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ABSTRACT

lon channel probes, as one of the ion channels platforms, provide an appealing
opportunity to perform localized detection with high precision level. These probes come basically
in two classes: glass and metal. While the glass-based probes showed the potential to be
employed for molecular sensing and chemical imaging, these probes still suffer from limited
resolution and lack of control over protein insertion. On the other hand, metal-based nanoneedle
probes (gold and silver) have been recently developed to allow reducing probe dimensions to the
nanoscale geometry. More specifically, silver probes are preferable owing to their ability to
mitigate the channel current decay observed with gold probes and provide a DC stable channel
current. However, there are still some challenges related to the probe design and bilayer curvature
that render such probes insensitive to small changes in the tip-substrate distance. Herein, we
introduce two main pathways to control the probe-bilayer architecture, the first is by altering the
probe shape and geometry during the fabrication process of silver probes. The second pathway
is by altering the surface characteristics of the silver probe via electrophoretic deposition process.
Our findings reveal that varying the electrochemical etching parameters result in different probe
geometries and producing sharper tips with two-fold diameter reduction. In addition, the
electrophoretic deposition of a cathodic paint on the silver nanoneedle surface led to miniaturized
exposed silver tip that enable the formation of a confined bilayer. We further investigated the
characteristics of bilayers supported on both sharper nanoneedles and the HSR-coated silver

probes produced from controlling the etching conditions and electrodeposition process,



respectively. We believe this work paves the way to rationally design silver nanoneedle ion

channel probes, well-suited for localized molecular sensing and chemical imaging.
INTRODUCTION

lon channel probes are an emerging nanopore platform which employs natural ion
channels for molecular sensing and accurate localized detection at different interfaces.'® These
probes typically comprise a solid probe (glass or metal) that can support a lipid bilayer membrane
at the tip sufficient for protein channel reconstitution and channel current measurements. The
utilization of protein channel as a sensor element offers more opportunities to specifically detect
small molecules or monitor the flux of specific ions with high spatial resolution.'®7 Building off
these advantages, ion channel probes have been applied to perform mapping of chemical flux
across porous substrates with high specificity and signal-to-noise ratios.?3° While the ability of
the glass-based ion channel probes has been demonstrated, there are still challenges related to
the limited resolution of the micrometer-sized glass probe and the lack of control over protein

insertion."38

An alternative support material for the fabrication of ion channel probes is a metal
nanoneedle, which provides a potentially promising new means to perform molecular sensing with
high spatial resolution. Metal nanoneedles (gold and silver) have been developed to address the
current challenges of glass probes. The use of metal nanoneedles reduces the sensing tip
diameter down to a nanoscale geometry (~200 nm), leading to enhanced spatial resolution for
localized measurements.®® We recently reported the advantage of silver nanoneedles over gold
as the former exhibits a stable DC current resulting from the AgCl layer formed during the
electrochemical etching of silver probes in a chloride-containing etchant.® Additionally, using such
metal probes, especially silver, enabled control over the membrane area and the number of
proteins inserted using the channel current as feedback to regulate the vertical displacement of

the needle.’® While we and others reported the feasibility of these metal probes to support ion



channel recordings,®'* there is still a need to rationally design the probe as well as the bilayer
around the tip to extend its application as a imaging probe in scanning probe microscopy. In other
words, the current metal probe architecture, with a cone-shaped tip, allows for a bilayer with
curvature to be supported at the tip. This curved bilayer can lead to protein insertion away from
the apex of the tip, and thus the ionic current obtained from these side proteins won’'t change
when the probe approaches a substrate (see Figure 1). This means the current feedback obtained
from such probes is insensitive to small changes in the tip-substrate distance (critical for the
performance of scanning ion conductance measurements). Accordingly, there is a need to explore
how different designs of metal probes and the subsequent formed bilayers can be controlled for

specific use of the metal nanoneedle probes.

