
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/softmatter

Soft Matter

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Soft Matter  

ARTICLE 

This journal is © The Royal Society of Chemistry 20xx Soft Matter, 2015, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

a. College of Engineering, University of Georgia. 
b. Department of Mechanical Engineering, Virginia Tech 
c. Department of Aerospace and Ocean Engineering, Virginia Tech 
d. Department of Biology, University of Maryland 
 

Received 00th January 20xx, 
Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

The Mechanoelectrical Response of Droplet Interface Bilayer 
Membranes 
E.C Freemana, J. S. Najemb, S. Sukharevd, M.K. Philenc, D.J. Leoa 

Mechanotransduction and interfacial properties in unsupported liquid biomimetic membranes are explored using the 
droplet-interface bilayer technique. The fluidic monolayer-membrane system afforded by this technique allows for 
dynamic control over the membrane dimensions and curvature, which under periodic deformations generates capacitive 
currents (akin to a Kelvin probe), and permits a detailed electrostatic characterization of the boundary layers as well as 
observation of flexoelectric effects. Both high and low displacement frequency regimes are examined, and the results 
show that the mechanoelectric signals generated by the membranes may be linked to the membrane electrostatic 
structure. In addition, we show that periodic membrane bending in a high-frequency regime generates tension sufficient 
to activate reconstituted mechanosensitive channels.  

Introduction 

The droplet-interface bilayer (DIB) technique described by 
Bayley et al.1, 2 and Funakoshi et al.3 provides a cell membrane-
like scaffold for the reconstitution of functional elements such 
as ion channels, pumps and transporters. This technique uses 
lipids as a surfactant in water-in-oil emulsions, wherein 
aqueous droplets are deposited inside an oil reservoir with 
lipids dissolved in either fluid phase (Figure 1)4. These lipids are 
amphiphilic, possessing a hydrophobic tail and hydrophilic 
head. Consequently, the lipids coat the aqueous droplets at 
their oil-water interfaces, arranging their head groups in the 
aqueous phase as their hydrocarbon tails extend out into the 
oil. Once these lipid monolayers have formed on the droplet 
surfaces, the droplets may be manipulated into contact, either 
manually2, through microfluidic chips5, 6, or through controlled 
printing schemes7. The lipid monolayers expel the oil between 
the droplets at the points of contact and draw together into 
stable lipid bilayer membranes, separating the connected 
droplet interiors. These membranes approximate naturally 
occurring membranes and provide a suitable scaffold for the 
reconstitution of complex biomolecules such as transporters 
and channels8, providing pathways for exchange between the 
droplets. As an extension from the unit to the ‘systems’ level, 
the DIB technique allows for the creation of complex 
microfluidic membrane architectures and networks through 
the placement and connection of multiple droplets. These 

droplets may be arranged into various configurations for 
advanced studies such as signal rectification9 or osmotic 
actuation7.  
The DIB system is entirely fluidic – the membrane is able to 
exist freely in an oil reservoir without requiring a scaffold or 
solid partitioning with an aperture. A single DIB droplet pair 
consists of three phases and two boundaries - the two 
aqueous droplets, the surrounding oil, the lipid monolayers 
coating the aqueous droplets and the lipid bilayer connecting 
the two droplets. The functional region of interest is the thin 
bimolecular membrane between the droplets surrounded by a 
meniscus whose variable configuration defines the boundaries 
of the bilayer (Figure 1.b). The membrane characteristics are 
dynamic10, and the membrane may grow and shrink in 
response to mechanical constraints or perturbations11. This 
opens up new avenues of mechanotransduction in DIB 
membranes12, 13, wherein the droplet-membrane system is 
capable of generating an electrical signal when subjected to 
mechanical perturbation12, 14-18, dubbed the mechanoelectric 
current. This is accomplished through the elasticity of the DIB 
emulsions19, transferring the displacement of constitutive 
droplets into deformation of the interfacial membranes.  

Overview of the Research Objectives and 
Approach 

The primary objective of this research is the characterization of 
the mechanoelectrical response of the DIB membranes. This is 
achieved through the axial oscillation of the constitutive 
droplets at fixed frequencies and magnitudes in a shielded, 
low-noise, voltage-clamped environment. Droplets are 
suspended from hydrogel anchors inside rigid capillary tubes, 
providing precise mechanical manipulation. Silver-silver 
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chloride (Ag/AgCl) electrodes embedded in the hydrogels 
provide reliable electrical connection to the droplet interiors. 
One droplet is fixed in place as the second droplet is actuated; 
mimicking a controlled displacement of a single droplet 
contained within a DIB network pair. The adjustable 
experimental parameters are the size of the constitutive 

droplets, the magnitude of the applied axial displacement, the 
frequency of the applied axial displacement, and the 
magnitude of the supplied transmembrane potential. The 
generated mechanoelectrical current is recorded through an 
amplifier operating in voltage-clamp mode.  

