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SUMMARY:
This protocol describes the use of a miniaturized Montal–Mueller planar lipid bilayer system with integrated amplification to perform stable single-channel recordings. The method is demonstrated by reconstituting a purified synthetic K2P channel to validate system performance.

ABSTRACT:
The functional reconstitution of ion channels into planar lipid bilayers provides a strategy to investigate channel activity at the single-molecule level. However, conventional Montal–Mueller bilayer systems typically require bulky experimental setups, manual chamber assembly, and relatively large recording volumes, which increase reagent consumption and may introduce additional sources of electrical noise due to extended wiring and external headstages. Here, we present a miniaturized, ready-to-use bilayer platform (BLMchipMM) integrated with a compact amplifier that enables stable single-channel recordings with reduced reagent consumption and simplified operation. This protocol describes the use of this system for performing single-channel electrophysiology measurements. Using this system, we reconstituted a synthetic K2P channel (ancTREK1) and used it as a proof-of-principle test protein to validate reconstitution and single-channel recording. Single-channel recordings show a current–voltage relationship in Mg2+-free symmetric K+ solutions, with conductance values consistent with those reported for TREK1 channels. The successful reconstitution of this K2P-like channel demonstrates the utility of this system for single-channel analysis in artificial membranes.

INTRODUCTION:
[bookmark: _Hlk209537690]The reconstitution of ion channels into artificial lipid bilayer membranes, also known as black lipid membranes (BLMs), is one of the established techniques to perform electrophysiological characterization of ion channels at the single-molecule level1. The advantages of BLMs arise from their structure. Indeed, a planar lipid bilayer (PLB) is created within a pore in a non-polar surface, separating two liquid solutions. Thus, by mimicking a biological membrane, it allows the recording of ion channel activity under highly controlled conditions, including membrane lipid composition and electrolyte or chemical compound concentrations, while remaining accessible from both sides. This accessibility also allows ion channels to be directly inserted, for example from a micellar solution or by liposome-driven fusion2,3.

The first artificial membrane system to be described was created using the painting technique4, where a droplet of lipids dissolved in a non-volatile organic solvent is applied to a small aperture with a paintbrush. The addition of an aqueous solution to both sides of the aperture then leads to the spontaneous formation of a lipid bilayer. However, a significant disadvantage of this method is the retention of solvent traces, which may affect the membrane’s properties. To reduce the amount of residual organic solvent within lipid bilayers, the folding method5 was developed, enabling the formation of “solvent-free” BLMs. In this approach, a lipid solution in a volatile solvent is spread on the water surface to form two monolayers, and by gradually raising the level of the aqueous phase above the aperture, these lipid monolayers fold over the aperture to form a bilayer. However, although the resulting BLM is defined as solvent-free, successful bilayer formation requires pre-treating the aperture with a thin layer of non-volatile solvent. The core element required for these experiments consists of a recording chamber with two aqueous compartments (typically referred to as cis and trans) separated by a lipophilic septum with a small aperture (50–250 μm in diameter) (Figure 1). Silver/silver chloride (Ag/AgCl) electrodes are inserted into each compartment. When immersed in the electrolyte solution, these electrodes establish the electrochemical connection between the lipid bilayer and the recording apparatus. The latter consists of a voltage-clamp amplifier, which enables precise control of the transmembrane potential and simultaneous measurement of the ionic currents passing through embedded pore-forming proteins.

[Place Figure 1 here]

Other methods have also been established to form BLMs. Among these, a common approach consists of creating lipid bilayers suspended on the tip of a patch-clamp pipette. Accordingly, the tip-dip method6 allows the formation of a suspended solvent-free lipid bilayer on the aperture of a glass micropipette with a diameter of ~4 µm by repeatedly dipping the tip through a lipid monolayer at the air–water interface, thereby capturing a single leaflet during each passage. The patch-clamp technique has also been used for single-channel measurements in lipid bilayers. For example, in the punch-out method7, a glass pipette with a diameter between 10 and 80 µm is used to patch a large membrane originally painted over an aperture in a recording chamber. Alternatively, the liposome-patch method involves the use of a pre-formed nano- to microsized vesicle as a solvent-free BLM8,9. In particular, giant unilamellar vesicles have been widely used for single-channel recordings through different patch-clamp configurations, including cell-attached and excised patch modes10,11.

Several platforms have also emerged for the parallel and automated formation of multiple bilayers. One such approach is the droplet interface bilayer (DIB) technique12, in which aqueous droplets are placed in a lipid–solvent mixture. In this method, lipid monolayers spontaneously assemble around the droplets, and bilayer formation occurs when two droplets come into contact. In some setups, DIBs can be formed on hydrogels to improve membrane stability13. An alternative approach based on DIB formation at the tip of a glass pipette is the contact bubble bilayer (CBB) method14, where aqueous bubbles are introduced into an oil phase using two micropipettes. As in the DIB approach, a lipid bilayer spontaneously forms when two lipid-coated bubbles are brought into contact. Another platform is represented by arrayed BLM systems, which consist of arrays of well-defined micro- to nanoscale pores arranged in a grid pattern. In these systems, suspended lipid bilayers can be formed either manually—using painting or folding techniques, or via liposome vesicle rupture15–17—or automatically by sequential injection of lipid and buffer solutions when coupled with microfluidic channel structures18,19.

