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ABSTRACT 

Capillary electrophoresis (CE) is an excellent analytical separation method with 

promising features such as small sample volumes (µL to pL), fast analysis times (s), high 

selectivity and efficiency, and excellent compatibility with biological samples. However, 

the inability of conventional CE detectors to sense biologically active compounds that are 

optically and electrochemically inactive limits their use for biosensing and drug 

screening. We have developed a highly stable electrophysiological detection platform 

consisting of ion channel (IC) reconstituted in synthetic bilayer membrane also known as 

black lipid membranes (BLM) suspended across a functionalized microaperture to be 

coupled to a high resolution capillary separation channel. 

Low energy surface modifiers were used to drastically improve the electrical, 

mechanical, and temporal stability of BLMs. Glass microapertures modified using 

tridecafluoro 1, 1, 2, 2-tetrahydrodimethylchlorosilane facilitated the rapid formation of 

highly stable BLMs due to the amphiphobic property (H2O/oil repellency). Furthermore, 

a combination of chemically modified aperture surfaces and chemical cross-linking 

within the lipid membrane were used to dramatically improve BLM stability. Partial 

cross-linking within the bilayer maintained fluidity which allowed reconstitution of ion 

channel proteins while maintaining the stability of BLM-IC platform.  

The stable BLM-IC across glass pipette aperture was coupled to microchip 

electrophoresis and was shown to withstand field strength (> 250 V/cm) from separation 

channel. Additionally, planar microapertures fabricated in SU8 were used for the 

formation of stable BLM-IC platform towards the construction of an integrated device. 
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The chemical properties of the SU8 supported the formation and cross-linking within 

polymerizable lipid or lipid bilayer doped with polymerizable methacrylate monomers. 

Additionally, we expressed ion channel coupled receptor fusion protein in HEK 

293 cells towards the development of ion channel sensors for wide range of ligand 

detection in BLM sensor platforms. The pharmacology of IC functionalized with 

muscarinic acetyl choline (M2-K) receptor using cell based assay by patch clamp 

electrophysiology showed activation by acetylcholine and inhibition by atropine. Thus 

this platform holds a great promise as the next-generation integrated analysis system for 

rapid screening of biologically active compounds (eg. glucagon) in complex matrix such 

as whole blood and urine for the diagnosis and management of chronic disease such as 

diabetes. 
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CHAPTER 1. INTRODUCTION 

1.1. HIGHLIGHTS 

This chapter discusses the various biological components required for the 

construction of ion channel functionalized sensors in cell-based and artificial lipid 

membrane platforms. Further discussion is presented on the composition of biological 

membranes and the interactions between the individual components of the cell 

membrane. The chapter highlights the functional activities of transmembrane ion-channel 

proteins and other receptor proteins such as G-protein coupled receptors (GPCRs) as 

natural sensors in cell membranes. Our understanding of the fundamental operations of 

these sensor proteins in complex cell membranes will allow the creation of much more 

simplified biomimetic sensor platforms for long term screening of ligands in complex 

matrix. Artificial sensor platforms incorporate ion channels (or the functionalized form of 

the ion channels which are coupled to GPCRs) expressed in cells or reconstituted in 

stabilized artificial lipid environment. Thus, detailed discussion is presented on the 

fabrication of artificial or black lipid membranes (BLM) and the methods used for 

stabilizing the membranes. Finally, we conclude by discussing key factors that promote 

the development of BLM sensor platforms towards high-throughput integrated screening 

systems in a microchip device. 

1.2. STRUCTURAL ORGANIZATION OF BIOLOGICAL MEMBRANES  

Biological membranes form an intrinsic part of the structure and function of 

prokaryotic or eukaryotic cells, allowing the exchange or restriction of substances in and 
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out of the cell.1 The membranes are heterogeneous and are mainly composed of a 

phospholipid matrix that is fluid-like, resulting in the formation of highly flexible 

membranes as evident by the diffusion of membrane channels and receptor proteins 

(Figure 1.1).2  

 

Figure 1.1. Illustration depicting cell membrane heterogeneity. The membrane is 

composed of lipid bilayer, transmembrane proteins, peripheral proteins, cholesterols, and 

other species. 

 

Three major classes of lipids, are presented in biological membranes namely; 

glycerophospholipids (phospholipids), sphingolipids (glycolipids), and sterols. 

Glycolipids can be classified as either phospholipids or sphingolipids depending on the 

lipid backbone. Phospholipids have glycerol backbone with phosphate head groups while 

sphingolipids have sphingosine backbone with either a phosphate or sugar head group 

(Figure 1.2). The carbohydrate chain associated with the lipid structure distinguishes the 

glycolipids from other lipids.3 Phospholipids and the glycolipids are the most abundant 
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and diverse class of lipids with hydrophilic head groups attached to the hydrophobic tail 

by ester linkages. (Figure 1.2) 

 

Figure 1.2. Major structural classifications of membrane lipids. Phospholipids, 

glycolipids, and sterols. The glycolipids have two sub classification types, phospholipids 

or sphingolipids depending on the lipid backbone. The phospholipids and the glycolipids 

form the most common class of lipids and are made of hydrophilic head groups attached 

to the hydrophobic tail by ester linkages. 

 

Phospholipids are amphiphilic, having two hydrophobic fatty acid tails attached to 

glycerol backbone and a polar head group that points towards the exterior of the bilayer 

thereby interacting with water molecules. The phospholipid head group is attached to 

either a glycerol or sphingosine backbone. A glycerol ester linkage exists between the 

two hydrophobic fatty acid tails and the head group as shown in Figure 1.2. The 
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hydrophobic lipid chains are variable in length, degree of unsaturation and branching. 

These variables in lipid chain define the physical and chemical properties of the 

phospholipids which in turn affects the fluidity, packing density and stability of the 

membranes.4,5 Generally, the branching in the tail due to unsaturation introduces a kink 

that affects the packing density of the lipid. The phosphate groups can be linked to 

variable hydrophilic groups such as choline, ethanolamine, serine, glycerol, myo-inositol, 

and hydroxyl groups (Figure 1.3) to form the “head group”. 6 Common phospholipid 

head groups and in cell membranes include phosphatidylcholine, phosphatidylserine, and 

phosphatidylethanolamine. Sphingolipids are phospholipids in which the glycerol 

backbone is replaced by the sphingosine. They are also found in the cell membrane 

(Figure 1.3).7 
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Figure 1.3. Molecular structure of phospholipids. The general structure shows a 

glyceride linkage to hydrophobic tail on sn-1 and -2. The backbone can be esterified to 

different head groups (R-group) such as choline, serine, glycerol, myo-inositol, and 

hydroxyl groups.  

 

1.2.1. Composition and properties of biological membranes 

Although cell membranes function as barriers to separate aqueous compartments 

of cells, membrane composition is locally variable among cell types and leaflets of the 

same membrane.4 For example, in the endoplasmic reticulum (ER), the symmetric 

membrane composition gradually changes to asymmetric in the plasma membrane. 

Furthermore, the composition of phosphatidylcholine in ER decreases from 60 mol% to 

25 mol% in the plasma membrane.8 The phosphatidylethanolamines also decrease from 

R group Name of R group

Choline (Phosphatidylcholine)

Ethanolamine (Phosphatidylethanolamine)

Serine (Phosphatidylserine)

Glycerol (Phosphatidylglycerol)

Glycerol (Phosphatidylglycerol)

(Cardiolipin)

Myo-inositol (Phosphatidylinositol)

Phospholipid
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25 mol% to 15 mol%.  The phosphoinositols are 10 mol% in the ER. Additionally, the 

plasma membrane is composed of 10 mol% of sphingolipids and 5 mol% of 

phosphatidylserine.9,10 Plasma bilayers have asymmetric lipid membrane composition 

with phosphatidylserine and phosphatidylethanolamine mostly in the inner (cytosolic) 

leaflet while the sphingolipids reside in the outer leaflet. Understanding the lipid 

composition of natural cell membranes allows development of biomimetic membranes 

with controlled lipid composition and membrane protein that optimize membrane 

function.  

Other components of the cell membranes include glycolipids and cholesterols 

(sterols). Cholesterols form ca. 30 mol% of the membrane which greatly influences 

membrane fluidity.11 Cholesterols intercalate within lipids to maintain intermediate 

fluidity thereby preventing the formation of crystalline structures in the membrane.12  

Membrane proteins make up to 50% of the membrane weight; however, the 

weight may vary in different membranes.6 Cell membranes are impermeable to ions and 

water soluble-molecules and charged moieties due to the hydrophobic nature of the cell 

membrane.13 Consequently, membrane protein channels and transporters are required to 

allow ions, glucose, and other small molecules to be selectively transported across cell 

membranes.14 The specific function of the membrane is actually defined by the type of 

protein associated with the membrane.  

Membrane proteins are compartmentalized in lipid rafts which facilitates 

signaling in cells. Rafts are generally composed of lipid interactions or proteins 

surrounded by appropriate lipids, thus they are enriched with lipids and proteins (figure 
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1.4).15  The compartmentalization of membrane components is an important process by 

which integral membrane proteins, transmembrane proteins, and lipid-anchored proteins 

associate with lipid membranes for effective signal transduction.16 Rafts consist of 

cholesterol in both endoplasmic and exoplasmic leaflet of the cell membrane and 

phospholipids (with saturated fatty acids) and sphingolipids that occupy the endoplasmic 

and outer leaflets of the membrane respectively.16,17 Thus understanding lipid rafts and 

how they orchestrate and compartmentalize membrane proteins with associated lipids can 

facilitate the development of stable artificial lipid environment for the studies of 

membrane proteins without the interference of other receptors. 

  

Figure 1.4. Compartmentalization of the components of lipids in a raft. The 

membrane proteins in lipid rafts are stabilized for signal transduction such as cell to cell 

communication.  

 

Outside of the lipid rafts are the more fluid unsaturated lipid domains such as 

phosphatidylcholines and phosphatidylethanolamines.18 Consequently, rafts can be 
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distinguished from other domains by the high content of glycosphingolipids and 

cholesterols which have liquid-ordered phase in the outer leaflets of the membrane.16,15 

Within a lipid raft are membrane proteins which are biologically important for cell-to-cell 

communication. For example, the membrane proteins which act as carriers of lipids in 

rafts are involved in the stimulation of lipid exchange between membranes.19,8  

Conversely,  the cell membranes also contain signaling lipids that interact with proteins in 

rafts.8 The integral proteins in cells include transporters, enzymes, membrane anchoring 

domains, and G-protein coupled receptors (GPCRs). The GPCRs especially reside 

primarily in the lipid rafts and caveolae when bound to agonists.15 Here, the rafts and 

caveolae are important for maintaining proper cell functions such as normal regulation of 

cholesterol, intracellular sorting of proteins,8 transport of vesicles20 and sorting of 

lipids.15 In the development of cell-baesd biosensors, internalization of membrane 

proteins becomes a major problem when performing electrophysiological measurement 

via patching of cells which will be discussed later. 

