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ABSTRACT

This dissertation investigates the behavior of the Escherichia Coli mechanosensitive (MS)
channel MscL, when incorporated within a droplet interface bilayer (DIB). The activity of
MscL channels in an artiﬁcial DIB system is demonstrated for the ﬁrst time in this document.
The DIB represents a building block whose repetition can form the basis to a new class of
smart materials. The corresponding stimuli-responsive properties can be controlled by the
type of biomolecule incorporated into the lipid bilayer, which is in the heart of this material.
In the past decade, many research groups have proven the capability of the DIB to host
a wide collection of natural and engineered functional biomolecules. However, very little
is known about the mechano-electrical transduction capabilities of the DIB. The research
present herein speciﬁcally seeks to achieve three direct goals: 1) exploring the capabilities of
the DIB to serve as a platform for mechano-electrical transduction through the incorporation
of bacterial MscL channels, 2) understanding the physics of mechano-electrical transduction
in the DIB through the development of theoretical models, and 3) using the developed science
to regulate the response of the DIB to a mechanical stimulus.
MscL channels, widely known as osmolyte release valves and fundamental elements of the
bacterial cytoplasmic membrane, react to increased tension in the membrane. In the event
of hypo-osmotic shocks, several channels residing in the membrane of a small cell can generate a massive permeability response to quickly release ions and small molecules, saving
bacteria from lysis. Biophysically, MscL is well studied and characterized primarily through
the prominent patch clamp technique. Reliable structural models explaining MscL’s gating mechanism are proposed based on its homolog’s crystal structure modeling, which lead

to extensive experimentation. Under an applied tension of ∼10 mN/m, the closed channel
which consists of a tight bundle of transmembrane helices, transforms into a ring of greatly
tilted helices forming an ∼8 Å water-ﬁlled conductive pore. It has also been established
that the hydrophobicity of the tight gate, positioned at the intersection of the inner TM1
domains, determines the activation threshold of the channel. Correspondingly, it was found
that by decreasing the hydrophobicity of the gate, the tension threshold could be lowered.
This property of MscL made possible the design of various controllable valves, primarily for
drug delivery purposes. For all the aforementioned properties and based on its fundamental
role of translating cell membrane excessive tensions into electrophysiological activities, MscL
makes a great ﬁt as a mechanoelectrical transducer in DIBs.
The approach presented in this document consists of increasing the tension in the lipid bilayer
interface through the application of a dynamic mechanical stimulus. Therefore, a novel and
simple experimental apparatus is assembled on an inverted microscope, consisting of two
micropipettes (ﬁlled with PEG-DMA hydrogel) containing Ag/AgCl wires, a cylindrical oil
reservoir glued on top of a thin acrylic sheet, and a piezoelectric oscillator actuator. By
using this technique, dynamic tension can be applied by oscillating one droplet, producing
deformation of both droplets and area changes of the DIB interface. The tension in the
artiﬁcial membrane will cause the MS channels to gate, resulting in an increase in the
conductance levels of the membrane. The increase in bilayer tension is found to be equal
to the sum of increase in tensions in both contributing monolayers. Tension increase in the
monolayers occurs due to an increase in surface area of the constant volume aqueous droplets
supporting the bilayer.
The results show that MS channels are able to gate under an applied dynamic tension.
Interestingly, this work has demonstrated that both electrical potential and surface tension
need to be controlled to initiate mechanoelectric coupling, a property previously not known
iii

for ion channels of this type. Gating events occur consistently at the peak compression,
where the tension in the bilayer is maximal. In addition, the experiments show that no
activity occurred at low amplitude oscillations (< 62.5µm). These two ﬁndings basically
present an initial proof that gating is occurring and is due to the mechanical excitation, not
just a random artifact. The role of the applied potential is also highlighted in this study,
where the results show that no gating happens at potentials lower that 80 mV. The third
important observation is that the frequency of oscillation has an important impact of the
gating probability, where no gating is seen at frequencies higher than 1 Hz or lower than 0.1
Hz.
Each of the previous observations is addressed separately in this research. It was found that
the range of frequencies to which MscL would respond to in a DIB could be widened by
using asymmetrical sinusoidal signals to stimulate the droplets. By increasing the relaxation
time and shorting the compression time, a change in the monolayer’s surface area is achieved,
thus higher tension increase in the bilayer. It was also found that a high membrane potential
assists in the opening of MscL as the droplets are stimulated. This is due to the sensitivity of
MscL to the polarity of the signal. By using the right polarity the channel could be regulated
to become more susceptible to opening, even at tensions lower than the threshold.
Finally, it was demonstrated, for the ﬁrst time, that MscL would gate in asymmetric bilayers without the need to apply a high external potential. Asymmetric bilayers, which are
usually composed from diﬀerent lipids in each leaﬂet, generate an asymmetric potential at
the membrane. This asymmetric potential is proven to be enough to cause MscL to gate in
DIBs upon stimulation.
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“The basic texture of research consists of dreams into which the
threads of reasoning, measurement, and calculation are woven.”
- ALBERT SZENT-GYÖRGYI
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Chapter 1
Introduction and Literature Review
It may sound surprising but it is nevertheless believed that living organisms are half biology,
which comes as no surprise, while the other half is energy [3]. This belief was originally
conceived in 1905 after Einstein demonstrated the equivalence of mass and energy known
as the Theory of Relativity [4]. To reinforce this idea, if the two basic processes of life, the
photosynthesis and respiration, are considered, one can notice that they are nothing but the
movement of electrons [5]. This ﬂow of electrons, or the basic life cycle as once suggested
by Szent-Gyorgyi [6], is nothing but the conversion of energy from one form to another via
biological energy transducers. Therefore, every cell in any living organism is able to transmit
and receive diﬀerent forms of energy such as heat, light, vibration, magnetism, sound, and
electricity [7]. But how is this electrons movement accomplished? What is responsible of the
energy transduction within the cell? What controls these processes? And where exactly do
they occur? These are a few of many questions that inspired researchers around the globe to
study the structure of the cell and discover the vital role of membranes in living cells. The
cell membrane has been recognized to be responsible of many vital processes [8]. To name
a few, the permeability barrier of ions and molecules, ion accumulation or active transport,
1

Joseph S. Najem

Chapter1. Introduction and Literature Review

2

conversion of light into chemical and electrical energy, and protein synthesis [9]. Therefore,
it would not be an exaggeration to consider the cell membrane as the basic element of life,
as once suggested by Tien in his book [9].
The cell membrane, which separates the interior of the cell from the extracellular space,
serves much more than a partition. Cell membranes are extremely critical to many biological functions such as ion transport control, signal transduction, energy metabolism, and cell
division [10]. Despite all their critical roles and all the information known about them, especially certain aspects as ion transport and signaling, biologist keep studying cell membranes
as there is much more needed to be known. Knowing more about the cell membrane, for
instance, directly impacts the drug delivery research and has an immediate positive return
on life in general. In a recent study, a group of researchers at Cornell University discovered
that the cell membrane plays a vital role in gene expression as well [11], a function that was
not known before. Therefore, the importance of the cell membrane in medicine and biology
has been obvious for many decades now.
However, there are other aspects of cell membranes in which research still requires further progress through the establishment of new networks of interdisciplinary research. Cell
membrane research could tremendously beneﬁt from the expertise in mechanics, statistical
physics, chemistry, and many other disciplines. Experimentally, these new areas of research
require the development of new technologies, such as novel imaging techniques [12, 13],
micro-manipulation instruments [14], new ways of artiﬁcial bilayer formation and packaging
[15, 16] all of which are areas of strength for engineers. It is important to gain a greater
understanding of the membrane mechanics and its coupling with the cytoskeleton. Engineers
are usually ready to provide their expertise in these areas which would not only help understanding the cell membrane better but also come up with better designs, material systems,
and engineering processes through bio-inspiration.
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The complex and unique structure of the cell, especially its natural self-assembly properties and highly precise operations and machinery that happen at the nano-scale, provide
a huge source of inspiration for the development of novel sensors [17, 18], actuators [19],
nano-machines [20], and energy-conversion units. In speciﬁc, engineers are interested in the
extraordinary properties of cell membrane proteins. Proteins are intrinsic elements of the
cell membrane, they fulﬁll a wide range of functions that are vital to the cell. Protein structures and functions can vary from protein to another, however, they all basically serve as
transduction elements in the cell membrane, transforming one form of energy to another.
The work presented in this document builds upon previous successes in the ﬁeld of membranebased smart materials, especially those by Sarles et al. [21, 15]. In his work, Sarles studied
and developed a new form of biomolecular material system that features lipid bilayers capable
of hosting a wide variety of natural and engineered proteins. He used the droplet interface
bilayer (DIB) as a basis to his work and upon which he developed the regulated attachment
method (RAM), which represented the ﬁrst step toward stimuli-responsive materials. The
DIB has proven on several occasions its ability to host biomolecules and proteins, which
allows it to respond to all various types of stimuli (except mechanical). This research seeks
to understand the mechano-electrical transduction properties of the DIB. The eﬀort mainly
focuses on studying the activity of bacterial mechanosensitive channels, speciﬁcally MscL, in
the droplet interface bilayer. MscL, a ubiquitous stretch-activated channel usually found in
the cytoplasmic membrane of E. coli bacteria, works as an osmolyte release valve in response
to membrane tension. Throughout this work, characterization methods are developed in
order to understand the basics of MscL gating in an artiﬁcial membrane system. In parallel,
theories and model systems are developed to understand the physics of mechanosenstive
channels’ activity in a droplet interface bilayer system. Succeeding in this research helps
extend our capabilities as mechanical engineers and more speciﬁcally, helps in the design
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and development of a new class of smart materials.

1.1

The Cell

It takes around 37 trillion cells to build up the body of an adult. They are considered the
basic building blocks of a living tissue, and the smallest units of what makes living organisms.
However, within the wall of every cell lies a world in which billions of microscopic machines
work in harmony through every second of life.
Biologists have been studying the cell for more than three hundred years now, yet there is still
much more to discover. However, biologist are not alone in this long journey of science. Since
the ﬁfteenth century, engineers have been looking to the natural world for design ideas. In
speciﬁc, they have been interested in studying the complex mechanisms and micromachinery
comprised within the walls of the cells. The work that biomolecules accomplish, as part of
their continuous job of organizing the cell and keeping it alive, involves a lot of fundamental
functions and processes that engineers could use to form the basis to new material systems.
In the following paragraphs a brief description of the cell structure is presented. The basic properties of lipid membranes and their constituents are summarized and followed by
an overview of selected mechanosensitive channels, that are of great interest to the work
presented in this dissertation.

1.1.1

The Structure of The Cell

There are two general classiﬁcations of cells: Prokaryotic cells and Eukaryotic cells. Prokaryotes are single cell organisms which include bacteria and some algae [22]. On the other hand,

Joseph S. Najem

Chapter1. Introduction and Literature Review

5

eukaryotes make up more complex organisms like plants and animals. Prokaryotic cells lack
a membrane bound nucleus, therefore, the DNA, which is usually a single circular molecule,
ﬂoats in the cytoplasm of the cell. Eukaryotic cells contain a membrane bound nucleus that
holds all of the DNA in one part of the cell as well as many other organelles [22]. To gain a
better understanding of the inner working of the cell it is helpful to think of the cell as a mini
city. Just like in a city, a cell is made up of many parts that have their own functions. These
parts in the cell are called organelles which are explained as follows. Figure 1.1, represents
a comprehensive image highlighting the main parts which make up the cell body.
Proteins, intrinsic elements of the cell, are chains of complex chemicals that can connect
together to transform into nano-machines [23]. They are packaged and modiﬁed in the Golgi
[24] and all work together to create structures like the internal skeleton or the Endoplasmic
Reticulum that holds the cell together [25]. These truss-like structures are regularly adapting
to stresses and strains, building and rebuilding to give the cell its architecture and strength.
Motor proteins, for example, use the cell skeleton to deliver food, chemicals, and the essential
building materials of life to wherever they are needed [26].
Empowering all these activities are the cell's power plants [27]. Inside the free soaring
structures, called mitochondria, there are turbines revolving at 1000 rpm regenerating billions
of microscopic chemical batteries.
The nucleus encloses the instruction manual for life, which is the DNA [28]. The DNA is
a chain of chemicals organized into genes. Each gene holds the information to produce an
individual protein. The double helix consists of approximately 20,000 instructions to organize
the system of every living organism and tell it what to make and when [29]. However, this
essential chain of chemicals would be ineﬀective without an army of minuscule machines that
endlessly travel its length trying to maintain it and transcribing it turning the DNA into
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The main organelles which make up
sponsible of its functioning and maintenance.
Source:
astr.gsu.edu/hbase/biology/cell.html.
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instructions that the cell can understand. Once a gene has been copied, the instructions are
transported out of the nucleus, where moving manufacturing plants read them and develop
them into proteins. The number of produced proteins can go up to two million distinct
types, each with its own speciﬁc architecture and function [29].
Very little go to waste in the cell. Used and defective proteins are labeled for recycling
then chewed apart by lysosomes [30], reducing them to extremely small building blocks for
the creation of new proteins. However, each cell is also part of a wider neighborhood of
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cells, all continuously communicating with each other. Pieces of fragmented proteins are
steadily conveyed to the surface where they are presented for inspection to be monitored by
the protectors of the body's immune system; the white blood cells. They check the protein
shreds for symptoms of defection or infection.
Finally, the plasma membrane, which surrounds the cell, functions as gate that allows
molecules into and out of the cell [31]. Every single living cell contains this world of complexity, organized by nuclear machines working from instruction written down in the DNA.

1.1.2

Cell Membrane: An Organizer of Cell Complexity

The plasma membrane forms the compartmentalization which is crucial for the existence of
living organisms. It plays several vital roles for the cell, while membrane proteins perform
many of its functions. They include transport of ﬂuids and chemicals in and out of the
cell, communication between the cells or the external environment, enzimatic reactions, cell
identiﬁcation, and the formation of cell junctions [32]. The membrane acts as a barrier to
transport chemicals into and out of the cell. It may be permeable to a chemical allowing it to
enter and exit the cell but impermeable to another, this characteristic is known as selective
permeability [32]. Water and gases like oxygen and carbon dioxide can easily pass through
the phospholipid bilayer. However, charged or polar chemicals such as ions or glucose cannot
pass through the membrane. Chemicals need membrane proteins to get transported across
the membrane [32]. Accordingly, ions move across the plasma membrane through water
ﬁlled hollow proteins. These channels come in two forms that allow movement down the
concentration gradient: pores that are always open and gated channels that are able to
open or close. In another form, pumps move ions against their concentration gradient using
additional energy supplied by the hydrolysis of ATP [33, 34]. Channels usually can transport

Joseph S. Najem

Chapter1. Introduction and Literature Review

8

a speciﬁc type of ions while pumps can transport more than one type. Molecules, such as
nutrients like glucose, must bind to a diﬀerent kind of membrane protein called transporter
[35]. After binding with molecule the protein changes shape. This change results in the
transport of glucose across the membrane into the cell which plays a vital role in metabolic
processes like respiration [35].

Figure 1.2: Examples of the action of transmembrane proteins.
Larger molecules, such as proteins require movement of entire sections of the membrane.
Small round sacs, called vesicles are formed from existing membrane to transport large
molecules like neurotransmitters, hormones, and digestive enzymes. This process of secreting
a substance out of the cell using vesicular transport is called exocytosis [36]. If a substance
is moved into a cell using vesicular transport, then the process is called endocytosis [37].
Phagocytosis the ingestion by a cell of large particles or cells such as bacterium is an example
of this process [38].
Some membrane proteins act as receptors to molecules secreted from other cells, which is a
form of cellular communication [39]. For instance, a membrane receptor that once bound
to a neurotransmitter promotes the ﬂow of ions through the membrane surfaces contain
enzymes which are other types of membrane proteins. As such membranes are active sites
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for chemical reactions. For example, during the process of digestion the enzyme lactase
binds to the lactose substrate and splits it into two usable products [40]. Certain membrane
proteins are speciﬁc to cell types as they allow it to recognize other cells and to respond
to potentially foreign cells. For instance, immune system cells identify harmful bacteria
cells that are infectious to the body. Figure 1.2 illustrates the diﬀerent functions of the
transmembrane proteins.
Tissues are clusters or layers of cells that are permanently linked together by membrane
proteins. These cell junctions act to anchor cells together and form water tight barriers and
conduits for movement of ions like sodium and potassium between adjacent cells.

1.1.3

Lipids

Cell membranes are two-dimensional solutions of oriented proteins and lipids [31]. The
matrix is made of lipids and then there are proteins embedded within [41]. In the last two or
three decades proteins have raised most of the attention since they perform the cell functions
which are mostly localized in the membrane. However, lipids play an important role in the
membrane even though they are somehow under emphasized in the cell biology community.
The lipid is called “phospholipid” because instead of the three fatty acids there are two
[42]. The third bonding position is with the phosphate group. The phospholipid molecule
is divided into a head region and a tail region. The head region is hydrophilic (i.e. attracts
to water), where the tail is hydrophobic, thus it is repelled by water. It is this property
which allows for the unique molecular alignment that makes the plasma membrane [42]. If
a droplet of phospholipids is dropped into water, a micelle would from. A micelle (Figure
1.3) is a sphere with the hydrophilic heads on the surface, and the tails inside away from the
water [43]. Our bodies are made up from approximately 60% water and trillions of cells. The
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water can be found inside the cells, outside the cells, and in the blood stream. The location
of the water and the phospholipid hydrophilic and hydrophobic ends enable the membrane
to form a bilayer of lipids. The current accepted model of the cell membrane, was developed
by Singer and Nicholson in 1972 at the University of California San Diego [44]. Figure 1.4
shows the plasma membrane which looks like a sea of lipids with icebergs ﬂoating it. The
membrane is very ﬂexible and has a ﬂuid motion. This design of the plasma membrane is
called the “Fluid Mosaic Model”.

Figure 1.3: Amphiphilic phospholipids can self-assemble into ordered arrangements due to
the hydrophobic eﬀect.

Cellular lipidomes may contain up to 7000 distinct lipid species. But lipids are complex,
so the question here is; what is this complexity good for? Why do cells have to synthesize
so many lipid species, metabolize them, and regulate them? The ﬁrst answer that comes
to mind is, cellular architecture. Lipids form the shape of the cell membrane, since they
constitute most of its structure [45]. Lipids play an important signaling role, where a lipid
messenger binds to a protein target, which in turn mediates the eﬀects of these lipids on
speciﬁc cellular responses. Lipids also regulate the function of the membrane proteins. In
fact protein-lipid interaction is a big forthcoming subject which still requires huge research
eﬀorts in order to understand it more. Lipids by the way they distribute themselves in a cell
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can control membrane traﬃcking.

Figure 1.4: The Fluid Mosaic Model describing the organization of the lipids and proteins
within the cell membrane.
The interior of the lipid bilayer is normally highly ﬂuid. In the liquid crystal state, hydrocarbon chains of phospholipids are disordered and in constant motion [44]. Kinks in fatty
acid chains, due to cis double bonds, meddle with packing in the crystalline state and reduce
the phase transition temperature. At lower temperature, a membrane containing a single
phospholipid type undergoes transition to a crystalline state in which fatty acid tails are
fully extended, packed in highly ordered fashion, and the Van der waals interaction between
adjacent chains is maximal.
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Proteins

People have most probably heard about proteins as important nutrients for muscle building.
However, proteins are way more than muscle builders; they are the worker molecules of the
cell. Proteins are vital for almost every process or activity in any living organism. They
travel in the blood, permeate from the organ’s tissues, and grow in long ﬁbers out of the
head. Proteins are likewise critical elements of many biological materials ranging from silk
ﬁbers to elk antlers [46].
Proteins are probably the most complex of four major groups of organic compounds in any
living organism. These organic compounds include: carbohydrates, proteins, lipids, and
nucleic acids. Proteins are called organic compounds because they essentially have carbon
atoms that make covalent bonds, either with other carbon atoms or with hydrogen. Amino
acids are the building blocks that join up to form large and more complex proteins. The
long chains that amino acids form when they join often twist or fold to make unique shapes
that are important for proteins to function appropriately [44]. All amino acids and thus all
proteins on the atomic level are composed of carbon, hydrogen, oxygen, and nitrogen.
Proteins perform a wide range of functions. Some are structural that make various parts
of the body, for example collagen which is a ﬁber like protein that is the main component
of muscles. On the other hand, other proteins are functional that perform several vital
functions. Out of these functional proteins some are regulatory and are known as hormones
like insulin, some are transporters like hemoglobin, some are catalysts and known as enzymes
that increase or control the rate of biochemical reactions, and some are responsible for the
movement by contracting muscles. Moreover, another famous groups is known as antibodies
which defend against invading organisms.
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What is most important to the research presented in this document are membrane proteins.
These proteins allow the cell to interact with the outside. The ﬁrst type of membrane proteins
are the “recognition proteins” [47]. They help white blood cells, responsible of ﬁghting oﬀ
intruders, to recognize other cells. The also play an important role in organ transplants, as
any two individuals wanting to exchange organs have to have enough similarities between
their recognition proteins. The next type of proteins is called “receptor proteins” which bond
to hormones, which in turn cause changes in the inside of the cell [39]. “Channel proteins”
come next on the list, they resemble to a tunnel or a doorway into the cell. They allow big
molecules and ions into the cell, especially charged molecules. The most common channels
are sodium and potassium channels [48].

1.1.5

Mechanosensitive Channels as Interpreters of Membrane Tension

Living organisms from bacteria with single cells to animals and plants with complex cellular
systems, should be able to respond to mechanical energy from their extra-cellular environment such as gravity, touch, and shear. In addition, cells should be able to survive osmotic
down-shocks which cause increased pressures in the internal environment [49]. Cells are
usually in continuous motion. They expand, contract, travel, change in volume and shape,
split, and are exposed to diﬀerent mechanical stresses such as compression, tension, and
shearing. However, research in the last two decades has shown evidence that almost all cells
have ion channels that are capable of monitoring and regulate the mechanical changes in
the cell [50]. These channels are able to detect and respond to forces resulting from osmotic
pressure changes.
Mechanosensitive channels (MS) are the ion channels in question. They usually transform
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mechanical forces, resulting from external changes in the extra-cellular environment, into
electrical or chemical signal in the cell. These channels respond to mechanical stress in
the membrane by gating, where the open probability depends on the stress level within the
membrane. The MS channels can be found in both prokaryotes and eukaryotes.

Bacterial Mechanosensitive Channels: Safety Valves

MS channels in bacteria are essential to maintain cell integrity [51, 52]. Bacteria are exposed
to changes in osmolarity due to changes in environmental conditions such as rain or dryness.
For instance, when it rains the bacteria due to the huge amount of water surrounding it,
become exposed to a water gradient which leads to water rushing into the cell [52]. This
phenomena generates osmotic forces which would increase the internal pressure in the cell
and thus leads to membrane expansion. The membrane becomes under a lot of tension,
therefore, the channels open and release all the extra pressure in order to save the life of the
bacteria. Experiments have shown that mutants intentionally made without MS channels
died as a result of an osmosis down-shock. Note that the pressure inside a single bacteria or
a cell is around 5 atmospheres, but upon osmotic down-shock the pressure can go up to 20
or 25 atmospheres [53].
Bacterial MS channels have been studied extensively in the last 30 years and currently are
the best models to study mechanosensory at the molecular level [53, 54, 55, 56]. First found
in E. coli after a series of patch-clamp experiments, MscL, MscS, and MscM were found to
serve primarily as emergency valves. Due to a change in osmosis pressure the membrane of
the cell bacteria experience hypo-osmotic stress. To prevent the bacteria from exploding, MS
channels open to release excess osmolytes and thus release stress in the membrane. The ﬁrst
channels to activate is MscM, followed by MscS, and then MscL which represents the ﬁnal
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chance for the survival of the bacteria during the osmotic shock [51]. To date both MscL
and MscS are best studied MS channels and serve as a model for studies of mechanosensory
transduction in living cells. In addition to these major types of MS channels, other activities
with conductances smaller than MscS are usually encountered. Cui et al reported the activity
of a 350-pS conductance later known by MscM, which usually occur less frequently than MscS
under the same applied pressures and in the same cell [57, 58].

