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Suspended lipid bilayers, or black lipid membranes (BLMs), have been used to study the 

electrophysiological properties of ion channels (ICs); however, BLMs assembled from natural, 

non-polymerizable lipids are inherently unstable due to the non-covalent associations on which 

they are based.  Lifetimes of several hours are commonly observed in BLMs until rupture due to 

mechanical, thermal, or chemical insults.  One potential improvement is the use of polymerizable 

phospholipids (poly(lipids)).  BLMs prepared using dienoyl functionalized poly(lipids) and 

binary mixtures of fluid, non-polymerizable lipids with poly(lipids) were investigated for IC 

recordings.   

poly(BLMs) exhibited enhanced lifetimes from several hours to upwards of 4 weeks 

while maintaining IC functionality for one week.  Activity of ICs that require membrane fluidity 

was retained using binary phospholipid mixtures of fluid and polymeric phospholipids.  IC 

activity was retained by inducing domain formation, wherein ICs incorporated into the fluid 

domains.  The binary membranes exhibited marked enhancement in stability resulting from 

fractional poly(lipids) polymerization.  Additionally, ICs can be reconstituted into the fluid 

domains following photopolymerization and subsequent domain formation, a key requirement 

when UV-sensitive ICs are utilized.  Here, the electrical properties, stability, and incorporation of 

pore-forming ICs, including α-hemolysin, alamethicin, and gramicidin, into poly(lipid) 

membranes are reported.  Potential applications developing ligand-gated IC based sensors for 

high throughput screening are being investigated. 

In parallel to the characterization of poly(lipids) for potential long-term IC membranes, a 

model ligand-gated IC was expressed, characterized, and reconstituted into non-polymerizable 

lipids.  Mutant KATP channels were expressed in mammalian and yeast systems.  The orientations 
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of mutant KATP channels were studied using electrophysiological and immunohistochemical 

techniques.  Large quantities were expressed and purified from Pichia pastoris and functionally 

reconstituted into BLMs.  ATP and long-chaing coenzyme A ester sensitivity was maintained in 

reconstituted in BLMs.  KATP channels will serve as a model system for testing the effect of 

poly(lipid) BLMs on IC function.  Future utilization of poly(lipid) BLMs in combination with 

ligand-gated ICs offer major advancements to potential increased throughput for IC screening.
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1. INTRODUCTION 

1.1. Biological Membranes 

 Biological processes are mediated through a variety of complex pathways necessary for 

the function of all organisms, from simple unicellular organisms such as bacteria to more 

complicated systems such as humans.
1
  Each of these organisms can be investigated by isolating 

sub-systems and pathways within the organism, simplifying their inherent complexity.  Although 

less complicated, many molecules are a typical pathway and the ability to discern specific 

functions is extremely difficult.
2
  Cell size, analyte quantities, sample complexity, and 

instrumental limitations make biological studies extremely challenging and serve as a driving 

force for the development of novel bioanalytical techniques.
3
 

The fluid mosaic model was proposed by Singer and Nicolson nearly three decades ago 

to describe the structure and function of biological membranes.
4
  The model predicted that 

membrane components have lateral and rotational freedom with a random distribution throughout 

the membrane.
5
 It was proposed that the lipid bilayer serves as a two-dimensional structure 

allowing membrane proteins (MPs) to freely diffuse.  Figure 1.1 illustrates the fluid mosaic 

model, in which the high complexity of compositions and function of the biomembranes are 

illustrated.  Each of the components will be addressed individually in the following sections.  

Since Singer and Nicolson published their theory, the membrane has been studied extensively and 

has been found to be not as random as first proposed.  Raft formation, lateral heterogeneities, and 

variable lateral diffusion rates served as motivation for better models of membranes.  
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Figure 1.1.  Fluid mosaic model of the biomembrane.   A list of the components of 

biomembranes along with an illustration of the complex nature of the lipid bilayer with 

representative components including: peripheral proteins, GPI-linked proteins, integral proteins, 

and lipid domains (containing cholesterol).  Several structural and functional properties of 

membranes are listed.   Bottom left image is of a HEK293 cell. 
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Several recent findings illustrate the complex nature of membranes.  Non-random 

distribution and aggregation patterns of receptors in addition to permanent interactions of proteins 

with cytoskeletal elements and signal transduction molecules illustrate the complex phenomena 

of membranes.  Domains segregate colocalizing MPs which also impede free lateral diffusion of 

components.  In a review of findings since Singer and Nicolson first proposed the fluid mosaic 

model, Vereb et al.
5
 created a list of findings that demonstrate the complexity of membranes 

including: 

1. Cell surface MPs are restricted in lateral diffusion by the presence of domains. 

2. MPs colocalize at the 1-10 nm scale in both homologous and heterologous 

associations along with longer range interactions at the 100 nm scales. 

3. Protein clustering is commonly associated with presence of lipid rafts. 

4. α-helical portions of MPs align with hydrophobic regions matching the local 

lipid composition. 

5. Aggregation of receptors in presence or absence of ligands. 

6. MPs localization is predetermined genetically and trafficked using complex 

mechanisms. 

7. MPs serve important roles in membrane dynamics and structure including the 

formation of domains. 

This list emphasizes the necessity for biophysical characterization. 

   Biological membranes serve several important roles including: as structural support of 

cells and organelles, regulation of ionic and molecular transport, barriers to non-mediated 
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transport, contact between cells within tissues, and as mechanosensitive receptors.
6-8

  Due to the 

hydrophobic nature of the interior of biological membranes, passage of molecules readily across 

the membrane, especially polar or charged moieties, is minimal.
9-11

  The passage or flux of 

molecules, whether small or large, occurs via several membrane supported processes including 

ion channels, transporters, vesicle fusion, etc.
12

 

 The general structure of biological membranes includes a lipid bilayer, composed of 

amphiphilic molecules self-assembled with the hydrophobic portions interacting while the 

hydrophilic portions favor the aqueous solutions surrounding the biological membranes.
13-14

  The 

hydrophobic lamella acts as a solvent, solubilizing MPs and other small molecules.  The lipid 

composition includes a wide range of lipids, but is primarily composed of phospholipids.  Sterols 

are incorporated into the lamellar structure of the membrane at varying concentrations and are 

important to mechanical and functional properties of membranes.
15

  Integral or transmembrane 

proteins span the entire lamella while peripheral proteins interact loosely with interfaces of the 

membrane. 

The complexity and variability present a daunting challenge for studying intact 

biomembranes.  Table 1 illustrates the variation in the lipid compositions of the plasma, nucleus, 

mitochondria, myelin, erythrocytes, and E. coli membranes.  By weight of proteins, lipids, and 

other organic components human erythrocytes contain 49, 43, and 8 %, myelin contains 18, 79, 3, 

and 65, 35, 0 and 44, 20, 37 for the inner and other membranes of Salmonella typhimurium, 

respectively.
16
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Table 1.1.  Membrane composition (by weight %) of various samples.
a
 

Lipids 
Plasma 

Membrane 
Nucleus Mitochondria Myelin Erythrocytes E. Coli 

Phosphatidylcholine 18.5% 44% 37.5% 10% 19% 0% 

Sphingomyelin 12 3 0 8.5 17.5 0 

Phosphatidylethanolamine 11.5 16.5 28.5 20 18 65 

Phosphatidylserine 7 3.5 0 8.5 8.5 0 

Phosphatidyliniositol 3 6 2.5 1 1 0 

Lisophosphatidylcholine 2.5 1 0 - - - 

Phosphatidylglycerol - - - - - 18 

Diphosphaidylglycerol 0 1 14 0 0 12 

Other Phospholipids 2.5 - - - - - 

Cholesterols 19.5 10 - 26 25 0 

Cholesterol Esters 2.5 1 2.5 - - - 

Fatty acids 6 9 - - - - 

Glycolipids - - - 26 10 0 

Other Lipids 15 5.5 15 0.5 1.5 5 
a
 – Values are from Ref 

16
.  

 

Additionally, differences in composition between leaflets are well known.  A leaflet is 

defined as one half of the bilayer.  For example, the plasma membrane has a cytoplasmic and 

extracellular leaflet.  Figure 1.2 shows the distribution of cytoplasmic and extracellular leaflet 

lipid compositions for human erythrocyte membranes.   
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Figure 1.2.  Asymmetry of membrane composition.  The distribution of phospholipids between 

extracellular and cytoplasmic leaflets of human erythrocyte membranes.
16

 

 

1.1.1.   Lipids 

Lipids are a broad range of naturally occurring molecules with low solubility in water.  

This class includes: fats, waxes, sterols, lipophilic vitamins, mono- and diglycerides, 

phospholipids, and many others.
7-8

 The biological functions of lipids are wide ranging with the 

major function to serve as a barrier between compartments, maintaining chemical gradients and 

membrane potentials.
11

  Other vital roles include energy storage, as structural components of cell 
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membranes, and as important signaling molecules.
7-8

  Lipids are hydrophobic or amphiphilic 

small molecules that form membranes and other polymorphisms in an aqueous environment.  

Lipids fall into three general classes: glycerophospholipids (commonly referred to as 

phospholipids), sphingolipids, and sterols / linear isoprenoids.  Biomembranes are primarily 

composed of phospholipids and sphingolipids.
6
  Glycolipids, another large class of lipids in 

which a carbohydrate chain is associated with the lipid, can be classified as either phospholipids 

or sphingolipids depending on their backbone.  Structures of common cell membrane lipids are 

shown in Figure 1.3. 
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Figure 1.3.  Some lipid structures.  Common lipid components including glycerophospholipids, 

cholesterol (Chol), sphingomyolein (SM), free fatty acids (FA), and linear isoprenoids (LI).  

Different head groups of the glycerophospholipids are shown with dioleoyl tails and include 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), 

phosphatidylglycerol (PG), phosphatidic acid (PA), and phosphatidylinositol (PI).  Also, phytanyl 

containing lipids with ester and ether linkages are shown. 
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1.1.1.a.         Structure 

Lipids are amphiphilic, meaning that they contain both a hydrophobic and hydrophilic 

region of the molecule.  Typically, the hydrophobic and hydrophilic regions of the lipids are 

referred to as the tails and headgroups, respectively.  Phospholipids are composed of a glycerol 

backbone (sn-glycerol-3-phosphate) in which two fatty acid chains are attached at the 1 and 2 

positions.  The length and degree of unsaturation of acyl chains are commonly labeled as 16:0 

and 18:1, for example.  16:0 and 18:1 acyl chains contain 16 and 18 carbons with no and one 

double bonds, respectively.  Phospholipids are classified according to the headgroup as one of the 

following: phosphatidic acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE), 

phospatidylserine (PS), phosphatidylglycerol (PG), and phosphatidylinositol (PI).  Of the varying 

types, lipids can be classified as anionic (PS, PI, PG), zwitterionic (PC, PE), or as having a 

reactive amine (PE, PS) (Figure 1.3).   

Sphingolipids, often referred to as sphingomyolein, contain a long-chain amino alcohol 

(sphingosine) with fatty acids linked via amide bonds. These compounds play important roles in 

signal transmission and cell recognition.
17

  N-acyl derivatives of these compounds include 

ceramides and glycosphingolipids.  The sphingosine backbone is commonly O-linked (attached to 

a hydroxyl oxygen) to a charged head group (i.e. PE, PS, or PC). 

One particular interesting class of phospholipids present in archaebacteria involves ether 

linked phospholipids with phytanyl chains (Figure 1.3).    Purple membrane fragments of 

Halobacterium halobium, from which bacteriorhodopsin is isolated, contain high amounts of 

phytanoyl containing lipids.
18

  The phytanoyl chains contain isoprenoid like tails, which are 

highly methylated.  The structure and high steric constraints in the methylated chains likely 

account (over the range of -80 to + 80 °C) for the absence of a gel to liquid phase transitions 
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resulting in a highly fluid bilayer.  Due to their high fluidity, phytanyl containing 

glycerophospholipids are commonly used in suspended lipid bilayer geometries
19-26

 and will be 

commonly used as a reference in experiments performed in this dissertation.   

Isoprenoids (also known as terpenes) are a very diverse family of compounds with over 

23,000 naturally occurring variants having been identified.
27

  Strucutrally, isoprenoids include 

acyclic, monocyclic, and polycyclic compounds.
28

  Key roles of isoprenoids include: regulation of 

gene expression, constituents of membranes, vitamins, hormones, molecules in transduction 

pathways, and electron transportation.
27-28

  Cholesterol is one widely studied component in lipid 

membranes and is a member of the isoprenoid class.  The biological importance of cholesterol on 

membrane structure and function will be covered in more detail later. 

Free fatty acids (FAs), in particular long-chain fatty acids, have important roles in cell 

homeostasis.
29

  FAs have several functions including: as a metabolic energy source, a building 

block for lipids, and in cellular signaling.  Direct and indirect interactions of FAs with 

membranes, transporters, ion channels, enzymes, and hormone receptors regulate cellular 

function.  FAs are only slight soluble at high pH values with levels ranging from ca. 0.25 to 3.0 

mM, increasing in cases of obesity.  The hydrophobicity of FAs complicates the transportation 

process, frequently requiring cellular trafficking of FAs to their destination.
30

  

1.1.1.b. Properties 

Free FAs are comprised of over 500 variations but are present at less than 1% of the total 

compositions of biomembranes with their major biological importance arising from the presence 

of fatty acid tails in lipid structures.
8
  Fatty acids can be saturated or unsaturated with acyl chains 

commonly ranging from 10 to 24 carbons in length.
6
  Phospholipids contain fatty acids of 

differing mixtures, lengths, and linkages to form the tail region, which imparts a large degree of 
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the structural and physical properties of membranes including fluidity.
7
  The wide range of acyl 

chain compositions and their relative abundances in erythrocytes can be seen in Figure 1.4.   

 

 

Figure 1.4.  Acyl chain composition of sample membrane.  The acyl chain lengths of 

phosphatidylcholines (PC), phoshatidylserines (PS), phospatidylethanolamine (PE), and 

sphingomyelin (SM) for human erythrocyte membranes.
31

 

 

Long range behaviors of lipids are termed as polymorphisms and determine how the 

lipids associate or aggregate.  Lipids commonly form one of three polymorphic phases: lamellar, 

hexagonal, or cubic.
32-33

  Each have their own unique properties, but the most widely studied is 

the lamellar phase.  

Differing properties emerge upon assembly into bilayer membranes. Membranes undergo 

a phase transition around a critical temperature, known as the melting temperature of the lipid  
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(noted as Tm).
34

  Although by convention Tm is attributed to the lipid, it only is used to refer to the 

phase transition of the membrane (group of severally interacting lipids).  Lamellar phases or lipid 

bilayers, two layers of lipids with the hydrophobic tails oriented together, can be in present in the 

lamellar liquid crystalline (Lα or LD) or lamellar gel phases (Lβ or SO).
35-36

  Other intermediate 

lamellar phases exist including chain tilted (Lβ‟) and ripple (Pβ‟) phases.
33

 

The transition temperature of a membrane depends on the length and saturation of the 

carbon chain that makes up the tail group, and the electrostatic properties of the head group in the 

composite lipids.
32

  Above Tm, the membrane is fluid and in the Lα phase, where lipids diffuse 

freely inside the membrane.
37

  Below Tm, the membrane is in the gel, or Lβ, phase, where the 

lipids are more ordered and exhibit decreased mobility relative to Lα.  Lipids present in the Lβ 

phase have a high ratio of trans / gauche resulting in extended, close packed membranes while Lα 

phase lipids have a lower ratio of trans / gauche conformations offering a greater degree of 

fluidity.
7
  Bilayers can increase ca. 1 nm in thickness upon going from the Lα to the Lβ phases 

when composed of a single lipid.  Around the transition temperature, the two phases co-exist 

resulting in different properties from Lα and Lβ.
33

   

Within bilayers, lipids move via multiple mechanisms including lateral and rotational 

diffusions (wobble and axial), chain flexibility and isomerizations (flexion), and flip-flop (Figure 

1.5H).  Lateral diffusion is used to describe the random motion of a lipid within one of the leaflets 

and is dependent on the lateral diffusion coefficient.  Rotation of the lipid can occur either axially 

or wobbling about a plane of symmetry.  Fast rotational motions have the shortest lifetimes of the 

lipid movements followed closely by trans-gauche isomerizations of the bilayers offering lipid 

chain flexibility and membrane fluidity.  Finally, flip-flop describes the exchange of lipids from 

one leaflet to the other and is typically slower than the other lipid movements only occurring from 
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seconds to min.
7
 The combination of lipid motions is extremely important to the dynamics of 

lamellar phases. 

 

 

Figure 1.5.  Lipid polymorphs, shapes, and motions in bilayers.  Polymorphic phases 

including (A) micelles, (B) inverted micelles, (C) liposomes, (D) lamellar, (E) hexagonal I, and 

(F) hexagonal II.  (G) Shapes of lipids.  (H) Motions of lipids within the membrane include 

flexion, axial, flip-flop, and lateral diffusion. 
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In addition to lamellar structures, polymorphisms exist resulting from long, tubular 

aggregates, which are referred to as hexagonal phases.  The shape of the lipids will suggest 

whether they form hexagonal I (HI) or hexagonal II (HII) phases. 

The lipid shape parameter (S) can be used to predict the form of aggregation:
38

   

  
      

             
       (Eq. 1.1) 

where Vlipid is the volume of the lipid, A’HEAD is the cross-sectional area of the lipid head group, 

and llipid is the length of the lipid.  Lipids with an S ≈ 1 are cylindrical in shape, whereas S < 0.6, 

are cone shaped, and S > 1.2, are wedge shaped (Figure 1.5G).  Cylindrical shaped lipids tend to 

form bilayers, cone shaped lipids form micelles or hexagonal I, and wedge shaped lipids form 

aggregates or hexagonal II.  Hexagonal I phases form cylindrical aggregates with the headgroup 

oriented outwards and the acyl tails inward.  Hexagonal II phases form aggregates with the 

headgroup oriented inward and lipid tails outward.
39

  Several lipid polymorphs are shown in 

Figure 1.5A-F. 

Additionally, lipids can form cubic phases with thermodynamically stable structures.  

Cubic phases consist of curved lipid bilayers in three dimensions, separating two networks of 

water channels.  The cubic phase is speculated to be an intermediate state of the phase transition 

between HII and the lamellar phase.  Additionally, cubic phases have received attention as an 

intermediate step in membrane fusion.  Cubic phases spontaneously form when amphiphilic lipids 

are placed in aqueous environments.
7,39
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1.1.2.   Sterols and Other Components 

Sterols are important organic molecules with essential physiological roles.  Structurally, 

sterols enhance membrane fluidity and support the function of MPs.  Sterols decrease ionic 

permeability while adding significant stability.
40-42

  Within membranes, the hydroxyl group on 

cholesterol interacts with the polar head groups of the membrane phospholipids and 

sphingolipids, while the bulky steroid and the hydrocarbon chain are embedded in the membrane, 

alongside the nonpolar fatty acid chains of the other lipids.   

Cholesterol disturbs translational order of the phospholipids in the crystalline (gel) 

state,
15,43-44

 and induces straightening of disordered phospholipid acyl chains in liquid-like phases, 

reducing the mean headgroup area.
43,45

  Cholesterol can constitute up to 40% of the total lipid 

composition in the membrane.
43,46

   A liquid ordered (LO) phase is observed at high 

concentrations within membranes composed of saturated phospholipid, generating a higher 

degree of chain ordering than Lα.  Above and below the Tm, two liquid phases coexist, Lo phase 

with both Lα and Lβ above and below the Tm, respectively. Furthermore, a narrow coexistence 

region ending in a eutectic point separating the Lβ and Lα phases is expected on thermodynamic 

grounds.
47-48

  Significant efforts have been spent elucidating the roles of cholesterol in synthetic 

and biological membranes and will be addressed in Chapter 2.   

1.2. Artificial Membranes 

 Artificial membranes composed of mixtures of biological membrane components have 

been prepared to investigate physical properties of the membrane and associated compunds.  

Synthetic membranes facilitate the systematic studies necessary in an environment that is 

markedly simplified compared to natural membranes.   
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Several artificial membrane geometries are commonly utilized including liposomes, 

supported lipid membranes, suspended or black lipid membranes, tethered lipid membranes, self-

assembled lipid membranes or hybrid films, and monolayers (Figure 1.6).  The wide range of 

assemblies allow for studying of bilayers using multiple techniques and methods. 
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Figure 1.6.  Artificial lipid bilayer assemblies.  (A) Lipid vesicles or liposomes, (B) suspended 

or black lipid membranes, (C) polymer supported lipid bilayers, (D) tethered lipid bilayers, (E) 

hybrid bilayers, (F) planar supported lipid bilayers, and (G) Langmuir-Blodgett monolayers.  All 

are model membrane systems for studying biophysical phenomena. 
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1.2.1.   Liposomes 

Lipid bilayer vesicles or liposomes are commonly used as model membrane systems.
39

  

Lipids spontaneously assemble into bilayers or other polymorphs minimizing the energetic costs 

present in the exposure of the hydrophobic tails to water when lipids are resuspended in aqueous 

environments.  Several methods are used to form unilamellar or multilamellar vesicles (MLVs) of 

varying sizes.
49-50

   Unilamellar vesicles contain a single lamella with the hydrophobic tails from 

each leaflet in contact.  MLVs contain multiple concentric lamellar layers with a thin water layer 

separating each layer.   Unilamellar vesicles are classified according to the vesicle diameter, with 

20-50 nm, 100 nm – 5 µm, and 5 – 300 µm labeled as small unilamellar vesicles (SUVs), large 

unilamellar vesicles (LUVs), and giant unilamellar vesicles (GUVs), respectively.  Typically, 

liposomes are prepared using lipids containing acyl chains longer than 11 carbons in length and 

having a cylindrical shaped geometry.   

MLVs are formed by rehydrating a dried lipid film into an aqueous solution.  SUVs are 

most commonly formed utilizing one of two methods; 1.)  Extensive sonication of MLVs; or 2.)  

Extrusion of MLVs through polycarbonate filters.
51

  SUVs result in high membrane curvatures 

allowing for planar supported vesicle fusion to be more favorable.  A drawback to the extreme 

curvature is the difficult incorporation of membrane proteins.  LUVs are formed through a 

combination of freeze-thaw cycles followed by extrusion and, along with GUVs, are more 

conducive to reconstitution of membrane proteins due to the lower membrane curvatures.
52

  

GUVs, closely mimicking cell sizes, enable investigation using less size sensitive methods (i.e. 

microscopy).  Methods for formation of GUVs include electroformation, gentle rehydration, and 

reverse phase evaporation.
53

   



                                                                                                   39 
 

Liposomes offer a free standing membrane environment for the study of lipid properties 

by varying techniques, as well as studying reconstituted protein function, folding and assembly.
39

  

Applications of liposomes span a wide range of disciplines.  A wide range of experiments have 

been used to study biophysical properties of liposomes with and without reconstituted membrane 

proteins.  Liposomes have been utilizedfor studies of elastic properties of membranes, 

reconstitution of MPs (termed proteoliposomes), as models for cell function, fusion, and 

recognition, and drug action.
39,54

  Medicinal and pharmaceutical applications in drug delivery, 

diagnostics, and gene therapy have been developed into new technologies.
55

   

Liposomes are biocompatible, biodegradable, non-toxic, flexible and non-immunogenic 

for systemic and non-systemic administrations.
56

   Liposomes contain both a lipophilic and 

aqueous environment allowing for delivery of hydrophobic, amphipathic and hydrophilic drugs 

and agents.
55

  Additionally, encapsulation of macromolecules is possible using liposomes and 

offers an attractive drug and therapeutic delivery system.
55

  Further, the low permeability of lipid 

bilayers protects encapsulated drug from the external environment.  Vesicles also alter the 

pharmacokinetic and pharmacodynamic properties of drugs (reduced elimination, increased 

circulation life time).
57

   Functionalizing vesicles with site-specific ligands to achieve active 

targeting allows future development of novel systems. 

Disadvantages of liposomes include the high cost of production and utilization for a large 

number of the mentioned applications.  Additionally, leakage and fusion of encapsulated drug / 

molecules can occur and create problems.
39

  Phospholipids also undergo degradative processes 

including oxidation and hydrolysis like reaction creating potential storage and utilization issues.
58

  

Low solubility of liposomes and limited stability also create problems.  Possibly the biggest 
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disadvantage of liposomes are their susceptibility to rupture to mechanical and chemical 

disruption.  

1.2.2.   Supported Lipid Membranes 

Planar supported lipid bilayers (PSLBs) have also been used to mimic the cellular 

membrane.  PSLBs are formed on a hydrophilic surfaces such as glass, quartz, or gold allowing 

for study using a variety of surface methods.
59-60

  A small layer of water between 1 and 2 nm 

forms between the substrate and bilayer maintaining membrane fluidity.
61-62

  PSLBs are typically 

much more robust than other forms of bilayers due to the presence of an underlying substrate 

minimizing damage to the weak assembly.  However, susceptibility to dissolution and detachment 

by chemicals, exposure to air, and other insults limits their long-term use. 

PSLBs are formed by several methods.  First, the Langmuir-Blodgett method, in which a 

monolayer of lipids is formed at the air-water interface by adding a lipid dispersed in a volatile 

solvent, compressed to a desired surface pressure, and transferred to the substrate followed by 

horizontally dipping to form the second layer.
61

   

Alternatively, vesicles can be adsorbed to the surface and fused to form a fluid lipid 

bilayer.
63-64

  Vesicle fusion is dependent on several factors including lipid composition, size, 

substrate surface properties (charge, cleanliness,  and roughness), solution parameters (pH, ionic 

strength), and osmotic pressure within the vesicles.
59

  A combination of Langmuir-Blodgett and 

vesicle fusion has been successfully used to form a monolayer followed by vesicle fusion to form 

an asymmetric bilayer.  One major limitation impeding the widespread use of PSLBs includes the 

potential for membrane protein interaction with the substrate.  This can result in adsorption and 

possibile unfolding of MPs.   
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A similar method for preparation of bilayers on substrates involves the utilization of a 

polymeric network supporting the bilayer and is typically referred to as a polymer cushioned 

phospholipid bilayer.
65

  The polymer matrix supports a thin layer of water aiding in maintenance 

of  membrane fluidity while the less rigid polymer compared to glass offers a more suitable 

material for reconstituted MPs.
66

  The presence of the protein functionalized membrane on a 

robust surface provides for investigations using surface characterization methodologies.
60

  

Although polymeric substrates offer a gentler surface, the utilization of free-standing bilayers 

may offer a more biomimetic environment.
60

  Additionally, the limited access to both sides of the 

bilayer limits the types of experiments that one is able to perform.  

1.2.3.   Black Lipid Membranes (BLMs) 

Suspended lipid membranes, also known as black lipid membranes (BLMs), are bilayers 

suspended across an aperture in a hydrophobic material that connects two aqueous 

compartments.
67

  BLMs will be described in more detail later (Section 1.6.3).  Briefly, BLMs are 

formed by either by applying lipid dispersed in a non-volatile solvent to the aperture and allowing 

for spontaneous thinning of the solvent/lipid mixtures, or via  folding of monolayers, formed on 

both sides, across the aperture.
67-68

  Primary applications of BLMs include reconstitution and 

study of ICs,  though the inherent instabilities and short-lived lifetimes of the bilayers limit other 

applications.
69

 

1.2.4.         Tethered Lipid Membranes 

 In comparison to supported lipid bilayers, tethered bilayer membranes (t-BLMs) offer the 

advantage of creating a water-filled gap between the substrate and MPs associated with the 

membrane.  Additionally, MPs have been shown in a few studies to have similar lateral diffusion 



                                                                                                   42 
 

coefficients to MPs in cellular membranes.
70

  t-BLMs may prove useful for development of 

biomembranes into biosensors.
71

 

Several strategies have been devised for assembly of t-BLMs all relying on self-assembly 

of lipids.
71

 One commone method is the sequential adsorption/binding of the polymer cushion to a 

solid support that has been prefunctionalized with a reactive layer exposing chemical groups that 

can covalently couple to the corresponding reactants on the polymer.
72

  Surface attachment allows 

formation of a lipid monolayer, typically preorganized at the water-air interface that can then be 

bound by means of mixed reactive “anchor” lipids.
73-74

  A lipid bilayer  can than be formed by the 

fusion of vesicles or by Langmuir-Blodgett deposition.
75

  An advantage of this method is the 

possibility to add other lipids or functional components to the polymer supported lipid monolayer 

by simply spreading mixtures that are then transferred to the support.  Again, the final polymer-

tethered bilayer is completed by the deposition of the second layer. 

t-BLMs facilitate investigation of the electrical and transport properties of membranes 

and components within the membrane.
76

  These membranes can be easily probed using 

electrochemical impedance spectroscopy (EIS) or cyclic voltammetry (CV).  However, the t-

BLM architecture requires a rather defect-free membrane or the defects will dominate the signal. 

77
  Surface-plasmon resonsance (SPR) has been applied to t-BLMs as well.

78
 The interfacial 

architectures of interest can be optically characterized in situ and in real time at the surface of a 

50 nm thin Au layer and the sample electrolyte solution.  If the SPR signal is monitored at a fixed 

angle of incidence, the time-dependent change in reflectivity can be analyzed to yield kinetic 

information on the assembly steps, and the association or dissociation of molecules binding to the 

MPs. 
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t-BLMs allow for very detailed studies of the structure–function relationships of model 

membranes and reconstituted proteins.  Long-term studies of t-BLMs using a diphytanoyl-

containing SAM have demonstrated significant stability by monitoring the incorporation of an ion 

carrier after three months.  The enhancement of air-water stability was achieved by protection 

using a hydrogel.
79

  Patterned arrays of t-BLMs have been made to corral fluid regions for 

biosensing apppliations.
71

  Although promising, t-BLMs still suffer from the inability to form 

highly resistive bilayers that provide for monitoring single ion channel recordings. 

1.2.5.   Hybrid bilayers 

A gold surface coated with a  self-assembled alkanethiol monolayer offers suitable 

hydrophobic surface for the formation of hybrid lipid membranes while allowing for 

electrochemical characterization.
80

  Self-assembled monolayers (SAMs) exhibit high organization 

and form spontaneously due to the affinity of the head group of alkanethiols to the surface of 

gold.  Additionally, the covalent attachment of hydrophobic terminated silanes can be used with 

silicon based surfaces.  The driving force for organization of lipid monolayers on SAMs 

originates from the hydrophobic van der Waals interactions of the long alkyl chains attached to 

the head group. A variety of surfaces and modifiers have been examined in the formation of 

hybrid lipid membranes. 

Utilization of SAMs for electroanalytical studies is classified according to the mechanism 

of attachment to the electrode.  Methods for generation of SAMs rely heavily on the surface to 

which the monolayer is added.
81

  Defects, while undesirable, are difficult to avoid and ultimately 

affect the properties of the technique towards electroanalytical methodologies.
82-83

  Several papers 

have illustrated the formation of lipid monolayers on SAMs.
84-85

  Additionally, monolayers do not 
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commonly allow for investigations of reconstituted MPs.  Studies using hybrid films are limited 

to peripheral proteins. 

1.2.6.         Langmuir-Blodgett Monolayers 

The last model membrane system discussed here is Langmuir-Blodgett monolayers.  

Previously, the use of LB monolayers in the formation of PSLBs was described.  Here, discussion 

of the details and utilization of the technique will be highlighted.  The amphiphilic nature of 

molecules oriented at the air-water interface arranges the monolayer in a uniform manner.  Lipid 

dissolved in a water-immiscible, volatile solvent are added to the surface of the subphase 

(commonly water) and spread rapidly, covering the entire subphase area with the hydrophobic 

tails oriented towards the air.
86

  The surface tension ( ) of an interface can be monitored and is 

defined as the following: 

   
  

  
 
      

    (Eq. 1.2) 

where G is Gibbs free energy of the system and S is the surface area at constant temperature, 

pressure, and composition.  For example, for water at 20 °C at atmospheric pressure, the surface 

tension is 73 mN/m.
86

   

  By monitoring the surface tension in reference to the subphase, the lateral surface 

pressure (Π) can be determined. 

           (Eq. 1.3) 

where   is the surface tension in absence of the monolayer and  0 is the surface pressure of 

monolayer itself.
87
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Some useful information can be gained by studying LB monolayers.  Perhaps the most 

commonly used is acquiring surface pressure-area (Π-A) isotherms.  A subphase  is placed in a 

trough with a barrier able to increase or decrease the surface area of the subphase.  Π-A isotherms 

are obtained by applying and allowing a lipid solution at the air water interface to disperse with 

the barrier open.
86

  By applying a known amount of lipid to the surface, the surface area occupied 

per lipid can be determined while monitoring the change in the surface pressure upon 

compression of the monolayer.
86

  Initially, the lipid spreads at the interface with minimal lipid-

lipid interactions, a state typically referred to as the gas analogous phase in which the distance 

between molecules is greater.  Upon compression of the monolayer, a slight increase in Π is 

observed, typically less than 1 mN/m, where the hydrophobic tails begin to extend though little 

lipid-lipid interactions are present.  This pressure arises from electrostatic repulsion of charged 

head groups.  Further compression results in an increase in the interactions between lipids and a 

steep increase in the Π to reach a liquid analogous phase followed by a solid analogous phase.
86-87

   

Where the linear slope of the solid analogous phase intersects the y-axis on the Π – molecular 

area occupied plot allows for an average area occupied per lipid to be calculated.  Also, the slope 

of the line can be used to determine the compressibility of the monolayer.  Finally, upon 

compression to a low molecular area, collapse of the monolayer is noted with a plateau followed 

by a drop in the surface pressure.
88

 

Mixed monolayers can be used to investigate lipid immiscibility of the components.  By 

monitoring the observed surface pressure with respect to an ideal behavior allows for a molecular 

view of the interactions between the components.
89-93

  For an ideally mixed monolayer, the 

observed surface pressure follows a line drawn from 0% of one component to 100%.  One major 

limitation in using monolayer to try to elicit biomembranes function is the fact that behavior at 

the air water interface does not translate to behavior in a bilayer.
94

  Additionally, monolayers do 
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not allow for studying MPs due to the presence of only one leaflet and absence of solution on 

both sides. 

1.3. Bilayer Permeability and Stability 

Bilayer permeability depends on several factors, one of which is the lateral cohesion of 

the bilayer.  Studies have shown that the “softness,” or the susceptibility of a membrane to 

deform greatly affects the permeability of the bilayer.  For ions, defects are necessary for non-

mediated transport while non-charged hydrophobic molecules can partition through the 

membrane.  However, movement across the bilayer can be increased by transporters, vesicle 

fusion, ICs, or ionophores in the membrane.  In general the permeability of molecules through the 

bilayer occurs in the following order: water > small nonelectrolytes > anions > cations.
95

  In this 

section, the permeability of ions, water, and neutral molecules will be discussed.   

In the absence of ion transporters, a low rate of ionic permeation persists, despite the high 

dielectric interior of the membrane through which the ion must find a mode of transport.   The 

permeability of ions, including Na
+
, K

+
, Ca

2+
, has been studied in model membranes.  The 

permeability coefficients are typically very small, on the order of 10
-12

-10
-13

 cm/s, and these are 

small enough to maintain an ionic gradient across the membrane created by ICs and ion 

transporters.
96

  The low permeability of membranes is proposed to be due to the energetic barrier 

needed to permeate the bilayer.
97

  One cation that tends to deviate from this behavior is the proton 

(the highly debated and complicated process of proton permeation pathways will be avoided in 

this discussion).  Permeability coefficients of anions on the other hand are 2-3 orders of 

magnitude larger than those of cations. This enhanced permeability has been attributed to the 

positive membrane potential of the lipid bilayer.
98
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The two main models proposed for ion permeation will be discuessed here.  The first, 

described by Parsegian, is the partition model.  The low permeability can be explained by the 

high energetic cost for ions to leave the surrounding aqueous environment and partition into a 

hydrophobic lamellar region.
97

  The energy required for permeation of monovalent cations is in 

the range of 100 to 300 kJ/mole.  In the second model, permeation is proposed to occur by 

transient pore formation within the membrane in which a hydrophobic or hydrophilic pore forms, 

allowing the passage of ions or molecules.  Hydrophobic defects form when thermal fluctuations 

move lipids apart allowing a pore to span the bilayer, whereas hydrophilic pores form when lipids 

tilt such that the headgroups line the pore.
95

 

Bilayer composition and the phase affect the permeability, which decreases as the bilayer 

becomes more ordered.    Near the Tm of a bilayer, an increase in membrane permeability 

occurs.
99-101

 The increase can be explained by packing defects between Lα and Lβ domains as well 

as decreased lateral compressibility of the bilayer.
101-102

  The decrease in lateral compressibility 

can create open spaces between headgroups, increasing permeation processes.  Cholesterol, as 

previously described, increases the order of the lamellae, decreasing permeability.
99,103

  This 

increase in order decreases packing defects and increases the energy necessary for pore 

formation. 

Unlike cations, anions, and non-polar molecules, lipid bilayers are extremely permeable 

to water (permeability coefficient 10
-2

-10
-4

 cm/s). No mechanism has been proposed to 

definitively explain water permeation across membranes.
104

  However, several models for the 

transport of water across membranes have been proposed.   The difficulty is that experimental 

methods to temporally resolve the permeation process have not been developed.  Current methods 
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are only able to monitor the total permeation rate.  Several models have been proposed for 

membrane transport and will be discussed below. 

The homogeneous solubility-diffusion model was originally used to describe the 

permeation of water through a polymeric membrane.
105-106

  The permeation is part of a three stage 

process.  The molecule is dissolved into the membrane, followed by diffusion through the 

membrane, and finally partition back into the surrounding phase.  The diffusion process through a 

membrane can be thought of as a thin alkane layer separated by two aqueous phases.  

Experimental and theoretical values match this process closely, but fail to resolve the rates of the 

individual steps.
107

  The second proposed model is referred to as the special diffusion procedure 

in which permeation proceeds through free pockets in the membrane.
108

  The free pockets are 

thought to form in mismatched regions of the membranes present from kinks in the hydrophobic 

tails.  This shortens the length of which the water molecule needs to permeate. 

Similar to the mechanism previously described, permeation of small neutral molecules is 

thought to occur either by the pore model in which transient pores form allowing for the 

permeation to occur and the partitioning model.  The permeability of two neutral molecules, 

glycerol and urea, showed a slight dependence on the lipid chain length with this slight 

dependence in stark contrast to the large decrease in permeation of ions noted upon lengthening 

the lipids chain lengths.   These findings suggest the partitioning model for permeation of neutral 

molecules across the bilayer as a viable model.
109

 

1.4. Polymerizable Lipids 

1.4.1.   Background 

Artificial membranes composed of monomeric, non-polymerizable lipids are susceptible 

to mechanical, thermal, and chemical insults due to the weak, lipid-lipid intermolecular 
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associations.  These interactions can be stabilized and strengthened through utilization of a 

variety of methods including polymerizable lipids (poly(lipids)).  Poly(lipids) increase stability by 

forming covalent bonds between lipid monomers.  Synthetic poly(lipids) are commonly designed 

to mimic natural membranes.  Several classes of poly(lipids) have been developed and will be 

briefly introduced here including: dienoyl, acrylic, styrenic, and acetylenic functionalities (Figure 

1.7).
110

  In addition to poly(lipids), other polymerization methods for biomembranes stabilization 

have been investigated,
111

 but will not be addressed here. 

 

 

 

Figure 1.7.  Polymerizable groups.  Common polymerizable lipid groups include (A) 

diacetylene, (B) dienoyl, (C) trienoyl, (D) styrene, (E) thiols, (F) acryl, and (G) lipoyloxy 

moieties. 
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Figure 1.8.  Types of polymerizable lipids.  Polymerizable lipids can contain polymerizable 

moieties in different regions of the phospholipid structures.  Common polymerizable lipids 

include (A) bifunctional, distal end of tail, (B) bifunctional, middle of tail, (C) bifunctional, near 

glycerol backbone, (D) monofunctional, head group, (E) monofunctional, distal end of tail, (F) 

monofunctional, middle of tail (G) monofunctional, near glycerol backbone, (H) bifunctional, 

same lipid tail, and  (I) bifunctional, mixed locations.  
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Figure 1.9.  Polymeric membranes.  Bilayers can be polymerized near (A) the distal fatty acid 

tails, (B) the middle of the fatty acid tails, (C) the glycerol backbone, and (D) the headgroup 
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In addition to the polymerizable groups used in synthetic monomers, poly(lipids) can be 

classified by other characteristics:  whether the poly(lipids) form linear (monofunctional) or 

cross-linked (bifunctional) polymers and the location of the polymerizable moiety (i.e. headgroup 

or tailgroup) (Figure 1.8 and 1.9).
112

  Bifunctional poly(lipids) can also be designed with same 

(homobifunctional) or different (heterobifunctional) polymerizable groups.
110

  These 

polymerizable groups can be located on the same chain, but most frequently are on separate 

chains.
110

  Caution must be taken when designing and utilizing poly(lipids) to minimize 

detrimental effects to the amphiphilicity.  Maintaining the ability of the lipid to self-assemble into 

bilayers is usually a requirement.
113

 

1.4.2.   Diacetylenic 

Diacetylenic poly(lipids) require ordered packing for efficient polymerization, with 

previous studies showing that polymerization in the Lα phase produces short polymer chain 

lengths.
114

  One study used mono and bis funtionalized diacetylenic lipids to compare rates and 

degrees of polymerization.  Mono functionalized lipids polymerized at a higher degree and rate 

than the bis functionalized lipid. 
115

  This is likely due to the added fluidity creating a more 

efficient packing in the mono functional lipid as opposed to the more rigid and less fluid bis-

functional lipid arising from different Tm.
115

  While suffering from lower efficiencies and slower 

polymerization, bis-functional lipids generate a much more robust and stable polymer network 

due to generation of cross-linked polymers as opposed to linear polymers.
116

  A distinct advantage 

of diacetlyenic lipids is that their polymerization can be monitored by spectroscopy.
114

  Also, 

diacetlyenic lipids are one of the few commercially available polymerizable lipids. 
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Diacetylenic lipids have been used for incorporation of MPs.  One example of MP 

incorporation in liposomes is bacteriorhodopsin, which was added to mixtures of diacetylenic 

lipids and 1,2-dinervonoyl-sn-glycero-3-phosphocholine (DNPC).  The authors suggest that the 

maintenance of protein function in these bilayers is not due to phase separation, but likely that 

that the presence of DNPC reduces cross-linking, allowing for insertion following 

polymerization.
117

  This idea will be investigated in later chapters as a strategy for maintaining 

ion channel activity in lipid membranes. 

1.4.3.   Acryl and Dienoyl 

First described and utilized by Regen and co-workers in the early 1980's, mono-acryl 

functional polymerizable lipids have been successfully used to generate surfactant-stabilized 

vesicles.
118

  UV irradiation generated stable vesicles of both mono and bis acryl-containing 

lipids.
119

  Ringsdorf and co-workers introduced hydrophilic linkers extending from the headgroup 

and terminated with an acryl moiety to minimize interference with the interior of the lamellar 

structure.
113

  

Dienoyl-containing lipids, including sorbyl, offer advantages in that the molar 

absorptivities of the lipids are sufficient to utilize UV initiated polymerization and the conversion 

of monomer to polymer can be monitored based on the disappearance of the absorbance band at 

~254-257 nm.
120

  The polymerization of dienoyl lipids generates a 1,4-polymer product.
121

 

O'Brien and co-workers showed that UV initiated polymerization of bis-sorbyl phosphocholine 

(bis-SorbPC), having a sorbyl group near distal end of the acyl chain, created vesicles that are 

stable to high surfactant to lipid ratios, while polymerized mono-sorbyl phosphocholine 

(poly(mono-SorbPC) )has slightly higher stability compared to unpolymerized vesicles.
112

  

Utilization of AIBN for radical initiated polymerization resulted in much higher stability for 
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mono-SorbPC.  Later experiments showed that as the monomer to initiator ratio increases, so 

does the degree of polymerization.  For example, mono-SorbPC and bis-SorbPC show degrees of 

polymerization from 100 to 600 using ratios ranging from 50 to 300 average monomers per 

polymer on average.
121

  This illustrates the importance of the polymerization method in 

generation of highly stable membranes.  Further studies showed that the length of the polymer 

formed was likely correlated to bilayer stability, and was sensitive to the propagation and stability 

of the free radical species. 

One major concern with polymerizable lipids is the effect of polymerization on lateral 

diffusion in the membrane.  bis-dienoyl phosphocholine (bis-DenPC) exhibited a 4-fold decrease 

in the lateral diffusion coefficient upon UV initiated polymerization.
122

  The diffusion coefficient 

of mixtures of mono and bis functional tail group acrylic lipids were found to decrease 

significantly at mole fractions of bis functional lipid greater than 0.3.
123

 O'Brien and co-workers 

also attempted to correlate the degree of polymerization to diffusion coefficients.  For mono-acryl 

lipids, low degrees of polymerization resulted in a comparable diffusion coefficient to DMPC 

while at high degrees of polymerization, an ~10-fold decrease was noted.
112

  For applications in 

which the maintenance of MP function is dependent on fluidity, poly(lipids) may not be suitible.   

Several studies have been performed attempting to maintain MP function in poly(lipid) 

membranes.  O'Brien and co-workers successfully maintained a fraction of native 

bacteriorhodopsin activity by incorporating DOPC, a non-polymerizable lipid, into vesicles of 

poly(lipids).
124

  Saavedra and co-workers reported that rhodopsin photoactivation is maintained in 

UV polymerized bis-SorbPC membranes.  Estimates of degrees of polymerization between 3-10 

suggest that these membranes retain sufficient flexibility for rhodopsin elongation.
125

  Further 

studies have shown that while rhodopsin activity was maintained in sorbyl-containing lipids, 
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DenPC lipids resulted in inactive protein.
126

  Recent studies showed that while redox initiated 

polymerization of dienoyl containing films are more structurally stable than UV polymerized 

films, redox films leave rhodopsin inactive while UV polymerization maintains rhodopsin 

activation.
126

  

The diffusion coefficient is significantly reduced upon formation of linear and cross-

linked polymer.   This reduced diffusion decreases the permeability in several poly(lipid) 

bilayers.  Mono-acryl polymerizable moieties located both in the head and tail regions of lipids 

along with PC and taurine-based, dienoyl lipids were studied using thermal initiators.
127

  

Comparable permeability values were obtained for head and tail group-functionalized acrylic 

lipids and were slightly less than dienoyl-containing lipids.  Taurine-based headgroups also 

exhibited a slight reduction in permeability compared to PC-based lipids in unpolymerized 

bilayers.  Upon thermally initiated polymerization, significant decreases in the permeability were 

noted, ranging between two and four-fold.
127

 O'Brien and co-workers reported a 2-5 fold decrease 

in permeability upon polymerization of mono and bis functionalized acrylic lipids.
123

  This 

reduction in permeability can be advantageous when trying to minimize the release of 

encapsulated products.   

Dienoyl-containing polymerizable lipids have been used in a wide range of artificial 

membrane geometries.   Most commonly, dienoyl poly(lipids) have been utilized to generate 

stabilized lipid vesicles.
120,127-129

  Highly stable, PSLBs composed of the dienoyl polymerizable 

lipids, bis-SorbPC, mono-SorbPC, bis-SorbPC, and bis-DenPC, were shown by Rosset al. to be 

air-stable and resistant to harsh chemical and mechanical insults following polymerization 

including sonication and exposure to organics.
130

  Additionally, these PSLBs were resistant to 

non-specific protein absorption.
131

  Micro-contact printing of protein using PDMS molds onto 
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poly(lipid) PSLBs were used to perform immobilization of protein.
132

  PSLBs were also 

introduced to ultra-high vacuum during analysis by XPS and ToF-SIMS, and more recently, by 

MALDI-TOF as a potential method for detection of ligands bound to incorporated MPs.
133-134

  

Hybrid films of poly(lipids) on SAMs have also been formed, but with limited success.  Upon 

drying of the films, large areas of defects are seen.
135

  Dienoyl- and acryl-containing poly(lipids) 

are advantageous for several reasons including: stability, multiple methods of polymerization, 

ability to use with MPs, and ability to perform polymerization in both the Lα and Lβ phases. 

1.4.4.   Other Poly(Lipids) and Polymeric Stabilization Methods 

Polymerizable lipids containing styrene groups have also been used in creating stabilized 

bilayer systems.
115,136

  Tsuschida and coworkers synthesized a styrene-containing phospholipid 

which was able to self-assemble and form highly stable vesicles upon polymerization.
137

  The 

position of the styrene is usually at the distal end of the acyl chains.  Using UV irradiation, 

polymer chain lengths averaging 400 in length were achieved.  Varying the distance between the 

glycerol backbone and polymerizable group have been used with limited success.
138

  Vinylic 

moieties have also been used to create highly stable lipid bilayers.  Counterions with reactive 

vinyl groups were bound to lipid vesicles and in the presence of a photoinitiator, an 

electrostatically bound polymeric matrix was created.
139

   Linear and crosslinkable vinylic-

containing counterions have been used.  Interesting, these polymeric counterions are only 

electrostatically bound to the lipids, allowing for a more fluid lamellar structure.
115

 

Polymer scaffolds formed by partitioning monomeric polymerizable moieties into the 

lamellar structure of bilayers followed by polymerizing have been used to stabilize different lipid 

bilayers.
140-147

  These polymer scaffolds create a highly cross-linked network within the lamellar 

structure of the membrane, adding to bilayer stability.   
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Cerasomes, organic-inorganic hybrids, contains a similar lipid structure to natural lipids 

that allow for the formation of self-assembled bilayers linked at the headgroup to an inorganic 

silane, allowing for the formation of a siloxane network surrounding the liposomes.
148

  The 

inorganic shell gives a mechanically stable biomimetic bilayer.
149

  The silica surface allows for 

further functionalization using the wide range of silane chemistries available, offering a potential 

for biosensor applications. 

The creation of highly stable membranes does have some potential disadvantages.  The 

formation of polymeric structures may affect MPs incorpated within the membrane.  The future 

design of stable bilayer needs to account for the application and whether the stability gained from 

the molecules will impart undesirable results. 

1.5. Ion Channels 

1.5.1.   Importance 

Ion channels (ICs) are pore-forming MPs found within biomembranes separating and 

maintaining ionic gradients in cells.  The ability to turn on, off, and in some instances, states in 

between, ICs regulate ionic movement across the membrane.
11

  The driving force of ionic current 

through membranes is the equilibrium potentials.  Equilibrium concentrations of ions generate a 

net negative intracellular charge and positive extracellular charge, creating a potential across the 

membrane.  The equilibrium potential of a particular ion can be calculated by the following 

equation: 

            
  

  
  

      
     

    (Eq. 1.4) 

where Ei is the equilibrium potential of the ion, R is the gas constant, T is the absolute 

temperature, z is the charge state of the ion, F is Faraday‟s constant, [C]out is the concentration of 
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the ion outside the cell, and [C]in is the concentration of the ion inside the cell.  Under normal 

cellular conditions, the equilibrium potential of the membrane (Em) is not equal to Ei.  If the Em is 

greater than the Ei, there is a driving force of efflux for the ion.  The flow of current is outward, 

hyperpolarizing the cell.  Conversely, if Em is less than Ei, ionic movement is inward, 

depolarizing the cell.
10

 

The mechanism by which an IC is gated varies depending on the channel.  Some ICs are 

gated by the presence, or absence, of molecules as with ligand-gated ICs while others are 

regulated by the changing Vm which shifts the IC to a more open or closed state.  In addition to 

gating, selectivity of the IC determines the ions allowed to permeate the IC pore.  An assortment 

of ICs are selective for a single ion while others allow for the passage of a range.
9
     

An example of the importance and interplay of ICs involves the production and secretion 

of insulin by the pancreatic β cells.  ATP-sensitive potassium channels (KATP channels) are gated 

by intracellular ATP.  At increased levels of ATP/ADP, the KATP channel is gated closed (high 

probability of finding in closed state), depolarizing the cell.  This depolarization opens voltage 

sensitive Ca
2+

 channels open causing an influx of Ca
2+

 inducing the release of insulin.
150-151

  This 

brief example not only illustrates the biological importance of ICs, but illustrates a small variety 

of the gating and selectivity of ICs involved in a complex process.  ICs are commonly referred to 

in terms of the ionic selectivity and gating mechanism.   

1.5.2.   Pore Forming Toxins 

Pore-forming toxins are widely distributed proteins which form lesions in biological 

membranes in a range of organisms including bacteria, plants, fungi, and animals.
152

  Pore 

forming channels can be classified according to their structures, locations, targets, and 

mechanisms as α-type channels, β-type porins, holins, protein toxins, or peptide toxins.
153

  Most 
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pore forming channels are large, non-selective pores allowing for the ionic passage down an 

electrochemical or ionic gradient. 

α-type channels and β-type porins form transmembrane channels lined with α-helices and 

β-sheets, respectively.
153

  Structural studies of β sheet interacting pore formers are better 

understood.  One example of β-sheet pore formers is Staphylococcus aureus α-hemolysin (α-HL).  

Briefly, α-HL is fairly water soluble and is secreted in its monomeric form.  Upon association 

with the membrane, monomers laterally diffuse and assemble into heptameric complexes.
154-155

  

α-HL will be highlighted in more detail later, but over the last several decades researchers have 

utilized the structure of α-HL in stochastic sensing including potential for DNA sequencing.
21,156-

157
  Another class of pore-forming toxins are the cholesterol binding toxins (CBTs) which require 

the presence of cholesterol within the membrane for attachment and pore formation.
152

 CBTs 

form arc and ring-shaped oligomers with large pore eventually lysing the cell it attaches to. 

1.5.3.   Voltage-Gated 

Voltage-gated ICs (VGICs) are a class of transmembrane ICs that are gated by changes in 

electrical potential difference near the channel and are especially critical in neuronal excitability.  

Common in many types of cells, VGICs play a crucial role in excitable tissues, allowing a rapid 

and coordinated depolarization in response to triggering voltage changes.  Found along the axon 

and at the synapse, VGICs directionally propagate electrical signals.
158

  VGICs are composed of 

several subunits arranged in assemblies with a central pore through which ions travel. The 

channels tend to be ion-specific, although similarly sized and charged ions may sometimes 

translocate.
10

 

In voltage gated K
+
 channel, introduction of a potential difference across the membrane, 

induces a conformational change. The conformational change distorts the shape of the channel 
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proteins sufficiently such that the cavity, or channel, opens to facilitates ion influx or efflux 

across the membrane, down its electrochemical gradient, subsequently generating an electrical 

current and depolarizing the cell membrane.
10,159

 

Voltage-gated Na
+
 channels and Ca

2+
 channels are composed of four homologous 

domains with each domain containing six membrane spanning alpha helices. One of these helices 

is the voltage sensing helix and has multiple positive charges.  When a high positive charge is 

outside the cell, it repels the voltage sensing helix inducing a conformational change opening the 

channel. Voltage gated K
+
 channels function in a similar way, with the exception that they are 

composed of four separate polypeptide chains, each comprising one domain.
160-161

  These 

channels allow for the use of simple model systems to study the function of this region, its role in 

disease, and pharmaceutical control of its behavior rather than being limited to poorly 

characterized, expensive, and/or difficult to study preparations.
160

 

1.5.4.    Ligand-Gated 

Ligand-gated, or chemically-gated, ICs (LGICs) are gated by the presence or absence of 

effectors with the binding site located either extra or intracellularly.  They are typically comprised 

of three important components, an extracellular or intracellular domains responsible for ligand 

binding, transmembrane channels, and a region responsible for the trafficking, localization, and 

regulation of the translation and assembly mechanism.
162

 

Ligand gated ion channels are generally very selective to one or more ions. Such 

receptors located at synapses convert the chemical signal of presynaptically released 

neurotransmitter directly and very quickly into a postsynaptic electrical signal.  Many LGICs are 

additionally modulated by allosteric ligands, by channel blockers, ions, or the membrane 

potential.  This complexity has made them extremely difficult to study. 
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1.5.5.    Mechanosensitive   

Mechanosensitive (MS) channels are present in prokaryotic and eukaryotic systems 

opening upon sensing of mechanical stress.  MS channels can be selective for anions, cations, or 

both.  MS channels have been implicated in sensory functions (including hearing and touch), 

cardiovascular regulation, osmotic stress and others.
163

  The gating mechanism of MS channels is 

thought to occur by one of two models. 
164

  First, the lipid bilayer tension model suggests the 

bilayer triggers the protein to change conformations, opening the channels. 
164

  Secondly, the 

spring-like tether model in which a string of amino acids is attached to the channel and 

surrounding environment. 
164

  Upon mechanical stress, the tether applies a tension resulting in a 

conformational change opening the pore.  

Highly studied MS channel is the large conductance MS channel from E. coli.  

Electrophysiology experiments have shown that increases in transmembrane pressure triggers the 

opening a of a large conductance pore (~3 nS).  Studies in planar lipid bilayers have shown that 

membrane deformation can also trigger the opening of the channel.  Utilization of conical shaped 

lipid results in lipid-protein hydrophobic mismatches, triggering the opening of the channels.
163

 

1.6. Reconstitution of Ion Channels into Biological and Artificial Membranes 

The reconstitution of ICs into biomembranes has been performed for multiple purposes, 

including screening ligands, studying structure-function relationships, and studying complex 

assembly and trafficking.  Additionally, reconstituted ICs have been used in biosensing 

applications.
156,165-167

  IC reconstitution can be performed in artificial membranes or into non-

native biological systems.  For biological systems, the reconstitution of ICs into a system not 

expressing the IC of interest allows for the investigation of ICs isolated from potential downfield 

effects and modulation present in its native environment.  Artificial membranes allow an isolated 
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view of the IC without endogenous IC activity present in biological systems, but require isolation 

of IC from a native source, which may prove difficult to obtain the IC complex in large enough 

quantity and high enough purity while maintaining functionality.  

Regardless of whether the IC is reconstituted into artificial or biological membranes, 

similar methods have been developed to study multiple (macroscopic) ICs or single ICs.  Each 

method offers advantages and disadvantages and are ideally used complementary in addition to 

native, wild-type systems to better understand the electrophysiological function. 

1.6.1.   Methods of Reconstitution 

Biological membranes are complex mixtures of molecules making studies of the direct 

effect of a particular molecule on an IC difficult.
168

  Up and downfield contributions to IC 

function and ionic equilibrium in addition to the endogenous ICs makes studies difficult in 

biological systems.  Control of the IC environment along with channel rundown limit long term 

studies.  Biological systems offer different biosynthesis, assembly, and trafficking pathways in 

addition to variable membrane compositions.   Model membranes offer the ability to isolate ICs 

and control the systems they are reconstituted into. 

1.6.1.a.  IC Reconstitution into Biological Systems 

1.6.1.a.i.   Expression in Xenopus laevis Oocytes 

Oocytes harvested from Xenopus laevis (African clawed frog) offer an ideal model for 

studying isolated IC activity in a simplified biological membrane system.  Oocytes are large cells 

just prior to maturation and ready for fertilization containing all the translational machinery 

necessary for expression of proteins using mRNA microinjection.  In addition to ease of 

microinjection, oocyte size (100-200 µm in diameter) is ideal for studying electrophysiology via 
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patch clamp techniques.  Endogenous IC activity in X. laevis oocytes is also minimal, making the 

acquisition and analysis of the IC of interest easier to isolate.
169

  Several limitations exist in the 

use of oocytes.  First, differences in oocyte lipid composition in comparison to mammalian cells 

may lead to anomalous IC function.  Additionally, oocyte expression, processing, and assembly 

of IC complexes may be different.
9
   

1.6.1.a.i. Expression in Mammalian Cells 

Offering an alternative in vivo approach to oocytes, mammalian systems have been 

studied using recombinant DNA and RNA technologies to express ICs.
170

  Cells must be 

transfected with DNA or RNA encoding desired gene of expression using one of several methods 

including: calcium phosphate treatment, electroporation, or encapsulation of DNA into 

liposomes.
171-174

 

Transiently and stably transfected cells are two options when expressing ICs in 

mammalian cells.  In transiently transfected cells, the cDNA is introduced to the cell and typically 

expresses optimally 48 hr post-transfection and decreases until returning to native protein 

expression.  This fluctuation in IC expression can result in variability in the studies unless 

precautions and optimization of the expression is performed.  Stably transfected cell lines 

integrate the gene of interest into the genome of the transfected cells.  Typically, it takes 2 to 3 

months for a stable cell colony to be isolated and requires a selection gene co-expressed on the 

cDNA transfected into the cell.  For cases in which long term and extensive studies are necessary, 

the laborious steps to stably transfect cell lines are necessary.  Other parameters can be optimized 

including the selection system used and type of expression system (inducible versus 

constitutive).
174

  Additionally, the types of mammalian cells that express the protein are important 
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with a large number of cell lines and variants to choose from.  Well characterized cells lines for 

expression of ICs include: HEK293, CHO-K1, CV 1, COS 1, COS 7, and L.
170

 

1.6.1.b. IC Reconstitution into Model Membranes 

Many methods for studies of integral MPs in model membranes have been previously 

described.
6-8,60

  The necessity for integral proteins to have a freely suspended environment 

without interference from any substrate limits the number and types of membranes applicable to 

studying ICs.
175-176

  Liposomes are one model membrane, but are limited severely with limited 

access to the intravesicular environment.
177-178

  PSLBs have limited access to both sides and 

problematic interaction with underlying substrates.  The ideal artificial membrane system used to 

study ICs is BLMs, which have several methods for reconstitution of ICs. 

Reconstitution of ICs into artificial membranes by addition of the ICs solubolized in 

surfactant at a concentration greater than the critical micelle concentration (CMC), to a 

concentration below the CMC has been used.  Upon dilution, the hydrophobic regions of the IC 

become exposed to the aqueous environment increasing the probability and energetics of insertion 

into a lipid bilayer.  A disadvantage of this method is that long-term stability of hydrophobic 

proteins in solution is unstable leading to aggregation.  Upon diluting the surfactant solubilized 

protein to a concentration lower than its CMC increases in aggregation are possible.  Also, 

potential random orientations of the reconstituted IC within the membrane limit accessibility to 

potential ligand binding regions. 

Long-term storage of ICs is conducive to aggregation and denaturing and can be 

diminished by reconstitution into vesicles.  ICs reconstituted into vesicles offer longer stability 

when membrane fragments are reconstituted following purification.  Vesicle fusion of lipid 

vesicles to the bilayer allow for reconstitution into BLMs.
168

  Several strategies have been used to 
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fuse vesicles with the planar bilayer including use of acidic phospholipids or creation of an 

osmotic gradient.
179-181

  In the case in which osmotic gradients are used to fuse vesicles to a 

bilayers, Ca
2+

 can create a large enough osmotic gradient to cause fusion.  Fusion typically occurs 

before the vesicles can swell, reducing the membrane curvature and making fusion energetically 

less favorable.
180

 

1.6.2.   Electrophysiological Analysis of ICs 

Both in vivo and in vitro methods of IC reconstitution are commonly probed using similar 

electrophysiological methods.  Electrophysiological measurements are commonly referred to as 

patch-clamp, which allows the study of single or multiple ICs in a patch of the membrane 

isolated.  Patch-clamp recording is widely used in biological sciences to study to the ionic current 

passing through membranes, in particular, ICs within the membrane.
182

    Due to the low 

background currents passing the membrane, this method allows monitoring of a single protein 

complex within a bilayer with currents as low as 1 pA resolvable.   