Figure 1 – The Droplet-Interface Bilayer technique1 applied to mechanoelectricity. a) Liposome-containing aqueous droplets are deposited into an oil reservoir, allowing lipid 
monolayers to assemble on their surface. When the droplets are brought into contact, the lipid monolayers adhere together in a lipid bilayer, often approximated as a capacitor. b) 
The contact angle at the monolayer-bilayer meniscus is determined by the balance of the tension between the two interfaces, and the membrane dimensions may be controlled 
through the meniscus configuration. c) Droplet compression and separation is achieved by attaching the droplets to hydrogels cured within capillary tubes, altering the meniscus 
and mechanically exciting the interfacial membrane. d) On a macroscopic scale, this results in a change in the membrane capacitance, where the membrane is approximated as a 

combination of capacitors, with a low-capacitance hydrophobic core inC  . However, the membrane electrostatics are more complex, and contain an internal electrostatic potential 
profile that will also play a role in the mechanoelectric signal including surface sϕ  and dipole dϕ  potentials comprising the total boundary potential bϕ . e) In a symmetric 

membrane, the boundary potentials are equivalent. 

The bilayer lipid membrane itself acts as a natural capacitor20. 
Perturbing the structure of the membrane through mechanical 
displacement produces a mechanoelectric current 
proportional to the transmembrane potential and the rate of 
change in the membrane capacitance12, 13. This has been 
modelled as a capacitive current, stemming directly from the 
traditional capacitor model for cellular membranes20, 21 (Figure 
1.d). However the membrane contains multiple layers each 
possessing internal electrostatic components (Figure 1.e) that 
are not included in this capacitor model22-24. Interactions 
between charges on the surface of the membrane and the 
surrounding electrolyte create a diffuse electrical double layer 
characterized by the surface potential sϕ . The internal dipole 
potential dϕ  originates from anisotropic structure of the 
headgroup region and oriented water at the polar-apolar 

interface25, 26. In a symmetric membrane dϕ and sϕ  on both 
sides of the membrane are equivalent, leading to matching bϕ  
values at the boundaries through symmetric potential profiles. 
For these symmetric membranes, the transmembrane 
potential clampϕ  supplied by the amplifier is directly translated 
into a potential drop across the hydrophobic core inϕ . The 
specific capacitance of the hydrophobic core inC  is much lower 
than the capacitance of the dipole dC  and surface sC  regions, 
and it may be safely assumed that the majority of the clamped 
potential clampϕ  drops across the hydrophobic slab. The 
dimensions (primarily area) of the membrane’s hydrophobic 
core are altered through mechanical perturbation and are 
expected to change the capacitance and generate 
displacement currents sensitive to the asymmetry of pre-
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existing charges and dipoles in the membrane, exactly as in a 
miniature Kelvin probe27, 28.  
The link between the membrane dimensions and mechanical 
constraints have been explored previously10, 11. The bilayer 
dimensions are a balance of normal pressure acting at the 
droplets, tension in each monolayer and cohesive forces 
created by expulsion of the organic solvent from the contact 
between monolayers. The combination of these factors 
generates tension at the monolayer-bilayer meniscus (Figure 
1.b). In a completely unconstrained system, the droplets will 
maintain a near-spherical morphology and their shared 
equilibrium bilayer size will be governed by a combination of 
the bilayer and monolayer tensions, growing until the tensions 
at the meniscus are balanced. If the droplet geometries are 
altered through mechanical constraints or forces, the angle at 
the meniscus is changed and tension is added or removed 
from the bilayer membrane. Consequently the membrane will 
grow or shrink until a new equilibrium is reached. 

Results and Discussion 

First, the response of the DIB membrane to axial compression 
and separation of the droplets must be characterized. As the 
droplets are mechanically perturbed through compression or 
separation, the bilayer dimensions will change accordingly and 
these changes may be observed through the experimentally 

recorded current. The capacitive current for a variable 
capacitor may be written as follows: 
 

in in
capacitive in

elec mech

d dCi C
dt dt
ϕ ϕ= +

 

 (1) 

The first component on the right hand side of this equation is 
the traditional capacitive current. The capacitance of the 
membrane inC  is often measured using a low-amplitude 
triangle wave voltage (10 mV, 10 Hz), providing a constant

ind dtϕ . Step functions in axial compression and separation 
are applied to the droplets, providing changes in the interfacial 
dimensions through membrane growth and reduction. The 
frequency of the applied oscillating transmembrane potential 
is great enough that the first term of the capacitance current (

in inC d dtϕ ) renders the current associated with the 
simultaneous changes in membrane dimensions ( in indC dtϕ ) 
negligible in comparison, allowing for isolation of the change in 
membrane capacitance with respect to time as seen in Figure 
2.  Here the droplets are compressed and separated as a 
triangle wave voltage signal is supplied and the corresponding 
changes in membrane capacitance are plotted. The changes in 
membrane dimensions with the compression and separation 
are not immediate, and a relaxation behaviour is observed. 

