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Abstract: 

Ion channel proteins showed great promise in the field of nanopore sensing and molecular 

flux imaging applications due to the atomic-level precision of the pore size and high signal-to-

noise ratio. More specifically, ion channel probes, where the protein channels are integrated at 

the end of a solid probe, can achieve highly localized detection. Metal probe materials such as 

gold and silver have been developed to support lipid bilayers and enable the use of smaller 

probes, or nanoneedles, compared to more traditional glass micropipette ion channel probes. 

Silver probes are preferable because they support sustained DC stable channel current due to 

the AgCl layer formed around the tip during the fabrication process. However, one of the current 

challenges in ion channel measurements is maintaining a single-channel recording. Multiple 

protein insertions complicate data analysis and destabilize the bilayer. Herein, we combine the 

promising probe material (Ag/AgCl) with an approach based on current feedback controlled tip-

positioning to maintain long-term single-channel recordings up to 3 hours. We develop a hybrid 

positioning control system, where the channel current is used as feedback to control the vertical 

movement of the silver tip and subsequently, control the number of protein channels inserted in 

the lipid membrane. Our findings reveal that the area of lipid bilayer decreases with moving the 

silver tip up (i.e., decreasing the displacement in the z-direction). By reducing the bilayer area 

around the fine silver tip, we minimize the probability of multiple insertions and remove unwanted 

proteins. In addition, we characterize the effect of lipid properties such as fluidity on the lipid 

membrane area. We believe that the use of silver nanoneedle, which enables DC stable channel 

current, coupled with the developed tip displacement mechanism will offer more opportunities to 

employ these probes for chemical imaging and mapping different surfaces.  
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Introduction 

Ion channel proteins are an integral part of many cellular membranes and play key roles 

in regulating the permeability of cell membranes, especially in heart, nerve, and muscle cells.1±4 

In addition, ion channels also serve as a target for many drug discoveries to study the interaction 

between the ion channel and the active pharmaceutical component and monitor the protein-ligand 

activity.5 Inspired by nature, researchers harnessed the ability to monitor the passage of the ions 

through the channels and have employed these measurements for the development of sensing 

tools for diverse applications. The diversity of techniques include nanopore sensing, DNA 

sequencing, and chemical imaging with ion channels.6±10 When the ion channels are embedded 

in a membrane insulating two electrolyte baths, these protein channels provide the sole path for 

ions when applying a potential across the membrane. Driven by the applied potential, the ions 

move freely between the two electrolyte sides- the ions movement is recognized by a quantized 

current step, also known as open channel current. Small molecules or analytes that exist in the 

electrolyte bath can pass through or bind to the ion channel, leading to a temporary blockade of 

ions movement, identified by downward current events or resistive pulses. Characterization of 

these binding events enables the identification and quantification of the target analyte by 

analyzing the event time and amplitude, and events frequency, respectively.11±13  

Ion channel measurements have been an attractive means to detect small molecules or 

biomarkers,14±16 monitor molecular flux,17,18 sequence DNA or RNA,19±21 and study the kinetic 

activity of proteins and peptides22,23 due to high sensitivity, inherent signal amplification, and 

robust sensor structure.1,6±8 However, the sensing capabilities of these measurements are still 

limited by some challenges. One of the major challenges is the ability to maintain a single protein 

channel throughout the recording time. Although increasing the number of ion channels would 

increase the frequency of binding events, and accordingly enhance the sensitivity, multiple 

insertions also leads to a complicated current signal used to determine analyte concentration.24 

This signal complexity stems from the possibility of simultaneous events, which means more than 

a single binding event occurs synchronously from more than one protein channel. In detail, when 

multiple protein channels are inserted in the lipid membrane, the likelihood of simultaneous 

binding events rises, rendering the analysis of the events characteristics more difficult.24  

Additionally, multiple protein insertions destabilize the lipid membrane and may result in bilayer 

rupture.25  



3 
 

There are many methods reported in the literature to obtain single channel recordings.26±

34  For example using a microfluidic chip, where the excess protein  was perfused n  after single 

protein channel insertion to prevent additional insertions.31  Michele et al.30 utilized a polymeric 

device to form lipid bilayers and a proteo-liposome to deliver a single channel into the formed 

bilayer. However, the aforementioned methods either involve complicated steps or require the 

fabrication of microdevices. Other methods rely on the use of a glass microtip to transfer ion 

channels from a bacterial colony to a planner lipid membrane.28 Similarly, Holden and Bayley 

engaged a solid probe from an agarose gel dome containing protein channels into a bilayer 

chamber until a single ion channel is identified.26  In another approach, Hall and co-workers used 

a DNA-tethered ɲ-hemolysin protein pore to capture a single channel at a solid-state nanopore, 

where the DNA molecule was threaded through when the potential was applied, pulling the protein 

