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Abstract
Nanopores were fabricated with an integrated microscale Pd electrode coated with either a
hydrogen-bonding, or hydrophobic monolayer. Bare pores, or those coated with octane thiol,
translocated single-stranded DNA with times of a few microseconds per base. Pores functionalized
with 4(5)-(2-mercaptoethyl)-1H-imidazole-2-carboxamide slowed average translocation times,
calculated as the duration of the event divided by the number of bases translocated, to about 100
microseconds per base at biases in the range of 50 to 80 mV.
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Purely electronic single-molecule DNA sequencing now appears to be possible using
measured current blockades characteristic of blocks of bases passing through a nanopore.1 A
key feature of this work was the use of a polymerase molecule as a “molecular ratchet” to
slow the passage of the DNA to several ms per base.2 This stands in contrast to the very fast
transit (a fraction of a microsecond per base) in nanopore experiments without such
molecular ratchets.3 These speeds can be reduced a little by modifying the salt, solvent and
temperature4 or by modifying the surface charge on the nanopore walls,5 but remain far too
fast for current variations to be read at the pA levels of current discrimination required to
decode sequence. Here, we investigate an alternative approach to slowing DNA
translocation, the use of electrodes functionalized with molecules specifically designed to
capture DNA bases.

We have been developing an alternative to ion-current readout which we call “Recognition
Tunneling” (RT).6, 7 In RT (Figure 1) DNA bases are captured by recognition molecules that
are strongly bonded to a pair of electrodes, and form complexes with DNA bases through
weaker, non-covalent bonds. The electrodes are spaced closely enough (~2.5 nm8) that
tunnel current flows when a base forms a bound complex with the recognition molecules in
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the tunnel junction. Characteristic fluctuations in the tunnel current signal the identity of the
base9 and individual bases within a polymer chain are readily identified9, 10 so that the
technique has the potential for better spatial resolution than ion-current readout. To be used
in this application, the tunneling electrodes must be combined with a nanopore so that each
base passes into the tunnel gap sequentially as the DNA is translocated through the
nanopore. This paper describes another step forward in the development of this technology,
which is the integration of a functionalized electrode with a nanopore and measurement of
its effect on the translocation of single-stranded DNA molecules.

We have investigated the unbinding kinetics of the recognition complex using dynamic
force spectroscopy10 finding the off-rate of a DNA base, Koff ~ 0.3 s−1, and a key goal of the
current work is to find out if these AFM-based measurements of binding kinetics are
relevant to trapping of DNA bases in a functionalized nanopore. The slow off rate, as
measured by AFM, implies that, without an applied external force, the DNA base-
recognition molecule complex could remain bound in the tunnel junction for seconds. The
long lifetime measured by AFM is probably a consequence of the effects of confinement.11

It follows that transport of DNA through a RT junction may be slowed down significantly
simply as a result of the capture of each base while a single-stranded DNA molecules passes
through the gap. The hope is that sequential capture of each of the bases will occur in turn
because the on-rate for capture is quite large, as a result of the high effective concentration
of the molecules taking part in the binding in the nanogap.9 We sought to test this slowing
mechanism directly by using measurements of the duration of ion current blockades as DNA
molecules of various length pass through a solid state nanopore incorporating an electrode
funtionalized with recognition molecules (Figure 2b).