 
Figure 2 – a) Relaxation of membrane capacitance with an applied step compression and removal, cycling the droplets between the two states. A simultaneous low-voltage triangle 
wave voltage was applied to measure the membrane capacitance with respect to time during the compression-relaxation cycles. b) The size of the membrane lags behind the 
applied displacement, leading to characteristic relaxation times for membrane growth and reduction. c) A quickly damped transient signal is observed during the step input, 
exhibiting a much higher change in capacitance per second and matching a quickly damped transient response of the membrane to the input.  d) The membrane responds 
differently to high and low frequency vibrations.  

The membrane response to step displacements may be 
estimated by fitting the capacitance to two exponential terms, 
one for the initial response and one for the gradual relaxation 
as shown in Figure 2.b. 0C  is the capacitance prior to 
deformation, and shiftC  is the total change in capacitance after 
the new equilibrium is reached. 

( ) 0

1 exp expshift fast slow
fast slow

C t C

t tC K K
t t

= +

     
  − − + −          

 (2) 

Noise and artefacts are smoothed out by breaking the current 
into segments and taking the average absolute value of the 
current for each segment then dividing by the constant 

ind dtϕ  supplied by the triangle-wave voltage signal. The 
membrane exhibits a relaxation behaviour with the axial 
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compression and separation, gradually approaching new 
equilibrium values and altering back and forth between them 
reversibly (Figure 2.a). This behaviour may be modelled as a 
combination of exponential terms as seen in Equation (4) and 
shown in Figure 2.b. Both the compression and separation 
stages share the same slow relaxation behaviour, with slowt  of 
approximately 5-7 seconds. The more rapid initial stage differs 
slightly between the two, with a fastt of 0.4 and 0.85 seconds 
for the separation and compression cycles respectively. These 
changes in membrane dimensions correspond to the slow 
bulging regime originally described by Petrov14, and are 
present in low frequency vibrations. As the frequency of 
droplet oscillation increases the mechanoelectric current 
generated by changes in the membrane’s equilibrium 
dimensions will be reduced drastically - at frequencies above 2 
Hz, the observed changes in membrane area are reduced by an 
order of magnitude29. This component of the mechanoelectric 
current is limited by the maximum rate of growth for the 

membrane, which corresponds to a peak rate of capacitance 
change of roughly 20 pF/s in this system. 
The first component of the capacitive current equation 
(Equation (1)) allows for the study of the membrane 
capacitance through a varying electrical signal. The second 
component of the capacitive current equation allows for the 
study of the electrostatic profile through the generation of 
mechanoelectric current, or the current generated by 
perturbing a charged membrane. With a low-frequency 
sinusoidal mechanical excitation of the droplets, the DIB 
system mimics the classical Kelvin probe27, 28. As the 
membrane capacitance changes with the axial compression 
and separation (Figure 2.a), an alternating current is generated 
that scales linearly with the potential drop across the 
hydrophobic core of the lipid membrane. This is the simplest 
form of the mechanoelectric current supplied by these DIB 
membranes, and is derived from Equation (1) and the 
capacitor model presented in Figure 1.d.  

 
Figure 3 - Relationship between the clamped (or defined) potential and membrane asymmetry. a.1) If the membrane leaflets are symmetric, then the boundary potentials are 

equal and bϕ∆  is zero. a.2) Any clamped potential clampϕ  will be applied across the membrane interior, and the potential drop across the membrane is equivalent ( clamp inϕ ϕ= ). 

b.1) If the membrane leaflets are asymmetric this leads to a shift in the measured boundary potential bϕ∆ . b.2) Under short-circuit conditions, this leads to a potential drop 

across the membrane interior even when clampϕ is set to zero ( in clamp bϕ ϕ ϕ= − ∆ ). 

The resulting current may be used to infer the fine 
electrostatic structure of the membrane. Typically DIB 
membranes are symmetric, sharing the same leaflet 
composition on both sides. As a result the electrostatic profile 
boundary potentials are cancelled out between the two 
leaflets, resulting in symmetric boundary potentials at the 
electrodes bϕ  (Figure 3).  

In an asymmetric membrane the difference between the two 
leaflets bϕ∆  may be non-zero due to different surface charges 
and/or dipole potentials. The difference in the electrostatic 
structures bϕ∆ leads to a shift in the measured electrode 
values, and the amplifier compensates for this by providing a 
transmembrane potential clampϕ that corresponds to the 
asymmetry in the membrane. The equation for capacitive 

a.1 b.1

a.2 b.2
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current (Equation (2)) may be re-written by substituting 

clamp bϕ ϕ− ∆  for inϕ  : 

( ) ( )clamp b in
in clamp b

d dCi C
dt dt

ϕ ϕ
ϕ ϕ

− ∆
= + − ∆  (3) 