Although many methods have been developed to form solvent-free BLMs, in this work we focus on the folding method implemented within a miniaturized and integrated platform to investigate single-channel behavior of membrane proteins embedded in an artificial lipid bilayer. Experiments were performed using the Elements setup, which consists of two components: the Elements Nanopore Reader (eNPR amplifier) and the BLMchipMM (Figure 2A and Figure 2B). The former is a compact, low-noise voltage-clamp amplifier that simplifies the workspace by forming a complete and independent unit, eliminating the need for additional external devices. The BLMchipMM is a pre-assembled and miniaturized system designed for the Montal–Mueller technique and serves as the experimental interface. It consists of a transparent polymethyl methacrylate (PMMA) recording chamber integrated with a printed circuit board (PCB), which includes two sockets designed to accommodate Ag/AgCl wires serving as electrodes for direct connection to the amplifier. The core structure of the chamber consists of a polyimide septum sealed between two transparent PMMA components. The septum is 50 µm thick, except in a small central region (3.78 mm²), where the thickness is reduced to 25 µm to facilitate bilayer formation. At the center of this thinner region, a tapered aperture is created by laser drilling, which enhances the mechanical stability of the lipid bilayer20,21. Four aperture diameters (50, 75, 100, and 140 µm) are available, enabling tuning of membrane capacitance (Table 1). Each PMMA component features a C-shaped cavity with a volume of 110 µL, forming two fluidic compartments on either side of the polyimide septum to hold the electrolyte solution. Two tilted fluidic channels are drilled into each PMMA block on opposite sides: one channel is used to insert the Ag/AgCl electrode, while the other allows manual adjustment of the buffer level within the reservoir by pipetting.

[Place Figure 2 here]

[Place Table 1 here]

Typically, recording chambers used in laboratories are either homemade units or commercially available devices. In the former case, constructing the system involves assembling various components and developing a reliable method to create the aperture in the septum, which can limit accessibility for many laboratories. Even when commercial devices are used, they often require manual integration of multiple components prior to each experiment. In contrast, the BLMchipMM is pre-assembled and does not require disassembly between experiments for routine cleaning procedures. The same unit can be washed and reused for multiple experiments without compromising membrane formation quality, provided that the solvents used are compatible with the device materials. This reduces user-dependent variability and minimizes the risk of leakage associated with manual sealing elements. The use of external, replaceable, and reconditionable silver wire electrodes further extends the usable lifetime of the system, especially under experimental conditions that accelerate electrode consumption. 

Moreover, homemade devices often feature large compartment volumes, increasing the amount of biological and chemical components required for experiments. In contrast, the miniaturization of the BLMchipMM allows the minimization of experimental volumes, thereby significantly reducing the consumption of reagents, proteins, and other compounds. This is particularly advantageous when working with difficult-to-express or low-yield membrane proteins, or when the high cost of synthesizing test compounds increases the overall cost of experiments. Importantly, the BLMchipMM enables the formation of solvent-minimized bilayers and supports asymmetric membrane configurations, where each leaflet can be composed of different lipid species5,22, facilitating the study of membrane protein function under controlled conditions.

Traditionally, current measurements are performed using amplifiers designed for patch-clamp experiments, which often require connection to a separate digitizer for data acquisition and control via graphical interfaces. These systems are not only bulky and expensive, but also frequently involve non-intuitive setup procedures for non-expert users. Additionally, due to the size of the recording chamber and the design of standard amplifiers—which typically lack built-in shielding to protect the headstage input from electrostatic interference—the use of an external Faraday cage is often necessary. The quality and grounding of such a cage can significantly affect the system’s noise performance. The BLMchipMM, when used with a compact integrated amplifier, simplifies this configuration by reducing the need for external components. Signal digitization occurs within the device, and the system housing provides shielding that reduces susceptibility to ambient electromagnetic interference.

To demonstrate the applicability of this platform, the K2P-like channel ancTREK1, a computationally derived ancestral member of the TREK subfamily (Supplementary Figure 1), was used as a test protein to validate successful reconstitution and single-channel recording. K2P channels form dimeric potassium leak channels that regulate resting membrane potential and cellular excitability, with TREK channels representing a well-characterized subfamily.

PROTOCOL:
This study did not involve human participants, human-derived materials, or animal subjects. Consequently, ethical approval was not required in accordance with institutional and national guidelines.

1. Prepare the Electrophysiology Setup

1.1 Instrument calibration

Although formal calibration is not required because the system is factory-configured, verify proper system function prior to membrane formation.

1.1.1 Measure the input resistance under open-circuit conditions (i.e., without the BLMchipMM inserted). The measured resistance should be ≥1 TΩ, confirming proper amplifier input integrity.

1.1.2 Verify system response using a model cell containing a 1 GΩ resistor. The measured resistance should be 1 GΩ within ±30%, consistent with the tolerance of the integrated resistor.

1.1.3 Measure baseline noise under open-circuit conditions at constant voltage (0 mV). The RMS noise should be ≤300 fA at a 10 kHz sampling rate and 5 kHz bandwidth, confirming low-noise system performance.

1.2 Prepare the Ag/AgCl electrodes

1.2.1 For first use, rinse the silver wires with ethanol and double-distilled water.

1.2.2 For previously used wires, use an extra-fine grit sandpaper to remove the older Ag/AgCl layer from the wire surface until the surface appears uniformly bright silver with a clean metallic sheen and no visible residue. Then rinse with ethanol and double-distilled water.

