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ABSTRACT: Single-molecule methods have been rapidly
developing with the appealing prospect of transforming
conventional ensemble-averaged analytical techniques. How-
ever, challenges remain especially in improving detection
sensitivity and controlling molecular transport. In this article,
we present a direct method for the fabrication of analytical
sensors that combine the advantages of nanopores and field-
effect transistors for simultaneous label-free single-molecule
detection and manipulation. We show that these hybrid
sensors have perfectly aligned nanopores and field-effect
transistor components making it possible to detect molecular
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events with up to near 100% synchronization. Furthermore, we show that the transport across the nanopore can be voltage-
gated to switch on/off translocations in real time. Finally, surface functionalization of the gate electrode can also be used to fine
tune transport properties enabling more active control over the translocation velocity and capture rates.

KEYWORDS: single-molecule sensing, nanopore, voltage gating, functionalized gate, tunable nanoscale transport,

nanofluidic field-effect transistor

B INTRODUCTION

The development of new analytical methods is currently at the
forefront of healthcare research because of the need for
improved performance compared to the current state-of-the-
art. This is especially true for applications such as early-stage
disease diagnosis and treatment.”” To achieve this, different
techniques including fluorescence® > and optical® and
magnetic tweezers”® have been reported with sensitivities
reaching the single-molecule limit. Even though such
techniques could provide the sensitivity to detect and
manipulate molecules one at a time, their broader application
in a clinical setting is impeded by the complexities associated
with sample preparation and processing. Therefore, the
development of “single-pot” label-free approaches remains
one of the most attractive avenues for single-molecule sensors.
Among different label-free techniques, nanopores and field-
effect transistors (FETs) have emerged as exceptionally
promising methods because of their inherent sensitivity and
ability for multiplexed detection.””"?

Nanopores operate by driving analytes electrokinetically
across a nanoscale pore, allowing single-molecule identification
by measuring characteristic modulations in the ionic current.
By extracting the magnitude and duration of individual
translocation events, one can obtain information such as
molecular dimensions, concentration, and in some cases even
charge and conformation.'”""'* Although numerous advances
have been made,'”""'*~" fast analyte transport and analyte
selectivity still represent substantial challenges.'”'*~>* To this
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end, different strategies have recently been investigated
including the use of FET-coupled nanopores. Nanoscale
FETs are capable of label-free sensing of biological analytes
in real time,'*** and the sensing principle is based on
monitoring the change of conductance between drain—source
(DS) upon binding of biomolecules to the gate electrode.
However, the sensing area is governed by the Debye screening
length, which is relatively short under physiological conditions
(~1 nm)."* Unlike in nanopores, these limitations lower the
possibility of actively transporting analyte to the sensing region
and controlling the throughput.

It is no surprise that due to the distinct advantages offered
by the two techniques, the development of combined
nanopore—FET platforms has attracted an increasing amount
of interest, both experimentally'”**~>* and theoretically.””~*'
In a hybrid nanopore—FET design, the nanopore can be
viewed as a drain—source channel for single-molecule trans-
location, while the FET is integrated by placing a gate
electrode near the nanopore aperture. A distinctive advantage
of such a platform is the ability to control the surface charge
near the nanopore by varying the potential applied to the gate
electrode, which, in turn, allows for the manipulation of the
transport of single molecules across the nanopore. Further-
more, the possibility of simultaneously detecting the ionic
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Figure 1. Conceptual design of the nanopore—FET using a double-barrel nanopipette. (A) Left barrel is filled with a carbon nanoelectrode
fabricated via pyrolytic deposition of carbon. Gold is deposited on the tip of the nanoelectrode using feedback-controlled electrochemical
deposition, which acts as the FET gate. The barrel on the right is filled with a buffer/analyte and can act as a conventional nanopore or as a drain—
source in a FET configuration. (A, i) Gate (carbon/gold) can be used to detect and manipulate single-molecule translocations across the nanopore
(drain—source, DS). (A, ii) Scanning electron microscopy (SEM) micrograph showing the deposited gold around the nanopore. (B) Gold on the
gate could be further functionalized, for example, with a thiolated amine to tune the surface charge for gating control and (C) synchronized
detection of single-molecule DNA translocation using the functionalized nanopore—FET.

current (drain—source) and gate current can offer an
additional sensing channel and enrich the obtained single-
molecule information. Previous works demonstrated simulta-
neous dual-channel single-molecule DNA detection by
incorporating a solid-state nanopore with a silicon nanowire”’
or graphene nanoribbon.'”**** More recently, Panday et al.**
proposed the integration of a carbon nanoelectrode within
relatively large nanopores for the detection of 40 nm
nanoparticles. Additionally, different approaches have been
proposed and developed to control transport including
programming voltage pulses,*>® tuning the viscosity of
solvents,”’ changing the local temperature,38 and voltage
gating.”” The variation of nanopore surface charge with gating
potential is expected to play a key role in the manipulation of
single-molecule translocation®”*"*” in improving or supple-
menting existing strategies for controlling single-molecule
transport.