The mechanoelectric current will be minimized when
0clamp b inϕ ϕ ϕ− ∆ = = . If the membrane is symmetric, the 

minimum current will occur at 0clampϕ =  and the current will 
be symmetric with respect to the clamped potential, shown in 
Figure 4. Any deviation from this behaviour at low frequencies 
of oscillation may be attributed to asymmetry in the 
membrane. The DIB approach for creating model membranes 
is well suited for the formation of asymmetric membranes by 
combining droplets with different compositions of dispersed 
liposomes30.  To demonstrate how the mechanoelectric 
current may be linked to this asymmetry. To illustrate this 
concept, asymmetric DIB membranes were created with two 
leaflet compositions: 1,2 diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC) and 1,2-di-O-phytanoyl-sn-glycero-
phosphocholine (DOPhPC), an ether form of the lipid. Both of 
these phospholipids share similar characteristics and are 
largely compatible; however recent results show a difference 
in their dipole potentials dϕ  between 100 and 200 mV 
dependent on the area per lipid molecule in the monolayer 
leaflets31. 

Asymmetric DIB membranes were created by combining a 
droplet containing DPhPC liposomes with a droplet containing 
DOPhPC liposomes. The two droplets were separated for a 
sufficient period of time for monolayer formation then 
brought into contact to form an asymmetric lipid membrane at 
their interface. Immediately after membrane formation the 
droplets were sinusoidally oscillated at 1 Hz, allowing for the 
continuous growth and shrinkage of the interfacial membrane 
as seen in Figure 2.d. The clamped potential was then varied at 
a low frequency, low enough to ensure that the first 
component of the mechanoelectrical current was minimized in 
comparison to the second (< 10 mHz). The varying 
mechanoelectric current with respect to the clamped potential 

clampϕ  was calculated by integrating the peaks contained within 
the power spectral density (PSD) analysis of segments of the 
experimental data that corresponded to the oscillation 
frequency (1 Hz). The mechanoelectric current – voltage 
relationship may then be examined as seen in Figure 4. This 
plot is not a traditional I-V plot; the current presented here is 
the integrated peak in the PSD analysis corresponding to the 
frequency of oscillation. All plots of the integrated peaks 
gained from the PSD analysis of experimental data are 
appropriately labeled “Mechanoelectric Current” rather than 
“Current.”  

 
Figure 4 – Mechanoelectric current plotted as a function of voltage for asymmetric membranes of DPhPC and DOPhPC with one symmetric DPhPC case for comparison. The current 
axis is in log scale to emphasize the locations of the minimum current. The membrane asymmetry leads to an offset in the transmembrane potential with respect to the clamped 
potential. Swapping the droplet location relative to the source and ground reverses the position of the minimal current where clamped potential exactly offsets the membrane 
asymmetry. 

The results show a minimum mechanoelectric current at +/- 
135 mV for asymmetric DIB membranes with DPhPC and 
DOPhPC. At these minimum values for the mechanoelectric 
current, the clamped potential matches the asymmetric 
potential, or 0clamp bϕ ϕ− ∆ = . The rate of change in capacitance 
(or slope of the mechanoelectric current with respect to 
potential) for each droplet pair is slightly different due to 
differences in droplet shapes and size, but the overall result 
shows clearly that the asymmetry in the membrane is 
equivalent to a 135 mV difference, matching reported 

experimental values for DPhPC and DOPhPC31. This 
demonstrates a unique method for assessing membrane 
asymmetry through mechanoelectric current. 
According to the relaxation constants obtained for membrane 
growth and wetting, changes in membrane area will be 
effectively damped out at high frequencies. However it is 
important to remember that in this mode of membrane 
excitation the displacement is initially applied to the droplets 
themselves, which have their own mechanical properties32. .  
As the step displacement is applied a brief distortion of the 
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droplet’s near-spherical oil-lipid-water interface occurs which 
resolves itself quickly relative to the gradual growth and 
reduction in the membrane area.  This transient droplet 
distortion is accompanied by a mechanoelectrical current, and 
continuously oscillating the droplets at a high frequency 
generates a corresponding harmonic mechanoelectrical 
response12. This harmonic droplet distortion is distributed 
asymmetrically between the droplets, and the oscillating 
droplet accommodates the bulk of the distortion. This 
asymmetric distortion perturbs the membrane by altering the 
surface orientations at the meniscus (Figure 2.d), and rapid 
changes in the membrane capacitance are noticeable in the 
raw data as shown in Figure 2.c. In this high frequency regime 
the membrane exhibits a much greater response in the 
capacitive signal than the limited rate of membrane growth 
and reduction allows (roughly a 400 fold increase in indC dt

compared to the low frequency regime). This is likely due to 
membrane bending, wherein the oscillating asymmetric 
droplet deformation causes the membrane to rapidly cycle 
between a planar configuration and a curved configuration, 
exhibiting an elastic strain and resulting change in capacitance.  
Interestingly, high-frequency droplet deformation produces an 
offset in the voltage-current relation similar to those seen in 
Figure 4 for symmetric membranes, which is linked to the 
mode of membrane deformation. The membrane bending 
generates a secondary component of the mechanoelectrical 
current that does not follow the previous capacitive model due 
to the deformation of fixed charged groups or change of dipole 
density (Figure 1.e) within the membrane, generating 
flexoelectricity14, 15, 33. This creates a non-zero component of 
the mechanoelectric current at 0inϕ = , pictured in Figure 5.d. 