Herein, we introduce pathways to control the probe-bilayer architecture by altering the
probe geometry and controlling where the lipid membrane can be formed around the silver tip
(see Figure 1). First, we explored how different fabrication conditions of the silver nanoneedles
during the etching process affect the resulting tip geometries and shape. Our findings reveal that
a two-fold tip diameter reduction can be achieved via tuning electrochemical etching conditions.
Then, we utilized an electrophoretic paint deposition process to miniaturize the exposed metal
surface area of the silver probe and thus, form a confined bilayer around the miniaturized tip.
Finally, we studied the characteristics of the bilayers supported on the different silver probes and
the feasibility of different architectures to serve as an ion channel probe. This work paves the way

to rationally design silver nanoneedle probes, suitable for diverse analytical applications.
EXPERIMENTAL

Chemicals and Reagents

For Silver nanoneedle fabrication, we used silver microwires of two diameters (250 pm

and 100 pum) of 99.99% purity (Alfa Aesar), perchloric acid (70% HCIO4; Sigma-Aldrich), and



methanol (HPLC grade; Sigma-Aldrich). O-(3-carboxypropyl)-O’-[2-(3-mercaptopropionylamino)
ethyl] propyl ethylene glycol (thiol PEG, MW 3000; Sigma-Aldrich) was used as ethanolic solution
(ethanol proof, Decon Laboratories, Inc., PA, USA) for surface modification. An electrolyte/buffer
solution was made of potassium chloride (KClI; Sigma-Aldrich) in a sodium phosphate buffer (pH
7.4) composed of sodium dihydrogen phosphate (NaH;PO4-2H,0; Sigma-Aldrich) and disodium
phosphate (Na;HPO4, Sigma-Aldrich). The buffer solution was prepared using ultrapure water
from a Milli-Q (Merck Millipore Corp.) resisted 18.2 MQ at 25 °C. Electrophoretic paint (HSR
cathodic paint; Clearclad Coatings, LLC, IL, USA) was used to insulate the silver nanoneedle-

information about cathodic paints and HSR datasheet can be found at (Cathodic E-Coat -

ClearClad Coatings, Inc.). For voltametric measurement, we used hexaammineruthenium(iii)

chloride, 98% ([Ru(NHs)s]?*, Sigma-Aldrich) and potassium nitrate (KNO3, Sigma-Aldrich). Three
different phospholipids were used to prepare the oil/lipid mixture and form the lipid bilayer; 1,2-
Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), and 1,2-dilinolenoyl-sn-glycero-3-phosphocholine (DLPC)- all lipids were purchased
from Avanti Polar Lipids and mixed with n-decane (Merck Millipore Corp.). Alpha-hemolysin (aHL;

Sigma-Aldrich) isolated from Staphylococcus aureus was used as a monomer protein powder.
Fabrication of silver nanoneedles of different geometries

Silver nanoneedle of average diameter 425 nm + 33 nm was fabricated by electrochemical
etching of a 250 um silver wire using perchloric acid solution (perchloric acid : methanol, 1:4) as
recently described in detail.® In order to tune the silver tip geometry and shape, we varied the
etching conditions such as etching solution strength, etching voltage, and wire diameter. First, we
used one step etching process using perchloric acid: methanol solutions with ratios; 1:2, 1:3, and
1:4 with applying a DC voltage of 1V to etch the 250 um silver wire. For the 100 um silver wire,
we used etching solutions of perchloric acid: methanol in ratios; 1:4, 1:8, and 1:12 with applying

a DC voltage of 1V. Second, we applied a two-step etching process, where a solution of perchloric


https://clearclad.com/products/cathodic-e-coat/
https://clearclad.com/products/cathodic-e-coat/

acid: methanol (1:3 and 1:4) were used in the first step and the second step, respectively. After
etching, the silver tips were rinsed right after the etching with deionized water (80°C) to eliminate
the etching products and with acetone to clean up organic contaminants.”> As we used 70%
perchloric acid and mixed it with methanol in a ratio of 1:4, that means that the final concentration
of perchloric acid is 14%. Similarly, when we change the ratio of perchloric acid to methanol to
1:12,1:8, 1:3, and 1:2, the corresponding concentrations of the perchloric acid solutions are 5.4%,
7.8%, 17.5%, and 23.3%, respectively. To keep the expressions simple, we use the ratio formula
in the figures as well as the results and discussions section. Methanol is used to reduce the

bubbling effect during the etching process, leading to smooth surface close to the tip apex.'>'®
Fabrication of insulated, electrophoretic painted silver nanoneedles