Building upon these advances, we present a new fabrication
strategy for the facile design and alignment of a sub-30 nm
nanopore to the gate electrode (Figure 1A) to control
molecular transport at the single-molecule level. Rapid
fabrication was achieved by controlled electrodeposition of
gold onto a nanoscale carbon electrode formed inside one of
the barrels of a double-barrel nanopore/nanopipette. Ion
current feedback was used to fabricate the gold gate electrode,
localized at the nanopore opening while monitoring and tuning
the pore conductance in real time. We show that single-
molecule events can be detected in both nanopore and gate
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channels with enhanced sensitivity and up to nearly 100%
synchronization. Furthermore, voltage gating, as well as surface
functionalization (Figure 1B,C), can be used to tune the
nanopore surface charge, and in turn to switch on/off, or to
accurately control the rate of single-molecule transport. The
results demonstrate that these hybrid nanopore—FET devices
can be readily used to control molecular transport by tuning
nanopore charge both electrically and chemically.

B RESULTS AND DISCUSSION

The base platform used for the nanopore—FET is a double-
barrel nanopipette, a class of solid-state nanopore sensors,
fabricated via laser-assisted pulling of theta-shaped quartz glass
capillaries. Double-barrel nanopipettes were used with a gold-
coated carbon nanoelectrode in one barrel for gating and a
hollow barrel for nanopore sensing; see Figure 1. The gating
electrode was initially fabricated by pyrolysis of butane,
Supporting Information (SI) Figure S1A—C, to selectively
deposit carbon in one barrel, while leaving the second barrel
open, according to well-established protocols,””*" followed by
electrochemical deposition of gold using the configuration
shown in Figure 2A. The size of the carbon nanoelectrode
formed at the tip of the nanopipette was estimated to be 50 +
11 nm from the steady-state limiting current,” as determined
by cyclic voltammetry (CV) using 1 mM Ru(NH;)sCl; as a
redox probe. Figure 2B (inset) shows a typical CV curve
recorded at the carbon electrode upon cathodic polarization.
The electrode dimensions, calculated from the nanopore
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Figure 2. Electrochemical fabrication of the nanopore—FET using real-time ionic current feedback. (A) Schematic of a bipotentiostatic
configuration used to deposit and monitor gold deposition. The carbon nanoelectrode was used as a working electrode for the electrodeposition of
gold (WEdeposition). To monitor the electrodeposition of gold around nanopore, another working electrode (WEg o) Was inserted into the open
barrel filled with 52 mM (NH,),SO; and used for real-time feedback. All potentials quoted are relative to a quasi-reference counter electrode
(QRCE) placed in the plating bath filled with a 10 times diluted ECF64 gold plating solution. Potentials applied to the working electrodes were
Viaeposition = —0-73 V, Vieegpaek = —0.1 V. (B) To electrochemically characterize the gate electrode, cyclic voltammograms were recorded before
(black) and after (orange) electrodeposition of gold, in the presence of 1 mM Ru(NH;)Cl; and 100 mM KCl, revealing an enhancement in the
active electrode area after gold deposition. The inset confirms the formation of a carbon nanoelectrode on the tip of double-barrel nanopipettes.
(C) Transmission electron microscopy micrograph showing the deposition of gold at the tip of the nanopipette and around the nanopore. d is the
diameter of the nanopore. (D) Both the feedback current in the nanopore and the amount of gold deposited could be monitored in real time. (E)
Ionic current feedback could be stopped at a given threshold to (F) control the pore conductance. This is shown for three threshold currents of
—1.5, —1, and —0.5 nA, giving final pore conductances of 7.2 + 1.4, 3.5 = 1.9, and 2.0 & 0.4 nS, respectively, as revealed by I-V characterization
and histograms of nanopore conductance before and after feedback-controlled deposition of gold. The average pore conductance before gold
deposition was 17.3 + 6.4 nS (N = 90).