MscL

The mechanosensitive channel with large conductance (MscL) is one of the largest pores
known among the living organisms, and the best characterized MS channel from any species.
This channel is about 1000 times bigger, in terms of the current it passes, than the average
channel in the human cell [53]. MscL has a conductance level of 2.5 nS in buﬀer solution
containing 200 mM KCl and 40 mM MgCl2 [51]. MscL is nonselective and does not show any
current saturation with buﬀer KCl concentrations up to 2 M [51]. This ion channel was the
ﬁrst bacterial MS channel to be cloned and sequenced [59]. As a results of this achievement,
MscL became the ﬁrst ion channel proven to exhibit direct mechanosensitive activity.
Sukharev demonstrated through series of experiments that MscL and MscS could be solubilized with mild detergents and remain functional upon reconstitution into membranes [59].
MscL is a relatively small protein made up of only 136 amino acids consistent of two alpha
helices [51, 60]. Many scientists over the past two decades focused on understanding the
structure of the MscL protein as it would explain many of the traces seen in experiments
[60, 53, 1].
On another level, the activity of MscL has been studied extensively since it was cloned in
1994. Experiments have shown that when patches from the giant round-up cells are used, the
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suction pressure needed for activation ranges between 100 mm Hg and 200 mm Hg [51]. On
the other hand, when proteoliposome patches are used, the required suction pressure drops
to 50-100 mm Hg [51]. The open probabilities versus applied suction pressure are steep
sigmoidal curves, well ﬁtted by Boltzmann distributions [51]. It has been also demonstrated
that the increase of the pipette diameter, which results in bigger size patches, usually leads
to a left shift of the open probability curve. Which means that the open probability increases
at lower pressure as the radius of the patch has increased. This phenomenon supports the
fact that the channels are gated due to an increase in the lateral membrane tension [51].

Figure 1.5: Models of E. Coli MscL in the closed, expanded, and open states. The image
and models were produced by Sukharev et al [1].
The two-state model ﬁrst proposed by Howard et al [61], presents a fundamental explanation
to the behavior of the tip-link-gated MS channels. This model was later adapted by Sachs
et al [62] for explaining the gating in membrane-stretched channels. The tension required in
the membrane for MscL activation is around 18 dynes/cm[51] which is about 1.4 times the
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tension required to activate MscS. MscL gates in a complex kinetic pattern, where the mean
open time and open probability both depend on the pipette pressure. Research has shown
that MscL has more than one open state and more than a closed state. Figure 1.5 represents
three diﬀerent models describing the three states which MscL goes through upon applying
tension to the membrane.

MscS

MscS’ activity was the ﬁrst to be seen in the giant round-up E. coli cells in 1986 [63, 64]. The
mechanosensitive channel for smaller conductance is what MscS stands for. Its conductance
is not a substate behavior of MscL, and this was proven by testing MscL-free mutants [59].
The main conductance of MscS is 0.6 nS in 200 mM KCl, which is still high compared to the
standard channels. MscS can be activated by applying either positive or negative pressures.
The open probability of MscS ﬁtted with Boltzmann distributions, shows to increase when
the applied potential increases. Therefore, MscS exhibits a voltage dependency, where the
more positive the voltage is the higher the gating probability is. Unlike MscL, MscS is an
ion selective channel where it has shown a slight preference for anions. The tension needed
for activation is 1.4 times less that the one needed to activate MscL. Changing the bath
solution osmolarity, which would result in the production of an osmotic pressure, was shown
to cause MscS to activate [58, 65].

1.2

Model Membrane Systems

Advances in the design of experimental membrane models continue to address the challenge
of providing a physiologically relevant environment for the study of membrane biophysics
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and membrane protein function in a simpliﬁed system [66]. Made from either natural or
synthetic lipids, these systems exist a large variety of conﬁgurations: Bilayers in the form
of free or tethered vesicles (liposomes), depending on their size either referred to as small
unilamellar vesicles (tens of nanometers) or giant unilamellar vesicles (GUVs, tens of microns
in diameter); lipid nanodiscs stabilised by membrane scaﬀolding protein; supported lipid
bilayers in direct contact with a solid substrate or spaced from it in a number of ways;
free standing bilayers formed across apertures or nanopatterned surfaces; lipid nanotubes
which can be pulled from vesicles; coated beads; and aqueous droplets that form bilayers
in a surrounding oil phase. The most closely relevant systems to the DIBs used in this
dissertation are described in more detail in the Section 1.4 in the context of the techniques
used to interrogate the bilayer, along with highlights of a few of the most recent developments
in model membrane systems. For more details of other model systems, the reader is referred
to excellent reviews by [67, 68, 69].

1.2.1

Droplet Interface Bilayers

Droplet interface bilayer systems address the problem of ensuring a tight electrical seal
by completely enclosing the aqueous volumes on either side of the bilayer in an oil phase
[18]. In the past decade, the assembly of artiﬁcial lipid bilayers has been substantially
advanced through the development of the droplet interface bilayer method. Known as stable
and robust, DIBs imposed themselves as alternative model systems to the classical painted
(Mueller) and folded (Montal-Mueller) planar bilayers [70]. Although the idea of using
droplets to create lipid bilayers dates back to the 1960s [71], it has not gained popularity
until recently. The ﬁrst successful attempt was reported by Funakoshi et al. [72], followed
by several studies demonstrating bilayer formation using a network of droplets by the Bayley
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group [18]. More recently, encapsulation techniques were proposed by Sarles et al. [15], who
pioneered the concept of using DIBs as building blocks of novel stimuli-responsive material
systems [73].
In the DIB approach, an aqueous droplet submerged under an oil-lipid mixture spontaneously
acquires a coat comprising a self assembled lipid monolayer (the oil is generally, but not
limited to, a linear or branched hydrocarbon such as hexadecane or squalene). The lipids
could also be mixed in the aqueous phase instead of oil, which actually results in a faster
formation of the monolayers. If two such droplets are brought into contact, the oil between
the monolayers is displaced and a droplet-interface bilayer (DIB) forms. Membrane proteins,
dispersed inside one of the droplets, can become incorporated into the DIB. Electrodes within
the droplets enable the application of a potential, as well as the measurement of ionic current
ﬂowing through embedded channels and pores. Droplets can be created either by hand
pipetting aqueous solutions into the oil (reliably in volumes as low as 100 nL), or by using
microﬂuidic junctions that combine oil-lipid and aqueous streams. By contrast with MM
bilayers, which usually have lifetimes of a few hours, the lifetime of DIBs ranges from days
to weeks, even under a continuously applied electrical potential. Although the origins of the
relative stability of DIBs have yet to be established, several factors distinguish this system
from MM bilayers: (i) the interfacial forces acting on a DIB diﬀer from those in the MM
system;12 (ii) the DIB lacks an annulus and the surrounding oil, which replaces the annulus,
cannot disperse; (iii) the supply of lipids to the DIB system is eﬀectively inexhaustible; (iv)
because the droplets are submerged under an incompressible oil, hydrostatic shock to the
bilayer is minimized. For example, in a conventional bilayer apparatus, unilateral pressure on
the bilayer can originate from a higher liquid level in one chamber than the other. Given the
superior stability, and additional assets including low electrolyte volumes, the DIB approach
has exceptional potential to simplify and accelerate investigations of ion transport.
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Biomolecular Materials: Similarities Between Membrane Proteins and Active Materials

Active materials are materials which adjust their structure and properties instantaneously
as a response to a change in the surrounding environment. There is a number of types of
smart materials, some of which are already common, such as piezoelectric materials, ionic
polymer metal composites, and shape-memory alloys.
Piezoelectric materials respond to an applied stress by producing an electric potential and
vice versa. The charges in a piezoelectric crystal are usually balanced even though they are
not symmetrically arranged [74]. The eﬀects of charges exactly cancel out, leaving no net
charge on the crystal faces. In other words, the electric dipole moments, which are the vector
lines separating opposite charges, cancel out one another [74]. If the crystal is squeezed, then
the charges are forced out of balance. As a result, the eﬀects of the charges do not cancel
one another anymore and let positive and negative charges appear on opposite crystal faces,
and thus voltage across the opposite faces in produced [74]. Ionic polymer metal composites
(IPMCs) are another type of smart materials which exhibit mechano-electrical transduction
[75]. IPMCs are type of electroactive materials that exhibit large deformation in response
to a low applied voltage [75]. This process is reversible where a dynamic deformation of
an IPMC can produce a dynamic electric ﬁeld across the electrodes. IPMCs showed a huge
potential to act as soft robotic actuators, artiﬁcial muscles, and electro-dynamic sensors [76].
A third type of smart materials are shape memory alloys, which create mechanical strain
through crystal reorientation in response to a change in temperature [77].
In a similar fashion, membrane proteins reﬂect the change in the cell environment (Figure 1.6). In some cases, individual molecules are ‘smart’, while in other cases a system of
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molecules responds. An individual molecule of the enzyme glutamine synthetase, for example, monitors the level of nine independent factors in its environment simultaneously and
adjusts its rate of catalysis on the basis of summation of these positive and negative inputs
[78]. On a more complex level, entire metabolic pathways respond to single molecules, such
as hormones [79], growth factors [80], pathway products, and other metabolic intermediates.
In some cases the response to the stimulus is a functional one. In other cases, it is simply
a record of that stimulus. In cells, analytes are detected by surface mounted protein and
carbohydrate receptors whose structure is deﬁned at the level of each atom and the spatial relationship between those atoms, allowing molecular recognition with high aﬃnity and
speciﬁcity [81]. In most cases, these responses are triggered by alterations in the shape of
the receptor resulting from the binding of its target.

Figure 1.6: The stimuli-response properties found in proteins are very similar to those
found in traditional smart materials.
Molecules such as kinesin and myosin are able to convert chemical energy into motion, as
they transport other structures from place to place within the cell along rails of microtubules
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and actin, respectively [82]. Bacterial ﬂagella rotate and propel the organism through ﬂuids, either directly towards an identiﬁed goal or randomly in search of a target if none is in
sight [83]. MscL, found in E. coli increases the ability of ions to move through the channel in response to a mechanical strain in the membrane. Other biological molecules, such
as enzymes, respond to signals as switches, activating or inactivating themselves or other
molecules. Ratchets allow controlled motion in a single direction. The cell membrane is
a place for many pores, gates, and channels. These membrane structures allow the controlled speciﬁc passage of ions or molecules into or out of cells or organelles. Often these
proteins are highly regulated, responding to the presence of other molecules (ligand-gated)
or to a potential (voltage-gated). Often, they can use energy to concentrate species against
a gradient.
The ability to change chemical activity, color, electrical conduction, and mechanical properties in response to a change in the environment would be quite valuable in a variety of
materials applications. Perhaps the most advanced smart materials at this time are sensors, which translate their detection of deﬁned targets into measurable optical, electrical or
mechanical signals. Biological systems provide a very high standard to attain, demonstrating discrimination, sensitivity, and adaptability that can approach the detection of single
molecules or photons. Dogs can distinguish individual humans by smell and honeybees have
been trained to detect explosives at levels as low as tens of parts per trillion. Other organisms
have exceptional senses of taste, touch, hearing, and sight. The Melanophila beetle senses
infrared emission of a forest ﬁre at a distance of 50 kilometers. A dish-like organ under its
wings contains structures that are tuned to absorb the appropriate wavelengths and then
increase their volume and apply pressure to structures that trigger nerve impulses. Vipers,
pythons, and other snakes, with exceptional discrimination levels, identify warm blooded
targets objects by detecting the minute diﬀerences in radiated temperature.
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As miniaturization progresses, and micro/nano-scale devices are developed, sensors for extremely small forces will be required. Recent work [84] has shown that the unfolding of
single strands of RNA, which involves only the breaking of hydrogen bonds, can be measured using optical tweezers, allowing speculation that these measurement tools could be
adapted as nano-mechanical sensors. Cantilevers have been shown to allow the detection of
the change in energy resulting from the binding of very small numbers of molecules, again
allowing speculation about new, ultra-sensitive mechanical sensors. Although investigators
have had diﬃculty adapting these and other such systems to working devices, it cannot be
assumed that these problems will not be resolved.

1.4

Literature Review

An empire billions of years in the making, societies of cells, simple and complex, all connected
by an impressive web of molecular processes and global ecological systems, make up life today.
There is a list of great discoveries in the history of cell science which lead to the recent
understanding of cells and their membranes. The history of cell research dates back to the
early sixteen hundreds, where basic microscope were used throughout Europe, scientists were
held spellbound by the ability to enlarge the universe of the very small. In 1655, an English
scientist named Robert Hooke observed the tiny boxes in the sliver cork and called them
“Cells’’, because they reminded him of the small rooms occupied by monks [85]. Hooke’s
observation set the stage to the great discoveries in the world of cell biology.
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Great Discoveries

Anton Van Leeuwenhoek, a Dutch merchant fascinated with science, decided to build himself
a microscope upon learning about Hooke’s breakthrough. He discovered protozoa, a small
single celled animal that live in pond water [86, 85]. Van Leeuwenhoek achieved that using
his own microscope that he built, and which consisted of two brass plates with a small piece
of glass which represented the lens at that time. In 1675, Van Leeuwenhoek was using his
microscope to examine a bead of water, when he observes something extraordinary. A world
ﬁlled with creatures that no human has ever seen. Microorganisms like protozoa, bacteria,
and sperm [86].
The next great discovery occurred in 1831, when the English naturalist Robert Brown was
studying the diﬀerent types of plant species that he collected during a trip to Australia.
Brown has an exquisite eye for details. The cells of the plants were of particular interest
to him. While examining them under his microscope, Brown saw something intriguing. In
each cell,there was a similar structure, circular and opaque which he then called the nucleus
[87]. Upon learning Brown’s observations, the German physiologist Theodor Schwann, began
looking for a similar structure in the cells of tadpoles where he was able to ﬁnd it [88]. Each
and every cell of the tadpole had a nucleus as well. This discovery was considered as a
revolutionary breakthrough.
After more than a century on the discovery of the cell nucleus, it was believed there were
two fundamental types of life on earth; bacteria and everything else. Bacteria which are
prokaryotes, are simple single celled organisms with their DNA contained not in the nucleus,
like the eukaryotes, but within the cell wall. This simple classiﬁcation between eukaryotes
and prokaryotes was in for a shot. In 1977, the biologist Carl Woese was studying the genetic
makeup of a methane producing microbe, when he realized it as diﬀerent than any known
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bacteria. Its cell wall was unique, it produced unusual enzymes, and its genetic sequence
was unlike anything Woese has had ever seen. This was the moment of discovery of the third
form of life. A group of single celled organisms that Woese called Archaea [89]. This is a
big shift in biology because all of microbiology had been structured around the idea that
all bacteria are fundamentally the same. This is a life form that is able to live anywhere
on the planet including the most extreme environments. Today some biologists believe that
Archaea are the common ancestors from which eukaryotes evolved [90, 91].
One of the greatest discoveries in Biology answered the question of how cells make a new
life. Cell division is the process that a cell in a plant or animal goes through to duplicate
itself. While scientists had known about the process for decades, German zeologist Walther
Flemming was the ﬁrst to describe it and to publish its ﬁnals [92]. Flemming described cell
division in a way which would be acceptable in a modern journal. He observed the process
of cell division in great detail, with the help of a powerful microscope and a new dye staining
technique he was able to identify a structure that will later be named chromosome. During
the cell division the chromosomes undergo dynamic changes and divide into two identical
parts for each daughter cell [92]. Flemming called this process “Mitosis” is 1881 [93, 94].
The splitting of chromosomes during mitosis was a breakthrough discovery. It opened the
door for scientists to begin understanding how one cell can turn into a complex organism.
Around the time Flemming was studying the cell division process, biologists already knew
that fertilization resulted from the union of two sex cells i.e. the sperm and the egg. What
they did not know was why these were the only types of cells in the body capable of reproducing new life? What made them diﬀerent? The ﬁrst answer was provided in 1883 by a
Belgian zeologist Edouard Van Beneden. Beneden was studying species of round worm when
he discovered that nearly all of the cells contain four chromosomes [95]. The only exceptions
were the round worm sex cells, the male sperm and the female egg. These sex cells had only
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two chromosomes [95]. Beneden then observed that once two of the sex cells came together,
a full set of chromosomes appeared in the fertilized egg. Then in 1887, a German biologist
August Weismann entered the picture. After years of studying the behavior of chromosomes,
Weisman determined that at some point a developing organism signals on sex cells to divide
their number of chromosomes in half. Wiesmann called this very special form of cell division
Meiosis [96].
In the late nineteenth century, biologists knew that during the formation of the embryo,
the cells of most organisms become diﬀerentiated. German biologist Hans Driesch, was
determined to know when diﬀerentiation happen. In a lab experiment with the Sea Urchins,
Driesch observed that in the early stages of an embryo’s development, its cells are not yet
diﬀerentiated [97]. They can still develop into all cell types. Today, Scientists call cells that
can develop into all or many cell types, stem cells.
In the 1930s, German biologist Hans Krebs, the son of a Jewish physician was forced to ﬂee
Nazi Germans. By 1937, he was doing research at the University of Cambridge in England.
Hans broke open a group of cells by grinding a sample of animal tissue. He then collected
the liquid from the broken cells, put their contents through a series of chemical reactions,
and measured the results. Slowly a pattern began to emerge and later led to a remarkable
discovery. From his measurements Krebs discovered that sugar molecules from digestive
foods go through a cycle of various chemical reactions inside the cell. This cycle results in
the production of the energy rich molecule ATP. This molecule provides us with the energy
we need to make active. This cycle of chemical reactions is known as the Krebs cycle [98].
In the mid nineteenth century, scientists using powerful new microscopes, found something
never seen before. A mysterious structure working inside nearly all types of cells. It was
equipped with two membranes and had the ability to change shape. Scientists called these
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structures Mitochondria. With the help of Britton Chance’s invention, scientists found that
the mitochondria provide the energy that enables the cell to work.
At the end of the nineteenth century, one of the great puzzles challenging scientist was
how the billions of nerve cells that make up the human nervous system communicate with
each other. They knew that neurons carry electrical impulses and many believe that the
connection that allow the impulses to jump from are neuron to another was electrical as
well. However, in the early nineteen hundreds, British biologist Henry Dale was conducting a
series of lab experiments studying the physiology of nerve impulses. In one of his experiments
he injected adrenalin into a cat expecting the animal’s heart rate to increase, but nothing
happened. Suddenly Dale realized his mistake, it was the same cat that he had already given
another drug too. A drug that would slow the heart rate. With this mix up, Dale realized he
was on to something. If a drug could interrupt the nerve impulses that govern the beating
of the heart, then the connection between neurons must be chemical not electrical. Dale
with the help of his German colleague Otto Loewi were the ﬁrst to discover the so-called
Neurotransmitters.
In 1903, two British physiologists William Bayliss and Ernest starling were investigating the
food digestion process. From their study they discovered hormones. Since then more than
ﬁfty hormones have been discovered.
This quick journey over the greatest discoveries in the history of Biology has revealed an
amazing diversity of life on earth. It has given us insights to how life on earth works. This
world of knowledge and continuing research in not only important to biologists, but it can
be a source of inspiration to Engineers around the world in designing better machines and
come up with new material systems based on Nature’s processes.
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Interfacial and Colloid Chemistry

It is very important to understand how diﬀerent disciplines in science can beneﬁt from each
other’s ﬁndings and discoveries. I would not be an exaggeration to associate the current
understanding of the structure and function of cell membranes, to the applications of classical
principles of colloid and interfacial chemistry [99].
It might sound surprising but yet true that modern intefacial and colloid chemistry research
has begun in the kitchen sink. Agnes Pockels, a house wife washing dishes over sink observed
soap bubbles which triggered her to study surface ﬁlms over the span of years. In 1894,
Pockels published her work in Nature [100], where she explained how surface ﬁlms could be
enclosed by means of physical barriers to about A2 /molecule. This interesting ﬁnding was
followed by a quantitative investigation led by Langmuir, who was using a setup now know
as Langmuir’s ﬁlm balance. In his study, Langmuir inferred the dimensions and structure of
fatty acid molecules at the air-water interface [101].
The fact that most ligand-receptor interactions occur at surfaces and interfaces, makes interfaces play an important role in molecular biology. The idea that surfaces control biological
reactions started in the 19th century. Developing a full biological model for surface/interface
science is a big challenge especially when the biological setting is highly complex and interactive. Having this in mind, surface and colloid researchers have known for a long time
now that amphiphilic compounds such as phospholipids self assemble themselves into emulsions,micelles, and bilayer lipid membranes. Studying the bilayer lipid membrane has given
the science world a great deal of intuition onto the functions and operation of biomembranes
in living cells.
The interfacial and colloids research ﬁeld is highly interdisciplinary where it involves physics,
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chemistry, biology, and engineering. The fathers of interfacial chemistry are Gibbs, Laplace,
and Yound especially that they were the ones who formulated its principles. While Gibbs
focused on the thermodynamics of interfaces [102], Yound and Laplace introduced the concept of surface tension [103]. Therefore, it is very useful in many fundamental and practical
applications such as molecular ﬁlms, biomembranes, and lipid-based biosensors to know how
would the substances behave at the interface.

1.4.3

The Lipid Bilayer Concept

It was not until 1925, nearly three centuries after the initial observation of black holes in
soap ﬁlms by Hooke and Newton, had the lipid bilayer been recognized as a model for the
cell membrane [104, 105]. Gorter and Grendel in their paper published in 1925 demonstrated
that the chromocytes extracted from diﬀerent animals are covered by a thin layer of lipids
[105].

Pre-Lipid Bilayer Concept

The lipid bilayer concept dates back to the 17th century when Robert Hooke, who was the
ﬁrst to use the word “Cell” used nowadays [85], along with Newton ﬁrst observed what they
called at that time the black holes in soap ﬁlms [106]. This observation had a fundamental
inﬂuence on the development of the lipid bilayer concept in cell membranes. On the other
hand it initiated discussions on the self-assembly of molecules which is a very common
process that nature uses as a method to construct complex, and functional structures. A
few years later, Newton in his work published in 1704 was able to estimate the thickness
of the black soap ﬁlm to be around 9.5 nm [107]. Two hundred years after this important
observation, Pfeﬀer was the ﬁrst to talk about the existence of plasma membrane as a result
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of his profound investigation on the osmotic behavior of plant cells [108]. This discovery in
1877, raised some fundamental questions about the nature of the newly discovered plasma
membrane, the meaning of membrane potential, and how thick this plasma membrane is. In
1890, thirteen years after this discovery, Overton proposed that the cell membrane contains
a lipoid ﬁlm of lecithin and cholesterol separating the cytoplasm from its surrounding [104].
In 1910, Hober investigated the electrical properties of the cell membrane, and found that
it has a high electrical resistance. This ﬁnding along with Bernsteins incomplete hypothesis
on the semi-permeability of the cell membrane [109], triggered a great discussion on the
cell electrophysiology and the action potential. However, it was not until 1925, when Fricke
proposed to model the red blood cell membrane as a resistor and a capacitor in parallel [110].
The model was based on his results upon his investigation on the conductivity and capacity
of the red blood cell suspension. Fricke discovered that the impedance of the cell membrane
is high at low frequencies, and low at high frequencies [110]. He later suggested that there
must be a thin dielectric material surrounding the cell and is electrically equivalent to a
resistor and a capacitor in parallel [110]. The aforementioned series of discoveries and events
culminated by the work of Gorter and Grendel in 1925, led to the birth of the concept of lipid
bilayer as the fundamental structure of the cell membrane. Gorter and Grendel concluded
that the surface area of the lipid extracts from the red blood cells was as twice as the surface
area of the original surface of the red blood cells [105].