1.2.2. Membrane protein channels 

The cell membrane also contains transmembrane protein ion channels that are 

involved in the transport of specific ions across the cell membrane.21 The ion channels are 

involved in many cellular signaling pathways, maintenance of fluidic balance, and 

secretion of hormones.22 Thus, malfunction or mutations of ICs gives rise to various 

disease such as Alzheimer’s, epilepsy, diabetes, and hypertension.23,24 Multiple classes of 

protein channels regulate and maintain proper cell functions.  
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1.2.2.1. Mechanosensitive channels 

Mechanosensitive channels are membrane switches that allow mechanics of cells 

involving membrane tension or deformation, shear force, touch, and osmotic stress to be 

coupled with the conformational change of the proteins, resulting in the opening of 

channel pores.25,26 Additionally, the mechanosensitive channels respond to stress induced 

on the membrane by variations in bilayer thickness, membrane curvature, and the 

composition of the membrane.27 The process by which these channels respond to changes 

in lipid environment is crucial in living organisms to regulate physical stimuli related to 

touch, osmoregulation, and hearing.27  The mechanosensitive properties of pore-forming 

toxins such as alamethicin and gramicidin have enhanced our understanding of the 

relationship between membrane proteins and artificial lipid bilayers.26   

As illustrated in Figure 1.5, the bilayer around the hydrophobic core of gramicidin 

is compressed to accommodate for the mismatch between the length of a dimerized 

peptide (ca. 2.2 nm) and the length of the bilayer membrane which is ca. 3-4 nm. 

Previous reports have shown that the tension in the lipid membrane is directly 

proportional to the mean lifetime of the gating in gramicidin.28 
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Figure 1.5. Interactions of mechanosensitive ion channels in lipid bilayer membrane. 

Mechanosensitive property of gramicidin ion channel in lipid bilayer membrane. The 

lipid bilayer around the hydrophobic region of the ion channel is compressed to 

accommodate the mismatch between the length of the bilayer and the dimerized channel.  

The conformational change in the protein channel can be monitored by the flux of ions 

such as K+ through the channel.  

 

Figure 1.6 shows deformation induced interaction between the large conductance 

mechanosensitive ion channel (MscL) and the lipid bilayer. The bilayer is deformed 

around the ion channel. The channels translate physical forces induced on the bilayer into 

electrophysiological activities with large conductance of ca. 3 nS in the open state. 

 

Figure 1.6. Deformation induced interaction between the large conductance 

mechanosensitive ion channel (MscL) and lipid bilayer. The channels translate physical 
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forces induced on the bilayer into electrophysiological activities with large conductance 

of ca. 3 nS in the open state. 

 

1.2.2.2. Ligand-gated ion channels 

Certain ion channels are the natural targets for neurotransmitters or other ligands, 

making the channels highly selective and specific for biologically active compounds. 

Further, the ligand–receptor interactions in biosensors provide real-time chemical 

information.29,30 Ligands targeting ion channels are therefore important for therapeutic 

purposes as well as environmental and biowarfare  monitoring.31 The gating activities of 

ligand-gated ion channels (LGICs) are dependent on the concentration of the ligand that 

binds to the specific sites on the channel.   

A well-studied LGIC is the ATP-sensitive K+ channel (KATP). The KATP channels 

can be found in cardiac myocytes,32 smooth and skeletal muscles,33 brain,34 pituitary35 

and kidney,36 and pancreatic β-cells.37 KATP channels in pancreatic β-cells as an example 

are involved in the insulin secretion pathway (Figure 1.7).38 KATP channels react to 

fluctuations in blood glucose concentration by regulating insulin release.39 Thus, high 

levels of blood plasma glucose lead to glucose uptake resulting in high metabolism in β- 

cells, which eventually causes increased ATP production that closes the K+ channel. The 

closed KATP channels result in membrane depolarization whereby the voltage-gated 

calcium channels open to allow the influx of Ca2+ causing the release of insulin.  
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Figure 1.7. Regulation of insulin secretion in pancreatic β-cells. High levels of blood 

glucose leads to a glucose uptake that results in high metabolism in the β-cells and 

eventually the production of increased ATP that closes the K+ channel. The closed K+ 

channel leads to depolarization of the cell where influx of Ca2+ triggers the release of 

insulin. 

 

Under conditions where KATP channels malfunction or cannot close under high 

levels of blood plasma glucose, sulfonylurea drugs interact with the sulfonylurea receptor 

to close the channel. Alternatively, KATP channel openers such as diazoxide inhibit the 

release of insulin.40 KATP channels like other LGICs are highly selective, since the 

receptors of these channels display molecular recognition for their ligands.41 

Furthermore, IC sensors are highly sensitive, making it possible to measure and resolve 

single IC activities.42  
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1.2.2.3. Voltage-gated IC 

Living cells maintain an electrochemical gradient across the cell membrane via 

ICs and ATP-driven ionic pumps, resulting in the formation of membrane potential 

across the thin bilayer membrane (ca. 2.7- 4 nm) which acts as a capacitor.43 The electric 

field generated across the membrane is crucial for maintaining proper cell function. 

Proteins sensitive to membrane potential undergo conformational changes in response to 

the electric field generated. In some cases, LGICs are sensitive to changes in membrane 

potential, although the response to potential may be weaker than voltage gated ion 

channels (VGICs).44  

There are several mechanisms for voltage sensing in membrane proteins, 

however, a basic mechanism by which VGICs sense changes in membrane potential is 

via the reorientation of charged residues (eg. Arg, Lys, Glu) in the presence of an electric 

field.43 The K+ channel for example propagates nerve impulses in excitable cells by 

sensing the electric field in addition to possessing ion-selective conductive pores that 

regulate the probability of channel opening. The Na+ and Ca2+ channels have similar 

structural properties with K+ channels. The Na+ channels for example have four protein 

subunits with six subdivisions in each subunit labelled (S1 to S6).43 The first four 

subdivisions are used for voltage sensing45,46 while the last two of the six segments form 

a pore which are surrounded by the four protein segments. These inherent properties 

make the Na+ channels appropriate for developing highly sensitive and selective IC-based 

sensors.47 
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Apart from membrane channel proteins, voltage sensing can also occur in 

membrane receptors such as GPCRs. Generally, GPCRs are responsive to extracellular 

ligand interactions and are not considered to be voltage sensitive.43 However Slutsky et 

al.48 demonstrated that the binding affinity of acetylcholine (ACh) to muscarinic 

acetylcholine receptor (M2) was dependent on the voltage sensitivity of the receptor 

coupled to the intracellular G-protein complex. Thus ACh was observed to bind strongly 

to the receptor at the membrane potential.44,49  

1.3. MEMBRANE-BASED BIOSENSORS 

Biosensors generally are comprised of biological sensing elements and a 

transducer that transforms ligand-receptor interactions into measurable signals. The 

sensing elements contribute to the high molecular selectivity and sensitivity of chemical 

species amidst the complex matrix.50 Biosensors, including immunosensor-based 

detection, whole-cell potentiometric sensors,51 and membrane-receptor-based sensing,52 

make use of membrane protein receptors as recognition elements. The use of intact cells 

for biosensing provides several advantages and thus is commonly used. Receptor 

desensitization, which can frequently occur in isolated membranes, is greatly reduced in 

whole cells since the surface of the cell membrane can be replenished with fresh of 

receptors and cofactors. Further, the selective binding of ligands to membrane-bound 

receptors leads to large biochemical amplification in cells.53 An added advantage is the 

ability to obtain relevant biological information pertaining to ligand-receptor 

interactions.52  
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1.3.1. Ion channel-based sensors  

Ion channels are very diverse and each channel plays a key role in regulating 

physiological functions.54 LGICs are typically targeted by important biological 

molecules, and commonly explored for biosensor development.55 Generally, a ligand 

interacting with IC can modulate the flux of over 104 ions per second across the channel56 

corresponding to 25 pS in the KATP channel at a holding potential of 60 mV.  

 

 

Figure 1.8. Distribution of of molecular targets of drugs characterized into 

biochemical classes. Ligand gated ion channel are targeted by 7.9% of pharmaceutical 

drugs while rhodopsin-like GPCRs form ca 30% of drug targets. Redrawn from 

Overington et al.57  
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Regulators of transmembrane proteins (especially ion channels and GPCRs) are 

essential for diagnosis and disease management, hence are targeted by ca. 60% of current 

marketed drugs.58 On the contrary, isolated membrane receptors provide high specificity 

towards biological active species. Interferences from other membrane protein receptors 

are greatly reduced compared to intact cells or living systems where biochemical 

amplification is triggered by cascade of signaling events downstream. Thus in whole-

cells, the activation of one receptor can reduce the activation of another.53  

Apparently, the market value for therapeutic drugs targeting ICs is estimated to be 

US $12 billion, which is indicative of the efforts made to increase the percentage of drugs 

targeting ICs.57,59,60 Regardless of the attraction towards IC drug discovery, the use of ICs 

as drug targets is lagging considering the number of identified genes ( > 400) encoding 

ICs. 59 Additionally, only 7.9 % of pharmaceutical drugs target ligand-gated ICs (Figure 

1.8).57 The lag can be attributed to the method of screening ligands (mainly by 

electrophysiology) and also the limited chemical space of LGICs or the inability to detect 

wide range of ligands. These factors have slowed the number of newly discovered and 

marketed drugs released each year.61 To this effect, methods such as genomic science, 

rapid DNA sequencing, cell-based assays, and automated high-throughput screening 

systems have been developed to improve and expedite drug identification and 

validation.62,61 Likewise, efforts are being made to re-engineer ICs by chemically 

coupling to receptor proteins that bind wide range of ligands so as to increase the 

chemical space of ICs towards the development of high throughput screening systems. 

63,61  
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1.3.2. Ion Channel-Coupled Receptors (ICCRs) 

ICCRs are re-engineered IC proteins that have been covalently coupled to GPCRs 

so that ligand-GPCR interactions can modulate channel gating (Figure 1.9).64,65,66 GPCRs 

are a family of receptors that sense wide range of extracellular ligands thereby regulating 

important biological functions such as sense, smell, and mood. GPCRs are among the 

most diverse and largest family of cell surface signaling proteins within the mammalian 

genome.67,68 Upon ligand binding, the GPCRs undergo a conformational change which 

activates the G-protein complexes.69  

           `  

Figure 1.9. Ion channel gating modulated by ligand-GPCR interactions in ion channel 

coupled receptors (ICCRs). Ion channels are covalently linked to the GPCRs so that 

ligand-receptor interactions causes a conformational change in the GPCRs allowing 

electrical signals to be generated in the ion channel without the mediation of G-protein 

complex.  

 

Activation of the G-protein complex by the conformational change of ligand–GPCR 

interactions turn on cascade of downstream events that alter cell function resulting in 

complex signaling pathways.65  Despite the attractive properties of GPCRs, limitations 
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such as functional selectivity which involves multiple ligand activation via the same 

receptor affects the utmost utility and development of GPCRs for biosensing.70  

Additionally, the indirect and complex signaling pathways can generate false positive 

results in cell-based biosensors due to possible receptor down regulation and the 

inhibition of transduction pathways.53  

In the light of this, Vivaudou and co-workers successfully engineered the first 

functional fusion protein that covalently couples the C-terminus of the muscarinic GPCR 

(M2) directly to the N-terminus of the inwardly rectifier KATP channels (Kir6.2).66 The 

length of the fusion protein was optimized by short terminal deletions where physical 

cross-talk between the receptor and IC was achieved after the removal of 20-25 residues 

from the N-terminus of the K+ channel (Kir6.2) while preserving the C-terminus.  

