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T
o be practical, next-generation DNA
sequencing technology will demand
single-molecule sensitivity, to eliminate

error-prone amplification, and long reads
to facilitate the assembly of the genome.1�3

Nanopore sequencing offers a solution to
both problems,4�7 but single-nucleotide re-
solution requires stringent subnanometer
control over both the DNA configuration in
the pore and the translocation kinetics be-
cause the equilibrium distance between nu-
cleotides is only 0.35 nm.8 Togauge the signal
available for sequencing and the electric force
required to impel a single molecule through
a nanopore in a solid-state membrane, direct,
concurrent measurements were performed
of the forces and currents associated with
the translocation of a single-stranded DNA
(ssDNA) molecule tethered to the tip of an
atomic force microscope (AFM) cantilever.
Themeasurements were accomplished using
nanopores with topographies comparable to
the DNA ranging from 1.0 to 3.5 nm in
diameter in silicon nitride membranes
6�10 nm thick.
These are the first measurements of this

type in nanopores small enough to be
suitable for sequencing DNA. Early work
exploring the forces and current affecting

double-stranded DNA (dsDNA)9,10 or car-
bon nanotubes (CNT)11 in synthetic nano-
pores focused on either pore diameters
(>6 nm) that are too large compared to
the diameter of DNA for adequate signal
for sequencing or voltages that are too
small (<125 mV) to suppress translational
noise.12 Very recentwork forcing ssDNA into
the lumen of a CNT of <3 nmdiameter is not
easily adapted to sequencing either, be-
cause the CNT is too long (10�15 μm) to
discriminate single bases in a sequence.13

RESULTS AND DISCUSSION

In addition to a topography commensu-
rate with detecting single nucleotides, nu-
merous other technical obstacles had to be
overcome to examine the force and current
while ssDNA translocates through a nano-
pore. First, to introduce the ssDNA into the
pore, the experimental configuration had
to identify the location of the pore unam-
biguously. Second, since steric considera-
tions do not favor threading ssDNA into a
pore, a strategy for guiding the molecule
into the lumen repeatedly had to be deve-
loped. Finally, this strategy also had to
guarantee that only one molecule entered
the pore.
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ABSTRACT We report direct, concurrent measurements of the forces and currents associated with the

translocation of a single-stranded DNA molecule tethered to the tip of an atomic force microscope (AFM) cantilever

through synthetic pores with topagraphies comparable to the DNA. These measurements were performed to gauge

the signal available for sequencing and the electric force required to impel a single molecule through synthetic

nanopores ranging from 1.0 to 3.5 nm in diameter in silicon nitride membranes 6�10 nm thick. The measurements

revealed that a molecule can slide relatively frictionlessly through a pore, but regular fluctuations are observed

intermittently in the force (and the current) every 0.35�0.72 nm, which are attributed to individual nucleotides

translating through the nanopore in a turnstile-like motion.
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To overcome these obstacles, an experiment was
configured (Figure 1a,b) that used a customized AFM
to simultaneously measure the force and the blockade
current. First, an AFM topographical scan with a sharp
(nominally 2 nm radius), unfunctionalized tip was used
to locate the pore in air relative to fiducial marks, i.e.,
the edges of a small-area membrane <8 μm on edge
(Figure 1c,d). Subsequently, a second AFM cantilever,
functionalized with ssDNA, was clamped into the
cantilever holder. The cantilever and membrane were
then immersed in electrolyte, a trans-membrane vol-
tage bias was applied using Ag/AgCl electrodes, and
the pore current was measured with either a trans-
impedance amplifier integrated into the cantilever
holder or an external amplifier. The pore location was
then reacquired through triangulation from the fidu-
cial marks. The electric field that develops when a
voltage is applied facilitates capturing the molecule
in the pore as the tip is advanced toward it. Indications
of the capture appeared in both the current and force
measurements simultaneously. Finally, the force on the
molecule in the pore was inferred from the cantilever
deflection, while the position of the molecule was

determined by accounting for both the deflection
and the z-height above the membrane. The force and
current through the pore were recorded while the tip
was advanced toward themembrane (30 direction) and
retracted (50 direction) repeatedly without the mole-
cule vacating the pore. Before retracting to a height
above the surface corresponding to the length of the
molecule, the direction of the tip was reversed to
repeat the measurements.
A blockade of the electrolytic current through the

pore, associated with the volume occluded by translo-
cating ssDNA, provided an unambiguous signature of
the number of molecules trapped there (Figure 2). In
support of this claim, a series of experiments were
performed to characterize the blockade current asso-
ciated with ssDNA and dsDNA in nanopores of com-
parable diameter. When 20 pM, 5 kbp dsDNA is
introduced into the electrolyte at the negative (cis)
electrode and a 0.4 V bias is applied across the mem-
brane, transients like that shown by the red trace in
Figure 2a (left) are observed in the current through
a nanopore with a 2.1 � 2.7 nm cross-section. The
distribution of transients observed can be represented
by a blockade with a single peak centered at ΔI =
I� I0 = 330( 25 pA, where I0 represents the open pore
current. If the duration of the blockade corresponds to
the interval when a single 5 kbp dsDNA occupies the
pore (the observed interarrival time ∼1 min), then the
average transient width tD = 80.2 ( 5.3 ms at 0.4 V
signifies the time required to translocate through it,
which is slower than other estimates.14�16