Post-Lipid Bilayer Concept

After the establishment of the lipid bilayer concept, starting in the 1930s onward, the research
on cell membranes branched out into two major directions. In the ﬁrst route, researchers
mainly focused more on the elaboration of the lipid bilayer concept using more sophisticated
techniques. In 1949 Kennedy demonstrated the important role of Mitochondria in the ox-
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idative phosphorylation and in containing the enzymes of Krebs cycle [111]. Later in the
1950s with the help of the electron microscope the unit membrane hypothesis was proposed
[112]. The second route, which is more relevant to the work presented in this document,
elaborated on the creation and development of a model system that can replicate the physical
and biochemical properties of the cell membrane. In 1935, Danielli and Davson pioneered
this research area by the invention of the ﬁrst model of the cell membrane structure which
later developed into the pauci-molecular theory [112, 113]. Eight years later, Danielli and
Davson identiﬁed a thorough molecular diagram that shows the amino acid side-chains penetration between the lipid headgroups and its residing within the carbon chains of the lipid
molecules [114]. In 1964, Lucy proposed a diﬀerent model which he called the micellar model
for natural membranes [115]. The model suggested that the lipids are arranged in a similar
fashion to the molecules of a colloidal electrolyte in a spherical micelle [115]. Many other
models were also proposed by Singer et al in 1972, Green, and Chop-Suey model were mainly
elaborating on the unit membrane hypothesis of Robertson. This group of models ultimately
led to the alleged ﬂuid mosaic model of biomembranes. However and most importantly the
other direction of research on the cell membrane model led to the ﬁrst reconstitution of lipid
bilayers in vitro. This revolutionary attempt is known as the Black Lipid Membrane abbreviated as BLM. The research was conducted by Rudin and his research group which made
the ﬁrst planar lipid bilayer under water and brought a three centuries worth of research to
a successful achievement [116].

The First Bilayer Lipid Membrane

The series of discoveries and inventions in the cell membrane research world starting with
Hooke/Newtons ﬁrst black hole observation in 1672 until the invention of cell membrane
model systems in the thirties and forties, led to the realization of the ﬁrst artiﬁcial lipid
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bilayer membrane in 1962. In 1960, Rudin and his research group, who were allocating their
time and eﬀort on studying the ion speciﬁcity of lipid monolayers, had their attention caught
up by two important publications in the late 1950s. This ﬁrst was the C.V. Boys’ classic
book on soap bubbles [117], and the volume by A.S.C Lawrence highlighting the development
of monolayers, soap ﬁlms, and colloid chemistry [118].
In 1960, the structure of black soap ﬁlms, helped Rudin and his team realize that the structure of soap ﬁlms in their ﬁnal stages of thinning, consists of an aqueous solution sandwiched
by two fatty acid monolayers. After this realization along with great discoveries mentioned
in the previous two sections, Rudin and his group successfully made the ‘black lipid bubble’
under water [116]. This experimental realization, even though was relatively easy to achieve
experimentally, it was the result of three centuries of research and in depth scientiﬁc studies. Rudin and his co-workers demonstrated that bilayer lipid membrane formed from brain
extracts self-assembled, which agrees to great extent with the many chemical and physical
properties of biomembranes.
The black lipid ﬁlm was later modiﬁed by a chemical compound called EIM, which made
it electrically “inert” and became excitable. The formed BLM was on the order of 5 nm in
thickness, and possesses the following electrical properties listed in Table 1.1.
Table 1.1: The electrical properties of the bilayer lipid membrane (BLM).
Membrane potential
Membrane resistance
Membrane capacitance
Dielectric breakdown
Dielectric constant
Water permeability

Em
Rm
Cm
Vb
ε
-

0
10 Ωcm2
0.5-1µF cm-2
> 250, 000volt/cm
2-7
8 − 24µm/sec
9

It is no exaggeration to say that it was because of the investigation of ion selectivity and
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speciﬁcity of the nerve membrane that the outstanding researchers came upon the idea of
forming the bimolecular lipid membrane in vitro. The BLM system has since been widely
used for investigations into a variety of physical, chemical, and biological phenomena.

1.4.4

Mechanosensitive Channels

From the small crystals to very small microorganisms of bacteria, scientists have discovered
the importance of MS channels. How MS channels were discovered and what did scientists
learn from them? Ion channels are membranous pores which by gating between two basic
forms (closed and open), let ions like sodium, calcium, and chloride across the membrane. It
took many years, since Hodgkin and Huxley postulated the ion channels in the ﬁfties of the
last century until almost the end of the century, to prove that these channels really exist.
The key for these discoveries is the so-called patch clamp technique which was invented
the late 1970s by Erwin Neher and Bert Sakmann [119] who were awarded the Nobel prize
in Physiology or Medicine in 1991. This technique was very essential for the discovery of
mechanosensitive channels.
Fredrick Sachs and his colleague Falguni Guharay were the ﬁrst to discover MS channels in
the skeletal muscle of the chick, in 1983 [120]. Since then these channels were frequently
studied by many researchers. The patch-clamp technique, which is discussed in details in
the following sections, was very essential for the discovery of MS channels. The initial
experiments using the patch-clamp technique showed that upon application of mechanical
tension to the membrane, gating-like current jumps where observed. These results indicated
the presence of MS channels, however, the identity of the molecule was still unknown at that
time. Therefore, Sukharev et al [59]decided to ﬁnd what proteins underly the function of
the current steps they were seeing.
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At that time the classical method of isolating ion channels or membrane proteins consisted of
using toxins of speciﬁc ligands and then use the so-called aﬃnity chromatography to isolate
the molecule. However, Sukharev and his colleagues were not able to use this technique
because there are no speciﬁc ligands for these channels, particularly those in bacteria [51].
Therefore, they decided to use an unorthodox tedious method, which nevertheless worked in
isolating the channels.
The approach consisted of basically doing protein chromatography, which basically means
making series of puriﬁcations of diﬀerent types of aﬃnities, followed by identifying each of the
single bands called gel electrophoresis [51, 53, 59]. Each single band characterizes one or more
particular protein running. Therefore, each of the isolated fractions are reconstituted using
the reconstitution method, which, consists of mixing the fractions into a lipid environment
that could be used in the patch-clamp experiments.
Patch-clamp was used in testing diﬀerent preparations and to study the channel isolation of
any cellular component. After running a series of experiments, which probably lasted around
two years, Sukharev et al were able to isolate a protein band of about 70 kDa [59]. Then,
they sequenced the protein band using the methods used at that time, which later lead to
its isolation. They were later able relate the protein activity to the current response using
patch-clamp, and this was MscL. It turned out later that in the bacteria there are two major
channels, MscL and MscS. The ﬁrst as we know by now stands for the large and the second
stands for the small conductance even though the size of MscS is bigger than MscL.
Few years later, MscL was crystallized by a group at Caltech [121] and it turned out that
the channel looks like an ice cream cone made of its pentomeric channels which means ﬁve
subunits which are characterized by two transmembrane helices. This was important to
reinforce the fact that MscL channel really exists, especially that the activity at some point
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was considered to be an artifact of patch-clamp recording.
That’s how the mechanosensitive channels were established as a new special class of membrane proteins next to the ligand gated and the voltage gated channels. Nowadays, spectroscopists, crytallographers, molecular biologists, geneticists, and many other laboratories
in the world are working with theses channels. They use them as model systems to study
mechanosensory transduction.

1.4.5

Methods of Lipid Bilayer Formation and Characterization

Several bilayer formation techniques have evolved over the last ﬁfty years of research. These
techniques are basically based upon the amphiphilic properties of the phospholipids. The
majority of the artiﬁcial lipid bilayer membranes are formed on a supporting synthetic substrate. Therefore, these methods take into account the surface properties and geometry of the
supporting material, which facilitates the bilayer formation. Common supporting structures
in BLM research have included steel wire loops [122], Teﬂon sheets containing single apertures [123, 124, 125, 70], porous micro-ﬁlter membranes made from polycarbonate, cellulose,
or glass ﬁbers [126, 127], porous ceramic alumina [128], and solid planar substrates made
from glass, gold, and silicon [129, 130]. The selection of the material type and geometry of
this support structure aﬀects how the bilayer assembles, and in some cases, determines which
procedure(s) can be used to form the membrane. The most commonly used techniques for
forming bilayers include lipid folding [70], Langmuir-Blodgett (LB)/Langmuir-Schaefer (LS)
[131], vesicle fusion [132], and lipid painting [72]. The use of a supporting substrate is not a
requirement, however, as the recently-developed droplet interface bilayer (DIB) method [133]
creates liquid-supported bilayer lipid membranes at the interface of adjacent water droplets
submerged in a nonpolar medium.
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In parallel with much of the early research during the 1960s on how to form stable BLMs,
methods for characterizing bilayers both with and without proteins were also developed.
These techniques were used to ﬁrst verify formation, but also to determine the size and
quality of the membrane, develop an understanding of the physical properties of the bilayer,
and to establish and validate theoretical models of these molecular assemblies. Additionally,
bilayer characterization techniques are also aimed at observing the activities of embedded
integral membrane proteins. The primary modes for characterizing lipid bilayers include
electrical measurements to track the ﬂow of ions through a membrane, mechanical testing of
material properties including strength and ﬂuidity of the bilayer, and imaging techniques for
visualizing the mobility of species. These most common used techniques for the lipid bilayer
characterization are: voltage-clamp, Electrical Impedance spectroscopy, Cyclic Voltammetry (CV), Micromechanical Vesicle Aspiration, Pressurization of Planar Bilayers, and many
optical techniques.

1.4.6

Experimental Methods for Studying Stretched-Activated MS
Channels

In this section, the most generally used experimental methods for the investigation of membrane stretched activated MS channels are discussed. The invention of the patch clamp
method allowed the ﬁrst recordings of MS channels’ currents [120]. Various methods of
mechanical stimulation of cells during electrical recording have been developed since then.
Besides electrophysiology mechanical stimulation of cells is widely employed in combination
with molecular biology and sometimes Ca2+ signaling measurements.
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Patch-Clamp

The essence of the patch-clamp technique is to isolate a small piece of membrane from very
small cells. This technique introduced huge possibilities in understanding the world around
us. For instance, it allowed for the ﬁrst time the examination of any type of cells including
bacteria to be studied electro-physiologically. The importance of the patch-clamp technique
lies in its ability to form very tight electrical and mechanical seals when the glass pipette
is attached to the membrane. The electrical seal reduces the noise to the level where one
can observe single channel gating. The patch-clamp technique was very essential for the
discovery of the MS channels, and is still one of the primary methods to study their activity.
The mechanical tight seal allows the stretching of the membrane at the tip of the pipette.
However, it is quite a challenge to study bacteria electro-physiologically. Although, the
patch-clamp technique can be used to study small cells, however, bacteria are nevertheless
very small. Therefore, Sukharev and his co-workers had to develop methods to elongate
the bacteria by using antibiotics and some enzymes. This process eventually ended up with
spherical bodies called “Giant Round Cells” or “Giant spheroplasts”. Subsequently, the
patch-clamp is used where tension is applied. As a result, one can start seeing jumps in the
current recordings, where each step indicates the opening of one of the MS molecules.

Positive and Negative Pressure as a Mechanical Stimulus

The membrane tension is changed by applying a negative or positive pressure to the patch
pipette. Single channels activation obtained through the application of positive or negative
pressure to the pipette tip are identiﬁed as MS channels when the response is discrete.
The basic information required to study the membrane mechanics is geometry. Therefore,
high-resolution video imaging [134, 135, 136, 137, 138], high-voltage electron microscopy
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[139], atomic force microscopy [140], and ﬂuorescence microscopy [141] have been used to
characterize the shape of the membrane patches. The resulting membrane tension is usually
calculated by using the Young-Laplace’s equation (1.1).

∆P = 2γ/R,

(1.1)

In the absence of any excess membrane, pressure pulses applied to the patch will rapidly ﬂex
the membrane and increase the tension in the bilayer [142]. Figure 1.7 illustrates the steps
which the patch goes through during the experimental procedure. First, suction is applied
to obtain the gigaseal, which is suﬃcient to smooth out the surface folds, and high resolution
video images of cell-attached patches indicate an optically smooth membrane that is pulled
ﬂat. The suction step causes the dome to move upward and tension to decrease as the area of
the initial concave spherical dome is larger than the disk required to span the pipette. After
the gigaseal forming suctio, it was shown that in a resting patch conﬁguration, adhesion of
the patch to the glass creates a resting tension and indicates an optically smooth membrane
perpendicular to the walls of the pipette. The patch with resting tension may be bowed
in either direction by normal stresses from the cytoskeleton. The resting tension can also
be increased by cytokeletal forces bowing the patch. Hamill stresses that gigaseal formation
cause, introduce signiﬁcant changes in patch mechanics that can alter the mechanosensitivity
of channels in the patch.
Note that there are some stretch inactivated channels that are residing within the membrane
which are active at resting tension. These channels are inhibited upon the application of
pipette suction [143].
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Figure 1.7: The diﬀerent shapes that the patch takes during a MS channel experiment. (a)
Low resistance seal, (b) Suction for creating gigaseal (cell-attached), (c) resting tension (i.e.
tension in membrane equal to atmospheric), (d) Apply more negative pressure in order to
increase tension in the membrane which would result in MS channels’ gating, (e) A positive
pressure could also be applied and should result in an increased tension in the membrane as
well.
Whole Cell Recording

Direct mechanical stretching of a cell is the simplest form of mechanical stimulation. However, from methodological point of view stretching of a cell is a very challenging and complicated procedure. Several approaches exist up to date and choice of any of them depends
on the cell type, which is used as experimental model for investigation. Stretching freshly
isolated cardio myocytes is the most challenging among them. In every case of stretching
cells it is essential to realize that the sites of stress application are diﬀerent from the in situ
cells so that the responses may be irrelevant to normal physiology.
The most commonly used method of stretching single cells is employing two patch pipettes,
one of which is used for recording the whole cell current (PP), while the other patch pipette
(SP) with a wide opening lifts and stretches the cell. This approach is diﬃcult to implement

Joseph S. Najem

Chapter1. Introduction and Literature Review

40

because, in most preparations, attachment of pulling probes to the cell without producing
local stress is impossible and often irreversible damage terminates the experiment. This
technique has been successfully used with several cell types [144, 145, 146, 147].
Another type of whole cell recording is axial stretch by two capillaries. The axial stretch
of the sarcomeres was achieved by sucking both cell ends into the openings of two glass
pipettes, distance between which was varied by piezo devices [148]. Isolated ventricular cells
with clear sarcomeres were held by two concentric glass pipettes, with the inner pipette
serving as a stop to prevent the cell from being sucked up by the outer pipette. The outer
pipette was pulled from a glass capillary with the inner tip diameter of 15µm. The inner
pipette was made from a glass capillary with the outer tip diameter of 12µm. The inner
pipette was inserted into the outer pipette by a manipulator, leaving a gap of 8µm to the
tip of the outer pipette. The tip of the outside pipette was then cut by fusion of the tip to
the ﬁlament of a microforge. The cut end was lightly ﬁre-polished so that the tips of the
inside and outside pipettes were forged together and formed a cup to hold the cell. A third
manipulator was used to attach a patch-pipette for whole cell electrophysiology recordings.
Probably this method can be considered as homogeneous axial cell stretching.
Two other methods are also used to achieve whole cell stretching: the local axial stretch by
glass stylus and axial stretch by two glass stylus [149, 150] and the local axial stretch by two
thin carbon ﬁbers [151, 152].

Cell Swelling

Cell swelling by pressure inﬂating the cell or via exposure to hypo-osmotic extracellular
media can provide a three-dimensional stretch of the cell [153, 154, 155]. The method has the
problem that changes in volume are not easily related to changes in tension. The literature
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agrees that it is diﬃcult to distinguish between the eﬀects of the stretch component and
other possible eﬀects of swelling. Hu and Sachs [156], showed that in chick heart cells direct
mechanical stress activated cation currents and osmotic swelling activated anion currents.
The stimuli are clearly diﬀerent. The changes in electrophysiology caused by swelling cannot
be compared with those due to homogeneous or local stretch. Moreover, cell swelling, used
by any of the authors, is a nonspeciﬁc stimulus. Besides its mechanical eﬀects, it reduces
ionic strength, dilutes cytoplasmic ions and macromolecules, and relieves macromolecular
crowding, thereby activating signaling molecules.

Cell Pressing

In a diﬀerent approach, whole-cell mechanosensitive currents have been evoked by pressing
on a spherical cell with the tip of one pipette while voltage clamping with another [148, 157].
It is known that some MS channels respond when bowed toward the nucleus. Bett and Sachs
reported currents from an approximately normal stimulus by pressing the top of a cell with
the side of a patch pipette with a sinusoidal stimulus and the observed currents were phase
locked to the stimulus [148]. This is probably the least invasive of any experiments on MS
channels.

Reconstitution Into Lipid Bilayer

Reconstitution into lipid membranes simpliﬁes the mechanics. Researchers specializing in
studying reconstituted system try to ﬁnd out what are the stimuli that are sensed by
mechanoreceptors. Researchers investigate the molecular mechanisms, underlying activity
of channels, that are gated by mechanical forces. The ﬁrst way supports the idea that
cytoskeletal components and extracellular matrix directly interact with fragments of the
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channel protein. The second way demonstrates that the channel protein directly senses
changes of the properties of the membrane during tension. This approach is supported by
experiments studying bacterial mechanosensitive channels, cloning and investigating them in
liposomes and in blebs, which demonstrated that channels can directly sense tension within
the lipid bilayer. Recent evidence has shown that lipids are intimately involved in opening
and closing the MS channels of fungal, plant, and animal species [158].

Other Methods for Investigating MS channels

Isolated myocytes were embedded with an agarose gel in a thin wall polyethylene tubings.
Stretching the tubing stretched the gel together with the cells [159]. This method was used in
combination with ﬂuorescence indicators. Although there is an opinion that such approach
cannot be combined with patch clamp method and is not suitable for electrophysiology [160].
In all probability it does not correspond to reality as the principles of using patch clamp
method on isolated myocytes in argarose gel do not diﬀer much from application of this
method on cells within the brain slices.
Ventricular myocytes are seeded and attached to Bioﬂex®membranes covered with collagen
or ﬁbronectin. The commercial device applies a vacuum for stretching the membrane rhythmically, in both x and y to the same extent, and the attached cells are stretched together
with the membrane [161, 162].
On another level, Anderson et al [163] in his paper published in 2007 was able to reconstitute
MscL in a tethered lipid bilayer membrane. Anderson analyzed MscL channel for the ﬁrst
time in a supported membrane using only an external ﬁeld. The ion channel was gated
using solely a transmembrane potential of 300 mV, which is equivalent to applying a 12
dyn/cm tension. These results strengthen the supposition that the MscL ion channel gates
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in response to stress in the lipid membrane rather than pressure across it.

Electron Paramagnetic Resonance (EPR)

The electron paramagnetic resonance, discovered in 1944 by the Soviet physicist Ye. K.
Zavoyski, is now one of the most fruitful physical research methods. Its use has yielded
valuable data in the ﬁeld of solid state physics, magnetism, semiconductor physics, and
nuclear physics. In radio, this method has been the basis for the development of a new
type of ampliﬁer with exceedingly low internal noise level. EPR is widely used in modern
chemistry as well, in addition to its validity in biological objects.
The use of EPR in combination with cysteine chemistry and site-directed spin labeling
provides a powerful method to study the structure and dynamics of ion channels in their
native environment. Features of the secondary and tertiary structure of a given protein can
be deduced on the basis of EPR-derived structural parameters at room temperature, under
physiological conditions and in the case of membrane proteins, preserving native lipid-protein
interactions.

Molecular Dynamics Simulations

One of the principal tools in the theoretical study of biological molecules is the method of
molecular dynamics simulations (MD). This computational method calculates the time dependent behavior of a molecular system. MD simulations have provided detailed information
on the ﬂuctuations and conformational changes of proteins and nucleic acids. These methods
are now routinely used to investigate the structure, dynamics, and thermodynamics of biological molecules and their complexes. They are also used in the determination of structures
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from x-ray crystallography and from NMR experiments.

1.5

Motivation and Road Map for Understanding the
Basics of Mechano-Eletrical Transduction in the
Droplet Interface Bilayer

The stimuli-responsive properties of transmembrane functional biomolecules form the basis
to a new class of smart material system with multitransduction properties. For almost a
decade now many research groups, including Donlad Leo’s research group at Virginia Tech,
have been trying to investigate how stimuli-responsive ion channels can be incorporated into
artiﬁcial lipid bilayer systems. A network of these unit cells (i.e. lipid bilayer interfaces) constitutes the basis of a biomolecular material system which would have applications in sensing,
actuation, and energy conversion. Natural and engineered biomolecules can be incorporated
into the lipid bilayer membranes and thus deﬁne the functionality of the material. Many
transduction properties of the DIB have been explored before by diﬀerent research groups.
Hagan Baley and his research team at the University of Oxford studied the optical-electrical
transduction properties of a light sensing DIB network through the reconstitution of bacteriorhodopsin (a light-driven proton pump) [18]. Donald Leo and his group at Virginia Tech
studied the chemical-electrical properties of the DIB through the incorporation of diﬀerent
types of biomolecules [73]. DIBs have proved their ability to respond to electrical, chemical,
and optical stimuli. Various biomolecules with diﬀerent stimuli-responsive functionalities
have been eﬀectively stimulated when reconstituted in the DIB. In light of these successful
attempts an important question is raised: could the DIB respond to mechanical stimulus
when appropriate biomolecules are incorporated? The interfacial forces acting on a DIB
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diﬀer from those in other bilayer system. Therefore, the tension in the bilayer held by the
droplets could be controlled by regulating tension at the water-lipid-oil interfaces; a concept not applicable with the painted or folded bilayer systems. However, the incorporation
of mechanosensitive channels has not been achieved yet even-though some eﬀorts toward
understanding the mechano-sensitivity of the DIB has already begun with Leo’s group[73].
Sarles et al. studied the mechano-electrical coupling between the external synthetic material
and the internal biomolecular assembly through the use of gramicidin peptides [73].
Bacterial mechanosensitive channels especially the ones found in E. Coli present themselves
at the beginning of the nineties as reporters of tension in the cell membrane. They have
been used in many occasion as cell membrane tension sensors in order to help characterizing
the insertion of amphipathic molecules in the cell membrane [164, 165]. Mechanosensitive
channels of large conductance (MscL), a nonselective channel with a relatively large conductance (3-nS, in 200 mM KCl), has been cloned and extensively studied by Sergei Sukharev’s
research group at the University of Maryland and many other research groups around the
world. MscL, is the most studied MS channel which makes a the strongest candidate to be
the ﬁrst studied MS channel in the DIB.
In this document, we present results that demonstrate the activation of MscL protein in the
DIB for the ﬁrst time. Our work is inspired by the fact that MS channels utilize charge
and mass transport as means to report tension in the membrane. The ultimate goal of our
work is to understand the basics of mechano-electrical transduction of the DIB by closely
monitoring the behavior of MscL when the lipid bilayer is under tension. The results of these
experiments and observations are used to develop a physical model describing the tension
increase in the bilayer. It is important to highlight that the model describes the increase in
tension in the bilayer on both the physical and molecular level. On the other hand, the model
describes the response of MscL to this increase in tension and identiﬁes the key parameters
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that govern the activation process.

1.6

Document Overview

This introductory chapter provided the inspiration and background information on cellular
structures. An extensive review of lipid bilayer formation and characterization techniques is
presented as well, along with an extensive review on the characterization techniques of MS
channels. The similarities between functional biomolecules and smart materials are stated
in order to explain the rational behind this work. The motivation, goals, and road map to
achieving a full understanding of mechano-electrical transduction of the DIB are presented
in the Introduction as well.
Chapter 2 introduces the electrical measurement techniques used to conduct the experiments
presented in this document with a brief discussion of the basic experimental setup needed to
form and DIBs and characterize the behavior of incorporated channels. Chapter 3 discusses
in great detail the novel experimental method developed for the purpose of studying the
activity of MS channels in a DIB system.
Chapter 4 explains how tension is created in the bilayer membrane from a theoretical and
experimental perspectives. It also focuses on the transient responses of MscL to harmonic
compression of the droplets. Most observations seen while running the experiments are
discussed. Three diﬀerent parameter seem to have a role in the gating of MscL, therefore, a
study highlighting the role of each parameter is also presented. Chapter 5 discusses how the
range of frequencies that MscL responds to can be widened. This chapter shows how the
bilayer tension could be tailored by controlling the form of the stimulating signal, especially
the duty cycle. Chapter 6 describes the eﬀects of using an asymmetric membrane on the
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gating of MscL. Using asymmetric bilayers, MscL could be activated without the application
of a high external transmembrane potential. It also explains the role that the membrane
potential plays in the activation of MscL in DIBs upon stimulation.
Lastly, Chapter 7 closes with a summary of the conclusions and ﬁndings in this work.