Chemical modification of solid state nanopores has been used extensively for slowing
translocation, either by modifying surface charge12 or by placing specific chemical traps,
such as complimentary oligomers, on the pore surface.13 With extensive modification, it is
even possible to stop the transport of DNA entirely.3 For RT, capture molecules, (4(5)-(2-
mercaptoethyl)-1H-imidazole-2-carboxamide – ICA – Figure 1 shows a complex with
dTMP) are designed to form multiple hydrogen bonds with all four DNA bases in
complexes that bind a trapped analyte between a pair of functionalized electrodes (see Liang
et al.14 for the other bonding arrangements). We are specifically interested in the case where
the recognition molecules are attached to metal electrodes, in particular palladium, because
it gives bigger tunneling signals than gold and is also more stable than gold because of its
higher melting point.15 Evaporation of metal onto SiN pores has been used to reduce the
pore size16 but it results in excessive noise owing to the accumulation of a large, dissipative
double layer, the double-layer resistance falling with area.17 The solution to this problem is
to reduce the size of the electrode material exposed to electrolyte, and this has been achieved
in the past by coating most of the surface area of the electrode with PDMS.16, 18 Here, rather
than coat the electrode, we have used microfabrication and e-beam lithography to fabricate
small electrodes, achieving a reduction in noise similar to that obtained by coating the
electrodes, but with a more easily fabricated structure. If the electrodes are small enough,
there is essentially no difference in background noise between the metalized and non-
metalized devices (cf. Figures 2d and f) We drilled pores through the electrodes (and the
underlying SiN) using an electron beam, and measured translocation times for several
different DNA molecules with different functionalizations of the metal part of the pore.

Results and discussion
We begin by describing an experiment in which we used the same Pd-SiN pore, measuring
DNA translocation with the metal layer bare (Figure 2a), then again as functionalized with
ICA molecules (Figure 2b) and then finally after the metal electrode was stripped away
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altogether (Figure 2c). 3 mm chips containing 30 nm thick silicon windows were purchased
from Norcada (Alberta). Nanopores made with these membranes gave background currents
in good agreement with theoretical estimates (Table 1) but the current blockade signals were
too noisy for the small molecules used in this work. In order to improve the signals,19 we
thinned a small window (area 10 x 10 microns) to 18 nm, into which a 10 nm thick Pd
electrode was deposited (see methods). Pores drilled in these membranes gave much better
signal-to-noise, but at the cost of a larger background leakage (data not shown) presumably
because of damage caused by the thinning process. Pores were drilled using the electron
beam in a F 2010 TEM, with the size of the pore monitored directly using the TEM CCD.
Pore diameters were between 3 and 5 nm. The pores were not perfectly round (see the inset
in Figure 2d) and quoted diameters are an average over the pore area.

After cleaning, the pores were mounted in a custom cell that sandwiched the chip between
two PDMS gaskets, the cell filled with buffered 1M KCl solution on both sides, Ag/AgCl
reference electrodes placed into the two chambers and current recorded using an Axon
Axopatch 200B patch clamp amplifier. Table 1 lists the measured conductances of two pores
of different geometry, together with conductance calculated using20

(1)

where d is the pore diameter, and L the pore length. σ is the specific conductance calculated
from 6.02 x 1026 [μK + μCl] eC where e is the electronic charge, μK and μCl the
electrophoretic mobilities of K and Cl ions (7.62 and 7.91x10−8 m2/Vs) and the numerical
factor converts the concentration C (in moles/liter) to ion-pairs per cubic meter. The
calculated (G calc1 – Table 1) and measured conductances (Table 1) are in good agreement.
They are also in good agreement with a full solution of the Poisson-Nernst-Planck-Stokes
equations (G calc2, Table 1) showing that electrophoresis alone accounts for most of the
observed current (see the Supporting Information for more details).

When DNA (typically 5 to 100 nM concentration) was added to the negatively biased (cis)
chamber, characteristic current blockades were observed (Figure 2d). Interestingly, we
always observe an increase in the background ionic current after DNA is added to the input
chamber (last column of Table 1), even before the characteristic current blockade spikes
occur. This increase took longer to occur at low DNA concentrations, but, after an adequate
wait, it was similar at all concentrations, implying that DNA was accumulated at the
entrance of the pore.