To extend the dwell time in the pore and facilitate
low-noise measurements of a current blockade, the
biotinylated 50 ends of ssDNA and dsDNA were bound
to the streptavidin tetramer (SA) that was, in turn,
trapped by the electric field in the nanopore (see inset
in Figure 2a; SA has amolecular weight of∼60 kDawith
a 105�133 nm3 volume estimated by AFM).17 In con-
trast with the 5 kbp dsDNA,measurements of the block-
ade current associated with streptavidin-biotinylated-
(SA-bt-ssDNA) in the same nanopore revealed a
shallower blockade of longer duration. One example
is shown by the red trace in Figure 2a (left); the
blockade measured at 0.4 V associated with a 150-nt
poly(T)150 molecule has a value ofΔI = 180.7( 20.2 pA
with a current transient that exceeds 2 s in duration.
(On the other hand, if a biotinylated strand of dsDNA is
bound to SA and trapped in the pore, due to the action
of the field, it melts apparently into a single strand,
presumably the biotinylated one, as evident from the
observed change in blockade current from a value
consistent with dsDNA for <50 ms to one consistent
with ssDNA for longer times; data not shown.)
It is also possible to distinguish a single strand from

multiple strands trapped in the pore over a wide
voltage range. The voltage dependence of the block-
ade currents, ΔI, associated with 5 kbp dsDNA and

Figure 1. Experimental configuration. (a) Schematic repre-
sentation of the apparatus used to measure the force and
current associated with ssDNA in a nanopore. A silicon
nitride membrane with a nanopore in it is bound to a two-
layer (cis/trans) microfluidic device made from PDMS. An
electrical bias is applied between a Ag/AgCl electrode
embedded in the trans-channel, and the current ismeasured
using an amplifier connected directly to the cantilever
holder. (b) Cutaway of the schematic showing biotinylated
ssDNA (btssDNA), tethered to the AFM tip through a bond to
streptavidin, translocating through the pore. (c) TEM (left)
and AFM micrographs (center and right) of a 2.1 nm dia-
meter pore in an 8 nm thick nitride membrane. The shot
noise associated with transmission through the pore is
highlighted by the white dashed ellipse in the TEM micro-
graph. (d) TEM (left) and AFMmicrographs (center and right)
of a 1.0nmdiameter pore in an8nmthicknitridemembrane.
The shot noise associatedwith the pore is highlighted by the
white dashed circle in the TEM micrograph.
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bt-ssDNAmeasured after themolecule was trapped for
a long duration in the same pore is plotted in Figure 2b
along with the open-pore current, I0. It was observe
that, within the measurement error, the blockade
current for bt-ssDNA was always smaller than
the current associated with dsDNA. Moreover, the
blockades attributed to ssDNA were relatively inde-
pendent of the pore geometry for nominally the same
membrane thickness, indicating that the blockade
measures mainly the occluded volume in the pore.
On the basis of data like this, blockade currents in the

range 114 < ΔI < 420 pA were associated with a single
ssDNA strand trapped in 1.2�2.7 nm diameter pores
for voltages in the range 0.3 < V < 0.7 V, respectively.
Parenthetically, in contrast with the dwell time

measured for 5 kbp dsDNA, the duration of the block-
ade associated with the SA complex trapped in the
pore was extended significantly; that is, τ is an
exponentially decreasing function of the applied vol-
tage (Figure 2c). Consistent with the drift of the tip
relative to the location of the nanopore, the longer
dwell time translates to higher signal-to-noise in the
current measurement generally, but demands loading
the SA�biotin bond for a longer duration. Further-
more, at low voltage (e0.4 V) the duration of a block-
ade associated with the complex is interminable; the
blockade usually ends only if the voltage is manually
reversed, impelling the complex out of the pore,
allowing for quasi-static measurements of the force
and current. Whereas these long duration blockades in
a nanopore at constant force are not unprecedented,17

they were long in comparison to extrapolations from
dynamic force measurements of the SA�biotin bond
by an AFM18�20 and suggested that the load on the
trapped DNA may be shared between the membrane
and the SA�biotin bond.
Force and current measurements (coincident within

0.1 ms; Figure S1 in the Supporting Information)
performed with a 150-mer homopolymer of thymine,
poly(T)150, tethered to the tip (Figures 3, 4) revealed
several interesting features. For example, the force
measured as the cantilever was extended toward
a 2.1 ( 0.2 nm nanopore (Figure 1c) at a constant
velocity of 20.00 ( 0.02 nm/s against a potential of
0.5 V (Figure 3a,b) revealed a force plateau during the
translocation of a single molecule. Generally, these
nanopores had a biconical topography with about
a 20� cone angle in membranes that ranged from
6 to 10 nm thick.21 Finite-element simulations (FES)
of pores with this topography revealed that the electric
field was tightly focused in the pore,22,23 peaking at
8 � 105 V/cm near the center of the membrane for
this voltage bias and decaying to 4 � 104 V/cm 10 nm
above the opening (Figure S2 in the Supporting
Information). Accordingly, at position 1, where the
gap between the membrane and the tip apex is
8.3 nm, the molecule was pulled toward the pore
with a force of 13.8 ( 0.4 pN due to the electric field
that extends out of the pore some distance above
the membrane,22 without an appreciable effect on the
current. However, as the tip apex approached within
7 nm of the membrane at position 2, the ssDNA was
captured by the field inside the nanopore since the
current abruptly changes, ΔI = 240 ( 60 pA, whereas
the force on themolecule remains about the sameuntil
the tip makes contact with the membrane.
Constant force plateaus like that observed in