We used electrophoretic deposition technique to insulate the silver nanoneedle using a
cathodic paint (HSR) according to the procedure mentioned in the literature.''® The typical
procedure we used here is by immersion of the etched silver nanoneedle (cathode) in HSR
solution, and a DC voltage of 25 V was applied in the presence of carbon rod (anode) for 90
seconds. We also studied the effect of different voltages (ranges from 5 to 50V) and coating time
(from 5s to 3 min) on the resulting coated tip. Then, the silver probe was rinsed with deionized
water to remove any excess paint and left in the oven at 205°C for 20 min to allow the paint to
cure. After the heat curing, the HSR paint shrinks, leaving a small conductive apex exposed. The
HSR-coated silver nanoneedles (HSR-coated AgNN) are then characterized to determine the tip

radius.
Characterization of silver nanoneedles of different architectures

Scanning electron microscopy (Apreo SEM) operated at a voltage of 10 kV and an electron
beam of 0.1 nAwas employed to characterize the morphology of the fabricated silver nanoneedles

with different geometries and the HSR-coated AgNN. We typically use the low-vac mode when



imaging the HSR-coated AgNN or otherwise, these probes are sputter coated with a thin layer of
gold to render the whole surface conductive, suitable for the high-vac SEM. We also used
electrochemical measurement (cyclic voltammetry and linear sweep voltammetry) to characterize

the HSR-coated AgNN in a solution of 0.1M hexa-ammine ruthenium(iii) chloride in 1M KNOs.
Formation of lipid bilayer and ion channel recordings

In this paper, we use two types of silver nanoneedles (AgNN); the first is named normal
AgNN, referring to the etched silver nanoneedle in any etching conditions but without coating with
electrophoretic paint. The second type is the HSR-coated AgNN, where that etched silver probe
has been coated with the HSR cathodic paint using electrophoretic deposition method to insulate
all the exposed silver surface except a small conductive apex at the tip. Both types were modified
with Thiol PEG (MW 3000), which supports an aqueous electrolyte layer around the tip to be ready
for measurements. We followed the detailed method we recently published to form the lipid
bilayer.2° Briefly, the silver probe is wetted in an electrolyte/buffer solution for few minutes and
then inserted into a chamber with two compartments: oil/lipid phase (10 mg/mL of DPhPC, DOPC,
or DLPC solution in n-decane) at the top and an aqueous buffered electrolyte bath solution of 1M
KCI underneath the lipid compartment. Afterwards, the silver probe is mounted down to the
chamber and then retracted up slowly to allow the formation of the first lipid monolayer around
the tip at the oil/air interface. Then, with a second vertical movement of the tip down to the
chamber, the monolayer around the tip combines with the monolayer at the oil/water interface to
form the lipid bilayer at the lipid/aqueous interface and supported by the silver tip. After the
formation of lipid bilayer, the aHL protein monomers in the electrolyte bath solution were
reconstituted in the lipid membrane. Protein insertion was recognized by monitoring the ionic
current, where each aHL channel results in a quantized current step of 100 pA when applying a
potential of 100 mV in 1M KCI. All measurements were performed on an optical table and within

a Faraday cage to reduce low frequency electronic ambient noise.



Membrane capacitance measurement

We measured the lipid membrane capacitance at different z positions and then, we find

the membrane area using equation (1).9-22

_ E,EA
Cnem= “d (1)

In equation (1), Cirem is the lipid membrane capacitance measured at different z positions using

Pico2 Tecella amplifier, £, is the permittivity of free space (&, = 8.854 x10'* F cm™), € is the

dielectric constant of the lipid bilayer (€ ~ 2.1), d is the thickness of bilayer, which is estimated to

be 4nm 23?7 and A denotes to the surface area of the lipid membrane. We used equation (1) to
calculate the surface area of different types of bilayers composed of lipids with different fluidities
such as DPhPC, DOPC, and DLPC bilayers. Although the specific capacitance (Cwu) can be used
to characterize different lipids, it's the slope of a linear regression of the measured membrane
capacitance versus membrane area- that means it's considered to be constant for every lipid
when using the same oil composition at a constant temperature and zero dc voltage bias.?-3°
Accordingly, it's not the suitable parameter to use in the current study as we want to monitor the
change of a parameter that changes with the change in the vertical movement of the silver probe,

such as membrane capacitance (Cmem).
Instrumentation and data analyses

lon channel recordings were collected using a Degan Chem-Clamp low-noise potentiostat
(Minneapolis, MN) coupled to a PC using an in-house written LabVIEW program (National
Instruments, Austin, TX). Controlling the probe displacement was achieved by a z-axis piezo
actuator (Pl (Physik Instruments) L.P., Auburn, MA) and a Multi-Micromanipulator Systems (MPC-
200 controller and ROE). A patch-clamp amplifier (PICO 2, Tecella) with a 7.9 kHz low-pass filter

at a sampling frequency of 40kHz was used to measure the membrane capacitance. In all



experiments, the silver nanoneedle probe acted as a working electrode (WE), while another
Ag/AgCl wire inserted in the bath solution was used as a quasi-reference electrode (QRE). Data
analyses including creating current time traces, current vs z-displacement plot, and bilayer area

vs z-displacement were obtained using MATLAB R2019b and OriginPro 2017.
Results and Discussion