After measurements with a bare Pd-SiN pore, the membrane was removed from the
translocation cell, cleaned, and the Pd layer functionalized with ICA. The same pore was
then remounted in the translocation cell and blockades recorded again. Much longer events
were now observed (Fig. 2e). Since this was the same pore, these longer events must be a
consequence of having functionalized the electrodes. Finally, a Piranha etch (caution, the
use of Piranha can result in violent explosions) was used to strip away the metal electrode
entirely and translocation measured again. Only rapid translocations were observed (Figure
2f) once the functionalized electrodes had been removed. Thus the effects of the chemical
modification of the nanopore were completely reversed on stripping off the electrode. We
can eliminate the possibility of major changes in nanopore geometry when the pore was
subject to the various processing steps described above. As can be seen from Figs. 2d and
2e, the background ion current changes very little when the Pd electrode was functionalized,
so the slowing of the translocation was not a result of occluding the pore. When the metal
was stripped off, (Fig 2f) the current increased by about 68%. Equation 1 predicts a 52%
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increase, based on reducing the total pore length from 28 to 18 nm (metal plus SiN). Thus
most of the observed increase in ion current background can be accounted for by the
reduction of pore length, implying again that there were no large changes in pore geometry.

A summary of many blockade measurements from this one pore is given in Figs. 2g and h.
A scatter plot of the blockade amplitude vs. translocation times is shown for all three
experiments in Figure 2g (bare Pd – green points, ICA functionalized Pd – red points,
stripped electrode – blue points). The distribution of blockade amplitudes remains
essentially the same, supporting the conclusion that the pore diameter did not change
significantly over the various processing steps. However, the distribution of translocation
times is affected dramatically by functionalization. This is illustrated further by the
histograms in Figure 2h where the distributions have been fitted by exponentials. The decay
time of the distribution is increased by at least an order of magnitude when the ICA
monolayer is present. The decay time of the fitted exponential for the ICA functionalized
electrodes (red curve, Fig. 2h) is 13.2 ms, corresponding to 0.2 ms per base for the 63 nt
DNA. This is much longer than the sub-microseconds per base reported for the translocation
of double stranded DNA in SiN pores.3

Comparison with results for dsDNA is flawed by the fact that the bases in ssDNA are more
accessible than those in dsDNA. This clearly plays a role as can be seen from the
translocation times in the SiN (0.5 ms – blue curve, Fig. 2h) and bare metal (1 ms – green
curve, Fig. h) pores for our ssDNA. These times are significantly longer than the
instrumental response (data are rolled off at 5 kHz, i.e., 0.2 ms) so are significantly
contributed to by the duration of a translocation event. 0.5 to 1 ms corresponds to 8 to 15 us
per base, also longer than reported for dsDNA (though much faster ahan for the ICA
functionalized pore). This suggests that increased interactions between the exposed bases
and the pore surface already slow the translocation of ssDNA more than is the case for
dsDNA, even without chemical modification, though the chemical modification causes a
substantial additional slowing.

We next sought to test the specific nature of the molecular trapping. This was done by
comparing several pores functionalized with either ICA (Figure 3a) or non-hydrogen
bonding octanethiol (Figure 3b). The preparation and characterization of these monolayers is
described in the Methods section. For these measurements, we used SiN membranes of 10
nm thickness (also from Norcada) onto which 10 by 10 micron Pd pads were deposited,
again using TEM to drill 3 to 5 nm diameter pores. These thinner pores produced better
signal to noise in the recorded blockade currents, and we were able to resolve two
components in the distribution of blockade times when the Pd electrodes were
functionalized with ICA. The shorter times were fitted by an exponential distribution and the
longer ones by a Gaussian peak in the distribution (this resolution into two components was
not possible with the data obtained from the thicker pores shown in Fig. 2). Examples of
data from the thin pores are given in Figure 3c. The red curve is a fit consisting of an
exponential plus a Gaussian peak to the data obtained with the ICA functionalized electrode.
The blue curve is a single exponential fit to the data obtained with a OT functionalized pore.
Clearly, a significant fraction of translocations are much longer in the case of ICA
functionalization compared to OT functionalization. Figure 3d shows the peak time value,
τp, of the fitted Gaussian peak for the ICA pores for both 120 nt and 63 nt ssDNA as a
function of the bias applied across the pore (red (120 nt) and blue (63 nt) filled circles). In
the case of the OT functionalized pores, this figure shows the decay time of the single
exponential fits (open circles, 120 nt, crosses, 63 nt).