Figure 3a were interpreted as the molecule sliding

Figure 2. Single-molecule blockade current and dwell time
measured for biotinylated ssDNA in nanopores. (a, left)
Electrolytic current measured in 100 mM KCl as a function
of time through the 2.1 � 2.7 ( 0.2 nm cross-section pore
sputtered through a nominally 10 nm thick silicon nitride
membrane at 0.4 V. The figure compares (red trace) a typical
current transient associated with 5 kbp dsDNA translocating
through theporewith theblockadecurrent traceof a trapped
complex (blue trace) of streptavidin�bt-ssDNA. (a, right)
Histograms showing the corresponding distribution of the
blockade currents for >100 events each. Inset: Schematic
of streptavidin-btssDNA trapped in a nanopore. (b) Voltage
dependence of the open pore, I0, and blockade current, ΔI,
associated with biotinylated poly(T)150 (bt-ssDNA) trapped
in nanopores with 1.2� 1.9 and 2.1� 2.7 nm cross-sections.
For comparison, I0 andΔI associated with 5.0 kbp dsDNA are
shown for the 2.1 � 2.7 nm cross-section only. At the same
voltage, the blockade current associated with bt-ssDNA is
the same for the two different cross-section pores because
the occluded volume is the same. However, at the same
voltage and open-pore current, the blockade due to the
ssDNA is only about half of that associated with the dsDNA.
(c) Voltage dependence of the dwell times inferred from the
blockade current measured for streptavidin-bound biotin-
ssDNA in two pores of (b). The dwell time exceeds 100ms for
V < 0.7 V and is interminable for V < 0.4 V.
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relatively “frictionlessly” through the pore. Plateaus
in the force were observed also without ssDNA in
the nanopore as the molecule was peeled from the
surface of the membrane (Figure S3 in the Supporting
Information). Such plateaus have been reported when
ssDNA is peeled from gold24 or graphite25 surfaces and
when ssDNA is extracted from the lumen of a CNT.13

While conformational changes in ssDNA may pro-
duce a force plateau also,24 thymine homopolymers

possess only minimal secondary structure.26 Here,
the force plateau may be associated with a combina-
tion of a relatively weak (W < FΔl = 9.7 � 10�20

J = 5 kJ 3mol�1 base�1) hydrophobic adhesion be-
tween the bases and the silicon nitride surface, the
electrophoretic force, and the electro-osmotic flow
impelling the molecule through the pore (Figure S2
in the Supporting Information).27

Importantly, the force associated with the plateau
fluctuates above the estimated minimum force noise
(see Materials and Methods). Close inspection of the
force and the current (Figure 3b) revealed regular
fluctuations intermittently with the peaks spaced
nearly equidistant. The periodicity was more apparent
in the autocorrelation function (ACF) of the data where
the force exhibited regular oscillations (Figure 3c, top,
black) at a mean lag of 0.62 ( 0.08 nm in contrast to
ACFs obtained without a molecule in the pore (red
traces), which show no regular pattern. The mean
spacing between peaks without a molecule in the
pore (|dz|force = 0.27 ( 0.06 nm) was consistent with
white noise (|dz|noise = 0.24( 0.13 nm). Fluctuations in
the current with a similar period were not perceptible
above the noise in this case.
To improve the signal-to-noise ratio, smaller pore

diameters were investigated. Figure 3d shows force
and current measurements obtained as poly(T)150
was consecutively inserted and extracted against a
0.45 V trans-membrane potential at a constant velocity
of 1.00 ( 0.01 nm/s through a pore with a 1.0 nm

Figure 3. Simultaneous direct measurements of the force
and current as ssDNA translocates through a nanopore. (a)
Force (top) on poly(T)150 and the ionic blockade current
(bottom) under an applied potential of 0.5 V measured
while the AFM cantilever was extended toward the nano-
pore at 20.0 nm/s in 100 mM KCl, showing a relatively
frictionless plateau in the force. Inset: Assumed molecular
configuration with the arrow indicating the direction of the
cantilever motion. (b) Magnified view of the force (top) and
current (bottom) highlighted in (a). (c) Corresponding ACF
of the force (top) and current (bottom) from the signals in
(b) (black), respectively, alongwith the ACFs from the signal
with no DNA in the pore (red). Features are observed
regularly in the force with a 0.62 nm periodicity. (d) Like
(a), the force (top) and blockade current (bottom)measured
as poly(T)150 was inserted into (black) and extracted from
(red) a 1.0 nm diameter pore at a 1.00 nm/s rate against an
applied potential of 0.45 V. The green box highlights a
3.5 nm portion of the data in which the ACFs were calcu-
lated. Insets: Assumed molecular configuration with the
arrow indicating the direction of the cantilever motion. (e)
Change in force (top) and blockade current (bottom) mea-
sured by lock-in detection corrsponding to the highlighted
range in (d). (f) Corresponding ACFs of the force (top) and
current (bottom) respectively of the traces in (e) along with
the ACFs from the signal with no DNA in the pore (red).

Figure 4. Translocation kinetics throughananopore. (a) Like
Figure 3a, the force (top) and current blockade (bottom)
observed under an applied potential of 0.5 V while the AFM
cantilever was retracted from the pore at 20.0 nm/s in
100 mM KCl showing a typical loading of a single molecule
that produces a force�extension curve reflecting the
molecular elasticity. The blue lines represent fits to the FJC
model for each individual stretch. (b) Rupture force of
stretched poly(T)150 for a nanopore with a 2.1 nm diameter
in 100mMKCl at various appliedpotentialswhen therewas a
molecule in the pore as evident by the observation of a
simultaneous blockade in the current (blue) and when there
was no molecule in the pore (red). Inset: Effective spring
constant as a function of applied potential of poly(T)150 for
the events in (b). (c) Compilation showing the value of the
force plateau when poly(T)150 is sliding through a 2.5 �
3.5 nm pore (blue) or a 2.1 nm diameter pore (red) as a
function of applied potential. The dashed lines are fits to the
data, with a nonzero intercept at V = 0, which account for
both the electrophoretic force and electro-osmotic flow.
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diameter (Figure 1d). As themolecule was inserted into
the pore at a tip height of about 22 nm above the
surface, a force plateau was observed at 12.7( 4.7 pN
starting at position 3, indicating a molecule was
trapped in the field of the pore. The force plateau
corresponds to an exaggerated blockade current of
ΔI = 1.2( 0.2 nA, which can only signify one molecule
trapped in the pore due to the small diameter. A
magnified view of the force and blockade current
(Figure 3e) measurements accomplished using lock-
in detection again revealed regular fluctuations; the
periodicities were apparent in the ACFs of the data
(Figure 3f). In this case, both the force and current
exhibited regular oscillations (black traces) at a mean
lag of 0.72 ( 0.01 nm. The separations between peaks
in the force and current ACFs were nearly equidistant
over the 3.5 nm range from which the ACF was
obtained.
The regular patterns observed in the force and