Caro et al. created a β2-Adrenergic ICCR where human β2-adrenergic receptor 

(β2) was covalently linked to Kir6.2 ion channel to form β2-K.63 Unfortunately, the 

concept of M2-K fusion proteins that was extended to β2-K displayed poor surface 

expression in Xenopus oocytes expression systems. However truncation of 62-72 residues 

of the C-terminus of β2 enabled coupling with Kir6.2 and surface expression in the 

oocytes. The construction of ICCRs between various GPCRs and the KATP electrical 

probe requires the optimization of linker length and position in order to fully couple the 

ligand-receptor interactions to the flux of K+ through the KATP channel. 

Overall, ICCRs hold great promise towards the development of biosensors and 

drug screening assay platforms. Additionally, ligand-GPCR interactions in ICCRs lead to  
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a much simplified signal transduction pathway without the mediation of G-protein 

complexes in the cells. 

Furthermore, the biophysical properties of ICCRs, specifically the muscarinic 

acetylcholine receptor coupled to Kir6.2 (M2-K) has shown reversible binding to agonist 

and antagonists. Multiple ICCRs have been created including dopamine (D2) and 

rhodopsine receptors coupled to Kir6.2.63 Although the expression of ICCRs in Xenopus 

oocytes is controlled with well characterized biophysical properties, the behavior of 

ICCRs in artificial lipid bilayer membranes are yet to be explored.  

1.4. ELECTROPHYSIOLOGICAL STUDIES OF MEMBRANE PROTEIN 

CHANNELS 

Membrane protein channels in cells are commonly studied using 

electrophysiological measurements, also referred to as patch clamp methods. The patch 

clamp method has proven immensely powerful in the study and measurements of 

biological activities of IC in cells, both in vivo and in vitro.71 The method provides high 

quality and physiologically relevant data in addition to temporal resolution in the ms and 

µs regime. Although traditional transducers such as fluorescence probes and binding 

assays have higher throughput for IC screening, they do not provide enough information 

on channel function such as conformational structural change of the ion channels, ms and 

µs events that occurs during ligand receptor interactions.56 Thus, high information 

content and real-time measurement of ligand-receptor interactions are commonly 

explored using the patch clamp electrophysiological detection. 
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Figure 1.10. Patch clamp set up for electrophysiological recordings. A successful low 

noise recording is achieved by the formation of high electrical resistance seal between 

patch pipette and cell via mild suction. The Ag/AgCl sensing electrode with respect to the 

ground electrode allows electrophysiological measurement to be done in either the 

voltage clamp or current clamp mode. The electrodes are connected through the 

headstage of the patch clamp amplifier. 

 

Electrophysiological measurements require the use of Ag/AgCl electrode which 

allows ionic currents in solution to be converted to electrons and vice versa. The 

Ag/AgCl electrode performs well in Cl- solution especially when the sensing and ground 

electrodes are made to face the same buffer solution to avoid liquid junction potential. In 

the case where the buffer solutions are different, a liquid junction potential degenerates 

the coated AgCl on the silver wire during current flow which further results in the 

leakage of Ag ions into solution that can poison proteins in solution. Figure 1.10 shows 

the set up for the electrophysiological measurement using Ag/AgCl electrode as sensing 

and ground electrode. Here, the Ag/AgCl sensing and ground electrodes are connected to 
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the headstage of the patch clamp amplifier. Prior to electrophysiological measurements, 

the leakage current from the patch pipette and the junction potential are cancelled or 

compensated for. The use of a salt bridge made of 2-3 M KCl mixed with agar also 

provides a renewing junction between the ground electrode and bath solution.72  

The Ag/AgCl sensing and ground electrode allows electrophysiological 

measurements of ion flux across cell membranes in low pA current to be achieved. The 

relationship between the current generated versus the applied potential can be used to 

determine the conductance, packing density and number of channels in a membrane. The 

permeability of ions across the membrane is dependent on the membrane potential. When 

the cell is at a steady state there is no net flow of electrical current across the membrane, 

this phenomenon is called resting membrane potential. In the case where the ion channel 

is selective towards more than one ion, the resting potential is determined by the 

concentration of the dominating ion. The membrane reversal potential on the other hand 

is the voltage at which there is a directional change in current and it is equal to the Nernst 

potential for a uni-selective ion channel. The Nernst potential is then defined by the 

intracellular and extracellular concentrations of K+ and can be determined using the 

Nernst equation (equation 1).73  

�� = � ��
��	
 �� �[�� ]

[�� ]

                     (1) 

Where Ek is the reversal potential for K+, R is the molar gas constant (8.314 V C K-1 mol-

1), ZK is the charge on K+, T is the absolute temperature, F is Faraday’s constant (9.648 x 

104 C mol-1), and [�� ] and [�� ] are the extracellular and intracellular concentrations of 
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K+ (5 and 150 mM respectively). At room temperature of 20oC, the Nernst potential of K+ 

is - 86 mV. The Nernst potential is crucial in determining the potential at which 

membrane receptors and ion channels can be activated before studying their interactions 

with ligands. 

1.4.1. Ion channel membrane platforms 

The whole-cell and the artificial lipid membranes are the two main platforms by 

which membrane proteins are studied. Low noise electrophysiological measurements of 

membrane protein channel activities are much dependent on the electrical seal between 

cell membrane and patch pipette. A bad seal results in the leakage of ions across the glass 

pipette /membrane interface. Thus patch pipettes can be fire polished and coated with 

hydrophobic polydimethylsiloxane (PDMS) before use, this reduces the background 

capacitive currents that often results from charging the hydrophilic glass. The fabrication 

of glass micropipettes for the formation of artificial lipid membranes is different. Here, 

the fabricated pipettes with larger diameters (5-30 µm) are silanized before use. Surface 

functionalization reduces the surface energy of glass micropipettes, thus allowing the 

easy formation of bilayer membrane with high electrical resistance seal.74,75 Other 

methods such as photolithography can also be used for the fabrication of microapertures 

for electrophysiological studies of membrane protein channels. Detailed discussion is 

done in later sections of this chapter.  
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1.4.1.1. Cell-based sensor platform 

Cells are the most commonly used platforms for screening ligands against 

endogenous functional channels or reconstituted protein channels and receptors. The use 

of patch clamping to hold current or voltage across the cell membrane allows the studies 

of ligand-channel interactions in addition to characterizing gating functions.  

The process of patching is such that a fabricated pipette (diameter of pipette 

depends on the type of configuration) is brought in close proximity to the surface of the 

cell and a gentle suction is applied until a high electrical resistance seal (usually between 

10-100 GΩ) is formed. As depicted in Figure 1.11A, the formation of a gigaseal or cell 

attached configuration is crucial for obtaining other patch clamp configurations. The cell-

attached configuration allows the recording of current through single or few ion channels. 

Here, ligands interacting with extracellular receptors are introduced into the pipette 

solution.  

An inside-out patch can be formed from the cell-attached mode by gently pulling 

off a membrane patch from the cell. The excised membrane patch is usually 2-3 µm2.76 

This configuration allows ligands interacting with receptors in the intracellular or 

cytosolic part of the cells to be studied. Thus ligands are added to the bath solution. 

(Figure 1.11 B)  

In whole-cell recordings, the cell attached configuration is first achieved as 

described above, followed by rupturing the cell to have an electrical access to the 

intracellular part of the cell (Figure 1.11 C).76 Few seconds after breaking into the cell, 

the intracellular components of the cells equilibrate with the intracellular buffer in the 
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pipette.77 Whole-cell recordings allow the total current across the cell membrane to be 

measured; additionally one has total control over the extracellular side of the membrane. 

Although high signal to noise ratios are attained in whole-cell measurements, the 

excessive background membrane noise from the buildup of capacitance currents around 

the cell membrane prevents high single channel resolution measurement.  

Pulling pipettes away from the ruptured cell in whole-cell configuration leads to 

outside-out patch. Here, the cell fragments that are hanging out from the pipette re-

assemble with the extracellular side of the membrane facing the bath solution, thus 

allowing the interactions between ligands and isolated receptors to be studied (Figure 

1.11D). The ligands are added to the bath solution to interact with the extracellular 

receptors. The isolation of small membrane area in inside-out or outside-out patch 

(Figure 1.11B and D respectively) drastically reduces the large background capacitive 

current noise associated with membrane area and hence allow discrete changes in 

conductance to be measured during IC gating.78  

 



55 
 

 

Figure 1.11.Patch clamp configurations. A. Cell-attached configuration is formed by 

sealing tip of pipette into membrane to form a high electrical resistance seal by a gentle 

suction. B. Inside-out configuration is formed when patch pipette is gently detached from 

the cell allowing access to cytosolic part of the cell. C. Whole-cell configuration formed 

via rupturing into whole-cell after the formation of high electrical resistance seal from 

cell-attached mode. Few seconds after rupturing into the cell, there is equilibration 

between the contents of the cell and the intracellular pipette solution. D. Outside-out 

configuration can be formed from whole-cell method when pipette is detached from the 

cell. The detached patch reassembles with the extracellular side of membrane facing bath 

solution, thus allowing interaction of ligands with extracellular receptors.  

 

Generally, patch clamp measurements are performed in either voltage clamp or current 

clamp mode. However, the voltage clamp mode is commonly used since holding the 



56 
 

voltage constant and monitoring the current greatly reduces the background capacitance 

contributions from the cell membrane. In current clamp mode, the ramping of potential 

increases the capacitive noise from membrane cell. The capacitive noise is predominant 

in whole cells compared to excised patches which have smaller membrane area. 

Although cell membranes provide the natural lipid environment for reconstituted 

protein sensors, investigation of the ligand-receptor interactions in a complex cell 

membrane is very challenging. Additionally, the patch clamp method is low throughput 

due to the labor intensive and time consuming process involved.56 Furthermore, the short 

lifetimes and low tolerance of cell patches towards mechanical stress make the patch 

clamp method poorly suited for the development of IC-based sensors. To overcome these 

problems, artificial lipid bilayer membranes which are synthetic mimics of the cell 

membrane environment are used for the investigation of ligand-protein interactions.  The 

artificial membrane provides a simplified model of the cell membranes for IC studies. 

1.4.1.2. Synthetic lipid bilayer platform 

The use of model membranes or synthetic lipid bilayer membranes for the 

reconstitution of membrane proteins provides some advantages over cell-based methods. 

Here, the number of reconstituted proteins is well controlled without interference from 

other cellular components.79 Additionally, the synthetic lipid systems can be manipulated 

to improve the stability of the membrane to sustain channel function. 

 Various configurations for model membranes or lipid systems have been 

reported; however, the configuration remains the same. The basic configuration requires 

two electrodes for the measurement of current across ICs reconstituted into the lipid 
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bilayer membrane. The lipid bilayer membrane can be formed from vesicles or from 

planar phospholipid membrane. The planar membranes are classified into three main 

types, namely; suspended lipid bilayer membranes also known as black lipid membranes 

(BLM), free standing membranes, and supported membranes. 

 

Figure 1.12. Schematic showing the various types of lipid bilayer membranes formed 

from vesicles or planar phospholipid membranes. The planar phospholipid membranes 

are classified into suspended, supported and free standing methods. Each of the classified 

planar phospholipid membranes are formed by different methods.  
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1.4.1.2.1. Suspended lipid membranes  

The first model membrane was developed by Mueller et al. in the 1960s where a 

phospholipid solution was painted across a microaperture between two aqueous buffer 

solutions to form a BLM.80 BLMs can be formed by the painting,81 folding82, and tip-dip 

methods.83 Figure 1.13 shows a schematic of BLM formed across a glass microaperture. 