Chapter 2
Experimental Measurements and
Data Interpretation: Characterization
of Droplet Interface Bilayers
The thickness of the lipid bilayer interface, formed at the contact of two lipid encased
droplets, ranges between 5 to 7 nm, while most of the functional biomolecules are on the
order of a few nanometers. Therefore, characterizing these nano-scale assemblies usually
requires more than the ordinary optical methods. To overcome this limitation, electrical
characterization methods are widely used instead.
Electrical characterization played a critical role in validating the usefulness of the black
membrane as a model system [70, 122]. Several electrical measurement techniques, developed
over the years since the adaptation of the lipid membrane as a model system, have been
used to characterize and understand the fundamental properties of the lipid bilayer. Many
of these techniques were introduced brieﬂy in Section 1.4, especially the ones related to lipid
48
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bilayer characterization and the measurement of protein activity. Through these methods,
bilayer formation could be validated and discrete changes in both ion conductivity as well
as selectivity could be measured.
This chapter provides the background to some of the biophysical characteristics of lipid bilayers and a detailed perspective on the electrical characterization techniques used in this
research. Both the protocol and the interpretation of experimental data are discussed thoroughly. Understanding the characterization techniques and the apparatus used in this work
is essential for the reader to be able to interpret the result and make physical connection
with the behavior of the MS channels.

2.1

The Equivalent Electrical Model of a Single DIB

Figure 2.1 represents a simpliﬁed model of the DIB system used throughout this document.
The DIB consists of a bilayer interface held by two lipid encased aqueous droplets. The
droplets are surrounded by a hydrophobic ﬂuid, and are positioned on a built-in silver-silver
chloride (Ag/AgCl) ﬁxed electrode. Each droplet contains an electrolyte solution containing
dissociated ions of a common salt, such as sodium chloride (NaCl) or potassium chloride
(KCl), in addition to phospholipid vesicles and proteins in certain cases. Phospholipids
integrated within any of the aqueous phases, due to their amphiphilic nature, align at the
water-oil interface, forming a lipid monolayer. The lipid bilayer interface is then formed
by bringing the aqueous droplets into contact. A few seconds later, bilayer thinning occurs
as excess oil is removed from between the opposing monolayers. The monolayers then zip
together, as a result of Van Der Waals forces acting on the molecules in both leaﬂets, forming
a lipid bilayer.
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Figure 2.1: DIB is a technique for creating durable and functional artiﬁcial lipid bilayers.
Through self-assembly and thanks to the amphiphilic nature of the phosholipids a lipid
monolayer forms at the oil water interface. Upon contact a lipid bilayer is able to form due
to Van Der Waals forces between the opposing hydrophobic tails of the lipids.
Although this approach sounds simple, it has nonetheless revolutionized the ﬁeld of artiﬁcial
membranes and strongly imposed itself as an alternative to the traditional Montal-Mueller
(MM) method [70]. In contrary to MM bilayers, which normally are stable for a few hours
after formation, DIBs could live anywhere between days at the least up to a few weeks
at most. What also makes the DIB method so distinctive is primarily the fact that it
lacks an annulus. This characteristic not only makes the bilayer formation much simpler,
but also assists in further stabilizing the interface. In the DIB method a liquid, usually
a non-conductive organic solvent, plays the role of the annulus in supporting the bilayer.
This results in the elimination of various factors that would aﬀect the electrical behavior of
the bilayer. The exceptional stability, the aforementioned characteristics, and many other
qualities such as low electrolyte volumes, make of the DIB method a great approach to
simplify and accelerate the investigation of ions transport.
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The formation of droplet interface bilayers is usually conﬁrmed with current and capacitance
measurements. Figure 2.2(a) shows the electrical components that contribute to the measured response. The electrode-electrolyte solution interface for each electrode is modeled as
a resistor, Rel , in parallel with a capacitor, Cel , as described by Bordi et al. [166]. The aqueous electrolyte solution within each droplet contributes to the circuit as a series resistance,
Rx , whose value is dependent on the chemical composition and concentration of the volume.
As discussed in previous sections the cell membrane is impermeable which means that it
is of high resistance, electrically speaking. Same for the artiﬁcial bilayer which provides a
perfect electrical seal between the droplets. This property of the bilayer interface led the
researchers to electrically model it as a pure capacitor since it consists of a hydrophobic layer
of low conductance in between two polar layers. That is, for a given voltage drop across the
membrane, charge separation occurs in the membrane and the amount of charge that builds
up on both sides of the bilayer is directly proportional to the capacitance, a characteristic
quantity that depends on the total area of the capacitor, the separation between the polar
plates, and the dielectric constant of the insulating medium. However, in the real world
the bilayers have huge but ﬁnite resistance values. Therefore, the lipid bilayer interface is
electrically modeled as a capacitor and a resistor in parallel.

Figure 2.2: (a) The conductive pathway existing between electrodes positioned in separate droplets passes through the bilayer, each electrolyte-electrode interface, and electrolyte
within the droplets. (b) A reduced circuit model only contains the resistance of electrolyte
solution and the inﬂuence of the lipid bilayer.
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Biological membranes usually maintain a resting potential (∆Ψ) by means of their selective
permeability to ions in conjunction with ion pumps that transfer ions across the membrane
against their electrical or chemical potential gradient. It should be noted in this case that
in artiﬁcial systems of pure lipid bilayers, the eﬀective impermeability of the bilayer means
that any potential has to be applied externally.
The use of silver-silver chloride electrodes improves ion exchange and eliminates electrical
double layers at the surface of the electrode in chloride-based electrolyte solutions. This
results in electrode-electrolyte interfaces with insigniﬁcant resistance and capacitance values.
In addition, the electrolyte solution resistances can be replaced with an equivalent value when
added. With these simpliﬁcations, the complete circuit model reduces to the form shown in
Figure 2.2(b), where only the interface bilayer and the electrolyte solutions aﬀect the ﬂow
of ions. For the following discussion on measurement techniques and data interpretation,
measured responses are expected to correspond to the simpliﬁed DIB circuit shown in Figure
2.2(b).

2.2

Basic Experimental Setup of Bilayer Measurements

Droplet interface bilayers can be prepared from aqueous droplets using either the lipid-in
or lipid-out procedures. The lipid-in method basically consists of having the phospholipids
within the aqueous droplets in the form of vesicles, while in the lipid-out case the phospholipids are dissolved into the oil phase. Throughout this document the lipid-in strategy
is used, mainly because it results in faster bilayer formation and it is advantageous when
asymmetric membranes are needed. The basic experimental setup to form and characterize
a droplet interface bilayer typically asks for a low-noise workstation for high quality electrical recordings, appropriate silver-silver chloride electrodes, and functional liposomes and
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biomolecules. Several substrates can be developed to encase and support the whole system
as the speciﬁc experiment requires. Further details about the fabrication of the experimental setup that was developed to conduct the series of mechanoelectrical experiments and the
materials preparation are discussed in the following chapter. The main purpose of silversilver chloride electrodes is to exchange chloride ions with the electrolyte solutions forming
the droplets. As mentioned in the former section, the impedance of the silver-silver chloride
electrodes can be neglected, and thus does not play a signiﬁcant role in the impedance of
ion ﬂow happening between the electrodes. The use of these electrodes guarantees an appropriate control of the voltage applied to the membrane since it does not develop a signiﬁcant
Nernst Potential when position in chloride-based electrodes. These electrodes are typically
formed from 250-µm-thick silver wires (various thicknesses could be used). The wires are
then placed in commercially available household bleach for at least 60 minutes until the tips
turn dark gray in color, which indicates the formation of a thin layer of silver-chloride at
the surface. The currents ﬂowing across the highly-resistive interface are typically in the
pico-amp range. For this reason, a low-noise experimental environment is critically required.
It is preferable to conduct the experiments on a microscope in order to view the droplets
and the bilayer interface and thus control its size. By using a digital camera attached to the
microscope, one can take images/videos of the assembly facilitating the geometry analysis
which can tell much about its mechanical properties. The low-noise workstation is achieve
through a homemade Faraday cage grounded to an earth ground connection on the AxoPatch ampliﬁer, reducing additional noises into the electrical measurements. One or more
micromanipulators could be used to in help in droplet positioning, bilayer sizing, and proteoliposome dispensing. In the case of mechanoelectric experiments a piezoelectric actuator is
used to provide dynamic displacement to the droplets and thus mechanical stimulus to the
interface. A detailed description of the experimental setup is shown in Figure 2.3.
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Figure 2.3: (A) The standard workstation for forming, mechanically stimulating, and characterizing the interface bilayers includes a microscope, 3-axis manipulators, a digital camera,
piezoelectric oscillator, vibration isolation table, and a Faraday cage (not shown). (B) The
experimental setup consists of two opposing micropipettes horizontally positioned within a
bath of Hexadecane oil. Each of the micropipettes contains an Ag/AgCl electrode to provide
electrical connection. (C) The DIB current response could be measured using a combination
of the Axopatch 200 B ampliﬁer and DigiData 1440A, a low-noise data acquisition system
(Molecular Devices). (D) A close up picture showing the aqueous droplets formed at the tip
of the micropipettes. (E) Ag/AgCl electrodes are madeby dipping the tip of two 250-µm
silver wire in bleach. A straight microelectrode holder with male connector is used to connect
one og the micropipettes to the headstage of the ampliﬁer.
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Electrical Characterization Techniques: Chronoamperometry

The main technique used to characterize the DIBs throughout this document is chronoamperometry. This technique allows the researcher to conﬁrm and visualize bilayer formation,
estimate the values of membrane resistance and capacitance, and study the behavior of the
membrane and embedded biomolecules to various types of stimuli. Electrical impedance
spectroscopy (EIS), was brieﬂy used in this dissertation to characterize certain membrane
electrical properties.

2.3.1

The AC behavior of Droplet Interface Bilayers

In Section 2.1, the electrical model of the DIB system (displayed in Figure 2.2(b) was simpliﬁed to a capacitor and a resistor in parallel connected in series with the total resistance
of the electrolyte solution. Therefore, the electrical impedance of the whole system can be
expressed as

ZBIB (ω) =

RBLM
+ Rel
1 + jωRBLM CBLM

(2.1)

where, RBLM , CBLM , and Rel are the bilayer resistance, the bilayer capacitance, and the total
resistance of the electrolyte solutions on both sides of the bilayer, respectively. A graphical
approach is used herein to highlight the contribution of each component of the system. This
helps avoiding analytical expression for the real and imaginary elements of this equation,
which could be a tedious and lengthy process. In most cases, the value of the electrolyte
resistance can be negligible since it is usually on the order of 1 to 10k Ω, while the bilayer
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resistance in often in the gigaohm range. However, for the sake of an example the electrolyte
resistance will not be neglected. That said, with the model (Equation 2.2) and the relative
values of both the electrolyte and bilayer resistance in mind a sample Bode plot could be
illustrated as follows (Figure 2.4).

Figure 2.4: (a) A sketch explaining the magnitude and phase of the DIB impedance. (b)
The Electrical impedance data points of a single DIB along with a non-linear squares ﬁtting
routine applied to the data in order to estimate the bilayer resistance and capacitance along
with the electrolyte resistance.

From the plot, one can conclude that at low frequencies ( less than 1 Hz) a single lipid bilayer
behave like a pure resistor. On the contrary, at very high frequencies the resistance of the
electrolyte solution plays the major role in the measured DIB impedance. Between these
two extreme frequencies, the bilayer membrane acts like a pure capacitor of value CBLM .
Analyzing Figure 2.4(b), the resistance of the electrolyte solution is estimated to be around
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9kΩ, while the resistance of the bilayer interface is estimated to be around 840 MΩ. Figure
2.4(b) also shows the results of the non-linear ﬁtting applied to the experimental data. The
results from the ﬁt show that the capacitance of the bilayer is estimated to be around 557
pF (the results only correspond to a speciﬁc bilayer used at the time of experiment). Using
this result, the bilayer area can be estimated through the following equation

C = ϵ0 ϵr A/t,

(2.2)

where ϵ0 is the permittivity in vaccum (8.854 × 10−12 F/m), ϵr is the relative dielectric
permittivity of the hydrocarbon core of the membrane and is usually equal to 2, A is the
area of the bilayer, and t is the thickness of the hydrocarbon core ( approximately 3 to 5
nm). The bilayer capacitance normalized by the area, which is equivalent to ratio of the
dielectric permittivity to the thickness of the hydrocarbon core of the membrane, is constant
and speciﬁc to the type of the bilayer since both parameters are determined by the type
of the phospholipid molecule. Phospholipid bilayers made from 1,2-diphytanoyl-sn-glycero3-phosphocholine (DPhPC), the lipid used for all experiments in this work, have reported
normalized capacitance values of 0.6µF/cm2 .

2.3.2

Chronoamperometry

Chronoamperometry is a simple, but nonetheless powerful method for the quantitative analysis of the DIB. This technique continuously tracks bilayer capacitance, therefore conﬁrming bilayer formation and identifying several of its basic mechanical and electrical properties. Using this method one can also measure the activity of various bilayer-incorporated
biomolecules in response to their corresponding stimulus, while maintaining a non-zero trans-
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membrane DC potential. All this is simply achieved through the recording of current versus
time as a result of an applied potential. In the case of protein gating experiments a DC
potential is typically applied, while a triangular voltage waveform is used to track bilayer
capacitance.

Membrane Capacitance Measurements: Square-Wave Current

The electrical model of the DIB was simpliﬁed to a capacitor and a resistor in parallel in
Section 2.1. The resistance of the bilayer being on the giga-ohm level makes the interface
behave like an ideal parallel plate capacitor. Having that in mind, the capacitance, C(t), of
the membrane can then be estimated from real-time square-wave current measurements. The
current, I(t), moving through a capacitor is directly proportional to the rate of change of the
voltage, dV (t)/dt, across the membrane. Through this relationship, I(t) = C(t)dV (t)/dt, a
steady-state current response, proportional to both the capacitance and the rate change of
voltage, results from the application of constantly increasing or decreasing voltage across the
membrane. In a similar fashion, a triangular voltage waveform is applied across the interface
produces a square-wave current response. This technique enables an easy tracking of the
membrane capacitance in real-time. Through this method, bilayer thinning and therefore
formation is accurately detected. Prior thinning, when oil still exists between droplets, the
capacitance of the oil phase is negligible. However, upon bilayer formation oil is squeezed out
and the opposing lipid monolayers thin to a bilayer structure, as a results the capacitance
dramatically increases simultaneously along with a radial expansion of the bilayer before
reaching a steady state.
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Real-Time Capacitance Measurements: Procedure & Interpretation

A patch ampliﬁer (AxoPatch 200B) along with a data acquisition system (Digidata 1440A)
are needed for the square-wave current measurements. In speciﬁc, the Digidata 1440A is
used in whole cell mode and the triangular voltage waveform is applied externally through
an external control connection in the back of the AxoPatch. The amplitude of the voltage
signal is typically 0.5V which reduces to 10mV at the electrodes due to a 20mV/V signal
gain for incoming signals into the patch ampliﬁer. To guaranty a purely capacitive behavior
of the bilayer, the frequency of the applied voltage signal is chosen to be equal to 10Hz. The
applied voltage signal is generated through a Hewlett Packard 3314A function generator. All
current measurements are sampled at 5kHz with a 1kHz Bessel anti-aliasing ﬁlter.
The frequency of the applied triangular waveform is chosen to be 10 Hz to guarantee operation within the capacitive region of the DIB’s impedance. Under AC-voltage stimulation or
mechanical oscillations, the bilayer capacitive region is basically the frequency range (1Hz10kHz) where the equivalent impedance of the DIB is dominated by its capacitive nature.
In this procedure, the AxoScope software is used to record both the bilayer current and the
applied voltage. The value of the bilayer capacitance can be estimated using the following
equation:

C(t) =

I(t)
dV (t)/dt

(2.3)

the time rate change of the applied voltage in the form of a triangular wave is equal to 4Av f ,
where Av and f are the applied voltage amplitude and frequency, respectively (the equation of
the applied voltage can be expressed as V (t) = 4Av f t). Therefore, with a voltage amplitude,
Av , equal to 10mV and a frequency of, f , of 10 Hz, dV (t)/dt is equal to 0.4. In other words,
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the bilayer capacitance can be obtained by dividing the recorded current by 40. Figure
2.5 shows a typical real-time capacitance measurement of bilayer thinning (i.e. formation)
as well as its expansion before reaching steady state. With additional post-processing the
area of the bilayer can be estimated. The results presented in Figure 2.5(A) show that it
takes around 30 seconds for the bilayer thinning to occur, where the capacitance increases
in a sharp fashion indicating bilayer formation. The bilayer keep increasing over the next
30 seconds until it reaches steady state, the bilayer area stops increasing. It is important
to indicate here that the change in bilayer capacitance are solely due to its area increase
and never to an increase in the voltage amplitude. This type of measurement is important
since not only it could be used to track the capacitance of the bilayer, but it can be used in
studying several physical properties of the membrane including its sickness and response to
mechanical and electrical stimuli. Figure 2.5 also shows how the bilayer area and the value
of capacitive current are correlated. It is obvious that when the bilayer area is increases by
bringing the droplets closer, the value of the current increases, and vice versa.

Electrophysiological Recording of Single-Channel Currents

The recording of single-channel currents is the main and most straightforward technique
available to acquire detailed and precise information about the kinetic behavior of ion channels. Several biomolecules and various types of cells can be used for single-channel recordings.
It is basically the process of measuring variations in membrane currents due to the insertion
or gating activities of transmembrane proteins. To achieve high resolution and obtain the
shortest channel opening and closing events, very low-noise recording along with relatively
low ﬁltering frequency, are needed. The terminology may suggest to the reader that recordings are related to one single biomolecule inserted in the bilayer, which is extremely hard
to achieve, and thus it refers instead to the measurement of a small group of proteins em-
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Figure 2.5: Real-time measurements show both the initial thinning and subsequent expansion of the interface. (A) Current measured in the course of bilayer formation through
the application of a triangular electrical potential. The magnitude of the measured current
is directly proportional to the capacitance, and thus the area of the bilayer interface. The
closer the droplets are brought together, the bigger the area of the interface and vice versa.
(B) Upon application of mechanical excitation, the area of the bilayer interface increases and
decreases at the same frequency as the stimulating signal.
bedded in the membrane. Therefore, a small protein to lipid ratio is required to be able to
observe single protein activity. In addition, a highly resistive membrane is always preferred
since a “leaky” bilayer shadows the current spikes associated with the gating of individual
proteins. A typical membrane resistance should be no less than 1 GΩ, such that picoamp
and nanoamp current spikes can only be attributed to current ﬂowing through the protein
itself rather than the membrane.
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Single-Channel Recordings: Protocol & Interpretation

The proteins and channels that are discussed throughout this document are known to have
fast dynamics, where they rapidly open and close in response to their corresponding stimulus.
Another type of biomolecules are the ones that exhibit signiﬁcantly slower dynamics, such
as the Alpha Hemolysin (αHL) protein. Once inserted, αHL proteins create a conductive
pathway in the membrane. To characterize its behavior (slow insertion in the membrane),
the Autolab PGSTAT12 operated with GPES software is used. On the other hand, a patch
ampliﬁer (AxoPatch 200B) along with a data acquisition system (Digidata 1440A) operated
with the AxoScope software, are used to characterize the behavior of the biomolecules with
faster response. This equipment is suitable for this type of experiments since it is designed
for performing picoamp current measurements at high sampling frequencies (thus being able
to detect the fastest opening and closing events of some channels). Low-noise recordings are
guaranteed with this device since it uses a cooled headstage, which signiﬁcantly minimizes
the noise level throughout the experiment. During these experiments, the patch ampliﬁer is
operated in the whole cell mode (β=1). The current is ﬁltered at 1kHz using an analog lowpas Bessel ﬁlter, which is integrated within the patch ampliﬁer. Under the same condition,
the electrical behavior of protein-free lipid bilayers diﬀers greatly from when proteins are
incorporated within the membrane. The response of biomolecules, incorporated withing a
lipid bilayer, can be displayed as a real-time current signal versus time. The current signal
can then be post-processed to form a histogram which illustrates the diﬀerent conductance
levels of the protein used.
Alamethicin, a voltage-gated ion channel and one of the most studied peptides, increases
the membrane permeability when a DC voltage is applied across the membrane [167]. The
ability of the lipid bilayer interface to host transmembrane proteins and peptides is also tested
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by performing voltage-gating current recordings using Alamethicin peptide. Alamethicin is
mixed with the phospholipid solution to a ﬁnal concentration of 100 ng/ml. Figure 2.6
shows the current measurements under voltage clamp (+115mV). The bilayer area in this
experiment is made as small as possible to ensure high resistivity, smaller capacitance, and
low-noise recordings. The gating behavior of the Alamethicin peptide is shown through the
discrete steps of current (Figure 2.6). The histogram on the right side of the plot shows
the changes in conductance from the base level (0.0962 nS), which is basically the ﬁrst
conductance level of the channel itself.

Figure 2.6: Current measurements under voltage clamp and corresponding histogram of
conductance levels for gating activity of incorporated Alamethicin channels. The gating
behavior of the peptide is shown through the discrete step-wise increase in current. The
conductance levels match very well with previous measurements performed by our research
group at Virginia Tech [2].
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Chapter Summary and Conclusions

The methods presented in this chapter, especially chronoamperometry, form a basic and
extremely important foundation for the reader to understand the electrical measurements,
chosen to characterize lipid bilayers in this document. The representative data and the way
they are interpreted show how several properties of the bilayer as well as its behavior with
or without embedded biomolecules could be simply tracked. These methods are extensively
used throughout the following chapters, where several results related to the behavior of the
MscL channels in DIBs, are displayed.

Chapter 3
A Micropipette-Based Method for the
Incorporation and Stimulation of
Bacterial Mechanosensitive Channels
in DIBs
In this chapter, we describe a micropipette-based method to form DIBs and measure the
activity of the incorporated MscL channels. This method consists of lipid-encased aqueous droplets anchored to the tips of two opposing coaxially positioned, borosilicate glass
micropipettes. A lipid bilayer is formed with the two droplets are brought into contact.
This technique oﬀers control over the chemical composition and the size of each droplet, as
well as the dimensions of the bilayer interface. Having one of the micropipettes attached to
a piezoelectric actuator provides the ability to deliver a desired oscillatory stimulus. The
tension created at the interface can be estimated through the analysis of the shapes of the
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droplets during deformation. Activities of several types of channels can be studied using
this method, proving the multi-functionality of this platform. The method presented here
enables the measurement of fundamental membrane properties, provides a greater control
over the formation of symmetric and asymmetric membranes, and is an alternative way to
stimulate and study mechanosensitive channels.

Figure 3.1: The experimental setup used to form the droplet interface bilayers, mechanically
stimulate the droplets, and study MscL activity. The DIB supporting part consists of two
hydrogel ﬁlled glass capillaries with inserted Ag/AgCl electrodes. Two lipid containing
droplets are anchored at the tip of the micropipettes (ID ∼500 µm, OD ∼1000 µm), and
placed in a cylindrical oil ﬁlled reservoir. The micropipette at the left is ﬁxed and attached
to the headstage of the Axopatch 200B ampliﬁer, while the pipette on the right can move
horizontally and is connected to a piezoelectric actuator.

