Silver Nanoneedle Probes Enable Sustained DC Current, Single-Channel Resistive Pulse
Nanopore Sensing

Essraa A. Hussein$ and Ryan J. White*$*
$ Department of Chemistry, University of Cincinnati, Cincinnati, OH 45221

* Department of Electrical Engineering and Computer Science, University of Cincinnati, Cincinnati,
OH 45221

ABSTRACT

Resistive pulse sensing using ion channel proteins (biological nanopores) has been evolving as a
single-molecule approach to detect small biomolecules owing to the atomically-precise pore size
reproducibility, high signal-to-noise ratio, and molecular selectivity. The incorporation of biological
nanopores in sensing platforms requires a stable lipid membrane that can be formed by a variety
of methods such as the painting method and droplet-based techniques. However, these methods
are limited by the fragility of the unsupported bilayer or the need for specific microdevices.
Electrode-supported bilayers, in which a metal electrode is used as a support structure, have been
recently developed using a fine gold nanoneedle. We previously described the utility of the gold
nanoneedle-supported ion channel probe to detect small molecules with high spatial resolution,
however, it exhibited a channel current decay over time, which affected the binding frequency of
the target molecule to the protein pore as well. Here, we introduce a silver nanoneedle probe to
support lipid bilayer formation and ion channel measurements. The silver nanoneedle mitigates
the current decay observed on gold electrodes and produces stable DC channel currents. Our
findings propose the formation of a AgCl layer creating a non-polarizable electrode. The new
nanoneedle is successfully applied for single-molecule detection of sulfonated B-cyclodextrin
(S7BCD) using aHL as a test bed protein. We believe that this new silver nanoneedle platform has

great potential given the relative ease of lipid bilayer formation and stable open channel currents.
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INTRODUCTION

Resistive pulse sensing is a sensing technique that relies on the measurement of the
transient blocking current caused by single molecules entering or passing through a micro- or
nanoscale orifice or pore." Nanopore-based techniques, using a biological or solid-state
nanopore, have been widely applied in the detection of biomolecules such as DNA,*® miRNA 3
neurotransmitters,® " peptides,™ and proteins,’™™ in addition to the functionality of these
techniques for DNA sequencing.''® Nanopore, resistive-pulse techniques provide single particle-
to-particle readout capabilities, high sensitivity, temporal resolution, signal-to-noise, and molecular
selectivity.'31517-20 Bjological nanopores, or ion channel proteins, have attracted more interest in
nanopore sensing and molecular flux imaging applications due to the atomic-level precision of the
pore size.2"?? To perform resistive pulse detection with a biological nanopore, typically the protein
pore is reconstituted in a lipid membrane suspended between two electrolyte compartments when
a potential is applied across the membrane. When a specific analyte binds to or diffuses through
the protein pore, it affects the pore conductance by physically blocking the ion channel, thus,
inducing a transient blockage in the ionic current (resistive pulse)."881922 The nature of these
transient blockages (e.g., magnitude, duration, and frequency) lead to molecular level
discrimination, where the blockage magnitude and duration can elucidate the molecule identity,

and frequency of the binding events correlates to the analyte concentration.?

Biological nanopore-based techniques necessitate a stable lipid bilayer to employ ion
channels as a sensing element. The formation of an artificial lipid membrane can be achieved by
conventional methods such as the painting method?*?* and folding method,?>?® by using
microfabricated devices,?” or by droplet-based techniques such as droplet-contact method,28-3°
droplet interface bilayer,®32 and droplet transfer method.®® Although these methods were
successfully applied to form lipid bilayers, some techniques, such as droplet-based methods,
require specific tools or fabrication of microdevices. In addition, the conventional methods are
limited to the fragility of unsupported (substrate-pore spanning) bilayers in conventional
methods.?”*435 On the other hand, the tip-dip method, where the lipid membrane is formed at the
glass probe end, is considered a facile method to form a stable bilayer without complicated devices
or tools.?” Moreover, this method allows for the integration of biological nanopores at the probe tip,
which can be exploited not only in nanopore sensing applications but also for chemical imaging

purposes such as scanning ion conductance microscopy (SICM).

