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Supplementary text 

Characterization of DHBs. DHBs prepared from 100% DPhPC lipids or DOPC:DOPG 

(PC:PG) lipids at molar ratio 90:10 were characterized  by quantifying 1) the average bilayer 

area, A, 2) the specific capacitance, C, of the bilayer, and 3) the diffusion coefficient, D, of an 

incorporated fluorescently labeled lipid (Supplementary Table S1).  

A unilamellar lipid bilayer separating two conducting liquids functions as a capacitor. 

Consequently, applying a triangular voltage across the membrane results in a characteristic 

square wave capacitive current, I(t).  
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Since bilayer capacitance is proportional to bilayer area, A, bilayer formation can be followed 

by recording the increase in I(t) over time (Supplementary Fig. S1). Upon bilayer formation 

we can measure the area A by imaging the bilayer by transmission microscopy (Fig. 1b) and 

quantify the specific capacitance, C, of the bilayer as follows: 
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where ε and ε0 are the dielectric coefficients of lipid and vacuum, respectively and d is the 

thickness of the hydrophobic bilayer core. The quantified capacitance of the two bilayer 

compositions was identical, ~0.6 F/cm2 (Supplementary Table S1), and within the range (0.3 

– 0.8 F/cm2) of previously published values quantified in similar systems1, 2. 

Finally, we quantified lipid diffusion by Fluorescence Recovery After Photobleaching (FRAP) 

experiments (Supplementary Fig. S2). We labeled the droplet monolayer by incorporating 0.1 

mole% DOPE-Rhodamine into the droplet monolayer. By bleaching a defined area of the 

bilayer (grey box in Supplementary Fig. S2a) and quantifying the fluorescence recovery as 

lipids diffuse back into that area (Supplementary Fig. S2b) by normalizing the recovery curve 

as previously established3 and fitting a previously published model4 we extracted the time 



constant of diffusion, D, and calculated the diffusion coefficient, D, as follows: 
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where R is the radius of the bleached area. The quantified diffusion (Supplementary Table S1) 

was twice as fast in the PC:PG bilayer than in the DPhPC bilayer (~8 m2/s and ~4 m2/s, 

respectively). This observation is in general agreement with the carbon chains of DPhPC lipids 

being more sterically hindered, due to the methyl groups (Supplementary Fig. S3a), as 

compared to the carbon chains of DOPC and DOPG. Interestingly, comparing the diffusion 

coefficient obtained in the PC:PG bilayer to previously published diffusion coefficients 

published for DOPC5 indicates that the mobility in agarose-supported bilayers is similar to that 

of free-standing bilayers (D = 7.8  0.8 m2/s) rather than solid-supported bilayers (D = 3.1  

0.3 m2/s). 

MscL mutants. We used in this study two previously characterized MscL GOF mutants, 

MscL-G22E and MscL-G22S. In both mutants a Glycine residue in the pore of the protein was 

mutated to either a Glutamic Acid (MscL-G22E) or a Serine (MscL-G22S) (see Supplementary 

Fig. S3b). Introducing a hydrophilic amino acid in this position was previously shown to 

disrupt the 'hydrophobic lock' in the channel thereby decreasing its tension sensitivity in the 

case of MscL-G22S or rendering it spontaneously active in the case of MscL-G22E6 (see 

Supplementary Fig. S3c).  

Reconstitution and activation of KcsA. As a negative control we used the well-characterized 

proton-gated ion channel, KcsA7-9. The channel was reconstituted as established for MscL in 

droplets containing acidic buffer (pH = 4), resulting in current recordings of multiple channels 

opening and closing (Supplementary Fig. S4a). Histograms of the current amplitudes are 

depicted in Supplementary Fig. S4b. Applying stepwise 20 mV increments of voltage (from -

100 mV to 100 mV) allowed us to generate a current vs. voltage (IV) plot that was consistent 



with equivalent plots of KcsA gating measured in patch clamp experiments10 (Supplementary 

Fig. S4c). We tested whether buffer injection into the droplet could influence KcsA activity by 

inserting a nanoinjector equipped with a pulled glass pipette tip into a droplet containing active 

KcsA at pH = 4 (Fig. 2a) and injecting 23 nL of a matching buffer (Supplementary Fig. S5). 