SRUH�XQWLO�LW¶V�VWRSSHG�DW�WKH�V\QWKHWLF�QDQRSRUH�RSHQLQJ�33  Chemically, Bayley and co-workers 

used amphiphiles to prevent further protein insertions without interruption of bilayer stability.35 

More recently, an electronic microsystem was developed for single ion channel detection, where 

a complementary metal±oxide±semiconductor (CMOS) instrumentation was designed to detect a 

single ion channel event.34 Unfortunately, the reported methods failed to handle the case of  

multiple protein insertions and some of them suffer from a very low yield of single channel 

insertions.34 Furthermore, none of the reported methods stated long-term single channel 

recordings i.e., on the hours time-scale. 

We recently developed a silver nanoneedle ion channel probe that manifested a great 

ability to obtain a sustained, DC stable channel current, attributed to the formation of AgCl layer 

around the silver tip.36 Herein, we combine the promising probe material (Ag/AgCl)36,37 with an 

approach based on tip-positioning control to maintain single-channel recordings. We develop a 

hybrid positioning control system, where we can prevent multiple protein insertions and remove 

unwanted proteins. In this approach, the channel current is used as feedback to control the vertical 

movement of the silver tip so that we can control the number of protein channels inserted in the 

lipid membrane. Our findings demonstrate the feasibility of the proposed approach to maintain 

long-term single channel recordings (up to 3 hrs). In addition, we found that the area of lipid bilayer 

decreases with moving the silver tip up (i.e., decreasing the displacement in the z-direction). 

Based on these results, we hypothesize that by reducing the bilayer area around the fine silver 

tip, we can minimize the probability of multiple insertions and remove unwanted proteins. In 

addition, we characterize the effect of different lipids on the lipid membrane area and properties. 

This will provide more precise control over lipid membrane and protein insertion, and thus, we 

can maintain long-term single-channel recordings suitable for future imaging applications.  
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Methods  

Chemicals and Reagents 

For Silver nanoneedle fabrication, we used a silver microwire (250 ʅm diameter) of 

99.99% purity (Alfa Aesar), perchloric acid (70% HClO4; Sigma-Aldrich), and methanol (HPLC 

grade; Sigma-Aldrich). O-(3-carboxypropyl)-2ƍ-[2-(3-mercaptopropionylamino)ethyl] propyl 

ethylene glycol (MW 3000; Sigma-Aldrich) or thiol PEG was used as ethanolic solution (ethanol 

proof, Decon Laboratories, Inc., PA) for surface modification. An electrolyte/buffer solution was 

made of potassium chloride (KCl; Sigma-Aldrich) or potassium nitrate (KNO3; Sigma-Aldrich) in a 

sodium phosphate buffer (pH 7.4) composed of sodium dihydrogen phosphate (NaH2PO4·2H2O; 

Sigma-Aldrich) and disodium phosphate (Na2HPO4, Sigma-Aldrich). The buffer solution was 

prepared using ultrapure water from a Milli-4��0HUFN�0LOOLSRUH�&RUS���UHVLVWHG������0ȍ�DW�����&��
Three different phospholipids were used to prepare the oil/lipid mixture and form the lipid bilayer;  

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 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-KHPRO\VLQ��Į+/��6LJPD-Aldrich) 

isolated from Staphylococcus aureus was used as a monomer protein powder. Single strand DNA 

(ssDNA, poly dA50; Integrated DNA T) was used as the target analyte for single-molecule 

detection. 

Fabrication of silver nanoneedle and formation of the lipid bilayer 

Silver nanoneedle was fabricated by electrochemical etching of a 250 ʅm silver wire using 

perchloric acid solution as recently described in detail.36 Briefly, the 1-2 mm end of a silver 

microwire was etched in a perchloric acid: methanol solution (1:4, respectively) with applying a 

DC voltage of 1V.  The etching process was complete when the current dropped to zero and a 

cone-shaped tip was formed. The etched silver tip was then rinsed thoroughly and modified with 

Thiol PEG (MW 3000), which supports an aqueous electrolyte layer around the tip to be ready for 

measurements.36 The method of lipid bilayer formation was previously mentioned.36,38±40 More 

specifically, we followed the detailed method we recently published,36 where the silver probe is 

inserted into a chamber with two compartments: oil/lipid phase (10 mg/mL of DPhPC, DOPC, or 

DLP solution in n-decane) at the top and an aqueous buffered electrolyte bath solution of 2M KCl 

underneath the lipid compartment. With the first vertical movement of the silver probe down to the 

chamber and retracting it again, we formed the first lipid monolayer around the tip at the oil/air 
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interface, then, with the second movement, the monolayer around the tip combined with the 

monolayer at the oil/water interface.      