Silver nanoneedles exhibit great promise as ion channel probes that can be utilized for
nanopore sensing, with a sustained, stable DC channel current. We recently reported the use of
the silver-based ion channel probes to develop a current-regulated feedback mechanism to
maintain long-term single channel recordings.®'® Although these probes enabled long-term stable
channel current, there is still a challenge in the probe design that limits the extension of utilizing
these probes for chemical imaging or scanning ion conductance microscopy (SICM). This
challenge is related to the curved nature of the bilayer around the tip and subsequently, the protein
location at the tip as shown in Figure 1. In order to address this challenge, a smaller or confined
bilayer is needed to confine the protein location at the tip apex. In this study, we offer pathways
to control the probe and bilayer architecture to be suitable for future applications. We investigated
how different etching conditions would affect the fabricated silver probe geometry. In addition,
we explored ways to control the bilayer formed around the tip and to form a confined bilayer

around the silver nanoneedle tip.
Controlling silver nanoneedile tip shape and geometry

We use the electrochemical etching process to etch the silver microwires from the
hundreds of micron range down to a few microns, submicron, or nanoscale ranges. The
parameters regulating this electrochemical etching process are mainly the etching voltage, the
etching solution strength, and the silver wire diameter.’3'32 Controlling the etched probe

geometry and shape can be achieved by tuning these parameters. We previously reported the



use of 250 um wire in a methanolic solution of perchloric acid (in a volume ratio of 1:4, perchloric
acid: methanol, respectively) at a DC voltage of 1V to fabricate silver nanoneedle of 425 nm
average diameter.® In this study, we vary the etching conditions applied for two different wire
diameters; 100 ym and 250 uym wires to investigate how varying these conditions would affect the
obtained probe geometry. For the 250 um wires, we found that increasing the etching solution
strength (perchloric acid: methanol) from 1:4 to 1:3 increased the tip diameter dramatically from
425 £ 33 nm to 5.6 £ 1.1 ym, as shown in Figure 2. We also investigated a two-step etching
process, which means that the etching is performed first by immersing ~2mm of the silver
microwire in a solution of perchloric acid: methanol (1: 3), then, immersing approximately half of
the etched cone again into a solution of perchloric acid to methanol (1: 4) for a second etching
step to produce tips with smaller geometries. The results of the two-step etching when applying
a potential of 1V and 2V in the second step led to smaller tips with diameters of ~4 ym and 1 pm,
respectively. It's noteworthy to mention that diluting the etching solution above the ratio of 1:4
(perchloric acid: methanol) resulted in longer etching time, and higher solution strength (less than
1: 3) cut off the wire without forming a cone-shaped tip. Additionally, when we explored the effect
of varying the etching voltage from 1 V to 5 V, our findings revealed that higher voltage conditions
lead to a faster reaction rate and short etching time but irregular or degraded tip quality (see
Figure S1), in agreement with other reports for fabricating silver STM tips.'®3! Accordingly, and
for more consistency, we kept the etching voltage at 1 V and limited the use of 2 V to the second

step in the two-step etching process.

For the 100 ym wire, we used more dilute etching solutions with ratios of 1: 8 and 1: 12,
perchloric acid: methanol, respectively. Our findings demonstrated that the 1: 8 ratio resulted in a
two-fold tip size reduction (diameter = 224 + 38 nm), compared to our previously reported silver
nanoneedle ° as shown in Figure 2. On the other hand, using more dilute solutions such as 1: 12

produced a tip diameter of 460 + 85 nm (see Figure 2). Although the two-step etching process



successfully produced reproducible tip geometries when starting with a 250 um wire, this process,
when applied to the 100 um wire, did not yield consistent tip geometries. These findings show
that tuning the electrochemical etching parameters, especially the voltage and the solution
strength can result in the fabrication of silver probes with tip diameters ranging from 5 um down

to ~200 nm.