The Gaussian plus exponential fits, while clearly reasonable for the ICA data, contain
relatively few points in any one measurement (cf. Figure 3c). We find that the median value
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of the blockade time duration distribution is quite close to the value of the Gaussian peak
obtained from fits, so we have also analyzed all the distributions (ICA and OT
functionalization) in terms of the median translocation time, τM. Table 2 shows the median
translocation times (τM), the peak of the Gaussian distribution (τp) and the decay time of the
exponential component (τ1/e) for a pair of pores of very similar diameter (3 and 3.3 nm).
Clearly, the increase in translocation time when ICA molecules are used is a consequence of
their specific chemistry and not just occlusion of the pore by the added molecular
monolayer.

Is it possible that the increased times reflect transient sticking to the ICA layer without
translocation of the entire molecule? Figure 4a shows τp for three different lengths of
ssDNA at 60 and 70 mV bias (see Methods for the sequences). Within experimental errors,
the translocation time increase linearly with molecular length, evidence that the entire
molecule passes the pore. Evidently, the range of molecular lengths studied here is too small
to manifest the non-linearities predicted by Muthukumar.21

How do the translocation times compare to what is known about the kinetics of trapping in
complexes like these? One might expect much slower dissociation kinetics in the nanopore
where many interactions could occur between recognition molecules and the DNA. In fact,
the translocation is much faster than the AFM data would predict. AFM force
spectroscopy10 on molecular triplexes (recognition molecule – DNA base – recognition
molecule) shows an activated dissociation process with an intrinsic off-rate at zero force of

. In the Bell model,22 an applied force F, increases the dissociation rate

according to  where xTS parameterizes the potential landscape by
the distance from the bound-state minimum energy to the transition state maximum energy.
The AFM data were fitted with xTS = 0.8 nm. Using the result23 that the force applied to
DNA in a nanopore is directly proportional to voltage according to F = 0.24 pN/mV, leads
to FxTS = 0.19V where V is the bias applied across the nanopore in mV. With kT = 4.2
pN.nm, the predicted voltage dependence for the translocation time (inversely proportional
to the off-rate) is ~ 3exp (−0.045V) where V is the applied bias in mV. τp is plotted vs V for
three DNA lengths and exponential fits are shown as dashed lines in Figure 4b. While the
exponents (0.03 to 0.04 mV−1) are similar to the value predicted by the AFM measurements,
the prefactors are about two orders of magnitude smaller (0.007 to 0.08 vs 3 predicted). The
bound complexes dissociate much more rapidly in the nanopore than they do in an AFM
gap. In addition to the number of possible intermolecular interactions, another difference lies
with how the dissociating force is applied. In the nanopore, the force is applied along the
axis of the pore, while the bonds are likely to lie in directions different to that of the applied
force. In the AFM experiments, the molecules are attached to PEG tethers, so the force
should align more closely with the bond directions. On these grounds, one might expect the
AFM dissociation rates to be faster, not slower. One possibility for explaining the shorter
lifetime of the complexes in the nanopore is that the equilibrium-bonding configuration (i.e.,
full number of hydrogen bonds) is not achieved in the nanopore if the on-rates are too small
for this this to occur. Experiments that scan a functionalized STM probe over DNA9 put an
lower limit on Kon of about 10–100 s−1, but this may still be too slow to guarantee capture in
the nanopore. The fact that about half the translocation events are not retarded lends support
to this interpretation.