1.2.3 Chlorinate the terminal part of the silver wires by soaking them in 1%–5% sodium hypochlorite (NaOCl) (Figure 3A) until they become light grey, typically for 15–30 min. Monitor chlorinated wires over time for degradation during use, which appears as a color change, a drift in the baseline current, or both.

[Place Figure 3 here]

NOTE: Chlorination can be performed using common household bleach (1%–5% NaOCl).

CAUTION: Do not chlorinate the wires along their entire length. Leave the terminal part that fits into the PCB socket unchlorinated to ensure proper electrical connection.

CAUTION: The sockets on the PCB are designed for silver wires with a 0.5 mm diameter. Other diameters may not fit properly or may result in unstable connections.

1.3 Assemble the BLMchipMM

1.3.1 Insert the unchlorinated terminal part of the two silver wires into the PCB sockets. Use tweezers if necessary to position them correctly (Figure 3B).

1.3.2 Place the chlorinated ends of the wires into the fluidic channels drilled in the PMMA component (Figure 3C).

1.3.3 Gently rotate the BLMchipMM and mount it onto the PCB by fitting the bottom tooth of the PMMA recording chamber into the dedicated slot (Figure 3D).

1.3.4 Check the position of the wires and ensure that they reach the end of the fluidic channels. If needed, gently push the wires until the ends appear at the bottom of the compartments (Figure 3E).

CAUTION: Position the wires as close as possible to the PMMA component. Excessive curvature may cause contact with the amplifier lid, resulting in a short circuit and signal saturation.

1.4 Prepare lipids and recording solution

1.4.1 Prepare 100 µL of a 1% (v/v) hexadecane solution in 100% n-hexane to pre-treat the septum aperture. Store this solution at −20°C for up to one week.

1.4.2 Resuspend 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) lipids in 100% n-pentane to a final concentration of 15 mg/mL. Store this solution at −20°C for up to 24 h.

1.4.3 Prepare the electrolyte recording solution at room temperature (RT; 20°C–25°C) by mixing 3 mL of a 1 M KCl stock solution with 150 µL of a 1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid stock solution (pH 7.4 adjusted with KOH using a pH meter). Add double-distilled water to bring the final volume to 15 mL. Store the solution at 4°C for up to one week (Table 2).

[Place Table 2 here]

NOTE: Filter the recording solution using a 0.2 µm syringe filter before use. DPhPC lipids may be supplied as dry powder or dissolved in chloroform. Store both forms at −20°C in sealed glass vials under inert gas to prevent oxidation. Allow dry powder to equilibrate to RT before opening. Prepare fresh solutions from dry powder and use within 24 h. If using chloroform stocks, evaporate the solvent completely under nitrogen before resuspension, as residual chloroform can destabilize the membrane.

2. Form the PLB by the Montal–Mueller method

The following steps describe artificial membrane formation using the folding method, also referred to as the Montal–Mueller technique5 (Figure 4). This approach involves pre-treating the septum aperture with a thin layer of 1% (v/v) hexadecane in n-hexane, depositing a lipid solution to form monolayers at the air–water interface, and folding the monolayers over the aperture as the electrolyte solution level is sequentially raised in the chamber compartments.

[Place Figure 4 here]

2.1 Form the membrane

2.1.1 Pre-treat the septum aperture with a 1% (v/v) hexadecane solution in n-hexane using a pipette tip. Apply approximately 2 µL per side (Figure 4A).

2.1.2 Allow the solvent to evaporate for 5 min at 23°C–25°C and 45%–50% relative humidity.

2.1.3 Insert the assembled BLMchipMM into the amplifier.

2.1.4 Connect the amplifier to the computer via a USB cable and open the acquisition software.

2.1.5 Set the current range to 2 nA and activate the RC estimation tool to monitor membrane capacitance and resistance.

NOTE: RC estimation settings are configured by default but can be adjusted if needed.

2.1.6 Fill each compartment with 30 ± 2 µL of recording solution up to the lower margin of the aperture (Figure 4A).

CAUTION: Do not allow the recording solution to wet the region surrounding the aperture.

2.1.7 Spread 2.5 ± 0.1 µL of lipid solution dropwise onto the surface of the aqueous phase in each compartment (Figure 4B).

2.1.8 Allow the solvent to evaporate for 2 min.

2.1.9 Place a pipette tip at the bottom of one compartment at approximately a 90° angle and add 80 ± 2 µL of recording solution. Repeat for the second compartment (Figure 4C and Figure 4D).

NOTE: Solvent evaporation times refer to conditions of 23°C–25°C, static air, and 45%–50% relative humidity.

2.1.10 Close the Faraday cage lid and monitor the current signal. Membrane resistance values above 200 GΩ indicate successful bilayer formation and good membrane integrity.

NOTE: Successful membrane formation is indicated by a square-wave current signal fluctuating around zero, with amplitude proportional to membrane capacitance (Figure 5A).

[Place Figure 5 here]

NOTE: A signal switching between current range limits indicates membrane failure (Figure 5B).

NOTE: RMS noise increases with membrane capacitance and therefore with aperture size. Typical noise ranges measured under constant voltage conditions (0 mV), at a 5 kHz sampling rate and 2.5 kHz bandwidth, are: 0.48–2.00 pA (50 µm); 0.74–2.62 pA (75 µm); 1.00–3.52 pA (100 µm); and 1.59–5.27 pA (140 µm).

NOTE: Lowering and raising the buffer level in one compartment can promote membrane formation if initial attempts fail.

NOTE: Apply an air bubble over the aperture for ~5 s using a pipette tip to facilitate bilayer formation if needed.