lon channel current recordings and membrane capacitance measurements for bilayers

formed on the 224 nm-diameter silver probes

One of the pathways we offer in this paper is the ability to control tip geometry and produce
sharper tips that might allow for enhanced spatial resolution when employed as an ion channel
probe. By varying etching conditions parameters, we were able to fabricate a silver tip of 224 nm
diameter as shown in Figure 3. To investigate how the resulting sharper nanoneedle would serve
as an ion channel probe, we first explored its ability to support ion channel recordings. Figure 3
shows the pore conductance of aHL channels (n = 24) in 1M KCI with applying a potential of 100
mV. The average value of pore conductance in these conditions was found to be 0.98 + 0.21 nS,
in agreement with values reported in the literature using the same conditions. 23334 Second, we
investigated the area of the lipid membranes supported on the sharper tips using phospholipids
of different fluidities and compared it to the area obtained with lipid membranes supported on our
previously reported silver nanoneedle of tip diameter ~425 nm?® to investigate how the change in
tip diameter would affect the resulting bilayer characteristics. We used three phospholipids of
different fluidities: fully saturated phospholipid (DPhPC), unsaturated with two double bonds
(DOPC), and unsaturated with six double bonds (DLPC). We measured the membrane
capacitance (Cmem) Of the bilayer formed from each phospholipid at different Z-positions by moving
the silver probe up and down along a z-displacement of 300 um. Then, we find the bilayer area
corresponding to Cmem values at each z-position using equation (1). The schematic in Figure S2

demonstrates how the z-positioning is defined and how the change in Cem is recorded during the



probe vertical movement. Figure 4 shows that the lipid bilayer area increases accordingly with
moving the probe down across the oil/water interface but in a different way with each phospholipid.
With the saturated and most stable lipid, we found no appreciable change in the membrane area
between the sharper tip (224 nm tip diameter) and the original silver nanoneedle (425 nm
diameter). However, when increasing the lipid fluidity, the lipid membrane supported on the
sharper tips showed less area, compared to the original tips. We believe that this behavior of
bilayer area change with pushing the silver probe into the oil/water interface is attributed to the
way the bilayer is formed around the tip. The higher fluidity is attributed to the higher degree of
unsaturation in the hydrocarbon chain of the fatty acid as the double bonds result in kinked lipid
tails, occupying larger lateral surface area.?3°3% |n addition, the higher fluid lipids are more
disordered, less effectively packed, and more elastic, when compared to the more ordered, more
tightly packed, and more rigid saturated lipid membranes.3¢-* Owing to the higher elasticity of the
more fluid lipids, we refer the observed trend of bilayer area change in Figure 4 indicates that the
bilayers of saturated lipids are more rigid and less conformed to the tip, while those of unsaturated
lipids are fluid and more conformed to the tip shape. Accordingly, the most significant change in
the membrane area was observed with the most fluid lipid used in this study (DLPC) as
demonstrated in Figure 4. These results revealed that using sharper tips as ion channel probes
can resultin a smaller lipid membrane in the case of using fluid lipids but has no significant change
on the area of the bilayer formed using DPhPC, the most stable and widely used lipid in ion

channel recordings.3°
Fabrication and Characterization of HSR-coated silver nanoneedles

Although our findings showed the ability to control the probe geometry and investigate
how the bilayer changes with using sharper tips and fluid lipids, there’s still a need to form a
smaller or confined bilayer. Forming a confined bilayer at the probe tip can result in a bilayer with

less curvature and confining the protein location at the tip apex, which will eventually pave the



way to extend the applications of silver nanoneedle probes. One of the ways we offer here to
achieve this is by altering the surface chemistry of the silver metal probe by insulating part of the
exposed metal. We employed an electrophoretic deposition technique, which has been previously
utilized for miniaturizing electrodes to produce small electrode surfaces on the micro or nano
scale.'” 84042 The electrophoretic deposition process entails the application of an electric field
that allows the charged particles of the electrophoretic paint to deposit onto one of the electrodes.
We used a cathodic paint (HSR) to insulate the silver nanoneedle when applying a potential of 25
V for 90 s. The painted needles are then heat cured at 205°C for 20 min to allow the shrinkage of
the paint, leaving a small, exposed metal tip to be characterized.'® Figure 5 shows the surface
morphology of the HSR-coated silver nanoneedles in the SEM micrographs, distinguishing the
light-colored small, exposed metal from the dark, insulated metal. Additionally, we performed
electrochemical characterization of the HSR-coated silver nanoneedle by using voltammetry. The
steady-state voltammetric response with a diffusion-limited current was observed with the
reduction reaction of 1mM Ru(NH3)s 3* in 1M KNO; as shown in Figure 5, compared to cyclic
voltammogram for uncoated silver nanoneedle used as a control (see Figure S3). The steady-
state or limiting current was measured at a scan rate of 50 mV/s, and the effective tip radius was

estimated using equation (2), assuming the electrode geometry is hemispherical.'”*?
Lim=2nnFDrC (2)