A more widely accepted view of the voltage dependence of the translocation time21, 24 is
that τp varies as 1/V, a result that follows directly from Stoke’s law for viscous flow. This
fits our data just as well as the activated binding model (solid lines in Figure 4b). Thus,
while the activation energy could explain the slopes of the plots shown in Figure 4b, we do
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not have a satisfactory model of the association and dissociation kinetics of these complexes
in the nanopore.

We have also measured capture rates in these functionalized pores. They are exponentially
dependent on bias (data not shown) with absolute rates similar to those reported by Wanunu
et al.25 for unfunctionalized pores. Wanunu et al. used salt gradients to enhance the electric
fields that lead to threading of the DNA. The first step – electrostatic accumulation of DNA
at the pore entrance – appears to be very efficient. Capture rates do not appear to depend
strongly on DNA concentration given either an adequate waiting time and/or stirring of the
solution in the input chamber. A clear signal of the accumulation of DNA is given by the
increase in background current through the pore (Table 1), the conductance increasing more
than 2x in most cases. We have shown in earlier work26 that accumulation of charged
molecules at the entrance to a pore can lead to large enhancements of the ion current when
electroosmotic flow is significant. However, simulations (Supporting Information) suggest
than electroosmotic flow in negligible in the pores that are the subject of the current study.
We have simulated various geometries for accumulated DNA at the pore entrance, but
cannot account for the observed increase in current. However, the observation that this
increase is eventually observed at almost any DNA concentration (with smaller
concentrations taking much longer to manifest themselves) suggests that DNA is
concentrated at the entrance to the pore, an important feature in that this concentration effect
could lower the detection limit for nanopore devices.

Conclusions
In conclusion, we have shown that about half the population of molecules translocating a
pore incorporating a thin electrode functionalized with specific recognition molecules are
slowed dramatically. The slowing, although significant, is much less than suggested by
AFM measurements of the lifetimes of the bound complexes, suggesting that the complexes
in the nanopore are not in an equilibrium conformation compared to the complexes
measured in force spectroscopy. While translocation times scale with DNA length, the
translocation is surely stochastic at a base-to-base level. Nonetheless, the capture events
depend on the specific chemistry of the recognition molecules, as slowing events are not
observed when the pores are coated with a non hydrogen-bonding molecule.

Methods
Patterning Pd electrodes on membranes

The starting substrates used for fabrication of nanopores are standard TEM nitride
membrane windows purchased from Norcada Inc (starting SiN thicknesses 30 nm and 10
nm). A small-area Pd electrode is deposited in the central free-standing region of the silicon
nitride membranes using electron beam lithography (EBL). First an alphanumerical grid of
location reference Au/Cr (35nm/5nm) markers are laid onto the chip by EBL. This grid is
used to locate the position of the central membrane area accurately. AUTOCAD is used to
design a pattern of 10μm x10μm squares and the pattern written on PMMA resist spin
coated on the chips. 1nm Ti/9nm Pd is deposited using Lesker PVD75 Electron Beam
Evaporator, followed by lift-off of PMMA resist to leave the metal pads on the membranes.
The 30nm thick SiN membranes were thinned as follows: After exposure of the 10μm
x10μm square pattern and development of exposed PMMA, the underlying SiN is etched
using Oxford Instruments Plasmalab 80+RIE (F) to reduce the membrane thickness to 18nm.
This is followed by metal deposition and lift off from the 10 micron square depression. To
remove the Pd after measurements, chips were soaked in Piranha for 30 min, rinsed and used
as described below.
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Drilling Pores
All pores are drilled using the electron beam in a JEOL 2010 TEM, with the size of the pore
monitored directly using the TEM CCD. A test sample is first loaded and the objective lens
is stigmated and focused onto the surface. The condenser aperture is introduced and the
eucentric height is established by adjusting the height of the sample until the diffraction spot
is eliminated. The surface is imaged at this point to check for stability. If the sample is found
to be drifting, it is left to stabilize until there is minimal drift. At this point, the beam is
focused to a tight spot under the highest magnification settings and a nanopore is drilled
through the sample surface. The beam current and energy settings can be adjusted so as to
drill pore gradually for a time of 30–45 s. The formation of the nanopore is indicated by the
accompanying increase in electron flux crossing the sample. As soon as the pore is formed,
the condenser is spread and an image of the fresh pore is captured via CCD camera. The
beam is blanked immediately after this and the sample is taken out of the TEM. Pd coated
pores form rather stable pores in which the opening is surrounded by single-crystal Pd
(lattice fringes are clear in the images – inset in Figure 2d). For membranes thinner than 20
nm, successive imaging can introduce defects, which while too small to allow DNA
translocation, can lead to an increased background ion current. This problem in minimized
by drilling the pores at lower beam energy density (by using smaller apertures). Repeated
imaging of the pore after drilling was avoided as this could cause the pores to change in size.