blockade current were consistent with a turnstile mo-
tion of consecutive nucleotides through the pore in
which the translocation stalls repeatedly in a well-
defined conformation. Sigalov et al.8 predicted such a
turnstile motion for the translocation kinetics of ssDNA
with a periodicity of 0.75 nm every time a nucleotide
entered the narrowest part of the 1 nm diameter
biconical pore. Due to a combination of geometrical
constraints in the pore and the applied electric field, for
each translocation direction the average density of
bases becomes localizedprecisely at the 1 nmentrance
to the constriction near the center of the membrane
because the progress of the nucleotide was inter-
rupted until a sufficient force was applied to stretch,
reorient, or tilt the base and impel it through. The
concomitant reorientation and tilting of the partial
charges in theDNA should present a distinctive change
in the energy barrier to the flow of ions that is reflected
in the blockade current as well. Thus, according to this
argument, the fluctuations in the force and current
observed during a translocation reflect variations in the
mobility of an ssDNA molecule due to changes in the
topology and orientation of nucleobases in the pore.
The regularity of the fluctuations suggests a correla-

tion between the orientation and topology of the
bases in the pore. Interestingly, these membranes
ranged from 6 to 10 nm thick, such that at least 10
nucleobases were in the pore during a transit, which
further suggests that the correlations extend over
several bases. Sigalov also predicted that the spacing
between nucleobases would be correlated with the
standard deviations in the average distances between
the location of the nth nearest neighbor phosphates,
increasing from 0.05 nm for n = 1 to 0.25 nm for n = 5.8

Thus, the peaks in the ACF extracted from the force and
current fluctuations were expected to be nearly equi-
distant. Taken altogether, these data indicate that the
translocation of a nucleotide through the constriction

in a biconical pore on a frictionless force plateau occurs
in steps that are subject to control by the applied force.
An entirely different category of kinetics is depicted

in Figure 4a, which shows the force and current
measured as the cantilever was retracted from the
2.1 nm diameter pore (Figure 1c) under the same
conditions as in Figure 3a. At tip�surface separations
of <5 nm, the adhesion between the tip and the silicon
nitride membrane predominated. Just as the tip was
released from the surface at position 1, a single ssDNA
was observed to occlude the pore, giving rise to a
blockade ΔI = 166 ( 25 pA. The ssDNA, which was
likely bound to the surface of the membrane, was
stretched until the bond ruptured at position 2. This
process was repeated until the final bond ruptured at
position 3 with a force of 46.2 pN, when the molecule
vacated the pore and the current returned to the open
pore value.
Stretching events like these in this force range can

be described by a freely jointed chain (FJC) model
using a Kuhn length of b ≈ 1.5 nm.28,29 The effective
spring constant associated with each stretching
event was estimated from keff = 3kBT/bX, where kBT

represents the thermal energy at 293 K and X is the
extension of the ssDNA relative to its total length (blue
lines) to find keff = 6.4 ( 3.6 and 3.4 ( 2.1 pN/nm at
positions 2 and 3, respectively, which is consistent with
prior estimates.28 At a constant extraction velocity of
17.86( 0.02 nm/s, these spring constants imply loading
rates of 115 and60.3pN/s, respectively, indicatinganear-
equilibrium loading regime and a single bond type.30�32

Usually, the loading of a single molecule produces a
force�extension curve that reflects the elasticity of the
molecule like that shown in Figure 4a.31 The associated
kinetics through the pore resemble a “stick�slip”
motion in which the polymer rapidly exits as soon as
the applied force exceeds the threshold for rupturing
the adhesive bond between the nucleotides and the
membrane. Two pieces of evidence relating to the
rupture force and spring constant support the “stick�
slip” interpretation of the motion. First, measurements
of the rupture force obtained by pulling poly(T)150 from
the pore (Figure 4b, blue histogram) and the force
required to pull the molecule off the surface of the
nitride membrane (Figure 4b, red histogram) show
comparable values near 60 pN. (Sample force curves
are shown explicitly in the supplemental Figure S4
in the Supporting Information.) Second, the elastic
energy of the stretched ssDNA shows only a weak
dependence on the applied potential (Figure 4b, inset).
Incidentally, the complex interactions of DNA with

the flowing electrolyte in a nanopore can be decom-
posed into two independent motions: one motion is
that of DNA dragged at a constant velocity v by a
nonelectric force F = ξv; and the other is that of DNA
drifting in an electric field E with a constant velocity
v = μE, where ξ and μ are the friction coefficient and
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electrophoretic mobility, respectively.33,34 Thus, the
zero-voltage intercept in Figure 4c cannot be used to
estimate the size of the nonelectric force unambigu-
ously because the nonelectric force has a different
origin and must be measured by another means.
Moreover, the effective force on a single molecule
sliding through a nanopore larger than ssDNAdepends
weakly on the applied potential with a slope, e.g.,
ΔF/ΔV = 23 ( 90 pN/V for a pore with a 2.5 � 3.5 nm
cross-section (Figure 4c), which is in contrast with
the result reported by Keyser et al. (ΔF/ΔV = 240 (
20 pN/V) obtained using duplex DNA in much larger
pores through much thicker membranes.10,33,34 Re-
markably, FESs of the effective force as a function of
applied potential (Figure S2e in the Supporting
Information) in this topography indicated that the
electro-osmotic effect nullifies up to 95% of the elec-
trophoretic force in a 6 nm diameter pore in a 8 nm
thick membrane. However, for smaller diameters, the
topography and the corresponding lack of water in the
pore27 reduces the electro-osmotic effect.
A typical data set of 280 force curves produced only