NOTE: Lowering the buffer level below the aperture or applying an air bubble may produce a signal corresponding to stray capacitance (Figure 5C). If the output resembles Figure 5B, the pre-treatment may have been ineffective. Reapply the pre-treatment solution and lipids, or clean the device and repeat the procedure.

CAUTION: Perform voltage offset compensation only in the absence of a membrane. If a membrane is present, rupture it using the ZAP function before compensating.

NOTE: Experiments can be performed on a standard laboratory bench; however, an anti-vibration table may be used if required.

3. Clean the BLMchipMM

3.1 Remove the recording chamber from the PCB.

3.2 Wash both compartments and fluidic channels with 100% isopropyl alcohol (IPA).

CAUTION: Do not exceed 1 min of exposure to IPA.

CAUTION: Do not use acetone or 100% ethanol, as these solvents may damage the sealing material of the chamber.

NOTE: Verify compatibility of any additional solvents with PMMA before use.

3.3 Rinse thoroughly with double-distilled water.

3.4 Dry the recording chamber completely using a gentle stream of compressed air until no visible water droplets remain.

NOTE: Inspect the chamber under a lighted magnifier to ensure that no residual oily films are present. If necessary, repeat the cleaning and drying procedure.

NOTE: Ensure the chamber is completely clean and dry before starting a new experiment.

4. Express and Purify the Synthetic Ion Channel (ancTREK1)

4.1 Prepare the expression construct

The following steps describe cloning strategies, heterologous expression in Freestyle-293F cells, and purification of ancTREK1 protein.

Construct the expression vector using PCR amplification, restriction enzyme digestion, ligation, and transformation into chemically competent Escherichia coli cells²³˒²⁴. Express the ancTREK1 sequence (Supplementary Figure 1) using a mammalian vector containing a C-terminal GFP tag and His₈ tag, enabling fluorescence-based detection²⁵˒²⁶ and two-step affinity purification using nickel–nitrilotriacetic acid (Ni²⁺-NTA resin)²⁷–²⁹ followed by anti-GFP nanobody resin³⁰–³².

4.2 Amplify ancTREK1 DNA by PCR

4.2.1 Dilute PCR primers and DNA template to final concentrations of 10 µM and ~20 ng/µL using sterile double-distilled water.

4.2.2 Thaw all reagents on ice.

4.2.3 Prepare a 50 µL PCR reaction containing 10 µL of 5× buffer, 2.5 µL of each 10 µM primer, 2 µL of DNA template, 1 µL of 10 mM dNTPs, 0.5 µL of high-fidelity DNA polymerase, and sterile double-distilled water to volume (Table 3).

[Place Table 3 here]

4.2.4 Mix gently and briefly centrifuge.

4.2.5 Perform PCR using the following conditions: initial denaturation at 98°C for 3 min; 30 cycles of 98°C for 30 s, 68°C for 30 s, and 72°C for 30 s; final extension at 72°C for 3 min (Table 4).

4.2.6 Run the PCR product on a 1% (w/v) agarose gel in 1× TAE buffer at 60 V for 90 min and excise the correct band.

[Place Table 4 here]

NOTE: Purify PCR products using a gel extraction method, measure DNA concentration at 260 nm, and store purified PCR products at −20°C if required.

4.3 Perform restriction digestion

4.3.1 Prepare digestion reactions containing 2 µg of PCR product and 2 µg of plasmid DNA in separate tubes. Add 5 µL of 10× buffer, 0.5 µL EcoRI and 0.5 µL NotI restriction enzymes, and adjust to 50 µL with double-distilled water (Table 5).

[Place Table 5 here]

4.3.2 Mix gently and incubate at 37°C for 3 h.

4.3.3 Heat-inactivate enzymes at 65°C for 20 min.

4.3.4 Add 1 µL alkaline phosphatase to the vector digestion and incubate at 37°C for 1 h.

4.3.5 Run digested products on a 1% agarose gel and extract the desired bands.

NOTE: Purify DNA fragments using appropriate purification methods and store purified DNA at −20°C if required.

4.4 Perform ligation and transformation

4.4.1 Prepare a 20 µL ligation reaction containing vector and insert (3:1 molar ratio), 2 µL 10× ligase buffer, and 1 µL ligase enzyme (Table 6).

[Place Table 6 here]

4.4.2 Incubate at RT for 1 h.

4.4.3 Thaw chemically competent E. coli cells on ice.

4.4.4 Add 5 µL of ligation mix to 50 µL of cells and incubate on ice for 20 min.

4.4.5 Heat shock at 42°C for 1 min, then return to ice for 2 min.

4.4.6 Add 450 µL LB medium and incubate at 37°C with shaking for 1 h.

4.4.7 Centrifuge at 3,000 × g for 1 min and resuspend the pellet in 50 µL.

4.4.8 Plate on selective agar and incubate overnight at 37°C.

NOTE: Confirm successful cloning by sequencing.

4.5 Transfect HEK293F cells

4.5.1 Seed 250 mL of 293F cells at 0.5 × 10⁶ cells/mL in serum-free suspension medium and incubate at 37°C with 6% CO₂.

4.5.2 Prepare 250 µg of DNA in a final volume of 3 mL reduced-serum medium.

4.5.3 Prepare 750 µg of polyethylenimine (PEI) in water at 1 mg/mL, adjust the pH to 6.9–7.1 with NaOH, sterile-filter the solution, and bring the final volume to 3 mL with reduced-serum medium.