The use of biological nanopores incorporated into SICM promises to bring the

advantageous attributes of nanopore sensing to the spatial resolution and chemical imaging



functionality of SICM. To achieve this, glass micro-pipets are typically employed to support the
lipid bilayer for SICM measurements.?*® Previous studies reported the use of glass pipet-
supported ion channels either as a single barrel or dual barrel probe to monitor the molecular or
ion flux from a porous substrate.'%?'36-38 |n g similar approach, we recently developed a recessed-
in-glass Ag/AgCI microelectrode, where the probe geometry creates a spanning lipid bilayer that
spans a glass pore in which a Ag/AgCl is at the bottom of the pore.® However, the spatial resolution
is still limited by micrometer scale probe size, similar to other glass pipette probes used for ion

channel recordings or SICM measurements. 19213

An alternative approach to the spanning lipid bilayer method is the use of electrode
supported bilayers, which have been developed and employed for sensing purposes based on ion
channels.?”*%-4! Building off these supported bilayers, Okuno et al.*>%3 developed polyethylene
glycol (PEG)-modified gold nanoelectrodes to support lipid bilayer for ion channel recordings. This
type of gold nanoneedle showed great promise in sensing applications and, more recently, in the
ease of unzipping and reforming the lipid bilayer throughout the measurement time.*% We
recently demonstrated the utility of gold nanoneedle-probe-supported protein channels in the
chemical detection of B-cyclodextrin (3-CD) with high spatial resolution in addition to their analysis
method of protein de-insertion current for different types of pore-forming proteins.*44> Although the
gold nanoneedle platform was applied as a nanopore sensor, it exhibits a significant channel
current decay, ascribed to the double layer charging at the gold electrode surface. This observation

consequently limits the long-term application of the gold as a support.

In this article, we introduce, for the first time, the use of silver nanoneedle to support lipid
bilayer for ion channel measurement and single-molecule detection (Fig.1). Our findings propose
the formation of an AgCI layer around the silver tip prepared in a chloride-containing etchant
solution. In addition, we measure the channel current of alpha-hemolysin (aHL) protein pore
reconstituted in the lipid bilayer formed at the silver tip. The resulting Ag/AgCl nanoneedle-
supported biological nanopore represents a first of its kind probe that mitigates the challenges with
working with similar probe geometries on non-polarizable electrode materials like gold. More
specifically, the use of Ag/AgCl probes mitigates the unavoidable current decay observed when
using gold nanoneedles which is a result of double layer charging that carries current at this
electrode interface. The new nanoneedle probe describe here allows for more stable, sustained
DC channel current recordings rendering the probe well-suited for translatable use in a broad range
of analytical applications utilizing protein channels. Moreover, the ion channel probe is readily

fabricated using benchtop methods making it accessible to a range of research groups. To



demonstrate utility of the new probe, we employed the silver nanoneedle-supported ion channel

probe for nanopore sensing of sulfonated B-cyclodextrin (S7BCD).
MATERIALS AND METHODS

Chemicals and Reagents

A 250pm diameter silver of 99.99% purity (Alfa Aesar) wire was utilized to fabricate silver
nanoneedle. Perchloric acid (70% HCIO4; Sigma-Aldrich) and Methanol (HPLC grade; Sigma-
Aldrich) were used in a 1:4 solution mixture for electrochemical etching of silver wire. Another
etchant solution was prepared from 2M nitric acid (HNOs; Fischer Chemical) and ethanol (ACS-
USP grade; Decon labs). O-(3-carboxypropyl)-O'-[2-(3-mercaptopropionylamino)ethyl]
propylethylene glycol (MW 3000; Sigma-Aldrich) and O-(2-Carboxyethyl)polyethylene glycol(MW
3,000; Sigma-Aldrich) were used as thiol-PEG and non-thiolated PEG, respectively. Thiol
desorption experiments were performed in potassium hydroxide solution (KOH; Fischer Scientific).
An electrolyte/buffer solution was made of potassium chloride (KCI; Sigma-Aldrich) or potassium
nitrate (KNOs; Sigma-Aldrich) in a sodium phosphate buffer (pH 7.4) composed of sodium
dihydrogen phosphate (NaH2PO4-2H,0; Sigma-Aldrich) and disodium phosphate (Na;HPO.). The
buffer solution was prepared using ultrapure water from a Milli-Q (Merck Millipore Corp.) resisted
18.2 MQ at 25 °C. 1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC; Avanti Polar Lipid) and
n-decane (Merck Millipore Corp.) were used as the lipid/oil solution. Alpha-hemolysin (aHL; Sigma-
Aldrich) isolated from Staphylococcus aureus was purchased as a monomer protein powder.
Heptakis(6-O-sulfo)-B-cyclodextrin heptasodium salt (S7CD; Sigma-Aldrich) was used as the

target analyte for single-molecule detection.
Fabrication and Characterization of Silver Nanoneedles