 
Figure 5 – Switching between low-frequency and high-frequency membrane deformation for symmetric droplets with equal sizes. In low-frequency oscillations, a symmetric 

membrane produces a mechanoelectric current that scales linearly with the clamped transmembrane potential and is symmetric about 0inϕ = . When 0inϕ = , the current is 

negligible. At high frequencies of oscillation, a secondary current is generated that is not reliant on the supplied transmembrane potential due to flexoelectricity. 

The hypothesized flexoelectric component is of particular 
interest for the development of biomolecular mechanosensors 
as it may be generated without an external voltage supply and 
may be activated through the simple displacement of the 
droplets. This flexoelectricity is traditionally characterized by 
the flexoelectric coefficient of the membrane f , which 
predicts the polarization per membrane unit area sP  as a 
linear function of the membrane principal curvatures ( )1 2c c+ .  

( )1 22sP f c c= +  (4) 

The flexoelectric coefficient is dependent on the distribution of 
charged groups on the lipid molecules, orientation of solvating 
water, and contains contributions from the charges, dipoles 
and quadrupoles14, 17.  
This hypothesized flexoelectric response may be combined 
with the previous equation for the mechanoelectric current. 
Here inϕ  is the potential drop across the inner membrane and

inC  is the capacitance of the membrane’s hydrophobic core.  



in
membrane in flexo

flexo
capacitive

dCi i
dt

ϕ= +


 
(5) 

When examining the mechanoelectric current presented in 
Figure 5, only the magnitude of the integrated peak is 
reported, but the form of the flexoelectric and capacitive 
currents may be examined as well. Three traces were captured 
from a single experiment encapsulating one oscillation period 
as shown below in Figure 6 at -10 mV, 0 mV, and 10 mV. The 
current at 0 mV is selected as the flexoelectric component 
(negligible contributions from the capacitive component 
according to Equation (5)) and subtracted from the -10 mV and 
10 mV cases to isolate the capacitive component. Initially the 
experimental data appears to be phase-shifted; however 
removing the hypothesized flexolectric current at 0 mV shows 
similar membrane responses to the single oscillation period.  
The resulting separated capacitive current shows symmetry 
about the x axis, further reinforcing the hypothesis that the 
high frequency membrane deflection contributes its own 
signal with its own generation mechanics. 
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Figure 6 – a) Three traces are captured for an identical oscillation form with symmetric droplets with varying transmembrane potentials ( inϕ ). In the original traces, no symmetry 

with respect to the transmembrane potential is present, and the waveforms are distorted due to interference between the flexoelectric and capacitive signals. Subtracting the 
flexoelectric current restores the expected symmetry with respect to transmembrane potential. 

In summary, the membrane exhibits two modes of 
deformation that are frequency-dependent. At low 
frequencies of deformation the bilayer accommodates the 
deformation by zipping the monolayers together at the 
bilayer-monolayer annulus (Figure 1.b), increasing the 
membrane surface area and consequently the membrane 
capacitance11. However, increasing the oscillation frequency 
shifts the membrane deformation mechanic from gradual 
growth and reduction to elastic strain and bending, producing 
flexoelectric current as shown in Figure 5.d in addition to the 
capacitive current.  
Multiple control experiments were conducted to ensure that 
the signal was a function of the membrane deformation, 
including cases with a single droplet, disconnected droplets, 
and droplets in contact without an interfacial membrane, and 
cases where a third manipulator was used to isolate the 
ground electrode from the vibrations entirely. In all cases the 
observed signal was considerably less than the measured 
signal with the membrane present, and the control signal was 
never greater than 1 pA. In addition, the noise signals 
generated in these control cases were out of phase relative to 
the deformation with the signal generated by membrane 
deformation. 
The offset in the mechanoelectric-voltage relationship may be 
explained by interference between the two components of the 
mechanoelectric effect in Equation (5). If the membrane 

bending is approximated as the bulging of a spherical cap with 
curvature c , area A , and central height h , the charge per unit 
area q A  may be written as a function of the membrane 
geometry. Differentiating this charge with respect to time 
provides the experimentally measured current. The membrane 
thickness is assumed constant with a constant specific 
capacitance sC , and the transmembrane potential inϕ  is 
assumed to be constant as well at a prescribed clamped value, 
nullifying ind dtϕ . Neither simplification is wholly accurate, but 
they allow for a simple mathematical description of the 
interference between the capacitive and flexoelectric signals.  
The capacitive current is a function of the change in 
membrane area, and the flexoelectric current is a function of 
the charge in membrane curvature (Equation (4)). 