4.5.4 Combine the DNA and PEI solutions, mix gently, and incubate for 10 min at RT.

4.5.5 Add the mixture dropwise to the cells.

4.5.6 Add sodium butyrate to a final concentration of 10 mM after 4 h.

4.5.7 Harvest cells after 48 h by centrifugation at 500 × g for 15 min.

4.5.8 Store cell pellets at −80°C.

4.6 Solubilize membrane proteins

4.6.1 Thaw cell pellets from 100 mL of HEK293 culture on ice.

4.6.2 Resuspend the cell pellet in lysis buffer at a 1:10 (w/v) ratio (Table 7).

[Place Table 7 here]

4.6.3 Add detergent to final concentrations of 1% n-dodecyl-β-D-maltoside (DDM) and 0.1% cholesteryl hemisuccinate (CHS).

4.6.4 Incubate with rotation at 4°C for 2 h.

4.6.5 Centrifuge at 100,000 × g for 1 h at 4°C.

4.6.6 Collect the supernatant.

CAUTION: Perform all steps at 4°C using pre-chilled buffers.

4.7 Perform IMAC purification

4.7.1 Pack 500 µL of Ni²⁺-NTA resin into a gravity column.

4.7.2 Equilibrate the resin with two column volumes (CVs) of equilibration buffer (Table 8).

[Place Table 8 here]

4.7.3 Load the sample and incubate with gentle mixing at 10 rpm and 4°C for 3 h.

4.7.4 Place the column vertically and collect the flowthrough by gravity flow.

4.7.5 Wash the resin with 10 CVs of wash buffer containing 30 mM imidazole.

4.7.6 Elute the protein with 10 CVs of elution buffer containing 300 mM imidazole.

NOTE: Analyze fractions by SDS-PAGE (Figure 6). Save flowthrough and wash fractions for analysis. Store protein at 4°C overnight if required.

[Place Figure 6 here]

4.8 Perform anti-GFP purification

4.8.1 Pack 1 mL of anti-GFP resin into a gravity column.

4.8.2 Equilibrate the resin with 2 CVs of Buffer 1 (Table 9).

[Place Table 9 here]

4.8.3 Load the IMAC eluate and incubate with gentle mixing at 10 rpm and 4°C for 3 h.

4.8.4 Place the column vertically and collect the flowthrough by gravity flow.

4.8.5 Wash the resin sequentially with 10 CVs of Buffer 1, 10 CVs of Buffer 2, and 10 CVs of Buffer 1.

4.8.6 Dilute HRV-3C protease in 2 mL of Buffer 1 at a protease:protein ratio of 1:50.

4.8.7 Add Buffer 1 supplemented with HRV-3C protease to the resin, mix gently, and incubate overnight at 4°C in a vertical static position.

4.8.8 Collect the cleaved protein in the elution fraction.

4.8.9 Concentrate the sample using a centrifugal concentrator with a 50 kDa cutoff at 3,000 × g and 4°C until a final volume of approximately 500 µL is reached.

NOTE: Analyze fractions by SDS-PAGE (Figure 7). Resuspend the protein periodically during concentration to prevent aggregation. Store purified protein at −80°C after flash freezing. Approximately 60 µg of protein can be obtained from 100 mL culture.

[Place Figure 7 here]

5. Record Ion Channel Activity

5.1 Assess membrane quality

5.1.1 Close the Faraday cage lid.

5.1.2 Apply a triangular voltage waveform (100 mV, 10 Hz) to assess membrane capacitance.

5.1.3 Apply voltage steps (±20 mV increments up to ±200 mV) to assess membrane resistance.

5.1.4 Monitor current and noise values.

NOTE: Use a 5 kHz sampling rate and 2.5 kHz low-pass filtering unless otherwise required.

5.2 Record ancTREK1 activity

5.2.1 Dilute ancTREK1 protein in recording solution to ~2 µg/mL.

NOTE: During dilution, perform intermediate dilutions in Buffer 1 as needed to maintain the detergent concentration above its critical micelle concentration (CMC) before the final dilution into recording solution.

5.2.2 Add 1 µL of diluted protein solution to the cis chamber near the septum aperture.

NOTE: Membrane potential is defined as Vcis − Vtrans. Channel orientation was not directly determined in this study; therefore, recordings are described with respect to applied voltage polarity rather than assigned membrane sidedness.

5.2.3 Apply voltage steps in ±20 mV increments up to ±120 mV.

5.2.4 Monitor for channel insertion events.

NOTE: Channel insertion is indicated by discrete current transitions between closed and open states. If no insertion occurs, add more protein or reform the membrane. If multiple channels insert, rupture the membrane and reduce the protein concentration.

RESULTS:
Current–voltage (I–V) characteristics of PLB membranes
The intrinsic hydrophobic nature of bilayer membranes makes them impermeable to charged species. However, the application of an external electric field can induce the formation of transient pores of nanometer size, thereby affecting membrane permeability and conductance33. To assess the quality of artificial bilayers formed from 1,2-diphytanoyl-sn-glycero-3-phosphocholine lipids, membrane capacitance, resistance, and I–V characteristics were evaluated in the absence of inserted proteins. A series of voltage steps ranging from ±20 to ±200 mV (in ±20 mV increments) was applied, and the resulting transmembrane currents were recorded. Data were sampled at 5 kHz and low-pass filtered at 2.5 kHz.