Patch clamp recording uses a glass micropipette with an open tip diameter of about one 

micrometer.  This pipet can be used to isolate a "patch" that often contains one or a few ICs. The 

pipet is brought into contact with the cell forming a seal with the surface of the cell membrane, 

rather than inserted through the membrane as performed for intracellular recordings.  A smooth, 

clean surface is necessary to make the high resistance seal for patch clamp recordings.  Placing a 

micropipet against a cell membrane with a suction applied allows for the formation of the high 

resistance seal between the glass and the cell membrane.  The high resistance of this seal, often 

referred to as a gigaseal, makes it possible to electronically isolate the currents measured across 

the membrane patch with minimal noise and added stability.
183

  An Ag/AgCl electrode is placed 
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in contact with this solution and conducts electrical current to the amplifier.  The bath and pipet 

solutions are changed to study ICs under different conditions.
182-184

 

Many patch clamp amplifiers do not use true voltage clamp circuitry but instead are 

differential amplifiers that use the bath electrode to set the zero current level. This allows a 

researcher to maintain a constant voltage while observing changes in current. Alternatively, the 

cell can be current clamped, maintaining constant current while observing changes in membrane 

voltage. 

1.6.3.   Formation and Electrophysiological Properties of BLMs  

BLMs formed on hydrophobic partitions separating two compartments allow electrical 

characterization of bilayers and components reconstituted in the membranes were pioneered by 

Mueller et al.
67,185

  Mueller and co-workers formed BLMs from lipids extracted from egg whites 

and observed electrically and microscopically their properties, including resistances, 

capacitances, and breakdown voltages of BLMs with values of 10
7
 – 10

8
 Ω cm

2
, 1 µF/cm

2
, and 

2.5 x 10
5
 V/cm, respectively.  The highly resistive BLMs formed can be used to study ICs 

reconstituted into BLMs.  Currently, BLMs are the most commonly used system to study IC 

activity in a truly isolated, sythetic system for which solution and membrane compositions can be 

systematic changed and observed.   

Several methods exist for formation of a BLM which are most commonly formed across 

apertures made of hydrophobic materials such as Teflon.
186

  BLMs can be either solvent 

containing or solvent free dependent on the solvent and methods used in the formation of the 

BLM.
187

  Solvent containing BLMs typically contain residual solvent left during the formation of 

the membrane in the annulus at the bilayer / aperture interface, referred to as the Plateau-Gibbs 
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border (Figure 1.10A,B).  The free-standing BLM offers a non-perturbing environment for 

reconstitution studies. 

BLM painting is performed as described by early work by Mueller and co-workers.
186,188-

190
  Briefly, lipid is dissolved in a hydrocarbon and applied to the aperture after a pretreatment 

step, allowed to dry, and followed by supplying both sides of the aperture filled with an 

electrolyte.  A small droplet of dissolved lipid is then placed onto the aperture.  Over time the 

bilayer spontaneously thins due to differences in the hydrostatic pressures at the Plateau-Gibbs 

border in addition to gravitational flow and diffusion.
191

  More specifically, upon addition of the 

lipid in hydrocarbon, typically n-decane, monolayers form at the oil / water interface with excess 

solvent and lipid between.  A thicker film of >100 nm forms at the edge, where the lipid comes in 

contact with the support, and is thinner towards the middle.  Equilibrium drives thinning due to 

pressure differences between the inner and outer phases as determined by the Lapalace law: 

     
 

  
 

 

  
     (Eq. 1.5) 

Where Δp is the difference in hydrodynamic pressure, γ is the surface tension, and  R1 and R2 are 

inner and out radii of surface curvature.  In the middle of the free-standing bilayer, Δp is ~0 and 

in the Plateau-Gibbs regions Δp is < 0 forcing the solvent and lipid out towards the edges thinning 

the membrane.  Upon thinning, the two leaflets come together in a zipper-like process, aiding 

BLM formation via Van der Waals interactions (Figure 1.10B).  The curvature present at the 

edges results in a negative pressure relative to the flat, bilayer region creating suction.  The 

Plateau-Gibbs border is speculated to be of high importance to the BLM stability.
192
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Figure 1.10.  Suspended lipid membranes and intermolecular forces. (A)  BLMs formed 

spanning an aperture made in a hydrophobic material as shown in which the various regions of 

the BLM can be seen inclduing the free-standing BLM, the Plateau-Gibbs border, and the 

supported lipid monolayer (PSLM).  (B)  Illustration of the Plateau-Gibbs border region and the 

pressure driving the thinning process.  (C) Intermolecular forces associated with the BLM.  Fγ, 

FH, FE, FS and Fm-m are forces associated with hydrophobic effect, hydration, electrostatic, sterics, 

and monolayer forces. 
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Optically, upon initial addition of lipid and solvent, the film reflects light appearing as a 

combination of colors.  Thinning results in appearance of black spots signifying the formation of 

a bilayer due to constructive interference of light at the two interfaces.  The spots increase in size 

and coalesce to a near equilibrium state between the bilayer and Plateau-Gibbs border, reaching a 

minimum free energy state.
189

  Electrically, BLM formation can be verified by utilizing Ag/AgCl 

electrodes placed on both sides of the membrane and monitoring current flow using a high 

sensitivity current to voltage converter.  The electrical capacitance of a BLM can be monitored 

during the thinning process as a tracker, in combination with microscopic techniques, of 

formation of the BLM.
193

 

Over the years, arguments have developed regarding the possible effects of solvent left in 

the bilayer. Solvent free bilayers offer a more realistic model membrane system.
187

  One solvent 

free method for forming BLMs is by membrane folding.  Membrane folding procedures, 

originally designed by Montal and Mueller in 1972, is achieved by placing a hydrophobic 

membrane containing a small aperture (ranging from a few μm to ca. mm) partitioned between 

two aqueous cells.  Monolayers of lipid (dissolved in a volatile organic solvent) are allowed to 

spread on the surface of an aqueous buffer in each cell and the volatile solvent is allowed to 

evaporate.  The aqueous solution is then raised slowly to fold the monolayers across the 

aperture.
194

    

Another, less frequently used, method for BLM formation is known as the tip-dip method 

in which a pipette tip is immersed in a bath solution, a monolayer is spread on the bath, the tip is 

removed from the bath creating a monolayer on the tip, and passed back through the monolayer 

creating a bilayer.
195-196

 Giant liposome patches have also been used in which proteoliposomes are 

used to form gigaseals with patch pipettes.  Patches can then be isolated and probed.
197-199
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1.7. High-throughput Screening of Ion Channels 

Of the extensive list of drugs currently available, only approximately 500 targets are 

known.
200

  Of those 500 targets, the majority are classified as receptors while only approximately 

5% are ICs.
200

  The underrepresentation of ICs as drug targets is not due to the lack of biological 

importance, rather difficulties in discovering and developing new, effective drugs.  Difficulties 

associated with characterizing ICs make them challenging targets for employing high throughput 

screening (HTS) methods.  These difficulties include: isolation from native or endogenous IC 

expression in vivo, expression and purification of intact IC complexes in large quantities for in 

vitro studies, and the necessity of ICs present in a biological membrane.  Development of 

applicable methods for pharmaceutical discovery must realize several criterion exist for 

evaluating the methods efficiency.
201

   

The most important parameter for HTS is throughput.
202-203

  For HTS of new 

pharmacological targets, greater than 2000 compounds need to be screened daily to accommodate 

the low probability of developing a hit and the lower success of developing that lead towards 

clinical studies.
202

 

Secondly, the data obtained with the method should include high information content.
201-

204
  An example of this is illustrated utilizing ligand displacement assays in which a high affinity, 

typically radioactive ligand is introduced to the target and then potential drugs are added, 

competing for binding site.  Binding of a molecule does not necessarily correlate to modulation of 

activity, resulting in biased and low information results.  Patch clamp on the other hand, can 

monitor the effect of potential drugs on the activity of the channels properties. 

 Next, what types of ICs can be screened using the methology.  Ideally, one would like to 

have a method that is applicable to all potential ICs, whether they are voltage or ligand gated and 
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towards the ions they are selective for (i.e. Ca
+2

, K
+
, Cl

-
, or Na

+
).  Utilization of the same 

instrument and methods would minimize the expertise and instrumentation needed.  Additionally, 

the methods employed should offer the sensitivity of detecting the concentration ranges typically 

encountered in discovery of new drugs for ICs.  Finally, the temporal resolution is needed for 

resolving more significant IC information.  The time for response of the sensor or instrument also 

limits the number of molecules that can be screened in a set time effecting throughput. 

Assays have been developed to screen ICs for potential drug targets and include ligand 

binding or displacement assays, membrane potential measurements, ion flux measurements, and 

patch clamp recordings.  Each method will be briefly highlighted with the strengths, limitations, 

and the method with respect to information content, throughput, types of channels assayed, 

sensitivity, and temporal resolution. 

Ligand binding or displacement assays utilize a ligand known to displace or allosterically 

affect ligand binding.   Known ligands are bound to the target and potential drugs are introduced 

competing for binding domains.  Traditionally, the bound ligand is radiolabeled, but recently 

fluorescent labels have been replacing radiolabels.
205

  The major limitation to ligand displacement 

is that binding of a ligand does not always induce a change in function or gating of the IC.  

Additionally, labeling of the ligand with a radio or fluorescent label can interfere with ligand 

binding making it difficult synthetically developing labeled ligands. 

Ligand displacement assays have been successfully used in the development of several IC 

drugs.  Recently, these techniques have been employed to discover calcium channels blockers and 

NMDA-receptor antagonist.
205

   Ligand binding assays have also been used to develop first and 

second generation sulphonylureas, used in the treatment of diabetes.
206

  Although ligand binding 

does not elicit high information content, it does allow for high throughput allowing for upwards 
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of 100,000 data points per 24 h (each data point constitutes a compound at a concentration) at low 

cost per sample.
206

  Binding assays are available for most IC types.
201

 

Flux measurements are used in studying ICs through loading the cell with a radioactive 

ion and potential drugs are introduced while monitoring extracellular ionic concentrations for 

release of radioactive ions.
205

  One application of ionic flux measurements is used for the 

screening of potassium channels.  Potassium channels are permeable to 
86

Rb
+
, allowing for the 

radiodetection of efflux from cells loaded with 
86

Rb
+ 

prior to treatment.
201,205

  
22

Na and 
45

Ca can 

be used for sodium and calcium channels flux based assays.  ICs expressed in high levels are 

needed for sufficient flux to be detected.   For potential application without the use of radioacitive 

species, AAS has been used.
202-203

  Flux measurements attain a medium information content, 

medium to high throughput, are available for K
+
, Na

+
, and Cl

-
, and take s to min for analysis. 

Fluorescent based dye assays are commonly performed using one of two methods.  First, 

the binding of an ion to a fluorescent dyes can induce a change in the fluorescence properties or 

intensity.  The major limitation with fluorescent binding dyes are that dyes are limited to 

calcium.
201

  Secondly, membrane potential sensitive dyes allow for the monitoring of a change in 

transmembrane voltage by fluorescence of a dye.  The fluorescence of the dye is enhanced when 

the dye enters the cell membrane as a result of membrane depolarization.
202-203,207

  Response of 

most membrane potential dyes are limited by diffusion of dyes across the membrane.  Two types 

of membrane potential sensitive dyes are used with varying response times of the probe.  

Membrane potential measurements by fluorescent dyes are limited in that they are typically non-

linear, indirect, non-selective, and insensitive.
201

  Additionally, they only allow for medium 

information content, medium to high throughput, allowed for used with Ca
2+

, Na
+
 (ion binding), 

and K
+
 (membrane potential), and several s to min resolution.

201
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Perhaps the most commonly used technique used for studying ICs are patch clamp 

recordings.   This method was explored more in depth in previous sections (Section 1.6.3).  For 

patch clamp, the information content is high, throughput is low, allows for studying of all channel 

types, and has sub-millisecond resolution.  Development of HTS patch clamp systems have been 

explored to increase the throughput of the high information gained using electrophysiological 

measurements.
203

  Automated systems have been around since the early 1990's, but recently, the 

automation has been designed in array formats to allow for the ability to patch multiple cells at 

one time.
205

  While increasing the speed dramatically, HTS instruments come with a heavy price 

tag due to the mechanical and electrical necessities needed for parallel patch clamp 

recordings.
203,205

 

Commonly, HTS of potential drugs are performed utilizing a high throughput method 

(i.e. flux or fluorescent assays) in the primary stages of development and subsequently patch 

clamp in optimization of the molecules.  In an ideal setting, the drug discovery pathway for ICs 

would be performed solely by utilizing the highly informative electrophysiological technique of 

patch clamp.
203

 

1.8. BLM Stabilization 

BLMs have been utilized as model membranes to investigate electrical and mechanical 

properties of lipid bilayers, IC structure-function relationships, modulation of IC function by 

membrane composition, and potential interfaces for biosensor design since the early 1960s.  

Long-lived BLMs have been historically limited by monitoring IC activity over extended periods.   

1.8.1.   Introduction   
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 Lipid bilayers form electrically resistive,  low permeability barriers separating 

aqueous compartments, whether in biological systems as with the plasma membrane 

separating the intracellular and extracellular domains, or artificial membranes separating 

two solutions.
6
  For several cellular functions to proceed, transduction of signaling 

processes across the lipid membrane are necessary.
208

  MPs embedded within the lipid 

bilayer transduce biological signals across the bilayer.
12

   ICs are one example of 

transducers passing charge through the relatively charge impermeable barrier coupled to 

an energetically favorable process or down an electrochemical gradient. 
209

  

 To effectively study the IC activity within the bilayer, a non-invasive method for 

chemically and electrically probing both sides of the membrane is needed.  BLMs are artificial 

membranes suspended between two aqueous compartments with the ability to access each side of 

the membrane or functionalized membrane.  BLMs have been used as a support for sensing 

applications ranging from quantifying protein - ligand interactions
210

 to stochastic sensing 

applications.
211-213

  BLMs are currently utilized as one of many potential strategies to lower the 

cost of individual genome sequencing through utilization of stochastic sensing with 

Staphylococcus aureus α-hemolysin (α-HL).  α-HL is a pore forming, heptameric protein 

complex biologically relevant for its hemolytic function.
154,214

    The structure of α-HL was 

determined by Song et al. in 1996 to be mushroom shaped with a head extended into the aqueous 

environment and a stem spanning the membrane with a constriction point near the junction of the 

head and stem.
155

  The ruggedness of α-HL has been used by several groups to study the 

portioning of polymers and translocation of DNA through the pore.
19-21,215

  Upon diffusion of a 

molecule into the pore, a partial blockage of the current passing through the pore occurs 

illustrating α-HL use as stochastic sensing pore. 
156,216

  α-HL has also been widely used as the 
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gold standard for studying effects on functionality due to the stabilization method, although its 

ruggedness may not serve as an effective model for sensitive ICs. 

  Other uses of BLMs include the ability to study electrical and mechanical properties of 

BLMs, structure-function relationships of ICs, effect of membrane composition on function, 

antibiotic mode of actions, and as potential interfaces for biosensor design.  Lipids at the interface 

between membrane and MP can have structural and functional effects on the behavior of ICs due 

to changes in fluidity, fluctuations in bilayers thickness, and lateral bilayer pressures.
217

  In some 

cases, presence or absence of lipids is a necessity for function.  The preference of certain MPs 

and ICs in specific lipid compositions illustrates the importance of these interactions and show 

how important the ability to study ICs in isolated model membranes is.    One MP studied for the 

modulation of functionality by membrane composition was bacteriorhodopsin in which it was 

shown to be necessary for native response of the photocycle on presence in native membranes.
218

 

Lytic proteins and peptides are widely used for their antibiotic activities including 

membrane active, pore formers such as alamethicin.
219

  BLMs combined with 

electrophysiological methods allow for the study of the lysing action of antibiotics reconstituted 

within these systems.
220

 

For many examples of ICs, the crystal structure is unknown due to difficulties in isolating 

enough protein and problems associated with crystallizing membrane proteins.
221

 NMR 

techniques offer limitations in the ability to resolve structures when molecular mass limits are 

surpassed by a large number of membrane protein multimeric complexes.
222

  Utilization of 

molecular biology has greatly aided in the study of structure-function relationship in elucidating 

the structure, gating, and pore forming processes through mutagenisis.
221,223-225

  BLMs offer a 

platform for comparison of IC functionality in an isolated system, under the assumption the IC or 

complex can be isolated intact and in large enough quantities.
226
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Several limitations impede potential applications, one of which involves the inherently 

weak suspended lipid bilayer geometry.  For potential utilization of BLMs in biosensor design, 

efficient methods of stabilization that does not perturb IC function are necessary.  In the 

following sections, BLM properties and inherent instabilities along with currently utilized and 

developing strategies for stabilizing the membrane including miniaturization, hydrogel 

encapsulated / supported, polymer stabilized, and droplet interface bilayers will be discussed. 

1.8.2.   Instabilities of BLMs 

 Phospholipids self-assemble into bilayers in water spontaneously due to the energetic 

costs of the exposure of hydrocarbon chains to water, but the intermolecular forces holding BLMs 

together are rather weak.  One of the major limitations in the utilizations of BLMs for long-term 

use is the inherent instability from mechanical, thermal, chemical, and vibrational factors.
69

  The 

intermolecular forces holding BLMs together will be highlighted in this section with later 

sections showing methodologies for increasing the stability of or decreasing the susceptibility to 

rupture of BLMs. 

The intermolecular forces act laterally within the BLMs and have been studied 

extensively in monolayers.  Forces associated within BLMs can be categorized as cohesive or 

repulsive.
227

  Repulsive forces include hydration of the lipid headgroups and sterics between lipid 

chain groups.  Cohesive forces include hydrophobic effect of the lipid chains and monolayer-

monolayer forces between leaflets of the bilayers.  The summation of the interfacial forces or 

lateral pressures can be shown as follow: 

  

                         (Eq. 1.6) 
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where FBLM, FH, Fγ, Fm-m, FS, and FE are the intermolecular forces of the BLM, hydration of lipid 

headgroup, hydrophobic effect, monolayer-monolayer, sterics, and electrostatics, respectively 

(Figure 1.10C). 

Sterics, hydration, and electrostatic contributions from the presence of a charged 

headgroup lipids have been studied.
228-229

  Neutron scattering has shown that the zwitterionic  

lipid headgroups orient parallel to the surface.
230

  The negative charges associated with the 

phosphate and the positive charges with the choline group in phosphotidylcholine (PC) lipids or 

ethanolamine in phosphatidylethanolamine (PE) lipids create an electrostatic repulsion at the 

bifaces.  The electrostatic repulsion is dependent on the degree of order in the bilayer, which 

ultimately is dependent on packing efficiency of the hydrophobic chains.  Theoretical maximum 

repulsive pressure due to the electrostatic repulsion of greater than 60 mN/m are estimated, but 

due to the liquid crystalline nature and packing efficiencies of the bilayer, significantly less 

repulsion is noted experimentally.
227,231-232

   The electrical effect of headgroup charge on 

breakdown voltages in hosphoserine (PS) headgroups were compared to PC headgroups and were 

found to have no significant difference.  Interesting, diphytanoyl containing lipids ruptured four 

times faster than with palmitoyl-oleoyl tails.
233

 

The hydration of the headgroup dissipates this charge by as much as 80%.
227,234

  Regions 

involved in hydration include the phosphate oxygens, ester oxygens, and the terminal groups of 

carboxyl (PS), amino (PE), and tetramethylammonium (PC) groups.
235

  The membrane has a 

tendency to bind water which is strongly dependent on the hydrophilicity and lipid packing of the 

membrane.  Hydration of water to the bilayer is rather weak, but the exchange with the bulk water 

is fast.  The liquid crystal nature of some membranes effect the orientation and overall surface 

charge density and hydration of the BLM.  The more charges or polar sites available for 

hydration, increases the hydration effect on the bilayer.
232
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Steric repulsion in lipid molecules is largely dependent on the hydrocarbon chains and is 

minimal in headgroup interactions.  Isomerization of a double bond effect the area occupied by a 

lipid molecule, resulting in an easier access of water molecules to the glycerol backbone creating 

greater degree of hydration.  In addition, it was found that degrees of hydration were not affected 

by the configuration, either cis or trans, but simply due to the presence of the double bond.
236

   

The hydrophobic effect arises from the energy of removal of the hydrophobic lipid tails 

from water and is perhaps the most important factor thermodynamically to the BLM.  The free 

energy of the hydrophobic tails can be directly related to the surface area of hydrocarbons to 

water, such that the large the hydrophobic surface area, the larger the energetic gain or 

minimization of the free energy associated with the BLM. 
209

  Similar to the hydrophobic effect 

are the van der Waal interactions due to the distal ends of the lipid tails interacting with one 

another.
227,237

  These forces are typically weaker than those exhibited for lipid within the same 

leaflet due to limited interactions with terminal methyl groups in the chain.   

Several disrupting forces are present in the BLM format.  First, chemical disruption, 

whether it is organic, contaminants, pH, or salt concentration effect the stability of the BLM.  

Surfactants are of particular importance due to the fact of their usage for solubolizing membrane 

proteins reconstituted into artificial membranes.
238

  pH variations and salt concentrations perturb 

the stability of bilayers.  Thermally, the importance of the phase transition of the membrane and 

surrounding temperature has been shown to affect the thinning process and the stability of the 

membrane.
239

   

Mechanical disruption of BLMs is one of the limiting forces to the long-lived stability of 

the BLM.  Vibrational, convectional, and pressure are commonly discussed disruptive forces.  

Vibrational disruptions are minimized by placing the apparatus on a vibrational isolation table, 

but can not be completely eliminated during the BLM formation and subsequent addition of ICs 
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and exchange of solutions.
69,168-169

  Convectional forces arising from thermal movement of fluids 

near the surface of the bilayer can result in rupture of BLMs.
240

  Some experiments require 

stirring to improve mixing of membrane modulators (i.e. ICs) to the surface and can create 

turbulent flow.  Hydrostatic and osmotic pressure arising from several sources are known.  If 

vertical apertures are used, different levels of buffer on either side of the aperture can result in 

unilateral pressure, increasing the likelihood of rupture.  Asymmetric solutions (different 

compositions) can also create osmotic pressure across the aperture resulting in rupture. 

To effectively create long-lived BLMs resistant to chemical, mechanical, thermal, and 

vibrational damage, strategies must be developed to alleviate these factors or find materials that 

can be used to mimic the membrane environment, but increase the weakly associated lipid 

constituents of the membrane. 

1.8.3.  Methods of Stabilization 

Four major strategies for BLM stabilization include miniaturization, utilization of gels 

(either supported or encapsulated), polymerization (polymerizable lipids or triblock copolymers), 

and droplet interface bilayers.  In some cases multiple strategies have been combined to attain 

long-lived BLMs.  A basic overview of the history of methods along with recent uses of 

BLM stabilizing methods will be highlighted here. 

1.8.3.a.        Miniaturization 

 The most frequently utilized approach for BLM stabilization is miniaturization of 

apertures across which BLMs are suspended.  By reducing the surface area of the 

inherently weakly assembled membrane, its susceptibility to thermal, mechanical, and 

vibration disruption can be reduced.  Difficulties in truly evaluating other stabilization 

methods arise in the wide range of aperture sizes utilized.  Two main categories of 
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stabilization by miniaturization can be defined: a.) single pore apertures  and b.) multiple 

pore substrates (Figure 1.11).  

 

Figure 1.11.  Stabilization of BLMs by miniaturization.  Miniaturization of BLMs has been 

achieved using porous substrates of varying material in which (A) macroscopic electrical 

properties of multiple BLMs are recorded or (B) in which isolated BLMs are recorded. (C) Plot of 

reduction in total surface area as a result of decreasing aperture size. 

 

Substrates with multiple pores can be categorized by whether electrical properties of a 

single pore or macroscopic properties of all pores can be isolated.  In single isolated pores, 

electrically resistant barriers divide the array into single isolated units.  Macroscopic properties 

can be investigated using porous substrate with a semi-supported BLM on the substrate and 

freestanding bilayers across the pores, typically either nm or µm diameter.   

A wide range of materials have been utilized to support and suspend BLMs.  

Conventional BLMs are formed on apertures made of Teflon because of its insulator properties, 

hydrophobicity, and chemical stability.
168

  Other substrates have been used including glass fiber, 
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polycarbonate, alumina, and silicon.  Each material is limited to certain sizes of apertures, with 

Teflon apertures typically produced on the order of 50 to 250 µm, though formation down to 2 

µm can be achieved.
241

  Though larger apertures have been formed, only apertures smaller than 

the conventional diameter (~50 μm) will be highlighted here. 

Steinem and co-workers have utilized porous alumina and silicon in supporting 

freestanding bilayers across apertures.  Functionalization of the porous substrate followed by 

chemisorption and spreading of lipid, resulted in highly resistive bilayers, able to support single 

IC recordings.  1 µm sized apertures in porous silicon were successful in maintaining bilayers 

formed, as visualized by fluorescence, for upwards of 17 hr on a large percentage of pores.  Slow 

decreases in resistance overtime were correlated to rupturing BLMs.
25

  Nano and micro BLMs 

suspended on porous substrates have demonstrated applications in monitoring single IC currents 

of OmpF,
242

 valinomycin,
243

 gramicidin,
244

 and photocurrents of bacteriorhodopsin containing 

purple membrane fragments.
245

   

Porous polycarbonate membranes supporting a BLM incorporated with a glutamate 

receptor sustained fully functional responses.
246

   A gold layer deposited on the polycarbonate 

membranes with 1 μm pores at a density of 10
5
 - 10

8
 pores/cm followed by deposition of a self-

assembled alkanethiol.  A mixed hybrid BLM in which the alkanethiol modified surface is 

present in one leaflet of the BLM with free-standing BLMs spanning the pores.   

Pores fabricated from Teflon down to 2 µm (up to 800 µm) were made by using tips with 

defined diameters and bringing them vertically in contact either to a silicon or hydrogel substrate.  

Amorphous Teflon is then poured around the tip and allowed to set, with the tip forming the 

aperture.  The ranges of apertures allowed for the study of effect of pore size on BLM stability 

and found that once pores were used below 40 µm in diameter significant increases in breakdown 

voltages were noted.
241
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Glass nanopore electrodes, formed by encasing an electrochemically etched platinum 

wire (to a diameter of as small as 10 nm) inside soda lime glass and polished to a defined 

aperture,
247

 were used to suspended lipid membranes and reconstitute α-hemolysin.
22

  Diameters 

of 100-400 nm were used in the studies and found that application of a pressure with small 

diameters were necessary likely arising from spreading of the annulus across the entire 

aperture.
22,248

  These BLMs were extremely stable with lifetimes on the order of two weeks likely 

arising from a decrease in surface area from 10
4
 to 10

5 
going from an aperture of 25 μm to 100 

nm in size. 

Miniaturization of apertures in which BLMs are suspended has proven to be an effective 

strategy for increasing the longevity of BLMs for ion channel experiments and potential use as 

biosensing interfaces.  Further work is necessary at investigating the size limitations without 

affecting the functionality of the reconstituted IC.   

1.8.3.b. Hydrogel Encapsulation / Gel Supported BLMs 

Another strategy for BLM stabilization has been done through supporting using more 

fluid materials, in particular gels.  Two general formats exist, one in which the BLM is cushioned 

on one side of the BLM, and secondly, in which the BLM is sandwiched between two gels 

(Figure 1.12). 
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Figure 1.12.  Hydrogel encapsulated or gel supported BLMs.  BLMs (A) encapsulated and (B) 

supported by hydrogels or gels. 

 

Gel supported BLMs utilize a gel, typical agar, agarose, or other hydrogels, in which a 

bilayer is supported.  Supported BLMs using either glass or metallic surface offer more long-

lived bilayers, but don't offer easy access to both sides of the membrane making it difficult to add 

solutions and probing electrically.  In addition, the underlying substrate has been shown to 

perturb membrane fluidity, inhibit reconstitution, and constrict the movement of MPs or ICs 

reconstituted into the supported BLM.  Gel supported BLMs offer advantages by allowing for the 

ability for the diffusion of proteins, or small molecules to and from the BLM while offering a 

stable support for minimizing disruption from outside sources with a less rigid support.  
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Currently, the full knowledge of the effect of underlying gels on the membranes fluidity and 

protein functionality is unknown. 

Original attempts at supporting a BLM on a gel were performed by Tien and co-workers 

in which they utilized agar in supporting a BLM using the tip-dip method.
249

  In supporting the 

BLM, they were able to increase the mechanical stability of, yet not alter the electrical properties 

of the BLMs.  BLMs supported by agarose have been prepared using both tip-dip and painting 

methods of BLM formation on ~2 μm and 160-220 μm apertures, respectively, while monitoring 

gramicidin.
250

  The tip dip method was used by placing agarose inside a pipet and formed by 

spreading a monolayer on the surface with the tip submerged;  the tip is removed and transferred 

across the interface forming a bilayer.  Painting is done by utilizing a conventional chamber in 

which one side has agarose, allowed to cool, and painted across the opposite side.
250

 

50-250 μm silicon orifices were used supported beneath by agarose to reconstitute 

alamethicin and human glycine receptor with minimal effect on the activity.
251

  Slight differences 

in the dwell times between unsupported and supported BLMs were noted suggesting some effect 

either on the alamethicin or membrane properties.  Some limitations were noted in this technique.  

First, the necessity to add the glycine receptor, reconstituted into lipid vesicles, prior to adding to 

the agarose support due to the diffusion limitations present in agarose.  In addition, this also limits 

the removal of solution upon channel insertion and subsequent channel modulators.  Secondly, 

presence of a gel support still offers a potential interference of many membrane proteins that have 

large portions extended out of the bilayers.
251

 

Ide and co-workers have successfully utilized agarose gels in supporting and forming 

BLMs in different geometries.
252-254

  A glass tube covered with a polypropylene film having a 

small aperture has a lipid solution in n-decane applied and brought into contact with an agarose 
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coated slide.  Bilayers on agarose coated glass were successfully used in studying not only 

electrophysiological activity, but also single molecule fluorescence of Cy3 labeled alamethicin.
252

 

Glass and polypropylene tubes were used filled with agarose and Sepharose and 

immersed into a lipid containing solution (n-decane) above an aqueous solution.   BLMs were 

formed by one of two methods, either at hydrogel / water interface or at hydrogel / hydrogel 

interfaces.  BLMs  at hydrogel/water interfaces were formed  by passing the hydrogel into the 

lipid solution depositing a monolayer followed by bilayer upon the transfer across the 

lipid/aqueous interface.  The BLM is left in the aqueous solution allowing for subsequent 

recordings.  α-HL, gramicidin, alamethicin, and bovine tracheal vesicles were successfully 

reconstituted into polypropylene tubes filled with Sepharose 4B.  Bilayers at hydrogel / hydrogel 

interfaces were formed by having a hydrogel cast in a well covered with a lipid solution in 

decane.  A hydrogel bead was then brought into contact with the underlying gel forming a BLM 

between.  Gramicidin, bovine tracheal vesicles, rabbit skeletal sarcoplasmic reticulum channels, 

and Torpedo anion channels were all successfully monitored in hydrogel/hydrogel interface 

BLMs.
253

 

Hydrogels have recently been used for a wide array of biomaterial and biomedical 

applications.  There properties offer in advantages by having the ability to cushion the BLMs 

while still allowing for diffusion to the BLM.   In addition, the hydrogel can be formed in situ 

following BLM formation. 

Schmidt and co-workers have successfully encapsulated BLMs in hydrogels significantly 

increasing the longevity.  Hydrogels, polymerized following BLM formation from monomer 

solutions of poly(ethylene glycol) dimethacrylate, maintained stable bilayers up to five days on a 

Teflon aperture.  Estimates of the gel mesh size of 7 nm suggest that moderately sized proteins 

can diffuse through the gel and reconstitute into the encapsulated bilayer.
255

  However, it was 
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noted that hydrogel sandwiched membranes took between 2 and 10 hours for reconstitution of α-

HL compared 0.5 to 2 h for the non-hydrogel containing BLM.
256

  Although the hydrogel network 

offers a path for diffusion, it is significantly slowed.  For studies in which single IC recordings 

are wanted, the ability to remove excess IC following insertion of a lone channel is difficult. 

Recently, conjugation of a hydrogel to a substrate containing a 500 µm aperture was used 

to form a stable bilayer for up to 12 days maintaining highly resistive bilayers.  This stability was 

achieved through functionalization of a glass aperture and substrate with 3-

methacryloxypropyltrimethoxysilane, which is able to cross-link via the vinyl group.  The 

monomer for hydrogel formation, PEG-DMA, can cross-link with the vinyl group on the 

functionalized surface creating a covalent and highly stable support.
257

   

Significantly enhanced longevity of BLMs have been formed using gel supported and 

encapsulated BLMs, but will need to be further investigated to determine whether the underlying 

substrate affects the membrane or proteins reconstituted within the membrane.  

1.8.3.c.    Polymerizable Lipids / Triblock Polymers 

 To date, polymerizable lipids and triblock copolymers, have been widely use in PSLBs 

and liposomes.  Very few explorations of these materials for BLM formation have been used.  

Reviews highlighting the use of polymerizable lipids
115

 and triblock polymer assemblies highlight 

wide range of applicability.  Polymerziable lipids have been widely used in artificial 

membrane systems offering increases in stability arising from the formation of covalent 

bonds between neighboring lipids.  The first utilization of polymerizable lipid in 

suspended lipid bilayers was by Benz and co-workers.
239

  Several dienoyl containing 

lipids differing in head group structure, acyl chain length, and presence of mono - and bi - 

functional chains were studied.  One lipid, containing a dienoyl reactive group on one 
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chain and an unreactive acyl chain for the other tail, resulted in significant longer living 

BLMs extended from 1 h prior to polymerization to 4-5 h upon photpolymerization 

(Mono-DenA, Figure 1.13A).
239

   The utilization of the dienoyl containing lipids was 

used in only characterization the resulting BLMs and were not attempted at sustaining ion 

channel functionality following polymerization. 

 Shenoy and co-workers studied BLMs in which they utilized diacetlyenic lipids to 

increase the lifetimes of BLMs and utilize them in ion channel sensing.
258-259

  1,2-di-10,12-

tricosadiynoyl-sn-glycero-3-phosphocholine (DTPC), 1,2-di-10,12-tricosadiynoyl-sn-glycero-3-

phosphoethanolamine (DTPE), and 1-palmitoyl-2,10,12-tricosadiynoyl-sn-glycero-3-

phosphoethanolamine (PTPE, Figure 1.13B), all diacetylene containing polymerizable lipids, 

with PTPE containing one polymerizable group and DTPC and DTPE containing two.  

Polymerization of diacetylenes requires a liquid-crystalline phase in which the triple bounds 

found in the reactive tail groups form double bonds from the reactive lipid chain to a nearby 

chain.
260

  Stapholococcus aureus α-hemolysin (α-HL) was successfully inserted into PTPE 

membranes and stochastic sensing of poly-nucleotides comparable to that of DPhPC were 

achieved.
258

  Interestingly, α-HL was able reconstitute into UV irradiated BLMs as noted by 

stepwise increase in amplitudes suggesting that the BLM was only partially polymerized.
258

  

Later studies showed successfully achieved maintenance of gramicidin in partially polymerized, 

mixed bilayers composed of DPhPC and PTPE, but was shown that PTPE must have at least a 

small fraction of DPhPC present for formation of BLMs.  Lifetimes of the bilayers in 

PTPE/DPhPC mixes lengthened the average lifetime of BLMs formed on apertures from 12.6 

mins prior to photopolymerization, to 30.7 min on average after 6 min of UV irradiation in a 200 

μm Derlin aperture.
259

  Low success rates in BLM formation for DTPC and DTPE didn't allow 
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similar studies in forming more stable and rugged BLM formed from cross-linked chains as 

opposed to linear polymers formed with PTPE.
258-259

 

 

 

Figure 1.13.  Polymerizable lipids and triblock copolymers used in BLMs.  Structures of (A) 

mono-DenA, (B) PTPE, (C) bis-DenPC, and (D) PMOXAy-PDMSx-PMOXAy.   

 

In addition to conjugation of the hydrogel to the substrate, Schmidt and co-workers 

modified DPhPE with an acrylamide functionality onto the headgroup was conjugated to the 

hydrogel which successfully maintained GΩ resistance for up to 11 days while allowing for 

insertion of α-HL.
261

   

Dienoyl containing lipids have been widely used in PSLBs and liposomes to create 

extremely stable bilayers withstanding surfactant treatments, removal from solutions, and organic 

solvents.
121,127,130-131,262

  bis-DenPC (Figure 1.13C) was shown to maintain α-HL upon 

reconstitution and photopolymerization with channel activity noted upwards of one week (Further 

studies using bis-DenPC and other dienoyl containing poly(lipids) will be presented in Chapters 3 

to 6.).  Similar to Benz and co-workers,
239

 bis-DenPC contains a dienoyl functionality which can 

undergo free-radical polymerization.  Structurally, bis-DenPC contains bifunctional tail which 
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can allow for a highly cross-linked network and also contains a phosphatidycholine headgroup.  

Although difficult to compare the stabilities of these two structures due to the aperture size 

difference, the PC headgroup appears to aid in the stability of the BLM. 

Several limitations are noted for the utilization of polymerizable lipids for use in BLMs, 

most importantly IC functionality is closely associated to membrane compositions.
217

  IC 

functionality can be completely inhibited if placed into a non-compatible membrane.  

Polymerizable lipids significantly increase the stability of the BLM, but also affect the fluidity 

and potential activity.
124-126,128

  Polymerization methods utilized for polymerizable lipids are 

rather harsh and can potential irreparably damage or hinder the IC.  These potential drawbacks 

must be addressed on a case to case basis.  

Another potential for IC supports is the utilization of triblock polymeric materials 

pioneered by Meier and colleagues.
263-265

 Block copolymers have been utilized for their 

biomimicing properties in which they are able to form covalently linked polymers.
266-267

  One 

particular triblock copolymer used for formation of membranes is poly(2-methyloxazoline)-

block-poly(dimethylsiloxane)-block-poly(2-methyloxazoline) (PMOXA-PDMS54-PMOXA) 

(Figure 1.13D) which possess polymerizable groups at both ends of the monomer, allowing for 

generation of highly stable suspended membranes.  Teflon apertures were used to paint a 

monolayer in a similar manner to natural lipids.
265

  OmpF , a porin regulating osmotic pressure, 

was inserted into triblock copolymer membranes and followed by UV irradiation resulting in 

inhibition in the activity of the pore forming protein.  The authors suggest that this is due to the 

polymerization resulting in an increase in the lateral pressure, but could potential also arise do to 

UV irradiated inactivation of the protein.
264

  Maltoporin was also reconstituted and UV irradiated 

with loss of some activity.  Response of subsequent additions of sugar, resulted in step-wise 

decrease in the conductance of maltoporin. 
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Schmidt and co-workers utilized two molecules PMOXA-PDMSx-PMOXA varying in 

length due to different length of PDMS, composed of 54 and 68 monomers.
268

  PMOXA-

PDMS54-PMOXA  and PMOXA-PDMS68-PMOXA had calculated membrane thickness of 5.7 

and 9 nm, respectively.  α-HL was successfully reconstituted into membranes of the shorter 

polymer length, although with decreased conductance, but were unsuccessful in the longer chain.   

OmpF and alamethicin were successfully reconstituted into polymeric membranes of both 

lengths, but with extended times of incubation needed for insertion, possibly due to inhibition of 

incorporation due to the hydrophilic heads and tails along with possibly different fluidity of the 

bilayer in the PMOXA-PDMA-PMOXA membranes. 

Triblock polymers have been self-assembled and utilized similarly to lipid bilayers with 

given advantage of a more stable network upon polymerization.  Incorporation of gramicidin into 

an array of tri-block polymers resulted in successfully monitored single-IC recordings of 

gramicidin.
269

  Gramicidin is a small peptide that dimerize within the bilayer to form low 

conductance pores.  Typical values of open states in similar ionic strength are low pA where this 

work shows single channel amplitudes of 80 pA.  The authors attribute this high conductance to 

the fact that the measurements are done at 1 M HCl, possible aggregation, and hydrophobic 

mismatch.   

Although promising advances in increasing the stability of the BLMs formed from 

polymerizable lipid based BLMs and utilizing triblock copolymers have been shown, several 

drawback and criticism of their use is encountered.  First, in the case of triblock copolymers it 

will be very difficult in isolating the important protein - membrane interactions due to the non-

biological system.  For polymerizable lipids, the general structure of a lipid is maintained and can 

likely be altered to study their relationships.  In the case of polymerizable lipids, the creation of 

covalently linked polymers potentially affects the protein - membrane interactions.  Further study 
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of use of polymerizable lipids ad triblock copolymers for ion channel sensing will have to be used 

in studying a wide arrange of proteins to better understand the effect of these non-native lipids on 

functionality. 

1.8.3.d. Droplet Interface Bilayers 

Droplet interface bilayers (DIBs) were originally discovered by Tsofina, Liberman, and 

Babakov in 1966, but only have recently found application with ICs through the work by Bayley 

and co-workers.
270

   The initial work performed by Tsofina and co-workers used an aqueous 

subphase overlaid with a phospholipid solution in heptane.  A monolayer forms at this interface 

with the hydrophobic chains oriented into the organic layers with the headgroup towards the 

water subphase.  A second aqueous layer, is then lowered into the organic phase, with a 

monolayer forming at the interface.  The two monolayers are then brought into contact with one 

another forming a bilayer.
271

 

DIBs are formed with two aqueous droplets are formed in an oil containing a lipid, which 

self-assembles into a monolayer at the water-oil interface, are brought into contact and form a 

bilayer (Figure 1.14A).  This is referred to as the lipid-out configuration.  Another strategy is to 

add liposomes to the aqueous droplet and allow for assembly at the interface and is referred to as 

the lipid-in method (Figure 1.14B).  If the droplets are suspended from two electrodes (through 

use of agarose), one has a low volume (depending on size of the droplet) BLM apparatus to 

record single IC recordings.  Droplet can also, perhaps more conveniently, be brought in contact 

with a planar aqueous layer. 
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Figure 1.14.  Droplet interface bilayers.  Droplet interface bilayers formed by the (A) lipid out 

and (B) lipid in methods in which monolayers form at the organic aqueous interface and then the 

droplet are then brought together, forming a bilayer at the interface.  

 

While not yet extensively studied, several advantages of DIBs seem apparent including 

eliminating of substrate-annulus-bilayer equilibria, offering day lifetimes, attaining IC recordings 

compared to conventional techniques, and minimizing vibrations by placing in an oil.  DIBs using 

identical lipid and electrolyte concentration were compared to conventional BLMs using OmpG 

and found to have indistinguishable gating properties.
272
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DIBs can be utilized in microfluidic devices using two intersecting channels, one filled 

with aqueous and one filled with oil and lipid.  By introducing an oil and lipid plug into the 

aqueous channel and compressing the plug, a bilayer forms.
273

  The device was used to 

reconstitute α-HL and  gramicidin while also offer a method for controlling the formation of 

BLMs by removing aqueous buffer from the droplets, reducing the bilayer area until two 

completely detached droplets are shown. 

Asymmetric bilayers can be formed by placing vesicles of separate compositions into the 

two droplets, allow to fuse at the interface, and brought in contact for electrical 

characterization.
272

  Bayley and co-workers used droplets in which asymmetric lipids were added 

to each droplet to study the behavior of OmpG, which is known to have different gating behavior 

in different compositions due to negatively charge loops extracellular.  The studies showed that 

when the extracellular domains were located in leaflets with negatively charged lipid associated 

with them, an increase in gating was noted;  while positively charged lipids reduced gating.  In 

addition, they were also able to control the orientation of OmpG in comparison to conventional 

BLMs.  An advantage of using DIBs for studying asymmetric lipid bilayers is the ability to 

separated the membranes and bring the droplet into contact with another droplet to form 

symmetric bilayers to truly determine that the effect of any findings are due to the asymmetry of 

the bilayer and not due to protein issues. 

4 by 4 arrays of wells filled with an aqueous solution immersed in oil in which a hanging 

droplet is brought in contact forming a bilayer.  In addition, cell free expression methods were 

performed inside the droplet expressing functional a potassium channel (Ksv), allowing for 

potential IC screening.
274

  Another microfluidic device utilizing droplet interface bilayers 

involves having an aperture separating an oil/lipid phase above the aperture and aqueous below.  
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By placing a droplet onto an electrode and passing the droplet through the oil phase and forming 

a bilayer at the lower aqueous phase, subsequent addition of ion channels resulted in ion channel 

activity.
275

 

Droplet interface bilayers show early promise for utilization as stabilized BLMs.  The 

ability to control the length and area of bilayer formation offers control to the number of ion 

channels reconstituted into the membrane.  Formations of asymmetric bilayers can be used to 

study lipid composition behavior on ion channel functionality.    

It is difficult to compare varying techniques for BLM stabilization, but it has been shown 

that extremely stable, long-lived BLMs have been achieved using either miniaturization, hydrogel 

encapsulation /gel supported, polymerizable lipids / triblock polymers, and droplet interface 

bilayers.   Reduction in aperture diameters can greatly reduce the surface area susceptible to 

rupture.  Future work in miniaturization of aperture will ultimately be limited not only by the 

difficulties in fabricating nanoscale devices, but also by the annulus formed at the bilayer / 

substrate interface.  Application of pressure to a bilayer has been proposed as one solution for 

minimization of the annulus, but might be accompanied with detrimental effects on the ion 

channel, especially in mecahnosensitive ion channels.  

Utilization of gel supported and encapsulated bilayer will need to overcome some of the 

limitations of the underlying support interacting with the membrane and reconstituted modifiers 

present in the membrane.  Effects of the support on fluidity and functionality are needed. 

Polymerizable lipids and triblock copolymers need to be studied in determining the effect 

of the polymeric and non-native environments present in the utilization of them, respectively.  For 

polymerizable lipid, the covalent bonds formed and potential addition of lateral pressure in the 
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bilayer need investigated.  Interactions of polymeric materials with proteins within them need 

further investigation and ultimately will have to be  optimized on a protein to protein basis. 

Droplet interface bilayers have been shown to have great potential and their usage will 

likely expand based on the potential applications they have.  To date, this area has been the least 

explored and will likely increase in popularity with more studies.  This section has highlighted 

methods commonly used in the formation of BLMs and the instabilities associated with them.  

Recent advances in the stabilization methodologies for BLMs including miniaturization, gel 

supported and encapsulation, polymeric bilayers, and droplet interface bilayers were reviewed.  

All of these techniques will likely contribute to the better understanding of the important 

information currently difficult to study in membrane - ion channel protein systems.  Stabilization 

of BLMs will potentially aid in the development of new biochip and biosensor formats upon 

successfully overcoming the limitations inherent instabilities of the weakly associated membrane.  

In the future, combinations of stabilizing methods or developments of new ones will likely be 

needed to offer the necessary stability required for long-term utilization. 

1.9. Research Directions 

 In the introduction, background into approaches for studying biomembranes and MPs 

reconstituted within them has been presented.  Emphasis has been made on application of 

studying ICs reconstituted within these artificial membranes.  For potential development of IC 

based biosensors, short-lived membranes are limiting widespread use with HTS of ICs relying on 

cell based, low throughput or low information content measurements.  Major limitations exist in 

the current development of highly stable, low permeability membranes for the use of long-term 

studies of ICs.  Current methods for stabilization of bilayers were presented here to illustrate 

potential strategies for lengthening analysis times. 
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The major theme in this dissertation is the characterization of electrical properties and 

stabilities of BLMs composed of artificial non-polymerizable and polymerizable lipids towards 

the development of ligand-gated IC based sensors.  In parallel, characterization of KATP channels 

in biological membranes and artificial membranes was performed.  An ultimate goal of 

generating a highly stable KATP channel based sensor was envisioned, and progress toward this 

will be presented within. 

A system for investigating the electrical and permeability properties of bilayers will be 

discussed to form membranes applicable to long-lived IC recordings.  The characterization of 

commonly used lipids will need to be investigated as a calibrant to previous research and as a 

measuring stick for our work.  Additionally, these lipids can serve as model artificial membranes 

prior to the added complexity of poly(lipids) BLMs. 

The utilization of poly(lipids) for potential highly stable bilayers will be investigated by 

testing the permeability (conductance) of the BLMs.  Methods will be developed to maintain 

functionality in poly(lipid) bilayers with increased lifetimes and how to measure stability.  The 

properties of model ICs in poly(lipid) membranes will be characterized and compared to non-

polymerizable lipid membranes.  Model pore forming channels will be used to investigate the use 

of poly(lipids) with ICs.  α-HL, alamethicin, and gramicidin were used to probe the effects of 

poly(lipids) on IC function.  Use of pure poly(lipid) membranes and mixtures of poly(lipids) with 

non-polymerizable lipids were used to develop several strategies for maintaining activity for ICs 

of varying complexity including channels sensitive to membrane environment and sensitive to 

UV irradiation. 

In addition to developing highly stable membranes, investigation of KATP channels in 

biological and artificial membranes will be investigated to compare their behavior in vivo and in 
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vitro in attempts to better understand the assembly, trafficking, and orientation in membranes.  

Expression, purification, and reconstitution of KATP channels were performed in Pichia pastoris, a 

methylotropic yeast capable of producing large quantities of protein. 

The future applications of these studies include the potential of creating arrays of highly 

stable poly(lipid) membranes functionalized with ICs to perform high throughput screening of 

potential drugs for IC targets.  Additionally, the use of long-live membranes offer a major 

advantage for poly(lipid) membranes as a scaffold for long-term biosensing applications. 
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2. CHARACTERIZATION OF NON-POLYMERIZABLE BLMS 

2.1. Introduction 

Suspended lipid membranes or BLMs have been widely used to study reconstituted ICs 

as a potential platform for the development of biosensing devices.  For potential applications in 

biosensor devices, several criterion must be evaluated including ease of use, electrical properties, 

and stability.  Electrical properties include conductance, capacitance, and dielectric breakdown 

voltage.  Development of a system for studying BLMs in addition to the establishment of 

methods for analysis will be covered.  In this chapter, the properties will be studied in pure 

component and mixed BLMs composed of non-polymerizable lipids to attempt to elicit a better 

understanding of the ideal membrane properties.  Comparisons between compositions will be 

presented where appropriate.  Additionally, the electrical properties will be used to show the 

potential use for detection of domains in model systems. 

2.1.1.   Electrical Properties of Membranes 

Model biomembranes have been widely used in studies probing the physical and 

electrical properties of the assemblies.  Electrical properties of biological membranes have been 

studied since the early 1900‟s in which the electrical response of a RBC was monitored in 

response to different frequencies.
276

  In these studies, the electrical properties of a cellular 

membrane could be modeled as a capacitor and resistor in parallel.   

The electrical properties of membranes can be used to probe ionic permeation processes 

through measurement of conductance.  Low permeability of lipid bilayers allow for the 

monitoring of low current processes, including low conductance ICs reconstituted into the 

membranes.  High resistance membranes allow for the possibility of studying low conductance 
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ICs.

277
  Ions in membranes were originally thought to permeate a membrane by partitioning from 

the aqueous phase into the hydrophobic lamellar structure of the membrane followed by 

partitioning into the aqueous phase on the opposite side of the membrane.
278

  This energy can be 

defined in terms of Born‟s energy (WB) as follows: 

   
    

     
 

 

  
 

 

  
     (Eq. 2.1)  

where z is valence of the ions, e is electronic charge, εO is the permittivity of free space, εm is the 

dielectric constant of the membrane, εW is the dielectric constant of water (ca. 78), and R is the 

radius of the ion.
279

  For potassium, the energy is ca. 3 eV which is several orders of magnitude 

lower than the experimentally determined values.  (For comparison, this value is less than the 

conductance of an equivalent thickness in glass.)   

Such large deviations between theory and experiment make it difficult to rationalize that 

permeation of ions across the high dielectric material of a membrane is the only process that 

contributes to measured conductance values.  Widely accepted as the culprit for the deviation 

from theory is the formation of transient pores in the membrane allowing for the passage of 

hydrated ions across the membrane.
279

  The energetic cost for water filled transient pores offsets 

the hydrophobic loss from exposure to water until reaching a critical size of transient pore which 

results in complete failure of the membrane.  Permeation and transient pore formation dependent 

on several membrane properties including thickness, viscosity of the membrane, and packing 

efficiencies of the membrane. 

The capacitance of a membrane can be used to estimate its hydrophobic thickness based 

on using parallel plate condenser models.  BLM capacitance is dependent on several factors 

including lipid properties and the method of BLM formation.
280-281

   Capacitance values are 
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commonly measured using the capacitive discharge method which will be discussed in more 

detail below. 

Stability of BLMs is a difficult property to characterize and quantify.  Although not 

highly reproducible, the dielectric breakdown voltages are commonly used to describe BLM 

stability.
280,282

  Although thin in nature (ca. 5 nm), bilayers exhibit a high dielectric breakdown 

voltage, in some cases exceeding 200,000 V/cm.  Applications of strong electric fields can 

destabilize and induce changes in the membrane structure of BLMs.
280

  Dielectric breakdown 

voltages are measured by applying square pulses of increasing magnitude until membrane rupture 

is observed by monitoring electrical properties of the BLM.
280

  Although resistant to high electric 

fields, BLM lifetimes are generally still short and are a major limitation to the widespread use in 

biosensor applications.   

2.1.2.   Formation of BLMs 

Several different instrumental set-ups for formation of BLMs have been proposed, but the 

majority of the components remain unchanged.
283

  First, a chamber is needed that is chemically 

inert (both aqueous and organic), electrically insulating, and optically transparent (when optical 

monitoring of BLMs are desired).   Additionally, the material must be moderately hydrophobic 

and easily machinable.  Conventionally, apertures are formed in sheets (Teflon) or cups (Durlene) 

across which the bilayer will be formed spanning the aperture.  Teflon is the most frequently used 

material with thickness and diameters of ca. 10 µm and less than 300 µm, respectively. 

High sensitivity current to voltage amplifiers (or patch clamp amplifiers) are used to 

measure the low current from the highly resistive membranes.  The fragility of the membranes 

and their susceptibility to mechanical and electrical stressess require the use of a vibration 
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isolation table or platform.  These set-ups can be as crude as cement or stones placed on tennis 

balls to absorb vibrations to floating optical benches.  Minimizing the electrical noise can be done 

using Faraday cages surrounding the set-up.  Further insulation of components may be necessary 

for low noise measurements. 

Reference electrodes placed on each side of the membrane are commonly Ag/AgCl 

electrodes.
168,283

  The electrodes can be placed directly into the bath solutions on each side of the 

membrane, but are commonly connected using agar salt bridges. If optical detection or 

monitoring of BLM formation is desired, a microscope is necessary.  Additionally, to aid 

diffusion to the membrane, stirring devices can be added to the set-up, but are commonly avoided 

to minimize membrane rupture due to convection. 

The formation of a low noise, high resistance bilayer is the first step in studying the 

electrical properties of BLMs in addition to components reconstituted within the membrane.  The 

two most common methods are (a) painting and (b) folding (Figure 2.1). 
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Figure 2.1.  Formation of BLMs.  The painting method for formation of BLMs is performed by 

dissolving a dried lipid in a non-volatile, hydrocarbon solvent and applying the solution on a 

hydrophobic substrate and allowing it to spontaneously thin.  The folding method is performed by 

application of lipid dissolved in a volatile organic solvent onto each side of the hydrophobic 

partition and raising the monolayer across the aperture. 
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The method of BLM formation has been a highly debated topic.  The painting method 

retains organic solvent in the annulus region; the solvent may affect the electrical properties of 

the membrane in addition to components reconstituted within the bilayer.
281

  Several solvents 

have been used for painting, with shorter alkane solvents having the most effect (reducing) on 

membrane capacitance.  Monitoring the capacitance during formation and subsequent thinning of 

the membrane can aid in detecting BLM formation.  The equilibrium between the bulk 

lipid/solvent in the annulus and the BLM can take upwards of 1 h before reaching a steady state 

value.  Online methods have been developed for this purpose and will be described in the 

experimental sections.  Although solvent-containing membranes may not be considered as true 

cell membrane mimics, if enough time is allowed for thinning, solvent-free capacitance values 

can be attained.  In this dissertation, all BLMs are formed with n-decane for comparative 

purposes and enough time is allotted for the membrane capacitance to reach a steady-state value 

before subsequent experiments are initiated. 

2.1.3.   Cellular Trafficking and Membrane Rafts 

In addition to developing methods for studying the properties of BLMs and 

characterizing their electrical properties, the use of conductance as a method for the detection of 

domain formation will be introduced in this chapter.  Singer and Nicholson‟s fluid mosaic model 

for biological membranes hypothesized that the membrane serves as a structural support for MPs 

interacting with the lipids closely within the bilayer.
284

  Since the fluid mosaic model was 

proposed, more detail on the interplay between lipids and MPs has been elucidated, viewing the 

membrane as a much more complex entity rather than a simple scaffold for MPs and an 

impermeable barrier between compartments.  Lipids rafts are one particularly interesting area in 
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which membranes have been studied in vivo and in vitro (artificial membranes) for their 

biological implications. 
217,285-286

   

Lipid rafts were first proposed in the late 1980s describing the biological association of 

certain lipid types in vivo as a theory for lipid sorting and trafficking of proteins to a region and 

cellular function.
287

  Since the original lipid raft hypothesis, a more thorough understanding of 

their biological importance in signal transduction pathways has been gathered.
288-290

  Model 

membranes have been used to study raft-like lipid domains in a more isolated manner.
291

  The 

ability to control the composition of artificial lipid membranes allows for a systematic approach 

to understanding these biologically important phenomena.   

The cell membrane is composed exoplasmic and cytoplasmic leaflets which have 

different compositions.  Additionally, intermolecular interactions in each leaflet are composed of 

both short and long range interactions resulting in the formation of rafts or domains.  These 

domains, typically enriched in sphingolipid and cholesterol, have implications in cellular 

trafficking and are studied widely in model and biological systems.
288

 

Experiments suggesting the co-localization of MPs into rafts during certain stages of a 

cell cycle increase the likelihood of interaction.  In the case of signal transduction, this improves 

the efficiency of propagation of a cellular signal.
292

  Lipids can exist in both the fluid (Lα) and gel 

(Lβ) phase under physiological conditions with varying degrees of intermolecular interactions 

within a phase-segregated membrane.  Additionally, the lipid membrane is a highly dynamic 

environment with a constantly changing composition.  Domain formation occurs due to the 

difference in interactions between components minimizing the membrane energetics. 
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In this chapter, methods for studying the electrical properties of bilayers will be 

developed and used study a wide array of non-polymerizable lipid compositions.  First, a system 

will be established for the characterization of BLMs.  Previously, Whiteet al.
293

 utilized glass 

nanopore electrodes modified with 3-cyanopropyldimethylchlorosilane to support the formation 

of BLMs.  This modification strategy will be employed using glass pipettes having larger, 

micron-scale apertures.  This allows for testing a large number of apertures and BLMs, especially 

for later work testing long-term stability of polymerizable lipids (Chapter 3-6).   

The lipids tested in this chapter range from diphytanoyl phosphocholine (DPhPC), a 

widely used lipid for BLMs, to much more complex ternary, domain forming systems.  DPhPC 

was chosen as a standard lipid to which comparisons of polymerizable lipids will be made.  

Methods to determine conductance and capacitance (both online and offline) will be highlighted 

along with dielectric breakdown voltages (which will be used in later chapters).  Finally, in the 

last section of this chapter, the use of conductance to detect the presence of non-ideal lipid mixing 

and domain formation will be shown.  Additionally, data showing that capacitance values follow 

ideal behavior independent of phase separation will be presented.  This method is a novel 

approach for studying phase segregated systems. 

2.2. Experimental 

2.2.1.   Fabrication of Pipettes 

Pipettes were fabricated using borosilicate capillaries (Sutter Instruments or WPI) with 

O.D. and I.D of 1.5 and 1.0 mm.  Pipettes were pulled to a sharp tip using a micropipet puller 

(Sutter Instruments, Model P-97) using the following pulling program: Step 1, Heat = 555, Pull = 

150, Vel = 100, Time = 150.  Each pipette is then broken to an opening of ca. 200 μm and fire 
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polished using a microforge (Narshige, Model MP-900) to obtain an aperture with a diameter 

ranging between 3-100 µm.  Fire polishing was performed by bringing the pulled, broken pipet 

perpendicular to the glass bead on the microforge and applying a current, heating the bead while 

monitoring the pipet tip for desired size.  Desired aperture diameters were achieved by fire 

polishing while monitoring the process optically.   

Following pipet pulling and polishing to the desired aperture size, pipettes were modified 

to give a moderately hydrophobic surface as previously shown.
22

  Pipettes were rinsed with 0.1 M 

HNO3 for 30 min followed by H2O, ethanol, and acetonitrile. Rinsing of pipettes was achieved 

using a capillary with an I.D. of 100 µm attached to a syringe via a capillary connector.  

Following washing, pipettes were then filled with 2% (v/v) 3-cyanopropyldimethylchlorosilane 

(Alfter-Aesar) in acetonitrile and stored for 12 h, then rinsed with acetonitrile, ethanol, and water 

to remove excess silane reagent, then air dried for storage until use. 

2.2.2.   Preparation of Lipids   

1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC), 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dierucoyl-

sn-glycero-3-phosphocholine (DEPC), 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), 1,2-

dimyristoyl-sn-glycero-3-phosphocholine (DMPC), L-α-lysophosphatidylcholine (EggPC), 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rho-DPPE)  

and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) were all acquired from Avanti 

Polar Lipids, Inc. (Alabaster, AL) in chloroform.  Cholesterol (Sigma) was received and diluted 

to a concentration of 2 mg/mL in chloroform.  All lipid structures are shown in Figure 2.2. 
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Figure 2.2.  Lipid structures and membrane components used in chapter 2.  (A) DPhPC, (B) DLPC, (C) DMPC, (D) DPPC, (E) 

Rhodamine-DPPC, (F) DEPC, (G) POPC, (H) DOPC, (I) DOPE, and (J) cholesterol. 
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All lipids were added at desired amounts into glass vials, dried under a stream of Ar, and 

lyophilized for a minimum of 4 hr and maximum of overnight.  When mixtures were made for 

analysis, lipid components were added and dried together.  

2.2.3.   Vesicle Fusion on CN-Modified Substrates 

To verify that the modification of substrates with 3-cyanopropyldimethylchlorosilane 

resulted in formation of a lipid monolayer on the surface of a modified pipet, as compared to a 

bilayer on unmodified substrates, experiments were performed using unmodified and modified 

glass slides.  Modification of glass slides was performed under the same conditions as pipettes 

were. 

Phosphate buffered saline, pH 7.4 (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4O, 2 mM KH2PO4O) was prepared in deionized (DI) water (18 MΩ•cm) and filtered 

through a 0.2 µm pore-size filter prior to use.  For vesicle fusion onto planar substrates, lipid was 

resuspended into PBS at a final concentration of 1 mg/mL and sonicated to clarity.  Substrates for 

vesicle fusion were prepared by adhering a Teflon o-ring onto the surface using Sylgard 184 and 

cured under UV irradiation overnight.  50 μL of vesicles composed of 2 mol % Rho-DPPC in 

DOPC were added to Teflon wells with 200 μL PBS, and allowed to fuse for 30 min.  The wells 

were carefully washed to remove unfused vesicles by adding 200 μL of PBS (total volume 450 

μL) and removing 200 μL for a minimum of 20 exchanges.  (Note: Never remove all solution and 

uncover bilayer, always leave 100-200 μL of PBS in wells.) 