24 events in which the current was affected concur-
rently, of which 11 were considered frictionless,
whereas the same data set contained 13 “stick�slip”
force curves with concurrent blockades, six of which
were single rupture events. After the baseline stretch-
ing force was subtracted, the fluctuations in the
force�extension curves attributed to “stick�slip”
kinetics were analyzed. However, the residual forces
and the corresponding current blockades associated
with single poly(T)150 stretching in a pore did not
exhibit regular, correlated fluctuations like those
observed on frictionless plateaus (Figure 3). On the
other hand, a careful analysis of the force and current
fluctuations observed in the subset of measure-
ments obtained when a single poly(T)150 translocated
through a pore on a frictionless force plateau revealed
regular correlated patterns intermittently (Figure 5).
Figure 5a shows typical force and current measure-
ments obtained as the cantilever was retracted against
0.3 V at a constant velocity of 19.585 ( 0.001 nm/s
through a porewith 2.1 nmdiameter (Figure 1c). As the
tip is retracted, initially at position 1 a blockade current
of ΔI = 103( 9 pA was observed, which likely signifies
more than one molecule in the pore. Subsequently, at
position 2, a force plateau is observed at 78.6 ( 2 pN,
corresponding to a blockade ofΔI = 60( 17 pA, which
was attributed to a single molecule loading the tip.
Finally, at position 3, the force was relieved while the
current remained blockaded before returning to the
open-pore value at position 4. Since the current re-
turned to the open pore value after the force was
relieved, it was inferred that the SA�biotin bond
ruptured prematurely and the molecule remained for
an additional ∼250 ms before the biotinylated DNA
vacated the pore.

A magnified view of the force and blockade current
(Figure 5b) revealed regular fluctuations; the periodi-
cities were apparent in the ACFs of the data (Figure 5c).
According to Figure 5c, both the force and current
exhibited regular oscillations (black traces) at a mean
lag of 0.53( 0.05 nm. The separation between peaks in
the force and current ACFs was nearly equidistant over
the 5 nm range from which the ACF was obtained, but
over a smaller window the peaks were found to shift, as
evident from the kymographs (Figure 5d), which re-
present a compilation of ACFs using a 3.5 nm moving
window with a starting position that is staggered
by 0.1 nm, which corresponds to 50� the sampling
frequency. About a 0.1 nm shift in the position of the
ACF peaks was evident between regions 1 and 2.
From the perspective of sequencing, an analytical

tool with long read lengths that can count repetitive
segments would be invaluable, as it becomes expo-
nentially harder to assemble a genome as the number
of repeats grows.1,2 To test the prospects for detecting
repeats, a subset of data obtained on a force plateau
when a single heteropolymer poly(C4A4)20 slid through
a pore (Figure 6a) was identified and the fluctuations
there were analyzed similarly. It was reasoned that the

Figure 5. Force and current associated with an ssDNA
homopolymer sliding through a pore on a force plateau.
(a) Force (top) and blockade current (bottom) measured as
poly(T)150 is extracted at 19.66 nm/s from a 2.1 nmdiameter
pore against an applied potential of 0.3 V. The green box
highlights a 5 nm portion of the data in which the ACF is
calculated. The cartoon shows the assumed molecular con-
figuration with the arrow indicating the direction of the
cantilever motion. (b) Magnified view showing the change
in force (top) and blockade current (bottom) of the high-
lighted data. (c) Corresponding ACFs of the force (top) and
current (bottom), respectively, of the traces in (b). (d)
Kymographs of the force and current (top, bottom), respec-
tively, representing a compilation of traces similar to (c)
obtained with a 3.5 nm window, but with a staggered start.
The lag between peaks in the ACF shifts 0.1 nm between
regions 1 and 2, highlighted in white.
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difference in size between a purine (A) and pyrimidine
(C), and nucleobase mobility differential,8 would facil-
itate discrimination. Figure 6 shows a typical result
acquired when a single molecule was extracted from
a 1.4� 1.6 nm2 cross-section pore (Figure S5a�c in the
Supporting Information) against a potential of 0.4 V at a

constant velocity of 20.75( 0.02 nm/s. Associatedwith
the force plateau at 11( 1 pN, a blockade ofΔI= 225(
10 pAwas observed, whichwas consistent with a single
ssDNA occluding the pore (Figure 6a). An analysis of
the fluctuations in the force and blockade (Figure 6b)
over a 5 nmwindow revealed regular fluctuations with
a mean lag of 0.30 ( 0.01 nm in the current, whereas
the fluctuations with the same periodicity found in the
force were inconclusive (Figure 6c). A moving 2 nm
window with a starting position that is staggered by
0.1 nm (Figure 6d) exhibited a persistent 0.3 nm period
in the current data, whereas the force ACF shifts about
0.2 nm, which may account for the obfuscation of the
periodicity in a longer 5 nm window. Furthermore,
analysis with a 15 nm window (Figure 6e) showed that
the 0.3 nm period was modulated. The current ACF
displayed a maximum near 2.3 nm (Figure 6f), which
was consistent with the chemical constituency of the
heteropolymer, i.e., for C4A4 0.3 nm � 4 � 2 = 2.4 nm.
Moreover, for a lag of >4 nm, both the force and the
current ACFs showed regular patterns consistent with
the C4A4 structure. While the fluctuations viewed
through the ACFs are emblematic of a heteropolymer,
the force and current differences between A and C are
minute (<1 pNand<20 pA, respectively) anddifficult to
identify under these conditions. Thus, without an im-
provement in the postacquisition signal recovery,35,36

it would be difficult to unambiguously discriminate A
from C with single-nucleotide resolution.