Where n is the number of electrons transferred per redox event, F is Faraday’s constant, D and
C are the diffusion coefficient and concentration of the electroactive species, respectively. Given
D =8.6 x 10° cm? s for Ru(NHs)s 3*,"73 the voltammogram indicates an effective tip radius of ~
19 um as shown in Figure 5. The effective radius value estimated from steady-state voltametric
response (~ 19 ym) was found to be higher than that measured from SEM micrograph (~11.5

pMm). This is attributed to two factors associated with using the steady-state current response: an



assumed tip geometry (hemisphere despite the non-ideal shape of the ultrasmall electrode) and
an assumed diffusion field although the flux of the species into the electrode surface can occur
from all the electrode surroundings and extend beyond the ideal geometry of diffusion, leading to
higher current and thus bigger estimated radius. However, using equation (2) of steady-state
current is still useful to provide a rough estimation of the exposed surface area of the small
electrodes.*?>* The effective tip radii are calculated for other HSR-coated silver nanoneedles
individually from SEM micrographs and steady state voltametric response as demonstrated in
Figures S4 and S5 with different probes. Since the electrophoretic deposition process involves
the movement of charged particles into an electrode, there are some parameters that control this
process such as parameters related to the paint solution (e.g. concentration and electrophoretic
mobility of the particles) and physical parameters (e.g. electric field strength, electrode surface
area, and deposition time).*~*" We studied different electrical parameters such as voltage and
deposition time in order to ensure that the insulated part is well-covered without holes or defects
and to allow for an exposed metal surface, enough to support bilayers and ion channel recordings.
We found that the conditions for the ~1.5 cm exposed silver using the HSR cathodic paint are
applying a voltage of 20 V to 25 V and deposition time of 60 to 90 s. Figure S6 shows that
decreasing the applied potential (from 1 V to less than 20 V) or coating for short time (less than
60 s) resulted in imperfect coating with holes or cracking at the cone edge, especially with the
silver probes prepared by the two-step etching process. Accordingly, we chose the conditions of
25 V and 90 s as the applied voltage and the coating time, respectively to produce the HSR-
coated silver nanoneedle, suitable for ion channel recordings. Figure S7 shows SEM images for
silver probes after performing the electrophoretic coating process with the as-mentioned
conditions, compared to bare, non-coated silver probes prepared with the same electrochemical
etching conditions. This figure demonstrates that there were no appreciable alterations to the

original probe shape or geometry were observed after the electrophoretic coating.



Confined bilayers and channel current recordings using HSR-coated silver nanoneedles

To investigate how the new probe architecture of the HSR-coated silver nanoneedle would
affect the feasibility of using it as an ion channel probe, we employed the HSR-coated silver
nanoneedle probe to form a stable lipid membrane and to support the ion channel recordings.
Figure 6 shows the quantized current steps of aHL protein pores when inserted into the lipid
bilayer. This result shows the ability of the developed HSR-coated silver nanoneedle to support
the ion channel despite the confined bilayer formed on the small, exposed silver tip. In order to
characterize the confined bilayer supported on the HSR-coated silver tip, we measured the
membrane capacitance to find the bilayer area using equation (1). Figure 7 shows the correlation
between the change in the confined bilayer area with the Z-displacement of the probe, compared
to the same measurement of the bilayer formed on uncoated normal silver nanoneedle. In the
case of a bilayer formed on HSR-coated silver nanoneedle, we found that the membrane area
reaches a plateau after a specific Z-distance and then, remained unchanged even with increasing
the Z-displacement (i.e., keep moving the probe down). Contrarily, the values of membrane area
for the uncoated, normal silver nanoneedle showed a continuous increase as the probe moves
vertically down.' These findings demonstrate that the bilayer supported on the HSR-coated silver
nanoneedle is confined on the miniaturized metal exposed after the electrophoretic deposition
process, and has a much smaller area when compared to the normal silver nanoneedle probe.
We believe that this introduces a rational design of silver nanoneedle probes, suitable not only for

nanopore sensing but also for highly localized detection measurement and chemical imaging.