Fluorescence images were acquired using Nikon Eclipse TE300 inverted epifluorescence 

microscope with a 540/25 excitation filter and 620/60 emission filter for rhodamine.  Images were 
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collected using a Cascade 650 front illuminated CCD camera or MicroMAX 512BFT back 

illuminated CCD camera (Roper Scientific, Tucson, AZ). MetaVue software (Universal Imaging, 

Downingtown, PA) was used to capture images and Image J was used to analyze all images.  

2.2.4.   Instrumental Set-Up 

All characterization of BLMs was performed using a HEKA Electronik EPC-8 patch 

clamp amplifier configured with an ITC-16 A/D converter controlled with HEKA Pulse data 

acquisition software (v. 8.53).  The headstage of the patch clamp amplifier is attached a pipet 

holder containing an Ag/AgCl electrode.  The modified pipet can be placed on the pipet holder 

with the electrode inside the pipet.  The pipet is then immersed into a bath solution that is 

connected to a reference electrode via an agar salt bridge.   The general set-up of the apparatus is 

shown in Figure 2.3.   
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Figure 2.3  Apparatus for BLM characterization.  A pipet, with a Ag/AgCl electrode placed 

inside the pipet, is immersed into a bath solution.  The ground electrode is connected to the bath 

solution via a salt bridge and both electrodes are coupled into the headstage.  The amplifier 

converts the measure current to a voltage which is digitized using an A/D board controlled by the 

computer. 

 

The salt bridge was prepared using glass tubing filled with 2% agarose gel.  To prepare 

the gel, use 3 M KCl dissolved agarose, heat slowly in a microwave and avoiding heavy boiling.  

When the solution is clear and gently boiling, remove and allowed to cool slightly before adding 

to the glass tube.  (Note: Do not cool below 45 °C before pouring or the agar will solidify.  In 

general, wait until the vial used to heat the gel solution is cool enough to handle by hand.)  Salt 

bridges should be stored in fresh 3 M KCl when not in use. 
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The Ag/AgCl electrode was prepared by soldering a silver wire (d = 250 µm) to a brass 

pin of the BNC connecter on the pipet holder.  The electrode was coated with a silver chloride 

layer by placing the Ag wire in bleach (Chlorox) for 30 – 60 s until a gray film (AgCl) is evenly 

deposited.  For low noise recordings, the chloriding should be performed daily.  At least weekly, 

the AgCl layer should be removed by gently using sandpaper (fine grit) followed by recoating 

using bleach.  As necessary, salt buildup was removed from the pipet holder by disassembling the 

holder and washing / sonicating the plastic portions in deionized (D.I.) water, dried, and 

reassembled. 

The bath in which the pipet is immersed is prepared by gluing a Teflon O-ring with 

Sylgard 184 to a glass coverslip.  The approximate volume of bath is 500 – 700 µL.  Each bath 

can be washed with D.I. water and reused, but for best results, it should be replaced between 

experiments to eliminate excess lipid, etc.  Additionally, long experiments should involve change 

of the solution to avoid evaporation and consequent changes in the effective concentrations of salt 

due to the small volumes (ca. 500 µL) used. 

 

2.2.5.   Formation and Characterization of BLMs 

Dried lipids were dissolved into n-decane (Alfa-Aesar).  A small amount (ca. 3 µL) of 

lipid solution was applied to the surface of the 3-cyanopropyldimethylchlorosilane modified pipet 

tip and allowed to dry.  The pipet was backfilled with recording solution using similar procedure 

as described in the modification procedure, making sure that no air bubbles were present in the 

pipet (bubbles create highly resistive blockages).  For all BLM characterizations, 0.1 M KCl, 5 

mM HEPES, pH 7.5 was used as recording solution unless otherwise noted.   The pipet was then 

placed onto the pipet holder and tip was immersed into the bath solution while monitoring the 
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resistance using HEKA Pulsefit software.  Following immersion, ca. 3 µL of 10 mg/mL lipid 

solution was applied to aperture.  Resistance was monitored by applying a 5 mV square pulse and 

measuring the current from which the resistance is calculated and displayed.   

Initially, the gain should be set at a low value (i.e. 0.005 mV/pA).  If no bilayer or 

lipid/solvent plug is present on the pipet tip, a low resistance (values dependent on aperture 

diameter but are commonly in the 10-100 kΩ range) is observed.  The output will appear similar 

to the input, a square function.  If the gain is too high with no bilayer, the output will be off scale.  

If a bilayer or lipid-solvent plug / clog is present, a high resistance should be noted.  The gain can  

be increased  to greater than 1 mV/pA with high resistance values. 

Next, the bilayer formation process was monitored online by monitoring the capacitance.  

This is done by applying a 10 mV/ 10 ms pulse with the output in current equal to the 

capacitance.  (A full explanation is given in results and discussion.)  Acceptable ranges of 

capacitance are 0.4 – 1.0 µF / cm
2
.  By measuring the diameter of the aperture prior to the 

experiment, the increase in capacitance due to the thinning of the bilayer can be monitored over 

time (examples shown in results and discussion).  If the bilayer does not meet the acceptable 

range, a pipet can be dragged across the tip to speed the thinning process.  When dragging doesn‟t 

work, a pressure can be applied to pipet to attempt to dislodge the clog.  The resistance should 

return to an open pipet value, but if it doesn‟t, remove the pipet and flush with recording solution 

and repeat the BLM formation process.  Some pipettes do not allow for the successful formation 

of bilayers or have a low success rate of bilayer formation.  If after three attempts, no bilayers are 

formed, discard the pipet. 
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Additional tests can be used to probe the formation of BLMs.  Conductance values, 

although highly variable from pipet to pipet, can be used to determine whether a clog is present.  

Current versus voltage measurements were obtained by holding the potential at 0 mV and 

stepping the potential from -100 to +100 mV in 10 mV increments at 50 ms intervals. Signals 

were acquired at 2 kHz, filtered at 500 Hz, and the average values determined for each step 

(Figure 2.9). Conductances of BLMs were calculated based on the slope of the i-V curves.  BLM 

formation was further verified by applying a 1 V potential across the pipette and observing 

rupture of the BLM as indicated by a return (decrease) to open pipette resistance. The BLM was 

then easily reformed by dragging a clean tip across the pipette.  The criteria for verification of 

BLM formation will be discussed further in the results and discussion. 

2.3. Results and Discussion 

2.3.1.   Fabrication of Pipettes 

The procedure for pulling, breaking, and polishing pipettes was described above.  For 

illustrative purposes, images of each of step can be found in Figure 2.4.  After a glass capillary is 

pulled, the pipet is typically long, thin, and fragile (Figure 2.4A).  Initial trials were done using 

pipettes broken near the very end, polished, and modified, but most tips broke during 

modification and storage.  The pipet was then broken at a thicker section of the pipet which 

improved stability (Figure 2.4B).  For efficient fire polishing of a broken tip, the diameter must 

be smaller than that of the glass bead. 

When a region for breaking is chosen, the pedal controlling the current on the microforge 

is depressed, heating the glass bead.  The pipet is lowered onto the heated glass bead and the 

current stopped immediately upon contact.  Upon cooling, the pipet fractures as shown in Figure 
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2.4C.  The tip is removed from the glass bead, and heated to a smooth glass bead if necessary.)  

The broken pipet is then brought perpendicular to glass bead (Figure 2.4D) and heated, slowly 

bringing the pipet close to the glass bead and fire polishing (Figure 2.4E).  A completed pipet is 

shown in Figure 2.4F with an aperture diameter of ~20-30 μm.  Pipet diameters between 3-100 

μm can be fabricated depending on the duration of fire polishing. 

Some precautions should be taken during the pipet fabrication.  First, upon bringing the 

pipet in contact with the glass bead to break it to an appropriate diameter, applying too high of 

current can result in bending of the pipette or complete fusion of the pipet and glass bead.  Close 

control and practice is needed.  Second, if an uneven break occurs upon breaking, discard the 

pipet.  Fire polishing will result in asymmetric pipettes and in the authors experience, don't yield 

much success for the formation of bilayers.   

Finally, a number of variables determine the success or failure of the pipettes in 

formation of a BLM.  If the pipet diameter is too large (> 75-100 µm) or too small (< 10 µm) 

difficulties are encountered.  For larger diameters, the recording solution is at a greater height 

than the bath solution creating a hydrostatic pressure across the BLM.  This hydrostatic pressure 

results in shorter BLM lifetimes and loss of solution from the pipet.  Small diameters result in 

smaller membrane areas and since capacitance values scale with membrane area, the values are 

out of range for the instrumental set-up.  This makes it difficult to monitor and verify the 

formation of BLMs.  Additionally, spreading of the annulus with solvent across the entire 

aperture is possible.  Experiments utilizing the application of pressure via a syringe while 

monitored using a sphygmomanometer (removed from a blood pressure cuff) were successful in 

insertion of ICs into BLMs suspended across apertures down to ca. 1 µm, but current readings 
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were unstable (data not shown.)  20-30 μm was the common diameter of choice for the 

experiments described here.    
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Figure 2.4.  Images of pipet fabrication process.  (A) Pipet following pulling process. (B) The 

pipet is brought to near where the break will be made, at a distance from the fragile, thin end, for 

improved stability of the pipet. (C) Current is passed through the platinum wire, heating the glass 

bead, with the pipet brought into contact with the glass bead quickly followed by removal of 

current, cooling the pipet.  Fracture soon follows.  (D) The pipet is brought perpendicular to glass 

bead, (E) and heated slowly and fire polishing until, (F) the final pipet aperture diameter is 

achieved.  
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Figure 2.5.  SEM micrographs of pipet apertures.  (A), (B), and (C) are at different 

magnification levels.  (D), (E), and (F) are cross sections of the pipet showing the edge of the 

pipet.  (Micrographs courtesy of Boying Liang) 

 

SEM micrographs were acquired for an unmodified pipet to attempt to observe the 

morphology of the aperture and also to try to obtain a cross-section of the aperture to determine 

the thickness of the edge of the aperture.  Micrographs in Figure 2.5A, B, and C show an aperture 

at different magnifications for a pipet of ca. 20 µm in diameter.  The images show a smooth, 

round aperture following the fire polishing process.  Additionally, the pipettes were sectioned 

near the aperture to visualize the edge thickness.  Figures 2.5D and E have regions of interest 

highlighted for the image found in 2.5E and F, respectively.  At the bottom of the region of 

interest is the edge of the aperture with a thickness of less than 20 µm (Figure 2.5F).    
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2.3.2.   Vesicle Fusion on Modified Glass Slides 

SUVs composed of 2% (mole) Rho-DPPE in DOPC were fused to unmodified and 3-

cyanopropyldimethylchlorosilane modified slides.  Epi-fluorescence images were acquired 

following scratching of lipid films using a razor blade (Figure 2.6). 

 

 

Figure 2.6.  Vesicle fusion on cyano-modified slide.  Epi-fluorescence images of 2% Rho-

DPPE doped DOPC vesicles fused on (A) unmodified glass and (B) modified glass.  Line scans 

are shown perpendicular to the scratch below each image.  (C)  Normalized fluorescence 

intensities over the entire surface. 

 

An overall lower intensity is measured on the cyano-modified surface compared to the 

unmodified substrate.  This decrease in fluorescence of ca. 50% for the 3-

cyanopropydimethylchlorosilane-modified surface suggests that the fluorophore surface coverage 

is only 50% of that on bare glass.  This can be explained by presence of a lipid monolayer on the 
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cyano-modified surface.  Line scans across the scratch show the intensity profiles (Figure 2A and 

B).  For an unmodified substrate, an average intensity of ca. 135 is noted with a background of ca. 

75 in the scratch region.  Bare glass has long been used for the formation of supported lipid 

bilayers.  Compared to an average intensity of ca. 105 with a background of ca. 75 for cyano-

modified substrates, this suggests that the modified substrates support a monolayer.  Additionally, 

background corrected fluorescence intensities showed that modified substrates exhibited half the 

intensity of unmodified substrates (Figure 2.6C).  This is in agreement with the hydrophobic 

nature of cyano-modified substrates and with previously published results.
22

  The acyl chains of 

the lipid interact with the hydrophobic surface.  A cartoon illustrating the geometry and 

arrangement of lipid monolayers on the surface with formation of a BLM suspended across the 

aperture is shown in Figure 2.7. 
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Figure 2.7.   Schematic of pipet modification.  Image of a pulled, polished, pipet after 

modification with 3-cyanopropyldimethylchlorosilane (structure shown).  Pipet glass is modified 

with monolayer of silane given a hydrophobic surface for the deposition of a lipid monolayer. 

  

2.3.3.   Formation and Characterization of BLMs 

In this section, the theory, methods, representative samples, and results for the 

characterization of non-polymerizable lipids will be presented.  Table 2.1 summarizes the lipids 

tested in the chapter with properties important to the study including the main phase transition 

temperature of the membrane and lipid tail composition. 
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Table 2.1.  Lipid acyl chain and main phase transition temperatures. 

Lipid Type Acyl Chain 1
a
 Acyl Chain 2

a
 Tm (°C)

b
 

DPhPC 4 Me 16:0 4 Me 16:0 N/A 

DOPC 18:1 cis 18:1 cis -20 

DEPC 18:1 trans 18:1 trans 12 

DPPC 16:0 16:0 41 

DLPC 12:0 12:0 -1 

DMPC 14:0 14:0 23 

POPC 16:0 18:1 trans -9 

Rho-DPPE 18:1 cis 18:1 cis -16 

a – Acyl chains are labeled as number of carbons and degree of unsaturation. 

b – Tm is the main phase transitions observed. 

c – All values are from Ref. 
294

 

d – 4 Me represent methylated acyl chains. 

 

Figure 2.8 illustrates the online method for monitoring capacitance of a representative 

BLM.  Repeating 10 mV saw tooth pulses of 20 ms in duration are, at a rate of 10 mV/ 10 ms, 

equivalent to 1 V/s are applied (Figure 2.8A) while monitoring the current output (Figure 2.8B).  

Figures 2.8A and B show the 10 pulses present in one screen using the software.  The output 

shows that on the upward rise in the function, a decrease in current from the baseline is observed 

(baseline is shown as a dashed line).  The return of the pulse to baseline results in a positive 

current.  Single pulses and the output are shown more clearly in Figure 2.8C and D, respectively.  

The negative or positive current upon rise or fall in the saw tooth function is used to determine 

the capacitance.    Capacitance (C) is defined as: 

  
 

 
       (Eq. 2.2) 

where q is the charge and V is the applied voltage.  By differentiating with respect to time, the 

relationship is  

  

  
     

  

  
     (Eq. 2.3) 
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with i defined as current.  Since dV/dt in this case is 1 V/s, i is equal to C.   

In the sample shown in Figure 2.8, a pipet with an aperture of 30 µm is used, resulting in 

a specific capacitance (capacitance normalized for membrane area) of 0.71 µF/cm
2
.  Although the 

true membrane area is not equal to the aperture area, this method still offers a quantitative 

comparison between lipid compositions using similar or identical pipettes and a method for 

tracking BLM formation.  Upon initial addition of lipid/solvent plug, extremely low currents are 

observed.  Thinning increases the capacitance to values that can be measured until reaching a 

steady value meeting accepted range for BLMs.
16

   

 

Figure 2.8.  Online method for capacitance measurements.  (A) Input for probing the online 

capacitance.  (B) Representative output of a BLM.  (C)  Single saw tooth function used for input.  

(D) Single output of a BLM. 
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Conductance measurements are performed by applying successive pulses while 

monitoring the current output.  The input (shown in Figure 2.9A) is a potential held at 0 mV for 

10 ms followed with a pulse of 50 ms at -100 mV before returning to 0 mV for 10 ms.  This 

sweep is followed by 20 sweeps, increasing the potential by 10 mV for each sweep ending at 

+100 mV.   

A representative conductance measurement is shown in Figure 2.9B (only sweeps at V = 

-100, -50, 0, 50 and 100 mV are shown for clarity).  From this output, an initial capacitive 

buildup of current is noted resulting from the buildup of charge at the interface slowly followed 

by the decay to a steady-state level.  The mean of the current is measured for a voltage between 

30 and 50 ms after initiation of the pulse.  The mean currents are plotted versus the applied 

potential and are referred to as i-V curves.  A representative i-V curve is shown in Figure 2.9C.  

The slope of a linear fit for the i-V curve is the conductance (G) of the BLM, which is the inverse 

of the resistance (R).  (Conductance is measured in siemens (S) while resistance is measured in 

Ohms (Ω).)  The representative example plotted in Figure 2.9C has a G of 6.47 pS. 

Here it should be noted that all conductance values were determined for voltages between 

-100 and +100 mV for two reasons.  First, ohmic (linear) responses were measured over this 

range for all bilayers tested.   At voltages between 100 and 400 mV, BLMs became non-ohmic in 

response to increasing voltages.  Secondly, when BLMs are used to study ICs, applicable ranges 

of applied potential typically do not exceed ±100 mV. 
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Figure 2.9.  Conductance measurement of BLMs.  (A)  Input used for determination of 

conductance of BLMs, (B) output recorded, and (C) iV curve generated from output.  

  



                         125 

 
Since the current passing through the BLM is dependent on the surface area and 

permeability per unit area, G and R are commonly normalized to the area of the membrane.  For 

our work, since we are characterizing the properties of a large number of previously 

uncharacterized lipid compositions, the area of the pipet aperture was used to normalize the data.  

Significant variations in specific conductance measurements occur when different diameters are 

used and with pipets of different aperture profiles.  In this dissertation, when reporting the 

conductance of BLMs, similar diameter pipets were chosen to avoid the variations in true 

membrane, the same pipet was cleaned and reused with different lipid compositions.  The major 

assumption is that the membrane area and annulus region of several BLMs of the same 

composition formed in subsequent experiments have comparable values of conductance (< 5% 

deviation).  In instances in which the same pipet was used, conductance values in pS are reported. 

Earlier, the online method for capacitance for monitoring BLM formation was described.  

The capacitance of a BLM can also be acquired and analyzed offline, typically with more 

accuracy.  This is done by the capacitive discharge method in which a pulse (Figure 2.10A) of 

100 mV is applied for 50 ms.  The subsequent current output is recorded showing decay of the 

charge at the interface of the bilayer (Figure 2.10B).  The capacitive decay upon charging and 

release of the applied potential was then analyzed using two methods:  

1.)  The area under the capacitive peak was integrated and corrected for applied voltage 

to obtain capacitance according to Equation 2.4 

     
  

  

  

   

   

 
 

 

 
       (Eq. 2.4) 
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where CBLM is the capacitance of the BLM, V is applied potential, and Q is the integrated charged 

under the capacitive decay from application of the potential (at t = 0) until a steady state current 

was obtained (t = x) 
280-281,295

. The total charge was determined from the Riemann sum of the data, 

and used to calculate the capacitance as Q/V. 

2.)  The RC time constant, τ, of the exponential decay is used to calculate capacitance 

using the calculated resistance of BLM (Figure 2.10C). 

     
 

    
      (Eq. 2.5) 

Briefly, for each voltage, the baseline current was determined from a least squares linear 

fit to the last 20 ms of the experiment. The current axis was normalized and τ was calculated as 

the time required for the current to decay to e
-1

 of its initial value.  

All capacitance measurements were corrected for the area of the pipet aperture. (Note: 

The terms capacitance and specific capacitance are used interchangeably here and below). A 

minimum of 20 BLMs was analyzed for each specific capacitance value reported below.  
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Figure 2.10.  Offline method for determining capacitance of BLMs.  (A) Input used for 

capacitance measurements with (B) output of pulse shown from ca. 10 ms to ca. 60 ms (inset 

shows entire output.)  (C)  Pulse showing the values used for determination of capacitance using 

the RC time constant.   
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Breakdown voltages of BLMs were acquired using an input similar to that used for the 

measurement of conductance.  Instead of stopping at +100 mV, the voltage was increased at +10 

mV increments up to +1 V (Figure 2.11A) for a total of 111 screens (-100 to +1000 mV at 10 mV 

increments).  (Figure 2.11A only shows pulses at intervals of 100 mV for clarity.) 

A representative sample of the breakdown voltage for a DPhPC BLM is shown in Figure 

2.11B.  Looking at the output, occasional increases in current are noted, likely arising due to 

partial rupture of the BLM followed by reformation.  Eventually, total failure of the BLM is noted 

by an irreversibly large current increase in the BLM.  The voltage at which this failure occurs is 

denoted as the breakdown voltage (VBR).  Additionally, an i-V curve can be generated in a similar 

manner to that acquired in conductance measurements.  At low potentials, linear i-V curves are 

still noted, similar to those acquired for conductance measurements, but at higher voltages, 

deviations from linearity are noted until a dramatic increase in current is observed, signifying 

failure (Figure 2.11C).    Alternative methods for the determination of VBR were investigated, but 

this methods was most reproducible. 
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Figure 2.11.  Breakdown voltages of BLMs.  (A) Input pulse used for determination of 

breakdown voltage (VBR) with (B) output and (C) i-V curve for a representative sample BLM of 

DPhPC. 
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Suspended lipid bilayer formation is highly susceptible to “clogging” or blockage of the 

aperture.  To successfully verify the presence of a bilayer suspended across a pipet, several 

criteria were used.  First, observation of a steady resistance between 10 and 50 GΩ, as monitored 

by periodic application of small square voltage pulse, was required.  In the presence of a clog, a 

high resistance fluctuating between 50-100 GΩ was observed. Second, the membrane capacitance 

was in the acceptable range known for bilayers, 0.3 - 1.0 μF/cm
2
.  If the capacitance value was 

outside of this range, it was statistically evaluated using a Student‟s t test (95% confidence level). 

Failing values were excluded from the data set.  Third, measureable breakdown voltages must be 

observed for inclusion in the data set.  For clogged apertures, no breakdown voltage was 

observed. Frequently the clog could be dislodged by application of pressure, returning the 

measured resistance to an open aperture value. 

A wide range of lipids and mixtures of lipids were tested in the span of this dissertation, 

with DPhPC serving as the "gold standard" lipid used for comparative purposes and 

troubleshooting of problems with the system.  DPhPC is a unique lipid that is present in 

archaebacteria and contains ether linked phospholipids with phytanyl chains.    The phytanoyl 

chains contain isoprenoid-like tails, which are highly methylated.  The structure and high steric 

constraints in the methylated chains likely account for the absence of a gel to liquid phase 

transition from -80 to + 80 °C, resulting in a highly fluid bilayer.  Due to their high fluidity, 

phytanyl-containing glycerophospholipids are commonly used in suspended lipid bilayer 

geometries.
19-26

  

A representative i-V curve is shown in Figure 2.12 for DPhPC and for a bare pipet.  For 

comparison, all BLM data were reported for 20 µm apertures.  In the case of DPhPC, DLPC, 
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DMPC, DEPC, and EggPC, multiple pipettes were used.  For later experiments, size and number 

of pipettes used for each experiment will be given. 

 

Figure 2.12.  i-V Curve of DPhPC.  A representative sample of an i-V curve acquired for a 

BLM formed from (A) DPhPC and open pipet.  (B) DPhPC.  (Note: Current scales are different 

in the plots.) 
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DLPC, DMPC, and DPPC are symmetric lipids (containing the same acyl chain in both 

positions) with chain lengths of 12, 14, and 16 carbons, respectively.  All three lipids are 

saturated with observable main phase transition temperatures of  -1, 23, an 41°C, respectively.  

All of the BLM measurements were acquired at room temperature (22 ± 2 °C).  At this 

temperature, DLPC and DPPC are found in the liquid crystalline (Lα) and gel phases (Lβ), 

respectively.  DMPC on the other hand is likely present in a ripple phase. 

The i-V curves shown in Figure 2.13 were measured for BLMs of the three lipids.  DLPC 

has the largest conductance which is possibly due to the short chain lengths in combination with 

the presence of the lipid in the Lα phase likely reduces the dielectric thickness of the membrane 

creating a shorter distance necessary for ionic permeation in comparison to Lβ phases.   

Surprisingly, the conductance of DMPC was low.  Studies of the permeability of bilayers 

near their phase transition show significant increases compared to values in Lα or Lβ phases which 

can likely explain the conductance.  The proximity of the experimental temperature to the Tm of 

the lipid does not to seem to ultimately affect the permeability of the bilayer (Figure 2.13B).  

Studies have shown that at 25°C, the permeability of DMPC is at a maximum.
296

  At the 

experimental temperature, 22±1°C, permeability was shown to be ca. 0.1 of the maximum 

permeability. 

DPPC exhibits comparable conductance values to DMPC.  The low conductance of a 

bilayer in the Lβ phase is one reason for low ionic permeation.  Additionally, the longer acyl 

chains create a large energetic barrier to translocation of ions.  Tetraethyl ammonium ions were 

used previously to study the effect of chain length on permeation at various temperatures.
297

  

DLPC, DPPC, and DBPC (containing 22 carbon length saturated acyl chains) were studied.  Near 
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room temperature (25°C), DLPC had a significantly higher apparent transfer coefficient in 

monolayers.  Similarly, DBPC exhibited significantly lower permeation. 

 

Figure 2.13.  Effect of acyl chain length on conductance.  i-V curves of BLMs composed of 

(A) DLPC, DMPC, and DPPC.  (B) iV curves excluding DLPC. 
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Figure 2.14.  Effect of cis vs trans double bond on conductance.  i-V curves of DOPC and 

DEPC BLMs. 

 

The effect of cis versus trans conjugation on conductance was tested using DEPC and 

DOPC (Figure 2.14).  DOPC and DEPC both contain 18 carbon acyl chains with a single double 

bond present between the ninth and tenth carbons.  DEPC and DOPC have trans and cis bonds, 

respectively.  DEPC has a larger conductance in comparison to DOPC.  Investigations of DOPC 

and DEPC membranes have shown that the water penetration, as measured by ESR, is less in 

DOPC than DEPC.
298

  The decrease in water permeation suggests that for DOPC, the formation 

of transient pores must overcome a greater energy barrier than for DEPC.  The conductance 

measurements correlate well with these findings. 
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The conductance of the series of non-polymerizable lipids tested is plotted in Figure 2.15.  

All conductance values were normalized to DPhPC.  DPPC and DLPC exhibited the highest and 

lowest conductance, respectively. 
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Figure 2.15.  Normalized conductance values of non-polymerizable lipids.  All lipids tested 

were plotted for comparison.  Values were normalized to DPhPC conductance values.  Lower 

conductance values were plotted in the inset for clarity. 
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Capacitance values were calculated for all lipids tested and are listed in Table 2.2, along 

with literature data.  Comparisons show that experimental and reported literature values match 

well.  These values validate the methods and system utilized in the characterization of BLMs. 

 

Table 2.2.  Capacitance values of non-polymerizable lipids. 

Lipid Type CExp’t (µF/cm
2
) CLiterature (µF/cm

2
)  Tm (°C) 

DPhPC 0.54 ± 0.01 0.536
281

 N/A 

DOPC 0.85 ± 0.02 0.721
299

 -20 

DEPC 0.48 ± 0.04  0.525
281

 12 

DPPC 0.54 ± 0.02 0.500
300

 41 

DLPC 0.85 ± 0.02 N/A -1 

DMPC 0.60 ± 0.03 N/A 23 

POPC 0.50 ± 0.01 0.510
280

 -9 

Egg-PC 0.62 ± 0.03 0.659
281

 N/A 

 

2.3.4.   Characterization of Cholesterol Doped BLMs 

The effects of cholesterol on the permeability of bilayers have been widely studied 

showing that at increased cholesterol concentrations, the permeability of the membranes is 

decreased.
238,301-302

  To investigate this topic, the cholesterol content in DPhPC was varied from 

mole fraction of cholesterol (χChol) of 0.0 to 0.4 (Figure 2.16). 
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Figure 2.16.  Effect of cholesterol in DPhPC BLMs on conductance.  Conductance of varying 

concentrations of cholesterol in DPhPC were tested to study cholesterol‟s effect on conductance.   

 

At χChol between 0.05 and 0.20, the BLM conductance decreases until χChol of 0.2, where 

the conductance reaches a steady value as the cholesterol content increases.  These findings agree 

well with the previously reported decreases in permeability upon addition of cholesterol.  The 

addition of cholesterol is known to increase rigidity and decrease permeability in bilayers.
99,103,301

  

Addition of cholesterol to a fluid BLM, such as DPhPC, reduces the rate of transient pore 

formation, decreasing conductance values. 
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2.3.5.   Characterization of Domain Forming BLMs 

2.3.5.a.  Pure Components 

i-V plots obtained for BLMs composed of pure DPPC or pure DOPC are shown in Figure 

2.17B and C, respectively.  Conductance values for DPPC and DOPC were determined to be 23 ± 

6 pS and 130 ± 10 pS, respectively.   Though conductance values for BLMs composed of these 

lipids have not been reported for the concentration of electrolyte used in these experiments, and 

conductance values vary considerably with the aperture material and diameter, the measured 

values are within expected ranges for BLMs.
191
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Figure 2.17.  Conductance of single component DOPC and DPPC BLMs.  (A) Conductance 

of DPPC BLM measured by applying a series of square pulses (dashed lines) while monitoring 

current as a function of time (solid lines).  Averaged values of current plotted versus applied 

potential for (B) DPPC and (C) DOPC. 
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The main phase transition temperatures (Tm) of DPPC and DOPC are 41 °C and –

20 °C, respectively. Thus DOPC is in the Lα phase and DPPC is in the Lβ phase at the 

measurement temperature of 23 ˚C.
303

  The lower conductance of DPPC BLMs likely 

arises from the more ordered, rigid bilayer structure which reduces transient pore 

formation and thereby minimizes conductive pathways
304

  Ion transport across 

membranes by non-mediated processes is proposed to occur by one of two mechanisms:  

a) partitioning from the aqueous phase into the non-polar bilayer lamella and then from 

the lamella to the aqueous phase, or b) passive transport through transient, water-filled 

pores formed due to membrane defects.
305-306

  The latter mechanism likely accounts for 

the greater conductance of DOPC measured here. The energy required for transient pore 

formation can be represented by a simple elastic model that relates the energy to the 

surface and line tension of the pores.
307

  Less energy is required to generate transient 

pores in a lipid phase with a lower degree of molecular order (Lα) relative to a more 

ordered phase (Lβ). The frequency of transient pore formation should therefore be higher 

in a fluid, disordered BLM composed of DOPC.
308  

Representative plots of the capacitive decay for pure DPPC and DOPC BLMs are 

shown in Figures 2.18B and 2.18C, respectively.  Specific capacitance was calculated 

from the RC time constant and integration of the capacitive peak area.  Capacitance 

values calculated using each approach were statistically indistinguishable thus only the 

values calculated based on the RC time constant are reported.  The values for the BLMs 

composed of pure DPPC and DOPC were 0.54 ± 0.02 μF/cm
2 

and 0.85 ± 0.02 μF/cm
2
, 
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respectively.  These value agree well with literature data: 0.5 μF/cm
2
 for DPPC 

300
 and 

0.721 μF/cm
2
 for DOPC.

299
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Figure 2.18.  Capacitance of single component DOPC and DPPC BLMs.  (A) 

Capacitance of DPPC BLM measured by applying a square pulse while monitoring 

current as a function of time.  Expanded view of (B) DPPC and (C) DOPC showing τ and 

0.37 iMAX. 
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The difference in capacitance between DOPC and DPPC BLMs can be ascribed to 

a difference in the thickness of the hydrophobic region of the bilayer.   The effective 

hydrocarbon thickness of a membrane can be estimated from Equation 2.6
191

: 

     
    

 
   (Eq. 2.6) 

where CBLM is the capacitance, ε0 is the permittivity of free space (8.854 x 10
-12

 F m
-1

), ε 

is the dielectric constant of the material, A is the area of the membrane, and d is the 

thickness. Using 2.1 as an estimate for the dielectric constant of hydrophobic region of 

the bilayer,
68

 the thicknesses of the hydrophobic regions of DOPC and DPPC were 

calculated to be 2.2 ± 0.1 nm and 3.4 ± 0.2 nm, respectively.  Hydrophobic thicknesses 

for DPPC bilayers have been reported between 3.0 and 3.7 nm, agreeing well with the 

experimentally determined values.
309-310

  A smaller dielectric thicknesses for DOPC is 

expected based on previously reported values for headgroup-to-headgroup thicknesses of 

3.7 nm for DOPC and 4.7 nm for DPPC.
13,311

    

2.3.5.b. Binary Mixtures 

Conductance and capacitance values measured for binary mixtures of DPPC and 

DOPC over the range of χDPPC = 0.00 to 1.00 are plotted in Figures 2.19A and B, 

respectively. This range includes mole ratios at which DOPC in the Lα phase and DPPC 

in the Lβ coexist, as well as ratios at which these lipids are miscible. At low mole 

fractions (χ < 0.20) of either DOPC or DPPC, only one phase that corresponds to that of 
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the major component is observed; i.e., for χDPPC ≥ 0.80, only Lβ exists and χDPPC ≤ 0.20, 

only Lα exists.
312

 This suggests that the minor component is evenly distributed in the 

membrane. In the range 0.20 ≤ χDPPC ≤ 0.80, Lβ and Lα phases coexist.
312

 The regions of 

single and coexisting phases are indicated in Figure 2.19 by labels and shading.
312
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Figure 2.19.  Electrical properties of binary DOPC and DPPC BLMs. (A) 

Conductance and (B) capacitance vs mole fraction of DPPC for binary mixtures of DOPC 

and DPPC.  The squares are the experimental values with error bars (± s.d.); the solid 

lines from χ = 0.00 to χ = 1.00 denote ideal mixing behavior.  Deviations from the ideal 

line are plotted for (C) conductance and (D) capacitance as a function of DPPC mole 

fraction.  Phases are labeled according to Keller et al.
312
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The solid line in Figure 2.19A that connect the points at χDPPC = 0.00 to χDPPC 

=1.00 represents the conductance behavior expected if ideal lipid mixing occurs (these 

lines are hereafter referred to as ideal lines). Negative deviations in the measured 

conductance relative to the ideal line are observed in the χDPPC range where Lβ/Lα 

coexistence is expected (Figure 2.19A). To further illustrate this behavior, the deviations 

from the ideal line are plotted in Figure 2.19C. It is clear that observations of non-ideal 

conductance correspond to mole ratios at which both phases are present, and that near-

ideal behavior corresponds to the existence of a single phase.  

The difference in the apparent areas of the Lα and Lβ phases in mixed membranes 

provides a possible explanation for the observation of negative conductance deviations. 

When DOPC and DPPC are mixed, the fraction of the total membrane surface area 

occupied by the DPPC-enriched phase is much less than χDPPC, even after accounting for 

the difference in the molecular areas of DPPC in the Lβ phase and DOPC in the Lα phase. 

This effect has been observed in both monolayers
313

 and bilayers
314

 (for example, see Fig. 

1C in 
314

). The likely origin of this difference is that DPPC molecules partition into 

disordered DOPC domains, but from an energetic perspective, DOPC molecules are less 

likely to insert into highly ordered DPPC domains. As a result, DOPC-rich domains and 

DPPC-rich domains grow and shrink in size, respectively, to a greater extent than 

indicated by their respective mole fractions and molecular areas. Returning to membrane 

conductance, the addition of DPPC to DOPC should increase conformational order in the 

DOPC-rich phase, reducing the frequency of transient pore formation and decreasing 
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solute permeability. In contrast, the conductance of the DPPC-rich phase should be close 

to that of the pure Lβ phase because it contains very little DOPC. This situation should 

produce negative deviations in the Lα /Lβ coexistence region, as observed here. These 

ideas are expanded upon below where the electrical properties of ternary membrane 

compositions are discussed. 

In contrast to the conductance data, the BLM capacitance measurements (Figure 

19B and D) resulted in nearly ideal behavior.  The experimental data follow the ideal line 

with only small deviations (< 2%). The capacitance of a lipid bilayer can be modeled as a 

pair of parallel plates separated by the hydrocarbon core.
31

  In the absence of a 

transmembrane voltage, symmetric potential profiles as a function of distance from each 

leaflet are present. Application of a transmembrane electric field produces an asymmetric 

potential profile with a buildup of opposite charges at each leaflet/solution interface. 

Under the influence of a high electric field, membrane defects cause formation of small 

pores, rather than a reordering of the hydrocarbon core (dielectric) thickness.
31,315

  Thus 

changes in the membrane capacitance should be minimal, as observed here. These data 

agree well with simulations.
316-317

 

2.3.5.c.          Ternary Mixtures 

The electrical properties of BLMs composed of ternary mixtures that are known 

to form coexisting liquid-ordered and liquid-disordered phases (denoted here as LO and 

Lα, respectively) were also examined.
303,318-319

  Ternary mixtures of DPPC, DOPC, and 

cholesterol were chosen because:  a) they have been widely studied using several 
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techniques;
303,314,320-321

  b) Lα/LO coexistence occurs over a large range of 

compositions;
303

 and c) binary mixtures of DOPC and DPPC have been characterized 

(above, as BLMs, and by other techniques 
303,313,322

).  Mixtures of 

DPPC/DOPC/cholesterol were prepared and analyzed over mole fractions ranging from 

χDPPC = 0.00 to χDPPC = 1 - χCHOL, where χCHOL = 0.20, 0.40, or 0.60. 

Conductance data for 0.20 χCHOL with χDPPC ranging from 0.00 to 0.80 are plotted 

in Figure 2.20A, with the deviations plotted in Figure 4B. In giant unilamellar vesicles 

(GUVs) prepared using this range of lipid compositions, Lα and LO phases coexist over 

the range of approximately 0.15 to 0.70 χDPPC.
303

 Positive deviations in conductance were 

measured at 0.20 and 0.40 χDPPC, suggesting that these deviations are correlated with 

Lα/LO coexistence. At 0.40 χCHOL (Figures 2.20C and 4D), positive deviations in 

conductance were observed at 0.30 and 0.40 χDPPC, and these compositions also 

correspond to Lα /LO coexistence in GUVs, which occurs between approximately 0.20 

and 0.55 χDPPC.
303

 At 0.60 χCHOL (Figures 2.20E and 4F), ideal mixing (no deviations) was 

observed which again agrees with data obtained for equivalent GUVs showing that only a 

single liquid phase occurs at relatively high cholesterol content.
303
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Figure 2.20.  Conductance values of ternary DOPC, DPPC, and cholesterol BLMs.  

Conductance of BLMs composed of DOPC/DPPC/Cholesterol mixtures, vs DPPC mole 

fraction, for (A) 20% cholesterol, (C) 40% cholesterol, and (E) 60% cholesterol. The 

squares are the experimental values with error bars (± s.d.); the solid lines from χDPPC = 

0.00 to χDPPC = 1.00 - χCHOL denote ideal mixing behavior.  Deviations from the ideal line 

are plotted for (B) 20% cholesterol, (D) 40% cholesterol, and (F) 60% cholesterol.  All 

phases are labeled according to Keller et al.
312
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The correlation between the presence of coexisting Lα and LO phases and positive 

deviations in conductance indicates that Lα /LO coexistence increases the frequency of 

transient pore formation, which increases the transmembrane ion flux. This behavior can 

be rationalized on the basis of the effects that cholesterol has on the properties of DOPC 

and DPPC:
323-326

 a) The addition of cholesterol decreases the conformational order of 

DPPC, relative to the pure Lβ phase. The associated decrease in the strength of 

intermolecular interactions results in an increase in the rate of lateral lipid diffusion and 

solute permeability. b) In contrast, cholesterol addition increases the conformational 

order and strength of intermolecular interactions in DOPC, relative to the pure Lα phase, 

and as a result, the lateral lipid diffusion and solute permeability decrease. 

Addition of an appropriate amount of cholesterol to a Lβ/Lα membrane composed 

of DPPC/DOPC creates a Lα phase that is enriched in DOPC and a LO phase that is 

enriched in DPPC and cholesterol.
303,314,318-319

 In other words, cholesterol exhibits a 

preference for saturated lipids,
319

 and this is reflected in the dynamic properties of these 

phases as measured by fluorescence correlation spectroscopy (FCS) on GUVs: The 

lateral diffusion coefficient in the LO phase is intermediate between those of the Lβ and 

Lα phases,
314

 and this order reflects the relative strength of intermolecular interactions in 

these phases.
314,319,323

 However, addition of cholesterol to DPPC/DOPC has a much more 

significant effect on lateral diffusion in the DPPC-enriched LO phase than the DOPC-

enriched Lα phase.
319

 These results provide an explanation for our observations: Due to 

cholesterol enrichment, the associated increase in conductance of the LO phase (relative 
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to the Lβ phase) is likely to be greater that the corresponding decrease in the conductance 

of the Lα phase (relative to the pure La phase). This situation would produce positive 

deviations in the Lα /LO coexistence region, as observed here. 

Similar experiments were performed to measure the specific capacitance of the 

ternary mixtures (Figure 2.21).  At all mole fractions of cholesterol examined, no 

significant deviations from ideal behavior are observed.  Previous studies have shown 

that there is no statistically significant difference in the capacitance of BLMs in the 

presence and absence of cholesterol,
302

 which is likely due to the orientation of 

cholesterol within the bilayer and the minor effects on the dielectric permittivity and 

thickness of the bilayer.   
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Figure 2.21.  Capacitance values of ternary DOPC, DPPC, and choelsterol BLMs.  

Capacitance of BLMs composed of DOPC/DPPC/Cholesterol mixtures, vs DPPC mole 

fraction, for (A) 20% cholesterol, (C) 40% cholesterol, and (E) 60% cholesterol. The 

squares are the experimental values with error bars (± s.d.); the solid lines from χDPPC = 

0.00 to χDPPC = 1.00 - χCHOL denote ideal mixing behavior.  Deviations from the ideal line 

are plotted for (B) 20% cholesterol, (D) 40% cholesterol, and (F) 60% cholesterol.  

Phases are labeled according to Keller et al.
312
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Next we compare BLMs composed of constant ratios of DOPC and DPPC at 

increasing χCHOL. The capacitance and conductance data are plotted in Figures 2.22B and 

C, respectively. No changes in capacitance occurred as a function of χCHOL, as expected. 

When pure DOPC was doped with increasing χCHOL, a monotonic decrease in BLM 

conductance was observed, whereas the opposite trend occurred for pure DPPC. The 

trends agree well with the effects of cholesterol on the conformational order, 

intermolecular interactions, lateral diffusion, and permeability described above.
323-326

 

However at low χCHOL in DPPC, a solid-ordered phase is present, followed by a region of 

solid-ordered/liquid-ordered coexistence, which then transitions to an LO phase near  

χCHOL = 0.20.
303,323,326

 The conductance of BLMs composed of these phases may differ 

but we did not collect data between χCHOL = 0 and 0.20 so electrical characterization of 

these compositions remains a subject for future studies. For 1:1 ratios of DOPC:DPPC at 

χCHOL = 0.0, Lβ and Lα phases coexist whereas LO and Lα coexisting phases are observed 

at 0.2 and 0.4 χCHOL.
303

 At 0.6 χCHOL, a single LO phase is present. Positive deviations 

occur at χCHOL = 0.2 and 0.4 (Figure 2.22B) from an ideal line (not shown) that extends 

from χCHOL from 0.0 to 0.6, which is consistent with the discussion presented above.  

Finally, we note that decane is a component of all BLMs for which data are 

reported in this paper, This component may affect BLM phase behavior, even if it is 

present in the membrane at low concentrations.
318

   However the correlation between our 

conductance deviation measurements and previous studies of immiscibility in these 

binary and ternary lipid mixtures suggests that the effect was not significant. 
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Figure 2.22.  Electrical properties of BLMs at fixed DOPC:DPPC ratios and varying 

χCHOL.  (A) Plots were constructed at equal ratios of DOPC and DPPC with increasing 

χCHOL.  Ratios of 0:1(■), 1:1(▲), and 1:0(●) DOPC:DPPC were analyzed.  (B) 

Capacitance and (C) conductance with varying ratio of cholesterol at 0:1(■), 1:1(▲), and 

1:0(●) DOPC:DPPC  
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2.4. Summary and Conclusions 

Methods for evaluation the conductance, capacitance, and dielectric breakdown voltages 

were developed here.   Comparisons of non-polymerizable lipids were made and observations 

were comparable to results shown for permeability studies in the past using different 

methodologies.  These finding suggest that the electrical properties of BLMs are a useful tool for 

characterizing membrane properties. 

In addition to development and establishing a system for characterization of BLMs, a 

label-free approach to monitor domain formation in BLMs based on their measured 

electrical properties was presented.  Positive deviations from ideal mixing behavior were 

observed for ternary lipid mixtures known to exhibit coexisting LO and Lα phases, 

whereas negative deviations were observed for binary mixtures that exhibit coexisting Lα 

and Lβ phases. In the former case, positive deviations occur because the cholesterol-

enriched LO phase is less ordered, more fluid, and more permeable than the pure Lβ 

phase. The negative deviations observed for binary mixtures are attributed to partitioning 

of DPPC into DOPC, which reduces the permeability of the DOPC-rich phase.  In 

contrast to conductance, the capacitance of BLMs composed of these mixtures followed 

ideal behavior, because differences in defect density and the frequency of transient pore 

formation that alter conductance do not measurably change the bilayer thickness or 

dielectric permittivity. 

To more clearly demonstrate the correlation of BLM conductance data with 

published data on phase separation, a ternary phase diagram was prepared using the 
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measured deviations from ideal conductance (Figure 2.23). Large positive deviations 

indicative of coexisting LO and Lα phases are observed for lipid compositions in which 

liquid-liquid immiscibility has been reported by Keller‟s group and others.
303,318,321,327

  A 

similar correspondence occurs for lipid compositions in which Lβ and Lα phases coexist, 

except in these cases, negative deviations are observed.  In miscible regions of the phase 

diagram, only slight deviations from ideal behavior are observed.  In summary, BLM 

conductance measurements provide a label-free method to detect phase separation in 

suspended planar lipid bilayers, and may be a useful tool to investigate the underlying 

mechanisms and the physiological relevance of domain formation.   
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Figure 2.23.  Ternary Phase Diagram by Conductance. Plot of deviations from ideal 

conductance for ternary DOPC, DPPC, and cholesterol mixtures. The white diamonds indicate 

the lipid compositions for which BLM conductance was measured. The measured values were 

interpolated to obtain a contour plot. The plot was constructed in Statistica 8.0 using the ternary 

contour plot function and the individual points were fit to full cubic functions. 
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3. ELECTRICAL PROPERTIES AND LONG-TERM STABILITY OF POLY(LIPID) 

BLMS 

3.1. Introduction 

Model membrane systems from synthetic and natural lipids have been used to study the 

properties of membranes and interactions of properties with the membrane.  Studies are limited 

by the weak assemblies of lipids bilayers.  The utilization of polymerizable lipids to stabilize 

membranes have been used as a strategy using several polymerizable moieties including acrylic, 

styrenic, acetylene, and dienoyl groups.
115

  In this chapter, the electrical properties, including 

capacitance, conductance, and dielectric breakdown voltage, were determined for BLMs 

composed of dienoyl containing polymerizable lipids (poly(lipids)) (mono-DenPC, bis-DenPC, 

mono-SorbPC, and bis-SorbPC) both prior to and following photopolymerization, with 

diphytanoyl phosphocholine (DPhPC) serving as a control. Poly(lipid) BLMs exhibited 

significantly longer lifetimes and increased the stability to air-water transfers.  BLM stability 

followed the order: bis-DenPC > mono-DenPC ≈ mono-SorbPC > bis-SorbPC.  Mixtures of 

polymerizable lipids were also tested to address the conductance values of mixed compositions 

BLMs.  Surface pressure - area isotherms of dienoyl containing lipid mixtures were examined in 

attempts to correlate monolayer phase separation with conductance measurements. 

3.2. Experimental 

3.2.1.   Lipid Prep, BLM Formation, and Characterization 

1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) in chloroform was purchased 

from Avanti Polar Lipids. Bis-dienoylphosphatidylcholine18,18 (bis-DenPC), bis-

sorbylphosphatidylcholine17,17 (bis-SorbPC), mono-dienoylphophatidylcholine18,16 (mono-
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DenPC), and mono-sorbylphosphatidylcholine17,16 (mono-SorbPC) 

328
 (Figure 3.1) were 

synthesized as previously described by Dorn et al.,
329

 Lamparski et al.,
330-331

 Liu,
332

 and 

Bondurant.
333

  Lipids were dried under Ar and residual solvents were removed under vacuum for 

a minimum 4 h.  Dried lipids were dispersed in n-decane to a final concentration of ~10 mg/ml. 

Prior to polymerization, all work with dienoyl lipids was performed under yellow light to 

minimize autopolymerization. 

 

 

Figure 3.1.  Structures of dienoyl containing poly(lipids).  The structures of (A) mono-SorbPC, 

(B) bis-SorbPC, (C) mono-DenPC, and (D) bis-DenPC. 

 

Electrical properties of BLMs were measured using a HEKA Electronik EPC-8 patch 

clamp amplifier configured with an ITC-16 A/D converter controlled with HEKA Pulse (v.8.53) 
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data acquisition software. Data recordings were processed using the HEKA PulseFit (v. 8.53) 

analysis software.  

For the characterization of BLM electrical properties, a single pipet with a ca. 20 μm 

aperture was used to minimize variations in the area of the bilayer and the adjacent annulus, 

providing for more reproducible measurements.  Full experimental procedure and 

characterization of methods are presented in Chapter 2.   

3.2.2.   Stability of BLMs 

3.2.2.a.   Long-Term Stability 

Long-term stability of unpolymerized and polymerized BLMs was investigated by 

monitoring conductance and capacitance changes as a function of time with the pipet immersed in 

recording buffer at room temperature. Measurements were made on a daily basis until BLM 

rupture was observed.  For BLMs having relatively short lifetimes (less than 5 hr), the electrical 

properties were monitored more frequently.  

3.2.2.b. Air-Water Stability 

Air-water stability of BLMs was tested by repeatedly passing the pipet across the air-

water interface.  Each transfer corresponds to two crossings of the air-water interface (emersion 

from and immersion into recording buffer). Conductance and capacitance was measured after 

each transfer until BLM rupture was observed.  Long-term and air-water stability studies were 

performed using several pipettes having an aperture diameter of ca. 20 µm. 

3.2.3.   UV Irradiation of BLMs 
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UV-vis absorbance measurements were performed to verify that the UV irradiation 

conditions described in the article were sufficient to convert nearly all lipid monomers in a BLM 

to polymer. However, due to the small amount of lipid in a BLM, these conditions could not be 

determined for a single BLM. Consequently experiments were performed using small unilamellar 

vesicles (SUVs) as described in previous papers.
334-335

  SUVs with a diameter of 100 nm
336

 

suspended in recording buffer were placed in the cis solution compartment of the experimental 

set-up used for IC recordings, and irradiated with UV light for up to 30 min (Fig. 1 in ref 2 

defines the cis and trans compartments). This optical geometry was identical to that used to 

irradiate BLMs.  Aliquots were removed periodically during the irradiation period and UV-vis 

spectra were measured.  Polymerization of BLMs was performed by irradiation with a UV pen 

lamp (UVP, Upland, CA, Model 90-0012-01) placed 5 centimeters from the pipet tip for 15 min. 

This duration was determined to be sufficient to convert >95% of monomer to polymer .
334-335

 

3.3. Results and Discussion 

3.3.1.   Non-Irradiated BLMs 

DPhPC was used as a reference lipid to verify the validity of the characterization methods 

employed here. When DPhPC BLMs were analyzed, the following electrical properties were 

obtained: specific conductance of 8.5 x 10
-2

 pS/μm
2
, specific capacitance of 0.54 μF/cm

2
, 

dielectric thickness of 4.9 nm, and dielectric breakdown voltage of 1.6 x 10
6
 V/cm.  The values 

agree well with previously reported values.
25,337-340

  

The polymerizable lipids investigated in this study are bis-SorbPC, bis-DenPC, mono-

SorbPC, and mono-DenPC (Figure 3.1).  A considerable body of work has described use of these 

lipids to form highly stable lipid vesicles and planar supported lipid bilayers.
126,130-131,341-343

 In 
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contrast, bis-DenPC is the only one of this group that has been used to form BLMs.

334
 Here 

BLMs were formed successfully on silanized glass pipets with all four dienoyl lipids, according 

to the criteria described above and in previous chapters. At the measurement temperature, 23 ± 

1°C, bis-SorbPC, mono-SorbPC, and mono-DenPC are in the gel phase while bis-DenPC is in the 

fluid phase
342

 (main phase transition temperatures, Tm, are listed in Table 3.1). 

Table 3.1.  Specific conductance values before (Gunpoly) and after UV irradiation 

(Gpoly) of dienoyl lipids and DPhPC.   

Lipid Name  Tm (°C)
a
 Gunpoly (x 10

-2
 pS μm

-2
)

c
 Gpoly (x 10

-2
 pS µm

-2
)

c
 ∆poly (%) 

DPhPC N/A
b
 8.5 ± 0.3 8.5 ± 0.4 0 

bis-DenPC 20.2 4.2 ± 0.3 3.8 ± 0.3 -9 

bis-SorbPC 26.1 1300 ± 100 3800 ± 800 192 

mono-DenPC 28.8 8.9 ± 0.2 2.5 ± 0.5 -72 

mono-SorbPC 36 7.6 ± 0.4 3.0 ± 0.4 -61 
 

a
 Phase transition temperatures (Tm) determined by Lamparski et al.

341,344
 and Liu et al.

343
  

b 
No observable phase transition occurs between -120 and +120 °C.

345
  

c 
Errors are ± one standard deviation. 

d
 ∆poly is the percent change in conductance measured after UV irradiation for 15 min. 

 

The measured specific conductance values of unpolymerized BLMs, listed in Table 3.1, 

were in most cases comparable to that of DPhPC (i-V curves are shown in Figure 3.2.).  

However, the conductance of bis-SorbPC, 1300 pS/μm
2
, is at least 100-fold greater than any other 

lipid tested. Previous studies have shown that unpolymerized bis-SorbPC vesicles are highly 

permeable to ions and small molecules.
141

  The higher conductance is likely due to the 

combination of two processes: the formation of transient pores and presence of larger defects.  

Due to the sorbyl groups at the distal ends of the lipid tails, the interior of a bis-SorbPC bilayer is 

presumed to be more ordered than a bilayer in which the interior is composed of pure 

hydrocarbon chains. The presence of a higher dielectric material in the acyl chains arising from 
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the sorbyl groups also reduces the energetics associated with permeation.  In mono-SorbPC, a 

palmitoyl chain replaces one of the sorbyl-functionalized tails in bis-SorbPC and this greatly 

reduced the BLM conductance (to 7.6 pS/μm
2
), suggesting that the presence of only one sorbyl 

group does not significantly disrupt acyl chain packing. 

 

 

Figure 3.2.  i-V curves of non-irradiated dienoyl containing BLMs.  i-V curves of BLMs 

formed from polymerizable lipids. Error bars indicate ± one standard deviation. (A) i-V curves of 

all dienoyl polymerizable lipids.  (B) i-V curves excluding bis-SorbPC. 

BLMs composed of bis-DenPC had the lowest specific conductance, 4.2 pS/μm
2
, of the 

lipids tested (Table 3.1). Like bis-SorbPC, bis-DenPC contains two polymerizable moieties, but 



                 165 

 
their location adjacent to the glycerol backbone results in a much less permeable membrane. At 

the measurement temperature, bis-DenPC is in the fluid phase whereas mono-DenPC is in the gel 

phase  but this difference does not explain the slightly greater conductance of mono-DenPC 

BLMs (8.9 pS/μm
2
) because gel phase bilayers are known to be less permeable than fluid phase 

bilayers.
308

 The difference may be due to the difference in acyl chain length: 18:2 in bis-DenPC 

vs 16:0 in mono-DenPC, where the first number indicates the number of carbon atoms and the 

second number indicates the number of double bonds in the chain.  

Capacitance values were determined using both methods described above and produced 

statistically similar results (only the method utilizing the RC time constant will be reported here).  

The specific capacitances of the dienoyl containing lipids are listed in Table 3.2 and ranged from 

0.5 to 0.8 μF/cm
2
. The exception is bis-SorbPC which forms extremely conductive BLMs that do 

not allow for significant accumulation of charge at the interface, which prevented measurement of 

capacitance values.   
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Table 3.2.  Capacitance, thickness, and dielectric breakdown voltages of non-irradiated and 

UV irradiated BLMs composed of dienoyl lipids and DPhPC.   

 Non-Irradiated UV Irradiated
 a,b

 

Lipid Name 
CBLM 

(μF cm
-2

)
c
 

dBLM 

(nm)
c
 

VBR 

(x 10
5  

V/cm)
c
 

CBLM 

(μF cm
-2

)
c
 

dBLM,(nm)
c
 

DPhPC 0.54 ± 0.01 3.4 ± 0.1 23±1 0.52 ± 0.03 3.5 ± 0.3 

bis-DenPC 0.71 ± 0.04 2.6 ± 0.2 31 ± 3 0.66 ± 0.03 2.8 ± 0.2 

bis-SorbPC N/A N/A N/A N/A N/A 

mono-DenPC 0.69 ± 0.03 2.7 ± 0.2 26±2 0.60 ± 0.02 3.1 ± 0.2 

mono-SorbPC 0.59 ± 0.03 3.2 ± 0.3 23±2 0.52 ± 0.05 3.6 ± 0.4 
 

a
 Dielectric breakdown voltages were not determined for polymerized BLMs composed of 

dienoyl lipids because the maximum voltage range of the instrument is ±1 V. 
b
 Dielectric breakdown voltages for UV irradiated DPhPC BLMs were comparable to non-

irradiated BLMs (22±2 x 10
5
 V/cm). 

c 
Errors are ± one standard deviation. 

 

Dielectric breakdown voltages in the range of 500 – 800 mV were measured for all BLM 

compositions tested except for bis-SorbPC.  Using Equation 3.4 and an estimate of 2.1 for the 

dielectric constant of lipid,
194

 the thickness of the hydrophobic region of each type BLM was 

calculated, from which dielectric breakdown voltages expressed in V/cm were calculated (Table 

3.2).  The values for mono-SorbPC, mono-DenPC, and bis-DenPC ranged from 23 x 10
5
 V/cm to 

31 x 10
5
 V/cm, comparable to that of DPhPC and consistent with published values.

22
   BLM 

rupture due to application of a transmembrane voltage is thought to occur through formation of 

conductive pores; when the pores reach a critical size, irreversible rupture occurs.
191,346

 Rupture of 

bis-SorbPC BLMs occurred at lower applied voltages, typically 300 – 500 mV, than all other 

lipids tested, but this result cannot be expressed in V/cm due to the absence of capacitance and 

thickness data.  The high conductance of bis-SorbPC is likely correlated with the presence of 

larger and more frequent pores, which lowers the electric field necessary for membrane rupture. 



                 167 

 
3.3.2.   Irradiated BLMs 

UV irradiation of dienoyl containing polymerizable lipids results in the formation of 1,4 

linked polymers (Figure 3.3).  Figure 3.4 (left column) shows UV-vis spectra of dienoyl lipid 

vesicles measured as a function of UV irradiation time. The band due to the dienoyl group at 

~260 nm decreases over time, signifying a conversion of monomer to polymer. The normalized 

absorbance values at 260 nm plotted versus time (in Figure 3.4, right column) show that greater 

than 95% conversion of monomer to polymer occurred in 15 min. Thus, 15 min of UV irradiation 

was determined to be sufficient for polymerization of BLMs composed of bis-DenPC, mono-

DenPC, mono-SorbPC, and bis-SorbPC.  These results agree well with previously reported 

studies.
126,130

  

 

 

 

Figure 3.3. Reaction scheme of dienoyl polymerization.  Dienoyl polymerizable lipids produce 

1,4 polymers. 
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Figure 3.4.  Polymerization of dienoyl containing poly(lipids) in SUVs.  UV-vis spectra of 

dienoyl lipid vesicles irradiated with UV light as a function of time.   Representative spectra at 0, 

1, 5, and 15 min  for (A) mono-DenPC, (C) mono-SorbPC, (E) bis-SorbPC, and (G) bis-DenPC. 

Normalized absorbance values at 260 nm for (B) mono-DenPC, (D) mono-SorbPC, (F) bis-

SorbPC, and (H) bis-DenPC.  
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Polymerization of dienoyl lipids can be performed using a variety of methods including 

UV irradiation, redox radical initiation, and thermal free-radical initiation.
136,347-349

   Bis-

substituted lipids form cross-linked polymers whereas the mono-substituted lipids form linear 

polymers.  UV polymerization produces a lower degree of polymerization than redox- and 

thermally-initiated polymerization.
332,341,343,347

  

The present study is focused exclusively on UV-initiated polymerization, which was 

performed by irradiation for 15 min, during which >95% of the lipid monomers were reacted.  

Specific conductance data are listed in Table 3.1 along with the percent change in conductance 

relative to that measured before irradiation (i-V curves post-irradiation are shown in Figure 3.5.).  

There was no change in the conductance of DPhPC BLMs, which served as a control. 

Polymerization of mono-SorbPC, mono-DenPC, and bis-DenPC produced decreases in specific 

conductance ranging from minor (-9% for bis-DenPC) to significant (-60% and -71% for mono-

SorbPC and mono-DenPC, respectively). These decreases are consistent with previous studies 

showing that the permeability of poly(bis-DenPC) vesicles to glucose was ~30% relative to 

unpolymerized vesicles.
329,341

 Polymerization of dienoyl poly(lipids) reduces the surface area per 

molecule
350

 which should produce a more tightly packed, less permeable membrane.  

Additionally, the energetic cost for the formation of a pore should be higher in polymerized 

membranes.  The formation of transient pores arises from the rearrangement of lipids to allow 

formation of a transmembrane hydrophilic pore.
41,109,351

  In a polymerized membrane, the 

energetic cost for rearrangement of the polymer to form a hydrophilic pore should be greater, 

decreasing the frequency of pore formation.   
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Figure 3.5.  i-V curves of UV irradiated dienoyl containing poly(lipid) BLMs.  i-V curves for 

BLMs formed from polymerizable lipids and exposed to (polymerized by) 15 min of UV 

irradiation.  Error bars indicate ± one standard deviation. (A) i-V curves of all dienoyl 

polymerizable lipids.  (B) i-V curves excluding bis-SorbPC. 

  



                 171 

 
The behavior of bis-SorbPC was considerably different: The specific conductance 

increased nearly 200% after polymerization.  Previous studies have shown that the permeability 

of bis-SorbPC vesicles to o-phthaldialdehyde and 3-mercaptopropionic acid increases after 

polymerization, consistent with the conductance change observed here.
141

 Cross-linking 

polymerization of lipids at their chain termini can occur both within and between leaflets at the 

center of a bis-SorbPC bilayer,
58

 and this apparently increases the defect density in the center of 

the bilayer.  As previously stated, the conductance of bis-SorbPC membranes is likely due to two 

processes.  The frequency of transient pore formation is likely decreased as previously explained 

due to the higher energetic cost associated with the pore formation process.  The polymerization 

of dienoyl poly(lipids) constricts the area occupied per lipid upon conversion of monomer to 

polymer.  The constriction of the lipids likely results in one of two possibilities: addition of more 

lipids from the annulus region to account for the loss of area occupied per lipid or increases in the 

average pore size of defects.  This increase in the average pore size per defect creates a more 

porous, permeable membrane.   