CONCLUSIONS

Direct, concurrent measurements of the forces and
currents associated with the translocation through a
nanopore of an ssDNA tethered to the tip of an AFM
cantilever were performed to gauge the signal avail-
able for sequencing and the electric force required to
impel a single molecule through synthetic nanopores.
These measurements revealed two types of transloca-
tion kinetics: frictionless sliding and “slip�stick” mo-
tions. On a force plateau associated with the molecule
sliding through the pore, regular patterns were ob-
served intermittently in the force and current separated
by 0.3�0.72 nm in both homopolymers and hetero-
polymers, which were consistent with the equilibrium
spacing between partially stretched nucleotides. For
the heteropolymer, this periodicity is modulated by a
regular pattern with a 2.3 nm period, consistent with its
chemical constituency, which supports the notion that
sufficient resolution can be developed in a synthetic
nanopore to identify individual bases, butwith difficulty
in pores with a diameter of >1.5 nm.

MATERIALS AND METHODS

Nanopore Fabrication. To create a single nanopore, a silicon
nitride membrane was sputtered by using a tightly focused,

high-energy (300 kV) electron beam in a scanning transmis-

sion electron microscope (STEM, Titan 80-300, FEI, Hillsboro,

OR, USA). Typically beam currents ranged from 0.5 to 1.2 nA,

Figure 6. Force and current fluctuations associated with
an ssDNA heteropolymer sliding through a nanopore on
a frictionless force plateau. (a) Force (top) and blockade
current (bottom) measured as poly(C4A4)20 is extracted at
20.75 nm/s from a 1.4 � 1.6 nm2 cross-section pore against
an applied potential of 0.4 V. The green and red boxes
highlight a 5 and 15 nm portion of the data, respectively,
from which the ACFs were calculated. The cartoon shows
the assumed molecular configuration with the arrow indi-
cating the direction of the cantilever motion. (b) Magnified
view showing the change in force (top) and blockade
current (bottom) in the 5 nm window. (c) Corresponding
ACFs of the force (top) and blockade current (bottom) ob-
tained from the data in (b). (d) Kymographs representing a
compilation of ACFs for the force (top) and current (bottom)
obtained using a 2.5 nm window in the 5 nm region high-
lighted in (a) with staggered starting positions. (e) Magnified
view showing the change in force (top) and blockade current
(bottom) in the 15 nmwindow in (a). (f) ACF of the force (top)
and the blockade current (bottom) of the signal in (e).
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resulting in pores that ranged in diameter from 1.2 to >4 nm
after 10�30 s of sputtering. Transmission images of the sput-
tered pore were obtained from the microscope in TEM mode.
The thickness of themembranes, which ranged from6 to 10 nm,
was measured in situ using electron energy loss spectroscopy
prior to sputtering. The topography of the pore wasmodeled as
biconical, with a cone angle determined by tilting the mem-
brane relative to the beam.21

Microfluidics and Electrical Characterization. The silicon chip sup-
porting a silicon nitride membrane with a nanopore in it was
bonded to a polydimethylsiloxane (PDMS, Sylgard 184, Dow
Corning) microfluidic device as described elsewhere.22 The
microfluidic devices consisted of a microchannel (250 μm �
75 μm) configured to independently address the cis-side of the
membrane through a 250 μmwide channel. Prior to mounting,
the chips were cleaned in a piranha etch solution (H2SO4/
H2O2,1:3) for 10 min. Because the mixture is a strong oxidizer,
it hydroxylates most surfaces by adding OH� groups, making
them hydrophilic. The membrane with a pore in it was rinsed
subsequently in 18 MΩ deionized water several times over
10 min. Next, the transparent microfluidic device was plasma
bonded (PDS-001, Harrick Plasma, Ithaca, NY, USA) simulta-
neously to the silicon chip and a clean glass slide to gain optical
access through the bottom (on the trans-side). To ensure the
seal of the microfluidic device, the top and edges of the silicon
chip were coated with a thin layer of PDMS, and then the
ensemble was cured at 120 �C for 5 min. Finally, themicrofluidic
device was rigidly clamped to the AFM scanner stage on
an inverted optical microscope (Axio-Observer Z1, Frankfurt
Germany).

To characterize the pore, a trans-membrane voltage
was applied using Ag/AgCl electrodes (Warner Instruments,
Hamden, CT, USA) embedded in each side of a microfluidic
device, and the corresponding current was measured at
17 ( 0.1 �C using an Axopatch 200B amplifier with the output
digitized with a DigiData 1440 data acquisition system (DAQ,
Molecular Devices, Sunnyvale, CA, USA) at a sampling rate of
100 kHz for subsequent analysis. A BNC-2090-series DAQ card
(National Instruments, Austin, TX, USA) was used, in conjunction
with a custom LabVIEW program (v2009, National Instruments),
to control the electrode voltage.

To quantify the blockade current associated with ssDNA,
a complex consisting of biotinylated poly(T)150, (IDT, Coralville,
IA, USA) bound to stretpatvidin (S4762, Sigma-Aldrich) was
trapped by the electric field in the pore. The biotinytated-ssDNA
at a concentration of 20 pM was mixed with streptavidin at the
ratio 1:10 in a 100 mM KCl solution supplemented with 10 mM
Tris (pH 8.0) for 1 h at 23 �C. In addition, the blockade current
associated with 5 kbp dsDNA (NoLimits, Thermo Scientific) was
measured in the same pore under the same conditions. The
data were analyzed with customized MATLAB (v2010a, Natick,
MA, USA) and Clampfit (v10.2, Molecular Devices) software.
Open-pore and blockade currents from >100 events were fit
to a Gaussian distribution to extract I0 and ΔI, respectively,
whereas the average duration of the blockade was determined
by fitting a log-normal function to the dwell times.