conductance, were in good agreement with the initial nanopore transition regime and a rapid current decrease (Figure 2D).
diameter as measured by scanning electron microscopy (SEM) Although the initial current level and the time required to
prior to carbon deposition (SI Figure S1D). reach this regime varied from pipette to pipette, approximately

A gold gate electrode was made by electrochemically 90% of all devices (N = 374) followed such electrodeposition

depositing gold from a sulfite gold plating solution™” trends. By monitoring the nanopore current, it was, therefore,
(ECF64, Metalor Technologies) onto the carbon nano- possible to turn off the deposition at a predefined threshold,
electrode. To achieve controlled deposition, real-time ionic and in the process to precisely control the nanopore
feedback was implemented using a bipotentiostatic config- conductance. Three representative chronoamperometric traces
uration,” with a quasi-reference counter electrode (QRCE) in at feedback current thresholds of —1.5, —1, and —0.5 nA are
the plating bath, as shown in Figure 2. This electrode shown in Figure 2E. Lower feedback current thresholds
configuration allowed us to simultaneously deposit gold on resulted in nanopore devices with lower-than-average con-
the gate electrode and monitor the conductance decrease in ductance (indicative of smaller nanopore dimensions) and very
the nanopore channel in real time, which in turn is related to similar (current—voltage) I—V characteristics. Figures 2F and
the pore dimensions. SI S3 show corresponding I—-V curves and histograms of the

Typical current—time (I—t) traces for deposition and nanopore conductance before and after deposition (N = 90),

teedback are shown in Figure 2D, and the growth pattern of yielding values of 7.2 + 14, 3.5 + 1.9, and 2.0 + 0.4 nS,
gold was imaged by dark-field microscopy (SI Figure S2), respectively (in a solution consisting of 52 mM (NH,),SO;).

which revealed a gradual deposition outward of the carbon The conductance for unmodified (carbon only) nanopores was
nanoelectrode and toward the nanopore (Figure 2C). In the significantly larger with a broader distribution (17.3 & 6.4 nS),
feedback (nanopore) channel, the current remained constant, than the deposited devices, indicating bigger initial nanopores
until the nanopore started to close, as indicated by a sharp with larger device-to-device variation. CV curves recorded at
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Figure 3. Synchronized nanopore—FET of 10 kbp DNA. Salt-concentration-dependent translocations for 1 M, 100 mM, and 50 mM KCI are
shown in (A)—(C) for both the nanopore (upper) and gate (lower) channels. At lower KCI concentrations, the amplitude of biphasic peaks on the
gate (Igate) was more pronounced relative to blockade current from the nanopore (Ipm). Asymmetric salt concentrations were also used across the
nanopore (D—F) to tune the Debye screening length. For asymmetric concentrations ([cis] = 100 mM for all cases), both blockade current and
peak amplitude on the gate were shown to decrease with a greater dilution of KCl in the bath. More importantly, the ratio between Ly, and I
was increased. ... was extracted by summing up the absolute values of negative amplitude with positive amplitude. Experimental conditions: 400
pM 10 kbp ds DNA was added into the nanopore and translocated from the inside (cis) of the open barrel to the outside (trans); in all cases, V,

pore
= —700 mV, Vg, = 0 mV.

the gold-deposited electrodes showed a significant increase in configuration, under applied negative voltage, translocations
the limiting current when compared to those at bare carbon occur from the inside of the nanopipette (cis) to the bath
electrodes, mainly due to the larger surface area introduced by (trans), resulting in an overall increase in the conductance

the gold deposition (Figure 2B). The deposition of the gold at when using 100 mM KCI at pH 8.%° Across all devices, we
the nanopore was further confirmed by SEM, indicating that found dwell times and peak currents for 10 kbp ds DNA to be