Small decreases in specific capacitance were observed upon polymerization of mono-

SorbPC, mono-DenPC, and bis-DenPC BLMs (-8% to -12%; listed in Table 3.2), and these were 

statistically indistinguishable from the -4% decline observed for DPhPC. These decreases can be 

interpreted as small increases in bilayer thickness, also listed in Table 3.2. An increase can be 

rationalized because polymerization should restrict rotational motion and formation of gauche 

defects, producing a more rigid, elongated structure. In contrast, polymerization of diacetylene-

functionalized lipid bilayers causes the lipid chains to tilt, which decreases the bilayer thickness 

and significantly increases the capacitance (up to 40%, dependent on extent of irradiation).
259,352

 

To maintain the activity of reconstituted ICs, a minimal change in membrane thickness upon 
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polymerization is needed to minimize hydrophobic mismatch between the protein and the 

hydrophobic core of the bilayer. 

Dielectric breakdown voltages of BLMs were not obtainable after lipid polymerization 

because the instrumentation used to make the measurements is limited to a maximum applied 

voltage of ±1 V. Within this range, rupture of poly(lipid) BLMs was not observed. Membrane 

polymerization clearly provides enhanced stability because prior to UV irradiation, breakdown 

was always observed at < 1V, regardless of lipid composition.  

 

Table 3.3.  Number of air-water transfers prior to rupture of BLMs.
a
  

Lipid 
Transfers  

(Non-Irradiated) 

Transfers  

 (UV Irradiated) 

DPhPC (n = 9) 2.1 (±0.8)
b
 2.1 (±0.8)

b
 

bis-DenPC (n = 9) 3.0 (±0.7)
b
 72 (±28)

b
 

bis-SorbPC (n = 9) 2.5 (±0.5) 13 (±3) 

mono-DenPC ( n = 9) 3.0 (±0.7) 34 (±5) 

mono-SorbPC (n = 9) 3.0 (±0.9) 32 (±9) 

a
 Rupture of a BLM was indicated by return of the conductance to an open pipet value. 

Errors are ± one standard deviation. 

b
 Data previously published.

334-335
 

 

The stability of unpolymerized and photopolymerized BLMs to drying and storage was 

assessed as previously described.
334-335

 Briefly, air-water stability was tested by repetitively 

transferring a BLM/pipet across the air-water interface and measuring the membrane conductance 

and capacitance after each transfer (Table 3.3). BLM rupture was observed as return of the 

conductance and capacitance to open pipet values.  For unpolymerized BLMs, typically only 

three transfers were performed before rupture occurred for all lipids tested.   UV irradiation had 
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no effect on DPhPC and resulted in varying degrees of enhanced stability for dienoyl lipids. 

Poly(bis-DenPC) generates the most stable BLMs due to a combination of cross-linking in both 

lipid leaflets and (relative to bis-SorbPC) fewer structural defects in the center of the bilayer. 

Poly(mono-DenPC) and poly(mono-SorbPC) BLMs are less stable than poly(bis-DenPC) BLMs, 

which is consistent with studies showing that linearly polymerized lipids are significantly less 

stable to dissolution in surfactants than cross-linked lipids.
130,136,332,353

 Polymerization of bis-

SorbPC provides the least stability enhancement (in terms of mean lifetimes) among the lipids 

tested, presumably due to a higher defect density in the center of the bilayer, leading to increased 

probability of rupture.   However, if the ratio of lifetimes before and following polymerization are 

compared, bis-functionalized poly(lipids) increase the lifetimes by approximately 150x while 

mono-functional poly(lipids) increase the stability by approximately 18x.  These findings suggest 

that the generation of cross-linked polymers in bilayers composed of dienoyl poly(lipids) result in 

similar degrees of enhancement, with the difference in mean lifetimes arising from presence or 

absence of the defects present in bis-SorbPC.   

The exact mechanism of failure for poly(bis-DenPC) BLMs is unknown, but could likely 

be attributed to one of several reasons.  The hydrolysis of the ester groups in the lipid could be 

slow enough such that the extent of hydrolysis sufficient to cause failure takes several weeks.  

The products of hydrolysis are fatty acids, which are insoluble in water and thus remain 

associated with the membrane.  The degradation of the cyano-modification on the pipet surface 

could likely result in the failure of the membrane at the interface between the bilayer and the 

substrates.  The use of several month old cyano-modified pipettes was observed to have a 

significantly lower success rate of BLM formation, possibly due to the long-term stability of the 

modified surface.  Further studies would be needed to address the mechanism of failure. 
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Table 3.4.  Lifetimes of BLMs when stored in buffer.
a
  

Lipid 
Lifetime (min) 

(Non-Irradiated) 

Lifetime (Days)  

(UV Irradiated) 

Stability 

Enhancement (X)  

DPhPC (n = 5) 300 (±70)
b
 0.17 (±0.02)

b
 1  

bis-DenPC (n = 5) 240 (±29)
b
 24 (±4)

b
 144 

bis-SorbPC (n = 5) 18 (±35) 2 (±0) 160 
mono-DenPC ( n = 5) 220 (±25) 2.8 (±0.4) 18  
mono-SorbPC (n = 5) 224 (±26) 2.8 (±0.4) 18 

a
 Rupture of a BLM was indicated by return of the conductance to an open pipet value. 

Errors are ± one standard deviation. 

b
 Data previously published.

334-335
 

 

Long-term stability of BLMs was evaluated as the time that they could be stored in buffer 

before rupture occurred, as measured by step changes in specific conductance and capacitance.  

The results are listed in Table 3.4, and a representative set of specific conductance and 

capacitance data for each lipid is presented in Figure 3.6. For all dienoyl lipids, an increase in the 

conductance was observed on the last day just prior to rupture of the BLM (Figure 3.6A).  In the 

case of bis-DenPC, small increases in conductance occur over the 24 days prior to BLM failure.  

In addition, a decrease in the capacitance was observed in the days just prior to BLM rupture 

(Figure 3.6B). The physical/chemical causes for the changes prior to rupture are unknown.  
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Figure 3.6.  Long-term conductance and capacitance of BLMs.  (A) Conductance and (B) 

capacitance values measured over the entire lifetime of representative BLMs that were tested for 

long-term stability. In each data set, the last point plotted corresponds to the last measurement 

made before failure occurred.  
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Unpolymerized BLMs composed of dienoyl lipids had lifetimes of a few hundred min, 

similar to DPhPC, except bis-SorbPC for which very short lifetimes were measured.  Upon UV 

irradiation, DPhPC BLMs showed no change in stability whereas all dienoyl lipids had increased 

lifetimes. For bis-SorbPC and the mono-substituted lipids, moderate increases in lifetime, up to 3 

days, were observed. For bis-DenPC, the increase was much greater; the mean lifetime was 24 

days. These differences in lifetime are consistent with the discussion presented above. 

 

3.4.       Summary and Conclusions 

The electrical properties of BLMs composed of several polymerizable dienoyl lipids were 

characterized, including capacitance, conductance, and dielectric breakdown voltages, prior to 

and following photopolymerization.  Mono-DenPC, mono-SorbPC, and bis-DenPC all exhibited 

low conductance properties, essential for use in IC recordings.  However, bis-SorbPC has a high 

conductance.  Upon polymerization, no significant changes in conductance are noted for the three 

low conductance BLMs. 

BLM stability to repeated transfer across the air-water interface and long-term storage in 

buffer was also examined.  Bis-DenPC BLMs noted the greatest enhancement of stability while 

mono-DenPC and mono-SorbPC significantly lengthened lifetimes despite formation of only 

linear polymer.  BLMs composed of bis-DenPC provide the best combination of electrical 

properties and stability.
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4. RECONSTITUTION OF α-HEMOLYSIN INTO POLY(LIPID) BLMS 

4.1. Introduction 

 The stabilization of suspended planar lipid membranes, or black lipid membranes 

(BLMs), through polymerization of mono- and bis-functionalized dienoyl lipids was investigated. 

The use of poly(lipid) BLMs as matrices for supporting the activity of an ion channel protein (IC) 

was explored using the model IC, α –hemolysin (α-HL).  Characteristic i-V plots of α-HL were 

maintained following photopolymerization of all four dienoyl lipids, demonstrating the utility of 

these materials for preparing durable BLMs for single channel recordings of reconstituted ICs.   

Biological membranes are a complex mixture of lipids, proteins, and other molecules that 

serve as a semi-permeable barrier between two aqueous compartments.
354-355

 Artificial 

membranes are frequently used as simplified models to systematically investigate the interplay 

between the phospholipid bilayer and other membrane components.
175,356

  The suspended lipid 

bilayer, also known as a black lipid membrane (BLM), is one type of artificial membrane that has 

has been utilized for decades to characterize the activity of reconstituted ion channel proteins 

(ICs).
186,189,194,357

  The BLM geometry allows introduction of activators and inhibitors to both 

sides of the membrane and can be characterized using both electrochemical and spectroscopic 

methods.   

 A disadvantage of conventional BLMs composed of fluid phase lipids is that they are 

associated via relatively weak intermolecular interactions and thus are easily ruptured by 

exposure to mechanical, thermal, and/or chemical disruptions.
358

  Methods for stabilizing BLMs 

include aperture miniaturization,
22,359

 gel support/encapsulation,
251,360-362

 droplet interface 

bilayers,
363-366

 and polymerization.
259,334-335,352,367

 Glass nanopore electrodes with apertures ranging 

from 100-400 nm have been used to reconstitute Staph. aurerus α-hemolysin (α –HL) with 
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enhanced lifetimes due to the small membrane surface area.

22
  Steinem and co-workers used 

nanoporous alumina substrates as a support for suspended lipid bilayers containing reconstituted 

ICs.
359

  Gels have been used as BLM supports while still allowing for the access of solution to the 

membrane and measurement of electrical properties through the porous material.
251,360-361

  

Development of agarose-encapsulated bilayers with single protein pores for stochastic sensing 

lengthened BLM lifetimes to upwards of 3 weeks.
362

  Schmidt and colleagues conjugated BLMs 

to substrate-anchored hydrogels to maintain GΩ resistance for up to 12 days.
256,261,368-369

  The 

droplet interface bilayer is a novel alternative to conventional BLMs. It is formed when two 

aqueous droplets are suspended in a hydrocarbon in which either liposomes are present in the 

droplets or lipids are dissolved in the organic phase. A lipid bilayer forms at the interface between 

two droplets,
363

 and the activity of ICs reconstituted into the bilayer can be maintained for several 

days.
364-366,370

   

Polymerizable lipids are used to generate covalent networks within the bilayer to increase 

its stability, and have been used to form BLMs while maintaining the function of incorporated 

ICs.
259,334-335,352,367

  Benz and coworkers used dienoyl-containing lipids to study ionic transport in 

photopolymerized membranes and were successful in lengthening the lifetime from 1 h before 

polymerization to between 4 and 5 h post-polymerization.
367

 α-HL and gramicidin have been 

incorporated into partially polymerized membranes BLMs composed of diacteylene-

functionalized lipids.
259,352

 Meier and Schmidt  and coworkers used triblock copolymers to form 

free standing membranes that support the function of ICs, including OmpF, maltoporin, α-HL, 

and alamethicin.
265,337,371

   

Recently we prepared photopolymerized BLMs using a bis-dienoyl lipid (bis-DenPC) 

that remained intact, as indicated by maintenance of a high resistance, in excess of 3 weeks.
334

 α-

HL inserted into the membrane before polymerization exhibited functional IC activity for up to 7 
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days. In this paper, we have expanded that study to three other polymerizable lipids, mono-

DenPC, mono-SorbPC, and bis-SorbPC (Fig. 1) to assess the influence of the location and 

number of dienoyl groups on BLM formation and properties. The electrical properties of BLMs, 

including capacitance, conductance, and dielectric breakdown, are characterized, as well as BLM 

stability and maintenance of α-HL activity. The results show that lipid cross-linking near the 

headgroup provides the best combination of BLM resistance, stability, and maintenance of α-HL 

activity. 

4.2. Experimental 

4.2.1.   Instrumentation and BLM Formation 

Pipet fabrication and modification were described previously.
334-335

  Briefly, borosilicate 

capillaries were pulled to a sharp tip using a micropipet puller, then broken to an opening of ca. 

200 μm and fire polished using a microforge to obtain an aperture with an internal diameter at the 

tip of ca. 20 µm. Pipets were rinsed with 0.1 M HNO3 for 30 min followed by H2O and 

acetonitrile. Pipets were then filled with 2% (v/v) 3-cyanopropyldimethylchlorosilane in 

acetonitrile and stored for 12 h, then rinsed with acetonitrile, ethanol, and water to remove excess 

silane reagent, then air dried for storage until use.
22

  

1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) in chloroform was purchased 

from Avanti Polar Lipids. Bis-dienoylphosphatidylcholine18,18 (bis-DenPC), bis-

sorbylphosphatidylcholine17,17 (bis-SorbPC), mono-dienoylphophatidylcholine18,16 (mono-

DenPC), and mono-sorbylphosphatidylcholine17,16 (mono-SorbPC) 
372

 were synthesized as 

previously described by Dorn et al.,
329

 Lamparski et al.,
330-331

 Liu,
332

 and Bondurant.
333

  Lipids 

were dried under Ar and residual solvents were removed under vacuum for a minimum 4 h.  

Dried lipids were dispersed in n-decane to a final concentration of ~10 mg/ml. Prior to 
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polymerization, all work with dienoyl lipids was performed under yellow light to minimize 

autopolymerization. 

Formation and analysis of BLMs were performed at 23 ± 1 ˚C. A BLM was formed by 

applying a small volume (ca. 3 μL) of lipid solution to the tip of the pipet. After allowing the 

solvent to evaporate, the pipet was back-filled with recording buffer, the tip was recoated with 

lipid solution, and placed in a bath containing recording buffer (1 M KCl, 5 mM HEPES, pH 7.5).  

A disposable pipet tip was dragged across the glass pipet tip while monitoring the resistance 

using patch clamp amplifier, until a resistance of 10-50 GΩ was observed (only 0.1 GΩ for bis-

SorbPC), signifying BLM formation. If no increase in resistance was observed, the tip dragging 

process was repeated until an increase was observed.  BLM formation was further verified by 

applying a 1 V potential across the pipet and observing rupture of the BLM as indicated by a 

return (decrease) to open pipet resistance. The BLM was then easily reformed by dragging a 

disposable pipet across the glass pipet.  Pipettes were used for multiple experiments by cleaning 

the pipet to remove residual lipid from the previous trial. 

Polymerization of BLMs was performed by irradiation with a UV pen lamp (UVP, 

Upland, CA, Model 90-0012-01) placed 5 centimeters from the pipet tip for 15 min. This duration 

was determined to be sufficient to convert >95% of monomer to polymer.
334-335

 

4.2.2.   Ion Channel Reconstitution 

α-HL experiments were performed as previously described.
334

  Briefly, aliquots of α-HL 

(Sigma Aldrich) were added to the recording buffer in contact with the exterior of the BLM to a 

final concentration of 0.50 μg/mL. After formation of an α-HL pore in the BLM, which was 

measured as a step change in current, the buffer was rapidly exchanged to remove excess α-HL 
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monomer, thus preventing insertion of another channel. In experiments involving polymerized 

membranes, the BLM was formed, protein added and allowed to insert, followed by buffer 

exchange and UV irradiation to polymerize the lipids. i-V curves were acquired before and after 

polymerization to compare the electrical properties of α-HL in unpolymerized and polymerized 

membranes.  Recordings of IC activity were acquired at -40 mV with recording buffer on both 

sides of the BLM.  Background currents were not subtracted because they were very low (ca. 1-3 

pA). The conductance of BLMs functionalized with α-HL was determined from the slope of i-V 

plots measured over the range of -100 mV to 0 mV. Recordings were acquired using multiple 

pipettes with aperture diameters of ca. 20 µm. 

4.3. Results and Discussion 

4.3.1.   Characterization of α-Hemolysin 

BLMs composed of dienoyl lipids were evaluated for their capability to support 

reconstitution of functional α-HL channels and maintenance of channel conductance after 

photopolymerization. α-HL insertion and IC activity was observed in all four dienoyl lipids as 

demonstrated by the representative recordings and all-points histograms shown in Figure 4.1. The 

noise levels in these recordings varied significantly; from noisiest to least noisy the trend was: 

mono-DenPC > mono-SorbPC ≈ bisSorbPC > bis-DenPC ≈ DPhPC. This series appears to be 

correlated with the phase state of the lipid. At the temperature at which the experiments were 

performed (23 ˚C), bis-DenPC and DPhPC are in the fluid phase whereas the other three lipids 

are in the gel phase. Additional experiments are needed to assess the effect of lipid structure on 

the noise level in single channel recordings.  

  



                    182 

 

  

Figure 4.1. α-HL insertion into BLMs composed of dienoyl containing poly(lipids).  Insertion 

of single α-HL channels into (A) bis-DenPC, (C) bis-SorbPC, (E) mono-DenPC, (G) mono-

SorbPC and (I) DPhPC BLMs, with respective all-points histograms in (B), (D), (F), (H), and (J).   
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Although the α-HL concentration in the recording buffer was a constant in these 

experiments, the time required to observe insertion of a functional α-HL channel varied 

significantly among the lipids tested. Insertion into a DPhPC BLM typically occurred between 5 

and 10 min after addition of α-HL.  For bis-DenPC, bis-SorbPC, mono-DenPC, and mono-

SorbPC, the respective times were 20-30 min, ca. 30 min, 30-60 min, and 1-2 h. The longer 

insertion times correlate with the lipid being in the gel phase at 23 ˚C. α-HL activity in bis-

SorbPC BLMs was particularly difficult to achieve and maintain. Only three insertions out of 30 

attempts were successful. This low success rate is a consequence of the inherent instability of bis-

SorbPC BLMs: Insertion required ca. 30 min whereas the mean BLM lifetime was only 18 min 

(Chapter 3). When insertion was successful, BLM rupture occurred within min thereafter (Figure 

4.2).  This occurred frequently and the physical/chemical reasons are not known. Furthermore, 

the time required for α-HL insertion into a bis-SorbPC BLM was ca. 30 min whereas the mean 

BLM lifetime was only 18 min. As a consequence, α-HL activity was successfully monitored in 

bis-SorbPC BLMs in only three trials. 

 

 

Figure 4.2.  αHL insertion into bis-SorbPC and subsequent BLM failure.  Insertion of α-HL 

into a bis-SorbPC BLM (1) followed by rupture of the BLM (2). 
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For each lipid, an i-V curve was measured on a BLM that contained a single α-HL 

channel (excepting bis-SorbPC, for which measurements were not feasible based on the reasons 

stated above). The BLM was then irradiated for 15 min with UV light to photopolymerize the 

membrane, then the i-V curve was measured again. Figure 4.3 shows i-V curves before and after 

UV irradiation for BLMs composed of DPhPC (A), bis-DenPC (B), mono-DenPC (C), and mono-

SorbPC (D). The slight rectification characteristic of α-HL
373

 was observed both before and after 

UV irradiation for all four lipids tested. Conductance values obtained from the i-V curves and 

background corrected for the respective conductances of the pure lipid BLMs are listed in Table 

4.1. Insertions of α-HL resulted in conductance states of ~1 nS (Table 4.1) and this was not 

altered by lipid polymerization.  Noise levels of recordings following polymerization were not 

changed.   i-V curves were measured daily on polymerized BLMs containing single α-HL 

channels. The characteristic channel conductance (~1 nS) was maintained in mono-DenPC and 

mono-SorbPC BLMs for up to 2 days, and in bis-DenPC BLMs for about 7 days (Table 4.1). 

These data show that functional α-HL channels can be reconstituted into BLMs composed of 

dienoyl lipids and maintain IC activity after UV photopolymerization followed by storage for up 

to one week. 
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Figure 4.3.  i-V curves in poly(lipid) BLMs.  i-V plots of BLMs containing a single α-HL 

channel prior to (■) and following (●) UV irradiation: (A) DPhPC, (B) bis-DenPC, (C) mono-

DenPC, and (D) mono-SorbPC.  UV irradiated i-V plots are offset by 20 pA.
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Table 4.1.  Conductance values of BLMs containing single α-HL channels prior to and 

following UV irradiation.
a
 

Lipid Gα-HL (nS)
c
 Gα-HL, +UV (nS)

d
 Gα-HL, +UV (nS) - Day 2

b,e
 Gα-HL, +UV (nS) - Day 7

b,e
 

DPhPC  1.04 ± 0.03 1.07 ± 0.05 N/A N/A 

bis-DenPC 1.05 ± 0.02 1.08 ± 0.03 1.1 ± 0.1 1.2 ± 0.2 

bis-SorbPC 1.03 ± 0.08 N/A N/A N/A 

mono-DenPC 1.08 ± 0.09 1.07 ± 0.06 1.0 ± 0.1 N/A 

mono-SorbPC 1.07 ± 0.07 1.05 ± 0.09 1.1 ± 0.1 N/A 

 
a
 Gα-HL and Gα-HL, +UV are conductances values measured before and after UV irradiation, 

respectively. Errors are ± one standard deviation. 

b
 Conductance values measured 2 days and 7 days after BLM formation.  

c
 For each composition, n = 12, except bis-SorbPC for which n = 3. 

d
 For each composition, n = 12. 

e
 For each composition, n = 7. 

 

4.4. Summary and Conclusions 

The electrical properties of BLMs composed of several polymerizable dienoyl lipids were 

characterized, including capacitance, conductance, and dielectric breakdown voltages, prior to 

and following photopolymerization.  BLM stability to repeated transfer across the air-water 

interface and long-term storage in buffer was also examined.  BLMs composed of bis-DenPC 

provide the best combination of electrical properties and stability. 
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5. FRACTIONAL POLYMERIZATION OF A SUSPENDED PLANAR BILAYER 

CREATES A FLUID, HIGHLY STABLE MEMBRANE FOR ION CHANNEL 

RECORDINGS 

5.1. Introduction 

Suspended planar lipid membranes (or black lipid membranes (BLMs)) are widely used 

for studying reconstituted ICs, although they lack the chemical and mechanical stability needed 

for incorporation into high-throughput biosensors and biochips. Lipid polymerization enhances 

BLM stability but is incompatible with IC function when membrane fluidity is required. Here we 

demonstrate the preparation of a highly stable BLM that retains significant fluidity by using a 

mixture of polymerizable and nonpolymerizable phospholipids. Alamethicin, a voltage-gated 

peptide channel for which membrane fluidity is required for activity, was reconstituted into mixed 

BLMs prepared using bis-dienoyl phosphatidylcholine (bis-DenPC) and diphytanoyl 

phosphatidylcholine (DPhPC)).  Polymerization yielded BLMs that retain the fluidity required for 

alamethicin activity yet are stable for several days as compared to a few hours prior to 

polymerization. Thus these polymerized, binary composition BLMs feature both fluidity and 

long-term stability. 

5.1.1.   Importance of Membrane Composition on IC Function   

Artificial lipid membranes have been widely used to reconstitute and study isolated 

membrane proteins.
12,209,374-376

 Suspended planar lipid bilayers, also known as black lipid 

membranes (BLMs), are frequently utilized to characterize IC proteins as they allow 

electrochemical access to both sides of the ion channel-membrane complex.
189,194,377-378

  In a fluid 

BLM, however, the lipids are associated solely via relatively weak intermolecular interactions 
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and therefore rupture usually occurs within a few hours after membrane formation.

12,186,379
 The 

inherent instability is a significant limitation to BLM use for long-term monitoring of IC activity 

and in biosensing devices and arrays.
380-382

 

One particular example of the potential modulation of IC activity is the reconstitution of 

BK channels in artificial membranes.
383

  The conductance of the channel is maximum in a lipid 

composition of DOPC, decreasing as the composition is changed to high or lower thicknesses.  

Interestingly, in phase separated bilayers, bimodal distribution of conductance are noted.   

A number of approaches have been used to stabilize BLMs including miniaturized 

apertures
22,384

 and hydrogel supports.
251,256,261,369,385

  BLMs formed on nanoporous alumina 

substrates have lifetimes upwards of a day.
384

  BLMs suspended across a glass nanopore can 

sustain activity of incorporated α-hemolysin (αHL) channels for up to a month,
22,386

 although one 

day is more typical. The enhanced longevity in these cases is attributable to the decrease in 

membrane surface area susceptible to disruptions. Alternatively, encapsulation in a hydrogel 

matrix increases membrane stability.  For example, sandwiching a BLM between two agarose 

layers increased its lifetime to ca. 2 days, while also supporting the activity of reconstituted 

alamethicin and human glycine receptor.
251

 Kang et al.
385

 utilized agarose gel layers to 

encapsulate a bilayer containing a single αHL channel, extending its lifetime to 3 weeks. In 

another approach, BLMs were encapsulated in a poly(ethyleneglycol) dimethacrylate hydrogel 

that was covalently anchored to the glass aperture resulting in membrane lifetimes up to 12 

days.
261,369

 However encapsulation has some significant disadvantages: i) the hydrogel matrix 

may restrict fluid flow adjacent to the BLM, slowing and/or preventing insertion of ion channels 

and introduction/removal of channel effectors; and ii) after rupture, the BLM cannot be reformed 

across the aperture. 
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Lipid polymerization has also been explored as a strategy to enhance BLM stability.

258-

259,334
 Shenoy et al.

258
 formed BLMs using a mono-diacetylenic lipid, inserted αHL channels, and 

partially polymerized the membrane via UV irradiation. Sensing of single poly(nucleotides) 

driven electrophoretically through single αHL channels was demonstrated.  In a subsequent study, 

polymerization of BLMs composed of a mixture of mono-diacetylenic and nonpolymerizable 

lipids resulted in a slightly longer lifetime (increasing from 13 min before to 31 min after 

polymerization), and these membranes supported the activity of incorporated gramicidin.
259

 A 

more recent paper described BLMs formed from bis-dienoyl phosphatidylcholine (bis-DenPC, 

Figure 5.1).
334

 Cross-linking polymerization increased the lifetime of bis-DenPC BLMs from a 

few hours to three weeks, and the activity of αHL was maintained for one week, suggesting that 

this approach has considerable potential for preparation of robust IC-based sensors and arrays.  

However in a cross-linked lipid bilayer, lateral lipid diffusion is significantly attenuated relative 

to an unpolymerized bilayer.
112

 The lack of fluidity does not appear to adversely affect the 

activity of αHL
334

 but for other types of ICs such as gramicidin and alamethicin, a fluid 

membrane is required for function
387-391

 (also see data below). 
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Figure 5. 1. Experimental configuration and structures of lipids.  (A) Experimental 

configuration of recording pipettes.  The recording buffer on the cis and trans sides of the BLM 

(red) was 5 mM HEPES, pH 7.5, containing 0.1 M KCl.  Alamethicin was added to the cis 

compartment.  Structures of (B) bis-DenPC and (C) DPhPC. 

 

A possible strategy to prepare a highly stable, yet fluid BLM is to use a mixture of 

polymerizable and nonpolymerizable lipids. Polymerization should promote phase segregation, 

creating a membrane composed of domains of nonpolymerizable lipid dispersed in a poly(lipid) 

network.
117,392-393 

This strategy has been explored in several studies involving bacteriorhodopsin 

and bovine rhodopsin reconstituted into liposomes prepared from mixtures of polymerizable and 

nonpolymerizable lipids.
117,124,128,394

 UV photopolymerization before reconstitution of proteins 

into the liposomes resulted in retention of rhodopsin activity, presumably because the proteins 

inserted into the unpolymerized, fluid domains.  A more recent example is the work on BLMs 

composed of diacetylenic and nonpolymerizable lipids described above.
259

  Gramicidin activity 
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was observed after the bilayer was photopolymerized, indicating that the membrane retained 

some degree of fluidity, although as noted the gain in stability afforded by lipid polymerization 

was minimal. 

In this chapter, we describe mixed BLMs prepared using bis-DenPC and diphytanoyl 

phosphatidylcholine (DPhPC, Figure 5.1), a nonpolymerizable, fluid lipid that is frequently used 

for IC recordings. We show that upon photopolymerization, these mixed BLMs exhibit greatly 

enhanced stability relative to unpolymerized BLMs, and they maintain the IC activity of 

alamethicin, for which membrane fluidity is required.  

5.2. Experimental 

5.2.1.   Reagents 

Ion channel recording buffer (0.1 M KCl, 5 mM HEPES, pH 7.5) was prepared with 

components obtained from Sigma-Aldrich dissolved in deionized (DI) water (18 MΩ•cm) and 

filtered through a 0.2 µm filter.  3-Cyanopropyldimethylchlorosilane and n-decane were 

purchased from Alfa Aesar and used as received. Acetonitrile and ethanol were purchased from 

EMD. Alamethicin was purchased from Alexis Biochemicals and diluted to 10 µg/mL in ethanol 

and used as stock solution. 1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) and 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were purchased in chloroform from Avanti 

Polar Lipids. Bis-dienoylphosphatidylcholine18,18 (bis-DenPC) was synthesized according to Dorn 

et al.
127

 and was always handled under yellow light to avoid inadvertent photopolymerization. 

5.2.2.   Fabrication and Modification of Pipettes 

Borosilicate capillary tubing with a 1.5 mm outer diameter and 1.0 mm inner diameter 

was purchased from Sutter Instrument Co. or World Precision Instruments.  Pipettes were pulled 
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to a sharp tip using a Sutter P-97 micropipet puller, then broken to an open diameter of ca. 200 

μm and fire polished using a microforge (Narishige MF-900) to obtain an aperture ranging from 

5-20 µm in diameter.  Pipets having an aperture diameter of ca. 10 µm were selected by visual 

inspection for use in the experiments described below. Prior to BLM formation, pipets were 

modified with 3-cyanopropyldimethylchlorosilane according to published procedures,
22,334 

rinsed 

with acetonitrile, ethanol, and water to remove excess silane, then air dried and stored until use. 

5.2.3. Lipid and BLM Preparation 

The lipid or lipid mixture dissolved in chloroform was dried under Ar in a glass vial, 

followed by vacuum for a minimum of 4 hours.  Dried lipids were resuspended to a concentration 

of 10 mg/mL in n-decane.  Formation and subsequent analysis of BLMs, both with and without 

alamethicin, was performed at 22 ± 2 ˚C.  BLMs were formed by applying a small volume (ca. 3 

μL) of lipid solution to the tip of the silanized pipet and allowing the solvent to evaporate.  The 

pipet was then back-filled with recording buffer, the tip was recoated with lipid solution, and then 

placed in a bath containing recording buffer.  A clean, disposable pipet tip was dragged across the 

glass pipet tip while monitoring resistance at an applied potential of +150 mV versus an Ag/AgCl 

reference electrode (instrumentation is described further below), until an increase to greater than 

15 GΩ was observed, signifying BLM formation. If no increase in resistance was observed, the 

tip dragging process was repeated until the increase occurred.  BLM formation was further 

verified by applying a 1 V potential across the pipet and observing rupture of the BLM as 

indicated by a return (decrease) to open pipet resistance.  The BLM was then easily reformed by 

dragging a clean tip across the pipet.  
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Current-voltage curves were measured to characterize the electrical properties of BLMs 

as a function of lipid composition and alamethicin concentration.  Resistance values were 

monitored throughout the experiments described below to verify that the BLM remained intact by 

measuring the current in response to application of a 5 mV square-wave pulse.  Capacitance 

values were determined by applying a 50 ms square pulse of 100 mV to the BLM while recording 

the current response.
280-281,295

 Pipets were used for multiple experiments by cleaning the pipet and 

bath to remove residual lipid and peptide from the previous trial. 

5.2.4.    UV Polymerization of BLMs 

BLMs containing bis-DenPC were polymerized by irradiation with a UV pen lamp (UVP, 

Upland, CA, Model 90-0012-01) placed a few centimeters from the pipet tip for 15 min. The 

manufacturer‟s specified intensity is 4750 μW/cm2
 at 254 nm at a distance of 0.75” from the 

lamp; the actual intensity was not measured.  In control experiments, BLMs composed of DPhPC 

were irradiated under identical conditions. 

5.2.5.   Measurements of Alamethicin Activity 

After a BLM was formed and a resistance value > 15 GΩ was obtained, alamethicin was 

added to the bath solution, to a final concentration of 15, 30, 60, or 120 ng/mL, and incubated for 

15 min at -150 mV.  Measurement of IC activity during the incubation period showed that no 

further changes in the frequency of IC activity and the magnitude of the associated current 

occurred after 10 min.  Thus the 15 min incubation time was deemed sufficient to achieve a 

steady state concentration of peptide associated with the membrane. Following incubation, the 

alamethicin solution was replaced with fresh, peptide-free recording buffer. 
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Current recordings for alamethicin-functionalized BLMs were obtained from -150 mV to 

+150 mV, starting at -150 mV.  Measurements were made at 50 mV intervals for a minimum of 2 

min each.  The potential was returned to 0 mV between each measurement.  Recordings were 

acquired using a HEKA Electronik EPC-8 patch clamp amplifier configured with an ITC-16 A/D 

converter controlled with HEKA Pulse data acquisition software.  Data were acquired at 5 kHz 

and filtered at 500 Hz for a monitoring period up to one hour, from which representative samples 

of recordings were stored.  Recordings were processed using HEKA PulseFit software.  In some 

cases, progressively higher potentials (up to +1000 mV) were applied to determine breakdown 

voltages of BLMs.  The incubation time and measurement procedures were identical for all 

experiments regardless of whether the BLM was unpolymerized, polymerized prior to 

alamethicin functionalization, or polymerized after functionalization.  A minimum of 5 trials was 

performed for each set of experimental conditions, except when the alamethicin concentration 

was 120 ng/mL for which 3 trials were performed. Background currents were measured for 

unpolymerized, UV polymerized, alamethicin-free, and alamethicin-functionalized BLMs. In the 

latter case, short periods devoid of IC activity occurred at all but highest alamethicin 

concentrations that were tested, which allowed the background current to be monitored 

continuously. In all cases, the background currents were less than 1 pA and showed little 

variability over the lifetime of experiments.  

5.3. Results and Discussion 

5.3.1.   Non-functionalized Bilayer Characterization 

A series of experiments was performed to characterize the electrical properties of BLMs 

composed of DPhPC, bis-DenPC, and equimolar DPhPC:bis-DenPC in the absence of 

alamethicin.  Current-voltage (i-V) curves were measured before and after irradiating BLMs with 
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UV light (Figure 2).  Irradiation for 15 min was determined to be sufficient to convert >95% of 

dienoyl functionalities in bis-DenPC to polymer,
124

 based on experiments with liposomes that 

were polymerized using an identical optical geometry. The degree of polymerization (Xn) was not 

measured in BLMs; however previous studies of liposomes composed of dienoyl lipids showed 

that UV irradiation generated oligomers (Xn of 3-10).
395

  

 

  
 

Current versus voltage (i-V) plots of BLMs were acquired by applying sequential 

steps in applied potential of 10 mV for 100 ms, from -150 to +150 mV. At each potential, 

the mean current was measured for a period of 20 ms following decay of the capacitive 

Figure 5.2.  i-V plots of mixed 

BLMs.  i-V plots of BLMs 

composed of DPhPC (A), bis-

DenPC (B), and 1:1 DPhPC:bis-

DenPC (C) before (black squares) 

and after UV irradiation (red 

circles) for 15 min. 
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peak to <2% of its initial value.  BLMs composed of DPhPC, bis-DenPC, and 1:1 

DPhPC:bis-DenPC were formed and i-V curves were measured before and after UV 

irradiation. For each composition, 20 BLMs were characterized. Typical i-V plots are 

shown in Figure 5.2.  Conductance and current data obtained from these experiments are 

presented in Table 5.1.  In all cases, linear i-V curves were obtained (see data plots in Fig. 5.2) 

from which the specific conductance data listed in Table 5.1 were determined.  The conductance 

of DPhPC BLMs is comparable to literature values
31

 and did not change upon UV irradiation.  

The conductance of bis-DenPC BLMs was ca. 50% of that measured for DPhPC BLMs and 

decreased ca. 10% after photopolymerization.  The conductance of mixed BLMs was slightly 

lower than that of DPhPC BLMs and did not change upon UV irradiation. Specific current values 

obtained at +150 mV are also listed in Table 5.1 and correlate well with conductance data. 

Specific capacitance values were also determined for all lipid mixtures tested and are listed in 

Table 5.1. The values of unpolymerized membranes were in the range of 0.5-0.7 µF/cm
2
, which 

are consistent with published data,
6,43

 and declined slightly after irradiation. 
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Table 5.1. Electrical properties of non-irradiated and UV irradiated BLMs in the absence of 

alamethicin.
a
  

 

a
 The standard deviations were computed from n = 20 trials for each lipid composition and irradiation 

condition. 
b
 Currents were recorded at an applied potential of +150 mV vs Ag/AgCl and normalized to a 

membrane area of 1 μm
2
. 

c
 Conductance values were obtained from the slope of the i vs V plots for the respective BLMs (see 

SI) and normalized to a membrane area of 1 μm
2
. 

d
 Capacitance values were obtained from the lifetimes of the transient decays measured upon 

application of a 50 ms square pulse of 100 mV potential across the respective BLMs, and normalized 
to a membrane area of 1 cm

2
. 

 

Overall, the data in Table 5.1 show: a) The presence of the dienoyl groups in bis-DenPC 

does not create an electrically „leaky‟ BLM; on the contrary, the conductance of bis-DenPC is 

less than that of DPhPC. b) Photopolymerization does not adversely affect the electrical 

properties of pure bis-DenPC BLMs. c) If phase segregation of bis-DenPC and DPhPC occurs in 

mixed, unpolymerized BLMs, it does not cause increased conductance. d) If photopolymerization 

induces phase segregation (i.e., domains of DPhPC are dispersed in a poly(bis-DenPC) network) 

117,392-393
 the domain boundaries do not cause an increase in leakage current.  

To assess BLM stability, the integrity of unpolymerized and UV polymerized BLMs was 

monitored as a function of storage time in buffer as well as repeated transfer across the air-buffer 

interface.  BLM conductance was monitored to determine when membrane rupture occurred, as 

previously described.
334

 The results are listed in Table 5.2.  For non-irradiated BLMs, the average 

lifetime was approximately 4 hours for all lipid compositions.  After UV irradiation, no change 

 Non-Irradiated UV Irradiated 

Lipid 
Composition 

 Specific 

Current  

(x 10
-2

 pA/μm
2
)
b
 

Specific 
Conductance 

(x 10
-2

 pS/μm
2
)
c
 

Specific 
Capacitance 

(μF/cm
2
)
 d
 

 Specific  

Current  

(x 10
-2 

pA/μm
2
)
b
 

Specific  

Conductance 

(x 10
-2

 pS/μm
2
)
c
 

Specific  

Capacitance 

(μF/cm
2
)
d
 

DPhPC  1.3 (±0.1) 8.5 (±0.3) 0.54 (±0.01) 1.1 (±0.1) 7.3 (±0.3) 0.52 (±0.03) 

bis-DenPC  0.6 (±0.2) 4.2 
 
(±0.3) 0.71 (±0.04) 0.5 (±0.2) 3.8 (±0.3) 0.66 (±0.03) 

1:1 Mix  1.0 (±0.1) 6.8 (±0.4) 0.63 (±0.04) 1.0 (±0.3) 6.7 (±0.4) 0.59 (±0.02) 
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was observed for DPhPC BLMs, whereas the lifetime of poly(bis-DenPC) BLMs increased to 

about three weeks.   Polymerization of mixed BLMs increased the mean lifetime to 4 days.  

Removal of a lipid bilayer from water typically causes significant disruption of its lamellar 

structure.
130-131

  BLM stability was therefore further examined by monitoring conductance during 

repetitive transfers across the air-buffer interface. Non-irradiated BLMs (all three lipid 

compositions) and irradiated DPhPC BLMs typically ruptured after only a few transfers (Table 

5.2).  In contrast, BLMs composed of pure poly(bis-DenPC) survived an average of 72 transfers, 

and polymerized, mixed BLMs ruptured after an average of 21 transfers.  Overall these results 

show that fractional polymerization of a BLM composed of a mixture of polymerizable and 

nonpolymerizable lipids provides a significant stability enhancement relative to an unpolymerized 

BLM. Not surprisingly, the stability characteristics of fractionally polymerized, mixed BLMs are 

intermediate between those of the pure DPhPC and poly(bis-DenPC) BLMs. It should be noted 

that rupture is the end result of less drastic changes in membrane structure that likely occur 

throughout its lifetime. An indication that such changes occur is our observation that a significant 

increase in the conductance of polymerized BLMs is observed shortly before rupture occurs (data 

not shown).    
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Table 5.2. Summary of stability properties for BLMs composed of DPhPC, bis-DenPC, and 1:1 

bis-DenPC:DPhPC.  

Lipid Composition  
Non-Irradiated 
BLM Lifetime

a
 

UV Irradiated 
BLM Lifetime

a
  

Air-Water 
Transfers Until 
Rupture: Non-

Irradiated BLMs
a
 

Air-Water 
Transfers Until 
Rupture: UV 

Irradiated BLMs
a
 

DPhPC  260 (±25) min 240 (±32) min 2.4 (±0.5) 2.4 (±0.5) 

bis-DenPC  240 (±29) min 24 (±4) days 3.0 (±0.7)  72 (±28)  

1:1 DPhPC:bis-DenPC  250 (±14) min 4.0 (±0.7) days 2.4 (±0.5) 21 (±6) 
 

       a
 n = 9 for each BLM and for each type of experiment. 

5.3.2.   Alamethicin Functionalized BLMs   

5.3.2.a.  Alamethicin Activity in Unpolymerized BLMs 

Alamethicin is a helical peptide composed of 20 amino acids that binds to lipid bilayers with a 

partition coefficient of ~10
3
 to 10

5
  (bilayer/solution).

396-398
  At relatively low concentrations in a lipid 

membrane, alamethicin is oriented parallel to the membrane plane whereas at higher concentrations, it 

orients perpendicular.
399-400

  The most widely accepted model of pore formation is the barrel-stave 

model in which alamethicin helices form water-filled pores with the hydrophilic residues of the 

peptide lining the lumen and the hydrophobic portions interacting with the hydrophobic interior of the 

bilayer.
387

  The pores are composed of 3 - 11 monomers, resulting in multiple conductance states, and 

the distribution of pore structures varies with the lipid composition of the bilayer.
387,389,401

  

Alamethicin was chosen as a model IC for this study because a fluid membrane is required to maintain 

its voltage-gated activity (see evidence below). 

BLMs composed of DPhPC, bis-DenPC, and 1:1 DPhPC:bis-DenPC were incubated with 15, 30, 

60, or 120 ng/mL alamethicin for 15 min and IC activity was recorded at 50 mV intervals from -150 

mV to +150 mV. An example set of recordings over the entire voltage range for DPhPC with 60 
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ng/mL alamethicin is shown in Figure 5.3.  For all three lipid compositions, both positive and negative 

voltage gating were observed with no significant differences in voltage dependence.  For brevity, 

recordings at only +150 mV are shown through the remainder of this article. 

 

Figure 5.3.  Voltage sensitivity of alamethicin in DPhPC.  Ion channel activity in a DPhPC 

BLM that was incubated with 60 ng/mL of alamethicin.  Recordings were acquired at 50 mV 

intervals over a potential range of -150 to +150 mV. For clarity in presentation, each trace is 

offset from the one below it by 10 pA.  

 

Figure 5.4 shows representative examples of +150 mV recordings at alamethicin concentrations of 

15 and 30 ng/mL.  At 15 ng/mL (panels A-C), little to no IC activity was observed for all three lipid 

compositions.  Only a few current bursts were observed during each 5 min measurement period, as 

illustrated by the small current spike in Figure 5.4C.  This indicates that the peptide concentration in 

these membranes is too low to form conducting pore structures.  In contrast, at 30 ng/mL (panels D-
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F), frequent bursts of current characteristic of alamethicin activity were observed.  The peptide 

concentration in these BLMs was therefore high enough to produce several discrete pore structures at 

moderate frequency. Expanded sections of the recordings in Figures 5.4D-F are shown in Figures 

5.5A-C and show a series of subconductance states centered at 40, 93, 147 and 173 pS (denoted the 

O1-O4 states, respectively). No significant differences in the frequency and amplitude of the current 

bursts among the three lipid compositions were measured, indicating that the lipid structure has no 

observable effect on the distribution of pore structures and subconductance states.  

 

Figure 5.4. Alamethicin activity in non-irradiated BLMs.  Representative recordings from BLMs 

incubated with alamethicin at 15 ng/mL (A-C) and 30 ng/mL (D-F). The lipid compositions were 

DPhPC (A, D), bis-DenPC (B, E), and 1:1 DPhPC:bis-DenPC (C, F).  The applied potential was +150 

mV. 
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Figure 5.5.  Temporally-resolved alamethicin conductance states.   BLMs composed of (A) 

DPhPC, (B) bis-DenPC, and (C) 1:1 DPhPC:bis-DenPC incubated with 30 ng/mL alamethicin.  BLMs 

incubated with alamethicin and then UV irradiated: (D) 1:1 DPhPC:bis-DenPC, 15 ng/mL, (E) 

DPhPC, 30 ng/mL, and (F) 1:1 DPhPC:bis-DenPC, 30 ng/mL.  BLMs UV irradiated and then 

incubated with alamethicin: (G) 1:1 DPhPC:bis-DenPC,  15 ng/mL, (H) DPhPC, 30 ng/mL, and (I) 1:1 

DPhPC:bis-DenPC,  30 ng/mL.  These combinations are indicated by the legend below the data.  

Dashed lines correspond to currents of 6, 14, 22, and 26 pA above the background current (< 1 pA and 

signified by the solid line); these current levels correspond to the O1-O4 subconductance states 

centered at 40, 93, 147 and 173 pS, respectively.  
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The effect of lipid composition on IC activity was further examined by analysis of the mean 

probabilities for occurrence of the closed (non-conducting) state and the several subconductance states 

at an alamethicin concentration of 30 ng/mL. The results of the analysis for unpolymerized BLMs are 

listed in the left side of Table 5.3 (see the footnotes for a description of the analysis procedure). For all 

three lipid compositions, the probabilities for observation of the closed state (PC) and the 

subconductance states centered at 40, 93, 147, and 173 pS (denoted PO1, PO2, PO3, and PO4, 

respectively) were similar, verifying that the lipid composition has no observable effect on the 

distribution of conducting pore structures.  

Table 5.3. Summary of probabilities determined for closed and open (conducting) states of 

alamethicin incubated at 30 ng/mL with BLMs before and after UV irradiation.
 a,b

 

Lipid 

Composition 
Non-Irradiated UV Irradiated 

 PC PO1 PO2 PO3 PO4 PO5 PC PO1 PO2 PO3 PO4 PO5 

DPhPC 

0.32 

(±0.09) 

0.17 

(±0.06) 

0.20 

(±0.08) 

0.21 

(±0.09) 

0.10 

(±0.04) 

< 

0.01 

0.31 

(0.09) 

0.15 

(±0.07) 

0.21 

(±0.09) 

0.23 

(±0.06) 

0.10 

(±0.06) 

< 

0.01 

bis-DenPC 

0.30 

(±0.08) 

0.15 

(±0.09) 

0.23 

(±0.06) 

0.20 

(±0.08) 

0.12 

(±0.04) 

< 

0.01 

1.00 

(±0.00) 0.00 0.00 0.00 0.00 0.00 

1:1 

DPhPC:bis-

DenPC 

0.34 

(±0.09) 

0.19 

(±0.05) 

0.17 

(±0.07) 

0.23 

(±0.04) 

0.07 

(±0.02) 

< 

0.01 

0.05 

(±0.03) 

0.14 

(±0.08)) 

0.23 

(±0.09) 

0.27 

(±0.08) 

0.31 

(±0.10) 

< 

0.01 

 

a PC is the probability of observing alamethicin in the closed state. PO1, PO2, PO3, and PO4 are the probabilities of 

observing alamethicin in open (conducting) states, denoted O1-O4, centered at 40, 93, 147, and 173 pS, respectively. 

PO5 is the probability of observing alamethicin in conducting states at >200 pS.  

b Five trials were analyzed for each lipid composition and irradiation condition; for each trial, 60 s of data were 

analyzed. PC  and PO1 - PO5 were determined by constructing a histogram with 6 channels corresponding to 

conductances centered at 0, 40, 93, 147, 173, and >200 pS for each data set. The fractional area in each channel was 

divided by the total area (sum of 6 channels) and normalized to a total probability of unity. 
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Increasing the alamethicin concentration to 60 ng/mL greatly increased the frequency of current 

bursts, as expected for a greater peptide concentration in the membrane.
219

  Representative recordings 

and all-points histograms for the three lipid compositions at 60 ng/mL alamethicin are presented in  

Figures 6 and 7.  Mean current values, current ranges, and subconductance states were obtained from 

the plots and are listed in the left side of Table 5.4. When BLMs were incubated with alamethicin at a 

concentration of 120 mg/mL, continuous IC activity was observed and as a consequence, discrete 

subconductance states could not be resolved.  An example set of data for DPhPC is summarized in 

Table 5.4 (see Fig. 5.8 for the respective recording and all-points histogram).  The mean current was 

96 pA with a range of 60 pA, as compared to a mean of 7 pA and a range of 24 pA at 60 ng/mL.  

Overall the data presented in Figure 5.2 and Table 5.4 are interpreted as evidence that the distribution 

of pore structures and their respective conductances depend on the alamethicin concentration in the 

BLM, which can be adjusted by varying the dissolved peptide concentration.  This finding is 

consistent with published data.
399,402-403
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Figure 5.6.  Alamethicin recordings at 60 ng/mL.  Typical recordings of BLMs 

composed of DPhPC (A, D, G), bis-DenPC (B, E, H), and 1:1 DPhPC:bis-DenPC (C, F, 

I) that were incubated with alamethicin at 60 ng/mL:  non-irradiated (A, B, C), incubation 

before UV irradiation (D, E, F), and incubation after UV irradiation (G, H, I).   All 

current scales are equal except for (F). 
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Figure 5.7.  All-points histograms  of alamethicin at 60 ng/mL.  All-points histograms, 

obtained from the recordings in Figure S4, from BLMs composed of DPhPC (A, D, G), 

bis-DenPC (B, E, H), and 1:1 DPhPC:bis-DenPC (C, F, I) that were incubated with 

alamethicin at 60 ng/mL: non-irradiated (A, B, C), incubation before UV irradiation (D, 

E, F), and incubation after UV irradiation (G, H, I).  
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Table 5.4. Summary of currents and conductance values measured for pure and mixed BLMs 

incubated with alamethicin at concentrations ≥ 60 ng/mL.
 a , b 

  Non-Irradiated UV Irradiated 

Lipid Composition  
Alamethicin 

Concentration 

Mean 

Current 

(pA) 

 Current 

Range 

(pA) 

Subconductance 

Levels Centered at 

(pS)  

Mean 

Current 

(pA)  

Current 

Range 

(pA) 

Subconductance 

Levels Centered at 

(pS)  

DPhPC  60 ng/mL 7 (±6) 24 33, 60, 87, 113, 133 8 (±6) 26 40, 60, 93, 120, 133 

bis-DenPC  60 ng/mL 9 (±5) 24 67, 107 0 (±1) 3 No activity 

1:1 DPhPC:bis-DenPC 60 ng/mL 6 (±4) 17 20, 53, 80 110 (±30) 241 733 c 

DPhPC  120 ng/mL 96 (±8) 60 640 c --- --- --- 

 

a The data in this table summarize the raw data presented in Figures 5.6-8.  All measurements were made at 

+150 mV. 
b Background currents (see Table 5.1) were subtracted from the data listed in this table. 
c A single, broad distribution was observed. See histograms in Figures 7 and 8.  

 

 

 

Figure 5.8.  Alamethicin recordings at 120 ng/mL.  Recording (A) and all-points 

histogram (B) of a DPhPC BLM incubated with 120 ng/mL of alamethicin. 
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5.3.2.b.  Alamethicin in UV-Irradiated BLMs 

IC activity in BLMs composed of each lipid composition that were incubated with 

alamethicin and then irradiated with UV light was examined. Representative current recordings at 

+150 mV for DPhPC BLMs at alamethicin concentrations of 15 and 30 ng/mL are shown in 

Figure 5.9 (panels A and D). An expanded section of the recording in Figure 5.9D is shown in 

Figure 5.5E, illustrating the O1-O4 subconductance states. The current recordings are very 

similar to those obtained from DPhPC BLMs that were not irradiated (Figures 5.4A, 5.4D, 5.5A). 

Furthermore, the probabilities for observing the closed state and the open states after UV 

irradiation (PC and PO1-PO4; listed on the right side of Table 5.3), are equivalent to the 

probabilities obtained for non-irradiated BLMs.  Thus the exposure to UV light did not 

measurably alter the activity of alamethicin in DPhPC BLMs.  In addition, no difference in IC 

activity was observed between non-irradiated and irradiated DPhPC when the alamethicin was 

increased to 60 ng/mL, as shown in Table 5.4 (also see Fig. 5.7 for a representative recording and 

all-points histogram at 60 ng/mL). 
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Figure 5.9. Alamethicin recordings in UV irradiated BLMs.  Representative recordings showing 

the effect of UV irradiation on BLMs incubated with alamethicin. BLMs were incubated with 

alamethicin at 15 ng/mL (A-C) and 30 ng/mL (D-F) followed by 15 min of UV irradiation. The lipid 

compositions were DPhPC (A, D), bis-DenPC (B, E), and 1:1 DPhPC:bis-DenPC (C, F).  The applied 

potential was +150 mV. 

 

In contrast, UV irradiation of bis-DenPC BLMs completely eliminated alamethicin 

activity, as shown by a comparison of Figures 9B and 9E, as well as the probabilities listed in 

Table 5.3.  Complete loss of activity was also observed at 60 ng/mL (Table 5.4;  also, see Fig. 5.7 

for example recording and all-points histogram).  Based on the proposed mechanism for 

alamethicin channel formation and conductance, a fluid membrane is required,
112,399,404,405

 and the 

lack of fluidity in poly(bis-DenPC) is clearly incompatible with this requirement. A significant 

increase in membrane thickness upon polymerization would also cause a decrease in alamethicin 
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activity. However, this is unlikely to be the case here based on: a) a previous study

406
 in which 

only a 4-5% increase in optical thickness was measured upon bis-DenPC polymerization, and b) 

the absence of significant changes in specific capacitance after UV irradiation (Table 5.1).  

Very different behavior was observed with 1:1 DPhPC:bis-DenPC, as demonstrated by 

comparing recordings from BLMs incubated with 15 ng/mL alamethicin.  Before UV irradiation, 

minimal activity was observed (Fig. 5.4C), whereas significant IC activity was measured after 

polymerization (Figs. 5.9C and Fig. 5.5D).  The frequency and amplitude of current bursts in 

Figures 5.9C and 5.5D are similar to those measured for non-irradiated BLMs incubated at 30 

ng/mL (Figs. 5.4F, 5.5A-C).  Similar changes were observed for higher alamethicin 

concentrations: a) A typical recording obtained from a 1:1 DPhPC:bis-DenPC BLM that was 

polymerized after incubation with 30 ng/mL is shown in Figure 5.9F, with an expanded section 

shown in Figure 5.5F.  The high frequency of current bursts is comparable to data obtained for 

non-irradiated BLMs that were functionalized with 60 ng/mL alamethicin (see Figure 5.6).  b) 

The probabilities of observing the closed state and the open states before and after UV irradiation 

at 30 ng/mL are listed in Table 5.3. After polymerization, a significant shift in the probability 

distribution toward higher subconductance states was observed; specifically PC and PO1 declined 

whereas PO2-PO4 increased.  c) Incubation of a 1:1 DPhPC:bis-DenPC BLM at 60 ng/mL followed 

by polymerization eliminated discernable conductance levels; instead a single, broad distribution 

(see Figure 5.7) with a mean value of 110 ± 30 pA and a range of 241 pA was observed.  These 

current values are much greater than those observed before irradiation (see Table 5.4) and more 

closely approximate the values for DPhPC BLMs at 120 ng/mL alamethicin.  

Several major points can be drawn from the results of these experiments.  First, 

alamethicin functionalization of 1:1 DPhPC:bis-DenPC BLMs at ≥15 ng/mL followed by 
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polymerization generates transient currents that are significantly greater than the specific 

background currents measured for peptide-free BLMs listed in Table 5.1.  Therefore the 

possibility that these transient currents may arise due to membrane defects created upon 

polymerization is eliminated.  Second, these data demonstrate that the requisite fluidity required 

for alamethicin activity is maintained in a fractionally polymerized BLM.  This suggests that 

photopolymerization of 1:1 DPhPC:bis-DenPC generates a phase-segregated membrane 

composed of fluid DPhPC domains dispersed in a poly(bis-DenPC) matrix.  Third, the increased 

current that accompanies fractional polymerization indicates that the apparent concentration of 

alamethicin in the mixed BLM has also increased.  This could occur if, upon bis-DenPC 

polymerization, alamethicin is excluded from the polymerized domains and as a consequence 

becomes concentrated in the fluid DPhPC domains.  Assuming that the membrane area is 

composed of equal amounts of DPhPC and poly(bis-DenPC), the alamethicin concentration in the 

DPhPC domains would double after polymerization, increasing the probability of transient pore 

formation and shifting the number of helices per pore to larger values and higher conductances.  

The probability data (Table 5.3) support this hypothesis, and further support is provided by an 

analysis of lifetimes of the subconductance states presented. 

An assumption inherent in this hypothesis is that alamethicin dissociation from the 

membrane is relatively slow compared to the time scale of the measurement.  To our knowledge, 

apparent dissociation constants for alamethicin have not been published; however rates for other 

α-helical peptides bound to membranes have been determined and in some cases are slow, on the 

order of a few hours.
407-409  

To address this issue, 1:1 DPhPC:bis-DenPC BLMs functionalized 

with alamethicin were monitored for 2 hours after polymerization.  No change in IC activity was 
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observed, verifying that peptide concentration in the membrane remained constant over this time 

period. 

5.3.2.c.         BLMs Polymerized Before Alamethicin Functionalization 

The properties of BLMs that were incubated with alamethicin after UV irradiation were 

also examined. Figures 5.10 and
 
5.5G-I show typical results at peptide concentrations of 15 and 

30 ng/mL.  For pure DPhPC and bis-DenPC BLMs, the recordings were similar to those obtained 

when incubation was performed before irradiation: IC activity is retained in DPhPC whereas in 

poly(bis-DenPC), no activity is observed (i.e., compare the upper and middle panels in Figures 

5.9 and 5.10). Higher alamethicin concentrations were also investigated; summary data are listed 

in Table 5.5 with example recordings and all-points histogram presented in Figure 5.7.  No 

significant differences were observed relative to BLMs that were functionalized with alamethicin 

before irradiation. 

Table 5.5. Summary of currents and conductance values measured for pure and mixed BLMs 

that were UV irradiated, then incubated with alamethicin at concentrations ≥ 60 ng/mL.
a, b  

Lipid Composition  
Alamethicin 

Concentration 
Mean Current 

(pA) 
 Range (pA) 

Subconductance Levels 
Centered at (pS) 

DPhPC  60 ng/mL 6 (±7) 25 33, 60, 93, 120, 140 

bis-DenPC  60 ng/mL 0 (±1) 3 No Activity 

1:1 DPhPC:bis-DenPC 60 ng/mL 15 (±6) 37 100 b  
 

a 
The data in this table summarize the raw data presented in Figures 5.4 and 5.5.  All data were collected at 

+150 mV. 
b A single, broad distribution was observed. See histogram in Figure 5.5.  
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Figure 5.10. Alamethicin in BLMs polymerized prior to functionalization.  Representative 

recordings of IC activity in BLMs that were UV irradiated prior to alamethicin insertion. BLMs were 

UV irradiated for 15 min and then incubated with alamethicin at 15 ng/mL (A-C) and 30 ng/mL (D-

F). The lipid compositions were DPhPC (A, D), bis-DenPC (B, E), and 1:1 DPhPC:bis-DenPC (C, F).  

The applied potential was +150 mV. 

In the case of 1:1 DPhPC:bis-DenPC, significant IC activity was measured at alamethicin 

concentrations of 15 and 30 ng/mL, as illustrated by the recordings in Figures 5.10C and 5.10F, 

respectively.  The amplitude of the current bursts was similar to those observed when incubation 

preceded polymerization, however their frequency was generally less (i.e., compare Figures 5.9C 

and 5.9F to 5.10C and 5.10F).  Expanded sections of the recordings in Figures 5.10C and 5.10F, 

shown in Figures 5.5G and I, respectively, verify the presence of the O1-O4 subconductance 

states centered near 40, 93, 147, and 173 pS.   Experiments were also conducted at 60 ng/mL; 

summary data are listed in Table 5.4 and example recordings and all-points histogram are 
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presented.  The IC activity was greater than at 30 ng/mL, as expected, but again it was less than 

that observed when incubation preceded polymerization (see Figures 5.6 and 5.7 ).  

These comparisons show that when a mixed DPhPC:bis-DenPC BLM is incubated with 

alamethicin after photopolymerization, the peptide inserts into and forms conducting pores in the 

membrane, presumably in fluid DPhPC domains.  However the number, size, and or frequency of 

conducting pores are less than when incubation is performed before polymerization.  The 

underlying cause of this difference is unknown.  However it is important to note that the two 

procedures may not produce equivalent membrane structures.  When incubation precedes 

irradiation, bis-DenPC is photopolymerized in a bilayer that contains three components (DPhPC, 

peptide, bis-DenPC), whereas when irradiation precedes incubation, the bilayer is composed 

solely of lipids during polymerization.  The presence of the peptide may alter the bilayer 

structure
410-411

 (e.g., domain size, shape, and registry between leaflets), producing a different 

distribution of alamethicin pore structures.    

5.3.2.d. Lifetimes of Alamethicin Subconductance States 

Lifetimes of subconductance states of alamethicin in BLMs were analyzed by 

constructing a histogram of open times for each state formed by a transition from a previous state.  

For example, alamethicin channels in state O1 are formed by a transition from either the closed 

state (C) or from state O2; thus two histograms were constructed for state O1. Lifetimes for each 

state were determined by fitting the histograms to a single-exponential decay (minimum R
2 
> 

0.99).  Lifetimes were determined as a function of lipid composition, BLM polymerization, 

alamethicin concentration, and whether the peptide was incubated before or after the BLM was 
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UV irradiated. Lifetime data are listed in Table 5.6 in which row designations (in the left-most 

column) are used to assist in comparing the data sets. 

Comparing non-irradiated BLMs incubated with 30 ng/mL alamethicin (rows 1-3), the 

lifetimes of the O1-O4 states in bis-DenPC were slightly less than the respective lifetimes in 

DPhPC, and in 1:1 DPhPC:bis-DenPC, the respective lifetimes were intermediate between those 

in the single lipid BLMs. The lack of significant lifetime differences indicates that lipid structure 

had a minimal effect on IC activity.  