The formation of BLMs with biological thickness is dependent on the low surface energy 

of the aperture substrate and the solvent used in the preparation of the lipid.75 The type of 

solvent used specifically affects the membrane electric capacitance which is related to the 

dielectric thickness of the membrane.  Thus solvents that do not easily thin-out from 

between the lipid bilayer results in thicker membranes which affects the electrical 

capacitance of the membrane. 

 

 

Figure 1.13. Figure 1.13. Schematic of suspended lipid bilayer membrane or BLMs 

across a low energy micropipette aperture. The low surface energy improves the 
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interaction and lifetime of lipid the membrane. BLMs are most often formed by painting 

or tip-dip method across glass pipette aperture. 

 

1.4.1.2.2. Supported lipid bilayer membranes 

Supported bilayer lipid membranes (sBLMs) are formed by either spreading a 

lipid on the surface of a supporting substrate or tethering the lipid to the solid 

support.61,84,85 Other supported membranes have been formed on cushioned polymer 

support and used as cell-surface models.86 The sBLMs are more stable than BLMs and 

can be used for studying the interactions between small ligands and extracellular proteins 

(Figure 1.14 A). The drawback is that this method can denature pore forming toxins and 

transmembrane proteins more readily due to the interaction between membrane proteins 

and the substrate.84  Thus, cushioned polymers have been used to raise the bilayer above 

the solid support. Despite the support provided by the cushioned polymers, the fluidity of 

the lipid membranes is greatly compromised (Figure 1.14 B). 

 

Figure 1.14. Membrane protein labelled with antibody embedded in supported lipid 

bilayer membrane. A. the lipid membrane is supported on a solid substrate separated by 

a 1 nm water layer. B. Lipid membrane is raised above the supported using polymer 

cushion, thus preventing the denaturing of membrane proteins.  
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The Langmuir-Blodgett technique is a common method used for the formation of 

sBLMs. The bilayer is simply formed by the deposition of lipid material on the surface of 

a hydrophilic substrate which is immersed to and from the lipid solution. The method can 

be used for the formation of asymmetric lipid bilayer membranes.  

1.4.1.2.3. Free standing lipid bilayer membranes 

 The free standing lipid bilayer membranes are also used for the reconstitution and 

functional study of membrane proteins. The free standing lipid bilayer can be formed in a 

micropipette format87 or microchannel by contacting two monolayers formed at the water 

and organic solvent interface (Figure 1.15). 

 

 

Figure 1.15. Free standing lipid membranes formed from two aqueous droplets in organic 

solvent. Ag/AgCl electrodes were inserted into each droplet to allow current 

measurement across the bilayer. 
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The two aqueous droplets surrounded by the organic solvent are allowed to freely move 

in this system.88 A major drawback of this method is the inability to freely perfuse 

solution containing ligand across the droplet. Access to the aqueous side of the membrane 

is impaired.  

1.4.1.3. Enhancing the stability of model membranes 

Despite efforts to enhance the stability of lipid membranes to prepare stable sensor 

platforms, the temporal stability of the membrane platform is a major limitation affecting 

the long term studies of ligand-protein interactions. Due to the weak Van der Waals 

interactions existing between the lipid molecules, the lipid membranes rupture within few 

hours of formation. The lipid membranes also suffer from mechanical and electrical 

instabilities, and harsh chemical conditions. The enhancements of the next generation ion 

channel sensing technologies towards high throughput screening systems relies much on 

the use of highly stabilized artificial lipid bilayer platforms. Various strategies have been 

adopted to improve the stability of lipid bilayer membranes towards long-term screening. 

Stabilization methods include the use of lipids with branched chains, addition of 

cholesterol, cross-linking within lipid membranes using polymerizable lipids,89,90,91 and 

the reduction of aperture size.92   

1.4.1.3.1. Branched lipid chains 

1, 2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) is commonly used for the 

formation of BLMs. DPhPC lipids are stable over wide temperature range (– 120oC to 

120oC).5,93, 94 The lipid hydrocarbon chains are saturated and contain methyl groups in 
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positions 3, 7, 11, and 15 (Figure 1.16 A).  Although DPhPC is tapered towards the distal 

end of the lipid tail, the methyl-functionalized lipid tail allows the molecule to adopt a 

cylindrical shape by the formation of intercalated structure with neighboring lipids in 

planar membranes (Figure 1.16 B).5,93, 95  The saturated methyl-functionalized lipid tails 

improve the packing density and the stability of the lipid. Additionally, the rotational and 

lateral motions of the methyl-functionalized lipid tails in DPhPC are highly restricted 

compared to the unbranched dipalmitoylphosphatidylcholine (DPPC) lipids (Figure 1.16 

C).96 Thus the lipid tails in unbranched lipids are tapered towards the end forming a 

conical shape (Figure 1.16 D).  

 

 

Figure 1.16. Schematic showing lipid structure and effect of branching on bilayer 

property. A. Structure of DPhPC with highly branched lipid tail that improves the 

packing density and structural stability of the membrane. B. The methyl-functionalized 

lipid tail allows the molecule to adopt a cylindrical shape by the formation of intercalated 

structure with neighboring lipids in a planar membrane. C. The structure of DPPC 
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showing straight hydrophobic chains. D. Unrestricted lipid tail tends to form a conical 

shape in planar membranes.  

 

1.4.1.3.2. Addition of cholesterol 

A much more friendly approach to stabilizing lipid membranes is the addition of 

cholesterol. In cell membranes, cholesterol modulates membrane fluidity via interactions 

with the lipid moieties. Cholesterols have been shown to improve the packing density and 

thickening of lipid membranes4 while inhibiting the mobility or the flip-flop of 

phospholipids leading to decreased formation of pores and deformation in lipid bilayer 

membranes.94,97 Additionally, cholesterol broadens the phase transition temperature of 

lipid bilayer systems, thus allowing the bilayer to exist more in the intermediate liquid-

ordered phase. Furthermore, cholesterols increase the order and rigidity of the bilayer 

thereby preventing small fluctuation in lipid bilayer membrane. The rigidity introduced 

by cholesterol decreases the permeability of water and other inorganic molecules 

especially above the transition temperature of the lipids where there is a high probability 

of lateral migration of lipid molecules along the membrane.98  

1.4.1.3.3. Polymerization in lipid membranes 

Previous reports have demonstrated drastic improvements in the temporal stability 

of lipid bilayer membranes by physical cross-linking of polymerizable lipid moieties.90,99 

A major drawback to the wide utility of polymerizable lipids or small monomers is their 

ability to retain enough fluidity required for functional protein channel activities. 
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 Lipids carrying polymerizable moieties that are closely related to natural 

phospholipids have been synthesize to stabilized vesicles and lipid bilayer membranes.100 

A few of the polymerizable groups incorporated into polymerizable amphiphiles include 

styryl, diacetylenyl, sorbyl, methacryloyl, lipoyl, dienoyl, and acryloyl (Figure 1.17).101  

 

 

Figure 1.17. Common polymerizable groups used for the synthesis of polymerizable 

amphiphiles for stabilizing artificial lipid membranes. The polymerizable moieties which 

can be mono or bifunctional can be incorporated at the distal tail, middle of the lipid tail, 

close to the head group or on the head group of the lipid. 
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The location of the polymerizable moieties determines the property of the 

polymer.102 The polymerizable moieties can be introduced at the distal tail, middle of the 

lipid tail, close to the head group or on the head group of the lipid. Cross-linking at the 

distal tail as an example, have been shown to drastically decrease the fluidity of lipid 

membrane. The process of cross-linking in polymerizable moieties involve redox, 

thermal, and photochemical initiation.103 Redox and thermal initiators are mostly 

employed for styryl, sorbyl, acryloyl, dienoyl and methcryloyl compounds, with the 

exception of lipoyl compounds that are polymerized by redox initiators.101, 104 On the 

other hand, photopolymerization is effective for diacetylenyl, styryl, dienoyl and sorbyl 

moieties.101 Figure 1.18. Shows the various positions on a lipid where the polymerizable 

moieties can be incorporated. For example, the polymerizable dienoyl moieties are 

incorporated on the lipid tail near the lipid head groups of bis-dienoyl phosphocholine 

lipids. Thus, the irradiation of UV results in the cross-linking of lipid membranes as 

shown in Figure 1.18 B.  
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Figure 1.18. Polymerization in lipid membranes. A. Incorporation of polymerizable 

groups at variable positions on the lipid molecule. The polymerizable moieties can be 

synthesized near the lipid head group, the middle, and the distal end of the lipid tail 

which can be bifunctional or monofunctional. B. Formation of macromolecular lipid 

bilayer by polymerization via UV irradiation. The bilayer shows polymerization on the 

lipid tail near the lipid head group. Redrawn from reference.100 

 

1.4.1.3.4. Redox polymerization 

Cross-linking via redox reaction occurs when redox reagents which are mainly 

oxidants and reductants are used to generate radicals that initiate chain polymerization. 

Equation (1) shows the reaction between hydrogensulfite and persulfate anions which 

generate a sulfate radical that reacts with water to produce a hydroxyl radical (equation 

2). 
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The hydroxyl radicals in aqueous solution diffuse to the reactive groups in the lipid 

membrane regardless of the position of the reactive groups in the bilayer.105 Thus, the 

process of redox polymerization provides an advantage of reducing side chain reaction 

thereby preventing the degradation of membrane proteins.106 Additionally, short 

wavelength UV irradiation may possibly degrade polymer as the chain grows.101 Previous 

report have shown that redox polymerization are more effective for cross-linking of 

methacryloyl compounds than UV irradiation method.101 Additionally, O’Brien and 

coworkers demonstrated that the rate of cross-linking was dependent on the type of 

polymerizable moieties.107  

1.4.1.3.5. Polymerizable monomers and mixed lipid systems 

The stability of lipid membranes can be further improved by the use of small 

hydrophobic methacrylate monomers partitioned into the lamella region of the lipid 

bilayer.108 Previous reports demonstrated enhanced electrical stability of free standing 

lipid membranes prepared from a mixture of nonpolymerizable lipids,  polymerizable 

styrene and divinylbenzene monomers.109 A major setback in preparing such a lipid 

system is the variations in the amount of reactive polymerizable species that partitioned 

into the lipid bilayer thus resulting in wide fluctuations of the lifetime of bilayer after 

cross-linking. Additionally, the effect of oxygen which is a powerful inhibitor of 

polymerization sometimes prevents cross-linking within the bilayer, a process that is 

HSO3
- + S2O8

2- HSO3* + SO4
-*  + SO4

2- (1)  

SO4
-* + H2O                     HSO4

- + HO* (2) 
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applicable to polymerizable lipids as well. Thus sample mixtures are often degassed prior 

to cross-linking via UV-irradiation or redox reaction.110 

A mixture of polymerizable and nonpolymerizable lipids can be used to improve 

the stability of lipid systems. For example, Heitz et al. demonstrated the preparation of 

highly stabilized mixed lipid bilayer system that retains enough fluidity required for the 

proper function of alamethicin voltage-gated ICs.111 Polymerization can result in the 

phase separation of polymerized regions from monomeric regions leading to stable but 

porous membranes .100,112 The phase separation often lead to poor packing density and 

leaky membranes which affect the performance of bilayer sensor platforms. Overall, 

there is much potential for lipid bilayer membranes towards the development of robust 

ion channel sensor platforms and high throughput screening systems. 