nanopore openings were reduced down to ~20 nm (Figure in good agreement with those in previous studies using
1A-ii). At this size regime, nanopores have been shown to unmodified (bare quartz) single-barrel nanopipettes,” ™"
possess ion selectivity,”* which was confirmed for our gold- indicating that the incorporation of a carbon nanoelectrode
coated nanopores by measuring reversal potential using KCI adjacent to a quartz nanopore caused negligible effect on
concentration gradients. Prior to gold deposition, nanopores single-molecule DNA translocation (SI Figure S6).
showed cation selectivity (SI Figure S4), as a result of the After gold electrodeposition, we observed a substantial (up
negatively charged glass surface. For gold-coated nanopores, to 200%) increase in the mean peak current, as can be seen in
the cation selectivity decreased, indicating a reduction of the SI Figure S6. Smaller Au-coated nanopores likely resulted in
negative surface charge on the nanopore. enhanced interactions between DNA and nanopore surface,
Single-molecule sensing functionality of the hybrid nano- leading to larger peak currents, longer dwell times, and lower
pore—FET device was validated using a three-electrode setup capture rates. Furthermore, due to the change of nanopore
with the gate electrode and the nanopore connected to surface charge after gold deposition, the direction of the
independent patch electrodes using a Multiclamp 700B patch- nanopore current changed at 100 mM KCI; current enhance-
clamp amplifier (Molecular Devices) and the reference/ground ment was observed with carbon-/glass-coated nanopipettes,
electrodes placed in the bath. It should be noted that while the current blockade was recorded with gold-coated
measurements were performed both with two independent ones.
and linked reference/ground electrodes. No noticeable differ- When accessing the additional FET sensing modality in our
ences were observed in the experimental outcomes likely due nanopore devices, simultaneous chronoamperometric measure-
to the solution/electrode resistance being several orders of ments at the gating channel revealed synchronized biphasic
magnitude smaller than those of the nanopore and the gate (SI events, correlating to the DNA translocation events measured
Figure SS). in the nanopore ionic current channel (Figure 3A—C). The
In terms of conventional nanopore detection, single- origin of synchronization between the nanopore and the gate
molecule sensitivity was initially confirmed using plain detection channel is to some extent debated in the literature,
quartz/carbon devices without gold electrodeposition. To albeit most examples use differing platforms.'”*”****** The
this end, 400 pM of 10 kbp ds DNA in 100 mM KCI was working mechanism is usually correlated with the device
added inside the nanopore barrel of the pipette. In this architecture (e.g., material and geometry of the pore and gate
38624 DOI: 10.1021/acsami.8b13721
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Figure 4. Voltage gating of the nanopore. (A) I-V characterization of the nanopore—FET before and after gold deposition and (B) after gold
deposition at varying V. (C) Variation of nanopore surface charge with gating potentials (Vy,.) was probed by differential capacitance
measurements on an ultramicro-gold-deposited electrode, showing a capacitance minimum at —100 mV, which is attributed to the potential of zero
charge (pzc). (D) This correlates well with the gating of 10 kbp DNA in 100 mM KCl, 10 mM Tris—HC], and 1 mM ethylenediaminetetraacetic

acid (EDTA) buffer at pH 8. DNA transport could be switched off or on depending on whether the potential applied to

Viate Was above or below

the pzc. By controlling the gate potential, translocations can be switched on and off in real time as shown in (E).

electrode) as well as physicochemical parameters such as the
type and the concentration of the electrolyte across the
nanopore and FET channel. In our case, the observed
synchronization across FET and nanopore detection channels
can be attributed to a change of local potential around the gate
electrode due to capacitive coupling between the nanopore and
the gold-deposited gate electrode. To confirm this, the
capacitance and the resistance components of our devices
were measured, and circuit simulations were performed, as
shown in SI Figures S7—S9, similar to measurements described
by Puster et al.’”> The simulated translocation events in the
gate channel with a biphasic shape were very similar to the
measured DNA translocations (Figure 3A—C). A detailed
analysis of these simulated events revealed that they are time

38625

derivatives of the nanopore ionic current and linked to the
change of potential at the gate electrode resulting in transient
currents, confirming capacitive coupling between the nanopore
and the gold-deposited gate electrode.