UV irradiation of DPhPC BLMs did not result in any detectable changes in O1-O4 

lifetimes (compare rows 1, 4, and 7), whereas irradiation of bis-DenPC BLMs eliminated 

alamethicin activity, regardless of whether incubation was performed before or after UV 

irradiation (rows 5 and 8). These findings are consistent with those presented in the article. UV 

irradiation of 1:1 DPhPC:bis-DenPC, both before or after alamethicin incubation, produced 

significantly shorter lifetimes for all subconductance states (compare rows 6 and 9 to row 3).  

This result is likely due to an increase in peptide concentration in fluid DPhPC domains, due to 

exclusion of the peptide from the poly(bis-DenPC) domains.   

To further investigate this hypothesis, two experiments were performed:   

1) Lifetimes of subconductance states in non-irradiated 1:1 DPhPC:bis-DenPC: BLMs 

that were incubated with 60 ng/mL alamethicin were measured. These lifetimes (row 11) are 

much shorter than those obtained when the peptide concentration was 30 ng/mL (row 3), showing 

that the O1-O4 lifetimes are inversely correlated with alamethicin concentration. Thus the 

relatively short lifetimes obtained for polymerized 1:1 DPhPC:bis-DenPC BLMs at 30 ng/mL 
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(rows 6 and 9) are consistent with the hypothesis that alamethicin is concentrated into fluid 

domains upon polymerization. 

2) 1:1 DPhPC:bis-DenPC BLMs were incubated with 15 ng/mL alamethicin and then UV 

irradiated. The lifetimes (row 10) are shorter than those obtained for non-irradiated, 1:1 

DPhPC:bis-DenPC BLMs at 30 ng/mL (row 3). The shorter lifetimes in the polymerized 

membrane indicate that the peptide concentration in the DPhPC domains is higher than that in an 

unpolymerized membrane, even when the incubation concentration is doubled to 30 ng/mL. 



217 

 

Table 5.6.  Lifetimes of alamethicin subconductance states in BLMs as a function of lipid composition, peptide concentration, 

UV irradiation, and sequence of peptide incubation and irradiation steps. 

Row Lipid(s) a 
Alamethicin 

(ng/mL) 

BLM 

Condition b 
Lifetimes of Subconductance States (ms) c,  d 

    
O1 

(from 

C) 

O2 

(from 

O1) 

O3 

(from 

O2) 

O4 

(from 

O3) 

O4 

(from 

>O4) 

O3 

(from 

O4) 

O2 

(from 

O3) 

O1 

(from 

O2) 

1 DPhPC 30 no UV 21.9 19.8 15.3 10.3 7.4 14.0 17.8 21.9 
2 bis-DenPC 30 no UV 21.0 17.6 13.5 9.2 7.1 13.5 16.8 20.8 

3 1:1  30 no UV 21.3 18.8 14.5 9.8 7.4 13.8 17.3 21.5 

4 DPhPC 30 inc, +UV 22.0 19.9 15.4 10.3 7.5 14.0 17.8 22.0 
5 bis-DenPC 30 inc, +UV NA NA NA NA NA NA NA NA 

6 1:1 30 inc, +UV 6.1 4.1 4.5 5.5 4.9 4.6 5.1 5.5 

7 DPhPC 30 +UV, inc 21.9 19.8 15.3 10.3 7.4 14.0 17.8 21.9 
8 bis-DenPC 30 +UV, inc NA NA NA NA NA NA NA NA 

9 1:1 30 +UV, inc 10.9 9.3 8.7 7.7 6.1 8.5 10.8 10.7 

10 1:1 15 inc, +UV 15.0 14.6 13.2 8.0 6.0 11.7 14.8 17.0 
11 1:1 60 no UV 6.0 4.0 5.0 NA NA 4.5 5.0 4.8 

 
a 1:1 refers to equimolar DPhPC:bis-DenPC. 
b BLM conditions are alamethicin incubation without UV irradiation (no UV), alamethicin incubation followed by UV irradiation (inc, +UV), and UV irradiation followed by 

alamethicin incubation (inc, +UV).  
c At alamethicin concentrations of 15 and 30 ng/mL, the subconductance states O1-O4 correspond to conductances of 40, 93, 147, and 173 pS. At 60 ng/mL, the subconductance 

states O1-O3 correspond to conductances of 20, 53, and 80 pS. 

d Two lifetimes were determined for each subconductance state. For example, state O1 can be formed by a transition from the closed (C) state or from O2. An entry of NA 

means that no IC activity was observed. 
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5.3.2.e.  Alamethicin Activity After BLM Storage for 1-3 Days 

Alamethicin activity in photopolymerized 1:1 DPhPC:bis-DenPC BLMs was investigated during 

the course of the BLM lifetimes listed in Table 5.4.  In one set of experiments, BLMs were incubated 

with 15 ng/mL of alamethicin, photopolymerized, and then stored in recording buffer at 4 °C for up to 

three days.  Typical recordings after 1 and 3 days of storage are shown in Figures 5.11A and B, 

respectively.  These data are very similar to recordings acquired immediately following irradiation 

(e.g., Figure 5.9C). In a second set of experiments, BLMs were formed, photopolymerized, and then 

stored in recording buffer at 4 °C for up to three days.  After storage, BLMs were incubated with 30 

ng/mL of alamethicin and IC activity was measured.  Typical recordings obtained after storage for one 

and three days are shown in Figures 5.11C and D, respectively.  The frequency and amplitude of the 

current bursts were very similar to those of BLMs that were functionalized immediately following UV 

irradiation (Figure 5.10F).  Overall, the data presented in Figure 5.11 show that BLM storage did not 

measurably alter the activity of incorporated alamethicin, regardless of whether the peptide was 

incorporated into the membrane before or after polymerization. 
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Figure 5.11. Long-term IC activity in photopolymerized, mixed BLMs.  Representative recordings 

of 1:1 DPhPC:bis-DenPC BLMs  that were incubated with 15 ng/mL alamethicin, photopolymerized, 

then stored in buffer for (A) 1 day and (B) 3 days before IC activity was measured. Representative 

recordings of 1:1 DPhPC:bis-DenPC BLMs that were photopolymerized, stored in buffer, then 

incubated with 30 ng/mL alamethicin (C) after storage  for 1 day and (D) after storage for 3 days.  The 

applied potential was +150 mV. 

 

5.4. Summary and Conclusions 

We have demonstrated that photopolymerization of mixed lipid bilayers composed of bis-DenPC 

and DPhPC produces highly stable BLMs.  A substantial degree of fluidity is maintained in these 

BLMs, as evidenced by the retention of alamethicin activity (for which fluidity is a requirement).  

Thus, fractional lipid polymerization is an effective strategy for creating membranes that feature both 

stability and fluidity.  Fractional polymerization likely drives phase segregation, generating fluid and 

poly(lipid) domains.  Alamethicin appears to be concentrated in the fluid domains during 
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polymerization, leading to higher measured currents due to increases in the size, number, and/or 

frequency of pores.  Further studies are ongoing to determine the size and spatial distribution of the 

poly(lipid) and fluid domains, if these and other membrane properties depend on the DPhPC:bis-

DenPC molar ratio, and if alamethicin is localized in fluid domains after polymerization.  Additional 

studies are also needed to determine if the activity of other types of ion channel peptides and proteins 

can be retained in photopolymerized, mixed BLMs. 



 221 

 
6. RECONSTITUTION OF ICs INTO MIXED BIS-DENPC:DPHPC BLMS 

6.1. Introduction 

Previously, alamethicin, a model IC dependent on fluidity for function, was used in 

studying the use of bis-DenPC and DPhPC mixtures in the formation of BLMs which maintained 

sufficient fluidity for alamethicin functionality post-irradiation.  In Chapter 5, studies focused 

only on 1:1 bis-DenPC:DPhPC ratio; however, the potential benefits of increasing the bis-DenPC 

ratio could significantly enhance stability, while maintaining fluidity.  In this chapter, the use of 

3:1 and 7:1 mixtures of bis-DenPC:DPhPC will be used in combination with 1:1 mixtures and 

pure component BLMs to characterized non-functionalized and IC functionalized membranes.  In 

non-functionalized BLMs, UV-Vis studies, electrical properties, and surface pressure – area 

isotherms will be used to probe the membrane structures at all compositions.   

Alamethicin, gramicidin, and α-hemolysin (α-HL) will be used to probe the applicability 

of mixed BLMs using the previously established strategies. Each IC has a different mode of 

assembly and action.  Alamethicin, a helical peptide, forms different sized voltage-gated pores 

dependent on the number of monomers associated with the bundle, with aggregation numbers 

ranging from 3-11.
403,412

  Gramicidin is a hydrophobic peptide that forms pores when dimers 

laterally diffuse in each leaflet forming metastable pores.
413-414

  α-HL is a heptameric channel 

with each monomer having a molecular weight of ca. 33 kDa.
155

  The wide ranges of sizes and 

properties make this combination of ICs ideal for studying the use of mixtures of bis-DenPC and 

DPhPC BLMs. 

6.2. Experimental 

6.2.1.   BLM Characterization 
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All lipid samples used for the formation of BLMs, surface pressure – area isotherms, and 

UV-Vis experiments were prepared by mixing desired ratios of bis-DenPC and DPhPC, 

evaporating the solvent, and lyophilizing for a minimum of 4 hours.   

Samples for BLMs were resuspended into n-decane to a concentration of 10 mg/mL.  

BLMs were characterized using stability and electrical properties, including conductance and 

capacitance, using previously reported methods (see Chapter 2 for details).  Surface pressure – 

area isotherms were acquired for each mixture with samples resuspended to a concentration of 1 

mg/mL in chloroform.  Surface pressure – area isotherms were analyzed in a similar manner to 

previous experiments (see Chapter 3 for details).  Additional experiments were performed to 

investigate the change in surface pressure upon UV polymerization.  Films were spread on the 

subphase, compressed to 30 mN/m, and UV irradiated while monitoring the surface pressure over 

time.  For the UV-Vis polymerization studies of mixtures, dried lipids were then resuspended into 

PBS buffer at a concentration of 1 mg/mL and sonicated to clarity to form SUVs.  SUVs were 

added to a bath and UV irradiated in a similar geometry to BLM experiments.  Samples were 

withdrawn at set time points and analyzed by UV-Vis spectrophotometry. 

6.2.2.   Alamethicin Characterization 

Alamethicin experiments were performed in 0.1 M KCl, 5 mM HEPES, pH 7.5 recording 

buffer.  Alamethicin was prepared at a stock concentration of 1 µg/mL in ethanol.  Aliquots were 

added to recording buffer in bath solution at a desired concentration.  Activity was monitored at 

+150 mV until a steady frequency of bursts was observed, typically less than 15 min.   

For experiments in mixtures of non-irradiated BLMs, recording solution was then 

exchanged and recordings acquired at +150 mV.  In studies using polymerized membranes, 



 223 

 
alamethicin functionalization was performed using one of two strategies;  a.) alamethicin was 

added to the recording solution at the desired concentration until steady activity was noted, 

followed by exchange of the recording solution, and finally UV irradiated for 15 min.  b.)  BLMs 

were formed, UV irradiated for 15 min, and finally incubated with alamethicin at the desired 

concentration. 

Mean open probabilies were tabulated using the Excel histogram function in which bins 

were created using representative traces to determine midpoints between subconductance states as 

bin start and end points.  Frequency of events per bin could then be used to calculate the fraction 

of time that each subconductance state was observed. 

Dwell times analysis was performed by setting bins of 10 ms increments from 0 to 100 

ms (i.e. 0-10, 10-20…90-100, > 100).  Traces were analyzed and each transition and lifetimes 

were assigned to a bin.  The exponentially decaying histograms were then fit to an exponential 

equation and the mean lifetime (τ) detemined. 

For long-term studies of BLMs functionalized with alamethicin prior to polymerization, 

BLMs were stored in recording solution, monitoring the activity daily.  For studies when the 

BLM was polymerized prior to functionalization with alamethicin, non-functionalized BLMs 

were stored in recording solution and functionalized prior to analysis daily.  Each BLM 

functionalized following polymerization was discarded following characterization due to inability 

to remove alamethicin completely. 

6.2.3.   Gramicidin Characterization 

Gramicidin experiments were performed in 1 M KCl, 5 mM HEPES, pH 7.5 recording 

buffer.  Gramicidin was prepared at a stock concentration of 0.5 µg/mL gramicidin in ethanol.  
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Aliquots were added to recording buffer in bath solution at a desired concentration.  Activity was 

monitored at +100 mV until a steady frequency of openings was noted, typically less than 15 min 

following addition.   

Experiments in non-irradiated BLMs and UV irradiated BLMs were performed in a 

similar manner to alamethicin.  Mean amplitudes of gramicidin were calculated by analyzing a 

series of representative tracings in which the amplitude of current from conductance states (i.e. 0 

channels to 1 channel open, 2 channels open to 1 channel open, etc.) were calculated.  Long-term 

studies were performed similarly to alamethicin. 

6.2.4.   α-Hemolysin Characterization 

α-HL experiments were performed in 1 M KCl, 5 mM HEPES, pH 7.5 recordings buffer.  

α-HL was prepared in recording buffer at a concentration of 0.5 mg/mL.  Aliquots were added to 

recording buffer near the BLM and incubated, allowing for the insertion and formation of pores.  

Upon successful pore formation, subsequent washes of bath solution were performed (recording 

buffer plus α-HL aliquots) to remove excess α-hemolysin monomers.   

Experiments using non-irradiated and UV-irradiated BLMs were performed as previously 

stated with one additional step.  In experiments using UV-irradiated BLMs, both before and after 

functionalization, i-V curves were acquired is a manner similar to i-V curves for BLMs prior to 

UV irrradiation.  Following irradiation, i-V curves are reacquired.  Conductance values of α-HL  

i-V curves were determined by using the linear range, -100 mV to 0 mV, of the i-V curves.  

Long-term storage of α-HL was monitored by storage in recording buffer with i-V curves 

acquired until failure of α-HL or BLM occurred. 
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6.3. Results and Discussion 

6.3.1.   BLMs 

6.3.1.a.  UV-Vis Studies 

To investigate the potential utilization of varying mole ratios of bis-DenPC and DPhPC 

for IC recordings, properties investigated previously need to be revisted to verify that the 

conditions used are still sufficient.  First, the duration or irradiation necessary to yield near 

complete polymerization of monomers to polymer in the BLMs was investigated in SUVs.   The 

high molar absorptivity of bis-DenPC allowed for monitoring of the polymerization process by 

measuring the change in the absorbance from 255 nm to ca. 210 nm on conversion of monomer to 

polymer.
415

  SUVs were used due to insufficient lipid in the BLM to monitor spectroscopically. 

Equivalent concentrations of each type of SUVs were placed in the bath solution prior to 

beginning the UV irradiation;  however, different dilutions were used when analysis using UV-

Vis was performed.  This explains the difference in the spectra shown in Figure 6.1A, C, E, G, 

and I for DPhPC, 1:1 bis-DenPC:DPhPC, 3:1 bis-DenPC:DPhPC, 7:1 bis-DenPC:DPhPC, and 

bis-DenPC, respectively.  Spectra acquired for SUVs composed of DPhPC (Figure 6A) should 

show weak absorption at 255 nm with the majority of the signal arising from scatter of the vesicle 

suspension.  In the mixtures of bis-DenPC and DPhPC, the main component absorbing at 255 nm 

is bis-DenPC.  Normalized absorbances at 255 nm are shown in Figure 6.1B, D, F, H, and J for 

DPhPC, 1:1 bis-DenPC:DPhPC, 3:1 bis-DenPC:DPhPC, 7:1 bis-DenPC:DPhPC, and bis-DenPC, 

respectively.  The rate of polymerization does not appear to be significantly affected by the use of 

mixtures of bis-DenPC and DPhPC.  Two plausible explainations exist:  1.)  The lateral diffusion 

coefficient is fast enough such that the rate is not impeded by the presence of another non-

polymerizable component.  2.)  bis-DenPC and DPhPC are phase separated prior to irradiation.  
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This would localize the polymerizable lipids together, in effect having similar polymerization 

kinetics to pure component systems.   

GUVs were also formed using bis-DenPC and DPhPC mixtures doped with different 

fluorophores to attempt to visualize the formation of domains due to preferential partitioning of 

the fluorophore into one domain compared to the other.  No optically observable domains were 

present, suggesting either that domains were too small, not present, or that no differences in 

partitioning between phases occur.  Further characterization of mixtures of bis-DenPC and 

DPhPC are needed including surface pressure – area isotherms.   
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Figure 6.1.  UV-Vis spectra of bis-DenPC:DPhPC mixtures in SUVs.  Spectra of SUVs composed of (A) DPhPC, (C) 1:1 bis-

DenPC:DPhPC, (E) 3:1 bis-DenPC:DPhPC, (G) 7:1 bis-DenPC:DPhPC, and (I) bis-DenPC at various times.  Normalized intensities at 

255 nm are shown for (B) DPhPC, (D) 1:1 bis-DenPC:DPhPC, (F) 3:1 bis-DenPC:DPhPC, (H) 7:1 bis-DenPC:DPhPC, and (J) bis-DenPC, 

respectively. 
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6.3.1.b. Electrical Properties and Stability 

The proposed strategy for maintaining fluid domains while adding stability requires that 

the mixtures did not significantly affect the conductance of the membranes.  If the conductance is 

significantly increased, the utilization of higher mole ratio bis-DenPC:DPhPC mixtures in IC 

recordings would be futile.  The conductance and capacitance values for all mixtures used are 

shown in Table 6.1.   The data suggest that no significant changes in the membrane structure 

occur .  Increasing the bis-DenPC mole fraction causes stepwise decreases in the conductance and 

increases in the capacitance.  The dielectric thicknesses of the membranes were calculated using 

the capacitance and have intermediate thicknesses compared to the pure component systems.
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Table 6.1.  Electrical properties of bis-DenPC:DPhPC mixtures.  Electrical properties, including conductance (G), capacitance (C), 

and dielectric thicknesses (d), of BLMs composed of DPhPC, bis-DenPC, and mixtures of DPhPC and bis-DenPC prior to and following 

UV irradiation. 

Lipid Composition 
Non-Irradiated UV Irradiated 

G (pS)
a
 C (µF/cm

2
)

a
 d (nm) G (pS)

a
 C (µF/cm

2
)

a
 d (nm) 

DPhPC 66.7 (± 0.3)
a
  0.54 (± 0.01)  3.4 (± 0.1)

 
  66.6 (± 0.3)

 
 0.52 (± 0.03)

 
  3.6 (± 0.2)

 
 

1:1 bis-DenPC:DPhPC 58.3 (± 0.4)
 a
  0.63 (± 0.04)

 
  3.0 (± 0.2)

 
  59.0 (± 0.4)

 
  0.59 (± 0.02)  3.2 (± 0.1)

 
  

3:1 bis-DenPC:DPhPC 45.1 (± 0.7)  0.67 ( ± 0.03)  2.8 ( ± 0.1)  54.8 (± 0.5)  0.63 (± 0.03)  3.0 ( ± 0.1)  

7:1 bis-DenPC:DPhPC 36.5 (± 0.3)  0.69 ( ± 0.04)  2.7 ( ± 0.2)  41.0 (± 0.4)  0.64 ( ± 0.02)  2.9 ( ± 0.1)  

bis-DenPC 32.2  (± 0.4)
 
 0.71 (± 0.04)

 
 2.6 (± 0.1)

 
 29.1 (± 0.4)

 
 0.66 (± 0.03)

 
 2.8 (± 0.1) 

a
  n = 9 for each BLM composition and each test;  single pipet with aperture diameter of 20 µm was used. 
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Recall that in Chapter 2, the phase separation of DOPC, DPPC, and cholesterol mixtures 

was studied and conductance values deviating from ideal behavior were shown to correlate well 

with previously reported regions of coexisting phases.  This strategy was used to study both non-

irradiated and UV irradiated BLMs (Figure 6.2).  Figures 6.2A and B show the experimental 

conductance and capacitance data and ideal behavior of bis-DenPC:DPhPC mixtures used to form 

BLMs, respectively.  Deviations from the ideal lines are shown in Figure 6.2B and D.   

Positive deviations are noted in non-irradiated BLMs, suggesting that phase segregation 

may be present prior to polymerization.  This agrees with the UV-Vis studies that found similar 

polymerization rates in all bis-DenPC-containing mixtures.  The positive deviations from ideal 

behavior increase slightly upon UV irradiation potentially suggesting that phase segregation is 

enhanced upon polymerization, as expected. 
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Figure 6.2.  Conductance of bis-DenPC:DPhPC mixtures.  (A) Conductance (G) of bis-

DenPC:DPhPC versus mole fraction of bis-DenPC (χbis-DenPC) is shown for non-irradiated (■) and 

irradiated (○) BLMs.  (B) Deviation of experimental values from ideal lines is plotted verus χbis-

DenPC.  (C) Capacitance and (D) deviations from ideal behavior are also shown.  Ideal lines drawn 

from χbis-DenPC of 0.0 to 1.0 are shown for non-irradiated (black line) and irradiated (red) BLMs.  

(Exp‟t is for experimental data.) 
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No significant changes in conductance suggests that the utilization of bis-DenPC:DPhPC 

mixed BLMs at higher ratios for ICs is possible.  Next, the stability of these BLMs was 

investigated in similar fashion as previously.  Stability to air-water transfers was tested by 

forming a BLM and repeatidly removing and immersing it to/from the bath solution while 

monitoring the conductance after each transfer until failure.  Long-term stability was tested by 

either monitoring while immersed in bath solution until failure was noted or, in the case of UV 

irradiated BLMs, removed from the apparautus and stored in recording buffer, characterizing the 

BLM each day until failure. 

 

Table 6.2.  Long-term and air-water transfer stability of BLMs composed of DPhPC, bis-

DenPC, and mixtures of DPhPC and bis-DenPC.   

Lipid Composition 

Non-Irradiated UV Irradiated 

Air-Water 

Transfers
a
 

Lifetimes
a
 

Air-Water 

Transfers
a
 

Lifetimes
a
 

DPhPC 2.4 (±0.5) 260 (±25) min 2.4 (±0.5) 0.17 (±0.02) days 

1:1 DPhPC:bis-DenPC 2.8 (±0.4) 250 (±14) min 21 (±6) 4.0 (±0.7) days 

3:1 DPhPC:bis-DenPC 2.8 (±0.4) 226 (±12) min 31 (±6) 5.4 (±1.1) days 

7:1 DPhPC:bis-DenPC 2.8 (±0.4) 235 (±22) min 40 (±4) 6.8 (±1.3) days 

bis-DenPC 3.0 (±0.7) 240 (±29) min 72 (±28) 24 (±4) days 
a
  n = 9 for each BLM composition and each test;  multiple pipettes with apertures diameters of 20 

µm were used. 

 

The results of the stability tests are listed in Table 6.2 for non-irradiated and irradiated 

BLMs in the left and right columns, respectively.  Previously, the stability enhancement of bis-

DenPC and 1:1 bis-DenPC:DPhPC has been shown (Chapter 5).  Here the 3:1 and 7:1 bis-

DenPC:DPhPC mixtures lengthened the lifetimes from several hours to an average of 5 and 7 

days, respectively.  This data shows that the increased ratio of bis-DenPC within the BLM 

increased the stability.  Higher concentrations were not attempted to see if further enhancement 
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was achievable.  It is likely that at higher bis-DenPC ratios, the DPhPC monomers will ideally 

mix due to the loss of significant reduction of free energy of the system present in DPhPC and 

bis-DenPC phase separated bilayers.  This behavior was noted in conductance behavior with 

DOPC and DPPC in Chapter 2 and in phase diagrams previously determined.
312

 

6.3.1.c.        Surface Pressure – Area Isotherms 

Surface pressure – area isotherms were acquired for bis-DenPC and DPhPC mixtures 

(Figure 6.3A and B).  Increasing in the molar ratio of bis-DenPC to DPhPC resulted in stepwise 

decreases in the average area occupied per lipid, as expected because bis-DenPC occupies less 

area per lipid than the methylated DPhPC.  Molecular areas at a given surface pressure plotted 

versus mole fraction of bis-DenPC (Figure 6.3C) allows for studying the molecular interactions of 

the mixtures.  Positive deviations from an ideal line drawn from pure DPhPC to bis-DenPC were 

observed (Figure 6.3D) suggesting repulsive intermoleucular interactions, consistence with the 

previous observations of phase separation.  
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Figure 6.3.  Surface pressure – area isotherms of bis-DenPC:DPhPC mixtures.  Surface 

pressure – area isotherms of (A) non-irradiated and (B) irradiated monolayers composed of 

DPhPC (─), bis-DenPC (─), 1:1 bis-DenPC:DPhPC (─), 3:1 bis-DenPC:DPhPC (─), and 7:1 bis-

DenPC:DPhPC (─).  (C) Molecular areas at given surface pressures plotted versus χbis-DenPC.  (D)  

Deviations from ideal behavior.  Closed symbols are for UV-irradiated monolayers and open 

symbols are for non-irradiated monolayers. 
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Monolayers were also compressed to a surface pressure of 30 mN/m and either: a.)  were 

left non-irradiated or b.) UV-irradiatied for 15 min (Figure 6.4), both while monitoring the 

change in surface pressure.  In the case of non-irradiation, slight decreases were noted in most 

cases (Figure 6.4A).  No changes in surface pressure were noted for DPhPC; however, bis-

DenPC-containing monolayers decreased by ca. 4%.  The slight decreases likely arise from slow 

rearrangement of the molecules into more efficient packing, decreasing the surface pressure.  This 

suggests that the compression of bis-DenPC requires sufficient time for efficient packing, while 

the added fluidity in DPhPC does not require added time for rearrgangement upon compression. 

For irradiated monolayers, significant decreases in the surface pressure were observed 

over time (Figure 6.4B).  Previous experiments plotting surface pressure – area isotherms were 

polymerized in the gas analogous phases (prior to compression), likely resulting in slow and 

inefficient polymerization rates;  however, shifts in the A0 of 10-20 Å
2
/moleucle are still observed 

in the plots (Figure 6.3 A and B).  When compressed to a lateral pressure comparable to self-

assembled lamellar phases
416

 and followed by UV irradiation, results in a significant decrease in 

the surface pressure.  In bis-DenPC monolayers, a surface pressure value of ca. 25% of the 

starting pressures (7.5 mN/m) suggests a significant constriction of the membrane.  This is 

compareble to the shift comparable to an A0 from ca. 95 Å
2
 to 62 Å

2
 per molecule in non-

irradiatied monolayers.  Mixtures of bis-DenPC and DPhPC have intermediate responses. 
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Figure 6.4.  Monitoring surface pressure of bis-DenPC:DPhPC mixed monolayers.   

Monolayers compressed to 30 mN/m and monitored (A) without and (B) with UV-irradiation. 
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6.3.2.   Alamethicin Functionalized BLMs 

Alamethicin was inserted into BLMs composed of DPhPC, 1:1 bis-DenPC:DPhPC, 3:1 

bis-DenPC:DPhPC, 7:1 bis-DenPC:DPhPC, and bis-DenPC and characterized in absence of UV 

irradiation (Figure 6.5).  A concentration of 30 ng/mL was used to reach a large enough peptide 

to lipid ratio in the BLM for sustained IC activity.  Comparable tracings and subconductance 

states were achieved for all compositions tested.  Previously, experiments with non-

functionalized BLMs suggested that phase segregation was present prior to UV irradiation;  

however, the lack of bimodal distributions of activity and subconductance states suggest that 

either phase segreatation is absent or more likely, that bis-DenPC and DPhPC have similar 

interactions with alamethicin, maintaining comparable activity.   

Open probabilities were analyzed for non-irradiated BLMs of all compositions (Table 

6.3).  The results suggest no significant effects of membrane composition on IC activity.  Dwell 

time analysis (see Chapter 5) were not analyzed on 3:1 and 7:1 bis-DenPC:DPhPC mixtures. 
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Figure 6.5.  Alamethicin in non-irradiated BLMs.  IC activity in (A) bis-DenPC, (B) DPhPC, 

(C) 1:1 bis-DenPC:DPhPC, (D) 3:1 bis-DenPC:DPhPC, and (E) 7:1 bis-DenPC:DPhPC BLMs 

functionalized with 30 ng/mL alamethicin (no irradiation).   
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Table 6.3.  Summary of probabilities determined for closed and open (conducting) states of alamethicin incubated at 30 ng/mL 

with BLMs before and after UV irradiation.
 a,b

 

 Non-Irradiated Irradiated 

Lipid Composition PC PO1 PO2 PO3 PO4 PO5 PC PO1 PO2 PO3 PO4 PO5 

DPhPC 
0.32 

(±0.09) 

0.17 

(±0.06) 

0.20 

(±0.08) 

0.21 

(±0.09) 

0.10 

(±0.04) 

< 

0.01 

0.31 

(0.09) 

0.15 

(±0.07) 

0.21 

(±0.09) 

0.23 

(±0.06) 

0.10 

(±0.06) 

< 0.01 

1:1 bis-

DenPC:DPhPC 

0.34 

(±0.09) 

0.19 

(±0.05) 

0.17 

(±0.07) 

0.23 

(±0.04) 

0.07 

(±0.02) 

< 

0.01 

0.05 

(±0.03) 

0.14 

(±0.08)) 

0.23 

(±0.09) 

0.27 

(±0.08) 

0.31 

(±0.10) 

< 0.01 

3:1 bis-

DenPC:DPhPC 

0.29 

(±0.08) 

0.17 

(±0.07) 

0.23 

(±0.06) 

0.19 

(±0.07) 

0.04 

(±0.03) 

< 

0.01 

0.00 0.00 0.00 0.00 0.09 

(±0.08) 

0.91(±0.07) 

7:1 bis-

DenPC:DPhPC 

0.34 

(±0.09) 

0.18 

(±0.03) 

0.19 

(±0.07) 

0.21 

(±0.06) 

0.08 

(±0.03) 

< 

0.01 

0.00 0.00 0.00 0.00 0.00 1.00 

(±0.00) 

bis-DenPC 
0.30 

(±0.08) 

0.15 

(±0.09) 

0.23 

(±0.06) 

0.20 

(±0.08) 

0.12 

(±0.04) 

< 

0.01 

1.00 

(±0.00) 

0.00 0.00 0.00 0.00 0.00 

a
 PC is the probability of observing alamethicin in the closed state. PO1, PO2, PO3, and PO4 are the probabilities of observing alamethicin in 

open (conducting) states, denoted O1-O4, centered at 40, 93, 147, and 173 pS, respectively. PO5 is the probability of observing 

alamethicin in conducting states at >200 pS.  

b
 Five trials were analyzed for each lipid composition and irradiation condition; for each trial, 60 s of data were analyzed. PC  and PO1 - 

PO5 were determined by constructing a histogram with 6 channels corresponding to conductances centered at 0, 40, 93, 147, 173, and 

>200 pS for each data set. The fractional area in each channel was divided by the total area (sum of 6 channels) and normalized to a total 

probability of unity. 
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Figure 6.6.  Alamethicin in BLMs irradiated following functionalization – 30 ng/mL.  IC 

activity in (A) bis-DenPC, (B) DPhPC, (C) 1:1 bis-DenPC:DPhPC, (D) 3:1 bis-DenPC:DPhPC, 

and (E) 7:1 bis-DenPC:DPhPC BLMs functionalized with 30 ng/mL alamethicin and UV 

irradiated for 15 min.   
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The effect of UV irradiation of BLMs functionalized with 30 ng/mL of alamethicin is 

shown in Figure 6.6.  DPhPC is unaffected in comparison to non-irradiated, functionalized BLMs 

and as previously shown, bis-DenPC results in the complete loss of activity (Figure 6.6B and A, 

respectively).  Irradiation significantly increased the mean current in all three mixtures.  The 

probabilities are listed in Table 6.3.  In 1:1 bis-DenPC:DPhPC, a shift to higher subconductance 

states is noted.  In 3:1 and 7:1 mixtures, conductance levels of greater than 200 pS are noted.  

Above, it was shown that unfunctionalized BLMs showed no significant change in conductance 

upon polymerization.  This suggests that the increase in conductance of mixed BLMscan be 

attributed to the alamethicin concentrating into fluid DPhPC domains in these membranes, 

increasing the effective peptide concentrations. 

Decreasing the alamethicin concentration used to functionalize the BLM prior to UV 

irradiation to 15, 7.5, and 3.75 ng/mL for 1:1, 3:1, and 7:1 bis-DenPC:DPhPC, respectively, 

resulted in resolvable (i.e., discrete) IC currents (Figure 6.7).  By reducing the concentration, the 

effective concentration localized in fluid domains following polymerization is decreased 

significantly, and results similar to recordings in non-irradiated BLMs functionalized with 30 

ng/mL of alamethicin were obtained.   

  



 242 

 
 

 

Figure 6.7.  Alamethicin in BLMs irradiated following functionalization – varying 

concentrations.  Alamethicin activity in (A) bis-DenPC, (B) DPhPC, (C) 1:1 bis-DenPC:DPhPC, 

(D) 3:1 bis-DenPC:DPhPC, and (E) 7:1 bis-DenPC:DPhPC BLMs functionalized prior to UV 

irradiation.  BLMs were functionalized using 120, 30, 15, 7.5, and 3.75 ng/mL alamethicin.   
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Previously, BLMs irradiated prior to functionalization with alamethicin could be used to 

maintain activity in phase segregated domains.  UV-irraditated BLMs followed by 

functionalization are shown in Figure 6.8 at all lipid compositions.  As can be seen, if the 

concentration is decreased as the ratio of bis-DenPC:DPhPC increases, discrete IC activity can be 

observed.  

To see the effect that lipid composition and concentration of alamethicin have on activity, 

isotherms were constructed by sequential addition of alamethicin into the bath solution while 

monitoring the average IC currents (Figure 6.9).  In non-irradiated BLMs, comparable curves 

were acquired for all lipid compositions, again showing that with respect to IC activity, all lipid 

compositions were equivalent (Figure 6.9A).  Curves for BLMs functionalized following UV 

irradiation are shown in Figure 6.9B.  The shift in the curves to higher activity at lower 

alamethicin concentrations illustrates the dependence of IC activity on peptide to lipid ratio has 

been shown by several studies.
400,417-419

  By polymerizing the BLM prior to functionalization, the 

fluid volume of the BLM lipid is decreased.  Finally, functionalization followed by UV 

irradiation shifted the curves further left (Figure 6.9C).  In this case, the surface associated 

peptide concentration is concentrated into the fluid domains, increasing the concentration and 

frequency and aggregation state of the pores formed.  This increase in concentration and pore size 

increases the IC activity as observed by increases in current.   



 244 

 

 

Figure 6.8. Alamethicin recordings in BLMs functionalized following UV irradiation.   

Alamethicin activity in (A) bis-DenPC, (B) DPhPC, (C) 1:1 bis-DenPC:DPhPC, (D) 3:1 bis-

DenPC:DPhPC, and (E) 7:1 bis-DenPC:DPhPC BLMs UV irradiated prior to functionalization.  

BLMs were respectively functionalized using 120, 30, 15, 7.5, and 3.75 ng/mL alamethicin.    
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Figure 6.9.  Alamethicin isotherms in mixtures.  Alamethicin isotherms in bis-DenPC (●), 

DPhPC(■), 1:1 bis-DenPC:DPhPC (▲),  3:1 bis-DenPC:DPhPC (▼), and 7:1 bis-DenPC:DPhPC 

(♦) BLMs functionalized (A) with no UV irradiation, (B) after UV irradiation, and (C) prior to 

UV irradiation.   
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Use of bis-DenPC:DPhPC mixtures for long-term use was shown previously with 

lifetimes of 4 to 7 days stability observed for 1:1 to 7:1 ratios.  Long-term storage and use of 

BLM functionalized with alamethicin prior to and following UV irradiation are shown in Figure 

6.10.  Representative tracings of 1:1, 3:1, and 7:1 bis-DenPC:DPhPC are shown in (A), (B), and 

(C) for UV irradiated BLM following functionalization and (D), (E), and (F) for UV irradiated 

BLMs prior to functionalization, respectively. 
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Figure 6.10.  Long-term alamethicin recordings in bis-DenPC:DPhPC mixtures.  

Alamethicin ion channel recordings in (A) 1:1 bis-DenPC:DPhPC, (B) 3:1 bis-DenPC:DPhPC, 

and (C) 7:1 bis-DenPC:DPhPC.  BLMs were functionalized with 15, 7.5, and 3.75 ng/mL prior to 

UV irradiation for 1:1, 3:1, and 7:1 mixtures then stored for 4, 5, and 7 days, respectively.  Ion 

channel recordings for  (D) 1:1 bis-DenPC, (E) 3:1 bis-DenPC:DPhPC, and (F) 7:1 bis-DenPC  in 

which the BLM was UV irradiated, stored, and functionalized after 4, 5, and 7 days at 15, 7.5, 

and 3.75 ng/mL, respectively. 
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6.3.3.       Gramicidin Functionalized BLMs   

Gramicidin is a linear 15 amino acid peptide which is extrememly hydrophobic allowing 

for energetically favorable insertion into the lamellar structure of membranes.
414

  Lateral diffusion 

of gramicidin in each leaflet results in the formation of metastable pores (3-4 Å in diameter) 

formed from the N termini to N termini association of two monomers.  These dimers form a 

channel lined by polar groups from the peptide background and is specific for monovalent 

ions.
224,420

    The small size, selectivity, and ease of synthesis made gramicidin an ideal IC in the 

past to study for model ICs. 

Prior to characterization of gramicidin in polymermized BLMs, characterization and 

optimization of condititions were performed in non-irradiated BLMs.  1 ng/mL of gramicidin was 

chosen as an appropriate concentration for these experiments due to the presence of sufficient 

channels and resolved opened and closed states.  Under these conditions, multiple channels were 

observed, but did not interfere with analysis of amplitudes.  Figure 6.11shows representative 

tracings of all lipid compositions tested.  Comparable tracings were observed for all 

compositions.  Conductance values of openings are shown in Table 6.4 for non-irradiated BLMs.  

Values of ca. 20-25 pS were obtained for all compositions agreeing with literature values.
258

  

Thus the difference in lipid compositions did not affect the activity of gramicidin. 
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Figure 6.11.  Gramicidin in non-irradiated BLMs.  Ion channel recordings in (A) bis-DenPC, 

(B) DPhPC, (C) 1:1 bis-DenPC:DPhPC, (D) 3:1 bis-DenPC:DPhPC, and (E) 7:1 bis-

DenPC:DPhPC BLMs functionalized using 1 ng/mL gramicidin (no irradiation).   
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Table 6.4.  Gramicidin conductance (G) values in non-irradiated and UV-irradiated BLMs(functionalized prior to and following 

irradiation). 

 Non-Irradiated Irradiated Following Insertion Irradiated Prior to Insertion 

Lipid Composition [Gramicidin] GGRAM (pS) [Gramicidin] GGRAM (pS) [Gramicidin] GGRAM (pS) 

DPhPC 1 ng /mL 21 ± 5 1 ng /mL 20±4 1 ng /mL 20±3 

bis-DenPC 1 ng /mL 22 ± 4  100 ng / mL N/A  100 ng / mL N/A 

1:1 DPhPC:bis-DenPC 1 ng /mL 23 ± 5 0.500 ng / mL 24 ± 3 0.500 ng / mL 22 ± 4 

3:1 DPhPC:bis-DenPC 1 ng /mL 21 ± 6 0.250 ng / mL 20 ± 4 0.250 ng / mL 23 ± 3 

7:1 DPhPC:bis-DenPC 1 ng /mL 20 ± 5 0.125 ng / mL 22 ± 5 0.125 ng / mL 21 ± 6 
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IC recordings of BLMs functionalized with 1 ng/mL gramicidin prior to UV irradiation 

were acquired (Figure 6.12).  In bis-DenPC BLMs, all activity was lost (Figure 6.12A) while in 

DPhPC BLMs activity was unperturbed (Figure 6.12B).  Significant increases in activity were 

observed in BLMs composed of 1:1, 3:1, and 7:1 mixtures of bis-DenPC:DPhPC, agreeing with 

results found with alamethicin.  Increases in current correlate with the fraction of DPhPC present 

in the membrane; decreases in DPhPC mole fraction resulted in increased current.   
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Figure 6.12.  Gramicidin in BLMs irradiated following functionalization – 1 ng/mL.  Ion 

channel recordings in (A) bis-DenPC, (B) DPhPC, (C) 1:1 bis-DenPC:DPhPC, (D) 3:1 bis-

DenPC:DPhPC, and (E) 7:1 bis-DenPC:DPhPC BLMs functionalized and followed with UV 

irradiation.  BLMs were functionalized using 1 ng/mL gramicidin. 
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Loss of resolvable channel was observed at 1 ng/mL, similar to experiments using 

alamethicin.  Decreasing the activity of gramicidin used to functionalize BLMs prior to UV 

irradiation achieved resolvable channels events (Figure 6.13), similar to the activity in non-

irradiated BLMs at 1 ng/mL gramicidin.  Concentrations of gramicidin of 0.500, 0.250, and 0.125 

ng/mL were used for 1:1, 3:1, and 7:1 mixtures, respectively.  Conductance values are reported in 

Table 6.4.  Conductance values of all compositions agreed with results of non-irradiated BLMs. 

BLMs were polymerized prior to functionalization at concentrations of 0.500, 0.250, and 

0.125 ng/mL were for 1:1, 3:1, and 7:1 mixtures.  Data are shown in Figure 6.14.  Higher current 

values were noted that for BLM functionalized and followed by UV irradiation.  Resolved states 

of channels can be noted, however conductance states are not as discrete as observed with non-

irradiated BLMs or BLM functionalized and polymerized at the same concentration.  One 

possible reason is that functionalization of the BLM prior to UV irradiation results in a sufficient 

fraction of gramicidin trapped in polymerized domains, decreasing the effective concentrations.  

By UV irradiating the BLM forming the domains prior to functionalization, partitioning of 

gramicidin into fluid domains may result in a higher surface density, increasing the activity.  It 

should also be noted that the size and number of peptides present in a gramicidin pore is less than 

that accompanied with alamethicin.  Experiments with gramcidin in UV-irradiatied BLMs 

increase that likelihood of having sufficient concentration in each domain for IC activity 

compared to alamethicin. 
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Figure 6.13.  Gramicidin in BLMs irradiated following functionalization – varying 

concentrations.  Gramicidin ion channel recordings in (A) bis-DenPC, (B) DPhPC, (C) 1:1 bis-

DenPC:DPhPC, (D) 3:1 bis-DenPC:DPhPC, and (E) 7:1 bis-DenPC:DPhPC BLMs functionalized 

prior to UV irradiation.  BLMs were functionalized using 5, 1, 0.5, 0.25, and 0.125 ng/mL 

gramicidin, respectively.   
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Figure 6.14.  Gramicidin in BLMs functionalized following irradiation.  Gramicidin ion 

channel recordings in (A) bis-DenPC, (B) DPhPC, (C) 1:1 bis-DenPC:DPhPC, (D) 3:1 bis-

DenPC:DPhPC, and (E) 7:1 bis-DenPC:DPhPC BLMs that were UV irradiated prior to 

functionalization.  BLMs were functionalized using 5, 1, 0.5, 0.25, and 0.125 ng/mL gramicidin , 

respectively.   
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To further investigate the properties of the BLMs using the three strategies (non-

irradiated, functionalized followed by irradiations, and irradiated prior to functionalization) the 

dependence of gramicidin concentration on activity was studied (Figure 6.15).  Comparing Figure 

6.15B and C, increases in activity are observed for BLMs polymerized prior to functionalization.  

This agrees with the results shown for traces (compare Figure 6.13 and 14).  Comparable to the 

results obtained with alamethicin, increases in the bis-DenPC ratio resulted in increases of 

activity at lower concentrations.   

Long-term recordings of gramicidin are shown in Figure 6.16 for BLMs functionalized 

prior to and following UV irradiation.  For BLMs functionalized following UV irradiation, 

reduction in the peptide concentration resulted in the resolution of discret channel states. 
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Figure 6.15.  Gramicidin isotherms in BLMs.  Gramicidin isotherms in bis-DenPC (●), 

DPhPC(■), 1:1 bis-DenPC:DPhPC (▲),  3:1 bis-DenPC:DPhPC (▼), and 7:1 bis-DenPC:DPhPC 

(♦) BLMs functionalized (A) with no UV irradiation, (B) prior to UV irradiation, and (C) 

following UV irradiation.   
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Figure 6.16. Long-term gramicidin recordings in bis-DenPC:DPhPC mixtures.  Gramicidin 

ion channel recordings in (A) 1:1 bis-DenPC:DPhPC, (B) 3:1 bis-DenPC:DPhPC, and (C) 7:1 

bis-DenPC:DPhPC.  BLMs were functionalized with 0.5, 0.25, and 0.125 ng/mL gramicidin prior 

to UV irradiation for 1:1, 3:1, and 7:1 mixtures then stored for 4, 5, and 7 days, respectively. Ion 

channel recordings for  (D) 1:1 bis-DenPC, (E) 3:1 bis-DenPC:DPhPC, and (F) 7:1 bis-DenPC  in 

which the BLM was UV irradiated, stored, and functionalized after 4, 5, and 7 days at 7.5, 3.75, 

and 1.38 ng/mL, respectively. 
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6.3.4.       α-Hemolysin Functionalized BLMs 

In chapter 4, it was shown that α-HL can be reconstituted into BLMs composed of 

dienoyl lipids, including bis-DenPC, with retention of activity.  Here those investigations are 

extended to lipid mixtures.  α-HL was reconstituted in a similar manner to the previously 

performed experiments;  First, reconstitution of α-HL in BLMs composed of DPhPC, 1:1 bis-

DenPC:DPhPC, 3:1 bis-DenPC:DPhPC, 7:1 bis-DenPC:DPhPC, and bis-DenPC are shown in the 

insets of Figure 6.17A, B, C, D, E, and F, respectively.  Insertion amplitudes of ca. -40 pA at -40 

mV applied potential were observed agreeing with values reported in Chapter 4 and previously 

published data.
421-422
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Figure 6.17.  α-HL single ion channel recordings in pure and mixed bis-DenPC and DPhPC 

BLMs.  i-V curves of α-HL in (A) bis-DenPC, (B) DPhPC, (C) 1:1 bis-DenPC:DPhPC, (D) 3:1 

bis-DenPC:DPhPC, and (E) 7:1 bis-DenPC:DPhPC BLMs.  Prior to (■) and following (○) UV 

irradiation.  i-V curves of UV irradiated BLMs are offset by 20 pA.   Insets show insertion events 

of α-HL prior to UV irradiation. 
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i-V curves were acquired for each lipid composition prior to UV irradiation and are 

shown in Figure 6.17.   The i-V plots show linear regions from -100 to 0 mV with slight 

rectification noted about 0 mV.  Conductance values were obtained from the slope from -100 to 0 

mV.  Gα-HL are shown in Table 6.5 in the left column.   

α-HL-containing BLMs were irradiated with 15 min of UV light after functionalization 

and are shown in Figure 6.17.  Nearly indistinguishable i-V curves are observed for non-

irradiated and irradiated BLMs.  Conductance values shown in Table 6.5 exhibit comparable 

values to non-irradiated BLMs.  This shows that the use of mixed BLMs, in which phase 

segregation is suggested, does not affect activity of the channels, not surprisingly.  In Chapter 4 it 

was shown that α-HL in pure bis-DenPC maintains acvity, which shows that the change in 

membrane structure upon polymerization does not impair function.  However, in mixed BLMs it 

is not known if α-HL is localized in bis-DenPC or DPhPC domains, or is uniformly distributed. 

BLMs formed and polymerized from mixtures of bis-DenPC and DPhPC prior to 

functionalization with α-HL were also investigated, similar to experiments with gramicidin and 

alamethicin.  This strategy would prove worthwhile when ICs sensitive to UV irradiation are 

used.  Attempts to insert α-HL into mixed, polymerized BLMs were first performed with 1:1 bis-

DenPC:DPhPC.  At 1 ng/mL, significantly longer times were necessary prior to observing 

insertion of α-HL relative to unpolymerized BLMs.  It is speculated that the larger size of α-HL 

monomer (ca. 45 kDa) compared to gramicidin (ca. 1 Da) and alamethicin (ca. 2 kDa) creates a 

kinetic barrier to insertion.  Increased α-HL concentrations were used successfully to shorten the 

time until insertion occurred.  For 1:1, 3:1, and 7:1 mixtures of bis-DenPC:DPhPC, 

concentrations of α-HL of 2, 4, and 8 ng/mL, respectively were used.  I-V curves were acquired 



 262 

 
(data not shown) with conductance values shown in Table 6.5.  These values were quivalent to 

those obtained in the previous two sets of experiments. 

Long-term stability of α-HL channels in BLMs was demonstrated at 3, 5, 7, and 7 days 

for 1:1, 3:1, 7:1 mixtures of bis-DenPC:DPhPC, and pure bis-DenPC, respectively (Table 6.5).  

Lifetimes of BLMs composed of 1:1, 3:1, 7:1 mixtures of bis-DenPC:DPhPC, and pure bis-

DenPC were shown to be 4, 5, 7, and 24 days, respectively.  In chapter 4, the loss of α-HL 

activity was noted at ca. 7 days while the poly(bis-DenPC) BLM remained intact.
423

  For mixed 

BLMs, the failure of the BLM preceeded loss of channel activity.  The exact cause of channel 

failure is unknown and possibly arises from changes in membrane structure.
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Table 6.5.  α-HL conductance (Gα-HL) values in non-irradiated BLMs, UV irradiated (functionalized prior to and following 

irradiation), and long-term conductance values measured at different days. 

 
Non-Irradiated 

Irradiated Following 

Insertion 

Irradiated Prior to 

Insertion 

Long-Term Stability 

Lipid 

Composition 
[α-HL] Gα-HL (pS) [α-HL] Gα-HL (pS) [α-HL] Gα-HL (pS) Day Gα-HL (pS) 

DPhPC 1 ng /mL 1.04 ± 0.03 1 ng /mL 1.07 ± 0.03 1 ng /mL 1.05 ± 0.02 1 1.03 ± 0.05 

1:1 DPhPC:bis-

DenPC 
1 ng /mL 1.02 ± 0.06 1 ng / mL 1.03 ± 0.08 2 ng / mL 1.03 ± 0.08 7 1.02 ± 0.03 

3:1 DPhPC:bis-

DenPC 
1 ng /mL 1.03 ± 0.05 1 ng / mL 1.06 ± 0.04 4 ng / mL 1.04 ± 0.03 3 1.05 ± 0.02 

7:1 DPhPC:bis-

DenPC 
1 ng /mL 1.02 ± 0.03 1 ng / mL 1.01 ± 0.05 8 ng / mL 1.05 ± 0.02 5 1.02 ± 0.06 

bis-DenPC 1 ng /mL 1.05 ± 0.02 1 ng / mL 1.08 ± 0.02 100 ng / mL 1.02 ± 0.06 7 1.08 ± 0.02 
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6.4. Summary and Conclusions 

UV-Vis studies, surface pressure – area isotherms, and conductance measurements were 

used to characterize the phase separation in bis-DenPC:DPhPC mixtures.  UV-Vis studies showed 

comparable kinetics of polymerization suggest the phase separation of bis-DenPC and DPhPC or 

if an ideally mixed bilayer occurs, the presence of DPhPC does not impede the polymerization.  

Conductance measurements showed that positive deviations of conductance from ideal behavior 

were observed for 1:1, 3:1, and 7:1 bis-DenPC:DPhPC mixtures.  Surface pressure – area 

isotherms also showed positive deviations from ideal behavior suggesting repulsive 

intermolecular interactions.  In the case of conductance and surface pressure – area isotherms, the 

irradiation of BLMs and monolayers increased the deviations.  These results suggest that phase 

separation is present both prior to and following polymerization. 

Stabilities of BLMs with increased bis-DenPC:DPhPC ratios were increased as noted by 

air-water transfer and long-term stability studies.  The use of model ICs, alamethicin, gramicidin, 

and α-hemolysin, showed that both irradiation prior to and following IC insertion preserved 

native-like IC activity.  Decreases in concentration can be used to observe discrete conductance 

states, except for α-hemolysin.  α-HL required higher concentrations when used to functionalize 

polymerized BLMs.  This can likely be attributed to the larger size of the monomer with respect 

to the peptides alamethicin and gramicidin. 

The increase in bis-DenPC:DPhPC ratio increased BLM stability and lifetimes allowing 

for longer IC monitoring.  The utilization of α-hemolysin in mixed BLMs highlights the potential 

application of mixed poly(lipid) / non-polymerizable lipid membranes for sustaining larger IC 

complexes which require fluidity for function.
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7. CHARACTERIZATION OF THE ORIENTATION OF KATP CHANNELS 

7.1. Introduction 

7.1.1.   Potassium Channels 

A wide range of gene families exist for K
+ 

channels and are found in nearly all 

organisms.
424

  K
+ 

channel functions include: controlling K
+ 

flow, regulating cell volume, releasing 

hormones, controlling the resting potential, and excitating neurons and muscles.  The most widely 

studied K
+
 channels include voltage gated and inwardly rectified.

425
  Membrane potential and 

ligands regulate K
+
 channels with channels exhibiting several similar structures and properties 

across species and class.  A recent review by Coetzee
425

 highlights the structure and function of 

the various classes of K
+
 channels. 

KcsA from Streptomyces lividans is widely studiedto investigate structure function 

relationships in K
+ 

channels. 
426

  The 3D crystal structure shows that the channel is composed of 

four identical subunits arranged symmetrically around a central pore.  Each subunit has 2 

transmembrane alpha-helices linked by 30 amino acids, which form the pore helix.  The second 

transmembrane domains arrange in an inverted teepee with a conformational change upon gating 

proposed.
426

  The pore selectivity filter is conserved in many other K
+
 channels. 

Inwardly rectified K
+
 (Kir) channels perform two physiological functions: stabilization of 

the cell‟s resting potential and mediation of K
+
 transport.

427-429
  Kir channels conduct current 

more readily hyperpolarized.
427

  Seven classes of Kir channels are known including Kir1.x, 2.x, 

3.x, 4.x, 5.x, 6.x, and 7.x.
429

  Kir1.x is responsible for transport in transepithelial membranes, 

commonly found in kidneys.  Kir2.x controls the excitability of the heart and brain while Kir3.x 

is G-protein activated mediating the effects of certain GPCRs on electrical activity. 
429

  Kir3.1 and 
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3.2 are found in brain tissue while Kir3.1 and 3.4 are found in heart tissue.

430
  The remaining 

three classes, including Kir4, 5, and 7.x, have functions that are not fully elucidated.
431

  Perhaps 

the most widely studied class is Kir6.x, which are one subunit of the ATP-sensitive K
+ 

(KATP) 

channel.
432

  KATP channels are regulated by cytosolic nucleotides and link cell metabolism to 

electrical activity.
432

   

Kir1, 2, and 6.x are found as homotetramers while Kir3.x are found as heterotetramers.
430

  

KATP channels are composed of a heterooctameric complex containing two subunits: Kir6.X and 

SUR (Figure 7.1).  Kir 6.X comprises the pore forming subunit of the complex with SURX 

serving as the regulatory subunit.
432-434

  The stoichiometry of the complex was determined using 

two separate methods; (1) Cloned dimers and trimers of Kir and SUR were compared to native 

KATP channel electrophysiological behavior,
435-437

 and (2) immunopreciptation of intact 

complexes of ca. 950 kDa.
435

 

7.1.2.   ATP-Sensitive K
+
 Channels 

KATP channels are present in a wide variety of tissues including pancreatic islet cells,
438-440

 

heart,
441

 skeletal muscle,
442

 vascular smooth muscle,
443

 and brain.
444-446

  In general, KATP channels 

function in coupling the metabolic state of the cell to the membrane potential. 
447

  In pancreatic 

beta-cells, increased extracellular glucose concentration increases the intracellular ATP 

concentration through metabolic processes.  The increase in ATP shifts KATP channels to a 

predominately closed state, depolarizing the cell, opening voltage dependent Ca
2+

 channels, and 

subsequently inducing the release of insulin containing granules.
439,448

 

In the heart, KATP channels have a slightly different role in which the efflux of K
+
 through 

open channels shortens the action potential with imbalances in this process creating arrhythmias. 
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449-451

  Activation of KATP channels during ischemia minimizes potential cardiac damage through 

ischemic preconditioning. 
449-451

  Vascular smooth muscle KATP channels regulate tonus, 

continuous and passive partial contraction of muscle, which plays a role in blood pressure 

regulation.
452

  In the brain, KATP channels open under metabolic stress protecting against neuronal 

damage and neurodegeneration.
453-454

 

Kir 6.x decreases conductance upon depolarization, generating more favorable 

unidirectional conductance of ions.
455-457

  For KATP channels, two variants are known, Kir6.1 and 

Kir6.2, with 71% amino acid identity.
455

  Structurally, Kir 6.X is composed of two 

transmembrane portions flanking a pore forming loop (H5) with both N and C-termini positioned 

intracellularly.
151,434

  The H5 loop is a motif common to most K
+
 channels comprised of a Gly-

Tyr-Gly, with Kir6.1 and Kir6.2 having a similar motif with Tyr replaced by Phe. 

SUR belongs to the ATP-binding cassette protein superfamily with two isoform: SUR1 

and SUR2.
458

  Two variants of SUR2 are known and are referred to as SUR2A and SUR2B which 

differ by 44 amino acids at the C-terminus.
459-460

  Structurally, SUR subunits are composed of 

three transmembrane domains (TMD0, TMD1, and TMD2) composed of five, six, and six 

transmembrane spanning portions, respectively (Figure 7.1).
460

 

  Each tissue type has a different combination of variants with each combination 

imparting distinct electrophysiological characteristics and ligand complements.  Pancreatic beta 

cells, cardiomyocytes, smooth muscle tissue, and vascular muscle tissue are composed of 

Kir6.2/SUR1, Kir6.2/SUR2A, Kir6.2/SUR2B, and Kir6.1/SUR2B, respectively.
461
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Figure 7.1.  Structure of KATP channels.  (A)  KATP channels form a 4:4 assembly of Kir6.2 and 

SUR1.  Kir6.2 forms a central pore with SUR1 surrounding and imparting ligand sensitivity.  (B)  

Membrane view of Kir6.2 and SUR1.  SUR1 contains three transmembrane domains (TM0, TM1, 

and TM2) which are composed of 5, 6, and 6 alpha helices.  Kir6.2 contains two membrane 

spanning alpha helices (M1 and M2) with N and C termini located cytoplasmic. 
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Although SUR serves as the regulatory subunit of KATP channels, both Kir6.2 and SUR 

are activated and inhibited by a variety of molecules.  Sulfonylureas such as tolbutamide and 

glibenclamide stimulate the release of insulin by inducing the closure of KATP channels.
462

  

Diazoxide acts as a channel opener, decreasing the release of insulin.  Tolbutamide, 

glibenclamide, and diazoxide all act on the SUR subunit.  Protein kinase A has been shown to 

stimulate the activity of KATP channels.
463

  PIP2 and PIP3 decrease the ATP sensitivity in addition 

to blocking tolbutamide sensitivity through stabilization of the open state.
464

  Activity is also 

increased in the presence of phospholipase C.
465

  Long-chain coenzyme A esters increase the 

activity of KATP channels via interaction with Kir 6.2.
466-467

 

ATP sensitivity is predominately regulated by Kir 6.2.  IC recordings and cell assays 

have elicited binding domains for ATP located in the intracellular domain of Kir.  Mutagenesis 

studies showed that mutating R50 to a serine resulted in shift in the IC50 117 µM to 800 µM.  

R50A and R50G shifted the Ki to 1.1 and 3.8 mM, respectively.  Mutations to charged amino 

acids such as glutamate, lysine, asparagine, glutamine, and leucine resulted in smaller changes (Ki 

ca. 300-400 µM).  I49G decreased the sensitivity to ATP while E51G showed no change.  These 

results suggest allosteric interactions effecting the ATP-sensitivity endowed by Kir6.2.
468

  

Interestingly, mutations R50S (300 µM alone) combined with E179Q (800 µM alone) led to an 

ATP-sensitivity of 2.8 mM suggesting that the N and C termini cooperate to influence the gating 

of KATP channels.
468

 

Different diseased states afflicting KATP channels are attributed to either mutations or 

improper trafficking of SUR or Kir6.2 subunits.
150,469

  KATP channels in pancreatic beta cells have 

been studied due to the potential relevance to diabetes.
469

  Diabetes mellitus is a condition in 

which insufficient production of insulin or response to hyperglycemic conditions are observed.
470-
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471

  Persistent hyperinsulinemic hypoglycemia (PHHI) is characterized by excessive insulin 

secretion in infants, 
433,472

 and may lead to mental retardation and epilepsy if undiagnosed. 
469

  

The primary treatment of PHHI is diazoxide, a channel opener.
469

  PHHI affects between 1 in 

30,000 to 50,000, but has an increased rate of occurance in inbred populations (1 in 2,500).
433

  

The exact cause of PHHI is still under debate but has been shown to be due to one of several 

mutations in SUR1, Kir6.2, glucokinase, and glutamate dehydrogenase.  Most commonly, 

mutations are noted in SUR1 and rarely in Kir6.2.
472-473

 

7.1.3.   Membrane Trafficking of ATP-Sensitive K
+
 Channels 

In addition to mutations and functional problems associated with KATP channels, diseases 

may also be attributed to inefficient or improper assembly and trafficking of KATP channels to the 

plasma membrane.
469

  Kir6.2 and SUR1 both posses RKR sequences, ER retention signals that 

prevent assembly and trafficking in absence one another.
474

  Coexpression of the subunits allows 

for proper trafficking.  In Kir6.2, the RKR sequence is located in the C-termini region and 

truncation allows for the functional trafficking to the cell surface while maintaining ATP-

sensitivity.
475

   

Truncation of the last 18-36 amino acids allows functional surface expression of KATP 

channels without coexpression of SUR.
475

  More importantly, utilization of the truncated form of 

Kir6.2, referred to as Kir6.2Δ26, allows for elucidating of active site for a number of KATP 

modulators on either SUR or Kir6.2.  These studies showed that Kir6.2 forms the pore, while 

SUR1 endows sensitivity to suphonlyureas.  Additionally, studies found that ATP sensitivity is 

primarily attributed to Kir6.2 with a minor contribution from SUR.
475
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Several diseases can be attributed to KATP channel trafficking.  Congenital 

hyperinsulinism disrupts the ER retention signal due to a E228K mutation of Kir6.2 resulting in a 

decrease in the channel density on the membrane surface. 
470

  Disruption in the biosynthesis and 

forward trafficking can be caused by unfolded or improperly folded proteins and remain in the 

ER.  RKR motifs need to be sterically masked by correct assembly of channels to be trafficked to 

the surface.
470

  KATP channels can be treated using diazoxide to suppress the insulin secretion.  

Neonatal diabetes mellitus is caused by disruptions in the endocytic trafficking resulting in 

increased channel density on the surface caused by Y330C and F333I mutations.
470

   

7.2. Experimental 

7.2.1.   Molecular Biology 

The following sequences were cloned onto pcDNA4/HisMax TOPO vector: 6xHis-

Kir6.2, 6xHis-EGFP-Kir6.2Δ26, 6xHis-Kir6.2Δ26, and 6xHis-Kir6.2 RKR → AAA.  For 

reference, full sequences can be found in Appendix A.   