Single channel recordings 

After the formation of lipid bilayer, the ɲHL protein channels were reconstituted in the lipid 

membrane. Protein insertion was recognized by monitoring the ionic current. We developed an 

approach, where the protein channel current is used as feedback to control the vertical movement 

of silver tip. In detail, by moving the silver nanoneedle probe down along the z-axis, multiple 

protein insertion was observed and vice versa. By controlling such a vertical tip movement, we 

can control the number of proteins inserted in the lipid membrane and thus, maintain single 

channel recordings. Figure SI.1 shows the proposed three folded approach, where we basically 

control tip displacement by monitoring the channel current, enhance the bilayer stability by 

lowering the applied potential across the membrane, and tune the protein concentration to enable 

maintaining single channel recordings and prevent multiple insertions. All measurements were 

performed on an optical table and within a Faraday cage to reduce low frequency electronic 

ambient noise. 

Membrane capacitance measurement and calculation of membrane area 

 To investigate why the number of proteins inserted in lipid membrane increases with 

moving the silver probe down, we calculate the lipid bilayer area at different z positions and 

then, calculate the membrane area using equation (1).41±44  

                                                                                                                   (1)                    

                                                                                                                           

In equation (1), ࢓ࢋ࢓׋�is the lipid membrane capacitance measured at different z positions using 

Pico2 Tecella amplifier, לࢿ � is the permittivity of free space (8.854 = לߝ x1014 F cm-1), ࢿ� is the 

dielectric constant of the lipid bilayer (2.1 ~�ߝ), ࢊ is the thickness of bilayer, which is estimated to 

be 4nm 45±49 and ࡭ 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. The structures of these phospholipids are provided 

in Figure S2, the lipid fluidity increase by increasing the degree of lipid unsaturation.50±54  

Instrumentation and data analyses 

Ion 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 

௠௘௠ൌ׋
ఌל ఌ ஺
ௗ

� 
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Instruments, Austin, TX). Controlling the probe displacement was achieved by a  z-axis piezo 

actuator (PI (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, Python 3.9.7, and OriginPro 2017.     

Results and Discussion 

We recently reported the feasibility of silver nanoneedle to support DC stable ion channel 

recordings and mitigate the problem of channel current decay shown in other metal nanoneedles 

such as gold.36,40,55 The stable current behavior of silver nanoneedle is attributed to the AgCl layer 

formed around the silver tip during the etching process rendering the tip acts eventually as 

Ag/AgCl, non-polarizable electrode .36,37  However, there are some existing challenges such as 

the ability to control protein insertions and maintain long-term single-channel recordings in an in-

tact lipid membrane. To address these challenges, herein, we develop an approach where we 

can control the number of proteins inserted in the lipid bilayer by controlling the tip positioning 

along the z-axis with respect to the oil: water interface, besides tuning protein concentration, and 

increasing the stability of lipid membrane by lowering the potential applied across the membrane 

(see Figure S1 and Figure 1). We applied this approach to maintain single channel recordings for 

more than 3 hours and prevent multiple protein insertions. We hypothesize that controlling the 

vertical movement of silver probe provide more control over the lipid bilayer area and thus, the 

number of proteins inserted in the bilayer. Accordingly, we quantitatively characterized the effect 

of the tip z-displacement on the obtained bilayer area. In addition, we varied the lipid membrane 

composition by using phospholipids of different fluidities and investigated the effect of the different 

lipids on the membrane area. 