In FET devices, the gate response is largely dependent on
the electrolyte concentration. In nanopore—FETs, solutions
with different ionic strength will influence the electric field
gradient across the nanopore.””*****>** We tested this by
performing electrolyte-concentration-dependent experiments.
First, the concentration of the electrolyte was decreased from 1
M to 50 mM KCI for both the inside and the outside of the
nanopore, and the number of events (N) and their peak
amplitudes (I) detected from the nanopore and the gate,
respectively, were analyzed. Interestingly, at 1 M, the Debye
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Figure S. Gating of an amine-functionalized nanopore—FET. Voltage gating was achieved via a stepwise increase of V,

from —400 to 400 mV at

gate

200 mV intervals. (A) Current—time traces showing the gating control of 10 kbp DNA translocation at applied Vi, of =400, —200, 0, 200, and 400
mV. (B) Dependence on (i) dwell time, (ii) equivalent area, and (iii) event frequency is shown as a function of the gating potentials. All data were
expressed as percentage change with respect to Vg, = 0 mV, and in all cases, Vo, = =500 mV.

pore

screening length was substantially reduced, thus resulting in
the synchronization ratio (Nygye/Npore = 0.52) being less than 1
(Figure 3A). At 100 mM and 50 mM KCl, the synchronization
ratio is 1 (Figure 3B,C), with perfect synchronization between
the nanopore and the gate. Moreover, we found that with
decreasing electrolyte concentration, the current amplitudes of
the biphasic peaks ( Iyye) became more pronounced relative to
blockade current from the nanopore ( Pore)

Second, diluting the electrolyte concentration outside of the
nanopipette (trans side) leads to a decrease in the solution
resistance around the gate electrode. With increasing [cis]/
[trans] ratio, a more gradual electrolyte concentration gradient
across the nanopore was created. The resistance of the trans
side becomes comparable to the nanopore resistance, while the
resistance of the cis side becomes negligible.27 In this case, due
to the extended screening length across the nanopore, a greater
fraction of the gate electrode is exposed to this potential
gradient during DNA translocation across the nanopore,
causing larger current modulation in the gate channel because
of translocation and increasing the ratio of Ipye/Lyore (Figure
3D—F) .73

Importantly, the gate channel can be used to modulate DNA
transport across the nanopore when a voltage is applied to the
gate electrode (Figure 4). The variation of nanopore surface
charge with gating potentials can be used to turn on and oft the
transport through the nanopore by applying a bias at or near
the potential of zero charge (pzc), which could be measured
from differential capacitance measurements. From these
measurements, we found that the pzc in our devices was
located at (—90 + 10 mV), Figure 4C, in excellent agreement
with the value of (=90 &+ S mV) in 100 mM KClI reported in
the literature.”’ On the basis of this value and the
electrochemical window, 10 kbp DNA translocation studies
were performed at varying Vi,.. Importantly, DNA transport
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through the nanopore could be switched off at Vi, ~ —100
mV. The transport could then be turned on at Vg, ~ —100
mV or higher (Figure 4D). It should be noted that this on/off
behavior is reproducible with multiple cycles. Previous
simulation studies by Sugimoto et al.”” suggested that the
use of voltage gating to control DNA translocation is mainly
influenced by (i) electrophoretic force under an applied V, pores
(ii) electroosmotic flow, and (iii) electrostatic interactions
between DNA and the nanopore surface. In this case,
molecular transport across the nanopore is switched off
when the gold electrode possesses a net negative charge
(v, qate < —100 mV). The electrostatic repulsion between DNA
and the nanopore surface effectively shuts off DNA trans-
locations.

Single-molecule transport can be further tuned by chemical
functionalization of the gate electrode. Changes in the gate
potential allow for tuning of the surface charge of the
functional groups bound to the electrode surface’>™*° and
enable a route to dynamically tune the interactions between
the gate/nanopore surface and transported molecules. In our
system, the gold locally deposited at the nanopore can be easily
functionalized via thiol—gold self-assembly. The fabrication
scheme for functionalized devices and detailed characterization
after each stage are presented in SI Figure S4. We used a
thiolated amine with a net positive charge at pH 8°” (SI Figure
S4). PFunctionalization was performed by immersing gold-
deposited nanopipettes in the thiol solution for 12 h, followed
by rinsing with methanol and water to remove any excess
thiolated amine. Positively charged amine coating on the gate
electrode was confirmed via an increase in anion selectivity
after functionalization. In the functionalized nanopore, the
rectification inverted from negative to positive with a 98%
change of the rectification ratio (r = I_400 mv/Ls00 mvl) from
4.41 + 0.17 to 0.11 + 0.01 by lowering the pH from 8 to 4,
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indicating a higher degree of protonation (SI Figure S4). In
contrast, in gold-coated pipettes, the change of rectification
ratio was much smaller (4.84 + 0.14 to 2.02 + 0.09). Further
confirmation of the successful functionalization was obtained
via differential capacitance measurements on an amine-
modified electrode where an additional pzc peak appeared at
a more positive potential of 150 mV (SI Figure S10).
Translocations with these surface-modified nanopores were
performed using 200 pM 10 kbp DNA in 100 mM KCl at pH 8
(Figure 5). An operating range Vi, = (=400, 400 mV) was
selected to minimize Faradaic processes at the functionalized
surface (SI Figure $10). By increasing Vi, from —400 to 400
mV, translocations across the functionalized nanopore can be
switched on/off, and more importantly, the translocation
velocity and frequency can be controlled. A decrease in mean
translocation velocity (Figure SB-i) from 16.1 to 1.6 bp/us and
a controllable increase in event frequency (Figure SB-iii) from
0 to 147 + 29 s~ were achieved via a stepwise tuning of Viate
from —400 to 400 mV. The reproducibility of gating control
was verified by repeating the experiment using different
functionalized nanopipettes (SI Figure S11). Interestingly,
synchronized detection from the functionalized gold electrode
can be still achieved, as revealed by elongated separation of
biphasic peaks (SI Figure S12) with a lower Late/ Tyorer because
of the additional presence of an amine layer that slows down
DNA translocation through a functionalized nanopipette.