6xHis-Kir6.2 construct: PCR was performed using forward (5' - ATA GCT AGC ATG 

CTG TCC CGC AAG GGC ATC - 3') and reverse (5' - TAT GGA TCC TCA GGA CAG GGA 

ATC TGG AGA - 3') primers on full length human Kir6.2 cDNA.  PCR product was restriction 

digested using BamHI and ligated onto pET28a(+) vector (pET28a(+)/Kir6.2).  PCR was 

performed using forward (5' - GGA TCC ATG CTG TCC CGC AAG GGC ATC - 3') and reverse 

(5' - GGA TCC TCA GGA CAG GGA ATC TGG AGA - 3') primers using pET28a(+)/Kir6.2.   

PCR product was ligated into pcDNA4/HisMax vector (Referred to as pcDNA4/HisMax /Kir6.2; 

Abbreviated as 62FL).  
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  6xHis-Kir6.2Δ26 construct: PCR was performed using forward (5' - ATA GCT AGC 

ATG CTG TCC CGC AAG GGC ATC - 3') and reverse (5' - TAT GGA TCC TCA GGC TGA 

GGC GAG GGT CAG AG - 3') primers on full length human cDNA for Kir6.2.  PCR product 

was restriction digested using BamHI and ligated onto pET28a(+) vector (pET28a(+)/Kir6.2Δ26).  

PCR was performed using forward (5' - GGA TCC ATG CTG TCC CGC AAG GGC ATC - 3') 

and reverse (5' - GGA TCC TCA GGC TGA GGC GAG GGT CAG - 3') primers using 

pET28a(+)/Kir6.2Δ26.   PCR product was ligated onto pcDNA4/HisMax vector (Referred to as 

pcDNA4/HisMax /Kir6.2Δ26; Abbreviated as TKΔ).  

  6xHis-EGFP-Kir6.2Δ26 construct: PCR was performed using forward (5' - ATA GTC 

GAC AAA TGC TGT CCC GCA AGG GCA T - 3') and reverse (5' - TAT GCG GCC GCA TCA 

GGC TGA GGC GAG GGT CAG AG - 3') primers on full length human cDNA for Kir6.2.  PCR 

product was restriction digested and ligated onto pET28a(+)/EGFPN1 vector 

(pET28a(+)/EGFPN1-Kir6.2Δ26).  PCR was performed using forward (5' - GGA TCC ATG CTG 

TCC CGC AAG GGC ATC - 3') and reverse (5' - GGA TCC TCA GGC TGA GGC GAG GGT 

CAG - 3') primers using pET28a(+)/EGFPN1-Kir6.2Δ26.   PCR product was restriction digested 

using BamHI and ligated onto pcDNA4/HisMax vector (Referred to as pcDNA4/HisMax 

/EGFPN1-Kir6.2Δ26; Abbreviated as TEKΔ).  

6xHis-Kir6.2 RKR→AAA construct: 6xHis-Kir6.2 with the amino acid mutations, 

R369A, K370A, andR371A, was provided by Dr. Ingo Leibiger of Karolinska Institutet 

(Stockholm, Sweden).  The construct was provided on pcDNA/HisMax vector (Referred to as 

pcDNA/HisMax/Kir6.2 RKR→AAA;  Abbreviated as 62AAA). 
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Plasmids were propagated in E. coli strain DH5α cultured in LB broth and agar plates 

with 50 μg/mL ampicilin.  Purification of plasmid was performed using plasmid DNA isolation 

kits from Promega and stored in TE buffer or Nanopure water at -20°C.  DNA quantity and purity 

was verified by combination of UV-Vis absorbance spectrophotometry, agarose gel 

electrophoresis, and DNA sequencing.  For UV-Vis absorbance, samples were diluted in water, 

and the absorbance at 260 and 280 nm was measured.  Absorbance at 260 allows for the 

calculation of nucleic acid concentration with an OD of 1 corresponding to an approximate 

concentration of 50 µg/mL (dsDNA) and 40 µg/mL (RNA and ssDNA).  Ratio of OD260/OD280 

estimates the purity of the nucleotides with a value between 1.8 and 2.0 signifying high purity 

samples.  OD at 280 is primarily attributed to protein contaminants. 

Constructs were verified to be of correct length by restriction digestion using one of 

several single cut restriction sites.  DNA sequencing was performed using University of Arizona 

Genetics Core facility.  DNA sequences were analyzed by Chromas. 

Analysis of DNA by agarose gel electrophoresis was performed using 0.8% agarose.   

Agarose was dissolved in Tris-Acetate EDTA buffer (TAE), heated in a microwave, allowed to 

cool slightly, ethidium bromide added, and cast using a gel mold.  DNA was mixed with 6x 

Loading Buffer (Promega) and added to a gel covered in TAE buffer.  All gels are run with 1kB 

DNA ladder (Promega) under 90 V applied electric field, until the dye front reaches the end of the 

gel.  DNA can be viewed using UV illumination.  

7.2.2.   Cell Culture   

Human embryonic kidney (HEK293) cells were cultured in minimum essential medium 

(MEM)  supplemented with 10% fetal bovine serum (FBS) and streptomycin and penicillin (50 
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units / 500 mL each) and incubated at 5% CO2, 37 °C.  Media was changed every 2-3 days by 

aspirating old media and replacing with fresh media.  Cells were split at 80-90% confluent by 

removing old media, treating cells with Puck's EDTA (140 mM NaCl, 5.5 mM KCl, 5.5 mM 

glucose, 4.2 mM NaHCO3, 0.5 mM EDTA, pH 7.4) for 1 min, replaced with Trypsin-EDTA for 

2-3 min with gentle rocking, and harvested with MEM.  Cells were then centrifuged at 1300 rpm 

for 2 min, and resuspended into fresh MEM.  Cells were then placed into new flask at a 1:10 

dilution and placed in incubator. 

7.2.3.   Transfection and Selection 

Both transient and stable transfections were initiated similarly.  First, cells were treated 

with Trypsin, removed from flask, centrifuged, and resuspended into fresh media.  Using a 

hemacytometer, the number of cells was calculated.   Cells were plated at the following 

approximate densities: 1.8 x 10
4
, 1.0 x 10

5
, 4.2 x 10

5
, 2.83 x 10

6
, 1.25 x 10

6
, and 3.75 x 10

6
 for 96 

well plate (each well), 24 well plate (each well), 35mm petri dish, 100 mm petri dish, 25 cm
2
 

flask, and 75 cm
2
 flask, respectively. Cell densities can be optimized dependent upon cell type 

and plasmids.  Cells were then incubated for 24 hours or until cells were between 80-90% 

confluency for transient transfections (50-60% for attempts at stable transfection). 

Transfections were performed using Lipofectamine 2000 (Invitrogen).  Lipofectamine 

and DNA ratios were optimized by preparing different ratios and monitoring protein expression 

48 h following transfection.  Optimized ratio of 2.5 μL Lipofectamine : 1 μg of DNA was used.   

DNA amounts of 0.14, 0.8, 3.44, 22.6, 10, and 30 μg was added to Opti-MEM (serum 

free media) to a total volume of 9, 50, 215, 1410, 625, and 1875 μL for 96 well plate (each well), 

24 well plate (each well), 35mm petri dish, 100 mm petri dish, 25 cm
2
 flask, and 75 cm

2
 flask, 
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respectively.  In a separate tube, 0.36, 2, 8.6, 56.5, 25, and 75 μg of Lipofectamin was added to 

Opti-MEM (serum free media) to a total volume of 9, 50, 215, 1410, 625, and 1875 μL for 96 

well plate (each well), 24 well plate (each well), 35mm petri dish, 100 mm petri dish, 25 cm
2
 

flask, and 75 cm
2
 flask, respectively.  After 5 min, DNA was added to Lipofectamine and allowed 

to complex for 20 min.  The mixture was added to cells with media replaced with serum free 

Opti-MEM.  Cells were incubated for 4 h, the media removed, and replaced with serum 

supplemented media.  Cells were then allowed to express for 24 to 48 h for optimum transient 

protein expression. 

Zeocin kill curves were obtained by plating non-transfected cells into 96-well plates with 

varying Zeocin concentrations in media 24 h post- splitting while monitoring the surviving cells.  

Concentrations of Zeocin included: 50, 100, 200, 400, 600, 800, and 1000 μg/mL.  Cells were 

counted at intervals using a hemacytometer.  The media was changed every other day. 

For stable transfections, cells are split after 48 h into new flasks or dishes, allowed to 

adhere to the surface for 12-24 h, and media replaced with Zeocin doped media.  Initial rounds of 

selection were typically performed in 24 wells plates with a series of concentrations ranging from 

50 to 500 μg/mL Zeocin.  Media was changed every 2-3 days and split as necessary.  Typically 2-

3 splits are performed before checking cells for stable expression.   

7.2.4.   Immunohistochemistry 

Penta-His biotin conjugate (Mouse IgG1) (biotinylated anti-6xHis) was purchased from 

Qiagen (Catalog #34440) and used as received.  Streptavidin-fluorescein (Catalog # S869) and 

anti-GFP AlexaFluor 594 conjugate (Rabbit IgG) (Catalop #A21312) were purchased from 

Invitrogen and used as received. 
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Cells were split onto coverslips 24-48 h prior to immunohistochemical staining.  Prior to 

staining, cells were washed twice with PBS.  Cells were fixed at room temperature using 4% (v/v) 

formaldehyde in PBS for 60 min.  Cell fixation and all following procedures are followed by 2 

rinses with PBS.  For permeabilized cells, 0.25% (v/v) Triton X-100 in PBS was added to the 

cells for 5 min following fixation.  Non-specific adsorption was blocked by treatment with 5% 

fetal bovine serum (FBS) in PBS for 60 min.  

To monitor expression of 6xHis-EGFP-Kir6.2Δ26, cells were treated with Anti-GFP 

AlexaFluor 594 (2 µg/mL) in PBS for 60 min.  Detection of 6xHis-Kir6.2, 6xHis-Kir6.2Δ26, and 

6xHis-Kir6.2Δ26 RKRAAA utilized a primary and secondary stain.  First, Penta-His-Biotin 

was exposed for 60 min (0.2 µg/mL), followed by 1 µg/mL fluorescein conjugated streptavidin 

for 60 min. 

Images are acquired using a using Nikon Eclipse TE300 inverted epifluorescence 

microscope with a 540/25 excitation filter and 620/60 emission filter for Rhodamine and 480/30 

excitation filter and 535/40 emission filter for EGFP and fluorescein.  Images were collected 

using a Cascade 650 front illuminated CCD camera or MicroMAX 512BFT back illuminated 

CCD camera (Roper Scientific, Tucson, AZ). MetaVue software (Universal Imaging, 

Downingtown, PA) was used to capture images and Image J was used to analyze all images. 

7.2.5.   RT-PCR   

Cells were grown in a 35 mm dish and harvested for analysis by reverse transcriptase - 

polymerase chain reaction (RT-PCR).  Cells transfected and selected with TEKΔ, TKΔ, 62AAA, 

and 62FL in addition to non-transfected cells were tested.  RNA was isolated from cells using SV 

Total RNA isolation kit (Promega).  RT-PCR was performed on isolated RNA using 
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AccessQuick RT-PCR kit (Promega).  Forward and reverse primers for TEKΔ, TKΔ, 62AAA, 

and 62FL were designed:  5' - GCG GCC GCA TGG GGG GTT CTC ATC ATC A - 3' (TEKΔ 

Forward), 5' - TCT AGA TCA GGC TGA GGC GAG GGT - 3' (TEKΔ Reverse), 5' - GCG GCC 

GCA TGG GGG GTT CTC ATC ATA - 3' (TKΔ Forward), 5' - TCT AGA TCA GGC TGA 

GGC GAG GGT - 3' (TKΔ Reverse), 5' - GCG GCC GCA TGG GGG GTT CTC ATC ATC - 3' 

(62AAA Forward), 5' - TCT AGA TCA GGA CAG GGA ATC GTT AG - 3' (62AAA Reverse), 

5' - GCG GCC GCA TGG GGG GTT CTC ATC ATA TC - 3' (62FL Forward),  and 5' - TCT 

AGA TCA GGA CAG GGA ATC TGG AG - 3' (62FL Reverse).  For HEK293 control, primers 

for each construct were tested as a control.  All primers were received from IDT and diluted into 

sterile water to 100 μM stock concentrations.  Working solutions of 10 μM were prepared for use 

in PCR.   

7.2.6.   Whole Cell Recordings 

Pipettes were pulled to a sharp tip using a micropipet puller (Sutter Instruments, Model 

P-97) using the following pulling program: Step 1, Heat = 514, Pull = 0, Vel = 30, Time = 200;  

Step 2, Heat = 514, Pull = 0, Vel = 35, Time = 200;  Step 3, Heat = 514, Pull = 0, Vel = 40, Time 

= 200;  Step 4, Heat = 514, Pull = 0, Vel = 45, Time = 200;  Step 5, Heat = 514, Pull = 0, Vel = 

50, Time = 200; and Step 6, Heat = 514, Pull = 0, Vel = 30, Time = 200.   

Whole cell recording solutions mimicking extracellular and intracellular solutions were 

utilized.  The extracellular solution (bath solution) was composed of 138 mM NaCl, 5.6 mM KCl, 

1.2 mM MgCl2·6H2O, 2.6 mM CaCl2, and 5 mM HEPES prepared in deionized (DI) water (18 

MΩ•cm), adjusted to pH 7.40, and filtered through a 0.2 µm pore-size filter prior to use.  The 

intracellular solution (pipet solution) was composed of 125 mM KCl, 1 mM MgCl2·6H2O, 10 
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mM EGTA, 30 mM KOH, and 5 mM HEPES prepared in deionized (DI) water (18 MΩ•cm), 

adjusted to pH 7.15, and filtered through a 0.2 µm pore-size filter prior to use.  Thimerasal, DTT, 

ATP, and palmitoyl long chain coenzyme A ester solutions were prepared fresh daily, in 

extracellular solution. 

Bath solutions were exchanged via gravity flow and a vacuum system for removal of 

solution.  Flow was calibrated such that 5 bath volumes were exchanged per min, for two min to 

ensure complete exchange of solution.     

7.3. Results and Discussion 

7.3.1.   Cell Culture  

Prior to transfection of HEK293 cells with various plasmids, the growth rate for proper 

plate coverage was necessary.  For successful transfection and selection, sufficient time is needed 

for the cells to reach optimal expression prior to immunohistochemistry (IHC) or whole cell 

recordings (WCR) are performed.  HEK293 cells were cultured in MEM supplemented in 10% 

FBS, and cell density monitored by counting cells using a hemacytometer. 
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Figure 7.2.  HEK293 growth curves.  Growth curve of HEK293 cells cultured in MEM-10% 

FBS. 

 

Figure 7.2 shows the growth curve of HEK293 cells.  The plot shows that cells become 

confluent at ca. 110-120 h, as noted by a stagnant growth phase.  This plot shows that 24 hr after 

splitting, cells are still in a stationary growth phase, with replication slow enough to optimally 

integrate the transfected gene into the cells.  48 h following the transfection, the cells are in the 

logarithmic phase, and have likely reached optimal expression.  The transfected cells would then 

be either ready for (A) for IHC or WCR of transient transfections, or (B) selection with Zeocin 

for attempts at stable cell lines. 

7.3.2.   Transfection and Selection 
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Several factors are important in the efficiency of transfection.  The cell density, the 

amount of DNA, DNA : Lipofectamine ratio, cell line, gene optimization, and expression vectors.  

To determine the transfection efficiency of a vector, the expression of the protein is probed 24 to 

48 h following transfection.  In the case of non-fluorescent chimeras, difficulties in detecting the 

presence or absence of proteins exist.  Therefore, for optimization of the transfection using 

Lipofectamine, 6xHis-EGFP-Kir6.2Δ26 was used.   

Seeding densities (number of cells added to each well) varying from 1 x 10
4
 to 5 x 10

5
 

cells/well were tested along with varying the ratio of DNA (µg) to Lipofectamine (µL) from 1:0.5 

up to 1:5.  The mass of DNA was held constant while varying the Lipofectamine.  Transfection 

efficiency was defined as the number of cells exhibiting EGFP fluorescence using Eq. 7.1: 

 

                        
                     

           
     (Eq. 7.1) 

 

A minimum of 100 cells was included in determining each transfection efficiency.  Figure 7.3 

shows that for all cell densities, the optimal ratio for maximum transfection efficiency was a ratio 

of 1:3 DNA : Lipofectamine, tailing off at higher and lower ratios.  An optimum seeding density 

of 1 x10
5
 cells / well was noted.  Values of transfection efficiency ranged anywhere from < 5% to 

ca. 65%.  For all subsequent transfections, the following optimized conditions were used:  cells 

were split 24 h prior to transfection at a cell density of 1 x 10
5
 cells / well (for different sized 

wells, the ratio of cell density to surface area was held constant).  48 h following transfection cell 

were either split and undergo selection. 
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Figure 7.3.  HEK293 transfection optimization.  HEK293 transfection was optimized by 

varying the seeding densities in addition to the DNA to Lipofectamine ratios.  Transfection was 

optimized using 6xHis-EGFP-Kir6.2Δ26. 

Zeocin kill curves were obtained to determine an optimal concentration.  Zeocin is bound 

stoichiometrically by expression of the Sh ble gene (present in the expression vector) exhibiting 

resistance DNA cleavage.
476

  Optimal concentrations are used that slow the rate of cell growth 

such that transfected cells are not susceptable.  Figure 7.4 shows the results of HEK293 cells 

selected with Zeocin.  The results show that at all concentrations, growth rate is slowed.  200 

μg/mL was chosen for selection of transfected cells for the ability to kill ca. 50% of total cells 

within 72 h.  This is sufficient time for proteins to maintain relatively modest growth rates while 

removing undesirable, non-transfected cells. 
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Figure 7.4.  Zeocin kill curves.  HEK293 cells selected with varying concentrations of Zeocin. 

 

7.3.3.   Immunohistochemistry 

Above, the importance of membrane trafficking and to diseseased states were described.  

Additionally, the orientations of IC are necessary for maintainance of ionic gradients in cells.  To 

probe the trafficking and orientation of Kir6.2 to the plasma membranes, four constructs were 

proposed and designed, each with an N-termini pohyhistidine tag (6xHis).  The 6xHis tag allows 

for utilization of commercial antibodies raised against the tag, to detect Kir6.2 mutants as well as 

facilitating potential purification of the construct.  First, full length Kir6.2 (Figure 7.5A) was 

constructed for which it is known that co-assemble of Kir6.2 with SUR1 for trafficking to the cell 
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membrane.

474,477
  Retention of Kir6.2 in absence of SUR1 is due to the presence of an ER 

retention and retrieval sequence, an amino acid combination of RKR, present in the C terminus of 

Kir6.2.  The RKR sequence, also present in SUR1, is sterically blocked upon correct assembly of 

4 subunits of Kir6.2 and SUR1 in the ER.   

 

Figure 7.5.  Cartoons of varying Kir6.2 constructs.  (A) 6xHis-Kir6.2, (B) 6xHis-Kir6.2Δ26, 

(C) 6xHis-Kir6.2  RKRAAA, and (D) 6xHis-EGFP-Kir6.2 Δ26. 

 

Second, truncation of the last 26 amino acids from the C-terminus (6xHis-Kir6.2Δ26) 

allows functional expression, assembly, and trafficking to the cellular membrane.
475

   This 

construct was used in studies probing the orientation of the assembled channels in the plasma 

membrane.  This construct was designed with an EGFP label (Figure 7.5D).  The EGFP chimera 

were used to probe the trafficking and orientation easily able to track the fluorescence (6xHis-
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EGFP-Kir6.2Δ26).  Finally, mutagenesis were performed on the 6xHis-Kir6.2 construct on 

residues R369, K370, andR371 mutating them to alanines and were used to determine the 

relevancy of the RKR sequence to correct assembly, trafficking, and functioning of KATP 

channels. 

The constructs were not all available at the same time, so initially transfection of 

HEK293 cells with 6xHis-Kir6.2Δ26 and 6xHis-EGFP-Kir6.2Δ26 were analyzed.  Stable cell 

lines were developed by treatment of transfected cell lines with Zeocin.  The expression vector 

utilized co-expressed the Sh ble gene, which expresses a protein that binds Zeocin preventing cell 

death.  Treatment over several months with Zeocin resulted in stably transfected cell lines of both 

6xHis-Kir6.2Δ26 and 6xHis-EGFP-Kir6.2Δ26.    

IHC was performed on both constructs using slightly differing methodologies.  For 

6xHis-EGFP-Kir6.2Δ26, expression was verified using EGFP fluorescence.  The orientation of 

the channel was probed using an AlexaFluor 594 conjugated anti-GFP.  This allows for the 

imaging using EGFP excitation and emission along with AlexaFluor 594. (EGFP - λEX: 488 λEM: 

518;  AlexaFluor594 - λEX: 590 λEM: 617) For cells expressing 6xHis-Kir6.2Δ26, lack of a 

fluorescent marker does not allow for the monitoring of expression.  However, the presence of the 

6xHis tag allows indirect detection of the expression and orientation of the protein using a second 

staining protocol.  First, a primary antibody of biotinylated anti-6xHis was introduced to the cells 

followed by a secondary reagent staining step of fluorescein conjugated streptavidin.  

(Fluorescein - λEX: 494 λEM: 518)   

The general procedure for IHC was adopted from the literature.
478

  All IHC procedures 

were performed at room temperature (23 ± 2 °C).  Fixation is necessary for preservation of the 
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cells in as native of a state as possible, while not altering or interfering with antigen binding.  

Permeabilized and non-permeabilized cells were used to probe the orientation of Kir6.2 mutant 

channels.  The permeabilization process allows access to antigens present on both extracellular 

and cytoplasmic sides of the membrane.  Again, for cells expressing 6xHis-EGFP-Kir6.2Δ26 and 

6xHis-Kir6.2Δ26, primary antibodies of AlexFluor594 anti-GFP and biotinylated anit-6xHis were 

used, respectively.  Cells expressing 6xHis-EGFP-Kir6.2Δ26 were imaged following primary 

antibody, while 6xHis-Kir6.2Δ26 expressing cell lines were followed with detection reagent of 

fluorescein conjugated streptavidin. 

For non-permeabilized cells expressing 6xHis-EGFP-Kir6.2Δ26, two regions of cells are 

shown in Figure 7.6.  Region 1 and Region 2 are shown in Figure 7.6A, C, E and 7.6B, D, and F, 

respectively.  Figure 7.6 A and B are images acquired using filters for EGFP fluorescence, C and 

D are acquired using filters for AlexFluor 594, and E and F are white light images.  EGFP 

fluorescence is exhibited in the membranes of all cells present in both regions, but with no 

noticeable AlexaFluor 594 staining.   For permeabilized cells expressing 6xHis-EGFP-Kir6.2Δ26, 

two regions of cells are shown in Figure 7.7.  Region 1 and Region 2 are shown in Figure 7.7A, 

C, E and 7.7B, D, and F, respectively.  Figure 7.7 A and B are images acquired using filters for 

EGFP fluorescence, C and D are acquired using filters for AlexFluor 594, and E and F are white 

light images.  EGFP fluorescence is exhibited in the membranes of all cells present in both 

regions, but with AlexaFluor 594 staining.    

Kir6.2 has two membrane spanning alpha-helices, with the N and C termini present 

cytoplasmic.
151,432,468,475

 The 6xHis tag is present on the N-terminus and the EGFP present 

between the 6xHis tag and the beginning of the Kir6.2 sequence.  6xHis-EGFP-Kir6.2Δ26 is only 
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detected by IHC upon permeabilization of the membrane showing correct orientation of the 

channels. 
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Figure 7.6.   IHC on non-permeabilized 6xHis-EGFP-Kir6.2 Δ26.  Region 1(A, C, and E) and 

2 (B, D, and F) of cells stained with Anti-GFP AlexaFluor 594 in non-permeabilized cells using 

(A, B) EGFP filters, (C, D) Anti-GFP AlexaFluor 594 filters, and (E, F) while light images. 
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Figure 7.7.  IHC on permeabilized 6xHis-EGFP-Kir6.2 Δ26.  Region 1(A, C, and E) and 2 (B, 

D, and F) of cells stained with Anti-GFP AlexaFluor 594 in permeabilized cells using (A, B) 

EGFP filters, (C, D) Anti-GFP AlexaFluor 594 filters, and (E, F) while light images. 
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Non-transfected HEK293 cells (control) were stained using the same procedure in non-

permeabilized (Figure 7.8A, C, and E) and permeabilized (Figure 7.8B, D, and F) with EGFP 

(A,B), AlexaFluor 594 (C, D), and white light images (E,F).  In both control experiments, little to 

no fluorescence was noted.  This shows that no 6xHis-EGFP-Kir6.2Δ26 is present and that 

minimal autofluorescence is seen, confirming that the fluorescence noted in 6xHis-EGFP-

Kir6.2Δ26 expressing cells is due to protein expression.  Additionally, the fluorescence observed 

using filters appropriate for AlexaFluor 594 is representative of the specific interaction of 

AlexaFluor594 conjugated anti-GFP with the correct antigen. 

From the epi-fluorescence images, it is difficult to ascertain whether the protein is truly 

expressed onto the plasma membrane surface.  To determine if membrane expression is observed, 

high resolution confocal microscopy was used (data not shown).  From the confocal images, it is 

still difficult to determine if plasma membrane or cytoplasmic expression is noted.   
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Figure 7.8.  IHC on non-permeabilized and permeabilized HEK293 cells.  Non-permeabilized 

(A, C, and E) and permeabilized (B, D, and F) of HEK293 cells stained with Anti-GFP 

AlexaFluor 594 in non-transfected HEK293 cells using (A, B) EGFP filters, (C, D) Anti-GFP 

AlexaFluor 594 filters, and (E, F) while light images. 
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Cells expressing 6xHis-Kir6.2Δ26 were stained as previously described.  For non-

permeabilized cells, fluorescence from the fluorescein-streptavidin use after the primary antibody 

(anti-6xHis) is noted.  These images can be seen in Figure 7.9 for three representative regions 

using filters appropriate for fluorescein and under white light.  This suggests that antigen is 

present on the extracellular surface of the plasma membrane.  Permeabilized cells, Figure 7.10, 

also exhibit what appears to be a slightly higher fluorescence compared to non-permeabilized.  

This suggests that a certain amount of antigen is accessible intracellularly.  Attempts at 

quantifying the % orientation were unsuccessful.  Confocal microscopy was not attempted to try 

to resolve whether plasma membrane was present due to unsuccessfully attempts using cells 

expressing EGFP chimeric Kir6.2, but presence of antigen and resulting fluorescence using IHC 

verifies surface expression.   
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Figure 7.9.   IHC on non-permeabilized 6xHis-Kir6.2 Δ26.  Region 1(A, B), 2 (C, D), and 3 

(E, F) of cells stained with biotinylated anti-6xHis followed with fluorescein streptavidin in non-

permeabilized cells using (A, C, and E) fluorescein filters, (B, D, and F) while light images. 

 



293 

 

 

Figure 7.10.  IHC on permeabilized 6xHis-Kir6.2 Δ26.  Region 1(A, B), 2 (C, D), and 3 (E, F) 

of cells stained with biotinylated anti-6xHis followed with fluorescein streptavidin in 

permeabilized cells using (A, C, and E) fluorescein filters, (B, D, and F) while light images. 
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The two remaining constructs, 6xHis-Kir6.2 and 6xHis-Kir6.2 RKRAAA, were 

transfected under the same conditions, and evaluated after transientlytransfected and after several 

months of selection.  For transient transfection, no successfully transfected cells were noted when 

using biotinylated anti-6xHis followed by fluorescein-streptavidin.  Transfection was performed 

on both constructs using varying ratios of DNA to Lipofectamine, without any expression 

indicateded by IHC.  

Cells treated with Zeocin were resistant to ca. 200-300 µg/mL of Zeocin, which it much 

higher than cells not expressing the Sh ble gene.  Kill curves previously performed on HEK293 

showed that significant cell death is noted at 50 to 100 µg/mL.  The resistance to Zeocin suggests 

that the vector is stably transfected, but no expression is noted.   

Reverse transcriptase – polymerase chain reaction (RT-PCR) was performed on RNA 

isolated from cells selected for expression.  In addition to the problematic constructs, 6xHis-

Kir6.2 and 6xHis-Kir6.2 RKRAAA, stably transfected cell lines expressing 6xHis-Kir6.2Δ26 

and 6xHis-EGFP-Kir6.2Δ26.  Controls for each construct were DNA used for transfection to 

verify for PCR products.  Products were analyzed by agarose gel electrophoresis.  For positive 

controls, 6xHis-EGFP-Kir6.2Δ26, and 6xHis-Kir6.2Δ26 all DNA products of the correct length 

were noted.  Cells transfected and selected expressing 6xHis-Kir6.2 and 6xHis-Kir6.2 

RKRAAA showed no DNA products.  This suggests that the gene is not translated due to the 

absence of RNA for the desired products.   

7.3.4.   Whole Cell Recordings 

Electrophysiological characterization of stable transfected cells with 6xHis-Kir6.2Δ26 

and 6xHis-EGFP-Kir6.2Δ26 was performed using whole cell recordings.  Whole cell recordings 
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monitor the macroscopic current recordings on the entire cell.  In the WCR  geometry, the 

solution in conctact with the extracellular domains on the cell surface are accessible allowing for 

probing orientation of ICs binding domains extracellularly.  If IHC measurements are confirmed, 

only 6xHis-Kir6.2Δ26 (random orientation) should be affected upon treatment with modulators 

due to the presence of ATP and LC-CoA ester binding domain intracellularly.   

Cells are attached to a pipet with a gentle pressure is applied rupturing the membrane at 

the pipet exposing the intracellular solution to the pipet.  The total IC and ionic current is 

dependent on the membrane area.  The current is corrected for the capacitance of the membrane 

due to different membrane areas to account for cell to cell variabilities in surface areas and ICs.  

iV curves are acquired similar to methods utilized during BLM characterization.  150 ms pulses 

from -100 to +150 mV in 10 mV increments were acquired while holding at 0 mV for 25 ms prior 

and following each pulse.  Average currents were determined from 50 to 150 ms and were plotted 

versus applied potential.   

Initial recordings were acquired in extracellular solution followed by perfusion of the 

bath solution with 1 mM ATP, extracellular solution, 10 µM thimerosal, 1 mM DTT, 

extracellular solution, 1 mM ATP, extracellular solution, and 10 µM tolbutamide.  Sample iV 

curves of 6xHis-Kir6.2Δ26 and non-transfected HEK293 cells are shown in Figure 7.15 A and B, 

respectively. 
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Figure 7.11. Representative iV curves of WCR experiments.  Representative iV curves of (A) 

cells expressing 6xHis-Kir6.2Δ26 and (B) HEK293 cells.  Both iV curves are shown on same 

scale.  Inset shows smaller scale of HEK293 cell iV curves. 
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Mean WCR currents at -70 and -100 mV are shown in Figure 7.12A and B, respectively.  

HEK293 cells do not natively express KATP channels and typically have low ion currents 

associated making them ideal cells lines for testing electrophysiological function of non-native 

ICs.  For non-transfected HEK293 control cells, low currents were noted in all solutions tested 

with no statistically significant changes in the current.  The current is present due to endogenous 

IC expression.   

When 6xHis-EGFP-Kir6.2Δ26 cells were evaluated, significantly higher currents, likely 

due to expression of K
+
 channels, were observed.  The presence of current suggests surface 

expression of functional KATP channels.  Upon perfusion of solution, no statically significant 

changes are noted.  IHC experiments showed that antibodies were only accessible to antigen upon 

permeabilization suggesting correct orientation of the IC in the membrane.  In WCR 

configuration, only molecules modulating extracellular regions of the protein would be 

accessible.  ATP sensitivity is gated upon binding a motif present on the cytoplasmic face.  The 

lack of effect in mean currents confirms the correct orientation found by IHC. 

For cells expressing 6xHis-Kir6.2Δ26, higher ionic current were noted initially.  This 

high current is likely due to difference in protein expression and trafficking rates.  Upon perfusion 

of extracellular environment with 1 mM ATP, a significant reduction in current is noted.  

Tuckeret al.. showed that treatment of Kir6.2Δ26 channels with 1 mM ATP resulted in mean 

currents ca. 10% of untreated cells.
475

  In our studies, ca. 33% of mean current is retained, 

confirming that a small percentage of ICs are correctly orientated while the majority or 

incorrectly orientated.  (Normalized currents at -100 mV are shown in Figure 7.13.)     
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Perfusion of cells with extracellular solution resulted in almost complete return to initial 

current values.  Subsequent treatment of cells with thimerosal, an oxidizing agent reduces the 

current to values near that of cells treated with ATP, ca. 35% initial values.  Treatment with DTT 

regains some activity returning to ca. 60% of initial currents.  Treatment of cells following a wash 

with extracellular solution with 1 mM ATP returns current level to values achieved before 

oxidation and reduction.  This suggests that not only is some activity retained upon oxidation and 

reduction of the protein, but also that correctly oriented proteins maintain functionality.  (This 

was also seen when treating 6xHis-EGFP-Kir6.2Δ26 expressing cells with oxidizing and reducing 

agents.)  Treatment of cells with tolbutamide, a K
+
 channel blocker active on SUR, was tested 

with no change in current suggesting that the KATP channels are in absence of SUR. 

  



299 

 
 

 

Figure 7.12.  Mean WCR currents of KATP channels.  Macroscopic WCR currents of HEK293 

(black), 6xHis-EGFP-Kir6.2Δ26 (green), and 6xHis-Kir6.2Δ26 (red) at (A) -70 mV and (B) -100 

mV.  Error bars are ± S.E.M. 
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Figure 7.13.  Normalized WCR mean currents at -100 mV.  Mean currents at -100 mV 

normalized  for (A) HEK293 cells, (B) cells expressing 6xHis-EGFP-Kir6.2Δ26, and (C) cells 

expressing 6xHis-Kir6.2Δ26. 
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Semi-quantitative values for orientation can be calculated based on the mean currents 

recorded.  First, if the mean currents are corrected for endogenous IC expression, an initial 

current attributed to 6xHis-Kir6.2Δ26 can be determined.  At -70 mV, mean current of 6xHis-

Kir6.2Δ26 and HEK293 cells is 13.5 nA and 0.7 nA, respectively.  This leaves a current of 12.8 

nA attributed to 6xHis-Kir6.2Δ26.  For treatment of cells with 1 mM ATP, for which 10% of 

activity is retained in Kir6.2Δ26, mean currents of 3.9 nA remain after correcting for endogenous 

ICs.  This value is 30% of the initial values; this would estimate that ca. 20% of the channels are 

correctly oriented.    This value is reasonable considering the difficulty trying to qualitatively 

distinguish differences between permeabilized and non-permeabilized cells in IHC. 

Long chain coenzyme A esters (LCCoA esters) reversibly activate KATP channels.
466-467,479

 

LC CoA esters are 100-1000 times more potent in activating KATP channels than ADP.  Addition 

of LCCoA esters to KATP channels with 1 mM ATP and 0.1 mM ADP, resulted in 1000% increase 

in current compared to untreated controls.  Several biological systems have been used to study the 

function of LCCoA esters on KATP channels. 

In pancreatic β-cells, the length of LC CoA esters activate to different extents ranging 

from no activation (C8) to upwards of 400% (C18).
467

  Palmitoyl CoA ester (PaCoA ester, C16) 

noted similar values to that of C18 LC CoA esters.  Native KATP channels in pancreatic β-cells are 

composed of Kir6.2 and SUR1.   

For Kir6.2Δ26 expressed in oocytes, PaCoA ester increased currents ca. 300% in 1.0 mM 

ATP.  Without PaCoA, 1.0 mM ATP reduces current to ca. 20% of non-treated levels, therefore, 

cells treated with PaCoA are at ca. 60% of the untreated level.  When coexpressed with SUR1 

and treated with 0.1 mM ATP, values of ca. 800% are reached compared to untreated cells.   The 
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direct mode for activation of KATP channels by LCCoA esters has not been fully elucidated.  

However, LCCoA esters protection of proteins from oxidation has been studied for decades.
480

  

The LCCoA esters are proposed to block possible oxidation sites from oxidants while short chain 

CoA esters compete with binding sites.   

The LCCoA ester activation and protection of KATP channels were tested by treatment of 

cells in the WCR configuration expressing 6xHis-EGFP-Kir6.2Δ26 and 6xHis-EGFP-Kir6.2Δ26.  

In a similar manner to previously performed WCR experiments, cells were perfused with varying 

concentration of different channel modulators.  First, ATP sensitivity was probed with both 

HEK293 cell and 6xHis-EGFP-Kir6.2Δ26 cells not noting sensitivity, while similar values of 

6xHis-Kir6.2Δ26 expressing cells were observed (Figure 7.14).  In fact, HEK293cells and 6xHis-

EGFP-Kir6.2Δ26 expressing cells were unaffected by all of the solutions testes.  For 6xHis-

Kir6.2Δ26 cells, treatment with PaCoA esters at 5 μM resulted in an increased of ca. 45%.  The 

lack of co-treatment with ATP does not allow for comparison to previous studies, however the 

activation by PaCoA is observed.   

Previous treatments of 6xHis-Kir6.2Δ26 expressing cells with oxidizing agents such as 

thimerasol reduced current by ca. 65%.  Co-treatment with PaCoA esters reduced the current to 

70% of the PaCoA treated cells or to ca. 90-95% currents of untreated cells.  Upon treatment with 

DTT and extracellular solution, values indistinguishable from untreated cells were observed 

suggesting that PaCoA esters protect from oxidative damage. 
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Figure 7.14.  Palmitoyl coenzyme A ester activation and protection from oxidation.  Mean 

WCR currents at (A) -70 mV and (B) -100 mV. 
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7.4. Summary and Conclusions 

In this chapter, the characterization of mutant KATP channels were characterized in 

attempts to elicit a better understanding of the assembly, trafficking, and orientation to and in the 

plasma membrane.  Two constructs, 6xHis-EGFP-Kir6.2Δ26 and 6xHis-Kir6.2Δ26, were 

designed and stably transfected into mammalian cell lines.  Protein orientation was studied 

through the use of IHC and WCR.   6xHis-EGFP-Kir6.2Δ26 channels were found to be correctly 

oriented while 6xHis-Kir6.2Δ26 channels exhibed random orientation.  These studies suggest that 

improper truncation of the last 26 amino acids in addition to expression absent of SUR can induce 

incorrectly oriented proteins, leading to diseased stated.  Much more work is needed to truly 

understand the biological implications of these findings. 
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8. RECONSTITUTION OF KATP CHANNELS INTO BLMS 

8.1. Introduction 

8.1.1.   KATP Channels 

ATP-sensitive K+(KATP) channels couple the metabolic state of a cell to the membrane 

potential in pancreatic islet cells, heart, skeletal muscle, vascular smooth muscle, and brain 

tissue.
461

  Improper function, assembly, and trafficking of KATP channels can result in 

arrhythmias, neuronal damage, and diabetes.
151

  In pancreatic beta cells (β-cells), elevations in 

extracellular glucose concentration increases the intracellular ATP via metabolic processes.  

Increased intracellular ATP increases the probability of KATP channel closure, depolarizing the 

cell, and triggering the influx of Ca
2+

 through voltage-gated Ca
2+

 channels.  The resulting [Ca
2+

] 

elevation induces insulin release.
448

 

KATP channels represent a heterooctameric complex containing two subunits: Kir6.X and 

SURX.  Kir6.x subunits form the pore and SURx serves as regulatory subunits within the 

complex; Kir6.2 and SUR1 are the variants composing the channels in β-cells.
461

  Correct, 

functional assembly and trafficking of KATP channels to the membrane require Kir and SUR 

coexpression due to ER retention signals in both subunits, where coassembly is thought to 

sterically block the signal leading to membrane translocation.
477

    Truncation of the last 18-26 

amino acids of Kir6.2 allow for the trafficking to the membrane in absence of SUR.  These 

studies showed that Kir6.2 forms the pore while also showing sensitivity to ATP, with SUR1 

endowing sensitivity to sulphonlyureas.
475

 

Frequently, ICs are reconstituted into biological systems including Xenopus oocytes and 

mammalian cells.  Unfortunately, those systems do not offer the ability to systematically change 
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intracellular composition, membrane composition, or eliminate other potentially interfering 

molecules.  Very few examples of ligand-gated ion channels have been functionally reconstituted 

into artificial membranes due to the difficulties of expressing and purifying large enough 

quantities of protein while maintaining functionality. 

The expression and purification of a polyhistidine tag and EGFP labelled, truncated 

variant of Kir6.2 (6xHis-EGFP-Kir6.2Δ26) in Pichia pastoris (reported in Appendix D) along 

with functional reconstitution as demonstrated through macroscopic ion channel (IC) recordings 

in artificial membranes.  To our knowledge, this is the first report of reconstitution of KATP 

channels in fully synthetic membranes.  

8.2. Experimental 

8.2.1.   Instrumentation, Solutions, and BLM Formation 

Yeast extract peptone dextrose (YPD) was purchased in a premixed formula and is 

composed of 1% yeast extract, 2% peptone, and 2% dextrose.  YPD was prepared in D.I. water 

and autoclaved.  YPD plates were made by addition of 2% agar prior to autoclaving, allowed to 

cool slightly before casting, and added to petri dishes.  YPD plates were stored at 4°C until use. 

100x histidine was prepared by dissolving 0.4% of histidine into D.I. water, filtered 

through 0.2 µm membranes and stored at 4°C.  YPDH (YPD + 0.004% histidine) was prepared 

by adding 1/100
th
 of total media volume of 100x histidine to autoclaved YPD.  Plates were 

prepared by addition of hisitidine prior to cooling.  All media and plates can be supplemented 

with Zeocin for selection by addition of desired concentration of Zeocin from stock concentration 

(100 mg/mL) immediately prior to use. 
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Culture was collected by centrifugation at 2500 rpm, for 15 min and washed twice with 

phosphate buffered saline (PBS).  Supernatant was discarded after each wash.  The pellet was 

resuspended in purification buffer (50 mM NaH2PO4, 50 mM NaCl, pH 8.0) with PMSF and β-

ME added to 1 mM and 20 mM (5x pellet volume), respectively.  One pellet volume of 0.4 µm 

acid-washed glass beads was added to pellet and lysis was performed by vortexing for five, 1 min 

cycles and stored on ice for 2 min between each cycle.  Glass beads and cell debri centrifuged at 

low speed (500 rpm, 5 min).  Supernatant was transferred to new centrifuge tube and treated with 

150 units of DNAse at 37°C for 60 min and centrifuged at 5000 rpm for 30 min.  The pellet was 

resuspended in solubilization buffer (purification buffer with 20 mM dodecyl maltoside (DDM)) 

and vortex for 30 s every 5 min for 2 h total followed by centrifugation at 5000 rpm for 30-45 

min.  The protein in the supernatant was batch purified using Ni-NTA by binding overnight (12-

16 h) at 4°C, and eluted using purification with increasing concentrations of imidazole ([DDM] = 

2 mM). 

Extracellular (EC) solution contained 138 mM NaCl, 5.6 mM KCl, 1.2 MgCl2,  2.6 mM 

CaCl2, and 5 mM HEPES, pH 7.4.  Intracellular (IC) solution contained 125 mM KCl, 1 mM 

MgCl2, 10 mM EGTA, 25 mM KOH, and 5 mM HEPES, pH 7.15.  All solutions were dissolved 

in deionized (DI) water (18 MΩ·cm) and filtered through a 0.2 µm membrane.  

The pipet was backfilled with EC solution and the tip was immersed into a bath of 500 

µL IC solution.  Upon successful BLM formation (see Chapter 2 for full details),
335,423

 3 µL of 

protein ([6xHis-EGFP-Kir6.2Δ26] ≈10 µg/mL) solubolized  in DDM ([DDM] = 2 mM; the CMC 

of DDM is ca. 0.2 mM) is added to the bath solution.  (Final concentration of DDM is ca. 0.01 

mM.) 
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Figure 8.1. Cartoon of experimental set-up and conventions used in the reconstitution of 

6xHis-EGFP-Kir6.2Δ26.  Surfactant solubolized, purified protein is added to cis side and 

allowed to insert.  Cis solution is then exchanged with intracellular solution and varying 

concentrations of ATP and palmitoyl long-chain coenzyme A ester are perfused into base solution 

(cis). 

 

8.2.2.   Ion Channel Recordings and Data Analysis 

Single ion channels and macroscopic recordings were collected using a HEKA Electronik 

EPC-8 patch clamp amplifier configured with an ITC-16 A/D converter controlled with HEKA 

Pulse data acquisition software.   Whole cell or macroscopic recordings were performed by 

ramping voltage from -90 to + 60 mV over 4 s and acquired at 500 Hz and filtered at 100 Hz.  For 

conductance measurements, the linear region from -90 mV to 0 mV was used.   
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For ATP dose-response curves, increasing concentrations of ATP were perfused into the 

cis side of the bath, and whole cell recordings were acquired in triplicate between each new 

solution.  For palmitoyl coenzyme A ester (PaCoA ester) response curves, increasing 

concentrations of PaCoA ester were perfused at a fixed ATP concentration (1 mM) in 

intracellular solution.  PaCoA ester and ATP solutions were prepared fresh daily.  Single ion 

channel recordings were acquired at a -70 mV holding potential. 

Data recordings were processed HEKA PulseFit (v. 8.53) software.   Dose response 

curves were fit to Hill equation using Origin 8.0 according to previously published procedures.
467

 

8.2.3.   PSLBs 

Phosphate buffered saline, pH 7.4 (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

2 mM KH2PO4) was prepared in deionized (DI) water (18 MΩ•cm) and filtered through a 0.2 µm 

pore-size filter prior to use.  For vesicle fusion onto planar substrate, DOPC was resuspended into 

PBS at a final concentration of 1 mg/mL and sonicated to clarity.  Substrates for vesicle fusion 

were prepared by adhering a Teflon o-ring onto the surface of a glass coverslip using Sylgard 184 

and cured under UV irradiation overnight.  50 μL of vesicles composed of DOPC were added to 

Teflon wells with 200 μL PBS, and allowed to fuse 30 min.  The wells were carefully washed to 

remove unfused vesicles by adding 200 μL of PBS (total volume 450 μL) and removing 200 μL 

for a minimum of 20 exchanges.  (Note: Never remove all solution and uncover bilayer, always 

leave 100-200 μL of PBS in wells.)   

Protein concentration was determined based on total protein concentration measured at 

280 nm.  Sequential aliquots of surfactant solubolized 6xHis-EGFP-Kir6.2Δ26 were added to 
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solution above PSLB, incubated at room temperature for 60 min, and washed extensively with 

buffer.  PSLBs were imaged and the average intensity plotted versus amount of protein added. 

8.3. Results and Discussion 

8.3.1.   Macroscopic Recordings 

8.3.1.a.         i vs V Curves 

A BLM formed from 1,2-diphytanoyl-sn-glycero-3-phosphocholine on a pipet
335,423

 was 

used for reconstitution by addition of solubolized protein to a concentration below the CMC of 

the surfactant while monitoring the current to observe insertion.  Macroscopic recordings were 

acquired following whole cell procedures.
475

  The experimental configuration is shown in Figure 

8.1. 

Experiments confirming that the subsequent increase upon addition of surfactant did not 

introduce defects were performed.  Current versus voltage (i-V) curves were acquired with the 

inwardly rectified current characteristic of Kir6.2Δ26 at positive potentials observed (Figure 

8.2A).  Perfusion of cis solution with intracellular solution containing 1 mM ATP resulted in a 

near complete inhibition (90-100%) of the IC activity is noted, agreeing with previous studies 

(Figure 8.2A).
475
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Figure 8.2. i-V Curves of macroscopic current recordings of 6xHis-EGFP-Kir6.2Δ26 in 

BLM.  (A) Macroscopic i-V curves of 6xHis-EGFP-Kir6.2Δ26 reconstituted into artificial 

membrane in ATP-free intracellular solution and 1 mM ATP in intracellular solution.  (B) 

Conductance of reconstituted 6xHis-EGFP-Kir6.2Δ26 upon application of 1 mM ATP solution 

followed by perfusion of bath solution with intracellular solution. 
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Additionally, upon perfusion of cis solution with ATP-free intracellular solution, 

complete return of activity is achieved (Figure 8.2B).  This again agrees well with retrieval of 

activity upon removal of ATP.  Control experiments in BLM show no change in current upon:  a.) 

Addition of protein purified from non-transformed Pichia pastoris;  b.) Addition of ATP to non-

functionalized BLMs (Data not shown). 

These experiments suggest the successful maintenance of ATP-sensitivity of 

reconstituted 6xHis-EGFP-Kir6.2Δ26 with a preference of orientation of the ATP binding domain 

(located intracellularly in vivo) is located on the cis side of the membrane.  This controlled 

orientation within the membrane could be due to the high energy barrier needed for the transfer of 

the EGFP across the membrane for protein oriented oppositely.  Limited access to the pipet 

(trans) side of the BLM doesn‟t allow for exchange of solution to verify absence of ATP-binding 

domain trans BLM. 

8.3.1.b. ATP and PaCoA Dose Response Curves 

ATP-dose response curves were acquired by monitoring the conductance (linear range of 

the i-V curves; from -100 to 0 mV) of 6xHis-EGFP-Kir6.2Δ26 functionalized BLMs treated with 

various concentrations of ATP and plotted as a ratio versus untreated 6xHis-EGFP-Kir6.2Δ26 

functionalized BLMs.  ATP-dose response curves fit nicely to the Hill equation with half 

maximal inhibitory concentration of 125 ± 5 µM calculated.  A similar Ki for Kir6.2Δ26 of 106 ± 

4 µM for Xenopus oocyte recordings have been reported.
475
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Figure 8.3.  ATP and PaCoA enzyme dose response curves.  (A) ATP and (B) PaCoA ester 

dose response curves of 6xHis-EGFP-Kir6.2Δ26.  Curves were acquired by normalizing the 

conductance at each concentration (G) to an untreated state (GC).  For ATP and palmitoyl 

coenzyme A ester n = 12 and 8, respectively.  Errors bars are ± s.d.  Fits are shown for each set 

dose response curve using Hill equation. 
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Long-chain acyl coenzyme A (LC-CoA) esters interact with Kir6.2.

466-467,479
  Previous 

studies showed that PaCoA ester added in presence of 1 mM ATP, increased current ca. 280% at 

[PaCoA Ester] = 1 µM.
479

  LC-CoA ester activation of 6xHis-EGFP-Kir6.2Δ26 was tested in a 

similar manner to the ATP-dose response curves, at increased concentrations of PaCoA ester in 

presence of 1 mM ATP.  The ratio of conductance of treated BLMs to 1 mM ATP treated cells 

was plotted (Figure 8.3B).  Concentration dependence curves for PaCoA esters were fit to Hill 

equation with a half maximal effective concentration of 600 ± 100 nM agreeing with published 

data.
467

 

8.3.2.   Single Channel Recordings 

Single ion channels recordings were performed by addition of small concentration 

aliquots of surfactant solubolized protein to the cis side of the BLM.  The voltage was held at -70 

mV while monitoring the current.  Very low success rates were achieved for single channel 

recordings.  Representative samples of recordings successful at achieving single ion channel 

recordings are shown in Figure 8.4. 

Literature values for Kir6.2Δ26 of ca. 4.5 pA were reported 
475

, matching the observed 

amplitudes in the single IC recordings obtained here.  In absence of ATP, the channels are 

predominately opened (Figure 8.4A and B).  Addition of 0.1 mM, a value previously shown to be 

approximately the concentraton for half maximum inhibition, saw a significant decrease in the 

open state population of the IC to a higher probability of the closed state (Figure 8.4C and D).  

Finally, almost complete inhibition is noted at 1 mM ATP (Figure 8.4E and F). 
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Figure 8.4.  Single ion channel recordings of 6xHis-EGFP-Kir6.2Δ26.  Single ion channel 

recordings and all points-hisograms acquired at -70 mV for reconstitution 6xHis-EGFP-

Kir6.2Δ26 in (A,B) intracellular solution, (C,D) 0.1 mM ATP, and (E,F) 1 mM ATP. 
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Difficulties of reproducing sufficient trials for full data analysis were unsuccessful.  

Several strategies were attempted to achieve single IC recordings including: 

 Dilutions of the protein were carried out at a wide range, resulting in largely no 

activity.  A few trials noted macroscopic current recordings. 

 Reconstitutions of protein in vesicles followed by addition to the bath solution to 

fuse the proteoliposomes to the BLM were unsuccessful. 

 Reconstitutions of protein into GUVs formed in sucrose (for visualization of 

GUVs) were attempted, but were extremely difficuly to form a high resistance, 

frequently rupturing when attempting to patch. 

Other strategies and investigations are needed for reproducible reconstitution of single 

ICs. 

8.3.3.   Planar Supported Lipid Bilayer Reconstitution 

PSLBs were used to monitor the increase in fluorescence upon addition of protein.  

Adsrption isotherms acquired show that 6xHis-EGFP-Kir6.2Δ26 interacts with the membrane, 

potentially inserting (Figure 8.5).  The insertation is likely favorable considering previous results 

in which the orientation of the 6xHis-EGFP-Kir6.2Δ26 could be controlled using the hydrophilic 

EGFP moiety.  Saturation of the isotherm is not achieved, but a decrease in the slope suggests 

that it is near saturation.  The ease of association of the protein with the membrane suggests that 

the reconstitution is favorable; however, inactive ICs are likely present potentially explaining low 

success rates of single IC recordings. 
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Figure 8.5.  Adsorption isotherm of 6xHis-EGFP-Kir6.2Δ26 in PSLB.  Adsorption isotherm 

acquired for 6xHis-EGFP-Kir6.2Δ26 as observed by monitoring the fluorescence in response to 

addition of protein. 

8.4. Summary and Conclusions 

Reconstitution of 6xHis-EGFP-Kir6.2Δ26 into BLMs and PSLBs was observed through 

IC recordings and epi-fluorescence images, respectively.  Macroscopic IC recordings were 

characterized using both ATP and PaCoA esters for inhibition and activation of channels.  Values 

comparable to literature Ki values were reported for 6xHis-EGFP-Kir6.2Δ26 at 125 ± 5 µM.  

Concentration dependence curves for PaCoA esters were fit to Hill equation with a half maximal 

effective concentration of 600 ± 100 nM agreeing with published data.
467

  Single IC recordings 

were achieved, though infrequently.  When successful achieved, current values match amplitudes 

reported in the literature with ATP sensitivity noted by shifts in the gating.  PSLBs were used to 
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successfully monitor the increases in EGFP fluorescence upon addition of protein show 

reconstitution or possibly non-specific adsorption.  It is possible that although reconstituted, 

inactive channels are present, as suggested by the difficulty in achieved single IC recordings.
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9. SUMMARY AND FUTURE DIRECTIONS 

9.1. Summary of Results 

In this dissertation, studies of suspended or black lipid membranes (BLMs) were used to 

characterize their potential use for applications in biosensing devices, in particular IC-based 

sensors.  Through the progression of the chapters, methods were developed to characterize the 

electrical properties and stability of membranes to gauge their effectiveness extending the short 

lifetimes commonly associated with BLMs.  Characterization of model ICs in poly(lipid) BLMs 

and in mixed BLMs composed of poly(lipids) and non-polymerizable lipids showed the potential 

use of poly(lipids) in highthroughput screening of ICs.   

Expression, characterization, and purification of ATP-sensitive K+(KATP) channels in 

mammalian systems and yeast were used to obtain a model ligand-gated IC for use in sensor 

applications.  KATP channels offer advantages as a model ligand-gated IC for several reasons.  

First, truncation of Kir6.2 allows for functional trafficking to the plasma membrane maintaining 

ATP sensitivity without the coexpression of SUR1.
475

  SUR is much larger in size, adding to the 

complexity of expression, purification, and reconstitution of KATP channels.  Second, KATP 

channels do not undergo post-translational modification, simplifying the expression and 

purification in non-native systems.
431,481

  And finally, KATP channels have been widely studied in 

biological systems offering data for comparison.
461,469,471

  Reconstitution of KATP channels into 

non-polymerizable BLMs was shown to successfully maintain the IC activity.  Ultimately, the 

reconstitution of KATP channels into BLMs composed of poly(lipid) or mixtures of poly(lipids) 

and non-polymerizable lipids will be used to study the use of dienoyl polymerizable lipids as 

long-lived BLMs for development of drug screening assays.  In this chapter, a recap of 
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experiments and findings will be presented along with potential future directions arising from 

work presented in this dissertation. 

In Chapter 2, non-polymerizable lipids in BLMs were characterized including: 

 Developed a patch clamp setup and modified pipettes for characterization of the 

electrical properties and stability of BLMs. 

 Established methods for characterizing the electrical properties of membranes 

including capacitance, conductance, and dielectric breakdown voltages. 

 Characterized a wide range of non-polymerizable lipids to determine if 

conductace depends on acyl chain composition. 

 Use of conductance measurements of BLMs to detect phase segregation in a 

domain forming ternary mixture (DOPC, DPPC, and cholesterol) showing non-

ideal behavior in presence of Lα/Lo and Lα/Lβ coexisting phases.  

In Chapter 3, dienoyl polymerizable lipids were characterized for their electrical 

properties and stability.  There major results were: 

 The conductance of non-irradiated containing polymerizable lipids showed 

slightly lower values than the control, DPhPC, except for bis-SorbPC, which 

exhibited significantly higher conductances. 

 The conductance of BLMs formed from dienoyl polymerizable lipids did not 

significantly change upon UV irradiation for 15 min (except for bis-SorbPC 

which increased significantly). 
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 Poly(lipids) significantly lengthened the lifetimes of BLMs.  Unpolymerized 

BLMs and BLMs containing non-polymerizable lipids exhibited lifetimes of 

several hours.  Polymerized BLMs composed of bis-DenPC, mono-DenPC, bis-

SorbPC, and mono-SorbPC had average lifetimes of 24, 3, 3, and 2 days, 

respectively. 

 Poly(lipids) enhanced the stability of BLMs to transfer across air-water 

interfaces. 

 Stable conductance and capacitance values of bis-DenPC BLMs were monitored 

for 24 days, along with much lower noise, suggesting that bis-DenPC is the best 

lipid tested for use in potential long-term IC recordings. 

In Chapter 4, a model IC, α-Hemolysin, was used to characterize dienoyl polymerizable 

lipids showing: 

 α-Hemolysin successfully reconstituted and formed pores in BLMs composed of 

all four dienoyl polymerizable lipids. 

 Different noise levels were noted for each lipid compositions with the least 

noisey being bis-DenPC.  The exact cause of the difference in noise is unknown. 

 Bis-DenPC BLMs maintained α-Hemolysin activity for a week before losing 

activity although a BLM failure did not occur until ca. 3 weeks. 

Chapter 5 utilized the combination of 1:1 mixtures of bis-DenPC and DPhPC for 

studying the model IC, alamethicin, which is dependent on membrane fluidity for function, 

showing: 
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 Alamethicin activity is unaffected by UV irradiation as exhibited in DPhPC 

BLMs irradiated with 15 min of UV light. 

 IC activity is completely lost upon polymerization of bis-DenPC BLMs 

containing alamethicin. 

 Mixtures of 1:1 bis-DenPC:DPhPC non-irradiated exhibit similar lifetimes, open 

proababilities, and subconductance states compared to pure DPhPC and bis-

DenPC. 

 Polymerization of alamethicin functionalized 1:1 mixtures of bis-DenPC and 

DPhPC resulted in maintainance of IC activity by segregation of alamethicin into 

fluid domains, increasing the activity, shortening the lifetimes, and shifting open 

probabilities to higher subconductance states.   

 Reduction in concentration of alamethicin can reduce the activity, lifetimes, and 

open probabilities to non-irradiated levels, suggesting that the changes described 

in the previous bullet are due to increase of concentration in fluid domains driven 

by polymerization. 

 Polymerization of mixed BLMs prior to functionalization of ICs also maintains 

IC activity, providing a strategy for use of UV-sensitive ICs. 

 1:1 mixtures enhanced BLM lifetimes to on average 4 days compared to several 

hours in unpolymerized BLMs. 
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 IC activity after 3 days was observed in 1:1 mixed BLMs, both when 

functionalized followed by polymerization and when polymerized prior to 

functionalization. 

In Chapter 6, the utilization of mixtures of bis-DenPC and DPhPC was extended to 

higher ratios of bis-DenPC.  These BLMs were characterized using a series of three model ICs, 

alamethicin, gramiciding, and α-Hemolysin, showing: 

 Rate of polymerization of mixed bilayer composition vesicles as monitored by 

UV-Vis was unaffected, suggesting that phase segregation occurs prior to 

polymerization. 

 Conductance measurements suggested non-ideal mixing and possibly phase 

segregation occurred, with positive deviations from ideal behavior increasing 

slightly upon polymerization. 

 Surface pressure – area isotherms show non-ideal mixing with repulsion noted in 

mixed bis-DenPC and DPhPC monolayers with and without UV irradiation, 

suggesting that phase segregation occurs prior to polymerization. 

 The lifetimes of BLMs composed of 3:1 and 7:1 bis-DenPC and DPhPC 

increased lifetimes to 5 and 7 days on average. 

 Reduction in concentration of alamethicin allowed for resolving discret IC 

recordings.   

 Gramicidin was studied and had similar properties to that of alamethicin.  The 

difference was that pre-functionalized poly(BLMs) exhibited less gramicidin IC 



                                  324 
 

activity compared to BLMs functionalized following polymerization at the same 

concentration. 

 α-Hemolysin successfully maintained IC activity using both strategies  in mixed 

BLMs; however, functionalization post-irradiation required a higher 

concentration relative to the inverse strategy, likely arising from the size of α-

Hemolysin and the size of fluid domains.  

Chapter 7 investigated the trafficking and orientation of KATP channels in mammalian 

systems showing that: 

 Orientation of channels composed of 6xHis-EGFP-Kir6.2Δ26 probed using 

immunohistochemical staining was observed to be correctly oriented. 

 Orientation of KATP composed of 6xHis-Kir6.2Δ26 probed using 

immunohistochemical staining was observed to be randomly oriented. 

 WCR confirmed the orientation; ATP and LC CoA sensitivity is only noted with 

randomly oriented channels. 

Chapter 8 investigated the reconstitution of 6xHis-EGFP-Kir6.2Δ26 channels into model 

membranes showing that: 

 I-V curves with characteristics similar to those of Kir6.2Δ26 were noted in BLMs 

reconstituted with 6xHis-EGFP-Kir6.2Δ26. 

 ATP-senstivity is observed upon reconstitution in BLMs.  Dose-response curves 

exhibited comparable Ki to Kir6.2Δ26. 
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 PaCoA activiation of reconstituted channels was observed. 

 Difficulty in isolating single IC recordings was oberved, but in a few examples 

that were successful, decreasing open probability upon addition of ATP was 

shown. 

The findings summarized here can be used in a variety of future applications ranging 

from studies investigating the manifestation of disease associated with KATP channels to design of 

new lipids stabilizing BLMs and other membrane geometries.  These potential studies will be 

discussed further in the following sections. 

9.2. Future Directions 

9.2.1.   Design of New Lipids and Strategies For Use in BLMs 

The utilization of dienoyl polymerizable lipids is a useful approach for stabilization of 

membranes whether vesicles, PSLBs, or BLMs; however, limited advances and design have been 

made.  With the information gained in this dissertation, new structures will be shown as potential 

new materials for the use in IC sensing platforms.  Strategies for enhancement in stability of 

BLMs will be proposed. 