A silver nanoneedle was fabricated by electrochemical etching of silver microwire in a
methanolic solution of perchloric acid (HCIO4:CH3zOH, 1:4).46 1-2 mm tip of silver wire was
immersed in the etchant solution and a micro-positioner (Newport ULTRAIign 461-XYZ) was used
to hold the silver wire vertically. Then, a DC voltage of 1V was applied between the silver microwire
and a carbon rod counter electrode (2mm diameter). The etching process was complete when the
current dropped to zero, typically within 4-5 minutes, indicating the silver wire was no longer in
contact with the solution. The etched wire with a cone-shaped tip (silver nanoneedle) was then
rinsed with deionized water (80°C) and acetone before characterization. Two experiments using
different conditions were performed to investigate the role chloride may be playing in the DC

currents we observed; etching silver in non-chloride etchant of nitric acid in ethanol solution (HNO3:
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C2>Hs0H; 1:2) and the second was done by immersion of perchloric acid etched silver in a sodium
hypochlorite solution (8.25%) to chloridate the wire, forming Ag/AgCl at the surface. Afterward, the
silver tip surface was modified by immersion in a 60 mg/mL thiol-PEG solution in ethanol for 3h at
room temperature and subsequently rinsed with ethanol and deionized water.* Scanning electron
microscopy (Apreo SEM) operated at a voltage of 15kV was employed to characterize the
morphology of the fabricated silver nanoneedles. The surface elemental composition was
determined by an X-ray photoelectron spectroscope (XPS) equipped with both Al and Al-Mg dual-

core in addition to a helium UV source.
Formation of a Lipid Membrane

The lipid bilayer was formed at the silver nanoneedle tip via the tip-dip method.?"4243 Briefly,
a chamber was prepared by adding a buffered 1M KCI electrolyte aqueous phase in the bottom
and a lipid/oil mixture (10mg/mL 1,2-Diphytanoyl-sn-glycero-3-phosphocholine solution in n-
decane) at the top. In this arrangement, a lipid monolayer was formed at the interface between the
lipid/oil mixture and the electrolyte bath in the chamber. The thiol PEG-modified silver was first
soaked in electrolyte solution for few minutes so that an aqueous layer is formed around the tip.
Afterwards, silver tip was dipped in the lipid/oil mixture and the aqueous layer around the tip acts
as a support for a lipid monolayer. Two monolayers were merged to form a lipid bilayer at the silver
tip when immersed across the oil-water interface via a micro-positioner (Newport ULTRAIlign 461-
XYZ).

Channel Current Recordings of Biological Nanopores

We used aoHL protein prepared in 1TMKCl/sodium phosphate buffer solution (pH 7.4) at a
concentration of 30nM for channel current recordings. A potential of +100mV was applied between
the silver nanoneedle and a quasi-reference-counter electrode (Ag/AgCl) inserted in the bath
chamber. Prior to channel current recordings, the thiol PEG-modified silver nanoneedle was
immersed in the electrolyte solution for 10 min to form an aqueous layer around the tip. We used
two additional silver probes as controls; the first one was dipped in 60mg/mL non-thiolated PEG
instead of thiol-PEG for 3h, and the second was used without surface modification before
immersion in the electrolyte solution. Channel currents were monitored using a patch-clamp
amplifier (PICO 2, Tecella) with a 7.9 kHz low-pass filter at a sampling frequency of 40kHz.

Analysis of channel current was performed using pCLAMP version 10.7 (Molecular Devices).

Detection of S;BCD and Data Analysis



To employ the fabricated silver probes in resistive pulse nanopore sensing, S7BCD was
added as a target analyte in the bath chamber (trans side). We used the thiol-PEG modified silver
nanoneedle with aHL protein monomers added in the tip side solution (cis side). In this
configuration, the heptameric aHL protein can be reconstituted from the tip side and S;BCD binds
to the protein pore from the trans side when a potential of +100mV was applied. To enhance the
capture rate of binding events,* we applied an asymmetric salt gradient of 2M/ 0.5M KCI (trans/
cis). Channel current data and binding events in an aHL single channel were analyzed using
pCLAMP 10.7 and correlated to the concentration of S7CD.