2

2 2

2

s in

in
membrane s in s

membrane in s

capacitive flexo

q C fc
A

dq dA d dc dAi C C A fA fc
dt dt dt dt dt

dA dc dAi C f A c
dt dt dt

ϕ

ϕϕ

ϕ

= +

= = + + +

   = + +   
   

 

 
(6) 

These two components of the mechanoelectric current are 
intrinsically linked to the geometry of the membrane, and they 
may both be described by the central height of the spherical 
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cap h . Differentiating this value yields the following 
relationships between the area, curvature, and height: 

( ) ( ) ( ) 1 2
2

1 1 2
2

A t c t dA dh dch t A
dt c dt dt

dh dA dc dc dh dAc A c
dt dt dt dt A dt dt

π
π

π
π

 = = − 
 

   = + = −   
   

 (7) 

Substituting the equation for the change in curvature with 
respect to time back into the total membrane current yields 
the following simplification: 

2 2membrane in s

capacitive flexo

dA dhi C f
dt dt

ϕ π   = +   
   

 

 
(8) 

For a spherical cap, the area of the cap may be expressed as a 
function of the planar radii planarr , the cap height h and the 
membrane flexoelectric coefficient f. Since membrane growth 
and reduction are minimized at high frequencies, we assume 
that planarr will remain fixed and any increase in membrane area 
is a function of elastic strain alone.  

( )2 2

2

planarA r h

dA dhh
dt dt

π

π

= +

=
 (9) 

Substituting this back into the current reduces the equation 
further, linking the total membrane current to the rate of 
change in the central deflection: 



2 2membrane in s
flexocapacitive

dhi C h f
dt

π ϕ
 
 = +
 
 


 (10) 

If we make the assumption that the height of the spherical cap 
is oscillating following the equation ( )var 0sinh h t hω= + , then a 
final relationship is produced, where varh  is the amplitude of 
oscillation and 0h  is a static offset, or initial displacement: 

( ) ( )( )

( )

2
var 0 var

var

sin 2 cos

2
2 cos

in s

capacitive
membrane

flexo

C h t h h t

i
fh t

ϕ ω ω

πω
ω

 +
 
 =
 +
 
 





 (11) 

If h  oscillates in a perfectly symmetric fashion about the 
planar case ( 0 0h = ), then the two components are 
independent with the flexoelectric current occurring at the 
oscillation frequency and the capacitive current occurring at 
twice the oscillation frequency. This has been shown by Ochs15 
and Petrov14. If the oscillation is not perfectly symmetric, then 
constructive or destructive interference occurs dependent on 
the direction of the static offset in membrane curvature and 
the magnitude of the applied transmembrane potential. It 
should be noted that the deformation of the membrane is 
considerably more complex than this sinusoidal model, but this 
best illustrates the concept of the interference between the 
two signal components. The presence of both capacitive and 
flexoelectric currents will generate constructive or destructive 
interference dependent on the direction of membrane flexure. 

There may be another component to the mechanoelectric 
current generated at high frequencies.  As the droplets deform 
asymmetrically, their surface area and consequently lipids per 
area will change as well, assuming that the lateral diffusion 
rate of the lipids in the interfaces is insufficient to 
accommodate the rapid droplet deformation.  Consequently, 
both the direction and magnitude of the monolayer tensions 
entering the bilayer-monolayer meniscus may be affected by 
the droplet distortion, as the surface tension is directly linked 
to the lipid density31.  As the droplet deforms from a spherical 
configuration to an ellipsoidal configuration its surface area 
and consequently surface tension will increase, further 
increasing the asymmetric tension introduced at the meniscus 
and potentially enhancing the curvature generated in 
response.  The electrostatic potential profile is linked to the 
lipid density as well31, and asymmetric lipid densities in the 
leaflets comprising the bilayer membrane will generate a 
transmembrane electrostatic profile similar to the mechanic 
observed in Figure 4.  If the monolayer leaflets contained 
within the membrane are uncoupled and are able to stretch 
independently of each other, then this initial imbalance in lipid 
density may further contribute to the generated 
mechanoelectric current through an asymmetric electrostatic 
potential. 
To further test the membrane curvature hypothesis, the value 
for the initial planar offset 0h was controlled by adjusting the 
droplet geometries. Droplets are pressurized relative to their 
surrounding medium, and the pressure inside the droplets P∆  
may be expressed as a function of the monolayer surface 
tension monolayerγ  and the radius of the droplet R . 

2
monolayerP

R
γ  ∆ =  

 
 (12) 

Varying the droplet sizes in a DIB pair generates a static 
pressure imbalance across the interfacial membrane, causing 
the membrane to swell or bulge out of a planar state and 
introducing an initial offset curvature in the deformation (

bilayerR ), allowing for control over the static offset 0h in the 
equations above. This may be predicted at equilibrium as a 
balance of the individual droplet radii 1R  and 2R  and the 
contact angle at the monolayer-bilayer intersection mbθ

10. 