1.5. ON-CHIP-BASED SENSOR PLATFORMS 

        Increasing demand for high quality IC screening assay platforms have 

propelled the development of different high throughput screening methods in order to 

obtain real-time measurements in ms and µ events that occurs during bind  and also rich 

microscopic information contents such as ligand-receptor interactions, conformational 

structural changes associated with ligand binding56 Major considerations for the 

development of ion channel assay technology include high sensitivity and selectivity, 

high throughput, robustness, flexibility, cost and market value.113                            

  The conventional patch clamp, two-electrode voltage clamp (TEVC), patch-on-

chip, and automated patch clamp have some of these attributes such as high quality 

information content and high sensitivity and selectivity. Unfortunately, the above listed 
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electrophysiological methods are of low throughput among other ion channel assay 

technologies.  

  The radioactive flux assays are mostly preferred to other IC screening assay 

formats due to the high throughput and the several hundred data points that can be 

obtained per hour with highly sensitive read out. The radioactive flux assay works 

indirectly by monitoring the activity of unlabeled ligand that displaces the 3H or 125 I 

labelled ligand bound to a protein channel or receptor. Despite the attractive attributes of 

the radioactive flux assay, the method is limited by the high expression levels of ion 

channels required to obtain high information content. Additionally, the poor temporal 

resolution which ranges from seconds to minutes makes the assay challenging for 

measuring intrinsic biophysical properties of ICs that are in the microseconds to sub-

milliseconds domain. Furthermore, there are problems associated with handling 

radioactive materials specific for ion channel under study and requirements for high 

expression levels of ion channels. Thus the radioactive-effluxes are used as secondary 

assays to confirm hits before engaging patch clamp.114 Other indirect methods such as 

calcium-sensitive dyes measure the change in concentrations of ion flux across Ca2+ 

channels. 

  The on-chip-based IC assay platform is promising for the development of high 

throughput screening systems while maintaining the high information content.115 Here, 

apertures created in glass or silicon substrates separate the extracellular and intracellular 

chambers. Tanzi et al.60 demonstrated the recordings of ion channel activity in whole-

cells captured on a patch-on-chip based platform. The chip was made of injection molded 
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polymer microfluidic device without through holes. Orifices were created on the chip 

which served as patch capillaries for high throughput screenings (Figure 1.19).60 The 

patch-on-chip was designed with robust perfusion system to allow for compound 

perfusion and cell loading. Figure 1.19B shows a patched cell in the on-chip-aperture 

format. 

 

Figure 1.19. On-chip based patch equipped with robust perfusion system. A. The 

system is design with patching channel that can allow for compound perfusion and cell 

loading B. electrodes position across a patched cell in a lateral aperture. Adapted from 

Tanzi et al.60 

 

  Figure 1.20 shows the performance and prospective of some patch-on-chip 

screening assays. The landscape clearly shows that patch-on-a-chip is a very promising 

IC assay format with high quality information content, sensitivity, and cost of 

development. Despite the attractive attributes, the low throughput of the method has 

greatly affected its development. The landscape in Figure 1.20 however, predicts that in 

the near future, patch-on-chip will become the leading ion channel assay technology with 

high temporal resolution and high throughput screening system targeting 100,000 data 
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points per day under $ 0.5.113  These predictions for the future attributes of patch-on-chip 

assay were based on the fact that multiple arrays of microapertures representing patch 

pipettes can now be simultaneously fabricated and used for multiple patching. We foresee 

a major problem in the use of cells for patch-on-chip assay. Such problems include 

instabilities of cell membranes and multiple agonist effect emanating from different 

ligands interacting with the same channels. However, replacing cells with synthetic 

mimic of cell membranes may be used to overcome these problems thus establishing the 

formation of robust sensor platforms towards high-throughput screening systems. 

 

Figure 1.20. Landscape of ion channel screening assays showing the performance of 

various technologies and the future prospective of the assays. The landscape compares 

the information content, throughput, sensitivity, compound screening, and low cost of 
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developing assays. The assay technologies listed are the conventional patch clamp, patch-

on-a-chip, two-electrode voltage clamp (TEVC), Voltage ion probe reader (VIPR) Chip-

based fluorescence (chip/fluor), electrical stimulation (E. Stim), fluorometric imaging 

(FLIPR), micro-arrayed compound screening (µARCS). Adapted from reference.113 

 

1.5.1. On-chip-based-BLM 

 Recent development in using artificial lipid bilayer systems to replace patch clamping 

for sensing strategies has seen some progress due to a more stable and homogeneous 

environment provided by the membranes.116  Black lipid membranes (BLMs) hold great 

promise for the development of integrated analysis systems for ion channel assays.117,118 

The BLMs can be supported on microchip119 and high precision (slope wall) fabricated 

microapertures.120 Baker et al.120 demonstrated the formation of reproducible and stable 

BLMs across high precision sloped wall microapertures made of SU8 negative 

photoresist (Figure 1.21).  
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Figure 1.21. Schematic showing artificial lipid bilayer suspended across SU8 negative 

photoresist micro aperture. The micro aperture was fabricated with high precision 

inclined slope wall method. The slope wall greatly increases the effective area of the 

bilayer required for the insertions of protein channels.   

 

The biocompatibility and straight forward fabrication procedures allow the apertures to 

be easily integrated with microfluidic-BLM integrated systems.120 Additionally, the 

microfluidic-BLM integrated systems allow simultaneous electrophysiological recordings 

and optical measurements. A future prospective of the BLMs is to automate their 

formation in a microfluidic and planar aperture format. This is dependent on the surface 

chemistry of the aperture and the dielectric property of the aperture material. Thus low 

surface energy provides a better electrical insulation and reduced leakage current for 

BLM sensor platforms. Other efforts to improve the high-throughput of planar patch 

clamp include the formation of apertures in track-etched quartz, PDMS, and glass 

substrate.121 
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1.5.2. On-chip BLM coupled to microchip electrophoresis 

Current methods for screening ligands using receptors in cells suffer from the 

complexity and interference of other signaling molecules. Thus, identification of ligands 

from complex matrice and data interpretation becomes somewhat challenging. Direct 

coupling of BLM based IC sensor platforms to microchip electrophoresis holds great 

potential for a high throughput screening system for selective and reproducible 

identification of drug targets. The coupling of separation channels or microchip 

electrophoresis directly to ion channel detector platform into a single integrated device 

may face a number of challenges such as, (1) the interference of high electric field from 

applied voltage along the separation column on the sensor platform and (2) receptor 

desensitization leading to the loss of agonist-response due to repetitive chemical analysis. 

The latter can be overcome by exposing fractionated electrophoretic bands from capillary 

separations to new receptors in an array format as previously reported.53 Thus, coupling 

capillary separation directly to IC sensor platform requires the construction of 

miniaturized device with high operational stability and electrical stability without the 

interference from the electric field. Previous works have proven microchip separation 

platforms to be robust, thus have the ability to withstand harsh chemical, temperature and 

pressure conditions. However, the effect of electric field strength directly on BLM sensor 

platforms is yet to be investigated. Additionally, the temporal response of BLM sensor 

platform to an eluting band from separation channel is crucial for the optimal 

performance of the device. Strategies have been employed as discussed in chapter 5 of 
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this dissertation to successfully coupled ion channel sensor platforms to microchip 

separations in a miniaturized device. 

1.6. DISSERTATION OVERVIEW 

This dissertation focuses on the key elements in the construction of an integrated 

device that couples microchip electrophoresis to IC-BLM sensor platform (Figure 1.22 

a). The device consists of three main components; planar microapertures, highly 

stabilized artificial lipid membrane, and biorecognition element (ion channels). 

 

 

Figure 1.22. Miniaturized device that couples microchip electrophoresis to planar BLM 

sensor platform. A. Device assembly showing on-chip-based BLM sensor platform. The 

BLM sensor platform consist of three main components which were individually studied 

in chapters of this dissertation; B. fabrication of microaperture in glass and in planar 

format with low energy surfaces. C. Enhancing lipid bilayer stability by chemical cross-
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linking within the bilayer using small polymerizable hydrophobic monomers. D. 

Bioengineered ion channel coupled receptors (ICCR).  

 

In Chapter 2, we address the challenges involved in the reproducible formation of BLMs. 

Here, strategies for the fabrication of glass microapetures and surface functionalization 

were discussed. Additionally, the effect of various glass surface modifiers on the 

formation of BLMs were investigated on two-dimensional planar glass substrate and 

three-dimensional micropipette apertures. 

  Chapter 3 focuses on the development of highly stabilized BLM sensor platforms 

by the use of polymerizable lipids and small polymerizable non-lipid monomers. Here, 

partial polymerization of small hydrophobic polymerizable monomers that were 

partitioned into the lipid bilayer was used as a strategy to maintain enough fluidity 

required for ion channel activity. Gramicidin ion channels were used as a test model for 

investigating the effect of increasing cross-linking on channel activities.  

  In Chapter 4, we investigated the transfection and expression of M2-K in HEK 

293T cells. The fusion protein showed positive response to both agonist and reverse 

agonist suggesting the successful reconstitution of the fusion proteins in HEK cells. 

Future work will focus on the purification and reconstitution of the fusion proteins in 

highly stabilized BLMs for long term screening.  

  Overall, this project seeks to couple the various components of the ion channel 

assay platform into a miniaturized device. The assembly of the three main components of 

the BLM platform is aimed at developing innovative sensors for rapid screening of 

important biological analytes. In chapter 5, the components of the sensor platform are 
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brought together in a device format. The core of the sensor, which is a bioengineered ion 

channel functionalized protein, is replaced by gramicidin ion channels. The gramicidin 

channels have similar properties as the KATP electrical probe in ICCRs. The 

microfabrication of the separation channel and device assembly is discussed. A major 

challenge in coupling microchip electrophoresis to biosensor platforms is the interference 

of the high electric field.53 Further evaluation of device performance and decoupling of 

high electrical field is also discussed. As proof of concept, IC reconstituted in stable 

BLMs across glass micropipette was coupled to microchip electrophoresis. 
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2. DECREASED APERTURE SURFACE ENERGY ENHANCES ELECTRICAL, 

MECHANICAL, AND TEMPORAL STABILITY OF SUSPENDED LIPID 

MEMBRANES 

2.1. INTRODUCTION 

Ion channels transport ions across biological membranes in a ligand, voltage 

and/or ion concentration-dependent manner.  Ion channels are potentially powerful 

transducers for high sensitivity, label-free chemical measurements because small changes 

in ion flux across phospholipid membranes can be measured electrically with high 

sensitivity.  Ion channels are increasingly used for nucleic acid sequencing,122,123,124 and 

genotyping,125,126 and have been used to detect electrochemically and optically inactive 

analytes,127 divalent metal ions,128 drugs,57 pesticides, and other compounds.129,130 The 

most common implementations of ion channel measurement for sensing and sequencing 

involve the reconstitution of ion channels into an artificial lipid bilayer suspended across 

a microaperture, commonly referred to as a black lipid membrane (BLM).81 A key 

limitation in the continued development of ion channel-functionalized sensors remains 

the ability to form BLMs with sufficient electrical, temporal and mechanical stability in a 

manner that is broadly applicable.131,132  Methods that overcome these limitations in a 

manner that is accessible to researchers across multiple disciplines will significantly 

enable the development of next-generation ion channel-functionalized biosensors.   