Membrane capacitance (Cm) and membrane resistance (Rm) represent key parameters for evaluating bilayer quality. The PLB can be described by an equivalent resistor–capacitor (RC) circuit, in which the membrane behaves as a capacitor in parallel with a resistor34. The capacitive component reflects the membrane’s ability to store charge, whereas the resistive component reflects ion permeability. The application of a triangular voltage waveform generates a square-shaped capacitive current response, which is proportional to the membrane capacitance according to:

 											(1)

Here, Cm is the membrane capacitance, V is the applied voltage, and t is time. Following membrane formation, capacitance values can increase over time due to progressive thinning of the bilayer35. Considering the membrane as a parallel plate capacitor, capacitance is related to membrane area and thickness according to:

 										(2)

Here, εlipids is the dielectric constant of the lipid core (~2), ε0 is the permittivity of free space, A is membrane area, and d is membrane thickness36,37.

Membrane resistance was determined using Ohm’s law33:

											(3)

Here, V is the applied voltage and Rm is the membrane resistance. In the absence of ion channels, the membrane current remains near 0 pA, corresponding to resistance values in the giga-ohm (GΩ) range33.

The I–V relationship exhibited linear (ohmic) behavior between 0 and ±200 mV for 75 and 100 µm aperture BLMchipMM devices. Linear fitting of the data yielded membrane resistance values of 847 ± 16 GΩ (n = 6) for the 75 µm aperture (Figure 8A, circles) and 980 ± 32 GΩ (n = 7) for the 100 µm aperture (Figure 8A, squares). RMS noise values, measured over 3 s segments of the current trace, were 3.1 ± 2 pA (n = 7) for the 100 µm aperture and 2.6 ± 0.1 pA (n = 6) for the 75 µm aperture. Membrane stability was assessed by measuring resistance at approximately 2 min intervals over a total duration of 1 h (Figure 8B). Well-formed membranes consistently remained stable for over 1 h, which is sufficient for most electrophysiological experiments. Membranes typically tolerated applied potentials up to ±200 mV without signs of instability, whereas breakdown occurred between ±220 and ±300 mV depending on the individual bilayer. Membranes were considered suitable for protein insertion when capacitance values ranged from 40 to 60 pF for 75 µm apertures and from 60 to 90 pF for 100 µm apertures, with current values of ≤0.5 pA at 100 mV.

[Place Figure 8 here]

Initial characterization of ancTREK1 single-channel behavior
Synthetic ancTREK1 was purified and reconstituted into PLBs, and single-channel activity was monitored using voltage step protocols ranging from −120 to 120 mV in 20 mV increments. Single-channel recordings (Figure 9A and Figure 9B) revealed the characteristic flickering behavior of K2P channels38. At 80 mV, the mean current amplitude was 13.02 ± 0.78 pA (n = 5), whereas at −80 mV the current amplitude increased to −18.72 ± 0.25 pA (n = 5) (Figure 9C). The resulting I–V relationship showed measurable single-channel currents at both positive and negative potentials under Mg2+-free symmetric 200 mM potassium conditions (Figure 9D). Because current amplitudes were estimated from all-point histograms of recordings acquired at 5 kHz and low-pass filtered at 2.5 kHz, this I–V relationship is presented as a descriptive proof-of-principle rather than as an exhaustive biophysical characterization.

[Place Figure 9 here]

Although ancTREK1 lacks extended N- and C-terminal regions compared to mammalian TREK1 channels, it remained functionally active upon reconstitution. In contrast to mammalian TREK1, which exhibits high- and low-conductance modes (132 ± 5 pS and 41 ± 5 pS at positive potentials, respectively)39, ancTREK1 exhibited only the large conductance mode. The single-channel conductance at positive potentials was 112.8 ± 10.8 pS (80 mV, n = 5), consistent with reported values for TREK channels (85–130 pS under symmetric potassium conditions)38–41. At negative potentials, conductance increased to 205.6 ± 2.05 pS (−80 mV, n = 5), in agreement with previously reported TREK1 behavior39. Notably, ancTREK1 exhibited a higher normalized open probability (NPo) compared to TREK1 measurements obtained using excised patch configurations42. The NPo–voltage relationship showed increased channel activity at positive potentials, reaching 0.78 ± 0.02 (n = 5) at 80 mV. In contrast, NPo decreased at negative potentials, with values of 0.53 ± 0.04 at −80 mV and 0.28 ± 0.03 at −120 mV (Figure 10).

[Place Figure 10 here]

FIGURE AND TABLE LEGENDS:

Figure 1. Schematic of planar lipid bilayer (PLB) electrophysiology setup. A schematic of the essential components required for PLB experiments. The recording chamber consists of two aqueous compartments (cis and trans) separated by a lipophilic septum containing an aperture where a lipid bilayer is formed. Silver/silver chloride (Ag/AgCl) electrodes are immersed in the electrolyte solution in each compartment. One electrode applies voltage stimuli (e.g., sine, square, or triangular waveforms), while the other, held at ground, connects to a current-to-voltage converter that transforms ionic current into a proportional voltage signal. The signal is amplified, optionally filtered, digitized, and recorded for real-time monitoring and analysis.

Figure 2. Integrated Elements Nanopore Reader and BLMchipMM system. (A) Photograph showing the BLMchipMM inserted into the dedicated slot of the Elements Nanopore Reader (eNPR) amplifier. (B) Schematic representation of the BLMchipMM components, including the polymethyl methacrylate (PMMA) recording chamber, the polyimide septum containing the micro-sized aperture, and the printed circuit board (PCB) with sockets for Ag/AgCl electrodes and a slot for chamber alignment.

