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S1. Sample preparation and instrumentation 

Chemicals and cleaning procedures. Alamethicin from Trichoderma viride (Sigma-Aldrich, 

>98%), 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) in powder form (>99%) (Avanti 

Polar Lipids, Alabama, USA), hexadecane (C16H34, 99.8%, Sigma-Aldrich), squalene (C30H50, 

>98%, Sigma-Aldrich), hexane (C6H14, >99%, Sigma-Aldrich), chloroform (>99.8%, Merck), 

hydrogen peroxide (30%, Reactolab SA), sulfuric acid (95-97%, ISO, Merck), KCl (99.999%, 

Aros), CaCl2 (99.999%) were used as received. Aqueous solutions were made with ultra-pure 

water (H2O, Milli-Q UF plus, Millipore, Inc., electrical resistance of 18.2 MΩ cm). All aqueous 

solutions were filtered with 0.1 µM Millex filters. The coverslips used in the imaging were pre-

cleaned with piranha solution (1:3 - 30% H2O2: 95-97% H2SO4) and thoroughly rinsed with 

ultrapure water. The chamber and Teflon films that were used in forming freestanding planar 

lipid bilayers were cleaned with ethanol, methanol, and chloroform and thoroughly rinsed with 

ultrapure water. 

 

Formation of freestanding lipid bilayers and incorporation of alamethicin peptides. 

Freestanding horizontal planar lipid bilayers were formed following the procedure of Montal-

Müller 1,2. Two separated lipid monolayers on an air/water interface were apposed in a ~80-100-

µm aperture in 25-µm thick Teflon film. Condensed lipid monolayers were formed on an 

air/water interface by depositing 3-8 µL of 10 mg/mL lipid solution in chloroform 3. Prior to 

forming a bilayer, the Teflon film was pre-painted on both sides with 1 µL of 99.5:0.5 vol% 

mixtures of hexane and an alkane solvent (squalene or hexadecane). We waited at least 10 

minutes for the pre-painting solution to evaporate (hexane evaporates, alkane solvent remains). 

After bilayer formation, the Teflon film that contains the bilayer was positioned horizontally for 

imaging as shown in Fig. 1B. The presence of a bilayer was confirmed with white light imaging 

and electrical recordings. Capacitance and resistance measurements were taken with a HEKA 

patch clamp amplifiers. Capacitance measurements were made with HEKA’s built-in software 

based lock-in amplifier 4. Only bilayers with specific capacitance, Cm>0.7 µF/cm2 and specific 

resistance, Rm~108 Ω∙cm2 5,6 are used. 

To incorporate alamethicin ion channels, we added 5 µL of alamethicin peptide solution (in 

absolute ethanol with a concentration of 9.8 µg/mL). The corresponding concentration of 

alamethicin in solution is ∼50 nM (or 98 ng/mL), the top compartment having 500 µL of aqueous 

solution. Unless otherwise stated, we added peptides on the top compartment (see Fig. 1B). 

The bottom compartment was the electrical ground of the system. Incorporation of voltage-

gated alamethicin peptides was confirmed by performing current – voltage (I-V) curves by 
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ramping the voltage from -200 mV to 200 mV. Typical IV curves show a voltage threshold where 

the current exponentially jumps as shown in Fig. 1C.  
 

Second Harmonic (SH) imaging experiments. 

 
 

Figure S1: SH imaging setup. Two near-IR 190-fs 200-kHz pulsed laser beams are incident on the lipid 
membranes. SH photons are detected in the phase-matched direction. The beams are polarized in the plane of 
incidence (P). The sample chamber is not to scale. BS: beam splitter; F: filter; L: lens; M: mirror; Obj: objective lens; 
Pol: linear polarizer; TL: tube lens; WL: white-light source; λ/2: half-wave plate. 

The second harmonic (SH) imaging setup has been previously characterized in detail, see 

refs.7-9. In brief, two counter propagating beams (pulse duration of 190 fs, wavelength of 1030 

nm and repetition rate of 200 KHz from a Yb:KGW femtosecond laser, (Light Conversion Ltd.)) 

were incident at 45° with respect to the surface normal (Fig S1, Fig. 1B). The beams were 

loosely focused using a f=20 cm doublet lens (B coating, Thorlabs). The phase-matched SH 

photons were collected with a 50x objective lens (Mitutoyo Plan Apo NIR HR Infinity-Corrected 

Objective, 0.65 NA in combination with a tube lens (Mitutoyo MT-L), a 900 nm short pass filter 
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(FES0900, Thorlabs), a 515 nm band pass filter (FL514.5-10) and an intensified electronically 

amplified CCD camera (IE-CCD, PiMax4, Princeton Instruments). A 400 mm meniscus lens was 

placed behind the objective lens to remove spherical aberrations induced by the coverslip. The 

transverse resolution was 430 nm. All images were recorded with the beams polarized parallel 

to the plane of incidence (P). For white-light imaging, the sample is illuminated from the top 

using a white light source and the linear scattered light is detected in the forward direction with 

the same objective lens (Fig. S1). 
 