Formation of the lipid membrane and channel current recordings 

We used the silver nanoneedle fabricated by electrochemical etching in perchloric acid to 

form a AgCl layer at the silver surface and modified with thiol-PEG (MW 3000) to support an 

aqueous electrolyte layer around the silver tip, as recently reported.36 When the silver nanoneedle 

was pushed down to the oil/lipid aqueous interface, the lipid bilayer was formed via tip-dip method 

and supported at the silver tip similar to previous reports.36,38±40,55 The formation of lipid bilayer 

was confirmed by measuring the membrane capacitance, where an increment of ~5-10 pF is 
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sufficient to indicate that the bilayer was successfully formed at the probe tip. Additionally, 

quantized current steps were observed, indicating insertion of ɲHL protein. There are some other 

measures in the literature to verify the successful formation of bilayer such as continuously 

monitoring the ionic current until it drops to zero or applying a high potential (~1V) to electrically 

break the lipid membrane. However, measuring the membrane capacitance is a more convenient 

and quantitative measure for lipid bilayer formation since helps to monitor the bilayer formation at 

the molecular level, and correlates the capacitance with the bilayer area.17,47,56±58 After the bilayer 

formation, ɲHL protein insertion was recognized by step-like current steps, each current step is 

quantized and indicates single protein inserted in the lipid membrane as indicated in Figure S3. 

This current increase is attributed to ions free movement through the protein channel. The channel 

current observed while using silver nanoneedle as an ion channel probe is stable over time, 

compared to gold probes with similar geometries.40,55 

Feedback-controlled tip displacement mechanism for long-term single channel 
measurements 

In order to control the number of protein channels and maintain single channel recordings 

for prolonged time, we developed an approach where the channel current is used as feedback to 

control the silver tip movement. In our proposed approach, we use a hybrid positioning system to 

control the z-displacement of silver tip. Figure 2 demonstrates the general principle of the 

proposed approach. First, we use an automated positioning system using the z-piezo actuator to 

move the silver probe down across the oil/lipid aqueous interface, this movement enables the 

bilayer formation as well as protein insertion. However, the z-piezo vertical movement is 

programmed to stop at a current threshold equivalent to single open channel current value (~100 

pA). AfWHU�VLQJOH�SURWHLQ� LQVHUWLRQ��ZH�SHUIRUP�D�³SUHFDXWLRQDU\� UHWUDFWLRQ´�XVLQJ� WKH�]-stepper 

motor to prevent additional protein insertions and allow maintaining a single channel. The 

precautionary retraction was typically executed very slowly and to a distance ranging from 60 ʅm 

to 140 ʅm. Furthermore, if a second protein is inserted in the bilayer (which will be recognized by 

D�VHFRQG�FXUUHQW�VWHS���ZH�SHUIRUP�D�³FRQWUROOHG�GH-LQVHUWLRQ´��ZKLFK�LV�DQRWKHU�YHUWLFDO�PRYHPHQW�

to de-insert the second protein from the lipid membrane. Although the tip positioning control 

UHVXOWHG�LQ�UHPRYLQJ�DGGLWLRQDO�SURWHLQV��VHH�)LJXUH�����ZH�FDQ¶W�GHWHUPLQH�ZKLFK�SURWHLQ�PROHFXOH�

was de-inserted and which was maintained (original or second inserted protein) since WKH�Į+/�

heptameric ion channels have the same conductance in the same experimental conditions.59,60 

Thus, we use the open channel current, which is  quantized, as feedback to obtain single channel 

recordings, prevent multiple insertions, and remove unwanted proteins. We applied this feedback-
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controlled mechanism to ɲHL protein channel in 2M KCl with applying a potential of 50 mV and 

we successfully obtained long-term single channel recordings ranging from 25 minutes to 3 

hours17-minute-long single open channel measurements as illustrated in Figure 3.  In contrast to 

other reported techniques to maintain single channel recordings,27,29,31,32,61,62 our proposed 

approach can weed out the unwanted proteins and allow for performing spatially resolved 

PHDVXUHPHQWV�� ,Q� DGGLWLRQ�� WKLV� DSSURDFK� GRHVQ¶W� UHTXLUH� DQ\� VSHFLILF� IDEULFDWHG� GHYLFHV� RU�

involve any complicated steps.  

Detection of ssDNA  

To demonstrate the feasibility of our approach for nanopore sensing, we applied the 

proposed approach to achieve long-term, single molecule detection of poly dA 50 ssDNA. Since 

ssDNA molecules can translocate through ɲHL channel from both channel sides, we performed 

the detection experiment with bath-side configuration, where the protein molecules and ssDNA 

molecules are in the bath chamber. To enhance the capture rate and slow down the translocation 

rate of the negatively charged DNA molecules, we applied asymmetric salt concentration and 

decreased the applied potential to 50 mV, respectively.19,63±65 Figure 4 shows the binding events 

of ssDNA when it passes through ɲHL pore, blocking the ions flow through the protein. We 

demonstrate the ability of the proposed approach to control protein insertion via tip-positioning to 

prevent multiple protein insertions and maintain single channel recordings, with a stable and 

sustained open channel current for 25 min (Figure 4) and up to 2 hours as shown in Figure S4. 