Cleaning and functionalizing devices
The chip is dipped briefly (less than a second) in piranha (a highly oxidizing mixture of
Sulfuric Acid and 30% Hydrogen Peroxide in ratio of 3:1) and rinsed immediately with DI
water. The chips are immersed in 0.1 mM ethanolic solutions of 4(5)-(2-mercaptoethyl)-1H-
imidazole-2-carboxamide for 24 h. This long time was required in order to ensure that all
parts of the exposed metal around the nanopore were functionalized. The solution was
prepared with HPLC grade ethanol and degassed with argon.

The substrate was then rinsed gently with ethanol and dried under nitrogen prior to its use in
experiments to prevent contamination of the translocation cell by excess reagent. The same
protocol is used for preparing ethanolic solution of Octanethiol and for the corresponding
functionalization. All chemical reagents (except for ICA) have been purchased from Sigma-
Aldrich and used without further purification.

Characterizing monolayers
10 nm metal films (1 nm Ti, 9 nm Pd) were formed on 1 cm square silicon chips and
functionalized by exactly the same procedure used for the small area Pd pads. This gave a
large-area sample for characterization by standard methods. Ellipsometric measurements of
SAM thicknesses were performed on a Rudolph Research AutoEL ellipsometer with a He-
Ne laser light source, λ= 632.8 nm and an incidence angle of 70°. To calculate SAM
thickness, a three phase model (ambient – organic film – Palladium) was used. The
ellipsometric parameters of the bare Palladium substrate (obtained previously) were entered
as set values and the refractive index of the organic film was assumed to be 1.46. Each
sample surface was measured at five different spots and the average SAM thickness was
calculated using a built in algorithm. Molecular modeling yields a length of 0.92 nm for the
ICA molecule, while the measured thickness of the monolayer was 0.75 ± 0.12

XPS measurements were performed to examine the chemical state of thiol group sulfur
using a VG ESCALAB 200i-XL photoelectron spectrometer. 15keV Al-Ka radiation (at 6×
10−10 mbar base pressure) was used as the source. High resolution spectra for the atomic
core levels of Pd(3d), C(1s), N(1s) & S(2p) were obtained at a pass energy of 20eV followed
by the recording of wide scan spectra at a pass energy of 150eV. CasaXPS software package
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was used for the curve fitting of S(2p) spectra and atomic concentration calculation. The
binding energy of the S2p core level electrons is ~162eV, (indicated by a well fitted doublet
in 2:1 ratio due to the two different spin states of S2p)referenced to C1s at ~284.80eV. This
proves that the sulfur is bound to palladium. Measured elemental ratios are consistent with
the composition of ICA (Table S1).

Contact angle goniometry was used to determine the hydrophilicity of the three surfaces.
Measurements were performed at room temperature with a CAM200 Optical Contact Angle
Meter from KSV Instruments Ltd. Freshly cleaned Pd films were hydrophilic, ICA
functionalized film intermediate and alkanethiol films extremely hydrophobic (Table S2).