RESULTS AND DISCUSSION

Metal nanoneedle-supported ion channel probes have been recently developed to provide
a nanopore sensing platform with high spatial resolution.*?* Expanding on the application of gold
nanoneedle probes for single-molecule detection, Shoji et al.** successfully applied the gold
nanoneedle-based ion channel probes for the chemical detection of sulfonated B-cyclodextrin
(S7BCD) with high spatial resolution. However, in all the previous reports, the gold probes exhibited
an open channel current decay as well as a significant decrease in the binding events of S;CD
to aHL pore throughout recording time.* The decrease in current is attributed to double layer
charging at the gold electrode interface which carries the current at that working electrode. While
this decay can be mitigated using asymmetric salt conditions across the lipid bilayer, it is
problematic for practical applications of the probe. In this paper, we demonstrate the use of silver
nanoneedle-supported lipid bilayers and biological nanopores in resistive pulse sensing (Fig.1).
We compare the open channel current resulting from the silver nanoneedle to that of the gold
nanoneedle based on previously published work* as well as our own comparison described in

detail below.
Fabrication and Characterization of Silver Nanoneedles

We followed the electrochemical etching protocol for preparing silver tips used in scanning
tunneling microscopy*®#’ to fabricate silver nanoneedles with a cone-shaped tip with an average
diameter of 425 = 33nm (Fig.2, top panel). The average tip diameter was measured from high-
resolution SEM images for six perchloric acid-etched silver probes*®4° (Fig.S1). In addition, other
silver probes were fabricated in different conditions; the first was silver etched in the non-chloride
etchant solution (2M nitric acid: ethanol, 1:2) and the other was a bleached silver probe after being

etched in perchloric acid solution (Fig.2, top panel). As a result of varying the electrochemical
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etching conditions, a variation in the produced tip geometry was observed where the average tip
diameter for nitric acid-etched silver nanoneedles was 1.41 + 0.08 um, ~ 3 folds higher than the
perchloric acid-etched probes. The SEM micrograph for the bleached silver probes showed a
different surface morphology (Fig.2, top panel) due to the higher content of AgCl formed on the

silver surface, similar to previous reports.5%-5%*

We hypothesized that the silver surface is oxidized to silver chloride (AgCl) during the
electrochemical etching procedure when performed in a chloride ion-containing solution such as
perchloric acid and applying a DC voltage of 1V. Gray and Unwin®® fabricated silver tips with similar
conditions of anodic oxidation in 1M KCI solution and applied a potential of 0.2V. To understand
the surface chemistry of the fabricated silver probes, we performed X-ray photoelectron
spectroscopy (XPS) to elucidate the elemental composition at the surface. Fig.2 (bottom panel)
and Fig.S2 show the high-resolution XPS spectra of Ag 3d and ClI 2p for the three silver
nanoneedles prepared in different conditions. The peaks of Ag 3d in Fig.S2, inherent to the silver
wire, clearly appeared at a binding energy of 367.9eV and 373.9eV and were assigned to Ag 3ds.
and Ag 3dsp, respectively for all probes. However, the Cl 2p peaks (Fig.2) were seen only on the
perchloric acid-etched probe and bleached silver at a binding energy of 197.6eV and 199.2eV for
2p32 and 2paj2, respectively. These results indicate that AgCl is likely formed during the etching of
the probe. To further test our hypothesis of the presence of chloride, we calibrated the perchloric
acid-etched silver nanoneedles in solutions of different chloride activity and recorded the open
circuit potential (OCP).%% The probes exhibited Nernstian behavior in a chloride concentration
range of 10 to 10"'"M with a correlation factor (R?) of 0.996 and a gradient of ~50 mV, in good
agreement literature values®-°8 (Fig.S3).

Ag nanoneedle surface modification and formation of a Lipid Membrane

To investigate the role of silver nanoneedle surface modification with thiol PEG in
supporting protein channel measurements, we performed control experiments using non-thiol PEG
(MW 3000) and without PEG for both tip-side insertion and bath-side insertion. Our findings
revealed that the pore conductance and current stability of the aHL protein channels are affected
by different surface preparations, especially in the tip-side insertion configuration. The silver
probes modified with non-thiol PEG or without PEG showed reduced pore conductance and
unstable channel current in the tip-side insertion configuration (Fig.S4). Contrarily, the

nanoneedles modified with thiol PEG exhibited stable current in both tip and bath insertion (Fig.S4).