3.1

Experimental Preparations

The experimental methodology is a multi-day process that includes preparation of the hydrogels prior to using the micropipettes for mechanical stimulation. The day before the
experiment, PEG-DMA hydrogels, needed in the formation of the electrodes, are prepared
in relatively big portions (enough for several experiments) and stored in a dark place at room
temperature. Liposomes are also prepared in bulk, according to the guidelines provided by
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the vendor, and stored at 4°C. MscL channels are received in the form of proteoliposomes a
few days before the day of the experiment. An oil reservoir, constituting the main part of
the experimental setup, is manufactured at the machine shop.

3.1.1

Preparation of PEG-DMA Hydrogels

In this section, the protocol used for the preparation of the PEG-DMA hydrogels is described
in detail. The process begins by selecting an appropriate measuring/mixing container (ﬂask,
beaker, etc.) for this application. The selected container is then cleaned thoroughly using
detergent and water, and then wiped with lint-free tissue wipers. Wearing gloves to avoid
contaminating the glassware with oils from ﬁngerprints, the container is rinsed with enough
deionized water to remove the detergent residue. The container is then rinsed with isopropyl
alcohol (IPA,99.5%), wiped with a lint-free tissue, and lastly placed in a vacuum chamber
to allow IPA to completely evaporate. All equipment needed in the process of hydrogel
preparation is cleaned in a similar fashion.
Throughout this document 40% (w/v) PEG-DMA hydogel solution is used. To prepare this
speciﬁc concentration, 4 grams of the poly(ethylene-glycol) dimethacrylate (PEG-DMA; MW
= 1000 g/mol) polymer is weighed using a laboratory scale. The weighed PEG-DMA is then
placed into ﬂask and heated using a sonicator bath at 45-55°C until the solid PEG-DMA has
liqueﬁed. During the process, the tip of the ﬂask is always covered with paraﬁlm/wax paper
to keep water out. Once the PEG-DMA has liqueﬁed, buﬀer solution (500 mM KCl, 10 mM
MOPS, pH 7.0) is added until the total volume reaches around 10 ml. The last step consists
of adding the curing agent at 0.5% (w/v). In this case, 0.05 g of the curing agent to the 10
ml mixture. The ﬂask is then placed back into th sonicator bath to allow the components to
dissolve in solution (around 10 min, 250 watts). Once the curing agent has been added to
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the solution, the hydrogels will cure (solidify) if exposed to any light source for a suﬃcient
amount if time. To help combat this, the vial/container is wrapped with black tape and
stored in a dark place. The solution can be stored for several weeks at room temperature.

3.1.2

Preparation of Liposomes

Liposomes are prepared by ﬁrst dissolving DPhPC (1,2-diphytanoyl-sn-glycero-3-phosphocholine)
lipids in an organic solvent, to guarantee a homogeneous mixture. To prepare 10ml of a
2mg/ml liposome solution, 20 mg of the lipids are dissolved in 1ml of chloroform (purchased
form Sigma-Aldrich) and thoroughly mixed. The chloroform is then evaporated using a
stream of dry nitrogen under a fume hood, while swirling to assure an equally distributed
thin ﬁlm around the wall of the container. To make sure that the lipid ﬁlm is completely
dried, the vial is placed under vacuum overnight.
The next step in this process consists of hydrating the lipid ﬁlm by adding 10ml of buﬀer
solution (500 mM KCl, 10 mM MOPS, pH 7.0). The mixture is thoroughly mixed until
it begins to look homogeneous and hazy (Figure 3.2), which indicates that everything is
dissolved. The mixture is then frozen (-20°C) and completely thawed at room temperature
(never in a heated environment) for a total of six times.
The liposomes are then extruded using a commercially available extruder. The lipid suspension is ﬁrst forced through a 0.4 µm polycarbonate membrane ﬁlter and then six times
through a 0.1 µm membrane ﬁlter. This process yields particles with diameters close to 100
nm (equal to the pore size of the ﬁlter). The resulting liposomes are then stored in 4°C
refrigerator. Note that the DPhPC lipids are purchased as lyophilized powder from Avanti
Lipids, and that other lipids and lipid ratios can be prepared using this method.
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Figure 3.2: Lipid suspension before extrusion looks milky white and dense, while after
extrusion the color becomes more transparent and hazy.

3.1.3

MscL Isolation and Reconstitution

MscL isolation1 begins by streaking out a temperature agarose plate, containing 100 µg/ml
ampicillin, with E. Coli MJF465 cells and a pB10b plasmid carrying the V23T MscL gene
extended with 6-His tag on the 3’ end(C-terminus). The plate is then allowed to culture
overnight (12-16 hrs) at 37°C in a stationary incubator. The plasmid is selected and retained
in cells with 100 µg/ml ampicillin in standard LB medium. The next day, 20 ml of the
LB media is placed in a culturing vesicle ((a 50 ml ﬂask or what is available to hold the
culture) with 100 µg/ml ampicillin. Subsequently, a colony is selected from the plate (that
was cultured overnight), and transfered (inoculated), with a sterile inoculation stick, to the
prepared 20ml LB media. The 20 ml culture is then left to grow overnight (12-16hrs) at
1

MscL isolation and reconstitution are carried out by Dr. Sergei Sukharev, at his lab at the University
of Maryland, in collaboration with his research assistant Mr. Anthony Yasmann.
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37°C at 250rpm in a shaking incubator.
Once ready, the 20 ml overnight culture is decanted into 2-4 L of LB medium (ampicillin
is no longer required). The ﬂasks are then shaken in a shaking incubator at 250 rpm at
37°C until OD600 reaches a value of 0.5. Isopropy β-D-1-thiogalactopyranoside (IPTG) is
then added to a ﬁnal concentration of 0.6 mM and the culture is let to grow for another
hour (to OD600 =0.8-1.0). The ﬂasks are removed and placed on ice to chill the cultures and
then bacteria is collected via centrifugation. Bacteria is then placed in six, 400 ml conical
tubes (or as many as allowed by the rotor used) and centrifuged for 5-8 min a 7,438xg which
is enough to pellet the bacteria. The supernatant is decanted repeatedly until all the cells
from the media are harvested. The number of spins required varies based on the amount of
culture that has been grown and the rotor used. For a 2 L culture it is only needed to spin
down the cells once. All harvested cells are then transfered into a single centrifuge tube.
The cell pellets are re-suspended in 20 ml of French press buﬀer (100 mM KPi and 5 mM
MgCl2 , pH 7.4). The suspension should be dense (like cream or milk). Immediately before
French-pressing the suspension, the protease inhibitor phenylmethylsulfonyl ﬂuoride (PMSF)
is added to a ﬁnal concentration of 2 mM. The suspension is then mixed vigorously. The culture is French-pressed in a 35ml French-pressure cell, at 10,000 to 16,000psi. The suspension
is spun down, for 10 min at 4°C, to separate out the unbroken cells at 7,438xg. The supernatant is placed in separate tube, in which lysozyme and DNase is added at a concentration
of (0.2 mg/ml). The supernatant is left to tumble for 10 min at room temperature. Note
that, DNase is optional; it reduces the viscosity for the high-speed centrifugation. Lysozyme
is critical; it digests the remnants of cell wall and helps increase the yield of the membrane
extraction done with a mild non-denaturing detergent.
The supernatant mix is distributed into two ultracentrifuge tubes and spun at 106,883-
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153,911xg (depending on the rotor) at 4°C for 40 min. After centrifugation the supernatant
is decanted and the brownish pellet at the bottom (the total membrane fraction) can be
frozen in the tube for long-term storage (- 80°C) or used for immediate protein puriﬁcation.
Meanwhile, two 1 L buﬀer solutions are prepared separately. The ﬁrst is High Imidazole
buﬀer (100 mM NaCl, 500 mM imidazole, titrated to pH 7.2-7.4 with concentrated HCl),
while the second is Low Imidazole buﬀer (100 mM NaCl, 15 mM imidazole, by appropriately
diluting the buﬀer above with 100 mM NaCl, no pH adjustment required). 100-150 ml of
each buﬀer are placed in separate bottles, and 1% (w/v) b-octylglucopyranoside (OG), is
added. The solution is stirred and ﬁltered through a 0.22 µm ﬁlter. These solutions are the
low- and high-imidazole chromatography solutions. Subsequently, the extraction buﬀer is
prepared by adding 3% (w/v) OG to 50 ml of low-imidazole buﬀer, followed by ﬁltration.
To re-suspend the membrane pellets, 5 - 7 ml of extraction buﬀer is added to membrane
pellets of 0.5 - 2 g wet weight for protein isolation. The mixture is then homogenized in
a 30 ml hand-driven glass-piston homogenizer. With 5 - 10 gentle strokes a homogeneous
suspension without lumps, is achieved. Caution should be taken since shear stress is known
to cause protein denaturation. The insoluble particles are spun down (mid-range centrifuge,
ﬁxed-angle rotor, 38,478-68,405xg, at 4 C for 15 min). Meanwhile, 3 ml of Ni NTA beads (6
ml of suspension) are washed once with the low-imidazole buﬀer (w/o OG) by shaking them
in a 15 ml screw-cap tube. The beads are let to settle on the bottom for around 5 - 7 min or
if needed are spun down at 129-201xg for one minute at 4°C. Once the pellet is formed, the
supernatant is carefully decanted by hand several times. The beads are then equilibrated
with 2-3 ml of 3% OG extraction buﬀer.
The homogenized mixture (membrane pellet and extraction buﬀer) is mixed with 3 - 3.5 ml
of Ni NTA beads. The mix is let to tumble in a screw-cap tube for 60 min (batch-loading).
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The beads are then spun down at 201xg for 30 seconds, the supernatant is decanted by hand,
and the beads are washed once with 1% OG low-imidazole buﬀer. The beads are pelleted, as
mentioned in the previous paragraph, then re-suspended in 20 - 30 ml of fresh low-imidazole
buﬀer. A small column, equipped with an upper ﬂow ﬂow adapter, is then packed with the
Ni NTA beads, which are left to settle by opening the stopcock to the extract ﬂow through.
It is important in this process to not let the beads dry out. The beads are then washed with
one aliquot of 10 ml low-imidazole buﬀer (1% OG) with the stop cock open.
After washing the beads, the chromatography machine is loaded with pure low- and highimidazole buﬀers about 25 ml of each at the machine deﬁned ﬂow rate (varies per machine);
this process is achieved by passing the low-imidazole buﬀer through the system ﬁrst. The
optical recorder is zeroed at OD260 (baseline). Note that the buﬀer is quite diﬀerent from
water because low-grade imidazole has impurities which absorb UV. The ﬂow adapter is
inserted to the column and attached to the machine. The column is washed again with
low-imidazole buﬀer (at 1ml/min) until the OD of the ﬂow reaches the baseline (it may
take 10-20 ml). This removes the unbound proteins from the column. A linear gradient of
imidazole of 20 to 500 mM is applied for 30 min at a ﬂow rate of 1ml/min. Subsequently,
4-ml fractions are collected when OD600 shows an increase. The ﬁrst two fractions are full
of loosely bound proteins, whereas MscL-6His starts elution at ∼40% of the linear gradient.
The majority of the protein appears in fractions 3 to 8. Note, a linear rise of OD will be
observed due to the increasing percentage of imidazole.
The fractions could be concentrated individually, but it is practical to pool fractions 3 4, 5 - 6, and 7 - 8 together. Fractions 6-10 fold using are concentrated using centrifugal
ﬁlters. After a 20 min spin at 804xg and at 4 C, the concentrated protein are carefully
re-suspended; the protein tends to stick to the ﬁlter. 50 µl aliquots are withdrawn and
mixed with SDS sample buﬀer, while the protein purity is checked for using PAGE gel
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electrophoresis. MscL usually migrates as a fuzzy band of about 17 kDa to the bottom of
the gel. The concentrated fractions are then used to quantify the protein using a protein
assay kit, following the manufacturer’s instruction. A typical yield from a 0.8 g membrane
pellet is up to 0.2 mg of pure protein in the combined fractions.
V23T MscL is reconstituted into DPhPC liposomes through dialysis. 10 mg/ml chloroform
solution of DPhPC is taken and 0.5 ml (i.e. 5 mg of lipid) of it are aliquoted into three
disposable round-bottom (12 x 130 mm) glass tubes. Chloroform is then evaporated under
a stream of nitrogen, while remnants of chloroform are eliminated under vacuum (4-6 hrs).
15-20 mg of powdered OG is added to the dry lipid in each tube, and is dissolved in 2 ml of
dialysis buﬀer (100 mM KCl, 5 mM KPi, pH 7.2), we then vortex the mix and midly sonicate
it. The OG-solubilized lipids should form a clear solution. The concentrated V23T MscL
solutions are then added to each tube to achieve 1:100, 1:300, and 1:1000 protein-to-lipid
ratios and vortexed well. Three pieces (∼12-cm long) of dialysis tubing (WCO 8000, 7.5 mm
diameter, have three pairs of numbered clips ready).
The solubilized lipid-protein mixtures are placed inside the tubing, the ends of tubes are
then carefully closed. We then dialyze against 2 L of buﬀer (100 mM KCl, 5 mM KPi,
pH7.2) for 48 hrs at 4°C with four changes of the buﬀer every 12 hrs. After dialysis, the
proteo-liposomes are ready. The liposome solution can be supplemented with 2 mM of NaN3
(sodium azide) and stored at 4°C. Avoid freezing.

3.1.4

Manufacture of the Oil Reservoir

The oil reservoir is designed to allow the formation of DIBs at the tips of two horizontally
opposing micropipettes within an oil bath. To fabricate the reservoir, two opposing holes
(1.0 mm in diameter) are drilled all the way through the wall of a 2-in-diameter, 1.5-cm-long
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acrylic cylinder at 1 cm from the bottom, as illustrated in Figure 3.3A. Then two 4-mm-holes
concentric to the previously drilled 1-mm-holes. The depths of the holes should be 1 mm
each (make sure not to drill all the way). These holes are made to ﬁt the rubber gaskets.
Two rubber gaskets, with 1 mm inner diameters, are placed and glued in the bigger holes,
in order to prevent oil from leaking. Finally, the machined cylinder is glued to a 10 cm by 1
0cm thin acrylic sheet using a multipurpose epoxy.

Figure 3.3: A schematic describing the main parts and dimensions of the oil reservoir. The
oil reservoir is manufactured at the machine shop at Virginia Tech. It consists of a machined
cylindrical acrylic tube glued to the surface of an acrylic sheet. The dimensions and design
can be modiﬁed to accommodate diﬀerent applications or more than two micropipettes.

3.2

Experimental Protocol for Mechanical Stimulation

In this section the experimental protocol for the formation of DIBs and activation of the
incorporated MscL channels, is described.

3.2.1

Preparation of Electrodes

A 7-cm-length of two 250-µm diameter silver wires are cut, and then their tips are immersed
in bleach for two hours to form as silver-chloride (AgCl) coating. A dark gray color usually
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indicates that an AgCl coating has been formed (Figure 3.4). While the silver wires are
being coated, a 10-cm-long, 1/0.58 OD/ID mm borosilicate glass capillary is cut, using a
glass cutter, into two 5-cm-capillaries.
Once the Ag/AgCl are ready, the glass capillaries are ﬁlled with PEG-DMA hydrogel using
a 34-gauge microﬁl needle. To prevent the hydrogel from swelling out of the capillaries when
hydrated, a 3-mm clearance is kept at the tips of both capillaries. It is very important during
this process to make sure that the are no air bubbles in the capillaries. Subsequently, the
Ag/AgCl wires are rinsed then inserted into the hydrogel ﬁlled capillaries (Figure 3.4). Once
the wires are in the PEG-DMA hydrogel is cured through free-radical photopolymerization
upon exposure to UV light for 2 min at 1 W using a UV spot gun.

Figure 3.4: A photograph showing the Ag/AgCl wires, the hydrogel ﬁlled micropipettes,
and the straight microelectrode holder.
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Setting up the Experiment Under the Microscope

The experiment is performed under a Faraday cage grounded to a ground connection of
the Axopatch 200B ampliﬁer. The process begins by attaching one of the prepared glass
micropipettes to a straight microelectrode holder that has a male connector. The microelectrode holder is connected to the headstage of the patch ampliﬁer. The headstage is connected
to ground by soldering an 18-gauge insulated copper wire to an appropriate connector for
the headstage. The headstage is then mounted on a 3-axis manual micromanipulator. A
headstage mounting plate, bought along with the micromanipulator or custom made in a
machine shop, is used to connect the headstage to the micromanipulator using appropriate
screws. The second micropipette is attached to the linear actuator through a lab-made connector. Subsequently, both are mounted on a second micromanipulator (Figure 3.5B). The
micropipettes should be opposing each other, aligned, and horizontally leveled.
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Figure 3.5: Experimental setup and micropipettes alignment. (A) The standard workstation for forming, mechanically stimulating, and characterizing the interface bilayers includes
a microscope, 3-axis manipulators, a digital camera, piezoelectric oscillator, vibration isolation table, and a Faraday cage (not shown). (B) The experimental setup consists of two
opposing PEG-DMA hydrogel ﬁlled micropipettes horizontally positioned within a bath of
hexadecane oil. Each of the micropipettes contains an Ag/AgCl electrode to provide electrical connection. A third micropipette ﬁlled with proteoliposome solution is used to form
the droplets at the tip of the other micropipettes.

In a glass vial, 0.1 ml of the DPhPC liposomes are mixed with 0.01 ml of the V23T MscL
proteoliposome solution. This step is needed to reduce the protein-to-lipid ratio (∼0.0002),
which is critical to the formation of a stable lipid bilayer. Using a 34-gauge microﬁl needle,
the tips of both micropipettes are ﬁlled with the proteoliposome solution (Figure 3.6A).
The next step consists of placing the reservoir on top of an upright microscope, then the
micropipettes are fed through the opposing 1-mm holes (Figure 3.5 B). The reservoir is
then ﬁlled to the surface with Hexadecane (99%) without any further puriﬁcation. To form
spherical droplets at the tips of the micropipettes, a third 10-µm-diameter borosilicate glass
micropipette is used to dispense diluted V23T MscL proteoliposome solution (∼0.00052
ml) at the tips. The micropipette is mounted on a third micromanipulator to facilitate its
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positioning (Figure 3.6). The size of the droplets is controlled, by decreasing or increasing
the volume, as desired. The droplets are then let to rest for 10 min for the monolayers to
completely form (Figure 3.6). The droplets are then brought into contact, bilayer formation
will occur within 1 to 2 min.

Figure 3.6: (A) A 10-µm micropipette ﬁlled with proteoliposomes is positioned under
the microscope in proximity to the micropipette tips. Using a syringe connected to the
micropipette, dispense small volumes of the proteoliposomes to form spherical droplets to
desired volume. Let the monolayer form by allowing the droplets to sit for ten min. Bring
the droplets into contact; the bilayer will form after all oil at the interface is eliminated. (B)
While the bilayer is formed, the chemical composition at both sides of the interface could be
controlled by injecting desired chemicals using a micro-sized micropipette. (C) The droplets
at the moment of ﬁrst contact. (D) The droplets when the lipid bilayer is formed.
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Setting up the Software and Equipment

The software is prepared by turning on the computers, microscope, piezoelectric oscillator
controller, function generators, patch ampliﬁer, and the low-noise data acquisition system.
On the front panel of the Axopatch 200B, the “Mode” knob is set to VHOLD /IHOLD and
V-CLAMP. The “Lowpass” Bessel Filter is set to 1 kHz and the Output Gain to 2. The
“Configuration” is set to WHOLE CELL β=1, while the rest of the knobs are set to zero
or in neutral position. All DIB current measurements are sampled at 5 kHz with a 1 kHz
Bessel anti-aliasing ﬁlter.

3.3

Formation and Manipulation of the Lipid Bilayer

The output of a waveform generator is connected to the external command input front
switch (located on the rear of the data acquisition system) via a BNC cable. Through these
connections, a 10-Hz, 500-mV pk-to-pk triangular waveform is sent to the headstage. Using
the micromanipulator, the glass micropipettes are moved horizontally, to bring droplets into
contact until they slightly touch. A bilayer forms, within 1 to 2 min, as a result of oil being
shut out from within the droplets and the lipids zip up (Figure 3.7). The progression of the
bilayer formation process can be seen visually through the microscope (Figure 3.7) and may
be monitored by current measurement.
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Figure 3.7: A microscopic photograph showing the droplets in contact before bilayer formation (left) and the droplets moments after the bilayer has formed (right).

The bilayer size can be adjusted by controlling the position of the droplet mounted on the
actuator, using the micromanipulator. The bilayer size could be estimated visually through
the microscope. This method makes it easier for the researcher to control the size of the
bilayer by easily moving the droplet using the micromanipulators. The area of the bilayer
can be also estimated from the pk-pk current values which need to be transformed into their
equivalent capacitance values as explained in Section (Include section). The bilayer area can
then be estimated by dividing the pk-pk capacitance values with the speciﬁc capacitance of
DPhPC bilayers, which is equal to 0.6µF/cm2 .
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Figure 3.8: A plot displaying the square-wave current response of the bilayer interface.
Before bilayer thinning starts the capacitance value is very minimal, while it dramatically
increases at the moment of thinning until it reaches steady state in few seconds.
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Dynamic Excitation, MscL Gating and Data Processing

Once the bilayer has formed and is stable (i.e. the bilayer is not braking or conductive), the
droplets are stimulated by sending a sinusoidal signal using a function generator. The MscL
channels, incorporated in the bilayer, are stimulated through sending a sinusoidal waveform
to the piezoelectric servo-controller. Various types of waveforms could be sent with diﬀerent
amplitudes, frequencies, and duty cycle.
The current measurments, recorded using the data acquisition system, are saved in .ABF
format. To process the data the ABF ﬁles are imported to Matlab using a function ﬁle
“abfload ” (available online), then analyzed using an appropriate code. Tension is the bilayer
along with areal expansion of the droplets, are estimated using videos of the droplets during
full actuation cycles that are recorded using an appropriate camera. The videos are processed
in Matlab, by processing individual frames using image processing techniques to estimate
the area of the water/oil interface, as well as the angle between the droplets. Note that,
using a 2D frame taken from the video, detect the water-oil interface (i.e. the edge of the
droplet) and then estimate the surface area by revolution.

3.5

Control Study with Alamethicin

Even though the focus in this document is on the mechano-transduction properties of the
DIB, we also emphasize that other types of biomolecules, such as alamethicin, can be activated by this multi-functional platform. This section serves another purpose, which aims
to prove the validity and feasibility of the proposed method, compared to previous DIB for-
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mation techniques. However, before discussing the behavior of Alamethicin it is important
to highlight that the resistance of the bilayer formed with this new method is on the range
of 40 GΩ, which is high enough for the measurements carried out in this dissertation. High
resistance is needed in single-channel recordings in order to clearly see the response of the
channels upon stimulation.
Proteins and peptides incorporation into the lipid bilayer interface is a signiﬁcant phenomenon in biology. Alamethicin, a voltage-gated ion channel and one of the most studied
peptides, increases the membrane permeability when a DC voltage is applied across the
membrane [10]. The ability of the lipid bilayer interface to host transmembrane proteins
and peptides is also tested by performing voltage-gating current recordings using alamethicin peptide. Alamethicin is mixed with the phospholipid solution to a ﬁnal concentration
of 100 ng/ml. Figures 3.9 and 3.10 show the current measurements under voltage clamp
(+80 mV and +100 mV) for the bilayer formed within the unit cell. In this experiment
highly resistive bilayer interface is needed in order to be able to measure the rapid increases
in current through alamethicin channels. Therefore, the droplets are pulled apart in a way
to achieve small bilayer interface and thus higher resistivity and smaller capacitance. Small
capacitance is also necessary in this experiment in order to reduce the dielectric noise associated with the dielectric loss due to increased membrane capacitance. The gating behavior of
the Alamethicin peptide is shown through the discrete step-wise increase in current shown
in Figures 3.9 and 3.10. The histogram on the right side of the plot (Figure 3.9) shows the
changes in conductance from the base level (0.1032 nS) which is basically the conductance
level of the membrane itself. Six conductance levels of alamethicin are achieved: 0.1032 nS,
0.4312 nS, 1.045 nS, 1.715 nS, 2.232 nS, and 2.761 nS. These values match very well with
previous measurements performed in our research group by Sarles et al. [168]. Higher conductance levels are achieved when the transmembrane potential is increased to 100mV. Keep
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in mind that the ﬁrst six conductance levels match with those of the 80 mV case presented
in Figure 3.9.