Unlike MscL stretching the droplet monolayer influenced neither the amount of active KcsA 

channels nor the frequency of channel openings.  At pH = 7.4 the channel was in the closed 

state both with and without injections (Fig. 2d). 

Quantification of the angle between the two monolayers. The angle, , at the point of contact 

between the two monolayers was quantified by incorporating 0.1 mole% fluorescently labeled 

lipid, rhodamine-PE, into the droplet monolayer and capture fluorescent images in the z-

direction. Since the agarose monolayer is parallel with the surface of the sample, the angle was 

extrapolated by measuring the angle between the droplet monolayer and the surface at the point 

of monolayer separation (Supplementary Fig. S5a). 

Quantification of MscL-G22S tension sensitivity in DPhPC using patch fluorometry. 

MscL-G22S was incorporated into DPhPC liposomes labeled with 0.1% rhodamine-PE. This 

allowed us to visualize the DPhPC patch using confocal fluorescence microscopy 

(Supplementary Fig. S7a), while simultaneously applying stepwise increases in bilayer 

pressure and recording the resulting ion channel currents (Supplementary Fig. S7b). As 

previously established11 we quantified the radius of membrane curvature, r, from the 

fluorescence images and calculated membrane tension, T, using Laplace’s law; T = rP/2, where 

P is the pressure applied to the patch pipette causing the membrane patch to form a hemisphere 

(Supplementary Fig. S7a). This allowed us to plot the open probability, Po, of MscL-G22S as 

a function of bilayer tension (Supplementary Fig. S7c). 



Supplementary Figures  

 

Figure S1. Recorded increase in capacitance characteristic of bilayer formation. (a) 

Scheme of bilayer formation. An aqueous droplet surrounded by a lipid monolayer touches 

down onto a planar lipid monolayer formed on an agarose surface (left). After incubation (~25 

min) a bilayer forms between the droplet and the agarose monolayers (right). (b) By applying 

a triangular voltage across the membrane we recorded the characteristic square wave capacitive 

current, which increases as the bilayer is forming. From the bilayer area, A, we quantified the 

specific capacitance, C, of the bilayer (see Table S1). 

  



 

Figure S2. Verification of bilayer fluidity by Fluorescence Recovery After Photobleaching 

(FRAP) experiments. (a) Fluorescence micrographs of a DPhPC DHB, labeled with 

rhodamine-PE (see Methods), before bleaching (left), after bleaching (middle) and after 

fluorescence recovery (right). The scale bar is 20 μm. (b) The normalized intensity within the 

bleached area (grey ROI in (a)) as a function of time (black). By fitting an exponential model4 

we could extract the characteristic lipid diffusion time, τD, (see Table S1). 

  



 

Figure S3. Structure of DPhPC lipid and MscL mutants. (a) Chemical structure of DPhPC. 

(b) Top and side view of the crystal structure of WT MscL (PDB ID: 2OAR12) with a Glycine 

residue highlighted in green, which was mutated in the two GOF mutants to either a Glutamic 

Acid (MscL-G22E) or a Serine (MscL-G22S). (c) The previously published tension sensitivity, 

given as the ratio between the patch clamp pressures necessary for gating MscL and MscS, 

plotted for MscL-G22E, -G22S and WT6.   

 

  



 

 

Figure S4. Activation of KcsA in DHBs. (a) Current traces recorded at +100 mV (top) and -

100 mV (bottom) in DHBs containing KcsA in a low pH buffer (300 mM KCl, pH = 4). (b) 

Amplitude histograms of KcsA currents recorded at +100 mV (top) and -100 mV (bottom). (c) 

Current versus voltage plot for KcsA recorded in DHBs at pH = 4.  