Figure 3. Assembly of the BLMchipMM device. (A) Chlorination of Ag wires by bleach soaking. (B) Insertion of Ag wires into PCB sockets. (C) Positioning of Ag wires into microfluidic channels. (D) Placement of the recording chamber onto the PCB. (E) Verification of proper electrode positioning within the fluidic channels.

Figure 4. Formation of PLBs using the Montal–Mueller method. (A) Pre-treatment of the aperture with 1% hexadecane in n-hexane and filling of compartments up to the aperture level. (B) Formation of lipid monolayers at the air–water interface. (C and D) Sequential raising of the buffer level in each compartment, leading to folding of the monolayers and formation of a solvent-free lipid bilayer across the aperture.

Figure 5. Monitoring membrane formation using the acquisition software interface. (A) Representative trace showing successful membrane formation. A triangular voltage waveform (100 mV peak-to-peak, 10 Hz) produces a square-wave capacitive current proportional to membrane capacitance (~45 pF). (B) Representative trace indicating absence of membrane formation, characterized by saturation of the current signal. (C) Capacitive signal corresponding to stray capacitance when the bilayer is not formed, such as when the aperture is exposed.

Figure 6. ancTREK1 purification by immobilized metal-ion affinity chromatography (IMAC). Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) analysis of IMAC elution fractions with fluorescence detection. Lane M: molecular weight marker. Lane a: IMAC elution fraction showing green fluorescent protein (GFP)-tagged ancTREK1 (yellow arrow). Free GFP resulting from autocleavage is indicated (*eGFP).

Figure 7. ancTREK1 purification by anti-GFP nanobody affinity chromatography. SDS-PAGE analysis of eluted fractions stained with Coomassie Blue. Lane M: molecular weight marker. Lane a: anti-GFP elution fraction showing the presence of 3C protease. Lane b: purified ancTREK1 following concentration.

Figure 8. Electrical characterization of PLBs. (A) Current–voltage (I–V) relationships of bilayers formed on 75 µm and 100 µm apertures, demonstrating linear (ohmic) behavior between ±200 mV. Linear regression yields membrane resistance values of 847 ± 16 GΩ (n = 6) and 980 ± 32 GΩ (n = 7), respectively. (B) Membrane stability assessed by monitoring resistance over 1 h at 2 min intervals. Membranes remain stable up to ±200 mV and rupture at voltages between ±220 and ±300 mV. Data are presented as mean ± standard error of the mean (SEM).

Figure 9. Single-channel activity of synthetic ancTREK1. (A and B) Representative single-channel current traces recorded at 80 mV and −80 mV, respectively. Dotted lines indicate the closed-channel level. (C) All-point amplitude histograms for positive (left) and negative (right) potentials. (D) I–V relationship of ancTREK1 under symmetric 200 mM potassium (K+) conditions without divalent cations. The curve is fitted using a fourth-order polynomial, and conductance values are derived from the slope at ±80 mV.

Figure 10. Voltage dependence analysis of ancTREK1 single-channel activity. Normalized open probability (NPo) as a function of membrane potential (left) and comparison of NPo at 80 mV and −80 mV (right), showing increased channel opening at positive potentials.

Table 1. Characteristics of available BLMchipMM aperture formats. Hole diameter, septum thickness at the aperture region, and typical membrane capacitance values for BLMchipMM devices with 50, 75, 100, and 140 µm apertures. Membrane capacitance values are shown for bilayers formed from 1,2-diphytanoyl-sn-glycero-3-phosphocholine lipids.

Table 2. Electrolyte recording solution. Composition of the electrolyte solution used for PLB recordings, including reagent concentrations and preparation volumes. The final volume is adjusted to 15 mL with double-distilled water. The recording solution must be filtered using a 0.2 µm syringe filter prior to use.

Table 3. Polymerase chain reaction (PCR) reaction setup for ancTREK1 amplification. Reagent composition, volumes, and final concentrations used for PCR amplification of the ancTREK1 DNA sequence using a high-fidelity DNA polymerase system.

Table 4. PCR cycling conditions for ancTREK1 amplification. Thermal cycling parameters used for amplification of the ancTREK1 DNA sequence, including denaturation, annealing, extension, and final extension steps.

Table 5. Restriction enzyme digestion of insert and vector for ancTREK1 cloning. Reaction conditions for restriction digestion of the ancTREK1 PCR product and the expression vector using EcoRI and NotI enzymes. The vector digestion includes an additional dephosphorylation step using alkaline phosphatase to prevent self-ligation.

Table 6. Vector–insert ligation conditions for ancTREK1 cloning. Reaction mixture for ligation of the ancTREK1 insert into the pEG BacMam expression vector at a 1:3 molar ratio using T4 DNA ligase.

Table 7. Composition of lysis buffer for membrane protein extraction. Lysis buffer formulation used for solubilization of membrane proteins, including salts, buffering agents, protease inhibitors, nuclease, and detergents. Note: buffers should be freshly prepared prior to use.

Table 8. IMAC buffer compositions for ancTREK1 purification. Formulations of equilibration, wash, and elution buffers used for immobilized metal-ion affinity chromatography purification of ancTREK1. Note: solutions can be stored at 4°C for up to six months.