Figure 3.9: The current measurements and corresponding histogram of conductance levels for Alamethicin channels incorporated in the DIB under voltage clamp. The applied
tranmembrane potential in this case in equal to 80 mV.
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Figure 3.10: The current measurements and corresponding histogram of conductance levels for Alamethicin channels incorporated in the DIB under voltage clamp. The applied
tranmembrane potential in this case in equal to 100 mV.

3.6

Chapter Summary and Conclusions

Mechanosensation signiﬁes one of the ﬁrst sensory transduction pathways that evolved in
living organisms. Using this phenomenon for studying and understanding the mechanoelectrical properties of the DIB, is a crucial step toward functional stimuli-responsive materials. It involves the incorporation and activation of a mechanosensitive channel, MscL,
in the DIB as a mechanoelectrical transducer and a strain gauge to detect tension increase
in the lipid bilayer interface. On another note, the function of MS channels could be regulated through the basic material properties of lipid bilayers including thickness, intrinsic
curvature, and compressibility. In light of the aforementioned, the micropipette-based technique provides a valuable tool allowing the researcher the ability to study MS channels in
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DIBs and provides insights into the structure of the lipid bilayer, as well as the lipid-protein
interactions.
Over the past three decades, patch-clamp was the primary method to study MS channels,
since it allows clamping of both voltage and tension. However, patch-clamp requires bulky
equipment and not suitable for miniaturization, a property required for the engineering of
sensory and conversion devices. DIBs due to their simplicity, stability, and compactness
represent a suitable environment to study the activity of MscL. Here, we extend previous
advances in the DIB formation techniques by proposing a micropipette-based technique, with
the ability to control the size of droplets and bilayer interface, the chemical composition of
each droplet, and the tension at the interface through dynamic stimulation. The technique
consists of anchoring aqueous droplets, containing proteoliposomes, to the tips of coaxially
opposing glass capillaries. The droplets are placed in a bath of organic solvent and when
brought in contact a lipid bilayer forms at the interface.
The micropipettes are attached to piezoelectric oscillators, allowing horizontal displacement
of the droplets. Dynamically compressing the droplets, results in an increase of interfacial
tension at the water oil interface and therefore an increase in bilayer tension. Two major
aspects diﬀerentiate this method from the similar and recently published contact bubble
bilayer (CBB) technique [169]. Using the technique presented herein, the size of the bilayer
is controlled using micromanipulators and thus the volumes of the droplets remain constant,
unlike in the CBB method. In addition, the CBB technique calls for pressure pumps, which
are not needed in the method presented in this paper making it simpler and easier to build.
We are able to incorporate and stimulate bacterial MscL for the ﬁrst time without the use
of a patch pipette or chemical modiﬁcations. Since the system facilitates the formation
of robust asymmetric lipid bilayer membranes, it more closely mimics the lipid asymmetry
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found in biological membranes. This allows us to study the eﬀects of controlled membrane
composition or asymmetry on the activity of MscL. Additionally, through image processing
techniques, this method helps estimate the tension at the bilayer interface. This technique
assists in understanding the principles of interconversion between bulk and surface forces in
the DIB, facilitates the measurements of fundamental membrane properties, and improves
the understanding of MscL response to membrane tension.
Although this method takes us a step closer toward a biomolecular stimuli-responsive material system and to a diﬀerent physiological environment to study MscL, there are limitations
to the system. Tension in this system cannot be clamped due to the presence of the lipid
reservoir in the form of liposomes in each droplet, which tends to relieve tension at the
oil/water interface. Therefore, at present mechanosensitive channels can be stimulated in
DIBs only in a dynamic regime. The presence of air bubbles in the system signiﬁcantly aﬀects
the precision and reproducibility of the experiments. Air bubbles present in the hydrogels
could result loss if electrical connection.
While we describe the use of the micro-pipette based method for the stimulation of MscL,
the technique could be used to study other types of MS channels and has the potential
to be used by researchers to study a variety of biomolecules. For instance, similar setup
has been used in our lab to study the mechanoelectrical response of a channel-free droplet
interface bilayer membrane. Various proteins could be reconstituted and activated using
this highly controlled setup, taking in consideration that the reconstitution environments of
each biomolecule vary. The method described in this article touches on a considerably wider
application potential that is only limited to the imagination of the researcher.

Chapter 4
Transient MscL Responses to
Harmonic Excitation
MscL is a well-characterized tension-activated molecular valve. With genetic and chemical
modiﬁcations of its gates, we can engineer this channel with predicted thresholds for activation by tension. We chose V23T, a mild gain-of-function mutant, which is ﬁrmly closed
at rest but opens at lower tension than the one needed to gate WT MscL [170]. We deliberately avoided severe gain-of-function mutants such as V23D or G22E, which tend to gate
spontaneously [170, 171].
The purpose of the experiments described in this chapter is to observe and quantify the
response of MscL channels, incorporated in DIBs, to harmonic mechanical excitation. To
achieve this, the experiments take advantage of the geometry of DIBs, which are unrestricted
by an aperture and supported by spherical aqueous droplets. The tension in the bilayer is
directly aﬀected by the monolayer tension in both supporting droplets, which in turns are
aﬀected by the geometry of the droplets. Deformation of droplets increases the tension

88

Joseph S. Najem

Chapter 4. Transient MscL Responses to Harmonic Excitation

89

in the bilayer, resulting in MscL gating. In this chapter, gating results are presented and
discussed, the shapes of the droplets during compression are analyzed, and tension in the
bilayer is estimated.

4.1
4.1.1

Background and Theory
Bilayer Tension

Simple geometric relations are used to determine the droplet shapes using image processing
techniques. Because gravity has only a minimal inﬂuence on the droplet shapes, the droplet
surfaces can be easily modeled. The surfaces acquire a spherical shape as a result of the
droplets minimizing their surface area subject to the interfacial tensions on each surface.
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Figure 4.1: Diagram of interfacial tensions for the lipid monolayer and lipid bilayer. The
amount of the bilayer bulge is exaggerated to illustrate the geometry of the interfacial tensions. All radii and vectors are in a plane containing the centers of the two droplets.

In this study the interfacial tensions on the outer water/lipid/oil boundary (i.e. the lipid
monolayer) is denoted as γm while the interfacial tension on the bilayer surface as γb . The
radii of both droplets are considered to be equal and are labeled R. The vectors for the three
interfacial tensions at the three-phase contact line (i.e., the outer bilayer boundary) combine
to produce no net force at equilibrium, as is seen from the vector diagram in the upper right
of Figure 4.1.
Equating the projections of the three vectors onto a line parallel to the γb vector gives an
equation for the bilayer contact angle in terms of the ratio of the interfacial tensions

2cos(

γb
θb
)=
2
γm

(4.1)
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and therefore the bilayer tension can be expressed as follows

γb = 2γm cos(

4.1.2

θb
)
2

(4.2)

Manipulation of Bilayer Tension Through Dynamic Stimulation of the Droplets

In the previous section the droplets were assumed to be spherical as this guarantees minimum
surface area of monolayers and thus minimum energy state. Distortion of the geometry of
the droplets results in an increase in the area of each surface. This increase in interfacial
area is transformed into a transient increase in interfacial tension.
The total diﬀerential of the surface tension as a function of area and temperature can be
written as

dγ =

∂γ
∂γ
dA +
dT.
∂A
∂T

(4.3)

The ﬁrst derivative can be replaced with the area compressibility KA = A(∂γ/∂A), while
the second derivative is dropped to zero as isothermal conditions are assumed. Therefore
the change in monolayer tension as a result of droplet compression can be written as

∆γm = KA

∆A
.
A

(4.4)

In this equation KA denotes the compressibility modulus which was determined to be equal
to 120 mN/m for DPhPC lipids [172]. While A denotes the surface area of oil/lipid/water
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interfaces in each of the droplets. An increase in the monolayer tension will result in an
increase in the bilayer tension as both physical quantities are related through Equation 4.2.
Assuming the bilayer angle upon compression of both droplets is minimal, the change in
bilayer tension can be equated to sum of tension changes in both monolayers as follows,

∆γb ≃ 2∆γm

(4.5)

Tension Relief by Lipid Insertion

The increase in the monolayer tension described in the previous section is instantaneous.
An increase in monolayer surface tension translates into an increase in bilayer area. This
increase in bilayer area occurs as the bilayer angle increases until it reaches initial value
and as the droplets restore the spherical shape in order to minimize their surface area, and
therefore lead to tension relief in the monolayers. These dynamics lead to tension relief in
the bilayer as well. In order to overcome this the droplets should be compressed in a dynamic
fashion and fast enough to beat tension relief. Therefore, throughout this dissertation MscL
is activated by dynamically stimulating the droplets supporting the bilayer interface.

4.2

Low-threshold MscL Mutant Using Patch-clamp

The activation behavior of the V23T mutant of MscL is recorded using patch-clamp. 6His tagged V23T MscL is expressed at very low level in PB113 E. coli, and its activation
threshold is compared to that of WT MscL constitutively expressed in this strain [173]. As
seen in Figure 4.2(a), the current trace recorded with a linear pressure ramp shows an early
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burst of a few V23T channels at ∼80 mm Hg and a beginning of a current wave near 140
mm Hg ascribed to the larger WT MscL population. Assuming that the curvature of the
patch remains constant and applying the law of Laplace (γ = ∆P r/2), we conclude that
the ratio of tension thresholds for the mutant and WT must be 0.57. Given that WT MscL
activated spherplasts near 11 mN/m [174], V23T should start ﬂickering between 6 and 7
mN/m. V23T MscL is then puriﬁed in one chromatographic step and reconstituted it in
diphytanoyl-phosphocholine (DPhPC) liposomes. To ensure that the detergent-extracted
channel is functional in proteoliposomes, we compared V23T MscL activities in giant E. coli
spheroplasts (native setting) and in DPhPC liposomes using standard 1-µm patch-clamp
pipettes (Figure 4.2). We found that the activities in both cases were essentially identical in
terms of unitary conductance (3.5-3.8 nS full openings), with similar kinetic patterns. Large
presence of various subconductive states was observed in both preparation.
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Figure 4.2: V23T MscL activities recorded using standard patch-clamp technique in E.
coli giant spheroplasts (a, b) and in DPhPC liposomes reconstituted with puriﬁed protein
(c). The mechanical stimuli in both cases are shallow ramps of negative pipette pressure
(suction) to 50-170 mm Hg. Panel (a) shows a trace recorded from PB113 spheroplasts
expressing native MscL with the purpose of comparing activation thresholds for V23T and
WT MscL. Traces (b) and (c) are recorded in a symmetric 400 mM KCl, 20 mM MgCl2 and
10 mM CaCl2 buﬀer, whose conductivity was the same as that of the buﬀer used for DIB
formation. Conductance levels of 3.5-3.8 nS indicated by black arrows correspond to the
fully open channels occurring amid various subconductive states.

4.3

Protein-free DIBs: A Control

A specialized test setup is developed to enable controllable actuation of the bilayer and
accurate mechanical and electrical measurements of the interface. The test setup consisted
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of one droplet anchored to the tip of a mobile capillary mounted on a piezoelectric actuator
and a second droplet anchored on a ﬁxed substrate. The tension in the artiﬁcial lipid bilayer
membrane in modulated by horizontally oscillating the droplet anchored to the piezoelectric
actuator, thereby distorting the shapes of the droplets (i.e. increasing the surface area
of each droplet) and changing the contact angle between the water/oil interfaces. In this
work, branched diphytanoyl-phosphatidylcholine (DPhPC) is used to form bilayers. DPhPC
bilayers neither oxidize nor exhibit phase transitions with temperature and for this reason
are stable: they also have the advantage of high interfacial tension [175]. It is well established
that the electrical properties of a lipid bilayer are modelled accurately by a high resistance
(typically in the giga-ohm range) in parallel with a capacitor [168]. Therefore, low-frequency
sinusoidal oscillations applied to the DIB result in a harmonic variation in bilayer capacitance
that correlates with a change in the bilayer area (Figure 4.3(a)).
The electrical response of the DIB, free of MscL channels, was recorded simultaneously with
video imaging of the droplets while mechanically oscillated at frequencies ranging from 0.1
Hz up to 75 Hz and peak-to-peak amplitudes ranging between 125 µm and 175 µm. These
observations serve to form a basic understanding of the components of mechanoelectrical
response of the DIB without MscL and to provide a “baseline” control for the subsequent
recordings with MscL channels reconstituted into the membrane. No measurable conductive
component or gating-like spikes are observed in the current response (Figure 4.3(a)). This
insures that the sub-conductive state events observed, when V23T MscL is incorporated,
are not just random artifacts resulting from the bilayer oscillations and electrical recordings.
The electrical responses of DIBs with V23T MscL incorporated are also recorded in a broad
range of transmembrane potentials (0-150 mV) with no mechanical stimulus applied (Figure
4.3(b)). As previously, no gating-like spikes are observed, indicating that creating tension in
the membrane is essential for the gating of V23T MscL. With the droplets of approximately
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0.5 mm in diameter, the initial bilayer area was approximately 0.0024 mm2 . The generated
currents in channel-free controls were small, reﬂecting a highly resistive lipid bilayer (∼10
GΩ).

Figure 4.3: (a) The current response of the lipid bilayer (free of MscL channels) as the
droplets are oscillated at 0.2 Hz and 150 m peak-to-peak amplitude. The current response
is sinusoidal which corresponds to the change in the bilayer capacitance correlated with a
change in the lipid bilayer area resulting from the sinusoidal oscillations of the droplets.
(b) The current response of the lipid bilayer containing V23T MscL channels when high
transmembrane potentials are applied without mechanically stimulating the droplets.

4.4

The Response of MscL in DIBs to Harmonic Excitation

The incorporation of V23T MscL into DIBs is achieved by introducing proteoliposomes into
both droplets. A low-threshold V23T mutant of MscL generates reliable activities including
sub-conductive states as well as full opening events when mechanically stimulated and a DC
potential is applied to the membrane. These events are identical to those recorded using
the patch-clamp technique from intact inner E. coli membranes and liposomes reconstituted
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with the puriﬁed V23T MscL (Figure 4.2).

4.4.1

Low-frequency Response

The mechanical stimulus is applied through axial sinusoidal displacements of one droplet
toward and away from another with a frequency of 0.2 Hz and peak-to-peak amplitude of
150 µm. It is observed that the gating of V23T MscL mostly occurs at transmembrane
potentials above 80 mV and low oscillation frequencies (≤0.5 Hz). Gating occurs exclusively
near the point of shortest separation where both the contact area and fractional change in
droplet area maximal, and the lipid bilayer contact angle between the droplets (monolayers)
is minimal.
To illustrate this observation, the representative DIB current traces, each covering one stimulation cycle, are plotted in polar form indicating the position of the V23T MscL opening
events relative to the phase of the mechanical displacement (Figure 4.4). The results show
that the channel consistently activates between 90 and 120 degrees. This region on the polar
plot corresponds to the position near peak compression (where the sinusoidal mechanical
input reaches maximum amplitude) and maximal bilayer area.
The current is proportional to the capacitance of the bilayer (I(t) = V

dC(t)
),
dt

which in turn

obeys the same sine wave law (C(t) ∼ Asin(ωt)) implying that there is a 90-degree phase
shift between the actual change in bilayer area (i.e. capacitance) and the recorded capacitive
current. This explains why gating is seen in the 90-120 degree region on the current polar
plot. Identical behavior is observed when the potential is increased to 100 mV while a 0.2
Hz sinusoidal oscillation is maintained (Figure 4.4(b)). The only diﬀerence seen is that
the measured conductance levels are higher, which may indicate a greater expansion of the
channel, due to an increased transmembrane potential.
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Figure 4.4: (a) and (b) The current response of the bilayer containing V23T MscL mutant
channels at 0.2 Hz (sinusoidal) and an applied transmembrane potential of 90 and 100 mV
respectively. The shape of the current response is sinusoidal which corresponds to a sinusoidal
change in bilayer capacitance as a consequence of the bilayer area change. The currents spikes
at the peak of each cycle (i.e. maximum bilayer area) correspond to sub-conductance gating
events of the MS channels. (c) Each of the six cycles is plotted in polar form indicating that
the gating events consistently occur between 90 and 120 degrees.

Joseph S. Najem

4.4.2

Chapter 4. Transient MscL Responses to Harmonic Excitation

99

Effect of Displacement Amplitude and Transmembrane Potential

The gating of the V23T MscL channels is observed to be dependent on the transmembrane
electric potential, as well as the amplitude of oscillations. These ﬁndings are highlighted in
Figure 4.4 where the current responses of the DIB are recorded for three diﬀerent oscillation
amplitudes (±62.5µm; ±75µm; ±87.5µm), while a frequency of 0.2 Hz is maintained. At
each oscillation amplitude, the transmembrane potential is varied between 20 mV and 100
mV. Figure 4.4(c) shows the polar plots of diﬀerent cycles for the three diﬀerent amplitudes
each at a speciﬁc transmembrane electrical potential. In the ±62.5µm displacement case, no
gating occurs, where the results resemble those of the channel-free case. This means that the
induced bilayer tension is not strong enough to make the channels open. As the amplitude
of oscillations is increased to ±75µm, MscL gating events are observed at transmembrane
potentials higher than 80 mV. Similar results are obtained for the ±87.5µm, however, it is
noticed that the conductance levels are higher compared to the lower amplitude case. The
results imply that widening of the conductive pore can be achieved through an increase in
bilayer tension produced by increased oscillation amplitude. The results presented in this
section conﬁrm that both the transmembrane potential and the degree of droplet deformation
are contributing in increasing the tension in the lipid bilayer membrane.
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Figure 4.5: Gating dependence on the amplitude of droplet displacement and voltage. The
droplets are oscillated at three diﬀerent amplitudes. At each amplitude the applied electric
potential is varied between 20 mV and 100 mV. The results in black, corresponding to the
lowest amplitude (±62.5µm), and show that no MS channel activity occur at all potentials.
However, as the amplitude is increased to ±75µm, gating events occur at potentials starting
from 80 mV up to 100 mV. The results at the highest amplitude (±87.5µm) are similar
to the previous case however the conductance levels are higher which may be a result of
opening the MS channels further as the tension in the bilayer is higher at higher oscillation
amplitudes.

4.4.3

Probability of Opening Per Cycle

We have also analysed the amplitude distribution of opening events recorded over 110 cycles
under “near-optimal” stimulation with 0.2 Hz / 87.5 µm sinusoidal droplet oscillations and
a transmembrane potential of 100 mV (Figure 4.6). Most of the events represent low subconductive states, consistent with low-open probability patch-clamp traces presented in Fig.
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3 and previous analysis [170]. Full-openings of 3.1 nS amplitude constitute only 3% of all
events.

Figure 4.6: The amplitude histogram of V23T MscL opening events obtained from a multiple traces including 110 oscillation cycles. The droplets are subjected to periodic oscillation
(0.2 Hz and 87.5 µm amplitude) and a transmembrane potential of 100 mV for several
minutes and a total of 52 events was analysed. Under these conditions the probability of
seeing an opening event of per cycle was 0.47. The histogram shows that low-conductance
sub-states are more likely to occur under the given testing conditions.

4.5

Chapter Summary & Conclusions

We consistently saw V23T MscL channel activities in response to simultaneous mechanical
and electrical stimulation in DIBs. There is a real perspective that such a channel could be
used as a transducer in biomolecular stimuli-responsive materials, especially that we found
that the protein in reconstituted DPhPC liposomes remained functional for at least three
months, and thus it remains stable in liposomes and functional after being reconstituted at
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the lipid-stabilized oil-water interface.
To date, patch-clamp (which requires bulky equipment) has been the most convenient to
study the activity of MscL, since it permits clamping of both voltage and tension. However,
biomolecular engineering of sensory and conversion devices implies compactness. In DIBs,
until present day, tension cannot be clamped and therefore mechanosensitive channels can
be stimulated only in a dynamic regime. Despite this, DIBs are emerging ﬂexible platforms
that could be adapted to many types of stimuli with the ability to be miniaturized.
Here, we presented the ﬁrst study in which the activities of single bacterial MscL channels are
directly recorded in a miniature DIB system without the use of a patch pipette or chemical
modiﬁcations. The developed experimental technique is novel and important since it mimics
the natural asymmetry of lipid membranes while changing the membrane tension proﬁle.
We successfully reconstituted V23T MscL channels in the bilayer formed at the interface
of two lipid encased droplets and the ability of the DIB to sense mechanical stimuli using
bacterial MscL as a mechano-electrical transducer has been demonstrated. The channels
self-assembled within the lipid bilayer membrane are activated when tension in the interfacial bilayer is generated. This is achieved by virtue of dynamic droplets compression and
relaxation through axial sinusoidal displacement of one droplet towards and away from the
other. The resulting amplitudes of MscL conductance levels were similar to those recorded
by patch-clamp indicating a fully-functional state of MscL in DIBs.

Chapter 5
Manipulation of Bilayer Tension
Through Asymmetric Stimulating
Signals: Hypothesis and Experimental
Results
The range of frequencies in which the gating activities of V23T MscL in DIBs were observed,
is narrow. At oscillation frequency of 0.2 Hz, which we found optimal for the chosen geometry, the “unzipping” of the contributing monolayers allowed the droplets to regain a nearly
spherical shape during the relaxation phase. The droplets being more spherical (i.e. minimal
area at a given volume) result in more deformation of the droplets in the compression phase
and, thus lead to a greater areal expansion and tension increase. At higher frequencies we observe a signiﬁcantly smaller areal expansion due to a delay in monolayer “unzipping”. Thus
viscous resistance of the inter-monolayer gap to ﬂow of the organic solvent (hexadecane)
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appears to be a natural “low-pass” mechanical ﬁlter in the DIB system. In this chapter we
explain this hypothesis, we present experimental procedures and data that support it, and
describe how the gating “bandwidth” in our system can be widened.

5.1

Interpretation of Low-Frequency Gating

The oscillation frequency directly impacts the tension increase in the bilayer near maximum
compression. It is observed that gating of V23T MscL only occurs at low oscillation frequency
(∼0.2 Hz), while very few spikes are noted at 0.3 Hz and none at higher frequencies. It is
strongly believed that this result is directly related to the behavior of the bilayer in the
course of a full oscillation cycle, and more speciﬁcally to the “zipping” and “unzipping” of
the contributing monolayers.
At low frequencies, the bilayer interface experiences a signiﬁcant change is its area. However,
this change in bilayer diminishes, until it reaches a negligible value, as the frequency is
increased. This phenomena is illustrated in Figure 5.1, in which the area of the bilayer
extracted from videos the droplets through full oscillation cycles at various frequencies, are
displayed. The bilayer area is measured at ﬁve positions equidistant in period. The ﬁrst
position corresponds to when the droplets are the farthest apart (-xa ), the second is at
an intermediate time between the extreme position and the original pipette position (xo ),
the third is at xo , the fourth is at another intermediate position xo and the maximum
compression position (+xa ), and the ﬁfth is at +xa . The results show that the area of
the bilayer increases at low frequencies upon compression. In the relaxation phase the
bilayer area actually decreases as the droplets are pulled apart. This means that the bilayer
experiences a signiﬁcant change is area while oscillated at low frequencies.
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This change in area is accompanied with “zipping” and “unzipping” of the contributing
monolayers. The change in bilayer area becomes less signiﬁcant as the oscillation frequency
is increased (∼0.5 and 0.75 Hz) before it becomes negligible at frequencies greater than 1
Hz. It is believed that at high frequencies the oscillation is much faster than the “zipping”
and “unzipping” of the monolayers, which leads to constant bilayer area. This phenomena
directly aﬀects the tension in the bilayer since the droplets, at high frequency, do not have
enough time to recover and regain their spherical shape, which they adapt in order to minimize surface area and tension. Regaining minimum surface area is critical since it leads
to a larger change in surface area (∆A/A) and thus a larger bilayer tension according to
Equation 4.4.
The same phenomenon is illustrated in Figure 5.2, where the proﬁle of one of the droplets
is tracked using image processing techniques. The results show that the bilayer area at
maximum compression (+xa ) for the 0.2 Hz case is signiﬁcantly larger than that at 5 Hz.
Note that in both cases both the droplet composition and oscillation amplitude are the same.
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Figure 5.1: The change in bilayer area during a full oscillation cycle. At low frequencies
the area changes as droplets are compressed and the relaxed. This behavior is not observed
at higher frequencies (>1 Hz), where the bilayer areas remain unchanged during the whole
cycle.
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Figure 5.2: Proﬁles of the same aqueous droplet at maximum compression at the 0.2 Hz
and 5 Hz respectively. It is obvious that in both cases bilayer areas are not equal. At the
higher frequency the bilayer area remains constant.