1 2

1 2

2cos
2
mb

membrane
R RR

R R
θ =   − 

 (13) 

If asymmetric droplet deformation is responsible for the 
minimum current occurring at negative potentials due to 
destructive interference between the capacitive and 
flexoelectric components of the mechanoelectric current, 
introducing a bias curvature will influence the results by 
modifying the static offset 0h . This modifies the interference 
between the flexoelectric and capacitive currents according to 
Equation (11), changing the location of the minimum current 
dependent on the favored direction of membrane curvature. 
This is confirmed in Figure 7.  The interference between the 
capacitive and flexoelectric currents at the frequency of 
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oscillation is controllable by tailoring the static curvature in the 
membrane through droplet dimensions. 
A secondary effect may be introduced as well through the 
altered droplet curvatures. Each droplet possesses an internal 
pressure according to Equation (12). Smaller droplets are more 
resistant to deformation and vice versa. Attaching a smaller 
droplet to the oscillating hydrogel electrode will transmit much 

more of the deformation to the stationary droplet, providing a 
greater change in membrane strain. Conversely, attaching the 
larger droplet to the oscillating hydrogel will provide a much 
greater deformation of the droplet surface, leading to 
engulfing of the smaller stationary droplet into the oscillating 
droplet and generating a greater flexoelectric current. 

 
Figure 7 – Impact of altering droplet geometry on the mechanoelectric current. a) A pressure gradient is generated if the droplet sizes are varied, causing the membrane to swell 
towards the larger droplet. b) As predicted, this alteration in the initial pressure gradient leads to a shift in the location of the minimum current. All oscillations were conducted 
with a 61.5 Hz sinusoidal signal with a 23 µm displacement. c) Young-Laplace predicts that an initial membrane curvature ρ0 will develop due to the pressure across the membrane, 
d) and at equilibrium this curvature may be predicted by the balance of the surface tensions in the monolayer and the bilayer at the annulus region. 

As a final test, proteoliposomes (liposomes containing 
membrane proteins or channels) containing the mechanically-
activated channel MscL (V23T mutant) were added to the 
original lipid solution and incorporated into the DIB 
membranes as originally described by Najem et al. (Figure 8)34. 
MscL is a large-conductance tension-gated protein that forms 
a stretch-activated channel upon insertion into a lipid bilayer 
membrane35. V23T MscL responds to stress or tension (~6-10 
mN/m) in the cellular membrane by opening conductive 
pathways, and may be used as a biosensor to estimate the 
membrane areal strain through changes in the membrane 
conductivity36. During the gating process, several temporary 
conductive substates are observed37, consistent with high 
occupancy of subconductive states at low tensions in patch-
clamp experiments38 and in DIBs34. The channel is used here in 

a high-frequency mechanical oscillation case (61.5 Hz) at 50 
mV, and the recorded V23T MscL gating events indicate that 
the membrane is experiencing high tension or stretch. The 
amplitude of oscillation supplied to the droplets is gradually 
increased until membrane failure.  
Uneven droplet sizes are used for MscL activation, with the 
smaller droplet attached to the actuator. This smaller droplet 
possesses a higher internal pressure (Equation (12)), allowing 
for a greater deformation of the membrane as evidenced by 
the higher capacitive component (indicated by the greater 
slope of the mechanoelectric current with respect to voltage, 
predicted by Equation (3)) of the current shown in Figure 7.b. 
The overall deformation of the membrane may be tuned by 
the droplet composition, and this is exploited here to 
maximize the gating activity of MscL.  
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Figure 8 – Incorporation of the stretch-activated channel MscL V23T in the membrane formed by droplets of unequal sizes. a) The displacement is gradually increased as seen in c) 
and a 50 mV DC potential is applied to estimate the membrane conductivity. b) The mechanoelectric current is subtracted from the original experimental current seen in a), 
allowing for the isolation of the gating events, showing partial and full MscL gating events. c) The peak-to-peak displacement of the piezoelectric oscillator (61.5 Hz) is gradually 
increased through the experiment, increasing the voltage to the actuator by 1 V every minute. d) The membrane strain is estimated by calculating the required change in 
capacitance for the measured current and comparing it to the original membrane area. 

MscL gating events are recorded as changes in the membrane 
conductivity. The conductivity of the membrane is calculated 
by subtracting the mechanoelectric current components from 
the summed experimental current in Figure 8.a. This isolates 
the MscL gating events from the membrane mechanoelectrical 
response, and dividing the current by the supplied 50 mV DC 
transmembrane potential provides the overall membrane 
conductance.  Temporary MscL conductive substates are 
recorded as the actuator displacement increases. At peak 
displacement, MscL begins to fully gate and remains open until 
membrane failure. The oscillation frequency is high enough to 
avoid bilayer growth as shown previously, and the method of 
activation is through membrane stretch and strain. 
The strain experienced by the membrane is estimated by the 
total mechanoelectric current, with the assumption that the 
mechanoelectric current with the supplied 50 mV 
transmembrane potential is primarily capacitive (Equation (5)). 
The mechanoelectric current is integrated from PSD analysis as 
described previously, and does not contain the MscL gating 
behaviours. The membrane strain reaches a plateau once the 
MscL channels begin to fully gate, and no longer increases with 
the actuator displacement. This indicates that there is an 

upper limit to the mechanoelectrical behaviour which is 
governed by a critical membrane strain. The maximum strain 
achievable in the membrane prior to failure is roughly 2%, 
which aligns with the critical areal strains observed by 
Needham in his studies on the mechanical properties of 
membranes39, further confirming the elastic nature of the 
membrane deformation. 