A number of mechanisms for BLM stabilization have been developed, including, 

but not limited to, integration of stabilizing polymer layers at the BLM interface, the use 

of reactive lipids, and reduction of aperture size.74  Stability can be improved by 
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sandwiching the bilayer between gel phase materials or viscous polymers.133,134,135,136 

While this approach is very powerful for nanopore sequencing and static sensor 

measurements, time-resolved sensing is limited in viscous polymers that inhibit 

diffusional access of analytes in solution to the ion channel, thus increasing response 

times.   

Increased BLM stability has been achieved using synthetic lipids via 

photopolymerization of reactive lipids.89,90,91  While polymerized BLMs offer 

unparalleled stability, their use is complicated by decreased membrane fluidity, which is 

required for ion channel insertion and activity.111  Further, synthetic polymerizable lipids 

are costly to produce and few are commercially available, significantly limiting the 

widespread adoption of this approach.137,138  To accelerate widespread sensor 

development, more robust and readily available methods are required for BLM 

stabilization.   

Methods that improve BLM stability by decreasing the size or modifying the 

surface chemistry of the aperture show promise because BLM function is not affected.  

Stable supported bilayers have been formed on hydrophilic glass substrates containing 

nm-sized apertures in which the lipid head groups interact with the glass surface (Figure 

2.1 A).92  While, the stability is markedly increased compared to micron sized apertures, 

primarily due to the reduced surface area of the BLM, the corresponding decrease in 

surface area complicates aperture fabrication and bilayer formation. The low nm aperture 

diameters also require extended time and ion channel concentrations to achieve active 

sensors.  Furthermore, this approach suffers from elevated conductance via ion leakage 
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through the ca. 1 nm H2O layer between the hydrophilic glass surface and the polar lipid 

head groups (Figure 2.1 A) due to enhanced  radial migration via the confined water layer 

upon voltage application,139 ultimately limiting the sensitivity of the sensor.  

To overcome this limitation, nm and µm-sized apertures fabricated in glass 

pipettes have been modified with 3-cyanopropyldimethyl-chlorosilane (CPDCS), which 

forms a self-assembled monolayer that decreases the energy of the glass surface,18,74,140 

analogous to the Montal–Mueller technique of folding two lipid monolayers from 

opposite sides of a Teflon aperture.141,142 Decreased surface energy facilitates lipid 

monolayer formation by promoting interactions between the hydrophobic lipid tail and 

the aperture substrate material,143,82 similar to that observed on large Teflon apertures.144  

On CPDCS-modified surfaces, BLMs form when lipid monolayers join from opposite 

faces of a pipette aperture to form a suspended bilayer (Figure 2.1 B).74,99  While CPDCS 

modification has proven useful in the formation of low leakage BLMs on glass 

apertures,90 the temporal and mechanical stability for µm-sized apertures desirable for 

sensor and sequencing experiments is still insufficient to catalyze widespread sensor 

development.   
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Figure 2.1. Schematic of BLM formation on unmodified and silane-modified glass 

microapertures. A. Unmodified micropipette apertures yield supported lipid bilayers with 

a conductive water layer approximately 1 nm thick.  B. Silane-modified micropipette 

apertures result in suspended lipid bilayers with a tails-down lipid orientation at the lipid-

glass interface. 

 

To address this key limitation in ion channel-functionalized sensor development, 

we explored the effect of the surface energy of the underlying aperture substrate on the 

electrical, mechanical, and temporal stabilities of corresponding BLMs.  Micron-sized 

glass apertures and surfaces were modified with silanes of varying functionality.  Surface 

characterization of modified planar Si substrates was utilized to identify candidates for 

aperture modification and subsequent studies of electrical performance and BLM 

stability.  The function of highly stabilized BLMs was evaluated via activity 

measurements of reconstituted ion channels.  The resulting BLM stabilization strategy 

provides a simple, broadly applicable approach for fabrication of highly stable BLMs that 

is broadly accessible. 
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2.2. EXPERIMENTAL 

2.2.1. Chemicals and materials 

KCl, 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) and α-hemolysin 

(α-HL) were purchased from Sigma-Aldrich (St. Louis, MO).  Ethyldimethylchlorosilane 

(EDCS), 3-aminopropyldimethylethoxysilane (APDES), n-octyldimethylchlorosilane 

(ODCS), 3,3,3–trifluoropropyldimethylchlorosilane (FPDCS), trimethylchlorosilane 

(TCS), (tridecafluoro 1,1,2,2-tetrahydrooctyl)trichlorosilane  (PFTCS), (tridecafluoro 

1,1,2,2-tetrahydrooctyl)dimethylchlorosilane (PFDCS), and (heptadecafluoro-1,1,2,2-

tetrahydrodecyl)dimethylchlorosilane (PFDDCS) were purchased from Gelest Inc. 

(Morrisville, PA).  3-cyanopropyldimethylchlorosilane (CPDCS) was purchased from 

TCI America Inc. (Portland, OR).  The structures of the chemicals are shown in Scheme 

2.1. 
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Scheme 2.1. Structure of silanes used for surface modification of substrates required for 

studying the effect of surface energy on hybrid bilayer formation or BLM formation. 

 

Na2HPO4, KH2PO4, anhydrous acetonitrile (ACN), 70% H2SO4, 30% H2O2 and NaCl 

were purchased from EMD Chemical Inc. (Gibbstown, NJ).  Ethanol was purchased from 

Decon Laboratories (King of Prussia, PA).  1, 2-diphytanoyl-sn-glycero-3-

phosphocholine (DPhPC), 1, 2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) in 

chloroform and 1, 2 dipalmitoyl-sn-glycerol-3-phosphoethanolamine-N-lissamine 

rhodamine B sulfonyl (Rh-DPPE) were purchased from Avanti Polar Lipids Inc. 

(Alabaster, AL).  Microscope cover slides (22 × 22 mm) and 100-oriented Si wafers used 

for surface characterization were purchased from VWR (Radnor, PA) and Wafer World 

Inc. (West Palm Beach, FL), respectively.  H2O used for all experiments was obtained 

from a Barnstead EasyPure UV/UF purifier with a minimum resistivity of 18.3 MΩ cm. 

2.2.2. Surface modification of planar substrates 

Silane monolayers were deposited on glass and Si planar substrates by a solution 

phase modification.  Prior to silanization, substrates were cleaned either by immersion in 

piranha solution (5:2 70% H2SO4:30% H2O2) for 30 min, or immersion in 1 M HNO3 for 

30 min, with no significant difference observed between the two cleaning procedures.  

Following cleaning, substrates were rinsed consecutively with H2O and acetone, and 

dried consecutively with compressed Ar and treatment at 70 oC for 15-30 min.  The 

substrates were immediately transferred to a 2% (v/v) solution of silane modifiers in 

solvent.  ACN was used as the solvent for CPDCS, FPDCS, TCS and EDCS surface 
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modifications, while toluene was used for ODCS, PFTCS, PFDCS and PFDDCS 

modifications.  The reaction was allowed to proceed at room temperature with < 20% 

relative humidity for 6 - 8 h.  Reactions that exceeded 8 h resulted in silane-aggregate 

formation observed by AFM, especially for PFDCS modifications.  Following the 

reaction, substrates were sonicated successively in ACN or toluene, ethanol, and H2O for 

5 minutes each and dried with compressed N2.  Static H2O contact angles, AFM surface 

scans and ellipsometry measurements were obtained within 30 min after substrate 

modification. 

2.2.3. Surface characterization by atomic force microscopy (AFM)  

An Agilent 5500 AFM (Agilent Technologies, Inc., Chandler, Az) was used in the 

tapping mode to measure surface roughness of native and modified SiO2 (Si/SiO2) with a 

NSC14/AIBS scanning probe tuned between 250 and 400 kHz with a force constant of 

5.7 N m-1. The standard scanning probe was mounted on a rectangular 3.4 ×××× 1.6 ×××× 0.4 mm 

Si chip, with tip height of 20 - 30 µm, tip radius < 10 nm and cone angle of < 40o.  A 

minimum of three samples were imaged with each substrate scanned at a minimum of 

three sites.  The image scan area was 1 µm2, and root-mean-square (RMS) surface 

roughness was analyzed using PicoView 6.2 software (Agilent). 

2.2.4. Surface characterization by ellipsometry 

Monolayer thickness on Si substrates was measured using a model 43603-200E 

ellipsometer (Rudolph Research, Santa Clara, CA).  The native SiO2 layer on Si substrate 



85 
 

(Si/SiO2) was measured to be 1.9 ± 0.02 nm based on a refractive index of 1.46.  A 632.8 

nm HeNe laser line was incident on the sample at an angle of 70o.102 

2.2.5. Contact angle measurements 

Contact angles on each modified and unmodified planar substrate were measured 

using the sessile droplet method at four locations for each substrate, and repeated for at 

least three replicate substrates.  2 µL H2O or n-decane droplets were manually deposited 

onto the surface of the substrates using a micropipette.  Images were acquired using a 

model TM-7CN video camera (Pulnix America, Inc., Sunnyvale, CA), and contact angles 

were measured with a model DSA 10 MK2 drop shape analysis system (Kruss, Charlotte, 

NC).102 

2.2.6. Formation of planar lipid membranes  

DLPC doped with 2 mol % Rh-DPPE was rapidly dried using compressed Ar 

followed by additional vacuum drying for 4 h.  Dried lipid-dye mixture was dissolved in 

PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 2 mM KH2PO4 at pH 

7.4) to a final concentration of 0.5 mg mL-1. Small unilamellar vesicles were formed by 

ultrasonication using a cup horn attachment (Model W-380, Heat Systems-Ultrasonics, 

Inc., Newtown, CT) for 30 min at 25 oC, or until the solution appeared clear.  Incubation 

of lipid vesicles on planar glass substrates cleaned with piranha was used as the control.  

Following 4 h of vesicle fusion, the lipid solution was exchanged at least 12 times with 

200 µL of PBS buffer to rinse excess lipids from solution.  The substrate surface was 

scratched to provide fluorescence contrast, and rinsed again with buffer to remove 
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floating debris.  Lipid bilayers were distinguished from monolayers by comparing the 

difference in relative fluorescence intensity of the lipid layers.145,74  The fluorescence 

images of lipid layers on glass substrates were collected using a Nikon Eclipse TE300 

inverted epifluorescence microscope with a 20×/0.13 N.A. objective (Nikon Instrument 

Inc., Melville, NY) and a Quantix 57 back-illuminated CCD camera (Roper Scientific, 

Tucson, AZ).  Images were captured using MetaVue software (Universal Imaging, 

Downingtown, PA) and analyzed using ImageJ.146 

2.2.7. Pipette aperture fabrication and silanization 

Borosilicate capillaries (World Precision Instruments, Novato, CA) with O.D. and 

I.D of 1.5 and 1.1 mm, respectively, were fabricated into pipettes containing 

microapertures using a P-97 micropipette puller (Sutter Instruments, Navato, CA) and 

fire polished with a model MF-900 microforge (Narishige, East Meadow, NY) to produce 

aperture diameters of 25 - 35 µm for BLM formation. Figure 2.2 shows the pipette 

fabrication process which involves the alignment of pulled pipette to glass bead (Figure 

2.2 A). The pipette is allowed to barely touch the glass bead and fused using mild heat 

via current applied to glass bead (Figure 2.2 B and C). The fused glass pipette was then 

aligned vertically with the glass bead and fire polished to the desired diameter as shown 

in Figure 2.2 D and E, respectively. 
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Figure 2.2. Fabrication of pipette microapertures for suspended lipid bilayer (BLM) 

formation. A. Glass pipette is aligned orthogonal to the glass bead. B. The pipette is 

allowed to barely touch glass bead. C. Mild heating of glass bead fuses glass to pipette. 