Table 9. Buffer compositions for anti-GFP nanobody affinity chromatography. Formulations of buffers used for purification of ancTREK1 using anti-GFP nanobody affinity chromatography. Note: solutions can be stored at 4°C for up to six months.

Supplementary Figure 1. Amino acid sequence of the synthetic ancestral two-pore domain potassium (K2P) channel (ancTREK1). The full-length amino acid sequence of ancTREK1 used for electrophysiological recordings. The sequence was reconstructed by ancestral sequence inference from a curated dataset of TREK/TRAAK family members, including orthologous sequences collected from UniProt and NCBI databases, filtered for conserved pore motifs, aligned, and analyzed using maximum-likelihood phylogenetics.

DISCUSSION:
In this study, we used the PLB technique to evaluate the electrophysiological properties of a synthetic K2P channel at the single-molecule level. Among the various planar lipid models described in the scientific literature, we focused on the formation of BLMs, which are painted over an aperture with a diameter between 50 and 140 µm, drilled on a vertical non-polar surface separating two aqueous compartments. This configuration allows simulation of the cell membrane environment while maintaining control over experimental parameters, including lipid membrane preparation and electrolyte composition (e.g., ionic strength and pH)3. We recreated BLMs using the Montal–Mueller (folding) method5, in which the membrane assembles spontaneously when two lipid monolayers, previously spread at the air–water interface of the two aqueous solutions, join over the aperture by raising the water level.

The protocol presented here for membrane formation is highly intuitive; however, several critical steps strongly influence experimental success. To ensure proper electrical connection between the BLMchipMM and the amplifier, it is essential to avoid chlorination of the Ag/AgCl wire ends that are inserted into the PCB sockets. During BLMchipMM assembly, improper positioning of the wires may result in contact with the amplifier case, leading to short circuits and signal saturation. The aperture pre-treatment procedure is another critical factor: excessive force during application of the pre-treatment solution may damage the polyimide septum, while improper handling of the electrolyte solution—particularly soaking the aperture region—can impair membrane formation. Furthermore, careful cleaning of the BLMchipMM recording chamber is essential for reproducibility. The use of 100% isopropyl alcohol followed by thorough rinsing and complete drying ensures that residues do not interfere with subsequent experiments.

Several modifications to the protocol are possible. While chlorination by bleach soaking represents a practical and widely used approach, alternative methods such as electroplating can also be employed43. Similarly, variations in pre-treatment and lipid preparation are feasible. Standard pre-treatment solutions typically consist of long-chain alkanes dissolved in volatile hydrocarbon solvents36; although a 1% hexadecane solution in n-hexane is commonly used, other solvents may be suitable. Lipid composition can also be adapted depending on the experimental requirements. While DPhPC lipids provide optimal membrane stability, alternative lipid mixtures, including natural or synthetic compositions, can be used36. A key advantage of vertical lipid bilayers formed via the folding method is the ability to generate asymmetric membranes, where each leaflet consists of different lipid species5,22, a feature known to influence membrane protein function.

Troubleshooting membrane formation generally involves adjustments of the aqueous phase levels. If membrane formation does not occur initially, repeated lowering and raising of the buffer level in one compartment can facilitate bilayer assembly. If unsuccessful, applying an air bubble over the aperture can promote lipid redistribution and membrane formation. Persistent failure typically indicates issues related to pre-treatment or contamination, in which case cleaning the recording chamber and restarting the experiment is recommended.

The core components of this setup comprise the eNPR 100 kHz compact amplifier and BLMchipMM. The amplifier is a compact, low-noise voltage-clamp system that eliminates the need for additional external devices, including external Faraday cages, as the amplifier casing itself provides effective electromagnetic shielding. The BLMchipMM is a pre-assembled, miniaturized recording chamber integrated with a PCB for direct connection to the amplifier. It consists of two C-shaped compartments separated by a polyimide septum with a tapered laser-drilled aperture where the artificial membrane is formed. The reduced dimensions of the system, with compartment volumes of approximately 110 µL, significantly decrease reagent consumption and reduce intrinsic capacitance, thereby improving signal quality. In addition, the device can be reused multiple times without disassembly when proper cleaning procedures are followed, reducing variability and enhancing experimental reproducibility.

Despite these advantages, some limitations should be considered. The current setup does not include integrated modules for temperature, pressure, or perfusion control. Intrinsic membrane tension has been reported to influence mechanosensitive channels such as TREK144–46; however, the present setup does not include controlled manipulation of membrane tension, and no mechanistic conclusions are drawn here. Overall, this platform provides a robust and accessible system for recording ion channel activity in artificial membranes. In this study, we investigated the synthetic K2P channel ancTREK1, a computationally derived ancestral channel of the TREK subfamily. The recorded data demonstrate that purified ancTREK1 reconstituted into PLBs exhibits single-channel behavior consistent with reported TREK1-like conductance properties. Under Mg2+-free symmetric 200 mM potassium conditions, the channel displays the measurable I–V relationship, with amplitude values of approximately 13 pA at 80 mV and −19 pA at −80 mV. Additionally, ancTREK1 exhibits the characteristic large conductance mode observed in TREK1 channels, with higher conductance at negative potentials (~205.6 pS) compared to positive potentials (~112.8 pS). Notably, ancTREK1 shows an increased NPo at positive potentials (0.78 at 80 mV) and reduced NPo at negative potentials (0.53 at −80 mV and 0.28 at −120 mV), differing from observations in excised patch configurations42. These findings support the use of this system for proof-of-principle single-channel recording of reconstituted membrane proteins.
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