Surface modification with thiol-PEG (Mw 3000) plays a key role to maintain aHL pore conductance
as well as its performance in nanopore sensing, especially when aHL is inserted form tip-side. This
is explained by the monolayer length (~24 nm) of thiol-PEG, which provides enough volume for
the heptameric aHL structure (~10.5 nm length) to be reconstituted in the lipid bilayer from tip-
side.®®*®" In terms of sensing application, the orientation of aHL into the lipid bilayer should be
considered because some target analytes can easily translocate through aHL pore from cis side,
such as ssDNA and RNA, while other analytes such as BCD can bind only to aHL from the trans
side. In the latter case, aHL should be inserted from tip-side while BCD molecules are added to
the bath side chamber. Thus, the surface modification of metal nanoneedle with thiol-PEG is crucial
to employ aHL as a nanopore sensor. On the other hand, the absence of the PEG monolayer
would provide a small aqueous layer (0.6-3 nm thick) around the silver tip.%? Such conditions are
suitable only for protein insertion from bath side with similar pore conductance regardless of

surface modification (Fig S4).

To understand the way that thiol PEG is attached to silver nanoneedle, we used linear
sweep voltammetry (LSV) to probe the reductive desorption of Ag-thiol bonds electrochemically.
Earlier studies reported the electrochemical desorption of thiolate from Ag electrodes at negative
potentials from -0.8V to -1.1V.%*%” We performed the reductive desorption experiments in 0.1M
KOH (pH=13) for perchloric acid-etched and nitric acid-etched silver nanoneedle. Both perchloric
acid-etched and nitric acid-etched silver showed a thiol desorption peak around -0.85V (vs.
Ag/AgCl) (Fig.3 and Fig.S5). This cathodic peak reduces in intensity with successive sweeps as
shown in Fig.3, Fig.S5 and Fig.S6. These findings reveal the reductive desorption of thiolate from
the silver nanoneedle indicating that thiol PEG has been chemisorbed on the silver surface.®®
However, we do not fully understand if the thiol PEG reduces some of the AgCI existing in the
perchloric-etched silver probes to Ag or if the probe surface is comprised some chloride-free areas

(bare Ag) to bind to the -SH group. This is under further investigation.

After surface modification of silver nanoneedle with thiol PEG, we formed an artificial lipid
membrane via tip-dip method?’#?>~#** using the DPhPC/n-decane as a lipid/oil mixture. The thiol
PEG layer attached to the silver nanoneedle surface acts as a support for the aqueous solution
around the silver tip. In this arrangement, two lipid monolayers are merged as previously
described.*>** The lipid bilayer was successfully formed at the silver nanoneedle tip with a

membrane capacitance of 0.42uF/cm? in agreement with reports for DPhPC.%8-70

Channel Current Recordings of Biological Nanopores



When a stable lipid bilayer was formed, aHL was reconstituted into the lipid membrane.
The protein insertion into the lipid bilayer was indicated by a step-like current increase'* as the
transmembrane protein pore allowed for free ion movement. The aHL pore produced a
conductance of 1.19 + 0.23 nS in 1M KCI symmetric solution conditions, similar to previous reports®
(Fig-4). In addition, in contrast to the current-time traces on Au nanoneedles, the current-time
traces in Fig.4 indicate a stable open channel current over time. Fig.5 shows a comparison
between the current-time traces and the average normalized current for gold and silver
nanoneedle-based ion channel probes over the time scale of 15s and 60s, respectively. Itis clearly
seen the channel current produced from the gold nanoneedle exhibited an exponential decay as
previously reported by Shoji et al.** due to double layer charging at the electrode surface. The
silver-based ion channel probes resulted in a more stable current over time as shown in Fig.4 and
Fig.5. We assume the stable current observed with the silver probe is due to the formation of a
layer of AgCl around the silver nanoneedle tip during etching. The resulting Ag/AgCIl nanoneedle
can act as an ideally non-polarizable electrode. More interestingly, we recorded the open channel
current for silver nanoneedles prepared in different conditions; the nitric acid-etched and the
bleached silver. As demonstrated in Fig.S7, both perchloric acid-etched and bleached silver
probes similarly produced a stable current due to the chloride content in the surface, while the
silver probe prepared in a chloride-free medium (nitric acid-etched) led to a current decay (Fig.S7).
These results are in agreement with our surface characterization results that revealed the presence
of chloride on the perchloric acid-etched and bleached silver probes and not on the nitric acid-
etched probe (Fig.2 and Fig.S3).