Previously, Benzet al.. used dienoyl polymerizable lipids with non-PC based headgroups 

and did not observe significant enhancements to stability as obtained with bis-DenPC.
482

  For 

BLMs, bis-DenPC offers the largest gain in stability while still maintaining a low conductance 

and electrical noise.  Prior to design of new lipids, more efficient polymerization methods 

generating longer polymer chain lengths should be investigated.  All the work performed in this 

dissertation used UV irradiation as the method of free-radical initiated polymerization; however, 

more efficient (generating longer polymer lengths) methods have been used with dienoyl 
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polymerizable lipids, including redox intiation, thermal initiation (AIBN), or UV with a 

photoinitiator.
112,121,136,333

  These three methods generate significantly longer average polymer 

chain lengths.  One potential drawback to this is that larger polymers likely will decrease fluidity, 

potentially having a detrimental effect on IC activity.  Additionally, inefficient packing of larger 

polymers may result in defects increasing BLM conductance.  However, other strategies to 

decrease conductance (i.e., addition of cholesterol) may offset increases in conductance from 

increasing polymer lengths. 
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Figure 9.1.  Proposed structures for future use in polymerized BLMs.  Structures are shown 

for the utilization in stabilization of BLMs. 
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The exact mechanism for failure in bis-DenPC BLMs after ca. 3 weeks in not known, but 

it is likely due to degradation of the lipid, detachment at where the bilayer meets the support, or 

delamination.  Degradation of the lipid is likely unavoidable if it is the cause of failure.  A 

potential solution to the failure at where the bilayer meets the support is through conjugation of 

the bilayer to the support (Strategy 1).  To do so, a reactive surface and reactive distal end of the 

lipid are needed.  Structure 1A and B show two proposed structures for the lipid, with both 

containing one Den acyl chain and A containing a Sorb chain while B contains a methacryl 

reactive group.   Structures 2A, B, and C illustrates molecules for use in silanization of the glass 

pipet.  Structure 2 has two properties necessary for function as proposed; a.) it must be 

sufficiently hydrophobic to support the formation of a monolayer, and b.) it must contain a 

compatible polymerizable group to react with the distal tail of the lipid.  For use with Structures 

1A and B, Structures 2A and B or C are proposed, respectively.  Most likely only a small 

percentage of the lipids in the BLM will need to be Structure 1A and B (i.e. 5-10%), with the the 

remainder composed of bis-DenPC.  This strategy would create a covalent link from the surface 

to Structures 1A or B, which could then react with the bis-DenPC, lipids stabilizing any 

weaknesses found at the BLM/substrate interface.  

If delamination is the cause of failure, cross-leaflet stabilization can be used (Strategy 2).  

Structure 3 illustrates one potential design in which acyl chains extend across the entire bilayer, 

similar to triblock copolymers.  Both sides of the leaflet contain dienoyl reactive groups near the 

glycerol backbones which can react with the remaining bis-DenPC.  Only a small fraction of the 

total composition of Structure 3 would be necessary for efficient stabilization. 

Diphytanoyl based headgroup polymerized lipids have been proposed in the future 

directions sections of previous dissertations
483

 for use in increasing membrane fluidity, while 
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gaining stability from the polymerization in the headgroup; however, headgroup polymerization 

effectiveness will be largely dependent on the use of linkers of adequate length to reach 

neighboring reactive groups.  Additionally, the headgroup has a limited range of mobility in 

comparison to tail groups.  For this reason, for Structure 4A and B, I propose to use phytanoyl 

tails on the lipid in combination with the dienoyl functionalities near the glycerol backbone.   Use 

of heterofunctional lipids composed of a phytanoyl- and dienoyl-containing acyl chains would 

provide stability while maintaining fluidity, but likely would not create membranes as stable as 

polly(bis-DenPC). 

Another potential strategy that has been employed to stabilize lipid vesicles is 

partitioning of polymerizable monomers into the lamella of bilayers followed by polymerization, 

generating polymer scaffolds within the bilayer structure.
140,142

  This strategy has been used in the 

Aspinwall and Saavedra groups to stabilize vesicles with EGDMA and BMA.
140

  This method has 

yet to be applied to BLMs.  Several potential problems may result from this strategy.  

Conventionally, the monomers are partitioned into pre-formed bilayers and incubation typically 

requires 12 hr for efficient partitioning.  This length of time is longer than typical lifetimes of 

non-polymerizable lipid BLMs;  However, the BLM painting methods still may be applicable.  If 

the lipid and monomers are dried together, and dispersed in n-decane together, the monomers 

may be retained in the bilayers.  Several issues would need to be investigated, including the 

solubility of the monomers in n-decane and optimization of the ratio of monomers to lipids.  If 

this strategy was successful in forming BLMs, full characterization comparable to experiments 

performed using dienoyl polymerizable lipids will be needed to evaluate the potential use of these 

polymers in BLMs. 
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9.2.2.     KATP Channels   

Reconstitution of KATP channels was presented showing successful reconstitution and 

maintenance of ATP and LCCoA sensitivity; however, the inability to achieve consistent single 

IC recordings  is a limiting factor for future studies in model membranes.  Better methods of 

expression or purification are needed to approach this problem.  In Appendix D, a thorough study 

of the expression and purification of KATP channels from Pichia pastoris showed that independent 

of the purification and expression methods used, the impurities could not be removed.   

Removal of membrane proteins (MPs) from cellular membranes promotes unfolding and 

aggregation.
484

  Targeting, translocation, and stable integration of MPs into cellular membranes 

are commonly bottlenecks in MP expression, and frequentlythe protein is toxic to the cell, 

increasing the likelihood of degradation.  One area gaining acceptance in MP expression is cell-

free expression (or in vitro translation and transcoption (ivtt)).
484-485

  Cell-free expression uses the 

extracts from E. coli (S30) or wheat germ that contain all the necessary enzymes and machinery 

for expression.  The methods allow for the use of small volumes and short incubation times for 

the production of protein.  As previously mentioned, the necessities for MPs present in 

membranes limit cell free expression; However, MPs have been utilized in three different 

methods.  First, MPs precipitate upon expression, and can be resolubilized into detergents and 

used in functional and structural studies.  Additionally, the MPs can be expressed in presence 

detergents, with detergents stabilizing the hydrophobic regions of the protein.  Finally, membrane 

fragments or liposomes can be used a scaffold for the expression.  I believe that for studies in 

truly isolated, absent from impurities, cell free expression techniques will offer a faster, more 

efficient system for expression, requiring little to no purification.  Additionally, more ICs can 
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easily be tested efficiently.  Cell free expression systems will also be advantageous for the 

potential use of high throughput screening applications.   

9.2.3. Cell Free Expression IC Screening Device 

A cell free expression (CFE) system was briefly discussed in the previous section.  A 

device using CFE systems and electrophysiological measurements in a single device design is 

shown in Figure 9.2.  The device is composed of two chambers connected by a single opening of 

ca. 50 nm in silicon, is fabricated using established methods while the rest of the chamber is 

composed of PDMS.  Both chambers contain a Ag/AgCl electrode for electrophysiological 

recordings.  Another chamber is connected to the upper chamber for CFE (ivtt chamber).  The 

chamber potentially allows for the expression of membrane proteins in presence of liposomes 

followed by flow through the horizontal flow cells.  Suction can be applied to the bottom 

reservoir such that a liposome can attach at the aperture.  Rupture of the membrane results, 

allowing access from the bottom chamber and the upper chamber to allowing screening of ligands 

on both sides of the membrane.  All solutions can be exchanged by pressure allowing for the 

screening of potential drug targets.  This system can easily be developed into arrays allowing for 

the simultaneous monitoring of cell types of ICs using ligands. 
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Figure 9.2.  Device for online cell free expression screening of ICs.  Upper and lower flow 

cells are separated by a single aperture of ca. 50 nm.  A chamber for CFE expression (ivtt 

chamber).  Two chambers allow for the presence of Ag/AgCl electrodes, allowing for the 

electrophysiological characterization. 
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Figure 9.3.  Screening of ICs using ivtt device.  (A) Vesicles flow through the upper chamber 

with a slight negative pressure in the lower chamber allowing for the vesicles to come in contact 

with the aperture.  (B and C)  A greater suction is applied partially rupturing the vesicle.  (D and 

E) The device allows for the probing of bothe sides of the membrane. 
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A similar device can be designed for the use with BLMs.  Figure 9.4 illustrates the design 

of a device utilizing CFE expression systems along with BLMs.  The device contains five 

chambers: (i) upper chamber / Ag/AgCl electrode, (ii) lower chamber / Ag/AgCl electrode, (iii) 

CFE chamber, (iv) aqueous inlet, and (v) BLM formation chamber (Figure 9.4A).  The horizontal 

flow cells are separated by a single 50 µm aperture composed of silicon.  The silicon is oxidized 

and modified to make a moderately hydrophobic surface.   
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Figure 9.4.  Device for online cell free expression screening of ICs using BLMs.  A similar 

device is shown for the formation of BLMs and use of CFE for screening of ICs.  (A)  Device 

chambers (i) upper chamber / Ag/AgCl electrode, (ii) lower chamber / Ag/AgCl electrode, (iii) 

CFE chamber, (iv) aqueous inlet, and (v) BLM formation chamber.  (B)  Side view of device 

design showing all chambers and upper and lower reservoirs. 
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BLMs can be formed by passage of a plug of solvent (n-decane) with dissolved lipid 

across the opening (Figure 9.5A and B).  Following the passage of the lipid/solvent plug over the 

aperture, aqueous solution is present on both sides of the BLM (Figure 9.5C).  The BLM can be 

functionalized by introduction of MPs, whether solubolized in detergent or reconstituted into 

liposomes (proteoliposomes).  The ICs can then be probed electrophysiologically in the presence 

or absence of ligands. 

  



                                  337 
 

 

Figure 9.5.  BLM formation using CFE device.  (A and B) A lipid / solvent plug is passed 

across the aperture resulting in the formation of a BLM.  (C) Introduction of proteoliposomes and 

fusion with BLMs.  (D) Ligands can be introduced on both sides of the BLM, allowing for 

screening of ligands.
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APPENDIX A. PLASMID CONSTRUCT INFORMATION FOR MAMMALIAN 

AND YEAST PROTEIN EXPRESSION 

 

6xHis-EGFP-Kir6.2Δ26 Construct Information - Mammalian 

Name: TEK62D26EGFP 

Vector: pcDNA4/HisMax/TOPO – EGFP – Kir6.2∆26 

Expression System: Mammalian cells  

Length of DNA (bp): 7,122 

Size of Protein (Da): 72826.89 

 

Complete Sequence: 

GACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCG

CATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGAGCA

AAATTTAAGCTACAACAAGGCAAGGCTTGACCGACAATTGCATGAAGAATCTGCTTAGGGTT

AGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATACGCGTTGACATTGATTATTGACT

AGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTT

ACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCA

ATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAG

TATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCT

ATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGAC

TTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGC

AGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTG

ACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACT

CCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCT

CTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGG

GAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTAGCGCAGAGGCTTGGGGCAGCCGAGCG

GCAGCCAGGCCCCGGCCCGGGCCTCGGTTCCAGAAGGGAGAGGAGCCCGCCAAGGCGCGCAA

GAGAGCGGGCTGCCTCGCAGTCCGAGCCGGAGAGGGAGCGCGAGCCGCGCCGGCCCCGGAC

GGCCTCCGAAACCATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGG

TGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGTACAGGCCCTTGGATCCA

TGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGGTGCCCATCCTGGTCGAGCTGGAC

GGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGG

CAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGT

GACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACG

ACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACG

ACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATC

GAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAA

CTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACT

TCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAAC

ACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCC
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CTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGC

CGGGATCACTCTCGGCATGGACGAGCTGTACAAGGGATCCGAATTCGAGCTCCGTCGACAAA

TGCTGTCCCGCAAGGGCATCATCCCCGAGGAATACGTGCTGACACGCCTGGCAGAGGACCCT

GCCGAGCCCAGGTACCGTGCCCGCCAGCGGAGGGCCCGCTTTGTGTCCAAGAAAGGCAACTG

CAACGTGGCCCACAAGAACATCCGGGAGCAGGGCCGCTTCCTGCAGGACGTGTTCACCACGC

TGGTGGACCTCAAGTGGCCACACACATTGCTCATCTTCACCATGTCCTTCCTGTGCAGCTGGCT

GCTCTTCGCTATGGCCTGGTGGCTCATCGCCTTCGCCCACGGTGACCTGGCCCCCAGCGAGGG

CACTGCTGAGCCCTGTGTCACCAGCATCCACTCCTTCTCGTCTGCCTTCCTTTTCTCCATTGAG

GTCCAAGTGACTATTGGCTTTGGGGGGCGCATGGTGACTGAGGAGTGCCCACTGGCCATCCTG

ATCCTCATCGTGCAGAACATCGTGGGGCTCATGATCAACGCCATCATGCTTGGCTGCATCTTC

ATGAAGACTGCCCAAGCCCACCGCAGGGCTGAGACCCTCATCTTCAGCAAGCATGCGGTGAT

CGCCCTGCGCCACGGCCGCCTCTGCTTCATGCTACGTGTGGGTGACCTCCGCAAGAGCATGAT

CATCAGCGCCACCATCCACATGCAGGTGGTACGCAAGACCACCAGCCCCGAGGGCGAGGTGG

TGCCCCTCCACCAGGTGGACATCCCCATGGAGAACGGCGTGGGTGGCAACAGCATCTTCCTGG

TGGCCCCGCTGATCATCTACCATGTCATTGATGCCAACAGCCCACTCTACGACCTGGCACCCA

GTGACCTGCACCACCACCAGGACCTCGAGATCATCGTCATCCTGGAAGGCGTGGTGGAAACC

ACGGGCATCACCACCCAGGCCCGCACCTCCTACCTGGCCGATGAGATCCTGTGGGGCCAGCGC

TTTGTGCCCATTGTAGCTGAGGAGGAAGGACGTTACTCTGTGGACTACTCCAAGTTTGGCAAC

ACCGTCAAAGTGCCCACACCGCTCTGCACGGCCCGCCAGCTTGATGAGGACCACAGCCTACTG

GAAGCTCTGACCCTCGCCTCAGCCTGAAAGGGCCTGTACCTAGGATCCAGTGTGGTGGAATTC

TGCAGATATCCAGCACAGTGGCGGCCGCTCGAGTCTAGAGGGCCCGTTTAAACCCGCTGATCA

GCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGAC

CCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCT

GAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGG

AAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACC

AGCTGGGGCTCTAGGGGGTATCCCCACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGT

GGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTC

TTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTT

AGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTC

ACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTT

AATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATT

TATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTA

ACGCGAATTAATTCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGC

AGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAG

GCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGC

CCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTG

ACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGAAGTAG

TGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCCCGGGAGCTTGTATATCCATT

TTCGGATCTGATCAGCACGTGTTGACAATTAATCATCGGCATAGTATATCGGCATAGTATAAT

ACGACAAGGTGAGGAACTAAACCATGGCCAAGTTGACCAGTGCCGTTCCGGTGCTCACCGCG

CGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCTCGGGTTCTCCCGGGACTTCGTG

GAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCAGCGCGGTCCAGGA

CCAGGTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCTGTACG

CCGAGTGGTCGGAGGTCGTGTCCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCGAG

ATCGGCGAGCAGCCGTGGGGGCGGGAGTTCGCCCTGCGCGACCCGGCCGGCAACTGCGTGCA

CTTCGTGGCCGAGGAGCAGGACTGACACGTGCTACGAGATTTCGATTCCACCGCCGCCTTCTA

TGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGA

TCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTGCAGCTTATAATGGTTACAAATAA

AGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGT

CCAAACTCATCAATGTATCTTATCATGTCTGTATACCGTCGACCTCTAGCTAGAGCTTGGCGTA

ATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGA

GCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGC
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GTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGG

CCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTC

GCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTT

ATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCC

AGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCAT

CACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGC

GTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTG

TCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTT

CGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCT

GCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGG

CAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTG

AAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAG

CCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGC

GGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTG

ATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATG

AGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATC

TAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATC

TCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGA

TACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGG

CTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCA

ACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCA

GTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTG

GTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGT

GCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGT

TATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTT

TTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTG

CTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCAT

CATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTC

GATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGG

TGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTT

GAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAG

CGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCG

AAAAGTGCCACCTGACGTC 

 

 

Protein Sequence:  

M G G S H H H H H H G M A S M T G G Q Q M G R D L Y D D D D K V Q A L G S M V S K G E E L 

F T G V V V P I L V E L D G D V N G H K F S V S G E G E G D A T Y G K L T L K F I C T T G K L P 

V P W P T L V T T L T Y G V Q C F S R Y P D H M K Q H D F F K S A M P E G Y V Q E R T I F F K 

D D G N Y K T R A E V K F E G D T L V N R I E L K G I D F K E D G N I L G H K L E Y N Y N S H 

N V Y I M A D K Q K N G I K V N F K I R H N I E D G S V Q L A D H Y Q Q N T P I G D G P V L L P 

D N H Y L S T Q S A L S K D P N E K R D H M V L L E F V T A A G I T L G M D E L Y K G S E F E 

L R R Q M L S R K G I I P E E Y V L T R L A E D P A E P R Y R A R Q R R A R F V S K K G N C N V 

A H K N I R E Q G R F L Q D V F T T L V D L K W P H T L L I F T M S F L C S W L L F A M A W W 

L I A F A H G D L A P S E G T A E P C V T S I H S F S S A F L F S I E V Q V T I G F G G R M V T E 

E C P L A I L I L I V Q N I V G L M I N A I M L G C I F M K T A Q A H R R A E T L I F S K H A V I 

A L R H G R L C F M L R V G D L R K S M I I S A T I H M Q V V R K T T S P E G E V V P L H Q V 

D I P M E N G V G G N S I F L V A P L I I Y H V I D A N S P L Y D L A P S D L H H H Q D L E I I V I 
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L E G V V E T T G I T T Q A R T S Y L A D E I L W G Q R F V P I V A E E E G R Y S V D Y S K F G 

N T V K V P T P L C T A R Q L D E D H S L L E A L T L A S A 

 

Blue = 6X His Tag 

Orange = Express Epitope 

Green = EGFP 

Pink = Linkers 

Red = Kir6.2∆26 

 
Cartoon color scheme of protein.  Pink sections are linkers, blue is 6X His tag, orange is Express 

epitope, green is EGFP, and red is Kir6.2∆26 
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6xHis-Kir6.2Δ26 Construct Information 

Name: TKD26 

Vector: pcDNA4/HisMax/TOPO – Kir6.2∆26 

Expression System: Mammalian cells  

Length of DNA (bp):  6,375  

Size of Protein (Da): 44696.42 

 

Complete Sequence: 

GACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCG

CATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGAGCA

AAATTTAAGCTACAACAAGGCAAGGCTTGACCGACAATTGCATGAAGAATCTGCTTAGGGTT

AGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATACGCGTTGACATTGATTATTGACT

AGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTT

ACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCA

ATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAG

TATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCT

ATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGAC

TTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGC 

AGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTG

ACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACT

CCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCT

CTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGG

GAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTAGCGCAGAGGCTTGGGGCAGCCGAGCG

GCAGCCAGGCCCCGGCCCGGGCCTCGGTTCCAGAAGGGAGAGGAGCCCGCCAAGGCGCGCAA

GAGAGCGGGCTGCCTCGCAGTCCGAGCCGGAGAGGGAGCGCGAGCCGCGCCGGCCCCGGAC

GGCCTCCGAAACCATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGG

TGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGTACAGGCCCTTGGATCCA

TGCTGTCCCGCAAGGGCATCATCCCCGAGGAATACGTGCTGACACGCCTGGCAGAGGACCCT

GCCGAGCCCAGGTACCGTGCCCGCCAGCGGAGGGCCCGCTTTGTGTCCAAGAAAGGCAACTG

CAACGTGGCCCACAAGAACATCCGGGAGCAGGGCCGCTTCCTGCAGGACGTGTTCACCACGC

TGGTGGACCTCAAGTGGCCACACACATTGCTCATCTTCACCATGTCCTTCCTGTGCAGCTGGCT

GCTCTTCGCTATGGCCTGGTGGCTCATCGCCTTCGCCCACGGTGACCTGGCCCCCAGCGAGGG

CACTGCTGAGCCCTGTGTCACCAGCATCCACTCCTTCTCGTCTGCCTTCCTTTTCTCCATTGAG

GTCCAAGTGACTATTGGCTTTGGGGGGCGCATGGTGACTGAGGAGTGCCCACTGGCCATCCTG

ATCCTCATCGTGCAGAACATCGTGGGGCTCATGATCAACGCCATCATGCTTGGCTGCATCTTC

ATGAAGACTGCCCAAGCCCACCGCAGGGCTGAGACCCTCATCTTCAGCAAGCATGCGGTGAT

CGCCCTGCGCCACGGCCGCCTCTGCTTCATGCTACGTGTGGGTGACCTCCGCAAGAGCATGAT

CATCAGCGCCACCATCCACATGCAGGTGGTACGCAAGACCACCAGCCCCGAGGGCGAGGTGG

TGCCCCTCCACCAGGTGGACATCCCCATGGAGAACGGCGTGGGTGGCAACAGCATCTTCCTGG

TGGCCCCGCTGATCATCTACCATGTCATTGATGCCAACAGCCCACTCTACGACCTGGCACCCA

GTGACCTGCACCACCACCAGGACCTCGAGATCATCGTCATCCTGGAAGGCGTGGTGGAAACC

ACGGGCATCACCACCCAGGCCCGCACCTCCTACCTGGCCGATGAGATCCTGTGGGGCCAGCGC

TTTGTGCCCATTGTAGCTGAGGAGGAAGGACGTTACTCTGTGGACTACTCCAAGTTTGGCAAC
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ACCGTCAAAGTGCCCACACCGCTCTGCACGGCCCGCCAGCTTGATGAGGACCACAGCCTACTG

GAAGCTCTGACCCTCGCCTCAGCCTGAAAGGGCCTGTACCTAGGATCCAGTGTGGTGGAATTC

TGCAGATATCCAGCACAGTGGCGGCCGCTCGAGTCTAGAGGGCCCGTTTAAACCCGCTGATCA

GCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGAC

CCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCT

GAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGG

AAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACC

AGCTGGGGCTCTAGGGGGTATCCCCACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGT

GGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTC

TTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTT

AGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTC

ACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTT

AATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATT

TATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTA

ACGCGAATTAATTCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGC

AGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAG

GCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGC

CCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTG

ACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGAAGTAG

TGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCCCGGGAGCTTGTATATCCATT

TTCGGATCTGATCAGCACGTGTTGACAATTAATCATCGGCATAGTATATCGGCATAGTATAAT

ACGACAAGGTGAGGAACTAAACCATGGCCAAGTTGACCAGTGCCGTTCCGGTGCTCACCGCG

CGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCTCGGGTTCTCCCGGGACTTCGTG

GAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCAGCGCGGTCCAGGA

CCAGGTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCTGTACG

CCGAGTGGTCGGAGGTCGTGTCCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCGAG

ATCGGCGAGCAGCCGTGGGGGCGGGAGTTCGCCCTGCGCGACCCGGCCGGCAACTGCGTGCA

CTTCGTGGCCGAGGAGCAGGACTGACACGTGCTACGAGATTTCGATTCCACCGCCGCCTTCTA

TGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGA

TCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTGCAGCTTATAATGGTTACAAATAA

AGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGT

CCAAACTCATCAATGTATCTTATCATGTCTGTATACCGTCGACCTCTAGCTAGAGCTTGGCGTA

ATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGA

GCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGC

GTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGG

CCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTC

GCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTT

ATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCC

AGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCAT

CACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGC

GTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTG

TCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTT

CGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCT

GCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGG

CAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTG

AAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAG

CCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGC

GGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTG

ATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATG

AGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATC

TAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATC

TCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGA
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TACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGG

CTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCA

ACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCA

GTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTG

GTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGT

GCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGT

TATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTT

TTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTG

CTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCAT

CATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTC

GATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGG

TGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTT

GAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAG

CGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCG

AAAAGTGCCACCTGACGTC 

 

Protein Sequence:  

M G G S H H H H H H G M A S M T G G Q Q M G R D L Y D D D D K V Q A L G S M L S R K G I I P 

E E Y V L T R L A E D P A E P R Y R A R Q R R A R F V S K K G N C N V A H K N I R E Q G R F L 

Q D V F T T L V D L K W P H T L L I F T M S F L C S W L L F A M A W W L I A F A H G D L A P S 

E G T A E P C V T S I H S F S S A F L F S I E V Q V T I G F G G R M V T E E C P L A I L I L I V Q N 

I V G L M I N A I M L G C I F M K T A Q A H R R A E T L I F S K H A V I A L R H G R L C F M L R 

V G D L R K S M I I S A T I H M Q V V R K T T S P E G E V V P L H Q V D I P M E N G V G G N S I 

F L V A P L I I Y H V I D A N S P L Y D L A P S D L H H H Q D L E I I V I L E G V V E T T G I T T Q 

A R T S Y L A D E I L W G Q R F V P I V A E E E G R Y S V D Y S K F G N T V K V P T P L C T A R 

Q L D E D H S L L E A L T L A S A Stop 

  

Blue = 6X His Tag 

Orange = Express Epitope 

Pink = Linkers 

Red = Kir6.2∆26 

 
Cartoon color scheme of protein.  Pink sections are linkers, blue is 6X His tag, orange is Express 

epitope, and red is Kir6.2∆26 
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6xHis-Kir6.2 RKRAAA Construct Information 

Name: 62AAA 

Vector: pcDNA4/HisMax/TOPO – Kir6.2 

Expression System: Mammalian cells  

Length of DNA (bp):  6,459  

Size of Protein (Da): 47494.52 

 

Complete Sequence: 

GACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCG

CATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGAGCA

AAATTTAAGCTACAACAAGGCAAGGCTTGACCGACAATTGCATGAAGAATCTGCTTAGGGTT

AGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATACGCGTTGACATTGATTATTGACT

AGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTT

ACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCA

ATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAG

TATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCT

ATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGAC

TTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGC 

AGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTG

ACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACT

CCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCT

CTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGG

GAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTAGCGCAGAGGCTTGGGGCAGCCGAGCG

GCAGCCAGGCCCCGGCCCGGGCCTCGGTTCCAGAAGGGAGAGGAGCCCGCCAAGGCGCGCAA

GAGAGCGGGCTGCCTCGCAGTCCGAGCCGGAGAGGGAGCGCGAGCCGCGCCGGCCCCGGAC

GGCCTCCGAAACCATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGG

TGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGTACAGGCCCTTGGATCCA

TGCTGTCCCGCAAGGGCATCATCCCCGAGGAATACGTGCTGACACGCCTGGCAGAGGACCCT

GCCGAGCCCAGGTACCGTGCCCGCCAGCGGAGGGCCCGCTTTGTGTCCAAGAAAGGCAACTG

CAACGTGGCCCACAAGAACATCCGGGAGCAGGGCCGCTTCCTGCAGGACGTGTTCACCACGC

TGGTGGACCTCAAGTGGCCACACACATTGCTCATCTTCACCATGTCCTTCCTGTGCAGCTGGCT

GCTCTTCGCTATGGCCTGGTGGCTCATCGCCTTCGCCCACGGTGACCTGGCCCCCAGCGAGGG

CACTGCTGAGCCCTGTGTCACCAGCATCCACTCCTTCTCGTCTGCCTTCCTTTTCTCCATTGAG

GTCCAAGTGACTATTGGCTTTGGGGGGCGCATGGTGACTGAGGAGTGCCCACTGGCCATCCTG

ATCCTCATCGTGCAGAACATCGTGGGGCTCATGATCAACGCCATCATGCTTGGCTGCATCTTC

ATGAAGACTGCCCAAGCCCACCGCAGGGCTGAGACCCTCATCTTCAGCAAGCATGCGGTGAT

CGCCCTGCGCCACGGCCGCCTCTGCTTCATGCTACGTGTGGGTGACCTCCGCAAGAGCATGAT

CATCAGCGCCACCATCCACATGCAGGTGGTACGCAAGACCACCAGCCCCGAGGGCGAGGTGG

TGCCCCTCCACCAGGTGGACATCCCCATGGAGAACGGCGTGGGTGGCAACAGCATCTTCCTGG

TGGCCCCGCTGATCATCTACCATGTCATTGATGCCAACAGCCCACTCTACGACCTGGCACCCA

GTGACCTGCACCACCACCAGGACCTCGAGATCATCGTCATCCTGGAAGGCGTGGTGGAAACC

ACGGGCATCACCACCCAGGCCCGCACCTCCTACCTGGCCGATGAGATCCTGTGGGGCCAGCGC

TTTGTGCCCATTGTAGCTGAGGAGGAAGGACGTTACTCTGTGGACTACTCCAAGTTTGGCAAC
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ACCGTCAAAGTGCCCACACCGCTCTGCACGGCCCGCCAGCTTGATGAGGACCACAGCCTACTG

GAAGCTCTGACCCTCGCCTCAGCCCGCGGGCCCCTGGCCGCGGCCAGCGTGCCCATGGCCAAG

GCCAAGCCCAAGTTCAGCATCTCTCCAGATTCCCTGTCCTGAGGATCCAAGGGCCTGTACCTA

GGATCCAGTGTGGTGGAATTCTGCAGATATCCAGCACAGTGGCGGCCGCTCGAGTCTAGAGG

GCCCGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGC

CCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATG

AGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGG

ACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATG

GCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCTAGGGGGTATCCCCACGCGCCCTGTAGCGG

CGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCT

AGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAG

CTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAA

AACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTT

GACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCC

TATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAAT

GAGCTGATTTAACAAAAATTTAACGCGAATTAATTCTGTGGAATGTGTGTCAGTTAGGGTGTG

GAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCA

ACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAA

TTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCC

GCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTG

CCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGC

TCCCGGGAGCTTGTATATCCATTTTCGGATCTGATCAGCACGTGTTGACAATTAATCATCGGCA

TAGTATATCGGCATAGTATAATACGACAAGGTGAGGAACTAAACCATGGCCAAGTTGACCAG

TGCCGTTCCGGTGCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCT

CGGGTTCTCCCGGGACTTCGTGGAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGACCCT

GTTCATCAGCGCGGTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGTGC

GCGGCCTGGACGAGCTGTACGCCGAGTGGTCGGAGGTCGTGTCCACGAACTTCCGGGACGCC

TCCGGGCCGGCCATGACCGAGATCGGCGAGCAGCCGTGGGGGCGGGAGTTCGCCCTGCGCGA

CCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGGAGCAGGACTGACACGTGCTACGAGATT

TCGATTCCACCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCT

GGATGATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTGC

AGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTC

ACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGTATACCGTCG

ACCTCTAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGC

TCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGA

GTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGT

GCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTT

CCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTC

ACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGA

GCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAG

GCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGA

CAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGA

CCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAG

CTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGA

ACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGT

AAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATG

TAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTAT

TTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCG

GCAAACAAACCACCGCTGGTAGCGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAA

AAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACT

CACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATT

AAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAAT
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GCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACT

CCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGAT

ACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGG

CCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGG

AAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCA

TCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCG

AGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTC

AGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACT

GTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAA

TAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACAT

AGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATC

TTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTT

TTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGGA

ATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTT

ATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAG

GGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTC 

 

Protein Sequence:  

M G G S H H H H H H G M A S M T G G Q Q M G R D L Y D D D D K V Q A L G S M L S R K G I I P 

E E Y V L T R L A E D P A E P R Y R A R Q R R A R F V S K K G N C N V A H K N I R E Q G R F L 

Q D V F T T L V D L K W P H T L L I F T M S F L C S W L L F A M A W W L I A F A H G D L A P S 

E G T A E P C V T S I H S F S S A F L F S I E V Q V T I G F G G R M V T E E C P L A I L I L I V Q N 

I V G L M I N A I M L G C I F M K T A Q A H R R A E T L I F S K H A V I A L R H G R L C F M L R 

V G D L R K S M I I S A T I H M Q V V R K T T S P E G E V V P L H Q V D I P M E N G V G G N S I 

F L V A P L I I Y H V I D A N S P L Y D L A P S D L H H H Q D L E I I V I L E G V V E T T G I T T Q 

A R T S Y L A D E I L W G Q R F V P I V A E E E G R Y S V D Y S K F G N T V K V P T P L C T A R 

Q L D E D H S L L E A L T L A S A R G P L A A A S V P M A K A K P K F S I S P D S L S Stop 

  

Blue = 6X His Tag 

Orange = Express Epitope 

Pink = Linkers 

Red = Kir6.2 

 
Cartoon color scheme of protein.  Pink sections are linkers, blue is 6X His tag, orange is Express 

epitope, and red is Kir6.2. 

6xHis-Kir6.2 Construct Information 

Name: TK12 
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Vector: pcDNA4/HisMax/TOPO – Kir6.2 

Expression System: Mammalian cells  

Length of DNA (bp):  6,459  

Size of Protein (Da): 47494.52 

 

Complete Sequence: 

GACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCTGCTCTGATGCCG

CATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGAGCA

AAATTTAAGCTACAACAAGGCAAGGCTTGACCGACAATTGCATGAAGAATCTGCTTAGGGTT

AGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATACGCGTTGACATTGATTATTGACT

AGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTT

ACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCA

ATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAG

TATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCT

ATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGAC

TTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGC 

AGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTG

ACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACT

CCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCT

CTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGG

GAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTAGCGCAGAGGCTTGGGGCAGCCGAGCG

GCAGCCAGGCCCCGGCCCGGGCCTCGGTTCCAGAAGGGAGAGGAGCCCGCCAAGGCGCGCAA

GAGAGCGGGCTGCCTCGCAGTCCGAGCCGGAGAGGGAGCGCGAGCCGCGCCGGCCCCGGAC

GGCCTCCGAAACCATGGGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACTGG

TGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGTACAGGCCCTTGGATCCA

TGCTGTCCCGCAAGGGCATCATCCCCGAGGAATACGTGCTGACACGCCTGGCAGAGGACCCT

GCCGAGCCCAGGTACCGTGCCCGCCAGCGGAGGGCCCGCTTTGTGTCCAAGAAAGGCAACTG

CAACGTGGCCCACAAGAACATCCGGGAGCAGGGCCGCTTCCTGCAGGACGTGTTCACCACGC

TGGTGGACCTCAAGTGGCCACACACATTGCTCATCTTCACCATGTCCTTCCTGTGCAGCTGGCT

GCTCTTCGCTATGGCCTGGTGGCTCATCGCCTTCGCCCACGGTGACCTGGCCCCCAGCGAGGG

CACTGCTGAGCCCTGTGTCACCAGCATCCACTCCTTCTCGTCTGCCTTCCTTTTCTCCATTGAG

GTCCAAGTGACTATTGGCTTTGGGGGGCGCATGGTGACTGAGGAGTGCCCACTGGCCATCCTG

ATCCTCATCGTGCAGAACATCGTGGGGCTCATGATCAACGCCATCATGCTTGGCTGCATCTTC

ATGAAGACTGCCCAAGCCCACCGCAGGGCTGAGACCCTCATCTTCAGCAAGCATGCGGTGAT

CGCCCTGCGCCACGGCCGCCTCTGCTTCATGCTACGTGTGGGTGACCTCCGCAAGAGCATGAT

CATCAGCGCCACCATCCACATGCAGGTGGTACGCAAGACCACCAGCCCCGAGGGCGAGGTGG

TGCCCCTCCACCAGGTGGACATCCCCATGGAGAACGGCGTGGGTGGCAACAGCATCTTCCTGG

TGGCCCCGCTGATCATCTACCATGTCATTGATGCCAACAGCCCACTCTACGACCTGGCACCCA

GTGACCTGCACCACCACCAGGACCTCGAGATCATCGTCATCCTGGAAGGCGTGGTGGAAACC

ACGGGCATCACCACCCAGGCCCGCACCTCCTACCTGGCCGATGAGATCCTGTGGGGCCAGCGC

TTTGTGCCCATTGTAGCTGAGGAGGAAGGACGTTACTCTGTGGACTACTCCAAGTTTGGCAAC

ACCGTCAAAGTGCCCACACCGCTCTGCACGGCCCGCCAGCTTGATGAGGACCACAGCCTACTG

GAAGCTCTGACCCTCGCCTCAGCCCGCGGGCCCCTGCGCAAGCGCAGCGTGCCCATGGCCAA

GGCCAAGCCCAAGTTCAGCATCTCTCCAGATTCCCTGTCCTGAGGATCCAAGGGCCTGTACCT

AGGATCCAGTGTGGTGGAATTCTGCAGATATCCAGCACAGTGGCGGCCGCTCGAGTCTAGAG

GGCCCGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTG



  349 
 
CCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAAT

GAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAG

GACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTAT

GGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCTAGGGGGTATCCCCACGCGCCCTGTAGCG

GCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCC

TAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAA

GCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAA

AAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCT

TTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAAC

CCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAA

ATGAGCTGATTTAACAAAAATTTAACGCGAATTAATTCTGTGGAATGTGTGTCAGTTAGGGTG

TGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAG

CAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTC

AATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGT

TCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCT

CTGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAA

AGCTCCCGGGAGCTTGTATATCCATTTTCGGATCTGATCAGCACGTGTTGACAATTAATCATCG

GCATAGTATATCGGCATAGTATAATACGACAAGGTGAGGAACTAAACCATGGCCAAGTTGAC

CAGTGCCGTTCCGGTGCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCG

GCTCGGGTTCTCCCGGGACTTCGTGGAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGAC

CCTGTTCATCAGCGCGGTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGT

GCGCGGCCTGGACGAGCTGTACGCCGAGTGGTCGGAGGTCGTGTCCACGAACTTCCGGGACG

CCTCCGGGCCGGCCATGACCGAGATCGGCGAGCAGCCGTGGGGGCGGGAGTTCGCCCTGCGC

GACCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGGAGCAGGACTGACACGTGCTACGAGA

TTTCGATTCCACCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGC

TGGATGATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTG

CAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTT

CACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGTATACCGTC

GACCTCTAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCG

CTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATG

AGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTC

GTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCT

CTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGC

TCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGT

GAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCAT

AGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCC

GACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCC

GACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAT

AGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCAC

GAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCG

GTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTA

TGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGT

ATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATC

CGGCAAACAAACCACCGCTGGTAGCGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAA

AAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAA

CTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAAT

TAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAA

TGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGAC

TCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGA

TACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGG

GCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGG

GAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGC
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ATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGC

GAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGT

CAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTAC

TGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGA

ATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACA

TAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGAT

CTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCT

TTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGGG

AATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATT

TATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATA

GGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTC 

 

Protein Sequence:  

M G G S H H H H H H G M A S M T G G Q Q M G R D L Y D D D D K V Q A L G S M L S R K G I I P 

E E Y V L T R L A E D P A E P R Y R A R Q R R A R F V S K K G N C N V A H K N I R E Q G R F L 

Q D V F T T L V D L K W P H T L L I F T M S F L C S W L L F A M A W W L I A F A H G D L A P S 

E G T A E P C V T S I H S F S S A F L F S I E V Q V T I G F G G R M V T E E C P L A I L I L I V Q N 

I V G L M I N A I M L G C I F M K T A Q A H R R A E T L I F S K H A V I A L R H G R L C F M L R 

V G D L R K S M I I S A T I H M Q V V R K T T S P E G E V V P L H Q V D I P M E N G V G G N S I 

F L V A P L I I Y H V I D A N S P L Y D L A P S D L H H H Q D L E I I V I L E G V V E T T G I T T Q 

A R T S Y L A D E I L W G Q R F V P I V A E E E G R Y S V D Y S K F G N T V K V P T P L C T A R 

Q L D E D H S L L E A L T L A S A R G P L R K R S V P M A K A K P K F S I S P D S L S Stop 

  

Blue = 6X His Tag 

Orange = Express Epitope 

Pink = Linkers 

Red = Kir6.2 

 
Cartoon color scheme of protein.  Pink sections are linkers, blue is 6X His tag, orange is Express 

epitope, and red is Kir6.2.  
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6xHis-EGFP-Kir6.2Δ26 Construct Information – Pichia pastoris 

 

Name: HEK∆  

Vector: pGAP Z – 6xHis-EGFP-Kir6.2∆26 

Expression System:  Yeast (Pichia pastoris) 

Length of DNA (bp): 4,834 

Size of Protein (Da):  72826.89 

 

Complete Sequence: 

AGATCTTTTTTGTAGAAATGTCTTGGTGTCCTCGTCCAATCAGGTAGCCATCTCTGAAATATCT

GGCTCCGTTGCAACTCCGAACGACCTGCTGGCAACGTAAAATTCTCCGGGGTAAAACTTAAAT

GTGGAGTAATGGAACCAGAAACGTCTCTTCCCTTCTCTCTCCTTCCACCGCCCGTTACCGTCCC

TAGGAAATTTTACTCTGCTGGAGAGCTTCTTCTACGGCCCCCTTGCAGCAATGCTCTTCCCAGC

ATTACGTTGCGGGTAAAACGGAGGTCGTGTACCCGACCTAGCAGCCCAGGGATGGAAAAGTC

CCGGCCGTCGCTGGCAATAATAGCGGGCGGACGCATGTCATGAGATTATTGGAAACCACCAG

AATCGAATATAAAAGGCGAACACCTTTCCCAATTTTGGTTTCTCCTGACCCAAAGACTTTAAA

TTTAATTTATTTGTCCCTATTTCAATCAATTGAACAACTATTTCGAAACGAGGAATTCACGTGG

CCCAGCCGGCCGTCTCGGATCGGTACCTCGAGCCGCGGCGGCCGCACCATGGGGGGTTCTCAT

CATCATCATCATCATGGTATGGCTAGCATGACTGGTGGACAGCAAATGGGTCGGGATCTGTAC

GACGATGACGATAAGGTACAGGCCCTTGGATCCATGGTGAGCAAGGGCGAGGAGCTGTTCAC

CGGGGTGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCG

TGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACC

ACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGC

TTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGC

TACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGT

GAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGG

ACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATG

GCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGG

CAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCT

GCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCG

ATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGT

ACAAGGGATCCGAATTCGAGCTCCGTCGACAAATGCTGTCCCGCAAGGGCATCATCCCCGAG

GAATACGTGCTGACACGCCTGGCAGAGGACCCTGCCGAGCCCAGGTACCGTGCCCGCCAGCG

GAGGGCCCGCTTTGTGTCCAAGAAAGGCAACTGCAACGTGGCCCACAAGAACATCCGGGAGC

AGGGCCGCTTCCTGCAGGACGTGTTCACCACGCTGGTGGACCTCAAGTGGCCACACACATTGC

TCATCTTCACCATGTCCTTCCTGTGCAGCTGGCTGCTCTTCGCTATGGCCTGGTGGCTCATCGC

CTTCGCCCACGGTGACCTGGCCCCCAGCGAGGGCACTGCTGAGCCCTGTGTCACCAGCATCCA

CTCCTTCTCGTCTGCCTTCCTTTTCTCCATTGAGGTCCAAGTGACTATTGGCTTTGGGGGGCGC

ATGGTGACTGAGGAGTGCCCACTGGCCATCCTGATCCTCATCGTGCAGAACATCGTGGGGCTC

ATGATCAACGCCATCATGCTTGGCTGCATCTTCATGAAGACTGCCCAAGCCCACCGCAGGGCT

GAGACCCTCATCTTCAGCAAGCATGCGGTGATCGCCCTGCGCCACGGCCGCCTCTGCTTCATG

CTACGTGTGGGTGACCTCCGCAAGAGCATGATCATCAGCGCCACCATCCACATGCAGGTGGTA

CGCAAGACCACCAGCCCCGAGGGCGAGGTGGTGCCCCTCCACCAGGTGGACATCCCCATGGA
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GAACGGCGTGGGTGGCAACAGCATCTTCCTGGTGGCCCCGCTGATCATCTACCATGTCATTGA

TGCCAACAGCCCACTCTACGACCTGGCACCCAGTGACCTGCACCACCACCAGGACCTCGAGAT

CATCGTCATCCTGGAAGGCGTGGTGGAAACCACGGGCATCACCACCCAGGCCCGCACCTCCTA

CCTGGCCGATGAGATCCTGTGGGGCCAGCGCTTTGTGCCCATTGTAGCTGAGGAGGAAGGAC

GTTACTCTGTGGACTACTCCAAGTTTGGCAACACCGTCAAAGTGCCCACACCGCTCTGCACGG

CCCGCCAGCTTGATGAGGACCACAGCCTACTGGAAGCTCTGACCCTCGCCTCAGCCTGATACG

TAGAACAAAAACTCATCTCAGAAGAGGATCTGAATAGCGCCGTCGACCATCATCATCATCATC

ATTGAGTTTTAGCCTTAGACATGACTGTTCCTCAGTTCAAGTTGGGCACTTACGAGAAGACCG

GTCTTGCTAGATTCTAATCAAGAGGATGTCAGAATGCCATTTGCCTGAGAGATGCAGGCTTCA

TTTTTGATACTTTTTTATTTGTAACCTATATAGTATAGGATTTTTTTTGTCATTTTGTTTCTTCTC

GTACGAGCTTGCTCCTGATCAGCCTATCTCGCAGCTGATGAATATCTTGTGGTAGGGGTTTGG

GAAAATCATTCGAGTTTGATGTTTTTCTTGGTATTTCCCACTCCTCTTCAGAGTACAGAAGATT

AAGTGAGACCTTCGTTTGTGCGGATCCCCCACACACCATAGCTTCAAAATGTTTCTACTCCTTT

TTTACTCTTCCAGATTTTCTCGGACTCCGCGCATCGCCGTACCACTTCAAAACACCCAAGCACA

GCATACTAAATTTTCCCTCTTTCTTCCTCTAGGGTGTCGTTAATTACCCGTACTAAAGGTTTGG

AAAAGAAAAAAGAGACCGCCTCGTTTCTTTTTCTTCGTCGAAAAAGGCAATAAAAATTTTTAT

CACGTTTCTTTTTCTTGAAATTTTTTTTTTTAGTTTTTTTCTCTTTCAGTGACCTCCATTGATATT

TAAGTTAATAAACGGTCTTCAATTTCTCAAGTTTCAGTTTCATTTTTCTTGTTCTATTACAACTT

TTTTTACTTCTTGTTCATTAGAAAGAAAGCATAGCAATCTAATCTAAGGGCGGTGTTGACAATT

AATCATCGGCATAGTATATCGGCATAGTATAATACGACAAGGTGAGGAACTAAACCATGGCC

AAGTTGACCAGTGCCGTTCCGGTGCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTTCTGG

ACCGACCGGCTCGGGTTCTCCCGGGACTTCGTGGAGGACGACTTCGCCGGTGTGGTCCGGGAC

GACGTGACCCTGTTCATCAGCGCGGTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCTG

GGTGTGGGTGCGCGGCCTGGACGAGCTGTACGCCGAGTGGTCGGAGGTCGTGTCCACGAACT

TCCGGGACGCCTCCGGGCCGGCCATGACCGAGATCGGCGAGCAGCCGTGGGGGCGGGAGTTC

GCCCTGCGCGACCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGGAGCAGGACTGACACGT

CCGACGGCGGCCCACGGGTCCCAGGCCTCGGAGATCCGTCCCCCTTTTCCTTTGTCGATATCAT

GTAATTAGTTATGTCACGCTTACATTCACGCCCTCCCCCCACATCCGCTCTAACCGAAAAGGA

AGGAGTTAGACAACCTGAAGTCTAGGTCCCTATTTATTTTTTTATAGTTATGTTAGTATTAAGA

ACGTTATTTATATTTCAAATTTTTCTTTTTTTTCTGTACAGACGCGTGTACGCATGTAACATTAT

ACTGAAAACCTTGCTTGAGAAGGTTTTGGGACGCTCGAAGGCTTTAATTTGCAAGCTGGAGAC

CAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGT

TTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGC

GAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTC

CTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCT

TTCTCAATGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGT

GTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCC

AACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGC

GAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAA

GGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCT

CTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTA

CGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGT

GGAACGAAAACTCACGTTAAGGGATTTTGGTCATGCATGAGATC 

 

 

 

Protein Sequence:  



  353 
 
M G G S H H H H H H G M A S M T G G Q Q M G R D L Y D D D D K V Q A L G S M V S K G E E L 

F T G V V V P I L V E L D G D V N G H K F S V S G E G E G D A T Y G K L T L K F I C T T G K L P 

V P W P T L V T T L T Y G V Q C F S R Y P D H M K Q H D F F K S A M P E G Y V Q E R T I F F K 

D D G N Y K T R A E V K F E G D T L V N R I E L K G I D F K E D G N I L G H K L E Y N Y N S H 

N V Y I M A D K Q K N G I K V N F K I R H N I E D G S V Q L A D H Y Q Q N T P I G D G P V L L P 

D N H Y L S T Q S A L S K D P N E K R D H M V L L E F V T A A G I T L G M D E L Y K G S E F E 

L R R Q M L S R K G I I P E E Y V L T R L A E D P A E P R Y R A R Q R R A R F V S K K G N C N V 

A H K N I R E Q G R F L Q D V F T T L V D L K W P H T L L I F T M S F L C S W L L F A M A W W 

L I A F A H G D L A P S E G T A E P C V T S I H S F S S A F L F S I E V Q V T I G F G G R M V T E 

E C P L A I L I L I V Q N I V G L M I N A I M L G C I F M K T A Q A H R R A E T L I F S K H A V I 

A L R H G R L C F M L R V G D L R K S M I I S A T I H M Q V V R K T T S P E G E V V P L H Q V 

D I P M E N G V G G N S I F L V A P L I I Y H V I D A N S P L Y D L A P S D L H H H Q D L E I I V I 

L E G V V E T T G I T T Q A R T S Y L A D E I L W G Q R F V P I V A E E E G R Y S V D Y S K F G 

N T V K V P T P L C T A R Q L D E D H S L L E A L T L A S A 

 

Blue = 6X His Tag 

Orange = Express Epitope 

Green = EGFP 

Pink = Linkers 

Red = Kir6.2∆26 

 

 

Cartoon color scheme of protein.  Pink sections are linkers, blue is 6X His tag, orange is Express 

epitope, green is EGFP, and red is Kir6.2∆26.
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APPENDIX B.  UTILIZATION OF DOPC-MA AS POTENTIAL TETHERED 

MEMBRANES 

 

INTRODUCTION  

Aside from BLMs, tethered bilayer membranes (t-BLMs) are an alternative approach to 

the study of MPs and ICs.
486

  t-BLMs offer fluidity while increasing the stability by tethering a 

bilayer to a surface.
487-488

  Conventionally, a electroactive surface (i.e. gold or silicon) is used 

beneath the bilayer to which the t-BLM is attached.  t-BLMs can be attached by covalent or 

adsorption of linkers to molecules.  Several techniques can be used to study t-BLMs including 

electrochemical impedance spectroscopy (EIS), neutron reflectometry, and surface plasmon 

resonance.
486-487,489-490

  t-BLMs are composed of different regions; an anchor to link the substrate 

to the linker, a spacer separating the anchor and substrate from the BLM, a linker connecting the 

spacer to the BLM, and finally the BLM.
491

   

One improvement for the potential widespread use of t-BLMs is the utilization of 

polymerizable lipids.  Here the use of lipids containing a methacyrl polymerizable unit attached 

to the phosphatidylcholine headgroup with oleoly acyl chains (DOPC-MA) (Figure B.1A) was 

shown as a potential method for the formation of the t-BLMs.  Silica or silicon substrates were 

chose as ideal substrate to perform initial studies.  For attachment of DOPC-MA to the surface, a 

methacryl containing silane, 3-methacryloxypropyltrimethoxysilane (MA-silane, Figure B.1B), 

was used to silanize substrates and followed by vesicle fusion and polymerization creates t-

BLMs.  Polymerization of DOPC-MA and MA-silane results in the formation of a covalent 

linked assembly (Figure B.1C).  Additional implementation of dienoyl containing polymerizable 

lipids will be shown to further stabilize the t-BLMs.  
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Figure B.1.  Chemical structures used in the formation of t-BLMs.  (A) DOPC-MA, (B) MA-

silane, and (C) assembly generated upon polymerization of DOPC-MA and MA-silane. 
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EXPERIMENTAL 

Surface Modification 

Glass microscope slides and silicon wafers were piranha cleaned (70:30 concentrated 

sulfuric acid:hydrogen peroxide) for 30 min and washed with deionized water.  Silinization was 

performed by placing substrate in 3% (v/v) of 3-methacryloxypropyltrimethoxysilane  (Gelest) in 

95:5 ethanol:water, pH 5 for 10 min.  Substrates are removes and rinsed with ethanol and air 

dried.  Unmodified substrates were piranha cleaned, washed with water, and air dried.  Cyano-

modified susbtrates were prepared by using modification protocol used in pipettes.  Teflon o-

rings are attached with Sylgard 184 and cured overnight. 

t-BLM Formation 

t-BLMs were formed by preparing lipids of desired compositions and drying together for 

4 hours using a lyophilizer.  Fluorescence experiments were performed by doping 2% 

Rhodamine-DPPE.  Initial experiments were performed using pure DOPC or DOPC-MA.  Some 

experiments using dienoyl containing polymerizable lipids contained 10% DOPC-MA with 

remaining composed of bis-SorbPC, bis-DenPC, mono-SorbPC, and mono-DenPC. 

Lipids were resuspended to 1 mg/mL in PBS and sonicated to clarity.  100 μL of vesicle 

solution is added to 300 µL of PBS in Teflon wells, allowed to fuse for 20 min, and unfused 

vesicles were removed by extensively exchanging buffer.  Polymerization is performed using 

redox salts (10 mM NaHSO3 and 10 mM K2S2O8).  100 mM stocks were prepared separately in 

deionized water bubbles with Ar for 15 min.  10 mM working solutions are prepared immediately 

prior to polymerization.   Polymerization was allowed to proceed for 2 hr and followed by 

washing with PBS to remove excess salts. 
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Non-specific adsorption of protein to t-BLMs was tested by addition of FITC labeled 

BSA (Sigma).  Aliquots of 23.8 µM BSA are added to t-BLM to desired concentrations (from 

low to high concentration), incubated for 30 min, washed with PBS, and imaged using 

microscope.   

Stability of t-BLMs was tested under several conditions.  Unperturbed t-BLMs were 

analyzed first and followed by exposure to air by removal of buffer.  In cases of enhanced 

stability, t-BLMs were sonicated for 5 min in PBS in the absence or presence of 1% Triton X-

100.  t-BLMs are analyzed following each disruptive force. 

Fluorescence Microscopy 

Cells were imaged using a using Nikon Eclipse TE300 inverted epifluorescence 

microscope with a 540/25 excitation filter and 620/60 emission filter for Rhodamine and 480/30 

excitation filter and 535/40 emission filter for FITC.  Images were collected using a Cascade 650 

front illuminated CCD camera or MicroMAX 512BFT back illuminated CCD camera (Roper 

Scientific, Tucson, AZ). MetaVue software (Universal Imaging, Downingtown, PA) was used to 

capture images and Image J was used to analyze all images. 

Ellipsometry 

Ellipsometric thicknesses were acquired using silicon substrates.  Thickness values were 

fit with the instrument software using a layer model with the following parameters: n = 4.17 and k 

= 0.049 for Si, n = 1.4605 and k = 0 for SiOx, n = 1.50 and k = 0 for the monolayers, and n = 1.45 

and k = 0 for the bilayer.  All layers reported are values corrected for additional layers present in 

analysis. 
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RESULTS AND DISCUSSION 

 

Epi-fluoresence images were acquired on substrates under various modifications 

followed by vesicle fusion with DOPC vesicles doped with 2% (v/v) rhodamine-DPPE.  

Unmodified substrates, MA-silane modified substrates, and cyano-modified substrates were 

tested.  Unmodified substrates and MA-modified substrates exhibitied comparable intensities 

suggesting the formation of bilayers (Figure B.2).  CN-modified substrates showed intensities of 

ca. 50% of the unmodified substrates suggesting the formation of the monolayers.  Figure B.2B 

and D illustrate bilayers fused on unmodified and MA-modified substrates, respectively.  In both 

cases, the hydrophilic headgroups interact with the underlying glass substrate and MA thin film.  

For CN-modified substrates (Figure B.2C), the hydrophobic acyl chains interact with the cyano 

modified surface allowing the formation of a monolayer. 
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Figure B.2.  Epi-fluoresence of modified substrates deposited with bilayers.  (A) Normalized 

intensities of bilayers fused on unmodified, cyano-modified, and MA-modified substrates.  

Cartoon illustration of depositions of lipids on (B) unmodified, (C) CN-modified, and (D) MA-

modified substrates. 
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Pirahna cleaned silicon substrates generated a SiO2 layer of 2.7 ± 0.3 nm (Table B.1).  

The surface modification with MA-silane generated a film thickness of 1.2 ± 0.4 nm.  This agrees 

well with theoretical thickesses (calculated with ChemDraw) of 1.2 nm.  The lengths of the MA-

silane anchors and linkers create adequate separation of the underlying substrate and bilayer.
492

   

 

Table B.1.  Surface modification ellipsometry thicknesses. 

Modification 

Thickness 

(nm) 

Unmodified (SiO2) 2.7 ± 0.3 

MA-Silane Modified  1.2 ± 0.4 

 

 

Utilization of surface modification followed by the formation of a t-BLM was analyzed 

by both ellipsometry and epi-fluorescence micrsocopy to determine whether MA-silane modified 

substrates maintain sufficient hydrophilicity to allow for vesicle fusion.  For measuring 

elipsometric thicknesses and testing stability, bilayers were removed from solution, dried under 

Ar, and analyzed.  On unmodified substrates, bilayers unpolymerized and redox polymerized are 

absent upon removal of bilayer from buffer (Table B.2).  Analyses of MA-silane modified 

substrates fused with unpolymerized bilayers were observed to have negligible thicknesses 

suggesting absence of a bilayer.  
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Table B.2.  Bilayer thicknesses on substrates. 

 

  
Unmodified (nm) MA-Silane Modified (nm) 

Lipid Unpolymerized Polymerized Unpolymerized Polymerized 
Polymerized 

with Sonication 

Polymerized  

with Surfactant / 

Sonication 

DOPC 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.2 0.7 ± 0.01 N/A N/A 

DOPC-MA 0.7 ± 0.2 0.5 ± 0.4 0.4 ± 0.2 4.3 ± 0.1 2.5 ± 0.1 2.6 ± 0.2 
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DOPC fused bilayers on MA-silane modified substrates were disrupted upon removal 

from buffer.  Modified substrates with fused DOPC-MA bilayers and polymerized were 

undisrupted as measured by the presence of an average of 4.3 ± 0.1 nm thick films.  The DOPC-

MA lower leaflet is covalently linked to the substrate; however, the removal from water does not 

remove the upper leaflet.  Upon sonication of DOPC-MA, polymerized bilayers on MA-silane 

modified substrate, the upper layer appears to be removed while the lower layer remains intact.  

Addition of surfactant during the sonication process does not dirupt the lower leaflet as noted by 

presence of what is likely a monolayer of 2.6 ± 0.2 nm thick.  The covalently linked lower leaflet 

and non-covalently linked upper leaflets are shown in Figure B.3. 
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Figure B.3.  Molecular view of DOPC-MA deposited t-BLMs.  DOPC-MA depoted BLMs on 

MA-silane modified glass substrates polymerized with redox salts.  The lower leaflet shows the 

formation of covalent bonds attached the surface and bilayer while the upper leaflet is left 

unpolymerized. 
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Figure B.4 shows representative images of MA-silane modified substrates with no bilayer 

(A), 98:2 DOPC:Rhodamine-DPPE (B), and 98:2 DOPC-MA:Rhodamine-DPPE (C) following 

redox polymerization.  The images show no significantly difference in intensities or defects 

suggesting comparable results for DOPC and DOPC-MA fused bilayers.  The presence of the 

polymerizable group in the headgroup does not appear to perturb the formation of bilayers. 

 

 

Figure B.4.  DOPC and DOPC-MA bilayers on MA-silane modified substrates.  MA-

modified substrates with (A) no bilayer, (B) DOPC (w/2% Rhodamine-DPPE), and (C) DOPC-

MA (w/2% Rhodamine-DPPE). 

 

Experiments compared the use of unmodified and MA-modified substrates with DOPC-

MA (labeled as i) and DOPC (ii) bilayers (with 2% rhodamin-DPPE) are shown in Figure B.5.   

Unpolymerized and polymerized t-BLMs are shown in Figure B.5A and B with no observable 

difference suggesting that the use of redox polymerization does not significantly perturb the 

bilayer.   Unpolymerized bilayers removed from buffer result in the removal of bilayer and 

desorption of vesicles from the substrate (Figure B.5C).  Similar observations were noted in 

DOPC polymerized bilayer (Figure B.5D.ii).  When DOPC-MA bilayers polymerized and 
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exposed to air (Figure B.5D.i), no significant difference was noted.  Further disruption in 

presence of sonication in PBS did not disturb DOPC-MA polymerized t-BLMs (Figure B.5E.i); 

however, significant loss in the intensity is noted in the DOPC bilayer (Figure B.5E.ii).  Addition 

of surfactant resulted in failure of DOPC-MA bilayer (Figure B.5E.i).   Previously in Table B.2, it 

was shown that both sonication with and without surfactant result in the presence of monolayers.  

Epifluorescence suggests that a bilayer is still present in sonicated bilayers and loss of all bilayer 

when in presence of surfactant.  This observation can be explained by removal of fluorescent 

lipid, non-covalently linked to the substrate, in presence of surfactant.  The exact cause of 

deviations between the ellipsometric thickness measurements and epi-fluorescence images are not 

known.  It is possible that during the drying procedure used prior to measurement by ellipsometry 

that the non-covalently attached upper leaflet were removed.  (Ellipsometry samples were dried 

under Ar, while epi-fluorescence samples were simply exposed to air and not dried under Ar.) 

  



366 

 
 

 

Figure B.5.  Epi-fluorescence images of bilayers on MA-silane modified glass.  DOPC-MA (i) 

and DOPC (ii) bilayer deposited on MA-modified substrates (A) unpolymerized, (B) 

polymerized, (C) unpolymerized and exposed to air, (D) polymerized and exposed to air, (E) 

polymerized, exposed to air, and sonicated 5 min, and (F) polymerized, exposed to air, and 

sonicated in presence of surfactant. 

 

Normalized intensities of bilayers under varying forces are shown in Figure B.6.  The 

intensitiy values suggest that for DOPC bilayers, the addition of more disruptive forces decreases 

the intensity of the bilayers; However, DOPC-MA bilayer intensities do not decrease until 
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addition of surfactant and sonication.  The intensity in DOPC bilayers  (Figure B.6) upon 

exposure to air were not as significantly decreased as one would expect, but is likely due to the 

presence of desorbed vesicles present on the surface increasing the intensity as seen in Figure 

B.5Cii. 

 

Figure B.6.  Normalized intensities of bilayers in presence of varying disruptive forces.  

Normalized fluorescence intensities for DOPC and DOPC-MA bilayers on MA-modified 

substrates unpolymerized (MU), polymerized (MP), unpolymerized and exposed to air (MUA), 

polymerized and exposed to air (MPA), polymerized, exposed to air, and sonicated (MPAS), and 

polymerized, exposed to air, and sonicated in presence of surfactant (MPASS). 