CONCLUSION

In this work, we introduce pathways to control probe and bilayer architecture of the silver
nanoneedle-based ion channel probe. By varying the parameters of the electrochemical etching
process, we can tune the probe geometry and obtain sharper tips with average diameter of 224

nm, that can be employed to support lipid bilayer and ion channel measurement. We studied the



characteristics of the supported bilayers formed of phospholipids of different fluidities. In addition,
we altered the surface characteristics of silver nanoneedles by electrophoretic deposition of
cathodic paint (HSR) to obtain miniaturized silver tip. The HSR-coated silver nanoneedle was
characterized electrochemically, where it showed a steady-state voltammetric response. Finally,
we demonstrated the feasibility of the HSR-coated silver tips with the small, exposed metal tip to
form a confined bilayer, and thus can serve as ion channel probe that mitigates the problems
associated with bigger bilayer curvatures when using normal silver nanoneedles. We believe this
work offers more opportunities to rationally design metal-based ion channel probes, well-suited

for diverse analytical applications.
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FIGURES

Alter bilayer architecture

Figure 1. Schematic diagram illustrates ways to control the probe-bilayer architecture. (Middle) Our
normal silver nanoneedle with a tip diameter 425 nm shows the effect of the curved bilayer on the
protein location and thus, on the ability to employ such probes for localized detection measurement.
(Right) Sharper silver tip with 224 nm diameter fabricated by controlling silver etching conditions.
(Left) HSR-coated silver nanoneedle produced by electrophoretic deposition of cathodic paint (HSR)

into the etched silver probe, developed to form a confined bilayer.
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Figure 2. Tip diameter control via varying electrochemical etching conditions of
silver microwires. The ratios shown on x-axis are for the etching solution
strength (perchloric acid: methanol). Rectangle images are low magnification

SEM micrographs corresponding to each etching condition with scale bar of 50
images are the corresponding high magnification SEM

pm. Rounded
micrographs. Tip diameter for each etching condition is an average of six silver
probes prepared using the same etching parameters.
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Figure 3. Surface morphology and ion channel recordings for the two-fold sharper tips (224 nm
diameter). (Left) SEM micrographs for silver nanoneedle tip of both 425 nm diameter and the
sharper 224 nm tip, respectively. (Right, top) Single open channel current for aHL protein pore
in 1M KCI. (Right, bottom) Measured conductance for 24 aHL channels at a potential of 100mV
when using sharper silver nanoneedles of 200 nm tip diameter as ion channel probe. The mean
pore conductance value was 0.98 + 0.21 nS.
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Figure 4. Lipid membrane area measurement vs Z-displacement for the sharper 224
nm silver nanoneedle tips obtained from this work (three pink traces) using three
phospholipids of different fluidities, compared to our previously published results of
membrane area obtained using the 425 nm silver nanoneedle tips (three blue
traces).’® The shaded areas in the graph represent the standard deviation for three
silver probes with three replicate measurements for each Ag 425 nm probe and five
silver probes with three replicates for each Ag 224 nm probe.
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Figure 5. Characterization of HSR-coated silver nanoneedle, fabricated by electrophoretic coating of
silver nanoneedle. (Left and middle) SEM micrograph for the HSR-coated silver nanoneedle shows
the different morphology at low and high magnification. (Right) Cyclic voltammogram shows the
steady state current response of the HSR-coated silver nanoneedle when it was used as a working
electrode for one electron redox reaction of TmM hexamine ruthenium (iii) chloride in 1M KNO3.
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Figure 6. lon channel recordings using HSR-coated silver nanoneedle demonstrate the
feasibility of this probe to support DC stable open channel current for aHL proteins inserted in a
confined bilayer.
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Figure 7. Lipid membrane area vs Z-displacement for the confined
bilayer supported on the HSR-coated silver nanoneedle (dark red
trace), compared to our previously published results of normal silver
nanoneedle of 425 nm tip diameter using DPhPC lipid (dark blue
trace)'?. The bilayer area was measured for three silver tips with three
readings for each normal AgNN and six probes with three replicate
readings for each HSR-coated AgNN.
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