekker  ,  Nano Lett.    2010 , 
 10 ,  3163 .  

[18]     C. A.    Merchant  ,   K.     Healy  ,   M.    Wanunu  ,   V.     Ray  ,   N.    Peterman  ,   J.     Bartel  , 
  M. D.    Fischbein  ,   K.     Venta  ,   Z.    Luo  ,   A. T.        Johnson  ,   M.    Drndic  ,  Nano 
Lett.    2010 ,  10 ,  2915 .  

[19]     S.    Garaj  ,   S.     Liu  ,   J. A.    Golovchenko  ,   D.    Branton  ,  Proc. Natl. Acad. Sci. 
U.S.A.    2013 ,  110,   12192.   

[20]     B. M.    Venkatesan  ,   D.     Estrada  ,   S.    Banerjee  ,   X.     Jin  ,   V. E.    Dorgan  ,   
M.   -H.     Bae  ,   N. R.    Aluru  ,   E.     Pop  ,   R.    Bashir  ,  ACS Nano    2012 ,  6 ,  441 .  

[21]     K. S.    Novoselov  ,   A. K.        Geim  ,   S. V.    Morozov  ,   D.     Jiang  ,   Y.    Zhang  , 
  S. V.        Dubonos  ,   I. V.    Grigorieva  ,   A. A.        Firsov  ,  Science    2004 ,  306 ,  666 .  

[22]     K. I.    Bolotin  ,   K. J.        Sikes  ,   Z.    Jiang  ,   M.     Klima  ,   G.    Fudenberg  ,   J.     Hone  , 
  P.    Kim  ,   H. L.        Stormer  ,  Solid State Commun.    2008 ,  146 ,  351 .  

[23]     F.    Traversi  ,   C.     Raillon  ,   S. M.    Benameur  ,   K.     Liu  ,   S.    Khlybov  ,   M.     Tosun  , 
  D.    Krasnozhon  ,   A.     Kis  ,   A.    Radenovic  ,  Nat. Nanotechnol.    2013 , 
 8 ,  939 .  

[24]     K. K.    Saha  ,   M.     Drndic  ,   B. K.    Nikolic  ,  Nano Lett.    2012 ,  12 ,  50 .  
[25]     H. W.    Postma  ,  Nano Lett.    2010 ,  10 ,  420 .  
[26]     M.    Tsutsui  ,   M.     Taniguchi  ,   K.    Yokota  ,   T.     Kawai  ,  Nat. Nanotechnol.   

 2010 ,  5 ,  286 .  
[27]     S.    Banerjee  ,   J.     Shim  ,   J.    Rivera  ,   X.     Jin  ,   D.    Estrada  ,   V.     Solovyeva  , 

  X.    You  ,   J.     Pak  ,   E.    Pop  ,   N.     Aluru  ,   R.    Bashir  ,  ACS nano    2012 ,  7 ,  834 .  
[28]     B. M.    Venkatesan  ,   A. B.        Shah  ,   J.-M.    Zuo  ,   R.     Bashir  ,  Adv. Funct. 

Mater.    2010 ,  20 ,  1266 .  
[29]     J.    Larkin  ,   R.     Henley  ,   D. C.    Bell  ,   T.     Cohen-Karni  ,   J. K.    Rosenstein  , 

  M.     Wanunu  ,  ACS Nano    2013 ,  7 ,  10121 .  
[30]     S. W.    Kowalczyk  ,   D. B.        Wells  ,   A.    Aksimentiev  ,   C.     Dekker  ,  Nano Lett.   

 2012 ,  12 ,  1038 .  
[31]     D.    Fologea  ,   J.     Uplinger  ,   B.    Thomas  ,   D. S.        McNabb  ,   J.    Li  ,  Nano Lett.   

 2005 ,  5 ,  1734 .  
[32]     N.    Di Fiori  ,   A.    Squires  ,   D.    Bar  ,   T.    Gilboa  ,   T. D.        Moustakas  ,   A.    Meller  , 

 Nat. Nanotechnol.    2013 ,  8 ,  946 .  
[33]     K. H.    Paik  ,   Y.     Liu  ,   V.    Tabard-Cossa  ,   M. J.        Waugh  ,   D. E.    Huber  , 

  J.     Provine  ,   R. T.    Howe  ,   R. W.        Dutton  ,   R. W.    Davis  ,  ACS Nano    2012 , 
 6 ,  6767 .  

[34]     M.    Wanunu  ,   J.     Sutin  ,   B.    McNally  ,   A.     Chow  ,   A.    Meller  ,  Biophys. J.   
 2008 ,  95 ,  4716 .  

[35]     H.    Zhang  ,   Q.     Zhao  ,   Z.    Tang  ,   S.     Liu  ,   Q.    Li  ,   Z.     Fan  ,   F.    Yang  ,   L.     You  , 
  X.    Li  ,   J.     Zhang  ,   D.    Yu  ,  Small    2013 ,  9 ,  4112 .  