Force Spectroscopy with an Atomic Force Microscope. The force and
current data were obtained on a customized AFM (MFP-3D-BIO,
Asylum Research, Santa Barbara, CA, USA) interfaced to an
inverted optical microscope (Axio-Observer Z1, Zeiss). In parti-
cular, the AFM employed a narrow bandwidth filter (850 nm
center ( 30 nm pass band with >OD6 out-of-band) for the
superluminescent diode in the head and a low-noise Z-sensor
coupled with an ultraquiet Z-drive to produce noise at the
tip�sample distance of <30 pm at 1 kHz bandwidth. To mini-
mize drift and reduce acoustic noise, the inverted optical
microscope was mounted on an optical air table with active
piezoelectric vibration control (Stacis, TMC, Peabody, MA, USA),
housed in an acoustically isolated, NC-25 (noise criterion) rated
room in which the temperature was stabilized to less than
(0.1 �C over 24 h through radiative cooling. Temperature
fluctuations appear to be the dominant source of long-term
drift, and with temperature regulation the drift of the system
was reduced to 600 pm/min. Sound couples strongly in the
microscope and is another potential source of instrument noise.

Therefore, acoustically loud devices, especially those with cool-
ing fans such as power supplies, amplifiers, and computers,
were placed outside the room. With these precautions, force
detector noise is <10 pm/

√
Hz for frequencies above 1 Hz.

The Z-piezo sensor (Z-sensor) was calibrated using a stan-
dard calibration grating (NT-MDT, Moscow, Russia). The deflec-
tion sensitivity was calibrated by pressing the tip against
a freshly cleaved mica surface and correlating the cantilever
deflection to the Z-sensor reading. The spring constant was
determined by measuring the thermal noise spectra and fitting
the response to a simple harmonic oscillator.37

The topography of the silicon nitride membrane and the
location of the pore relative to the edges of themembranewere
determined in air in noncontact (tapping) mode using a silicon
cantilever (SSS-FM, Nanosensors, Neuchatel, Switzerland) with
a 2 nm nominal radius, a spring constant ranging from 0.5 to
9.5 nN/nm, and a 45�115 kHz resonant frequency (in air).
Force spectroscopy was performed in 100 mM KCl and 10 mM
Tris-HCl (pH 8.5) using either contact mode cantilevers (PPP-
CONT, Nanosensors) with a 7 nm nominal tip radius, a 0.02�
0.8 nN/nm spring constant, and a 6�21 kHz resonance fre-
quency or custom MSNL silicon cantilever (Bruker, Camarillo,
CA, USA) without metal reflex with a 2 nm tip radius, 0.005�
0.3 nN/nm spring constant, and 4�100 kHz resonant frequency.
Considering only the off-resonance thermal noise of the canti-
lever, ΔFmin = (4kBTΔfkspr/ω0Q)

1/2 < 3 pN, where typically kspr =
5�30 pN/nm,Δf= 100�250 Hz is themeasurement bandwidth,
ω0 = 2π � 1.2�22.7 kHz is the angular resonance frequency
of the cantilever, and Q = 1�1.5 is the quality factor.

To functionalize an AFM tip, the cantilever was first condi-
tioned in a 20% oxygen plasma at 25 W (Harrick Plasma)
for 1 min and then immersed in a 0.1% (v/v) solution of
3-aminopropyltriethoxysilane (APTES, Sigma) and deionized
water (18.2 MΩMillipore, Billerica, MA, USA) for 5 min followed
by a rinse in deionized water. Then two different methods were
used to decorate the tip with ssDNA. In the first method, the
cantilever was exposed to biotin-labeled bovine serum albumin
(BSA, 0.1 μg/mL, Sigma) in a phosphate buffer saline solution
(PBS, pH 7.4) for 30 min, rinsed with PBS, and stored at �20 �C
for up to 7 days until used. Prior to force spectroscopymeasure-
ments, the tips were placed in 40 μL of streptavidin (0.1 μg/mL,
S4762, Sigma-Aldrich) in PBS for 30 min at 20 �C, rinsed in PBS,
immersed in 40 μL of biotin-labeled ssDNA (IDT) in PBS (at a
concentration of 1 μg/mL ssDNA in PBS), and then incubated for
another 30 min at 20 �C followed by a final rinse in 100 mM KCl
and 10mM Tris-HCL (pH 8.5) before mounting on the cantilever
holder. The force on the frictionless plateaus and rupture force
associated with the “slip�stick” transitions are smaller than that
required to rupture either the streptavidin�biotin18�20 or the
nonspecific bond between BSA and silicon.38

As an alternative to biotin�streptavidin, a second functio-
nalization method used an amine linker to bind the ssDNA
to the cantilever. Briefly, following exposure to APTES, a silicon/
silicon nitride cantilever was immersed in a 5% (v/v) solution
of glutaraldehyde (Amresco, Solon, OH, USA) in PBS for 40 min
at 20 �C, followed by a rinse in PBS, and then exposed to
a 50-amine-terminated heteropolymer (poly(C4T4)20, 1 μg/mL,
IDT) for another 40 min. As a final step, sodium cyanoborohy-
dride (4 mM in PBS, Alfa Aesar) was used to reduce the imine
bond and stabilize the reaction.