Infrared absorption spectra of ICA and OT monolayers were taken with a Thermo Nicolet
6700 FTIR (Thermo Fisher Scientific, MA) combined with Smart SAGA accessory(MCT/A
detector), for 3,400–1,200 cm−1 region. The spectrum of powder sample was taken by the
same instrument combined with Smart Orbit ATR accessory(DTGS KBr detector) over the
same spectral range. Both of the spectrum were baseline corrected and smoothed using the
OMNIC software package. The bulk FTIR spectra are well recapitulated in the monolayers
(Figures S2 and S3). The following peak assignments were made after careful examination
of the monolayer spectrum of ICA: C=C stretching: 1605cm−1; C=O stretching: 1677cm−1;
CH2 asymmetric stretching & symmetric stretching, respectively: 2927cm−1, 2856cm−1; N-
H stretching: 3024cm−1. Peak at 2332cm−1 is from atmospheric carbon-dioxide and that at
2058cm−1 may have appeared from some impurity. In the spectrum of OT monolayer, the
important peaks to be assigned were CH2 asymmetric stretching & symmetric stretching,
respectively: 2921cm−1, 2850cm−1.

Translocation measurements
The nanopore chip was sandwiched between two PDMS gaskets containing 500 ul liquid
reservoirs in contact with the chip faces. Ag/AgCl electrodes, freshly made by oxidizing Ag
wire with bleach, were dipped into each fluid reservoir. The reservoirs were cleaned by
sonication in a 1:1 isopropanol/water mixture. The salt solution used for all translocation
measurements was 1M KCl + 1mM Phosphate buffer, pH 7.4. All solvents were sonicated
under an argon flow to remove oxygen. The piranha cleaning step described above resulted
in good wetting of the pores. It was effective even in the case of the ICA and OT
functionalized pores where functionalization followed the piranha cleaning step. After the
flow cell is assembled under optical microscope and wetted, the entire set up is placed inside
a Faraday cage. Current Voltage measurements are made using an Axon Axopatch 200B
patch clamp amplifier. The amplifier applies a constant potential across the pore and
measures the current necessary to maintain the potential drop. The current signal is captured
in real time using LABVIEW software. At the outset of the experiment, the baseline current
values are noted for various voltages so as to establish the open pore conductance. Once this
is established, the analyte molecules are introduced in the cis side of device.

DNA Oligomers
23nt and 63nt samples were custom synthesized by Integrated DNA Technologies (IDT).

23nt 5′-TGG AGT GTG ACA ATG GTG TTT GT-3′

63nt 5′-CCT CGC ATG ACT CAA CTG CCT GGT GAT ACG AGG ATG GGC ATG
CTC TTC CCG ACG GTA TTG GAC-3′

120nt and 180nt were from IBA-Lifesciences.
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120nt 5′-CCT CGC ATG ACT CAA CTG CCT GGT GAT ACG AGG ATG GGC
ATG CTC TTC CCG ACG GTA TTG GAC CCT CGC ATG ACT CAA CTG CCT
GGT GAT ACG AGG ATG GGC ATG CTC TTC CCG ACG GTA-3′

180nt 5′-CCT CGC ATG ACT CAA CTG CCT GGT GAT ACG AGG ATG GGC
ATG CTC TTC CCG ACG GTA TTG GAC CCT CGC ATG ACT CAA CTG CCT
GGT GAT ACG AGG ATG GGC ATG CTC TTC CCG ACG GTA TTG GAC CCT
CGC ATG ACT CAA CTG CCT GGT GAT ACG AGG ATG GGC ATG CTC TTC
CCG ACG-3′

Oligonucleotides were HPLC purified by the vendors. Sequences were chosen for minimal
secondary structure using mFold.