We statistically compare the open channel current with and without target molecules- Figure S5 

demonstrates the distribution of channel current in the presence and absence of the target 

analyte, ssDNA. These results demonstrate the applicability of our approach to maintain single 

channel along with the silver probe architecture to be able to obtain sustained and stable ion 

channel recordings suitable for future analytical applications.  

Correlation between silver probe z-displacement and bilayer area 

We hypothesize that regulating the vertical movement of the silver probe affects the lipid 

membrane area. In other words, when we move the tip down, the bilayer area increases, offering 

more chances for multiple protein insertions. In contrast, moving the probe up decreases the 

surface are of the bilayer, and with tuning protein concentration, will minimize the probability of 

multiple insertions and help to remove any additional unwanted proteins from the membrane. In 

order to test this hypothesis, we quantitatively characterize the effect of the tip z-displacement on 

the bilayer area. To achieve this, we measure the lipid membrane capacitance (Cmem), which is 
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then correlated to the membrane area according to equation (1). We record Cmem values at 

different z-positions by moving the probe up and down along a z-distance of 300 ʅm. Then, we 

calculate the bilayer area respective to Cmem values at each z-position using equation (1). Figure 

5 shows that as the z-displacement increases (i.e., moving the probe down), the lipid bilayer area 

increases accordingly and vice versa. We demonstrate the vertical movement either up or down 

shows a similar trend, in other words, moving down or increasing z-displacements results in 

higher membrane capacitance and thus, larger bilayer area. Similarly, moving the probe up or 

decreasing the z-displacement results in decreased membrane capacitance and accordingly, 

lower bilayer area. Although it might be expected that the change in bilayer area would happen 

when moving the silver probe at a sub-micrometer scale, the results showed that the appreciable 

bilayer area change has occurred with micrometer scale tip displacement. These findings are 

consistent with our previous report, which also required Pm-scale movement to analyze the 

protein de-insertion current.55 

To understand the way that bilayer area changes with the vertical movement of the silver 

probe, we initially assumed that the bilayer may be conformed around the silver tip, forming a 

cone-shape, identical to the silver tip shape. By using the formula in Figure S6 and given the 

probe dimensions (specifically the cone angle, measured from SEM micrographs and averaged 

for six probes as shown in Figure S7), we calculated the lateral surface area of a cone at different 

(h) equivalent to different z-displacement (see page S4). We expected to see a cone area close 

to the bilayer area shown before in Figure 5. However, when the lateral surface area of a cone 

was fit with the calculated bilayer area, we found that the calculated cone area is significantly 

higher than the found bilayer area (see Figure S8).  Based on these findings, we then assumed 

WKDW�WKH�OLSLG�ELOD\HU�LV�QRW�FRPSOHWHO\�FRQIRUPHG�DURXQG�WKH�WLS�DQG�GRHVQ¶W�PDWFK�XS�WKH�FRQH�

shape.          

The effect of varying lipid fluidity on the membrane surface area 

To further investigate our assumption about the way the bilayer is formed around the silver 

tip, we studied how the bilayer properties, such as fluidity, can affect the bilayer shape and area. 

Bilayer fluidity is a function of different parameters such as fatty acid chain length, fatty acid 

saturation degree, temperature, and charge.66 In this study, we varied the bilayer fluidity by 

varying the unsaturation degree of the hydrocarbon fatty acid tails in the phospholipids. The 

arrangement of the fatty acid hydrocarbon interior of the lipid bilayer plays a key role in the formed 

bilayer area; saturated fatty acid tails with linear arrangement of hydrocarbons results in tight 

packing of lipid molecules. While the kinks in the double bonds of the unsaturated fatty acids 
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disorder the packing of the hydrocarbon chain, leading to more fluid structures.50±52,67 We used 

three different phospholipids: saturated phospholipid (DPhPC), unsaturated with two double 

bonds (DOPC), and unsaturated with six double bonds (DLPC), see Figure S2. After the lipid 

bilayers were successfully formed using the three phospholipids, the Cmem for each one was 

recorded, and the corresponding membrane surface area was calculated using equation (1) at 

different Z-displacements. Figure 6 shows the correlation between bilayer area formed using the 

different phospholipids and Z-positions of the silver tip.  These results show that the higher degree 

of fatty acid unsaturation, the higher bilayer fluidity, and the larger lateral surface area, in 

agreement with previous reports in literature.48,50,67 The kinked tails of unsaturated fatty acid 

occupy a larger lateral surface area when packed within the bilayers compared to a straight lipid 

tail of saturated fatty acids.50,67 ,W¶V� QRWHZRUWK\� WR�PHQWLRQ� WKDW�ZH� WULHG� WR�XVH� WKH� ULJLG�� IXOO\�

VDWXUDWHG�OLSLG�ZLWKRXW�PHWK\O�JURXSV��'33&��EXW�ZH�FRXOGQ¶W�UHFRUG�PHPEUDQH�FDSDFLWDQFH�IRU�

this lipid with moving the silver probe down. 