MA-modified substrates with fused DOPC and DOPC-MA bilayers polymerized were 

dehydrated overnight, rehydrated, and stained with FM 1-43 (Figure B.7).  FM 1-43 is a 
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fluorogenic dye in the presence of a membrane.  Staining of DOPC-MA deposited layer result in 

staining of approximately half the intensity as with a bilayer suggesting presence of a monolayer 

(Figure B.7C).  In absence of a bilayer and with DOPC, little to no staining was noted (Figure 

B.7A and B).   

 

 

Figure B.7. Bilayers dried overnight, rehydrated, and stained with FM 1-43.  t-BLMs dried 

overnight, rehydrated, and stained with FM 1-43 for MA-modified substrates polymerized with 

(A) no, (B) DOPC, and (C) DOPC-MA bilayers. 

 

Resistance of t-BLMs to non-specific binding of proteins was investigated in absence of 

bilayers and presence of DOPC and DOPC-MA bilayers unpolymerized and polymerized on 

unmodified (Figure B.8A and B) and MA-modified (Figure B.8C and D) substrates.  In all cases, 

bare substrates had the highest degree of adsorption, followed by DOPC, and finally DOPC-MA.  

MA-modified substrates resist non-specific adsorption more readily than unmodified substrates 

(compare Figure B.8A and C).  The modification of the negatively charged surface of glass with a 

neutral MA-silane reduces the interaction of BSA with the surface.  Similarly, the reduction in 
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non-specific adsorption of DOPC-MA compared to DOPC likely arises from the addition of 

methacryl group minimizing interaction with the zwitterionic phosphatidylcholine group.   This 

reduction will aid in the applicability of t-BLMs composed of DOPC-MA to biosensor design.   

Finally, the polymerization of bilayers do not significantly affect the adsorption suggesting that 

the covalent attachment or presence of redox salts to not effect membrane structure enough to 

increase potential sites of interaction. 
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Figure B.8.  BSA adsorption isotherms on t-BLMs.  FITC-BSA was added to (A) 

unmodified, unpolymerized, (B) unmodified, polymerized, (C) MA-modified, 

unpolymerized, and (D) MA-modified, polymerized bilayers. 
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The presence of pure DOPC-MA membranes significantly aid in the stability of the lower 

leaflet to disruption; however, the upper leaflet is unstable.  Additionally, the covalent 

attachement of the majority of the lower leaflet likely decreases the fluidity and accessibility to 

MPs, limiting the use in applications.  One potential solution is the use of a small fraction (ca. 

10% ) of linker (DOPC-MA) with dienoyl containing polymerizable lipids.  This strategy was 

employed using DOPC, bis-DenPC, bis-SorbPC, mono-DenPC, and mono-SorbPC with epi-

fluorescence images shown in Figure B.9.  t-BLMs containing 90% dienoyl polymerizable lipids 

(or DOPC) and 10% DOPC-MA were fused on unmodified and MA-modified substrates.  

Unmodified substrates with bilayers composed of DOPC, bis-SorbPC, bis-DenPC, mono-SorbPC, 

and mono-DenPC are shown in Figures B.9A, B, C, D, and E, respectively.  Images are fused and 

polymerized bilayer and remaining in buffer (left) or subjected to sonication in presence of 

surfactant (right).  MA-modified substrates are shown in Figures B.9F, G, H, I, and J for DOPC, 

bis-SorbPC, bis-DenPC, mono-SorbPC, and mono-DenPC, respectively.  For dienoyl containing 

polymerizable lipids on both unmodified substrates and MA-modified substrates, bilayers 

remained intact regardless of covalent attachement to the surface.  When a non-polymerizable 

lipid (DOPC) was used, complete removal of the bilayer is noted in both surfaces.  (Normalized 

intensities are shown in Figure B.10.) 
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Figure B.9.  t-BLMs with DOPC-MA and dienoyl containing poly(lipids).  Bilayers 

fused on unmodified (A-E) and modified (F-J) substrates for (A and F) DOPC, (B and G) 

bis-DenPC, (C and H) bis-SorbPC, (D and I)mono-DenPC, and (E and J) mono-SorbPC.  

In each set, images on left are undisturbed bilayers and on the right are images of bilayers 

sonicated in presence of surfactant.  Scale bar is 100 µm. 
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Figure B.10.  Normalized fluorescence intensities of t-BLMs with DOPC-MA and dienoyl 

containing poly(lipids).  Normalized fluorescence intensities of bilayers fused on unmodified 

(A) and modified (B) substrates for DOPC, bis-DenPC, bis-SorbPC, mono-DenPC, and mono-

SorbPC.   

 



374 

 

CONCLUSIONS 

DOPC-MA was shown to be applicable to use in formation of t-BLMs.  A 

methacryl terminal silane was used to modify glass and silicon substrates.  DOPC-MA 

containing vesicles were fused to the surface and polymerized using redox salts (Figure 

B.11A).  Pure DOPC-MA t-BLMs are resistant to air exposure, but subjecting the 

bilayers to sonication and surfactants results in removal of the upper leaflet.   The pure 

DOPC-MA membranes are likely limited in their applications due to presence of a high 

fraction of the lower leaflet attached to the surface.  Upon switching the composition to a 

majority of non-polymerizable lipids with ca. 10% of DOPC-MA, the loss of stability 

from the covalent attachment results in loss of the t-BLM after exposing the bilayer to air 

and sonication (Figure B.11B).  Finally, replacement of the non-polymerizable lipids with 

dienoyl containing poly(lipids) results in a significant enhancement of stability.  These 

results illustrate the combination of t-BLMs with dienoyl poly(lipids) in potential 

biosensor applications.  Potential further investigations into their use can involve design 

of linker with increased length, different attachments for applications to gold surfaces, 

and utilization in EIS or SPR applications. 
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Figure B.11.   t-BLM geometries summary.  t-BLMs composed of (A) all DOPC-MA, (B) 9:1 

DOPC and  DOPC-MA, and (C) 9:1 poly(lipid) and DOPC-MA.  
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APPENDIX C.  CHARACTERIZATION OF DIENOYL MIXTURES IN 

MONOLAYERS AND BLMS 

 

INTRODUCTION 

Chapter 2 showed that the conductance of binary and ternary mixtures deviated from 

ideal behavior when mixtures known to phase separate were used.  For binary mixtures, negative 

deviations from ideal behavior were measured when Lα and Lβ coexisting phases were present.  

These methods will now be employed on mixtures of dienoyl poly(lipids).  Binary mixtures of 

mono-DenPC, mono-SorbPC, bis-DenPC, and bis-SorbPC were used to form BLMs and 

conductances were measured for each mixture.  Mixtures of 0.00, 0.25, 0.50, 0.75, and 1.00 of 

χLipid were analyzed to attempt to understand when potential phase separation / segregation occurs.  

Mixtures were also studied using Langmuir-Blodgett isotherms probing intermolecular 

interactions. 

Applications include the potential for studying mixtures of mono- and bis-functional 

lipids in tuning properties including stability and permeability.   These findings were compared to 

previous findings with dienoyl poly(lipids) (when studies are available) in gaining better 

information in designing liposomal agents.  For example, in the case of mixing mono-SorbPC 

with bis-SorbPC, to gain the most stability from polymerization, uniform mixing would be 

preferred.  If phase segregation occurs prior to polymerization, the membranes will contain 

poly(mono-SorbPC) and poly(bis-SorbPC) regions.  Any gain in stability from the cross-linking 

of bis-SorbPC is reduced by localization into domains.  This allows for regions of linear 

poly(mono-SorbPC) to be susceptible to failure, which are disrupted by surfactant and other 

disruptants more readily than cross-linked poly(bis-SorbPC). 
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EXPERIMENTAL 

Conductance of Mixed BLMs 

Specific conductances were plotted versus mole fraction of one lipid component (i.e. 

χmono-SorbPC) (see Figure C.3A for example) (specific conductance was used since previously 

reported values for dienoyl containing poly(lipids) were specific conductance).  Deviations from 

ideal behavior, determined by a line connecting χA of 0.00 and 1.00, are plotted versus mole 

fractions (see Figure C.3B for example).   See Chapter 2 for full experimental. 

Surface Pressure – Area Isotherms 

Π – area isotherms were acquired using a Langmuir-Blodgett trough (Nima Model 611D) 

equipped with a pressure sensor.  The surface of the trough and barrier were wiped with a 

Kimwipe and chloroform prior to experiments.  Subphase was composed of D.I. H2O and added 

to backside of the barrier to ca. 1 mm above lip of trough.  The barrier was compressed to a 

closed position and the surface of the subphase was suctioned to remove surface contaminants.  

The barrier was opened and 25-50 µL of lipid dissolved at a concentration of 1 mg/mL in 

chloroform is added slowly to surface and allowed to spread with the chloroform allowed to 

evaporate.  The surface pressure can be monitored until a steady-state is reached signifying 

removal of excess solvent, after which the surface pressure is zeroed.  The Π – area isotherms 

was acquired by compressing at a rate of 15 cm
2
 / min monitoring surface pressure versus 

molecular area occupied per lipid.  

For mixtures, deviations from ideal behavior were plotted by plotting the average 

molecular area occupied per lipid versus mole percent of a particular lipid at set surface pressures 

(pressures of 5 mN/m increments were plotted from 5 to 40 mN/m).  Ideal lines are drawn from 
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0.0 to 1.0 mole fraction of a given component.  Deviations from this line were then plotted to 

illustrate non-ideal behaviors.    

RESULTS AND DISCUSSION 

Bis-SorbPC BLMs with Cholesterol 

Similar to the experiments performed in Chapter 2, in which the effect of cholesterol on 

the conductance of DPhPC BLMs was examined, bis-SorbPC was tested.  As shown above, bis-

SorbPC is the most conductive lipid tested in BLMs.  Reduction in conductance by addition of 

cholesterol is a potential solution for lipids with high conductance.  BLMs were prepared using 

mole fractions of cholesterol (χChol) ranging from 0.0 to 0.40 and characterized.  Similar results to 

DPhPC were found in which χChol between 0.0 to 0.20 decreased conductances were observed 

until reaching a value from which only slight variations occurred upon subsequent increases in 

the cholesterol content (Figure C.1).  In addition, BLM lifetimes were lengthened in the few 

experiments attempted, although further experiments are needed to thoroughly test this trend.  

The lifetimes of pure bis-SorbPC BLMs was 15 to 30 min whereas with cholesterol, no failures 

were noted before 30 min.  These finding agree with previous finding that stability of bilayers can 

be improved through the usage of cholesterol.
301

  Previous studies have shown that increases in 

BLMs resistance occur when 0 to 60% cholesterol is added.
493

   The conductance of bis-SorbPC 

although significantly reduced, did not reduce the conductance enough for use in reconstitution of 

ICs. 
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Figure C.1.  Effect of cholesterol on bis-SorbPC BLMs.  The effect of cholesterol on the 

conductance of bis-SorbPC was tested at varying χChol.  Error bars are ± s.d. 
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Surface – pressure area isotherms of pure component monolayers 

To further investigate the phase behavior of mixed dienoyl lipid BLMs, Π – area 

isotherms were measured.  Isotherms have been used to study molecular interactions and phase 

segregation in a large number of surfactant-based systems including lipids.
88,92-93,321

  In binary 

mixtures, deviations of average molecular areas at a given Π from ideal lines connecting pure 

component A to pure component B suggest either cohesive or repulsive interactions for negative 

and positive deviations, respectively.   This information can be used with conductance data to 

better understand mixed BLMs and their phase behavior.  To understand the binary systems 

tested using Π – area isotherms, investigation of the pure components is necessary. 

Π – area isotherms are measured by spreading a known amount of lipid dispersed in a 

volatile organic solvent on the surface of an aqueous solution in a Langmuir-Blodgett trough at 

sub monolayer coverage.
86-87

  The lipid film is confined at the air-water interface.  The surface Π 

is monitored upon compressing the monolayer using a barrier.  Initially, the lipid is spread over 

the surface with limited lipid-lipid interactions resulting in little to no measureable Π.  This 

region can be seen in Figure C.2A at molecular areas between ca. 175 and 250 Å
2
 / molecule.  At 

this density, the tails have minimal interaction and are analogous to a gas phase.  Upon further 

compression, a slight increase of ca. 1-2 mN/m is noted when tails begin to weakly interact, 

orienting the acyl chains perpendicular to the surface.  Further compression continues to increase 

the Π at a constant rate.  This can be seen from ca. 85 to 150 Å
2
/molecule and is referred to as the 

liquid analogous phase.  Transition from a liquid-analogous phase to a solid analogous phase 

typically results from a change in the compressibility, or rate of change in Π upon compression, 

that occurs when the packing of the lipid chains are highly compressed.  Upon further 

compression, an external pressure is reached at which the film collapses.  The collapse is usually 
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not uniform, with several failure points noted if the film is compressed to a small enough area.  

The Π – area isotherms shown in this section are stopped before collapse. 

Figure C.2 shows representative samples of Π – area isotherms for mono-SorbPC (A), 

bis-SorbPC (B), mono-DenPC (C), bis-DenPC (D), and DPhPC (E).  Zero pressure molecular 

areas (A0) can be determined by extrapolation of the solid analogous slope to zero pressure.  For 

mono-SorbPC, bis-SorbPC, mono-DenPC, bis-DenPC, and DPhPC, A0 values of ca. 77, 75, 62, 

78, and 125 Å
2
/molecule were measured, respectively.  Average molecular areas for dienoyl 

lipids have not been published, but are comparable to A0 values for DPPC and DSPC which have 

saturated acyl chains of 18 and 16 carbons in length, respectively.
494-495

  At room temperature (ca. 

22 °C), DSPC and DPPC have A0 values of ca. 57 and 62 Å
2
/molecule.   
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Figure C.2.  Surface pressure – area isotherms of dienoyl polymerizable lipids.  Surface 

pressure (Π) versus average molecular area for (A) mono-SorbPC, (B) bis-SorbPC, (C) mono-

DenPC, (D) bis-DenPC, and (E) DPhPC (for comparison).   Extrapolation of the solid analogous 

phase to the x-axis for the average molecular area of each lipid is shown by the dashed line.  

Collapse pressure is shown by dashed line drawn to y-axis. 
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Mono-SorbPC has one saturated acyl chain,16 carbons in length, and one 17 carbon chain 

containing the dienoyl moiety at the distal end.  At 23°C, mono-SorbPC is in the Lβ phase and the 

A0 is slightly larger than DPPC which is likely due to presence of the sorbyl group.  bis-SorbPC 

is composed of two acyl chains of 17 carbon chains in length, with the dienoyl moieties at the 

distal ends.  bis-SorbPC is in the Lβ phase with an average molecular area of 75 Å
2
/molecule.  

This value agrees well with the value acquired for mono-SorbPC. 

The A0 value for bis-DenPC is larger than that of mono-DenPC.  This difference is likely 

due to bis-DenPC (Tm = 20.2 °C) being in the Lα phase and mono-DenPC (Tm = 28.8 °C) in the Lβ 

phase.  Above the Tm, lipids have larger molecular areas.
87

  For comparison, DPhPC has 

considerably larger A0 value of 125 Å
2
/molecule which is due to the methylated acyl chains.  

Collapse pressures for mono-SorbPC, bis-SorbPC, mono-DenPC, bis-DenPC, and DPhPC were 

ca. 43, 32, 47, 48, and 47 mN/m, respectively.   

bis-DenPC and bis-SorbPC mixtures 

Mixtures of bis-DenPC and bis-SorbPC were analyzed with specific conductance plotted 

versus χbis-SorbPC shown in Figure C.3A.  Negative deviations from ideal behavior were measured 

(Figure C.3B).   Maximum deviations occur at χbis-SorbPC of 0.50.  At 23°C, bis-SorbPC is in the Lβ 

phase and bis-DenPC is in the Lα phase.  Similar to DOPC and DPPC mixtures, in which one 

lipid is above and the other below its Tm, negative deviations would be expected.  One plausible 

explanation for the maximum deviation occurring at χbis-SorbPC of 0.50 and returning closer to ideal 

behaviors at lower and higher χbis-SorbPC is that bis-SorbPC domains are dispersed in bis-DenPC.  

Proceeding from 0.50 to 1.00 mole fraction, the equilibrium likely shifts to bis-DenPC domains 
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dispersed in bis-SorbPC.  The conductance does not return to ideal behavior due to presence of 

bis-DenPC domains disrupting bis-SorbPC transient pore formation. 

 

Figure C.3.  Conductance of bis-DenPC and bis-SorbPC mixtures.  (A) The specific 

conductance of bis-DenPC and bis-SorbPC mixtures plotted versus χbis-SorbPC along with an ideal 

line drawn.  (B)  Deviations from the ideal line are plotted versus χbis-SorbPC. 
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To further investigate the domain formation, shape, and size, GUVs were used in 

attempts to observe the preferential partitioning of fluorophores into the different domains.
496-497

   

GUVs of binary mixtures of bis-DenPC and bis-SorbPC were prepared by drying the mixtures 

and fluorophore (2 mol %) together, and formed using either the gentle rehydration or the reverse 

phase evaporation methods. 
498

  For all mixtures reported here, no optically resolvable domains 

were observed using Rhodamine-DPPE, DiIC18,  or NBD-DOPE as probes, and using both epi-

fluorescence and confocal microscopic techniques.  These observations suggest one of two 

potential possibilities:  a.) no preferential partitioning of these probes occurs between the two 

phases, or b.) the domain size is too small for detection using microscopy.   

Mixed monolayers were used to investigate lipid immiscibility.  By monitoring the 

surface pressure with respect to ideal behavior, a molecular view of the interactions between the 

components can be obtained.
89-93

  For an ideally mixed monolayer, the observed surface pressure 

follows a line drawn from 0% to 100% of one component.  However, a major limitation in using 

monolayer isotherms to probe lipid bilayer behavior is that behavior at the air-water interface 

does not translate to behavior in a bilayer.
94

  Regardless, this approach does provide information 

about intermolecular relations, may help explain conductance measurements on bilayers and can 

develop a better understanding of phase separation in poly(lipids). 

For mixtures of dienoyl lipids, the Π – area isotherms were acquired at the desired 

compositions.   χLipid A of 0.00, 0.25, 0.50, 0.75, and 1.00 for each mixture were analyzed.  From 

these data, molecular areas at 5 mN/m from 5 to 45 mN/m are plotted versus χLipid A (see Figure 

C.4B for example).  For compositions having bis-SorbPC as one of the components, surface 

pressures of > 35 mN/m may not be accessible due to bis-SorbPC‟s lower collapse pressure.  

Next, experimental data of areas at 5, 15, 25, and 35, mN/m will be replotted with ideal lines 
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drawn from χLipid A of 0.00 to 1.00 (see Figure C.4C for example).  Finally, the deviations in 

molecular area from the ideal lines are plotted with respect to χLipid A (see Figure C.4D for 

example). 

 

Figure C.4.  Π – area isotherms of bis-DenPC – bis-SorbPC mixed monolayers.  (A)  Π – 

area isotherms at varying ratios.  (B)  Mean molecular area at each 5 mN/m increment of Π 

versus χbis-SorbPC.  (C) Mean molecular area at 5, 15, and 25 mN/m versus χbis-SorbPC. (D)  

Deviations from ideal lines versus χbis-SorbPC. 
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For mixtures of bis-DenPC and bis-SorbPC, the Π-area isotherms are shown in Figure 

C.4A.  Mean molecular areas versus χbis-SorbPC are plotted at various pressures in Figure C.4B.  

Positive deviations from ideal behavior are noted which are likely due to repulsive intermolecular 

forces, suggesting phase segregated behavior.  Conductance values showed negative deviations 

over the same range.  The maximum deviation from ideal behavior occurs at comparable ranges 

to conductance measurements which were maximal at χbis-SorbPC of 0.50.  Previously, it was 

speculated that at lower χbis-SorbPC, bis-SorbPC domains were dispersed in bis-DenPC, while at 

higher χbis-SorbPC, bis-DenPC domains are dispersed in bis-SorbPC.  The Π-area isotherm data 

agrees with observations made with conductance.  The repulsive behavior noted in Π-area 

isotherms suggest separation of domains for mixtures of bis-DenPC and bis-SorbPC.  The 

separation decreases the conductance suggesting that the formation of domains decrease the 

conductive pathways and frequency in mixtures relative to pure bis-SorbPC BLMs. 

Mixtures of bis-DenPC and mono-SorbPC 

The conductance of mixtures of bis-DenPC and mono-SorbPC showed positive 

deviations from ideal behavior (Figure C.5B).  At 23°C, bis-DenPC and mono-SorbPC are in the 

Lα and Lβ phases, respectively.  Previously, negative conductance deviations were observed when 

Lα and Lβ phases coexist.   Although the causes for positive deviations are unknown in this case, 

following are a few possible explanations.  Larger positive deviations suggest that more defects 

are present in the mixed systems compared to pure components.  1.)  It is possible that the domain 

boundaries are creating the defects arising from hydrophobic mismatches or packing 

inefficiencies at the edge.  The dielectric thickness of bis-DenPC and mono-SorbPC were 

determined to be 2.6 and 3.2 nm, respectively.   For the dienoyl lipids tested, these two exhibited 

the greatest difference in dielectric thickness.  2.)  bis-DenPC and mono-SorbPC packing 
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inefficiencies are also possible at the boundary, which could create more conductive pathways, 

but this is difficult to test.  Additionally, the presence of three acyl chain types, bis-DenPC with 

both 18:2 acyl chains and the dienoyl group near the glycerol backbone and mono-SorbPC with a 

17:2 (dienoyl group near end of tail) and 16:0 acyl chain can likely result in inefficient packing 

near boundaries. 
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Figure C.5.  Conductance of bis-DenPC and mono-SorbPC mixtures.  (A) The specific 

conductance of bis-DenPC and mono-SorbPC mixtures plotted versus χbis-DenPC along with an 

ideal line drawn.  (B)  Deviations from the ideal line are plotted versus χbis-DenPC. 
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The Π-area isotherms for bis-DenPC and mono-SorbPC mixtures are shown in Figure 

C.6A.  Mean molecular areas verse χbis-SenPC was plotted at various pressures in Figure C.6B.  

Negative deviations from ideal behavior are observed suggesting cohesive intermolecular forces 

for the mixtures.  Interesting, when comparing high surface pressure (more comparable to native 

membranes), the deviations approach ideal behavior with only slight negative deviations noted 

(see Figure C.6C and D at 35 mN/m).  These values correlate with the values noted for 

conductance (see Figure C.5).  The cohesive interactions observed for bis-DenPC and mono-

SorbPC with the combination of positive conductance deviations suggests that more conductive 

pathways are not present within the domains, but likely at the boundaries.  More efficient packing 

in the domains can explain the negative deviations in mean molecular area. 
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Figure C.6.  Π – area isotherms of bis-DenPC-mono-SorbPC mixed monolayers.  (A)  Π – 

area isotherms at varying ratios.  (B)  Mean molecular area at each 5 mN/m increment of Π 

versus χbis-DenPC.  (C) Mean molecular area at 5, 15, 25, and 35 mN/m versus χbis-DenPC. (D)  

Deviations from ideal lines versus χbis-DenPC. 
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Mixtures of bis-SorbPC and mono-SorbPC 

Specific conductance values for bis-SorbPC and mono-SorbPC mixtures are shown in 

Figure C.7A.  Negative deviations occur at χbis-SorbPC of 0.25, 0.50, and 0.75 to varying degrees 

(Figure C.7B).   Both bis-SorbPC and mono-SorbPC are present in the Lβ phase, suggesting that 

the deviations do not arise due to Lα/Lβ coexisting phases, but rather from a different 

phenomenom.  First, Lβ phase separated domains are possible, but rigid Lβ phase boundaries 

would likely cause positive deviations.  Second, potential hydrophobic mismatches could result in 

non-ideal conductance behavior, but since bis-SorbPC does not allow for the measurement of a 

true dielectric thickness, it is difficult to speculate on this possibility.  Third, the molecular 

interactions should be more favorable in mixtures of mono-SorbPC and bis-SorbPC due to the 

similarity in phase at 23°C and the acyl chain compositions.  It is possible that the similarity in 

acyl chains results in mixing, with molecules evenly dispersed.  The presence of mono-SorbPC 

can reduce the high defect density that occurs in bis-SorbPC BLMs.  The degree of deviation is 

not as dramatic when compared to the relative conductance magnitude of bis-SorbPC making this 

argument plausible, but requires further investigation.   

Previous studies investigating the stability of liposomes composed of mono- and bis-

SorbPC showed that at χbis-SorbPC > 0.50 enhancement in stability to surfactant is observed.
112

  

Between χbis-SorbPC of 0.30 and 0.50, slight decreases in stability were observed.  Increasing 

deviations from ideal conductance occur from χbis-SorbPC 0.25 to 0.50, reaching a maximum of 

0.75.  These findings suggest that between χbis-SorbPC 0.3 and 0.5, structurally different membranes 

are present in agreement with conductance data.  If ideal mixing occurs, enhanced vesicle 

stability at χbis-SorbPC = 0.5 arises from the presence of higher cross-linking necessary for 
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significant enhancement in stability to surfactant.  It could also be attributed to dispersement of 

mono-SorbPC domains in bis-SorbPC BLMs at χbis-SorbPC > 0.5. 

Mixtures of bis-SorbPC and mono-SorbPC monolayers (Figure C.8) show positive 

molecular area deviations that correlate with the negative conductance deviations (Figure C.7).  

Conductance measurements in BLMs and stability studies in vesicles suggested phase separation 

at χbis-SorbPC > 0.3 with mono-SorbPC domains dispersed in bis-SorbPC.  Positive deviations 

suggest repulsive intermolecular interactions agreeing with the proposed explanation.  The 

repulsive intermolecular forces in BLMs would create more conductive pathways eliminating 

ideal mixing as a plausible explanation.  More studies are necessary for a more thourough 

understanding of the phenomenom. 
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Figure C.7.  Conductance of bis-SorbPC and mono-SorbPC mixtures.  (A) The specific 

conductance of bis-SorbPC and mono-SorbPC mixtures plotted versus χbis-SorbPC along with the 

ideal line drawn.  (B)  Deviations from the ideal line are plotted versus χbis-SorbPC. 
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Figure C.8.  Π – area isotherms of bis-SorbPC- mono-SorbPC mixed monolayers.  (A)  Π – 

area isotherms at varying ratios.  (B)  Mean molecular area at each 5 mN/m increment of Π 

versus χbis-SorbPC.  (C) Mean molecular area at 5, 15, and 25 mN/m versus χbis-SorbPC. (D)  

Deviations from ideal lines versus χbis-SorbPC. 
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Mixtures of bis-DenPC and mono-DenPC 

Specific conductance values for bis-DenPC and mono-DenPC mixtures are shown in 

Figure C.9A.  Positive deviations occur at χmono-DenPC of 0.50 and 0.75 to varying degrees (Figure 

C.9B).     One possibility is that mono-DenPC domains are present in bis-DenPC with higher 

conductance resulting from mismatches in the boundaries.  Comparing the results to previous 

studies, mixtures of mono and bis-DenPC in liposomes showed that at χbis-DenPC > 0.30, stability to 

surfactant dissolution is obsreved.
343

  Between χbis-DenPC of 0.15 to 0.30, slight increases in 

stability were reported compared to pure mono-DenPC suggesting that the presence of mono-

SorbPC ideally mixed at lower χbis-DenPC.  This correlates well with conductance data that show at 

lower χbis-DenPC, near ideal behavior is noted over the same range. 

In Π – area isotherms, similar behavior is noted with negative and positive deviations 

observed at 0.25 and 0.75, respectively, and at 0.50, near ideal behavior are observed (Figure 

C.10).  The positive deviations from ideal behavior imply repulsive intermolecular behavior 

between mono and bis-DenPC.  In the previous paragraph, it was proposed that repulsive 

behavior can result in more conductive membrane which is in agreement here. Further 

investigations are needed to determine the true behavior of mono- and bis-DenPC BLMs. 
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Figure C.9. Conductance of mono-DenPC and bis-DenPC mixtures.  (A) The specific 

conductance of mono-DenPC and bis-DenPC mixtures plotted versus χmono-DenPC along with an 

ideal line drawn.  (B)  Deviations from the ideal line are plotted versus χmono-DenPC. 
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Figure C.10.  Π – area isotherms of mono-DenPC and bis-DenPC  mixed monolayers.  (A)  

Π – area isotherms at varying ratios.  (B)  Mean molecular area at each 5 mN/m increment of Π 

versus χbis-DenPC.  (C) Mean molecular area at 5, 15, and 25 mN/m versus χbis-DenPC. (D)  Deviations 

from ideal lines versus χbis-DenPC. 

 

  



 399 

 
Mixtures of mono-DenPC and bis-SorbPC 

Specific conductance values for mono-DenPC and bis-SorbPC mixtures are shown in 

Figure C.11A.  Negative deviations occur at χmono-DenPC of 0.25 while positive deviations are noted 

at 0.75 (Figure C.11B).   Briefly, the deviations at χmono-DenPC of 0.25 don‟t agree with previous 

results for mixtures with bis-SorbPC (see Figure C.3 and C.7).  The presence of small amounts of 

mono-DenPC likely reduces the frequency of transient pores by mixing with bis-SorbPC at higher 

χmono-DenPC.   

Positive deviations are noted for the Π – area isotherms acquired at all χmono-DenPC (Figure 

C.12).  At low mono-DenPC ratios, domains of mono-DenPC dispersed in bis-SorbPC could be 

expected and it is plausible that mono-DenPC domains can reduce conductance of the mixed 

bilayer significantly.  At high mono-DenPC ratios, increases in conductance likely arise from 

several sources including potential contributions at boundaries.  At χmono-DenPC of 0.5, the near 

ideal conductances are followed suggesting ideal behavior.  The complex behavior observed 

between conductance and monolayer behavior is difficult to explain using one  theory and is most 

likely due to several previously decribed contributions and will require further studies. 
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Figure C.11.  Conductance of mono-DenPC and bis-SorbPC mixtures.  (A) The specific 

conductance of bis-SorbPC and mono-DenPC mixtures plotted versus χmono-DenPC along with an 

ideal line drawn.  (B)  Deviations from the ideal line are plotted versus χmono-DenPC. 
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Figure C.12.  Π – area isotherms of mono-DenPC and bis-SorbPC mixed monolayers.  (A)  

Π – area isotherms at varying ratios.  (B)  Mean molecular area at each 5 mN/m increment of Π 

versus χmono-DenPC.  (C) Mean molecular area at 5, 15, 25, and 35 mN/m versus χmono-DenPC. (D)  

Deviations from ideal lines versus χbis-SorbPC. 
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Mixtures of mono-DenPC and mono-SorbPC 

Specific conductance values for mono-DenPC and mono-SorbPC mixtures are shown in 

Figure C.13A.  Negative deviations occur at χmono-DenPC of 0.50 and 0.75 while positive deviations 

are noted at 0.25 (Figure C.13B).   This suggests that at low and high rations domains of mono-

DenPC and mono-SorbPC are possible, respectively.  Although at the small difference in 

conductances noted, it is likely that these small changes do are not attributed to dramatic 

membrane structure changes.  Positive deviations are observed in Π – area isotherms (Figure 

C.14).  At all χmono-DenPC, repulsive forces suggest non-ideal mixing.   
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Figure C.13.  Conductance of mono-DenPC and mono-SorbPC mixtures.  (A) The specific 

conductance of mono-DenPC and mono-SorbPC mixtures plotted versus χmono-DenPC along with an 

ideal line drawn.  (B)  Deviations from the ideal line are plotted versus χmono-DenPC. 
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Figure C.14.  Π – area isotherms of mono-DenPC-mono-SorbPC mixed monolayers.  (A)  Π 

– area isotherms at varying ratios.  (B)  Mean molecular area at each 5 mN/m increment of Π 

versus χmono-DenPC.  (C) Mean molecular area at 5, 15, and 25 mN/m versus χmono-DenPC. (D)  

Deviations from ideal lines versus χmono-DenPC. 
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CONCLUSION 

Mixtures of dienoyl containing polymerizable lipids were studied using conductance 

measurements and Π-area isotherms.  Conductance measurements prove to be a valuable tool in 

studying intermolecular forces present in bilayers in combination with Langmuir Blodgett 

isotherms.  However, further studies are needed to better understand the complex nature of the 

systems and to better correlate observations with conductance and Π – area isotherms.
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APPENDIX D. EXPRESSION, CHARACTERIZATION, AND PURIFICATION OF KATP 

CHANNELS IN Pichia pastoris 

INTRODUCTION  

Only 150 membrane protein (MP) structures have been elucidated as of 2008 accounting 

for only 7% of the total entries in the Protein Data Bank.
499

  MPs are difficult to study due to the 

problems associated with producing and purifying complexes in sufficient yields.
500

  Reasons for 

the difficulty in MP expression can be attributed to four main reasons; 1.)  MPs are not released 

into the cytosol and must be targeted and translocated to their final destination in the membrane.  

In eukaryotic cells, this is typically through the ER and Golgi apparatus and requires specific, 

sophisticated recognition and sorting mechanisms.  2.)  MP expression in membranes is not 

spontaneous and is dependent on the copy number and capacity of the system for translocation.  

3.)  Removal of MPs under harsh detergent conditions can destabilize the MP via removal of the 

lateral pressures associated with native membranes resulting in conformational changes and 

unfolding.  4.)  The hydrophobic nature of MPs requires delicate preparation and handling of 

samples.   

MP EXPRESSION SYSTEMS 

Prokaryotic and eukaryotic expression systems exist for expression of foreign MPs.
501

  

Several factors must be considered when choosing an expressing system.  First, the availability of 

high processing transcription and translation systems and machinery is needed.  Next, the system 

must offer a suitable folding environment (i.e., a suitable lipid environment) for MP expression.  

Third, efficient targeting systems are need for the correct trafficking of MPs.  Finally, the 

capability for post-translational modifications (PTMs) when MP functionality is regulated by 
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PTMs.

499
  PTMs include proteolytic processing, phophorylation, prenylation, disulfide formation, 

glycosylation, and others.  Additional factors include the proper use of a promoter and strength of 

expression of a target gene.
499

 

Mammalian cells present the most advanced and compatible system for expression of 

human proteins due to the high level of protein processing.
501

  Unfortunately, the low yield, slow 

growth rates, and labor intensivity limit the applicability of mammalian systems.
501

  Conversely, 

E. coli provides rapid growth rate, high capacity for continuous fermentation, and a relatively low 

cost along with the ease of expression.  Unfortunately, protein solubility is required making E. 

coli not suitable for MPs, but is widely used for cytosolic proteins.
501

  A gram-positive bacteria, 

Bacillus subtilis, has also been used expression system, but is limited by a high number of 

proteases and lack of stable expression vectors.
501

  Insect cells offer near mammalian protein 

processing with an increased yield compared to mammalian systems, but are typically more 

demanding then yeast and E. coli.  Insects offer near mammalian protein processing with 

increased yield compared to mammalian systems.
501

  Yeast, like E. coli, have a simple media and 

are scalable to large volumes.  Additionally, yeast contain eukaryotic protein processing.
501

  

Saccharomyces cerevisiae is the work horse for protein expression in yeast due to low cost and 

the capability to use yeast products in human applications.
501

   

Pichia pastoris 

Yeast MP expression can be used for homologous and heterologous expression hosts for 

extractions, purification, and reconstitution of recombinant proteins of MPs.
500

  One particularly 

attractive yeast species for expression of MPs is the methylotropic yeast, P. pastoris.
502

  High cell 

densities can be achieved using P. pastoris .
502

  Expression in P. pastoris utilizes the AOX1 
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promoter, one of the most tightly regulated promoters and expression increases 1000-fold upon 

introduction of methanol containing media.
502

  The major limitation of P. pastoris for widespread 

commercial use is the requirement to use methanol, which can be toxic and is a fire hazard.
503

   

The methanol dependence makes it incompatible for human use due to FDA regulations.  

Additionally, the need to strictly monitor the amount of methanol and the requirement of two 

carbon sources (one for early growth and one for induction), P. pastoris  has commonly required 

the utilization of bioreactors for expression.
504

 

Recently, constitutive expression vectors with moderately expressing promoters 

including PGAP, PFLDI, PPEX8, and PYPTI have been developed that overcome the need for methanol 

induction.
502,505

   The selectable markers, in combination with protease deficient strains of P. 

pastoris, facilitate wide-spread utilization for MP expression.
502

  Expression of µ-opioid receptor 

yielded 4 pmol per mg of yeast with a chimeric version containing GFP yielding 1250 pmol per 

liter of culture.
504,506

 

Glyceraldehydes-3-phosphate dehydrogenase (GAP) was isolated and has been used as a 

promoter in P. pastoris.  The GAP promoter increases expression over AOX1 when used as a 

constitutive expresser.
507

  High yield expression in P. pastoris has been improved through the use 

of protease deficient strains.  SMD1168 is deficient in two genes, his4 and pep4.  his4 is an 

auxotrophic gene that requires supplementation of histidine for growth and pep4 is defective in 

vacuole peptidase A which is responsible for activating carboxypeptidase Y and protease B1.
508

 

EXPERIMENTAL 

   Molecular Biology 
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 The 6xHis-EGFP-Kir6.2Δ26 construct was prepared as follows: PCR was performed 

using forward (5' – TTA ATT AAG CGG CCG CAC CAT GGG GGG TTC TCA - 3') and 

reverse (5' - TAT ATA TAT CTA GAT CAG GCT GAG GCG AGG GT - 3') primers on TEKΔ 

vector used in mammalian expression work (see Chapter 7 for details.).  PCR product and vector 

was restriction digested using (NotI) and (XbaI) and ligated onto pGAPZ vector (Referred to as 

pGAPZ/6xHis-EGFP-Kir6.2Δ26; Abbreviated as HEKΔ).  The sequence was confirmed by DNA 

sequencing.  The full sequence is shown in Appendix A. 

   P. pastoris Culture 

Yeast extract peptone dextrose (YPD) was purchased in a premixed formula and is 

composed of 1% yeast extract, 2% peptone, and 2% dextrose.  YPD was prepared in D.I. water 

and autoclaved.  YPD plates were made by addition of 2% agar prior to autoclaving, cooled 

slightly before casting, and added to petri dishes, and YPD plates were stored at 4°C until use. 

100x histidine was prepared by dissolving 0.4% of histidine into D.I. water, filtered 

through 0.2 µm membrane and stored at 4°C.  YPDH (YPD + 0.004% histidine) was prepared by 

adding 1/100
th
 of total media volume of 100X histidine to autoclaved YPD.  Plates were prepared 

similarly to YPD plates with histidine added immediately prior to casting.  All media and plates 

can be supplemented with Zeocin for selection by addition of desired concentration of Zeocin 

from stock concentration (100 mg/mL) immediately prior to use.  (Note:  Zeocin is light 

sensitive!) 

  Transformation  

Prior to transformation, HEKΔ was linearized using AvrII restriction enzyme, the 

restriction enzyme was removed using a DNA clean up kit (Promega), and digestion was 
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confirmed by agarose gel electrophoresis.  1 mL of 2 mg/mL denatured, fragmented salmon 

sperm DNA in was boild in TE buffer for 5 min followed by chilling on ice (only needs to be 

boiled every 3 to 4 thawings; stored at -20°C.  Referred to as ssDNA in protocol.) 

For transformation, SMD1168 was inoculated into 50 mL culture of YPDH at 30°C, 

shaking at a speed of 250 rpm to an OD600 between 0.8 and 1.0 (typically 12-20 h).  Cells were 

harvested at 1500 rpm, 10 min and washed with 25 mL of sterile water and followed by 

centrifugation.  Supernatant was decanted and cells are resuspended into 1 mL of 100 mM LiCl 

and transferred to a 1.5 mL tube.  Cells were pelleted at high speed with the LiCl removed, and 

the pellet was resuspended into 400 µL of 100 mM LiCl with 50 µL aliquoted for each 

transformation.  Cells were centrifuged with LiCl removed again.  The following is added in this 

order, 240 µL 50% PEG-3350, 36 µL of 1M LiCl, 25 µL of 2 mg/mL ssDNA, and 50 µL of 

plasmid DNA in sterile water, and the mixture vortexed for 1 min, followed by incubation at 

30°C for 30 min.  Cells were then placed in water bath at 42°C for 20 to 25 min followed by 

centrifugation with transformation solution removed.  Cells were resuspended into 1 mL of 

YPDH and incubated at 30°C, 250 rpm, for 60 min.  After 1 and 4 hr, 50 µL of culture are plated 

on YPDH plates supplemented with 100 µg/mL and incubated for 2-3 days at 30°C. 

Transformants were analyzed by picking 5 colonies, and cultured in YPDH at 30°C, 2 hr, 

250 rpm.  Cells were lyzed and DNA isolated and analyzed by PCR using primers used for 

cloning, by agarose gel electrophoresis.  Expression of protein was verified by culturing 50 mL of 

YPDH, purification, and analysis by SDS-PAGE. 

Optimization of Expression in P. pastoris 
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Cell growth was optimized using several recommended formulations including: 

minimum dextrose medium with histidine (MDMH), minimum glycerol medium with histidine 

(MGYH), minimum methanol medium with histidine (MMH), YPD, and YPDH.  MDMH was 

composed of 1.34% yeast nitrogen base, 2% dextrose, 0.004% histidine, and 4x10
-5

% biotin.  

MGYH was composed of 1.34% yeast nitrogen base, 1% glycerol, and 0.004% histidine.  MMH 

was composed of 1.34% yeast nitrogen base, 4x10
-5

% biotin, and 0.004% histidine.  Growth 

curves were constructed by culturing SMD1168 in 50 mL and sampling at various time points.  

Samples were analyzed by measurement of OD600. 

 Purification of KATP Channels 

Several criteria are used for the evaluation of MP sample quality using several different 

methods.  First, overall quality can be assessed by the yield and purity (SDS-PAGE, 

immunodetection), integrity (SDS-PAGE, immunodetection), and homogeneity (MS, DLS, SEC).  

Structural quality examines the folding (CD, fluorescence, NMR), oligomerization (Native-

PAGE, SEC, EM, FRET), and glycosylation (SDS-PAGE mobility shifts).  Finally, functional 

assays probe membrane insertion (freeze fracture EM, immunodetection, and fluorescence), 

transport activity (patch clamping, fluorescence, IR, planar LBs), and ligand binding (RLA, 

SPR).
499

 

Yeast was collected in 50 mL centrifuge tubes and centrifuged at 5000 rpm, 4°C, 20 min.  

The supernatant is discarded and pellet is resuspended into purification buffer.  Purification buffer 

was composed of 50 mM NaH2PO4, 0.15 M NaCl, pH 8.0 prepared in deonionized water and 

filtered through a 0.2 μm membranes.  Resuspended yeast was centrifuged at 5000 rpm, 4°C, 20 

min, with the supernatant discarded (these steps were repeated twice).  Supernatant was discarded 
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and the pellet resuspended into 10 mL of purification buffer supplemented with 20 μL protease 

inhibitor cocktail (Sigma), 14 μL β-mercaptoethanol, and 100 μL 100 mM PMSF (dissolved in 

ethanol).   Approximately one pellet volume of glass beads was added to purification buffer and 

exposed to 5 vortex cycles of 1 min, followed by 1 min on ice.  Glass beads and unbroken cells 

were collected by centrifugation at 300 rpm for 2 min.  Supernatant was transferred to a new tube.  

Lysate is treated with DNase for 1 h at 37°C.  Cells were centrifuged at 5000 rpm, 4°C, 30 min 

with supernatant discarded.  The membranes fraction was resuspended in 5 to 10 mL 

solubilization buffer (purification buffer supplemented with 1% (w/v) β-dodecylmaltoside 

(DDM) and PMSF ([ ] = 1mM).  Membranes were solubolized for 2 hr, vortexing every 5 min for 

30 s, followed by centrifugation at 5000 rpm, 4°C, 30 min.  Supernatant is transferred to 1.5 mL 

centrifuge tubes, and centrifuged at 14,000 rpm, room temperature, 30 min.  Supernatant was kept 

and ready for subsequent purification. 

Ni-NTA Purification 

Purification of solubolized protein was performed using Ni-NTA column.  Ni-NTA resin 

was stirred with solubolized protein overnight at 4°C,  then transferred to a column and washed 

with purification buffer with 1% DDM (elution buffer) for a minimum of 5 resin volumes.  

Protein was eluted by sequential addition of 2 – 1 mL aliquots of 10, 20, 50, 100, 250, and 500 

mM imidazole in elution buffer.  Samples were collected and analyzed by SDS-PAGE.   

Following each purification, the Ni-NTA resin was washed and regenerated.  

Regeneration was performed by application of: 5 vol. water, 3 vol. 2% SDS, 1 vol. 25% ethanol, 

1 vol. 50% ethanol, 1 vol. 75% ethanol, 5 vol. 100% ethanol, 1 vol. 75% ethanol, 1 vol. 50% 



                          413 

 
ethanol, 1 vol. 25% ethanol, 4 vol. water, 5 vol. 100 mM EDTA, 4 vol. water, 2 vol. 100 mM 

NiSO4, 2 vol. water, and 5 vol. of purification beffer. 

 Optimization of Solubulization 

Solubolization was optimized by purification of a 500 mL culture split into equal 

fractions and purified using varying surfactants in the solubilization buffer.  1% n-Dodecyl-β-D-

Maltoside (DDM), 2% n-octyl-β-D-glucoside (OG), 3-[(3-Cholamidopropyl)dimethylammonio]-1-

propanesulfonate (CHAPS), 2% Triton X-100 with 0.5% sodium cholate, and Triton 1% X-114 

with 0.5% sodium cholate.  Solubolized fraction was collected and purified using Ni-NTA resin 

(Qiagen) (procedure below).  Pooled elutions of 20, 50, and 100 mM imidazole were analyzed by 

SDS-PAGE gel.  Gels were stained with Coomassie blue.  Gel images were analyzed using 

ImageJ using gel analyzer function that allows relative intensities to be plotted. 

Size Exclusion Chromatography 

Size exclusion chromatography was performed using GE Superdex 200 resin (Prep grade, 

#17-1043-10).  Column was prepared by washing resin with 50% ethanol and slowly adding to a 

column as to not introduce too much air.  The column was allowed to pack via gravity flow of 

water.  A syringe pump was attached to the column and water was set at a flow rate of 1.17 

mL/min.  The column was washed with 100 mL of water and followed with 60 mL of 50 mM 

NaH2PO4, 0.15 M NaCl, 0.2 mM DDM. 

Sample was added 100 μL at a time (maximum of 500 μL) by addition to column bed and 

application of a slight negative pressure to the end of the column until sample was loaded into the 

resin.  Solution was collected upon elution and analyzed using a UV-Vis absorbance spectrometer 

at 254 nm.  Samples collected were pooled and analyzed by SDS-PAGE. 
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Ion Exchange Chromatography  

Ditehylaminoethyl cellulose (DEAE) resin for ion exchange was stored in 20% ethanol 

and with the ethanol decanted.  Resin was added to 0.25 volume of 20 mM Tris-HCl, 0.2 mM 

DDM, pH 7.5 (IEX Buffer), resuspended, degassed, and slowly added to a PD10 column.  Resin 

was equilibrated with ca. 10 volumes of IEX buffer.  Sample was added to column and washed 

with IEX buffer.   5 mL each of 50, 100, 200, 300, 500, and 2000 NaCl supplemented IEX buffer 

were eluted and collected.  Concentrated samples were acquired using 50 kDa MWCO spin 

column and analyzed by SDS-PAGE. 

Ammonium Sulfate Fractionation 

Ammonium sulfate fractionation was performed by preparing a saturated solution of 

ammonium sulfate (75% w/v in water).  Solubolized and Ni-NTA purified protein of the same 

volume (100 μL each) were added to 1.5 mL centrifuge tubes such that total volume of 1 mL was 

achieved upon addition of ammonium sulfate (i.e. for 10% ammonium sulfate, 100 μL sample + 

800 purification buffer + 100 μL saturated ammonium sulfate.)  10% increments (from 10 to 

90%) of saturated ammonium sulfate were added to solubolized and Ni-NTA purified protein 

chilled on ice for 60 min, and centrifuges at 14,000 rpm for 30 min.  Supernatant was analyzed by 

SDS-PAGE. 

RESULTS AND DISCUSSION 

 Yeast Culture 

Bacterial and yeast cell growth is commonly monitored by optical density at 600 nm 

(OD600).  Implementation of this protocol for tracking cell growth was confirmed by culturing 

SMD1168 in YPDH at 37°C sampling at desired intervals.  Cells were then counted using 
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hemacytometer and OD600 measured.   Growth curves plotted with cell count and OD600 are 

shown in Figure D.1.  Cell counts and OD600 curves correlate well with the OD600 was used to 

monitor cell growth. 

 

 

Figure D.1.  Yeast growth monitoring with OD600.  SMD1168 growth curve plotted using 

both hemacytometer count  (□)and OD600 measurement (●). 

 

Prior to transformation, SMD1168 cells were cultured in several types of media 

commonly used for P. pastoris and expression of MPs.  Growth curves were monitored for MDH, 

MGYH, MMH, YPD, and YPH (data not shown).  SMD1168 is deficient in two genes, his4 and 

pep4.  his4 is an auxotrophic gene that requires supplementation of histidine for growth.
502,505

  

YPD (lacks histidine) was used as a control.  No significant change in growth rate or maximum 
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yield was noted for all growth media excluding YPD.  YPD was observed to support little to no 

growth, as expected for histidine-free media.  YPDH was chosen as the media for future cultures 

for the ease of preparation.  Figure D.2 shows the growth curves at room temperature and 30°C 

for SMD1168 in YPDH.  In the first 24 to 48 hr of growth, a slow rate is noted as expected.  

From 50 to 75 h, the exponential growth phase is observed, followed by the stationary phase after 

ca. 80 h. 

 

 

Figure D.2.  Growth curve of SMD 1168 in YPD.  Growth curve of SMD1168 in YPDH at 

room temperature and 30°C as monitored by OD600. 

 

Expression of KATP Channels 
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EGFP and 6xHis tages on the protein of interest (6xHis-EGFP-Kir6.2Δ26) were used for 

tracking and purification, respectively.  The gene prepared by performing PCR on previously 

used construct in mammalian cells using primers containing restriction sites for NotI and XbaI 

and ligated into the pGAPZ expression vector for yeast.
509

  Expression of 6xHis-EGFP-Kir6.2Δ26 

in SMD1168 yeast was performed by transformation with LiCl.  Transformed cells were placed 

on Zeocin supplemented YPD agar plates and selected for integration of genes coexpressing the 

Sh ble gene.  Several colonies were analyzed for gene integration by analysis of lysate via PCR. 

Confirmed colonies were cultured alongside SMD1168 (wild type) to further characterize 

expression.  1 mL samples were collected and washed with purification buffer.  Figure D.3 show 

pellets and suspensions illustrating a change in the hue in cells expressing 6xHis-EGFP-

Kir6.2Δ26.  Several unusual observations were noted including:  

1.) Abnormal smell.  Wild-type SMD1168 has an aroma of bread, commonly associated 

with the fermentation process.  Cell‟s expressing 6xHis-EGFP-Kir6.2Δ26 have a 

slight acrid smell. 

2.) A higher speed centrifugation is needed for 6xHis-EGFP-Kir6.2Δ26 expressing cells 

compared to wild-type cells (5000 compared to 1000 rpm). 

3.) The viscocity of the cultures increase when expressing 6xHis-EGFP-Kir6.2Δ26. 

All of the observations can be explained by the constitutive expression of 6xHis-EGFP-

Kir6.2Δ26.  Constitutive expression systems continually express protein compared to inducible 

expression systems, which express in response to environmental and chemical effectors.
504
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Constitutive expression can lead to toxic levels of proteins in yeast, lysing the cells.  This toxicity 

can cause metabolic, morphological, and inhibited growth, explaining these observations. 

 

 

 

 

 

Figure D.3.  Images of wild-type and 6xHis-EGFP-Kir6.2Δ26 expressing SMD1168 pellets 

and suspension.  (A,C) Pellets and (B,D) suspensions with (A,B) white light and (C, D) UV 

illumination.  6xHis-EGFP-Kir6.2Δ26 expressing cells are in the left tubes and wild-type are in 

the right tubes. 
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Epi-fluorescence images were acquired for wild-type SMD1168 and 6xHis-EGFP-

Kir6.2Δ26 transformed cells (Figure D.4).  Fluorescence was noted for cells expressing 6xHis-

EGFP-Kir6.2Δ26 confirming PCR and observed characteristics. 

 

Figure D.4.  Epi-fluorescence images of wild-type and 6xHis-EGFP-Kir6.2Δ26 expressing 

SMD1168.  (A,B) wild-type and (C,D) 6xHis-EGFP-Kir6.2Δ26 expressing cells. (A,C) white 

light and (B,D) EGFP fluorescence. 

 

Slightly different growth curves were observed at room temperature compared to 30°C.  

The exponential growth phase was reached faster at 30°C than room temperature-incubation 

(Figure D.5).  Additionally, a slight decrease in maximum OD600 was noted at 30°C, likely due to 

high constitutive expression.   
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Figure D.5.  Growth curves of 6xHis-EGFP-Kir6.2Δ26 expressing cells.  Growth curves of 

6xHis-EGFP-Kir6.2Δ26 expressing cells were acquired at room temperature and 30°C. 

 

When compared to wild-type growth rates (Figure D.6), several trends are noted: 

1.) Significant losses in OD600 in 6xHis-EGFP-Kir6.2Δ26 expressing cells 

suggest reduction in cell densities.  This is not unusual since high expression 

of non-native proteins may result in cell death or slowed growth.  This could 

also explain abnormal cell smell, morphology, etc. 

2.) Hindered growth rates at room temperature agree with the fact that yeast 

grows optimally at 30°C; however, room temperature may be better due to 

decrease in protease activity and slower protein synthesis.  
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3.) Decreases are noted after optimal expression of 6xHis-EGFP-Kir6.2Δ26 is 

observed suggesting cell death is attributed to foreign protein expression.  

This combined with increased viscoosty, likely due to high concentrations of 

DNA arising from lysed cells, is highly suggestive of cell death. 

 

Figure D.6.  Growth rates of wild-type and 6xHis-EGFP-Kir6.2Δ26 expression in SMD1168.  

Growth curves of wild-type and 6xHis--EGFP-Kir6.2Δ26 expressing cells at both room 

temperature and 30°C. 

 

The time of expression wers chosen at a point in which proteins expressed at sufficient 

levels with minimal degradation.  To analyze levels of protein expression, lysates were run on 

SDS-PAGE.  Observations of gels (normalized intensities are shown in Figure D.7) noted several 

trends: 
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1.) Expression of 75 kDa protein (band of interest) increased, reaching a 

maximum level between 80 and 120 h. 

2.) Only slight differences were observed between 30°C and room temperature 

expression.  The increase of a byproduct or degradation product (product 

unknown) at ca. 50 kDa increases with respect to the protein of interest.  This 

band slightly increases at 30°C.   

3.) After ca. 90 h, significant increases in intensity and frequency of byproducts 

and impurities were noted. 

The combination of these observations resulted in the following culturing and 

purification procedures: 

1.) 72 h culture sufficient quantity and purity of 6xHis-EGFP-Kir6.2Δ26. 

2.) Band at 50 kDa is useful for assessing purity. 

3.) Room temperature provided higher purity with minimal changes to yield. 
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Figure D.7.  Expression optimization of 6xHis-EGFP-Kir6.2Δ26.  Gel intensities of 6xHis-

EGFP-Kir6.2Δ26 (ca. 75 kDa) and an impurity (ca. 50 kDa) plotted at varying times of 

expression at room temperature and 30°C. 
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A representative gel is shown in Figure D.8.  However, for simplification of the data 

presented, a program able to convert gels to intensities was used.  The program is available in the 

standard verison of Image J.  For successful conversion of intensities, a low background is needed 

which requires significant destaining, for several days up to a week.   

Purification of KATP Channels 

Solubilization Study 

A wide range of detergents, lipids, and mixtures need to be analyzed for proper 

functionality involving the study of reconstituted MPs adding the complexity.
499

  Solubolization 

studies were performed to find the optimal surfactant to extract the protein from the membranes.  

Efficiency of extraction was analyzed via SDS-PAGE.  Five surfactant / surfactant combinations 

were investigated including:  Triton X-100 / sodium deoxycholate (TX100/DOX), Triton X-114 / 

sodium deoxycholate (TX114/DOX), CHAPS, OG and DDM.  These surfactants were chosen for 

their ability to efficient extract functional proteins.
510

  Table 1 shows the conditions and CMCs of 

surfactants used in the studies.  The results are shown in an SDS-PAGE gel in Figure D.8. 

Table D.1.   Concentrations and CMCs of surfactant used for solubilization studies.  

Surfactant Abbreviation % Used [ ] (mM) CMC
511

 

Triton X-100 / Sodium 

Deoxycholate 

TX100/DOX 2 / 0.5 16 / 12.1 0.23 

Triton X-114 / Sodium 

Deoxycholate 

TX114/DOX 1 / 0.5 47 / 12.1 0.20 

CHAPS CHAPS 2 32.5 8 

dodecyl maltoside DDM 1 19.6 0.17 

ocyl glucoside OG 2 68.4 18 
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Figure D.8.  SDS-PAGE gel of solubilization study.  SMD1168 expressing 6xHis-EGFP-

Kir6.2Δ26 was solubolized and purified using varying surfactant to optimize the solubilization 

and yield of purifications. 

 

Though gels can be difficult to interpret, conversion into intensities results in data plots 

(Figure D.9).  Intensities are much easier to make conclusions than gels by themselves.  The 

results suggest that both DDM and OG adequately solubolized the protein of interest.  

Interestingly, the intensity at 50 kDa is much higher for DDM than OG;  However, DDM was 

chosen due to the lower concentration needed.     
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Figure D.9.  Solubilization intensities of study varying surfactants.  Gel intensities at 75kDa 

(black) and 50 kDa (red) are shown for solubilization study. 

 

Ni-NTA Purification 

Immobilized metal affinity chromatography is commonly used for purification of protein 

containing a 6xHis tag.
512

  Metal ions, such as Ni
2+

, are chelated onto an iminodiacetate group 

attached to a agarose resin.   Immobilized metal ions interact with 6xHis tag with bound proteins 

able to elute via increasing imidazole concentrations.  Batch purification was chosen with this 
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protein arising from its low affinity for the column, likely due to the protein being surfactant 

solubolized, as surfactant likely interferes with strong binding.  Batch purification differs from 

other methods by incubation with the resin for longer times prior to elution, 

Gel intensities are plotted in Figure D.10.  6xHis-EGFP-Kir6.2Δ26 begins to elute at 10 

mM imidazole and is completely eluted by 100 mM.  The band found at 50 kDa coelutes with 

6xHis-EGFP-Kir6.2Δ26.  Again, the interference associated with the surfactant explains the low 

elution concentration. 

 

Figure D.10.  Gel intensities of Ni-NTA purification.  Gel intensities of 10, 20, 50, 100, 250, 

and 500 mM imidazole elutions of 6xHis-EGFP-Kir6.2Δ26. 
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Samples at 20, 50 and 100 mM were commonly combined and centrifuged using a 50 

kDa MWCO column to concentrate the same elution concentrations for studies.  Purification of 

the protein did not yield significantly higher purities;  Further methods of purification were 

investigated to yield a high purity sample. 

Size Exclusion Chromatography 

 

Size exclusion chromatography (SEC) utilizes porous materials present in a mobile 

solvent phase.
512

  The separation occurs base on molecular size, larger molecules are unable to 

partition into the pores, passing through the columns.  Smaller molecules are eluted later, in 

decreasing size (smaller molecules partition more frequently into the beads).  For the resin used, a 

separation range between 10 kDa and 600 kDa is specified.   
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Figure D.11.  Size exclusion chromatogram of 6xHis-EGFP-Kir6.2Δ26.  Size exclusion 

chromatography was performed on Ni-NTA purified sample and eluted while monitoring at λ = 

254 nm.  Samples collected and pooled are shown for reference. 

 

The chromatogram in Figure D.11 shows two unresolved, broad peaks.  Samples were 

collected in regions shown, concentrated using a 50 kDa MWCO spin column, and analyzed by 

SDS-PAGE.  No difference in the ration of impurities to the band corresponding to 6xHis-EGFP-

Kir6.2Δ26.  SEC does not appear to be of sufficient advantage in the purification of the sample. 
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Figure D.12. Size exclusion chromatography samples intensities of 6xHis-EGFP-Kir6.2Δ26 .  

Pooled samples were analyzed by SDS-PAGE following concentration using spin columns. 

 

Ion Exchange Chromatography 

IEC is based on charge-charge interactions between the protein and the resin.  DEAE 

resin was utilized in the purification, have positive charges while 6xHis-EGFP-Kir6.2Δ26 has a 

theoretical pI of 6.48.  At the pH of the buffer, 7.5, the protein should have significant negative 

charges for interactions.  Elution of proteins did not significantly change the intensity ratio of 50 
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kDa to 75 kDa.  The ineffectiveness of several methods to resolve the main impurity from the 

protein of interest suggests similar structures and affinities.  It is very possible the impurity arises 

from either improperly expressed proteins or degradation.  This would agree with the studies of 

optimization of expression in which at higher temperature and longer incubation that higher ratios 

of the band at 50 kDa were noted.  Under these conditions, it is possible that protease activity 

leads to degradative processes. 

 

Figure D.13.  Intensities of ion exchange separation analyzed by SDS-PAGE.  Gel intensities 

of ion exchange separation of 6xHis-EGFP-Kir6.2Δ26. 
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Ammonium Sulfate Fractionation 

The final method used to purify 6xHis-EGFP-Kir6.2Δ26 was ammonium sulfate 

fractionation.  The solubility of proteins are decreased at increased ionic strength.  Ammonium 

sulfate fractionization functions by increasing the ionic strength of the solution, decreasing the 

solubility of either the protein of interest, or the impurities.   The results shown in Figure D.14 are 

similar to the previous results when similar behaviors are noted between the 50 and 75 kDa bands 

, suggesting no significant gain in purity. 

 

Figure D.14.  Intensities of SDS-PAGE analysis of ammonium persulfate fractionation.  Gel 

intensities of ammonium persulfate fractionation samples analyzed by SDS-PAGE. 
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SUMMARY AND CONCLUSION 

The experiments performed in this chapter showed the expression of 6xHis-EGFP-

Kir6.2Δ26 into P. pastoris, optimization of the growth conditions, and development of 

purification protocols.  Design of a construct expressing the gene of interest was successfully 

integrated into P. pastoris as observed by PCR, epi-fluorescence, and SDS-PAGE.  Optimization 

of culture conditions including time and temperature were investigated.  Optimal expression room 

temperature after 72 was noted by observation of a lower abundance of impurities with respect to 

6xHis-EGFP-Kir6.2Δ26. 

Purification protocols were evaluated to obtain a high purity sample.  Insufficient 

increase in purity was gained following Ni-NTA purification using: size exclusion 

chromatography, ion exchange chromatography, or ammonium sulfate fractionization.  This is 

most likely due to the presence of degradation or improperly expressed protein having similar 

properties compared to 6xHis-EGFP-Kir6.2Δ26, unresolved using purification methods. 
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