 

S2. Capacitance measurements of activated channels 

To measure the membrane capacitance of operating ion channels, we used the "SINE + DC" 

lock-in mode of HEKA patch clamp amplifiers. Briefly, we used a stimulus (𝑈) with an AC 

excitation 𝑈! and a DC bias 𝑈!,  

𝑈 = 𝑈! + 𝑈! sin 2𝜋𝑓𝑡 

 

where 𝑈! = 1 mV for close channels and 𝑈! > 100 mV for open channels (depending on the 

voltage threshold needed to open the channels, we set 𝑈! to be 20-30 mV above the threshold), 

𝑈! = 10 mV, f = 1 kHz and t = 100 ms, corresponding to 100 sine wave cycles. We obtained 

capacitance measurement every 200 ms while the channels are opened or closed by setting 𝑈! 
to a block square pulse stimulus (see Fig. 2B).  

 

S3. Estimation of the number of incorporated ion channels in a lipid membrane 

Figure S2 shows the macroscopic conductance – voltage (G-V; with G=I/V) curve. The red line 

represents an exponential fit that is common for alamethicin ion channels 10,11. Macroscopic 

conductance (𝐺) curves can be used to estimate the number of open ion channels (𝑁), provided 

the single channel conductance 𝛾 is known. Assuming 𝛾 does not depend on 𝑉 we have 

𝐺 𝑉 = 𝑁 𝑉 𝛾. For the single ion channel conductance, we rely on a study 12, where the current 

though single pores was measured. In Ref. 12 the average single channel conductance was 

determined for alamethicin in a bilayer composed of phosphatidyl ethanolamine (PE) lipids, and 

with two different salt concentration: for 1 M NaCl solution, and 0.6·10-7 g/mL total alamethicin 

concentration, 𝛾 = 2.5·10-9 S and for 0.05 M NaCl solution, 2.0·10-6 g/mL, 𝛾 = 2.08·10-10 S. 
Interpolating between these two single conductance values, at 0.5 M salt concentration, we get 

𝛾 = 1.3·10-9 S. Using this number, we obtain the values displayed on the right axis of Fig. S2. 

For a 200 mV potential difference, the total number of open ion channels is 6.5·107 and given a 
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membrane with diameter of ~100 µm, the average area per ion channel is ∼120 nm2, meaning 

there are on average ∼1500 opened ion channels per pixel (430 nm x 430 nm).  

 

 
Figure S2: Macroscopic conductance-voltage curve of alamethicin channel in 500 mM KCl. The conductance 
was derived from the positive stimulus of Fig. 1B. Data points (black) are fitted with an exponential curve (solid red 
line). The right axis shows the calculated number of opened channels using the average single pore conductance 
from Ref 12 (1.3 nS per channel). 

 

S4. Second harmonic intensity changes for 500 mM and 100 mM KCl concentration 

Figure S3A shows the time series of the integrated SH intensity over the whole image for a 

sequence of activation and deactivation cycles. The experimental configuration, the composition 

of the bilayer and the amount of added alamethicin is the same as Fig. 2A. The only difference 

is the ionic strength of the solution at 500 mM KCl. Black dots are data points, red and blue 

curves represent exponential fits for the activation and deactivation cycles correspondingly. The 

stimulus (green curve) indicates the timing when the external field of 200 mV was applied. We 

compared the time constants in Fig. S3A (500 mM KCl) with those of Fig. 2A (100 mM KCl). 

Figure S3B and S3C shows the corresponding activation/deactivation time constants as a 

function of activation/deactivation cycles for 500 and 100 mM KCl solution. It can be seen that 

the time constants obtained for 500 mM solution are higher than time constant for 100 mM 

solution, suggesting that relaxation processes are faster for low ionic strength solutions.  
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Figure S3: Time series of changes in second harmonic (SH) intensity. (A) Time series of SH intensity (left axis) 
following the activation and deactivation of alamethicin channels (500 mM KCl, 0.1 µg/mL alamethicin added to one 
side of the bilayer). The 20 s stimulus (green curve) indicates the timing when the channels are activated (200 mV) 
and when the channels are deactivated (0 mV). Each data point (black dot) represent the spatially averaged SH 
intensity (500 ms acquisition time) of the membrane. The data points in each activation and deactivation steps are 

piece-wise fitted with an exponential curve (𝑦! + 𝐴𝑒
(!!!!) !), where 𝜏 is the time constant, 𝑦! the offset and 𝐴 the 

magnitude. Red solid curves are exponential fits for activation steps while blue solid curves are exponential fits for 
deactivation steps. Time constants for the activation (B) and deactivation (C) cycles obtained from exponential fits at 
different ionic strengths (red – 100 mM, blue – 500 mM KCl).  
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