D. Fused opening of glass pipette is aligned vertically with the glass bead to facilitate fire 

polishing. E. Pipette is fire polished to desired diameter.  
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Figure 2.3. Image of glass micropipette aperture for BLM formation. A. Side view of 

fire polished glass pipette aperture (diameter is ca. 30 µm). Surface modification of glass 

aperture lowers the surface energy, which allows lipid monolayers from opposite faces of 

aperture to come together to form BLM. B. Top view of pipette tip containing aperture. 

 

Aperture diameters of 25 - 35 µm were specifically chosen because, BLM formations can 

easily be distinguished from supported bilayer formation (Figure 2.1) or clog formation. 



89 
 

Fabricated pipettes were filled and submerged in 0.1 M HNO3 for 30 min followed by 

rinsing with H2O.  The pipettes were subsequently rinsed with acetone and dried in an 

oven at 70 oC for 15 - 30 min. The pipettes were immediately filled and submerged in 2% 

(v/v) solution of silane modifier dissolved in either ACN or toluene (as previously 

described) for 6 - 12 h.    The resulting modified pipettes were rinsed with either ACN or 

toluene, followed by ethanol and H2O.   

Following the initial evaluations of FPTCS, monochlorosilanes or 

monoethoxysilanes were used for substrate modification because they form uniform 

monolayers on surface silanol groups compared to trichlorosilanes or triethoxysilanes, 

which freely polymerize to forming heterogeneous silane layers.147,148 

2.2.8. BLM formation and characterization 

BLMs were formed using a painting method described previously.90  Briefly, 

stock lipid solutions were dried using compressed Ar and then placed in a lyophilizer for 

at least 4 h.  Dried lipid was dissolved in n-decane to a final concentration of 10 mg mL-1.  

DPhPC was used for all BLM studies on functionalized pipette apertures. A 3 µL aliquot 

of lipid solution was applied to the tip of the pipette and dried with N2. Prior to BLM 

formation, pipettes were filled with recording buffer containing 1 M KCl and 5 mM 

HEPES (pH 7.4). The pipette was mounted on the headstage of a patch clamp amplifier 

(EPC-8 or EPC-10, HEKA Electronics, Bellmore, NY) and 2 µL of lipid solution was 

applied near the pipette tip after immersion into recording buffer. The lipid solution was 

swept gently across the aperture using a plastic pipette tip.  A 20 Hz square-wave pulse of 

± 5 mV versus Ag/AgCl was applied across the pipette aperture, and formation of a BLM 
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was indicated by a change in resistance from 10 - 100 KΩ (for an open pipette) to 1 - 10 

GΩ (for a BLM). 

To verify BLM formation, an increasing potential was applied across the 

membrane from -100 mV to 1000 mV in 10 mV increments of 50 ms duration, for a total 

of 110 steps. Figure 2.4 demonstrates the process involved in the rapture of BLMs 

suspended on CPDCS modified aperture as increasing square wave potential is applied 

across BLMs. The reproducible rupture of BLMs within a defind range of standard 

deviation (± 100 mV) was used as criteria for pipette selection. 
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Figure 2.4. Characterization of the the electrical properties of BLMs suspended 

across CPDCS modified aperture. The capacitive current trace shows an intact bilayer 

when increasing potential is applied from 0 to 400 mV followed by a pre-rupture of 

bilayer at 450 mV and a complete rupture at 500 mV. 
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When pipettes did not return to open resistance after applying 1000 mV, or 2000 

mV in the case of  BLMs suspended on perfluorinated modified pipette apertures, clean 

plastic pipette tips were dragged across the aperture to remove excess lipid/decane 

solution.  When failure to observe a BLM continued (i.e. the apertures were clogged), 

plastic pipette tips were repeatedly swept across the aperture while applying increasing 

potential (-100 to +1000 or +2000 mV) to clear the aperture. Air-water transfers (AWT), 

which refers to the number of times a bilayer survives transport across an air-water 

interface, and BLM conductance were also used to verify BLM formation.  To monitor 

ion channel activity, 2 µL of α-HL (0.5 mg mL-1 in recording buffer) was added to 500 

µL bath solution while applying + 40 mV across the BLM.  

2.2.9. Data analysis and presentation.  

All data is presented as mean ± standard deviation.  Error bars within the Figures 

represent 1 standard deviation from the mean.  A minimum of three replicate 

measurements were collected for each data set. 
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2.3. RESULTS AND DISCUSSION 

BLMs prepared on unmodified glass pipette apertures yield an increased 

conductance and decreased stability compared to those formed on hydrophobic aperture 

materials, likely due to the difference in membrane organization at the glass-lipid 

interface (Figure 2.1).92,149  While glass micropipettes provide a platform to more readily 

produce smaller apertures, the increased conductance caused by ion leakage via the thin 

hydration layer limits the overall utility of these apertures for single channel recordings 

of low conductance ion channels.92  CPDCS-modified apertures reduce membrane 

conductance and ion leakage and provide a moderate extension of BLM lifetime 

compared to bare glass apertures.18,74  To our knowledge, the effect of aperture surface 

energy, a key property in determining the assembly of supported lipid membranes has not 

been investigated as a tool to increase BLM stability.  If effective, this approach would 

provide a simple, low cost alternative to membrane stabilization that is more broadly 

accessible compared to existing stabilization methods and should therefore markedly 

accelerate the development of BLM-functionalized sensors.  We hypothesized that 

decreasing surface energy below that achieved by conventional CPDCS modification 

would enhance the interactions between the lipids and the substrate near the aperture 

opening, thus improving BLM stability.  Additionally, we hypothesized that amphiphobic 

surface modifications (repellent to both polar and non-polar solvents) would both 

expedite stable BLM formation and lead to more stable BLMs relative to hydrocarbon 

modifiers by excluding residual organic solvent at the BLM/support interface. To test 
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these hypotheses, we evaluated planar lipid membrane and BLM formation on varying 

modified substrates via surface and electrophysiological characterization. 

2.3.1. Characterization of lipid monolayer membranes on planar substrates 

We first evaluated the properties that lead to stable lipid monolayer formation on 

planar substrates to identify the optimal conditions for pipette and aperture surface 

modification.  To evaluate the formation of uniform silane monolayers on oxidized planar 

Si/SiO2 (Si substrates) after silanization, the monolayer thickness and surface roughness 

were measured.  Si substrates exhibited a lower surface roughness (RMS = 0.10 nm) than 

glass substrates (RMS = 0.30 nm), agreeing well with previous reports.150 Thus, Si 

substrates were used for subsequent surface characterizations.   

2.3.1.1. Surface characterization by atomic force microscopy (AFM)  

Tapping mode AFM was used to characterize the surface roughness of Si substrate 

after silanization. The surface profile of Si substrates were smoother (0.15 nm RMS) than 

glass (0.30 nm RMS) and therefore were used for surface characterization. The probe was 

tuned between 250 and 400 kHz.  A minimum of two samples were imaged with each 

substrate scanned at a minimum of three sites. Results in Figure 2.5 showed an increase in 

surface roughness of Si substrate after functionalizing with the various hydrophobic 

modifiers. The image scan area was 1 µm2, and root-mean-square (rms) surface roughness 

was calculated using Pico View 6.2 software.  
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Figure 2.5. Tapping mode AFM images of modified Si substrates. (A) CPDCS, (RMS 

= 0.33 ± 0.05 nm), (B) EDCS, (RMS = 0.31 ± 0.12 nm), (C) ODCS (RMS = 0.40 ± 0.08 

nm), (D) PFDCS (RMS = 0.50 ± 0.12 nm), (E) PFTCS (2.5 ± 0.4 nm) and (F) PFDDCS 

(0.68 ± 0.5) nm modified substrate. White spots indicate aggregate formation with height 

of ≈ 1 - 2 nm on PFDCS and PFDDCS-modified substrate. Aggregates were much larger 

on PFTCS-modified substrates with heights ranging from 5-7 nm. 

 

 

Table 2.1 shows silane surface roughness values, monolayer thicknesses, contact 

angles and derived calculated surface energies for the selected modifications. Monolayer 

thicknesses ranging from 0.3 ± 0.04 to 0.8 ± 0.1 nm were measured using ellipsometry 

after functionalization with monochlorosilane modifiers, whereas the trichlorosilane 

modifier (PFTCS) yielded substantial increases in monolayer thickness (Table 2.1).  The 

measured silane monolayer thickness was observed to increase with increasing 

hydrophobicity and chain length.  The roughness of modified surfaces was evaluated 
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since surface roughness influences surface energy measurements151 and substantial 

surface roughness may challenge the formation of BLMs on modified surfaces, or result 

in BLMs with low resistance electrical seals at the lipid-aperture interface.  The RMS 

roughness calculated from surface area scans of 1 µm2 was well within the accepted 

range of < 1 nm for BLM and planar supported bilayer formation for all 

monochlorosilanes examined, though PFTCS modified substrates exhibited RMS 

roughness of 2.5 ± 0.4 nm (Table 2.1).33 Large aggregates, ca. 5-7 nm tall, were observed 

on PFTCS-modified substrates (Figure 2.5), due to polymerization of the reactive 

trichlorosilane functional groups.  The formation of a highly polymeric and 

heterogeneous surface by trichlorosilanes was similar to trialkoxysilanes as previously 

reported. 148 The thickness of the large aggregates formed by PFTCS-modified substrates 

correlated with AFM surface roughness as shown in Table 1. Later studies showed 

frequent clogging of pipette apertures by PFTCS modifications thus challenging the 

formation of BLMs.  On PFDCS and PFDDCS-modified substrates, silane aggregates 

with diameters of 30 – 100 nm and ca. 2 nm tall were observed (Figure 2.5), although 

later studies revealed that these aggregates were not sufficient to challenge BLM 

formation.  
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Figure 2.6. Sessile droplet H2O contact angles on planar Si substrates; (A) as  

received, (B) piranha cleaned, (C) CPDCS (72 ± 2o ), (D) EDCS (88 ± 2o), (E) ODCS 

(100 ± 3o ), (F) PFDCS (109 ± 2o), (G) PFTCS (111 ± 4o) and (H)  PFDDCS (113 ± 4o ) 

 

Table 2.1 Surface characterization of silane monolayers on Si substrates. 

 

To evaluate the surface energy of silane-modified surfaces, sessile droplet H2O 

contact angles were measured on planar Si substrates Figure 2.6. Table summarizes the 

Surface  

modification 

Silane monolayer 

thickness 

(nm) 

Surface 

Roughness 

RMS (nm) 

H2O contact 

angle  

(degrees) 

n-decane 

contact angle 

(degrees)  

Surface 

energy 

(mJ m-2) 

Si (as received)   0.10 ± 0.03 34 ± 7 < 10  

Acid cleaned  0.00 0.16 ± 0.04 < 10 < 10 73 

CPDCS 0.3 ± 0.04 0.33 ± 0.05 74 ± 1 < 10 30 ± 3 

EDCS  0.5 ± 0.09 0.31 ± 0.1 93 ± 2 < 10 16 ± 1 

ODCS  0.5 ± 0.03 0.40 ± 0.08 100 ± 3 < 10  14 ± 2 

PFDCS 0.6 ± 0.08 0.50 ± 0.1 108 ± 2 52 ± 2 11 ± 1 

PFDDCS 0.8 ± 0.1 0.68 ± 0.5 113 ± 2 66 ± 3 7.1 ± 2 

PFTCS 5.5 ± 2 2.5 ± 0.4 111± 3 63 ± 3 7.9 ± 1 



97 
 

H2O contact angles, n-decane contact angles and the surface energies of the silane 

modifiers used in this work.  Surface energy was calculated using the Young-Dupré-

Good-Girifalco equation 1,152,153,154.  