After a topographical scan, with themembrane immersed in
electrolyte, the location of the pore was reacquired in either
constant force mode (contact mode) or tapping mode by
triangulation using the corners of the membrane and high-
resolution topology maps imaged with an unfunctionalized tip.
In this way, the nanopore was located with a functionalized
tip with minimal scanning, thus preserving the DNA on the tip.
To measure the force between the nanopore and DNA, the
functionalized tip was positioned 30�150 nm above the pore
and extended toward the membrane at 10�20 nm/s with a
voltage bias applied, while the current, tip deflection, and
Z-position were recorded. Contact with the surface resulted in
typical tip deflections of 5�10 nm, representing applied forces
of 50�500 pN. In addition, to increase the sensitivity, lock-in
detection was also used tomeasure the deflection (5210, Signal
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Recovery, Oak Ridge, TN, USA) in response to a 150 μVpp
reference signal ac-coupled to the dc trans-membrane bias
voltage.

Measurements of the Current Blockade with DNA Tethered to the
AFM. The ionic current through a nanopore was measured
several ways using either (1) a current-sensing trans-impedance
amplifier with a gain of 1 � 106 V/A connected directly to the
cantilever holder (Orca, Asylum Research); (2) a patch-clamp
amplifier (Axopatch 200B, Molecular Devices) in whole-cell
mode; or (3) phase-sensitive lock-in detection (Signal Recovery
5210-Stanford Research) in response tominute periodic changes
in the electric field in the nanopore. In each case, Ag/AgCl
electrodes embedded in the microfluidic device were used to
establish a trans-membrane potential and monitor the pore
current. For lock-in detection, the applied dc bias was combined
with an ac-signal (100 μVpp) voltage that was used as a reference
signal. Each data channel was subsequently sampled at 10 kHz
and then digitally filtered using a 250 Hz single-pole Bessel
filter (MATLAB).

Signal Autocorrelation Function. Noise in the Z-positional sensor
results in multiple measurements for each unique position.
Thus, all time series were binned at unique Z-positions spaced
every 25 pm, and the mean within each bin was calculated.
The spatial autocorrelation of the signal Sz = {S1, S2, ..., SN} at
lag k was calculated from ACkF = 1/N ∑z=1

N�k (Sz � S)(Szþk � S),
where S represents the mean signal.

Finite Element Simulations (FESs). FESs of the electric field and
the electro-osmotic force on the DNA molecule were per-
formed using COMSOL (v4.2a, COMSOL Inc., Palo Alto, CA, USA)
following a Poisson�Boltzmann formalism described else-
where (Figure S2 in the Supporting Information).22 Briefly,
the applied potential φ and the potential ψ due to charges on
ssDNA and in the nanopore are decoupled from one another
and solved independently. The relationship between j and
the charge carriers, Kþ and Cl�, is given by the Poisson equation
rj = �F/εε0, where F, ε, and ε0 are the volume charge density
and the relative and vacuum permittivities, respectively. The
charge density is given by F = F∑izici, where F = 96 485 C/mol is
the Faraday constant, zi is the valence, and ci is the molar
concentrations of ionic species i. The distribution of ions close to
charged surfaces satisfies the Boltzmann distribution; thus, the
charge density is given by ci = c0,i exp(�zieψ/kBT), where c0 is
the molar concentration far from the DNA/nanopore (i.e., bulk
concentration), e is the electric charge, kB = 1.38 � 10�23 J/K is
the Boltzmann constant, and T = 298 K is the temperature.

Electro-osmotic flow is expressed by the Navier�Stokes
equation, ηr2u � rp � F ∑izicirV = 0, where V = j þ φ, η is
the viscosity, p is the pressure, and u is the velocity. The
transport of ionic species is described by the Nernst�Planck
equation given by Dir2ci þ ziμicir2V = urci, where D is the
diffusion coefficient and μ is the ionicmobility. In this treatment,
u, V, and ci are coupled between equations. The relationship
between the surface charges σ and the zeta potential ζ is given
by the Grahame equation: σ(ζ) = (8c0εε0kBT)

1/2 sinh(eζ/2kBT).
39

The boundary conditions as defined in Figure S2 for the system
are given in Table 1.

The remaining simulation parameters include the density,
1 g cm�3, and viscosity, η = 1.002 mPa s, of the KCl electrolyte;
the diffusion coefficient of Kþ, DK = 1.33 � 10�5 cm2 s�1, and
Cl�, DCl = 2.03 � 10�5 cm2 s�1; the mobility for Kþ, μK = 51.8 �
10�9 m2 V�1 s�1, and Cl�, μCl = 79.0 � 10�9 m2 V�1 s�1; the
electrical permittivity, ε0 = 8.85 pF m�1; the relative permittivity
of the electrolyte, εel = 78.5, and of the silicon nitridemembrane,

εSiN = 9.7; the surface charge density of the nanopore, σ =
�4 mC m�2 (Figure S6); the ssDNA interbase distance, 0.55 nm,
and radius, 0.5 nm; the pore cone angle, θ = 20�; and the
membrane thickness, Lm = 8 nm.

The bare force on an ssDNAmolecule of length L0 and linear
charge density λ centered on a nanopore using the axial
component of the electric field E = �rV is given by Fbare =
λ
R
�L0/2

L0/2 Ez(r = 0,z) dz. The electro-osmotic force is given by
Feom = 2πaη

R
�L0/2

L0/2 [duz(r,z)/dr]|r=a dz where a is the radius of
ssDNA. The total effective force is therefore Feff = Fbare � Feom.
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the electrophoretic force and electro-osmotic flow in a nano-
pore. Figure S3 summarizes force and current measurements
obtained as DNA was pulled from a silicon nitride surface.
Figure S4 shows representative force and current traces asso-
ciated with the summary in Figure 4. Figure S5 shows TEM and
AFMmicrographs of the pores used in Figure 6. Finally, we offer
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