Calculations of the ionic current: were based on the solution of Poisson-Nernst Planck-
Stokes equations,27 using COMSOL 4.3a, mimicking closely the conditions of the
experiment. Distributions of the charges, electric fields and various components of current in
the pore are discussed in the Supporting Information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Recognition tunneling: Two closely spaced electrodes are functionalized with recognition
molecules (ICA) that form specific hydrogen bonds with DNA bases (shown here for
thymine). Bonding is different for each base, resulting in characteristic current signals (I)
when a bias (V) is applied across the gap.
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Figure 2.
Functionalizing a pore with a recognition molecule slows translocation: Translocation times
for a 63 nt ssDNA were measured for a 4 nm diameter pore (inset in e) drilled into a 10 nm
Pd film on top of an 18 nm SiN support (a), then when functionalized with 4(5)-(2-
mercaptoethyl)-1H-imidazole-2-carboxamide (ICA – Figure 1) (b), and then again with the
metal and functionalization removed (c). Examples of current blockades (at 50 mV bias) for
the three cases are shown in d, e and f. The rise in background current in g is largely
accounted for by the reduction in pore thickness. A scatter plot of the amplitude of the
blockade vs. the log of the blockade times (g) shows that amplitudes are all quite similar, but
the blockade times include many much longer events for the case of the functionalized pore
(discrete values at small times reflect sampling). The blockade times (shown here for 70 mV
bias, 1M KCl plus 1 mM phosphate buffer, pH 7.0) are approximately exponentially
distributed (h) with 1/e times only a little longer than the instrumental limit for the metalized
(green dots, N=321) and stripped pore (blue dots, N=464) but which approach 0.2 ms/
nucleotide when the pore is functionalized (red dots, N=171).
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Figure 3.
The slowing effect is specific to the hydrogen bonding molecule. Two pores of similar
diameter functionalized with ICA (a) or octane thiol (OT) (b) produce very different
distributions of translocation time as shown for a 63 nt ssDNA at a bias of 80 mV in (c). The
OT functionalized pore (blue dots, N= 261) gives rise to an exponential distribution of decay
times with a 1/e time of 0.3 ms. The ICA functionalized pore has about half of the events
exponentially distributed (decay time = 0.6 ms) but, in these thinner nanopores (10 nm Pd,
10 nm SiN), a Gaussian peak of slower events is also observed (red curve and data points,
N= 219) at 2.8 ms. Data for several pores and biases were fitted with an exponential (OT
functionalization) or an exponential plus a Gaussian (ICA functionalization) and the peak
values of the Gaussians or 1/e time of the exponentials are shown in (d). Functionalization
with ICA increases translocation times by about an order of magnitude.
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Figure 4.
Translocation times in a functionalized pore depend weakly on bias but strongly on DNA
length. (a) Translocation times increase linearly with length, evidence that complete
molecules are translocating the functionalized pores. Blue dots are for 60 mV, red dots 70
mV. The dashed lines are linear fits to the data, the slope yielding a time of 0.1 ms/nt. Data
are for 23, 63, 120 and 180 nt long ssDNA molecules. (b) Shows the value of the peak of the
distribution of blockade times for the slowed molecules as a function of bias. Its dependence
on bias can be fitted with either a 1/V dependence (friction-solid curves) or an exp (−V)
dependence (activated unbinding-dashed curves). The three exponential fits are 0.007exp (−
0.04V) for 23 nt DNA, 0.03 exp (−0.03V) for 63 nt DNA and 0.08exp (−0.03V) for 180 nt
DNA.
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Table 2

Example of fits to translocation time distributions for ICA and OT functionalized pores (63 nt ssDNA, bias =
80 mV). The additional Gaussian peak (τp) in the case of ICA includes about 40% of all translocation events,
typical for all the ICA functionalized pores. The exponential component of the distribution is always
somewhat longer that, but similar to the single exponential observed for OT pores. The median of the
distribution is also shown (τM)

Fuctionalization N τM (ms) τ1/e (ms) τp (ms)

ICA 323 2.6 0.6±0.1 2.8±0.3

OT 261 0.3 0.3±0.1 NA
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