B CONCLUSIONS

In conclusion, we demonstrated a new class of nanopore—
FETs for double-channel synchronized detection and gating
manipulation of single molecules. The use of ion current
feedback during electrochemical fabrication enabled us to
easily place the gold gate electrode in or near the nanopore in a
highly controlled manner. Owing to the flexibility and
reproducibility offered by feedback-controlled deposition of
gold, the pore ionic conductance can be tailored to suit the
need for different analytes, bringing more diversity into this
nanopore—FET sensing system. Subsequently, the fabricated
devices were not only able to detect single-molecule trans-
locations using conventional ionic current blockade, but also
from electrical signals at the gate electrode. Voltage gating was
implemented into this system by tuning both electrophoretic
and electroosmotic flow, as well as electrostatic interactions
with analytes, allowing to switch on/off DNA transport in real
time. The platform allows for easy surface functionalization,
which allows us to further tune molecular gate transport
through the nanopore and including dwell time and capture
rates. The performance of nanopore—FET devices presented in
this article has implications in enhancing the controllability,
sensitivity, and selectivity of nanopore sensing. Facile chemical
functionalization of gate electrode opens up the possibility for
using this platform to detect and manipulate a wide range of
biological analytes with improved sensitivity and selectivity.

B METHODS

Nanopipette Fabrication. Nanopipettes were fabricated from
double-barrel theta quartz capillaries (Friedrich & Dimmock, Inc.; 1.2
mm outside diameter X 0.90 mm inside diameter X 100 mm length)
using a P-2000 laser puller (Sutter Instruments). A custom two-line
protocol was used: (1) heat: 870, filament: 4, velocity: 30, delay: 160,
pull: 100. (2) Heat: 900, filament: 3, velocity: 20, delay: 130, pull:
160. The established protocol can be used to fabricate double-barrel
nanopipettes with a diameter ranging from SO to 100 nm across each

barrel. It should be noted that the pulling parameters are device
specific and are sensitive toward the variation of humidity and
temperature.

Selective Pyrolysis of Butane. Pyrolytic deposition of carbon
was performed using the setup shown in SI Figure S1, adapted from
the procedure described previously by our group and collabora-
tors.”***! Butane was passed through one barrel through a silicon
tubing. Another barrel of the nanopipette was closed using Blu Tack
(Bostick). Therefore, carbon deposition happened only inside the
open barrel. A butane torch was used to heat the tip of the pipette for
pyrolytic deposition of the carbon end, which was maintained under
an argon flow to prevent further oxidation of the deposited carbon. A
heating time of 35 s was chosen to produce an extensive filling of
amorphous carbon through the one barrel while leaving another barrel
open. The flame temperature of the butane torch is lower than the
softening temperature of quartz. Moreover, the end of the nanopipette
tip was protected under an argon flow. At the tip of the open barrel,
the nanopore is not closed as there is not enough temperature for
quartz to soften and carbon deposition is not occurring in the open
barrel.>**" All of the nanopipettes were fabricated freshly on the day
and stored in a sealed Petri dish until use to minimize any
contamination. The size of carbon electrode was characterized by
linear sweep voltammetry from 0 to —0.5 V (vs Ag/AgCl) at a scan
rate of 0.05 V/s and a sampling interval of 0.002 V, in an aqueous
solution containing 1 mM Ru(NH;)Cl; and 100 mM KClL.