 

 

 

 

 

  



 

Figure S5. Buffer injection does not influence KcsA activity. Current traces recorded at 

+100 mV in DHBs containing active KcsA in a low pH buffer (300 mM KCl, pH = 4) before 

(left) and after (right) injection of 23 nL experiment buffer. 

  



 

Figure S6. Estimation of DHB tension. (a) The contact angle, θ, between the droplet and 

agarose monolayer was quantified from fluorescence micrographs, captured along the z-axis. 

The average and s.e.m. of four DHBs yielded an angle of 19 ± 4o. (b) Transmission micrographs 

of the bilayer (white inner rim) and droplet (black outer rim) before (left) and after (right) 

injection of 18 nL experiment buffer. The bilayer area decreases due to the increased tension 

in the droplet monolayer, which has a vector component perpendicular to the bilayer. 

  



 

Figure S7. The equilibrated DHB area decreases as a function of droplet volume. At large 

injections (> 30 nL) the equilibrated bilayer area decreases as a function of droplet volume (V). 

Micrographs of the same DHB before injection (V = 200 nL) (left), after injection of 40 nL (V 

= 240 nL) (middle) and after injection of additional 30 nL  (V = 270 nL) (right). The 

micrographs are captured 10 min after injection ensuring that the area was completely 

equilibrated. 

  



Figure S8. Validation of the DHB tension estimation by patch fluorometry. (a) Overlay of 

the transmission and fluorescence micrograph of a DPhPC membrane patch labeled with 

rhodamine-PE (green) in a pulled glass pipette. The application of negative pressure to the 

patch pipette caused the membrane to form a hemisphere. Following a previously established 

analysis method11 we quantified the radius of membrane curvature, r, of the membrane patch 

(indicated by the red circle), which was subsequently used to quantify the membrane tension 

using Laplace's law. (b) Current (top) and pressure (bottom) traces recorded at +30 mV in 

DPhPC patches containing MscL-G22S. (c) Plot of the MscL-G22S open probability, Po, 

versus bilayer tension, Tb. Each data point is the average and s.e.m. of three different 

experiments. Fitting a Boltzmann function (blue solid line) allowed us to extract the Thalf = 11.1 

± 0.5 mN/m, and the slope, S = 1.4 ± 0.1 m/mN. 

  



 

Figure S9. Time-dependent tension equilibration in the DHB of three individual droplets. 

Channel open probability, Po(t), as a function of time upon the injection of 18 nL experiment 

buffer in three different droplets. Assuming an exponential tension decay, we can fit a model 

to the data (solid black line) and extract the bilayer tension decay rate, λ = (16 ± 3) . 10-2 s-1, λ 

= (3 ± 1) . 10-2 s-1 and λ = (4 ± 2) . 10-2 s-1, for droplet 1, 2 and 3, respectively. The difference 

between the quantified rates are likely due to small variations in droplet volume, and 

consequently an average of the three traces was used to estimate the tension equilibration in 

DHBs. 

 

 

  



 

 

Table S1. Characterization of DHBs prepared from PC:PG or DPhPC lipids. From left to 

right is listed the average bilayer area, A, bilayer capacitance, C, and lipid diffusion coefficient, 

D, for PC:PG DHBs (top row) and DPhPC DHBs (bottom row). N is the number of experiments 

and the error is the s.e.m.. 

 

  



 

Table S2. Number of droplets and activated MscL-G22S channels at increasing volumes 

of injected buffer. The columns contain from the left: the injected volume, the number of 

droplets (NDroplets), and the minimum (NChannels(min)), maximum (NChannels(max)) and average 

(NChannels) number of MscL-G22S channels observed. The error is the s.e.m. between the 

individual droplets.  
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