Relaxation Time of the Bilayer

To further support and understand the proposed hypothesis, the relaxation time of the
bilayer in response to a step mechanical input is measured. The goal is to quantify how long
it takes the bilayer to reach steady state after compression and relaxation of the droplets in
a step fashion. The results from this experiment are illustrated in Figure 5.3. The bilayer
membrane response to a step mechanical input displays a relaxation time that could be
determined through ﬁtting the capacitance to two exponential terms (Equation 5.1), one for
the initial response and one for the gradual relaxation.

Cresponse (t) = C0 + Cshif t [1 − (Kf ast e−t/τ + Kslow e−t/τ )]

(5.1)

This strongly suggests that these two mechanics operate separately. The results show that
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the relaxation time in the compression phase (i.e. bilayer area increases) is signiﬁcantly
faster the in the relaxation phase (i.e. bilayer area reduces). In the compression phase the
steady state is reached within two to three seconds while it takes around six seconds in the
relaxation phase. Reaching the steady state in this case means that the monolayers have
achieved a spherical curvature and this minimum area. The results on more time explain why
a low frequency is needed to create tension in the membrane enough to gate MscL. In the 0.2
Hz case the relaxation phase lasts around 2.5 seconds thus, just enough for the monolayers
to restore 80% of their spherical shape. While at higher frequencies, and let’s take the 0.5
Hz and 1 Hz cases for the sake of an example, the monolayers only restore respectively 50%
and 20% of their spherical shape, apparently not enough to generate suﬃcient tension to
gate MscL.

Figure 5.3: The change in bilayer capacitance as in both the compression and relaxation
phases was measured and ﬁt to Equationx over time. The results show that in the relaxation
phase the bilayer change in capacitance occurs at a signiﬁcantly slower rate than in the
compression phase.

We have mentioned earlier that a 2.5% value of monolayer’s areal expansion (∆A/A) is
required to generate enough tension required to gate MscL. From the results presented
in Figure 5.3 we learned that a short relaxation phase will result in a smaller change in
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monolayer area, which would even be negligible at frequencies greater than 1Hz. Therefore,
in the following sections we suggest to stimulate the droplets using asymmetric waveforms in
which the relaxation phase is longer than the compression phase in an eﬀort to increase the
change in the monolayers surface area by allowing the monolayers to restore their spherical
curvature.

5.2

Regulation of Relative Area Change by Controlling
Signal’s Duty Cycle

Based on the data and the interpretations presented in the previous section, one can conclude
that in order to widen the range of frequencies, at which MscL will activate, it important to
satisfy two separate conditions. First, the relaxation period has to be long enough to allow
the monolayer to restore its spherical shape and thus achieve minimum surface area. Second,
the compression period needs to be as fast as possible to ensure that upon compression the
increase in the surface areas of the monolayers does not drop due to bilayer zipping or
the insertion of excess lipids existing in the aqueous phase. That said it is beneﬁcial to
use asymmetrical sine waves, in which the relaxation phase is longer than the compression
phase, to stimulate the droplets and gate MscL at frequencies higher than 0.2 Hz (where we
initially saw gating).

Joseph S. Najem

Chapter 5. Manipulation of Bilayer Tension110

Figure 5.4: The relative increase in the monolayer surface area (∆A/A) at various frequencies as a function of duty cycle.

To test this rationale, a series of experiments is carried out, in which the oscillation frequency
is varied between 0.2 Hz and 1 Hz, while various duty cycles are used at each frequency. The
results, presented in Figure 5.4, correlated well with the proposed hypothesis, where the
relative change in the surface area of each monolayer seemed to be aﬀected by the signal’s
duty cycle as well as the frequency. It is important to note that in this section and throughout
the rest of the document an increase in duty cycle results in a relaxation phase longer than
the compression phase. The ﬁrst thing to catch attention is the fact that ∆A/A increases
when the duty cycle increases for all frequencies. At 0.2 Hz the ∆A/A varies between 2.6%
(at 50% DC) to ∼ 2.9% (at 95% DC), which would results in bilayer tensions suﬃcient to
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gate MscL. However, the results of the 0.3 Hz case were more surprising. At 50% DC ∆A/A
is ∼ 2.4%,value lower than that of the 0.2 Hz case, which would explain why we have not seen
gating under these conditions before. However, as we increased the duty cycle the measured
∆A/A values were higher than all corresponding values in the 0.2 Hz case. It might sound
surprising but it is nevertheless consistent with our hypothesis. Even though when compared
with the 0.2 Hz case the relaxation at each duty cycle is shorter, the compression cycles are
much faster resulting in a larger ∆A/A.
In the 0.4 Hz case it was noticed that a duty cycle larger than 65% is needed to achieve
∆A/A values larger than 2%, which is required to generate an enough tension in the bilayer
to gate MscL. For the 0.5 Hz case a duty cycle larger than 75% is required while for the
remaining frequencies ∆A/A never reaches values above near and above 2%. In other words
it seems that relaxation phase should always be greater than 1.5 seconds in order to gate
MscL, which will not be achieved at frequencies higher than 0.6 Hz. While this explanation
is valid and reasonable, we wanted to make sure that these results are not caused by not
enough compression resulting from the fast compression phase. To check this phenomena we
compared the compression amplitudes at the two extreme cases, 0.5 Hz and 50% DC, where
the compression phase is the longer and 1 Hz and 95% DC where the compression phase is
the shortest. Figure 5.5 displays the displacement signal versus time for both cases. The
results conﬁrm that on both cases the same amplitude on compression is achieved.
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Figure 5.5: A comparison between the displacement proﬁles at 0.5 Hz/50% DC and 1
Hz/95% DC. The proﬁles show that they both achieve the same maximum and minimum
amplitudes of oscillation.

5.3

Response of MscL to Harmonic Stimuli with Variable Compression to Relaxation Duty Cycles

The activity of V23T MscL is recorded simultaneously with the video recording of the response of the droplets to asymmetric sinusoidal waveform signals. The gating results correlate well with the previously mentioned results where gating is seen at frequencies between
0.2 and 0.5 Hz, while no activity is recorded at frequencies higher than 0.5 Hz. However,
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before discussing the behavior of MscL, it is important to mention that a control study was
carried out, where the droplets were stimulated without having any MscL channels within
the bilayer. The results, displayed in Figure 5.6, conﬁrm that no gating-like events were
recorded at all frequencies and diﬀerent duty cycles.
V23T MscL is injected into both droplets which are then given enough time to relax for the
monolayers to recover and the channels to incorporate in the bilayer. Figure 5.7 displays
representative results of the 0.2 Hz case. MscL activity is recorded at 50% DC, which comes
at no surprise, while more gating events are seen at higher duty cycles. To conﬁrm that
the spikes correspond to the gating of the channels, random spikes are plotted in polar form
(Figure 5.8). In the 50% DC case the results appeared to be consistent with those discussed
in Section 4xx, where gating is between 90-150 degree region. For the 65% DC case, where
maximum compression corresponds to degree 63 on the polar plot, gating mainly occurs
within the 60-90 degree phase. For the 75% case, gating events occur mostly in the 4560 degree phase where maximum compression corresponds to degree 45 on the polar plot.
Similar results are seen for the 85% and 95% cases where gating was centralized in the area
adjacent to maximum compression corresponding angles which are 27 and 9 respectively.
Similar behavior is observed for the 0.3 Hz case, however in the 0.4 Hz case, no gating occurs
at the 50% DC which could be explained by the low ∆A/A value (∼ 1.8%) which is not
enough to create tension in the bilayer to gate MscL. This behavior quickly changes when
the duty cycle is increased to 65%, where ∆A/A is near 2.3%. At 65% few spikes start ﬂaring
until they start occurring at a higher frequency when the DC is increased to 75% and above.
For the 0.5 Hz case a minimum of 75% value is needed for MscL to start gating. In regard
to the location of gating spikes on the polar plots the results are similar to those related to
the 0.2 Hz, previously discussed.
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Figure 5.6: (A) The current response of the channel-free DIB as the droplets are oscillated
at 0.2 Hz at various duty cycles while a transmembrane potential of 100 mV is applied. The
results serve as a control study to show that no gating-like events are observed. (B) No
gating events are observed when the droplets are oscillated at 0.3 Hz and at various duty
cycles, under the similar conditions as in (A).
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Figure 5.7: (A) The current response of the bilayer containing V23T MscL channels at
0.2 Hz/50%DC and a transmembrane potential of 80 mV is applied. The current spikes
at the peak of each cycle correspond to sub-conductance gating events of the MS channels.
(B), (C), (D), and (E) are the current responses of the bilayer containing the channels in
response to a stimulating signal of 0.2 Hz at duty cycles equal to 65%, 75%, 85%, and 95%
respectively.
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Figure 5.8: Randomly selected cycles from Figure 5.7 in which gating occurs are selected
and plotted in polar form in order to conﬁrm that the gating spikes are the result of the
increase in tension in the bilayer. Gating in all cases occurred at maximum compression
which corresponds to the peak of the displacement cycle.
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Figure 5.9: (A) The current response of the bilayer containing V23T MscL channels at
0.3 Hz/50%DC and a transmembrane potential of 80 mV is applied. The current spikes
at the peak of each cycle correspond to sub-conductance gating events of the MS channels.
(B), (C), (D), and (E) are the current responses of the bilayer containing the channels in
response to a stimulating signal of 0.3 Hz at duty cycles equal to 65%, 75%, 85%, and 95%
respectively.

Joseph S. Najem

Chapter 5. Manipulation of Bilayer Tension118

Figure 5.10: Randomly selected cycles from Figure 5.9 in which gating occurs are selected
and plotted in polar form in order to conﬁrm that the gating spikes are the result of the
increase in tension in the bilayer. Gating in all cases occurred at maximum compression
which corresponds to the peak of the displacement cycle.
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Figure 5.11: (A) The current response of the bilayer containing V23T MscL channels at
0.4 Hz/50%DC and a transmembrane potential of 80 mV is applied. The current spikes
at the peak of each cycle correspond to sub-conductance gating events of the MS channels.
(B), (C), (D), and (E) are the current responses of the bilayer containing the channels in
response to a stimulating signal of 0.4 Hz at duty cycles equal to 65%, 75%, 85%, and 95%
respectively.
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Figure 5.12: Randomly selected cycles from Figure 5.11 in which gating occurs are selected
and plotted in polar form in order to conﬁrm that the gating spikes are the result of the
increase in tension in the bilayer. Gating in all cases occurred at maximum compression
which corresponds to the peak of the displacement cycle.
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Figure 5.13: (A) The current response of the bilayer containing V23T MscL channels at
0.5 Hz/50%DC and a transmembrane potential of 80 mV is applied. The current spikes
at the peak of each cycle correspond to sub-conductance gating events of the MS channels.
(B), (C), (D), and (E) are the current responses of the bilayer containing the channels in
response to a stimulating signal of 0.5 Hz at duty cycles equal to 65%, 75%, 85%, and 95%
respectively.
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Figure 5.14: Randomly selected cycles from Figure 5.13 in which gating occurs are selected
and plotted in polar form in order to conﬁrm that the gating spikes are the result of the
increase in tension in the bilayer. Gating in all cases occurred at maximum compression
which corresponds to the peak of the displacement cycle.

5.4

Assessment & Distribution of Major Substates as
a Function of Duty Cycle

To assess the occupancies of the major conducting states, histograms showing the distribution
of the substates as a function of duty cycle, are presented. To simplify the analysis three cases
are chosen: one that corresponds to the maximum ∆A/A, a second that corresponds to a
medium value of ∆A/A, and a third that corresponds to a minimum value of ∆A/A. Figure
5.15 displays a comparison between the distribution of substates between the 0.3Hz/95%
DC case and the 0.2Hz/50% DC case. It is clear that the substates in the 0.2Hz case are
mainly low substates while the full open gating occurs rarely with a probability of 0.02. This
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changes dramatically when the frequency of oscillation is increased to 0.3 Hz and the duty
cycle is increased to 95%. The probability of fully open gating jumps to 0.175 while gating
events at other conductances occur at relatively equal probability.

Figure 5.15: The amplitude histograms of V23T MscL opening events obtained from
multiple traces including more than a hundred oscillations. Two cases are displayed: the
ﬁrst are the results related to the 0.2 Hz/50% DC case while the second are the results
related to the 0.3 Hz/95% case. The results show higher probability of fully open event for
the 0.3 Hz case.

Figure 5.16 displays a comparison between the distribution of substates between the 0.5Hz/75%
DC case and the 0.2Hz/50% DC case. In the 0.5 Hz case the distribution of gating event is
basically concentrated between 0 and 0.3. The probability is the highest at very low substates which correlates well with the low tension generated due to low value of the relative
change in the monolayers surface area.

Joseph S. Najem

Chapter 5. Manipulation of Bilayer Tension124

Figure 5.16: The amplitude histograms of V23T MscL opening events obtained from
multiple traces including more than a hundred oscillations. Two cases are displayed: the
ﬁrst are the results related to the 0.2 Hz/50% DC case while the second are the results
related to the 0.5 Hz/75% case. The results no full open event occur for the 0.5 Hz, while
the probability of low subconductance opening is higher when compared to the 0.2 Hz case.

Figure 5.17 shows the probability of fully open gating events of MscL channels as a function
of duty cycle at diﬀerent frequencies. The highest probabilities occur in the 0.3 Hz case at
duty cycles higher than 65%. In general the probability increases with the duty cycle at
any frequency. However, it drops to zero at in some case when at both the 0.4 Hz and 0.5
Hz. In order to have a better understanding on the eﬀect of the duty cycle on the gating
of MscL, both the probability of opening per cycle and the average conductance at various
duty cycles for diﬀerent frequencies are presented in Table 5.1. The results show that both
quantities increase as the duty cycle increases at any frequency.
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Table 5.1: The open probability per cycle and average conductance for each duty cycle at
various frequencies.
Duty Cycle (%)
50
65
75
85
95

0.2 Hz
0.3 Hz
0.4 Hz
Average Conductance (nS) Open Probability Average Conductance (nS) Open Probability Average Conductance (nS)
0.5629 ±0.5241
0.47
0.5517 ±0.5202
0.45
0
0.6486 ±0.8329
0.49
1.3517 ±0.9202
0.50
0.5153 ±0.5180
0.7802 ±0.4647
0.50
1.4031 ±1.2160
0.51
0.6371 ±0.6259
1.1262 ±0.7116
0.51
1.7163 ±1.4508
0.54
0.6688 ±0.5116
1.1274 ±0.8510
0.59
1.9698 ±1.53
0.63
0.7315 ±0.6538

0.5 Hz
Open Probability Average Conductance (nS)
0
0
0.40
0
0.41
0.3539 ±0.6175
0.46
0.5256 ±0.5193
0.51
0.5347 ±0.5945

Open Probability
0
0
0.40
0.45
0.45

Figure 5.17: The probability of fully open gating of MscL channels as a function of duty
cycle at various frequencies.

5.5

Chapter Summary & Conclusions

V23T MscL channel activities are recorded in response mechanical stimulus while a DC
membrane potential is applied. The response of MscL to frequencies higher than 0.2 Hz
is achieved when asymmetrical sinusoidal signals are used to stimulate the droplets. The
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relaxation phase had to be longer than the compression phase. While the compression phase
needs to be as fast as possible, the relaxation phase cannot be shorter than 1.5 seconds,
otherwise a change in monolayer surface area signiﬁcant enough to cause gating, will never
be achieved. At all frequencies, as the duty cycle increased, the higher conductive substates
occupied while more fully open states are observed. This study shows the gating the bilayer
tension can be tailored by regulating the tension in the monolayers. This can be achieved
by controlling the form of the sinusoidal signal.

Chapter 6
MscL Activity in Asymmetric Droplet
Interface Bilayers
In cell membranes, the lipid compositions of the inner and outer leaﬂets diﬀer. Therefore, a
robust model system that enables single-channel electrical recording with asymmetric bilayers
would be very useful. This chapter describes experiments that use two diﬀerent types of lipids
to form droplet interface bilayers. As a result of an asymmetric interface, a transmembrane
potential is created across the membrane due to the diﬀerence in the dipole potentials of
both lipids. When MscL channels are incorporated in the bilayer, they are expected to
gate upon mechanical stimulation without the need to apply high external potential. The
sensitivity of V23T MscL to the polarity of the applied potential along with the eﬀect that
a high membrane potential has on the gating of MscL in DIBs, are also investigated and
discussed in this chapter.
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6.1

Background and Theory

The impermeability of symmetric membranes, consisting of pure lipid bilayers, is extremely
eﬀective. Therefore, any electrical should be applied externally through an appropriate
power source. This is completely diﬀerent in nature, where natural membranes preserve
a resting potential (∆Ψ). This potential is ordinarily is produced and preserved by the
selective permeability, of natural membranes, to ions jointly with ion pumps that transport
ions through the membrane against their electrical or chemical gradient.
The distribution of ions within the electrolyte solution bordering to the membrane is inﬂuenced by the separation of charges in the presence of an electrical potential. The ion
dispersion is also aﬀected by several factors including the dissociation of surface groups or
the adsorption of ions from solution [176], while surface charges are balanced by an equal
and opposite charged area of counterions. A portion of these ions are transiently bound, developing a ’Helmholtz’ layer, while the remaining form a diﬀuse electric double-layer, which
is fundamentally an atmosphere of fast thermal motion adjacent to the surface. At the beginning of the last century, a number of equations were developed to understand the proﬁle
of the diﬀuse double layer [177], those equations were later known as the Gouy-Chapman
theory [178]. Those scientists used Poisson’s equation to describe the electrical potentials,
corresponding to both the surface charge and the opposing aqueous ions. They later grouped
their equation with the Boltzmann relation, which accounts for the statistical distribution of
the ions over a distance x from the surface. The model conﬁrms that both the surface charge
density (σ) and the electrolyte concentration in the bulk solution, determine the inequality between the potential in the bulk electrolyte (x = ∞) and that a the surface (x = 0),
∆Ψs (0) [176, 178]. Basically, the ﬁrst developed equations referred to simple symmetrical
electrolytes such as KCl. They were later developed to a group of complex equations, to
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cover asymmetrical electrolytes such as CaCl2 [179]. However, the model, in both symmetrical and asymmetrical cases, could be simpliﬁed, at potential values less than 25 mV, to the
following:

∇2 Ψs (0) =

σ
ϵw ϵ0 κ

(6.1)

and,
(

κ=

∑

)1/2
2

2

c∞j zj F /ϵw ϵ0 RT

m−1

(6.2)

j

where c∞j is the concentration (moles per cubic meter) of a charged species j of valency zj
at inﬁnite distance from the surface (i.e. in the bulk solution), ϵw and ϵ0 are the dielectric
coeﬃcient of water and the dielectric permittivity of free space, respectively, R is the gas
constant, F is the Faraday constant and T is the absolute temperature.
The surface potential therefore becomes directly proportional to the surface charge density.
It is also worth noting that a constant surface charge density, the surface potential is inversely
proportional to electrolyte concentration. Equations 6.1 and 6.2 are the same as that for a
parallel plate capacitor whose plates are separated by a distance 1/κ, have charges of ±σ, at
a potential diﬀerence of ∆Ψs (0). It is this analogy with a charged capacitor that gave rise
to the term ’double layer’ for describing the ionic atmosphere near a charged surface. The
characteristic ’thickness’ 1/κ of this capacitor is known as the Debye-Hückel equation [176]:

∆Ψs (x) = ∆Ψs (0)e−κx

(6.3)
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As illustrated in Figure 6.1 A, the potential drop within the membrane is the same as
the diﬀerence in potential between the bulk electrolyte solutions. This is only the case for
symmetric membranes, where the charge density is equal on both sides of the membrane.
For asymmetric membranes, the diﬀerence in surface potentials means that the potential
drop across the membrane (∆Ψm ) can be larger than the potential diﬀerence between the
bulk electrolyte solutions (∆Ψ), as shown in Figure 6.1 B. It is important to note that
any transmembrane channels and pores experience ∆Ψm and that any alterations in surface
potential of the membrane could therefore have signiﬁcant eﬀects on protein function [178].

Figure 6.1: Simpliﬁed schematic illustration of the potential proﬁle across a lipid bilayer,
illustrating that an asymmetric membrane surface potential (∆Ψs ) can result in a potential
drop across the membrane (∆Ψm ) that is signiﬁcantly greater than the potential diﬀerence
between the bulk phases (∆Ψ). (A) Symmetric membrane surface potential. (B) Asymmetric
surface potential, arising, for example, from a diﬀerence in lipid composition between the
two bilayer leaﬂets, with charged lipids concentrated on one side.
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6.2

The Effect of Voltage Polarity on the Gating of
V23T MscL

It is important to understand the eﬀect that membrane potential has on the activation of
V23T MscL, before analyzing its behavior in asymmetric bilayers. The fact that a relatively
high transmembrane potential ( >80 mV) is needed to activate V23T MscL, along with
mechanical stimulation, intrigued a series of experiments to study the eﬀect of membrane
potential on the gating of the channels. The focus was on V23T-6His MscL which was
expressed in the triple knock-out strain (MJF465) devoid of all MS channels. Then the
population currents in excised patches, under pre-programmed pressure and voltage controls,
were recorded.
The patch is ﬁrst subjected to a sub-threshold tension that does not usually evoke any
currents at low voltages (∼ ± 20 mV) while a few are observed at +100 mV (in the pipette).
However, switching the voltage to -100 mV leads to spontaneous activation of a few channels
that remain open even after pressure is dropped to zero (Figure 6.2).
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Figure 6.2: Patch clamp measurements of V23T MscL showing its response to applied
pressure under positive and negative potential. The applied pressure is purposely set just
below the activation threshold of V23T MscL. The goal is to understand the eﬀect of high
membrane potential on the gating of V23T MscL. The applied potential is increased to 100
mV, which is not usual is this type of experiments. The results show that a negative potential
leads to spontaneous activation of some channels, which remain open even after the pressure
is dropped to zero.

Diﬀerent fraction of channels activate at positive and negative voltage when subjected to a
threshold pressure. Figure 6.3 shows that at -140 mV the channels open gradually and stay
open after pressure step termination. At corresponding positive voltages the channels exhibit
lower open probability and close immediately when pressure drops to zero. The results in
Figure 6.4 also show that upon switching from negative to positive pipette voltage, V23T
MscL experience fast closure. The channels activate faster at higher negative voltage and
close faster at higher positive potentials.
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Figure 6.3: Patch clamp measurements of V23T MscL showing its response to applied
pressure under positive and negative potential. The results show that the higher the potential
the more susceptible the channels are to gating.