Conclusions 

The droplet-interface bilayer approach allows for a great deal 
of control over the membrane dimensions and properties. 
Displacement of the constitutive droplets is linked to 
variations in the properties of the interfacial membrane, and 
this provides a useful tool for characterizing membrane 
asymmetry and the fine electrostatic structure of the 
membrane. These electrostatic structures may also prove 
useful for signalling applications involving the microfluidic 
membranes.  
At high frequencies of oscillation the membrane deforms 
elastically, producing a flexoelectric signal related to the 
bending and curvature of the interfacial membrane. This signal 
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represents the polarization of the membrane due to 
compression and extension of the charged groups and dipoles 
of the lipid molecules, and this signal may be generated 
independently of the voltage-clamped environment. In 
addition, the membrane deformation was significant enough 
to drive the activation of tension-gated channels within the 
membrane, allowing for further mechanotransduction 
possibilities within these DIB membranes.  

Experimental Details 

The work presented here uses the DIB approach for the 
creation of lipid membranes. The primary lipids selected for 
the membrane are 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC) from Avanti Polar Lipids. DPhPC was 
selected due to its durability, impermeability, and stability 
across a wide range of conditions40, 41. Buffer solutions are 
prepared using 500 mM KCl (Sigma Aldrich) with 10 mM MOPS 
(Sigma Aldrich). Lipids in powder form are hydrated with the 
buffer solution at concentrations of 2 mg/mL, and these 
liposomes are extruded repeatedly through 0.1 µm filters for 
uniform liposome size. The droplets containing the liposomes 
are directly deposited into the tips of 1 mm O.D. capillary 
tubes (World Precision Instruments) containing Silver-
Chloride/Silver (AgCl/Ag) electrodes encased in cured 
polyethylene glycol dimethylacrylate (PEG-DMA) hydrogels 
(Polysciences) as shown in Figure 1.e. 
The liposome-containing aqueous droplets readily adhere to 
the hydrogels contained within the capillary tubes, providing a 
mechanical linkage between the droplets and manual 
micromanipulators (Burleigh) as shown in Figure 1.c. The 
liposomes gradually coat the aqueous droplets in a uniform 
lipid monolayer (3-5 minutes), after which the droplets are 
brought into contact to form a lipid bilayer at their interface. 
All experiments were performed within a hexadecane (Sigma 
Aldrich) reservoir placed on the stage of a Zeiss Axioskop on a 
vibration isolation table (Newport) within a Faraday cage. 
Figure 1.c was taken with squalene (Sigma Aldrich) in place of 
hexadecane to enable larger membrane formation for 
illustration purposes. Images were taken through use of an 
attached Axiocam (Zeiss). 
Electrical control and recordings are provided by connecting 
the hydrogel-embedded AgCl/Ag electrodes to an Axopatch 
200b and Digidata 1550 (Molecular Devices). Any changes in 
the membrane qualities through the applied mechanical 
deformation is translated into an experimentally observable 
current by the amplifier, compensating for shifts in the 
measured voltage and ensuring that the voltage remains 
clamped at the desired clamped value. Experimental data is 
extracted and filtered for better analysis and noise reduction. 
Mechanical control is provided by the rigid capillary tube 
attached to the ground electrode or ground droplet. A 
piezoelectric stack actuator (Physik Instrumente) is attached to 
the arm of the manual micromanipulator (Burleigh), and the 
displacement of the actuator is controlled by a sweep 
generator (Agilent). With this approach, the frequency and 

amplitude of the applied deformation may be controlled. The 
oscillating capillary tube is suspended in the oil bath without 
making contact with the substrate itself to ensure minimal 
vibration is transmitted from the oscillator to the patch-clamp 
amplifier headstage. 
DPhPC proteoliposomes containing V23T mutant MscL 
channels were prepared as discussed previously by Najem et 
al.34, 42. The MscL-containing proteoliposomes were then 
mechanically extruded through 0.1 µm filters (Avanti) upon 
arrival in the laboratory at Virginia Tech to eliminate any 
gradual aggregation, and diluted four-fold with the DPhPC 
liposomes prior to membrane formation to avoid excess 
channel concentrations in the membrane. 
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The mechanoelectrical response of membrane-based materials is examined in detail, linking the 

current generated through membrane deformation to the underlying membrane structure. 
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