In addition to the effect of fluidity on the obtained bilayer surface area, we believe this 

effect is extended to the bilayer mechanical properties such as deformability, which could affect 

the bilayer shape as well.68±70 According to previous reports that studied the deformation of lipid 

membranes, we assume that the vertical movement of the silver tip would apply some force or 

physical pressure on the bilayer, where the higher the fluidity, the more deformable membrane.68±

73 However, we believe that further detailed studies are required to quantitatively investigate the 

effect of a solid probe pushing the lipid bilayer with the vertical displacement of the probe.   

Conclusion 

In this paper, we introduce a combination between an optimized ion channel probe, silver 

nanoneedle, and a mechanism to obtain long-term single channel recordings. The probe design 

of silver nanoneedle enables a sustained, DC stable open channel current, when compared to 

other probes with similar geometries, such as gold. In addition, we report a tip-positioning 

mechanism, where we use the channel current as feedback to control protein insertion and 

maintain single channel recordings for more than 3 hours. We correlate the tip-positioning 

mechanism with the lipid membrane area- our findings reveal that the area of lipid bilayer 

decreases with moving the silver tip up (i.e., decreasing the displacement in the z-direction). 

Finally, we studied the effect of lipid bilayer composition and the corresponding membrane area. 

We believe that silver nanoneedle, coupled with the developed tip displacement mechanism will 

offer more opportunities to employ these probes for different analytical applications.  
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Figure 1. Schematic diagram illustrates the mechanism of controlling protein insertion 
by controlling the vertical movement of silver nanoneedle with respect to the oil: water 
interface. Left-to-right direction (Blue arrow): moving the silver probe down, or tip 
insertion, results in multiple protein insertion in the lipid membrane as indicated by the 
quantized change in current. Right-to-left direction (Pink arrow): moving the silver probe 
up, or tip retraction, results in proteins de-insertion from the lipid bilayer. Our approach 
is based on controlled vertical movement of the probe to achieve more control over the 
number of proteins inserted in the lipid membrane and maintain single-channel 
recordings.  

Figure 2. General principle of the current feedback-regulated mechanism 
to maintain single channel recordings. The black graph represents the 
current-time traces for ĮHL open channel current, where each current step 
indicates a single protein insertion. The pink plot illustrates the vertical 
displacement of the silver probe (right y-axis) with time. The channel 
current (left y-axis) is used as feedback to control the probe positioning 
(right y-axis). Once a second protein is inserted (second current step), we 
perforP�D�³FRQWUROOHG�GH-LQVHUWLRQ´�E\�PRYLQJ�WKH�VLOYHU�SUREH�XS�� 
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Figure 3. Long-term measurements for ĮHL open channel current achieved by using silver nanoneedle ion 
channel probe and applying the proposed approach of a current feedback-controlled z-displacement of the 
silver probe. The current-time traces show up to more than 3 hours, stable channel current and performing 
a controlled de-insertion to remove additional protein insertion. All scale bars are 100pA and 5min. 

Figure 4. Detection of ssDNA translocation events through single ɲHL channel supported on 
the silver nanoneedle probe. The figure demonstrates the ability of the proposed approach to 
control protein insertion via tip-positioning to maintain single channel throughout the 
measurement time. The zoomed-in inset shows the binding events of ssDNA molecules. 
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Figure 5. Correlation between the lipid bilayer area and the 
vertical movement of silver nanoneedle probe. As illustrated 
in the inset figures, when moving the probe down (or 
increasing the Z-displacement), the lipid membrane area 
increases, resulting in multiple protein insertions.      

Figure 6. Lipid membrane area vs silver tip displacement for three 
phospholipids of different fluidity. More fluid lipids resulted in larger surface 
area for the lipid bilayer formed around the silver nanoneedle tip. Fluidity 
increases as the degree of unsaturation of phospholipids increases as 
shown in the chemical structures (top left corner).    
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