Figure 6.5 illustrates this phenomena. MscL gating model showing iris-like expansion of the
protein associated with tilting of helical pairs. Blue contours approximate hydrated regions.
In the closed state the pore constriction is predicted to be completely dehydrated. V23T
mutation is predicted to increase pore hydration and predispose the channel to opening. The
gray arrows show the direction of electric ﬁeld that either assists or opposes opening. The
nature of charges or dipoles responsible for this eﬀect need to be investigated.
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Figure 6.4: It was also noticed that upon the application of a positive potential, the
channels tend to close faster unlike in the negative potential case where they tend to remain
open irrespective of the applied pressure.

The results presented so far present strong evidence that high potential is contributing to
the gating of MscL in DIBs. Even though the produced tension in the bilayer in some
cases might not match the threshold that gates V23T MscL, the application of a relatively
high potential (∼100 mV) helps opening the channel. The reason the applied potential was
helping in the gating of MscL is because the channels were incorporated into the bilayer in
both leaﬂets.
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Figure 6.5: The homology model of E. coli MscL with the N-terminal domains forming the
bundle predicted to act as a second gate.

To test the eﬀect of membrane potential on the gating of V23T MscL in DIBs, the channels
were incorporated in the bilayer asymmetrically. An external potential of 100 mV was applied
while the droplets are mechanically stimulated. The polarity of the applied potential was
ﬂipped repeatedly, while the current response was recorded. The results show that upon
the application of a negative potential (i.e. the potential direction that assists opening)
both gating probability per cycle and the conductance of the substates are higher Figure
6.8. A very few fully open states are recorded when a negative potential is applied, while
more high-conductive substates are occupied, when compared to the positive potential case
(Figures 6.6 and 6.7). When a positive potential is applied , low-conductive substates are
occupied while non fully open states are observed. It is also worth mentioning that, similar
to the patch clamp results, the channels tended to close immediately when the tension is
dropped (i.e. droplets pulled apart), while in the negative case the channels took longer time
to close even after the droplets are pulled apart and the tension in the bilayer is dropped.
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Figure 6.6: The gating behavior of V23T MscL when incorporated asymmetrically in a
DPhPC symmetric bilayer. The droplets are oscillated at 0.2 Hz with a 50% DC while a
potential of 100mV is applied. The voltage polarity is repeatedly switched to study its eﬀect
of the gating of MscL.
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Figure 6.7: The gating behavior of V23T MscL when incorporated asymmetrically in a
DPhPC symmetric bilayer. The droplets are oscillated at 0.2 Hz with a 75% DC while a
potential of 100mV is applied. The voltage polarity is repeatedly switched to study its eﬀect
of the gating of MscL.
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Figure 6.8: Amplitude histogram of V23T MscL opening events obtained from multiple
traces. The results show that the open probability per cycle increases when a negative
potential is applied. Moreover, in the negative potential case higher condutance substates
are observed.
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6.3

The Formation of Asymmetric Bilayers and Mechanoelectric current

Asymmetric bilayers could be formed by simply having DPhPC lipids in one of the droplets,
while the other contains other types of lipids such as DOPhPC. The monolayers should be
left to form for at least 10 minutes, before bringing the droplets into contact for the formation
of an asymmetric bilayer.

Figure 6.9: A more realistic model of the electrostatics of the bilayer. Relationship between
the clamped potential and membrane asymmetry. Asymmetric bilayers lead to a chemicallyclamped membrane potential under short-circuit conditions.
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In previous applications the membranes were symmetric, sharing the same leaﬂet composition
on either side. As a result the electrostatic proﬁle is canceled out between both leaﬂets,
resulting in symmetric boundary potentials at the electrodes. The results presented in Figure
6.10 show that no shift in potential occurs at the membrane since both leaﬂets are composed
of the same lipid, thus equal dipoles. However, in an asymmetric membrane the diﬀerence
between the two leaﬂets ∆Ψ may be non-zero which translates into non-zero intramembrane
potential ∆Ψm . This is because the diﬀerence in surface potentials ∆Ψs leads to a shift
in the measured electrode value. Assuming the transmembrane potential generated by the
ampliﬁer is Ψclamp , the equation for capacitive current may be re-written as
(

i = Cblm

d Ψclamp − ∆Ψm
dt

)

(

+ Ψclamp − ∆Ψm

) dC lm
b

dt

(6.4)
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Figure 6.10: The mechanoelectric current response of an asymmetric bilayer to mechanical
oscillations at 0.2 Hz without the application of an external transmembrane potential. The
results show that the minimum mechanoelectric current corresponds to 0 mV, which indicates
that no shift in membrane potential since both leaﬂets are composed of the same lipid.
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Figure 6.11: The mechanoelectric current response of the asymmetric bilayer composed of
DPhPC and DOPhPC as the droplets are oscillated at1 Hz. (A) The DOPhPC droplet is
connected to the positive lead produces a positive potential shift. (B) When the DOPhPC
droplet is connected to the ground a negative shift is generated.
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The mechanoelectric current will be minimized when Ψclamp − ∆Ψm = 0. Therefore the
asymmetry in the membrane may be quantiﬁed by varying the clamped potential untl the
mechanoelectric current is minimized. This is for quantifying both charge adsorption and
the diﬀerence in dipole potentials. Therefore, by creating an asymmetric membrane with
DPhPC and DOPhPC droplets, the diﬀerence in their dipole potentials may be estimated.
The varying mechanoelectric current with respect to the clamped potential Ψclamp 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. The
mechanoelectric current-voltage relationship may then be examined as seen in Figures 6.10
and 6.11. This plot is not a traditional I-V plot; the current presented here is the integrated
membrane mechanoelectric response rather than the directly recorded experimental current.
All plots of the integrated peaks gained from the PSD analysis of experimental data are
appropriately labeled ”Mechanoelectric Current“ rather than ”Current“ to avoid confusion.
Figure 6.11 displays the mechanoelectric current response as a function of time. The minimum mechanoelectric current corresponds to +130 mV and when the droplet containing
DOPhPC lipids only is connected to the positive lead. when the droplets are switched the
minimum mechanoelectric current now corresponds to -130 mV. This means that the transmembrane potential shift is around 130 mV for an asymmetric bilayer composed of DPhPC
and DOPhPC lipids. In order to conﬁrm the results the mechanoelectric current of a symmetric DPhPC bilayer was obtained. The results in Figure 6.10 show that the minimum
current corresponds to 0 mV.
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6.4

The Activation of MscL in Asymmetric Bilayers

Throughout this document it was regularly mentioned that, in addition to mechanical stimulus, the external application of transmembrane potential, of at least 80 mV, is an essential
requirement for the gating of V23T MscL in DIBs. In the previous section the ability of
an asymmetric bilayer to ”generate“ a resting potential (∆Ψm ) similar to the one in the
biological membranes. It is important to note that any transmembrane channels and pores
experience ∆Ψm and that any alterations in surface potential of the membrane could therefore have signiﬁcant eﬀects on protein function. Therefore, the activity of V23T MscL in
asymmetric DIBs is investigated. The goal is to test whether the channels can gate depending
solely on the asymmetric membrane potential, without the application of an external potential. Another objective is to study whether the gating behavior of MscL changes depending
on the side of insertion in the asymmetric DIB.

6.4.1

Mechanical Stimulation of Channel-Free Asymmetric DIBs

Channel-free asymmetric DIBs composed of DPhPC lipids on one side (droplet connected to
ground) and DOPhPC on the other (connected to the positive lead). As mentioned earlier
this combination generates an asymmetric potential of +130 mV. The droplets are then
stimulated by using a 0.2 Hz/ 50% DC sinusoidal signal of +/-87.5 µm amplitude. It is
important to note that in these experiments neither a DC potential nor a triangular voltage
are applied to the bilayer. In this case the equation of capacitive current (Equation 6.4)
could be simpliﬁed to

(

I = ∆Ψm

) dC

blm

dt

.

(6.5)
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In the case of a symmetric DIB ∆Ψm is zero and thus the measured current is also zero.
This can be seen in Figure 6.12A, where the measured current is simply the capacitive noise
resulting from the system. In the case of an asymmetric DIB the behavior is diﬀerent,
where ∆Ψm is non-zero and is actually equal to 130 mV as previously mentioned. This
is reﬂected in Figure 6.12B, where the measured current is the result of the asymmetric
potential multiplied by the change in bilayer capacitance over time. The change in bilayer
capacitance is a result of the change in bilayer area resulting from the stimulation of the
supporting droplets.
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Figure 6.12: The current response of the DIB to a mechanical stimulus in the form of a
0.2 Hz sinusoidal signal of +/-87.5 µm amplitude. (A) The DIB is symmetric and composed
of DPhPC lipids in both leaﬂets. (B) The DIB is asymmetric and is composed of DOPhPC
on the side of the leaﬂet connected to the positive lead and DPhPC on the side of the leaﬂet
connected to the ground.
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6.4.2

The Gating Behavior of MscL in Asymmetric Bilayers

It is worth noting that no gating events or gating-like spikes were observed in the results
presented in the previous study (Figure 6.12. Herein, the asymmetric bilayer is functionalized
by incorporating V23T MscL channels within the bilayer. In this set of experiment V23T
MscL channels are purposefully inserted on both sides of the bilayer. This helps increasing
the probability of gating, irrespective of the voltage polarity. The asymmetric DIBs are
then mechanically stimulated without the application of an external potential across the
membrane.
It is interesting to mention that the channels were not able to gate, without the application
of an external potential across the membrane (Figure 6.13A and 6.14A), even though the
channels are most likely exhausted by the asymmetric potential and the mechanical stimulation. This happened due to the lack of a driving electric ﬁeld able to carry ions from
one side of the membrane to the other. When an external potential of 50mV is applied,
several gating events of the V23T MscL channels are observed. The results, displayed in
Figure 6.13B and 6.14B, show that the channels responded to tension created in the bilayer
in response to mechanical stimulation.
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Figure 6.13: The gating of V23T MscL in asymmetric DIBs. The channels are incorporated
within the bilayer symmetrically, within both the DOPhPC and in the DPhPC leaﬂets. The
droplets are then stimulated at 0.2 Hz with 50% DC without the application of external
potential (A) and when a 50mV is applied to the membrane (B).
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The results presented in this section highlight, once again, the role the applied potential
plays in facilitating the gating of V23T MscL in DIBs. The use of use of asymmetric DIBs
makes is one tool that could be employed to regulate the activity of MscL channels in DIBs.
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Figure 6.14: The gating of V23T MscL in asymmetric DIBs. The channels are incorporated
within the bilayer symmetrically, within both the DOPhPC and in the DPhPC leaﬂets. The
droplets are then stimulated at 0.2 Hz with 75% DC without the application of external
potential (A) and when a 50mV is applied to the membrane (B).
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6.5

Chapter Summary & Conclusions

In this chapter the eﬀect of membrane potential on the gating of V23T MscL in DIBs was
addressed. It was observed that the channels became more susceptible to gating upon the
application of a negative potential. This property of the channel explains why gating in
DIBs occurred upon the application of a high potential especially that proteins were present
in both leaﬂets.
The behavior of V23T MscL in asymmetric DIBs was also addressed. Through these studies
we were able to gate MscL without the application of a high potential and depending solely
on the asymmetric potential created at the membrane. This is to our knowledge the ﬁrst
time such a results is achieved in a synthetic system, even when patch clamp is used.

Chapter 7
Summary and Conclusions

7.1

Overview of the research

Mechanosensation signiﬁes one of the ﬁrst sensory transduction pathways that evolved in
living organisms. Using this phenomenon for studying and understanding the mechanoelectrical properties of the DIB, is a crucial step toward functional stimuli-responsive materials. It involves the incorporation and activation of a mechanosensitive channel, MscL,
in the DIB as a mechanoelectrical transducer and a strain gauge to detect tension increase
in the lipid bilayer interface. On another note, the function of MS channels could be regulated through the basic material properties of lipid bilayers including thickness, intrinsic
curvature, and compressibility. In light of the aforementioned, the micropipette-based technique provides a valuable tool allowing the researcher the ability to study MS channels in
DIBs and provides insights into the structure of the lipid bilayer, as well as the lipid-protein
interactions.
The primary focus of the work presented in this document is to understand the mechanoelec152
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trical properties of droplet interface bilayers, in speciﬁc their ability to host mechanosensitive
channels and to respond to external mechanical stimulus. We started with the droplet interface bilayer (DIB) because this system exhibits key properties not found in other bilayer
formation methods: simplicity, stability, and modularity. However, and more importantly
to our work the interfacial forces acting on a DIB diﬀer from those in other bilayer systems.
Therefore, the tension in the bilayer held by the droplets could be controlled by regulating
tension at the water-lipid-oil interfaces; a concept not applicable with the painted or folded
bilayer system. In brief, DIB networks oﬀer a unique method for constructing functional
networks from active biomolecules, where the compositions and arrangement of the droplets
determines the overall utility of the network. The goals of the work are to construct an
experimental setup capable to transmitting mechanical stimulus to the droplets and therefore to the bilayer, the reconstitution and activation of MscL in a DIB system, and the
identiﬁcation of the basic physics of bilayer tension and MscL gating in DIBs.
The initial studies in Chapter 3 focused on developing the capability to form DIBs using
methods developed by Holden, et al and Sarles, et al, while establishing an understanding of
how the bilayer tension could be tailored. We extend previous advances in the DIB formation
techniques by proposing a micropipette-based technique, with the ability to control the size
of droplets and bilayer interface, the chemical composition of each droplet, and the tension
at the interface through dynamic stimulation. The technique consists of anchoring aqueous
droplets, containing proteoliposomes, to the tips of coaxially opposing glass capillaries. The
droplets are placed in a bath of organic solvent and when brought in contact a lipid bilayer
forms at the interface. The micropipettes are attached to piezoelectric oscillators, allowing
horizontal displacement of the droplets. Dynamically compressing the droplets, results in
an increase of interfacial tension at the water oil interface and therefore an increase in
bilayer tension. Two major aspects diﬀerentiate this method from the similar and recently
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published contact bubble bilayer (CBB) technique. Using the technique presented in chapter
3, the size of the bilayer is controlled using micromanipulators and thus the volumes of the
droplets remain constant, unlike in the CBB method. In addition, the CBB technique calls
for pressure pumps, which are not needed in the method presented in this paper making it
simpler and easier to build. We are able to incorporate and stimulate bacterial MscL for the
ﬁrst time without the use of a patch pipette or chemical modiﬁcations. Since the system
facilitates the formation of robust asymmetric lipid bilayer membranes, it more closely mimics
the lipid asymmetry found in biological membranes. This allows us to study the eﬀects
of controlled membrane composition or asymmetry on the activity of MscL. Additionally,
through image processing techniques, this method helps estimate the tension at the bilayer
interface. This technique assists in understanding the principles of interconversion between
bulk and surface forces in the DIB, facilitates the measurements of fundamental membrane
properties, and improves the understanding of MscL response to membrane tension.
In Chapter 4, the incorporation and activation of V23T MscL in DIBs is demonstrated.
We presented the ﬁrst study in which the activities of single bacterial MscL channels are
directly recorded in a miniature DIB system without the use of a patch pipette or chemical
modiﬁcations. The developed experimental technique is novel and important since it mimics
the natural asymmetry of lipid membranes while changing the membrane tension proﬁle.
We successfully reconstituted V23T-MscL channels in the bilayer formed at the interface
of two lipid encased droplets and the ability of the DIB to sense mechanical stimuli using
bacterial MscL as a mechano-electrical transducer has been demonstrated. The channels
self-assembled within the lipid bilayer membrane are activated when tension in the interfacial bilayer is generated. This is achieved by virtue of dynamic droplets compression and
relaxation through axial sinusoidal displacement of one droplet towards and away from the
other. The resulting amplitudes of MscL conductance levels were similar to those recorded
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by patch-clamp indicating a fully-functional state of MscL in DIBs. The factors leading to
the activation of MscL in the DIB can be categorized as mechanical and electrical. A sufﬁciently high amplitude oscillation (∼ 20% of the droplet diameter) is required to transmit
tension to the bilayer.
With a 2.5% maximal observed relative areal expansion of droplets and a monolayer elasticity
modulus of 120mN/m we generated an increase in tension of about 3mN/m in each leaﬂet.
With small bilayer angles, at peak compression, the increase in monolayer tension roughly
doubled in the interfacial bilayer membrane. The estimated peak tension of about 6mN/m is
near the threshold of the V23T-MscL activation curve, which evokes mainly sub-states (Figs 4
and 7) and occasionally fully open-states. Our analysis shows that under the same conditions
(i.e. 0.2Hz frequency, 87.5m amplitude, and transmembrane potential of 100mV) the gating
probability per cycle of V23T channels is found to be around 47%. The distribution of
conductance levels across several traces shows that the majority of events are sub-conductive
states and only in rare occasions ( 3%) full openings are achieved. We also found that in
the relaxation phase, when the droplets are furthest apart, the area of the droplet interface
increased substantially leading to an increase in monolayer tension; however the rise in
interfacial bilayer tension is not signiﬁcant due to large contact angle ( 53°).
In Chapter 5, we demonstrated that the range of frequencies, to which MscL would respond
to, can be widened by using asymmetric sinusoidal signals. Making the relaxation phase
longer than the compression phase guarantees that the droplets will regain spherical shape
(i.e. lowest surface area at a given volume) and thus results in a larger relative change in
surface area. A large change is the monolayer surface area is needed to achieve tensions in
the bilayer high enough to gate MscL. It was observed that the higher the duty cycle, at
any frequency, the more frequent the high-conductive substates are and the more fully open
states are observed.

Joseph S. Najem

Chapter 7. Summary and Conclusions

156

In Chapter 6, the eﬀect of membrane potential on the gating of V23T MscL in DIBs was
addressed. It was observed that the channels became more susceptible to gating upon the
application of a negative potential. This property of the channel explains why gating in
DIBs occurred upon the application of a high potential especially that proteins were present
in both leaﬂets. I behavior of V23T MscL in asymmetric DIBs was also addressed. Through
these studies we were able to gate MscL without the application of an external potential
and depending solely on the asymmetric potential created at the membrane. This is to our
knowledge the ﬁrst time such a results is achieved in a synthetic system, even when patch
clamp is used.

7.2

Conclusions

A novel micro pipette method is developed in this research to appropriately form DIBs and
provide mechanical stimulus to the bilayer held by two lipid-encased aqueous droplets. The
concept speciﬁcally asserts that by dynamic compression of the constant volume droplets,
tension is increased in each contributing monolaye which translated into an increase in bilayer
tension. MscL a bacterial mechanosensitive channel demonstrated its ability to incorporate
within the bilayer and to respond to mechanical stimulus by gating. Key conclusions of the
work that support this thesis are provided below.

7.2.1

Micropipette Method for DIB Formation and MscL Activation

• We conclude that a droplet interface bilayer can be formed at the interface of two lipidcontaining aqueous droplets when brought into contact. The droplets anchored to the
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tips of the glass micropipettes needed mechanical support, which was provided by PEG
DMA hydrogels, especially in the absence of a pressure regulating pump. Electrical
connection is also provided by the hydrogels, where the Ag/AgCl wires are inserted.
The resistance of the bilayer was on the giga-ohm level while that of the supporting
hydrogels exhibited low resistance (in the KΩ range).
• For the experiments to function properly, the droplets were left to relax from at least
10 min before the bilayer is formed for two main reasons. First, for the monolayers to
form at the oil/water interface and second, for the droplets to reach a steady volume
upon completed re-hydration of the hydrogels. To make sure that the hydrogels do not
swell out of the pipettes, a clearance of 3mm is created at the tip of each pipette to
leave room for hydrogel swelling.
• Tension in this system cannot be clamped due to the presence of the lipid reservoir in
the form of liposomes in each droplet, which tends to relieve tension at the oil/water
interface. A solution to this problem consists of moving to the solid state by replacing
the aqueous droplets with hydrogels.
• To ensure proper electrical connections the system had to be completely free of air
gaps.

7.2.2

The Reconstitution and Activation of MscL in DIBs

• We conclude from these experiments that the factors leading to the activation of MscL
in the DIB can be categorized as mechanical and electrical. A suﬃciently high oscillation amplitude (∼ of the droplet of diamter) is required to transmit tension to the
bilayer. We also found that a membrane potential of at least 80 mV is required for the
activation of V23T MscL.
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• Gating was only observed at low oscillation frequency (∼0.2 Hz). Using image processing techniques we estimated the change in relative surface area of the monolayers.
It was observed that 0.2 Hz, the change relative change in monolayer area is around
2.5%. This change in monolayer was enough to create a tension of 3 mN/m in each
leaﬂet of the bilayer (i.e. around 6 mN/m) in the bilayer.
• By plotting selected gating spikes in polar form, we conﬁrmed that the gating of MscL
in the DIB was actually related to tension increase in the bilayer. All spikes occurred
at maximum compression, where the tension in the bilayer is maximal.

7.2.3

Regulation of Bilayer Tension and Control of MscL Gating

• V23T MscL channel activities are recorded in response mechanical stimulus while a
DC membrane potential is applied. The response of MscL to frequencies higher than
0.2 Hz is achieved when asymmetrical sinusoidal signals are used to stimulate the
droplets. The relaxation phase had to be longer than the compression phase. While
the compression phase needs to be as fast as possible, the relaxation phase cannot
be shorter than 1.5 seconds, otherwise a change in monolayer surface area signiﬁcant
enough to cause gating, will never be achieved.
• At all frequencies, as the duty cycle increased, the higher conductive substates occupied
while more fully open states are observed. This study shows the gating the bilayer
tension can be tailored by regulating the tension in the monolayers. This can be
achieved by controlling the form of the sinusoidal signal.
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Behavior of MscL in Asymmetric Bilayers and Effect of
Membrane Potential of the Gating of MscL

• In chapter 5 the eﬀect of membrane potential on the gating of V23T MscL in DIBs
was addressed. It was observed that the channels became more susceptible to gating
upon the application of a negative potential. This property of the channel explains
why gating in DIBs occurred upon the application of a high potential especially that
proteins were present in both leaﬂets.
• The behavior of V23T MscL in asymmetric DIBs was also addressed. Through these
studies we were able to gate MscL without the application of an external potential and
depending solely on the asymmetric potential created at the membrane. This is to our
knowledge the ﬁrst time such a results is achieved in a synthetic system, even when
patch clamp is used.

7.3

Contributions

The contributions of this research highlight the evolution of how MscL can be reconstitute
and activated in a DIB system. In addition to how the physical understanding of this
behavior can be used to regulate both tension in the bilayer and the activity of MscL.

• A micropipette-based method was designed and developed to form DIBs with controlled
geometry and chemical composition. This method also facilitates the transmission
of mechanical stimuli to the droplets holding the bilayer. We used this method for
studying other types of biomolecules as well as to study the mechanical properties of
channel-free DIBs.
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• This research provided strong evidence which support the hypothesis that DIB systems
can serve as a platform to study mechanosensitive channels as well as.
• MscL and its mutants were successfully reconstituted in the DIB. We were able to
gate those channels by applying a harmonic mechanical stimulus. This is the ﬁrst time
a channel of that sort is activated in a DIB system and or without the use of patch
clamp.
• A scientiﬁc model was derived to illustrate the forces acting on the bilayer upon compression. We were able to physically relate between the change in monolayer tension
and bilayer tension. Through this model we were able to tailor the response of MscL.
• Through image processing techniques we were able to estimate the change in the monolayers surface area. Knowing the modulus of elasticity of DPhPC lipids along with the
estimated area change, the increase in monolayer tension and thus bilayer tension was
estimated.
• We also demonstrated that the tension in the bilayer can be controlled by regulating
the dynamics of monolayer relaxation in the relaxation phase. It demonstrated that a
relaxation time of at least 1.5 seconds is needed for a signiﬁcant in monolayer area and
thus bilayer tension. We also proved that a fast compression phase is needed. This
was achieved through the use of asymmetric sinusoidal signals.
• We demonstrated that the application of high membrane tension with the right polarity
assists in the opening of MscL, even if the tension in the bilayer slightly lower than the
threshold tension.
• We are the ﬁrst the gate MscL in a DIB system or any other system without the
application of a DC potential. We achieved this by using the asymmetric potential
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created at the interface when the leaﬂet composing the bilayer are composed of diﬀerent
types of lipids.
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