Feedback-Controlled Electrodeposition of Gold. A bipoten-
tiostatic configuration (Figure 2A) was used to perform electro-
deposition of gold on the carbon electrode using a CHI 760 C
potentiostat (CH Instruments). A 10 times diluted ECF64D (Metalor
Technologies) plating solution containing 4.4 mM NH,AuSO; in 52
mM (NH,),SO; was filled into the plating bath. To establish electrical
contact with the carbon electrode, a 0.25 mm diameter copper wire
(Goodfellow) was inserted into the carbon barrel. Because of the
instability of AgCl in ECF64 (amine complexation),”” a 0.125 mm
diameter Ag wire (Goodfellow) was chosen for use as both the
working electrode inside the open barrel and the quasi-reference
counter electrode (QRCE). A potential of —0.73 V (vs QRCE) was
held at the carbon electrode to reduce the gold from the plating
solution. Meanwhile, a potential difference of —0.1 V was applied
between the second WE and the QRCE, to monitor in real time the
ionic current flowing through the open barrel. Notably, a low voltage
was chosen to minimize the possible interference with the deposition
process. Before and after deposition, cyclic voltammetry (—0.5-0.5V,
scan rate 0.05 V/s, sampling interval 0.02 V) of the second WE was
performed to extract the change of conductance. After deposition, the
open barrel was rinsed with water to minimize contamination. To
avoid salt crystallization at the tip, all nanopipettes were stored in a
sealed vial filled with deionized water until use.

Differential Capacitance Measurements. Capacitance meas-
urements were performed using a three-electrode configuration on a
Gamry Reference 600 potentiostat, with deposited gold being the
working electrode. A Ag/AgCl wire was used as the reference
electrode. The counter electrode was a Pt wire (Goodfellow).
Differential capacitance versus potential curves was obtained by
impedance measurements at varying direct current potentials in the
presence of a small 10 mV, peak-to-peak alternating current
perturbation at a constant frequency of 10 Hz for the gold-deposited
electrode and 500 Hz for the amine-functionalized electrode

Surface Functionalization of the Deposited Gold. Nano-
pipettes were rinsed with acetone and methanol to remove surface
contaminants on the deposited gold. The open barrel was filled with
the corresponding solvent during rinsing. Then, the resulting
nanopipettes were immersed into a S mM solution of 5-amino-2-
mercaptobenzimidazole (Sigma-Aldrich) in methanol for 12 h. Prior
to DNA translocation experiments, the open barrels of functionalized
nanopipettes were washed with methanol and water to remove any
remaining thiol diffused into the open barrels during functionalization.
All nanopipettes were freshly functionalized one day before use and
used only once for translocation experiments.
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DNA Solutions. Double-stranded 10 kbp DNA (New England
Biolabs) was diluted from a stock concentration of 500 yg/mL in 10
mM Tris—HCl and 1 mM EDTA. Different concentrations of DNA
solutions were prepared by serial dilution using the same buffer
solution. All DNA solutions were stored in a freezer until use and
freshly prepared before the experiments.

Dual-Channel Recordings. Both ionic current and current from
the carbon electrode were measured by a Multiclamp 700B
(Molecular Devices) in a voltage clamp mode with 10 kHz bandwidth
and 100 kHz sampling frequency. The resulting signal was digitized by
Axon Digidata 1550B. Data recordings were achieved using pClamp
10.6 software (Molecular Devices). Data analysis was performed using
a custom-written MATLAB code developed in-house. A baseline
current was calculated for every five data points, and the baseline
threshold was set equal to or higher than six standard deviations. Any
peaks above the threshold were identified as DNA translocation
events.

Circuit Simulation. Circuit simulations were completed by an
open-access simulation software LTspice (Linear Technologies). Both
the nanopore and the gate were modeled as a resistor and a capacitor
in parallel. The resistance of solution (R,,,) was approximated by
measuring the resistance between two Ag/AgCl electrodes as a
function of their distance. The values for the resistance of the
nanopore and the gate were obtained by fitting their I-V
measurements. The capacitances of the nanopore and the gate were
estimated using a triangular wave method suggested by Balan et al.>®
Single-molecule translocation events were modeled by a change of
nanopore resistance with a 10 ns step size for 3 ms, with the response
from the gate simulated by the software.
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