[36]     Q.    Liu  ,   H.     Wu  ,   L.    Wu  ,   X.     Xie  ,   J.    Kong  ,   X.     Ye  ,   L.    Liu  ,  PLoS One    2012 , 
 7 ,  e46014 .  

[37]     P.    Krishnakumar  ,   B.     Gyarfas  ,   W.    Song  ,   S.     Sen  ,   P.    Zhang  ,   P.     Krstic  , 
  S.    Lindsay  ,  ACS Nano    2013 ,  7 ,  10319 .  

[38]     D. B.    Wells  ,   M.     Belkin  ,   J.    Comer  ,   A.     Aksimentiev  ,  Nano Lett.    2012 , 
 12 ,  4117 .  



FU
LL

 P
A
P
ER

946 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2015, 25, 936–946

www.afm-journal.de
www.MaterialsViews.com

[39]     M.    Shankla  ,   A.     Aksimentiev  ,  Nat. Commun.    2014 ,  5,   5171.   
[40]     G. F.    Schneider  ,   Q.     Xu  ,   S.    Hage  ,   S.     Luik  ,   J. N. H.    Spoor  ,   S.     Malladi  , 

  H.    Zandbergen  ,   C.     Dekker  ,  Nat. Commun.    2013 ,  4,   2619.   
[41]     M.    Wu  ,   R.     Kempaiah  ,   P.-J. J.    Huang  ,   V.     Maheshwari  ,   J.    Liu  ,  Langmuir   

 2011 ,  27 ,  2731 .  
[42]     S.    Kim  ,   J.     Nah  ,   I.    Jo  ,   D.     Shahrjerdi  ,   L.    Colombo  ,   Z.     Yao  ,   E.    Tutuc  , 

  S. K.        Banerjee  ,  Appl. Phys. Lett.    2009 ,  94 ,  062107 .  
[43]     B. M.    Venkatesan  ,   B.     Dorvel  ,   S.    Yemenicioglu  ,   N.     Watkins  ,   I.    Petrov  , 

  R.     Bashir  ,  Adv. Mater.    2009 ,  21 ,  2771 .  
[44]     P.    Chen  ,   T.     Mitsui  ,   D. B.    Farmer  ,   J.     Golovchenko  ,   R. G.    Gordon  , 

  D.     Branton  ,  Nano Lett.    2004 ,  4 ,  1333 .  
[45]     R. M. M.    Smeets  ,   U. F.        Keyser  ,   D.    Krapf  ,   M.   -Y.     Wu  ,   N. H.    Dekker  , 

  C.     Dekker  ,  Nano Lett.    2005 ,  6 ,  89 .  
[46]     M. N.    Dessinges  ,   B.     Maier  ,   Y.    Zhang  ,   M.     Peliti  ,   D.    Bensimon  ,   

V.     Croquette  ,  Phys. Rev. Lett.    2002 ,  89 ,  248102 .  
[47]     M. J.    Kim  ,   M.     Wanunu  ,   D. C.    Bell  ,   A.     Meller  ,  Adv. Mater.    2006 ,  18 , 

 3149 .  
[48]     M.-Y.    Wu  ,   R. M.    M.     Smeets  ,   M.    Zandbergen  ,   U.     Ziese  ,   D.    Krapf  , 

  P. E.        Batson  ,   N. H.    Dekker  ,   C.     Dekker  ,   H. W.    Zandbergen  ,  Nano 
Lett.    2008 ,  9 ,  479 .  

[49]     A.    Ramachandran  ,   Y.     Liu  ,   W.    Asghar  ,   S.     Iqbal  ,  Am. J. Biomed. Sci.   
 2009 ,  1 ,  344 .  

[50]     W.-Y.    Tang  ,   G.   -H.     Hu  ,  RSC Adv.    2013 ,  3 ,  19861 .  
[51]     S.    Akca  ,   A.     Foroughi  ,   D.    Frochtzwajg  ,   H. W.    C.     Postma  ,  PLoS One   

 2011 ,  6 ,  e18442 .  
[52]     S. P.    Koenig  ,   N. G.        Boddeti  ,   M. L.    Dunn  ,   J. S.        Bunch  ,  Nat. Nano-

technol.    2011 ,  6 ,  543 .  
[53]     D.    Teweldebrhan  ,   A. A.        Balandin  ,  Appl. Phys. Lett.    2009 ,  94,   013101 .  
[54]     D.    Alloyeau  ,   B.     Ding  ,   Q.    Ramasse  ,   C.     Kisielowski  ,   Z.    Lee  ,   K.   -J.     Jeon  , 

 Chem. Commun.    2011 ,  47 ,  9375 .  
[55]     K.    Venta  ,   G.     Shemer  ,   M.    Puster  ,   J. A.        RodrÍ guez-Manzo  ,   A.    Balan  , 

  J. K.        Rosenstein  ,   K.    Shepard  ,   M.     Drndić   ,  ACS Nano    2013 ,  7 ,  4629 .  
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