Detection of S;BCD and Data Analysis

To employ the silver nanoneedle-based ion channel probe in resistive pulse sensing, we
detected the binding events of S;BCD molecules using aHL pore. As S;BCD molecules can access
their binding sites in aHL pore from trans side only,’" we added S7BCD in bath solution and aHL
protein solution was present in the tip-side solution at a concentration of 10nM. The potential
applied across the lipid membrane will produce an electric field around the pore which is the driving
force for the molecules to arrive at the pore.* The effect of applying salt gradient across the pore
has been reported, where the asymmetric salt profiles increase the electric field around the pore
resulting in enhancing the capture rate of target molecule as well as the blocking current
magnitude*”'"4 (Fig.S8). To enhance the rate of BCD binding to aHL, we used an asymmetric salt
condition of 2M/0.5M KCI (trans/cis) along with applying 100mV. The binding events of S;fCD

were observed and correlated to concentrations. Fig.6 shows the number of blocking events due
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to S7BCD binding to aHL pore increased with higher concentrations. The relationship between
binding frequency and S;BCD concentration was linearly fit (R?=0.999; n=4) in the concentration
range from 1uM to 100uM. We also analyzed the dwell time and %blocking current for 632 binding
events where the median current blocking percentage and dwell time were 81.2% and 10 ms,
respectively (Fig.6). These results demonstrate the feasibility of our new silver nanoneedle-based

ion channel probe platform as a resistive pulse nanopore sensor.

CONCLUSIONS

In conclusion, we described the synthesis of silver nanoneedle by electrochemical etching
of silver microwire in perchloric acid solution. Characterization and electrochemical methods were
accomplished to understand the surface chemistry of the silver probes before and after
modification with thiol PEG. The obtained results suggested the formation of Ag/AgCI surface
which led to DC stable channel current. The newly described (and first of its kind) silver nanoneedle
with AgCl does represent a novel method that overcomes the major hurdle, channel current decay,
when employing polarizable electrodes (gold) as supports. We successfully formed a lipid
membrane at the silver tip and recorded the channel current using aHL protein pore. Finally, we
applied these probes for single molecule detection of S;BCD as a target analyte in the
concentration range from 1 to 100 puM. Future advances to this silver nanoneedle platform will
include the ability to maintain single channel for long term measurements. This will enable the use

of the silver nanoneedles as a bio-SICM tool to monitor molecular flux from different substrates.
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Figure 1. Schematic illustration of silver
nanoneedle-based ion channel probe. The probe
consists of electrochemically-etched silver wire
with thiol-PEG surface modification. (Left) aHL
inserts from the aqueous solution between the
membrane and silver surface. (Right) S;BCD
molecules in the bath side bind to aHL protein
pore resulting in resistive pulses.
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Figure 2. Surface characterization of silver nanoneedle probes prepared in different conditions.
(Top panel) SEM micrographs for perchloric acid-etched, nitric acid-etched, and bleached silver,
respectively from the left to the right. (Bottom) The corresponding HR-XPS spectra (Cl 2p) for

the fabricated silver nanoneedles.
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Figure 3. Linear sweep voltammograms for

reductive desorption of thiol PEG from silver

nanoneedle surface in 0.1M KOH (sweep rate:

50 mV/s). In this plot, cathodic currents are

plotted as positive.
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Figure 4. (Top) Open channel current for aHL
nanopore in 1M KCI solution. (Bottom)
Measured conductance for 40 aHL channels at
a potential of 100mV. The mean pore
conductance value was 1.19 + 0.23 nS.
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Figure 5. Channel current decay for silver
nanoneedle compared to the gold
nanoneedle. (Top) Current-time traces for aHL
nanopore using both gold and silver
nanoneedles. (Bottom) the average current
produced over longer recording time where
the channel current showed remarkable decay
after 1 minute of recording.
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Figure 6. Single-molecule detection of BCD in
the bath side solution. (Left) Frequency of BCD
binding events is proportional to the
concentration of BCD in the bath solution. (Top
Right) Calibration curve of BCD shows the linear
correlation between event frequency and BCD
concentration of 1, 10, 50, and 100 uM. (Bottom
Right) scatter plot of the current blockage and
dwell time. The median dwell time for blocking
events (78% average blockage) was 10ms.
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