��� � = 2����� � � ⁄ " 1 (1) 

where ϕ is a correction factor (assumed to be unity), and ��� and  � � are the interfacial 

free energies of solid-vapor and liquid-vapor interfaces, respectively. Using � � = 72.8 mJ 

m-2 for a H2O/atmosphere interface at 21.5 °C,155 the surface energy was calculated for 

each modified substrate.  

 

Figure 2.7. Contact angles and surface energy for planar silane-modified Si surfaces.  

Water (blue) and n-decane (grey) contact angles are indicated by the left y-axis.  Surface 

energy (red crosshatch) is indicated by the right y-axis.  

The static H2O contact angles for PFDDCS, PFDCS and CPDCS modifications agree 

well with previous reports.156,150,157  Acid cleaned substrates appeared thoroughly wetted, 
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thus the H2O contact angle was < 10o. A minimum surface energy of 7.1 ± 2 mJ m-2 was 

achieved by functionalizing the high-energy surface of Si substrates with PFDDCS 

(contact angle = 113 ± 2°), agreeing well with previous reports for CF3 modified 

surfaces.158,159  Control surfaces treated with ACN or toluene showed only a small change 

in water contact angle (< 40°) compared to acid cleaned substrates, suggesting that the 

dominant influence on surface energy under these conditions was surface silane 

modification.  Surface modifications that yielded the lowest surface energies, EDCS, 

ODCS, PFDCS, PFTCS and PFDDCS were selected for further investigation of BLM 

formation.   

Contact angles of n-decane droplets were also measured to investigate the 

amphiphobicity of silane modifications, since amphiphobicity may have an impact on the 

formation of BLMs on modified surfaces.  Following BLM painting, residual n-decane 

exisiting between monolayer leaflets and at BLM/support interfaces improves BLM 

stability by serving as a vibration absorber; however, excessive solvent layer thickness 

may increase electrical fluctuations during recordings160 and challenge BLM formation.  

Solvent evaporation, or thinning, facilitates interactions between lipid tails and substrate 

surfaces.144  On surfaces that are completely wetted by n-decane, membrane thinning may 

be much slower.  Thus, surfaces that are selective to lipid/substrate interaction over 

solvent/substrate are preferred.   

The n-decane contact angles measured on bare Si and on all the modified 

substrates showed complete wettability (< 10o) with the exception of PFDCS, PFTCS and 

PFDDCS-modified substrates , which yielded  contact angles of 52 ± 2o, 63 ± 3o, and 66 
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± 3o respectively Table 1 and (Figure 2.7). Although the number of fluorocarbons for 

PFDCS and PFTCS were the same, the n-decane contact angles were statistically 

different (29 ± 2 and 36 ± 3 respectively), likely due to increased surface roughness 

following polymerization of the PFTCS. The complete wetting of bare Si and the 

hydrophobic modified substrate may be due to the dominant long-range Van der Waals 

forces between bulk n-decane and the underlying Si.161,162  The observed amphiphobic 

character of PFDCS, PFTCS and PFDDCS-modified surfaces agrees well with previous 

reports160 and may be particularly advantageous for BLM formation, as poorer solvent 

(e.g. n-decane) wetting may lead to more rapid thinning and more direct contact between 

the lipids and the aperture substrate.    

Previous characterizations of lipid monolayers on modified substrates by 

fluorescence microscopy revealed that lipids exhibit a tail-down orientation to form lipid 

monolayers when vesicles were fused on CPDCS-modified planar glass substrates.25,145,74 

We followed a similar approach to evaluate membrane structure on the surface 

modifications investigated here.  Complete fusion of lipid vesicles on unmodified or high 

energy surfaces was observed after ca. 30 min; however, vesicle fusion on low energy 

surfaces required longer fusion times (ca. 4 - 8 h), agreeing well with previous reports.163  

The surface was scratched to remove lipids, producing a fluorescence contrast, and a line 

profile of relative fluorescence intensity drawn from the scratched area to the lipid layer 

was used to determine the difference in lipid layer thickness. Cremer et al. have shown 

that scratching removes the underlying lipid layer while permanent scoring was pH 

dependent.  Thus at basic pH, the scratch was permanent but heals at lower pH (4.5). 145   
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Figure 2.8. Fluorescence micrographs of lipid membranes deposited onto silane-

modified and unmodified glass substrates. (A) A fluorescent lipid bilayer was 

deposited onto an unmodified glass substrate.  The substrate was scratched prior to 

imaging to generate a contrast layer.  (B) The relative fluorescence intensity profile is 

shown for the region indicated in (A) by the red line. (C, E and G) A fluorescent hybrid 

lipid bilayer was formed on a PFDCS, PFTCS and PFDDCS -modified glass substrate 
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respectively by fusion of lipid vesicles to the modified surface (D, F, and H). The relative 

fluorescence intensity profile is shown for the region indicated in (C, E and G) by the red 

line.  The change in intensity shown in D and H is approximately half that shown in B, 

suggesting the presence of a hybrid bilayer on the PFDCS and PFDDCS-modified surface 

which results from assembly of the lipids in a tails-down geometry via interaction with 

the low energy surface. (E) A partial formation of hybrid lipid bilayer on PFTCS-

modified glass as a result of the heterogeneous surface.  Darker patches or defects 

represent regions which do not support monolayer formation. (F) The relative 

fluorescence intensity profile shown for the region indicated for (E) by the red line. 

 

The formation of hybrid lipid membranes on low energy PFDCS and PFDDCS-modified 

surfaces compared to unmodified glass agrees well with prior reports164 (Figure 2.8).  

Table 2.2 shows normalized fluorescence intensities for membranes deposited on silane-

modified surfaces.  Fluorescence intensities of the lipid layer on all silane-modified glass 

substrates were ca. 50% that of unmodified glass, which is well-established to support 

lipid bilayers, supporting the presence of a lipid monolayer formed due to lipid 

tail/substrate interactions.  All of the selected modified surfaces supported lipid 

monolayer formation within (4-8 h) of vesicle fusion, except PFTCS-modified surfaces.  

The normalized fluorescence intensity of lipid membrane on PFTCS corresponded to less 

than half a bilayer (0.35 ± 0.11) due to the heterogeneous surface of PFTCS-modified 

substrates (Figure 2.5), which had a significant influence on membrane deposition 

(Figure 2.8).  The adverse effect of heterogeneous substrates on uniform lipid monolayer 

membrane formation agrees with previous work.165  Although complete vesicle fusion 

occurred after ca. 10 h, defects were still present for PFTCS-modified substrates. The 

normalized fluorescence intensity of lipid monolayer membrane on PFTCS-modified 
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substrate, however, increased by 31% from 0.35 ± 0.11 in 8 h to 0.44 ± 0.04 in ca. 10 h 

for regions that supported hybrid bilayer formation.  Conversely, increased time of 

vesicle fusion on PFDDCS-modified substrate resulted in complete hybrid lipid 

membrane formation (0.51 ± 0.06) with no observable defects.  While vesicle fusion on 

high energy surfaces involve adsorption, rapture, and fusion, the mechanism of vesicle  

disruption on low energy surfaces is unknown.166 Although the rate of vesicle fusion 

leading to monolayer membrane formation is slowed on very low energy surfaces,164 the 

mechanism differs for BLM formation across modified pipette apertures which requires 

manual painting and solvent thinning. 

Table 2.2. Normalized fluorescence intensities of DLPC/Rh-DPPE layers on silane-
modified surfaces.  

Modifier Normalized intensity 

none (control) 0.96 ± 0.03 

CPDCS 0.51 ± 0.02 

EDCS 0.48 ± 0.02 

ODCS 0.50 ± 0.02 

PFDCS 0.52 ± 0.02 

PFDTCS 0.35 ± 0.11 

PFDDCS 0.45 ± 0.08 

2.3.1.2. Pipette aperture characterization 

Following the identification of suitable surface conditions to form uniform lipid 

monolayers on silane-modified planar surfaces, we directly evaluated the effects of silane 

composition on pipette surface chemistry and BLM formation.  Direct surface 
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characterization of glass micropipette apertures is challenging due to the surface 

topology; thus different, but complementary, characterization methods were employed.   

 

Figure 2.9. Estimation of H2O contact angle in 1.1 mm I.D, capillaries.  The 

capillaries were (A) acid cleaned, (B) CPDCS-modified, (C) EDCS-modified, (D) 

ODCS-modified (E) PFDCS-modified, (F) PFTCS-modified and (G) PFDDCS-modified.  

 

To evaluate the surface energy of the apertures, glass capillaries from which 

pipette apertures are fabricated were modified with CPDCS, EDCS, ODCS, PFDCS, 

PFTCS or PFDDCS.  APDCS, FPDCS and TCS were excluded from further study due to 

the high surface energies observed.  The interfacial free energies for the solid-vapor 

interfaces were qualitatively distinguished by capillary action as shown in Figure 2.9.  

The hydrophobicity in the modified glass pipettes increased (CPDCS < EDCS < ODCS < 

PFDCS = PFTCS < PFDDCS) as indicated by increasing H2O contact angles of 44 ± 2o, 

61 ± 1o, 90 ± 1o, 93 ± 2o, 94 ± 2o, and 101 ± 3o respectively.  Surface free energy (γ) for 

the solid-liquid interface was calculated for each condition based on equation 2,  

γ = $%&'
()��*     (2) 

where h is the equilibrium water rise height, Θ is the contact angle of the surface, r is the 

capillary radius, g is the gravitational constant, and ρ is the density of water.167  The high 
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surface energy of unmodified glass pipettes (68 ± 0.5 mJ m-2) was markedly reduced after 

modification with selected silane modifiers (Table 2.3).  Surface energies ranging from 

11 to 54 mJ m-2 were measured for the silane modifiers investigated, with the lowest 

surface energies corresponding to the perfluorinated modified surfaces.  Although the 

estimated surface energies in modified capillaries were higher than those observed on 

planar substrates, the decreasing trend in surface energy (Table 2.3) was similar, 

indicating that the silane modification protocol was suitable for modification of glass 

micropipette apertures.  

Table 2.3. Physical and electrical properties of BLMs suspended on silane-modified 
pipette apertures. 

Modifier Surface 

energy 

(mJ m-2) 

VB 

(mV) 

Air-

Water 

Transfer 

Normalized 

Conductance 

(×10-2 pS µm-2) 

Longevity 

(h) 

Pipette  

Capacitance 

pF 

Unmodified 68 ± 0.5 N.A. 1 17.2 ± 2.4 0.6 ± 0.3 1.6 ± 0.2 

CPDCS 54 ± 2.0 418 ± 73 2.0 ±0.2 5.8 ± 0.5 2 ± 1 0.55 ± 0.15 

EDCS 40 ± 0.8 525 ± 34 4.8 ± 1 4.7 ± 1.4 3 ± 1 0.30 ± 0.02 

ODCS 18 ± 0.4 605 ± 53 6.1 ± 2 2.4 ± 0.7 6 ± 2 0.21 ± 0.02 

PFDCS 16 ± 1.0 885 ± 62 > 50 8.3 ± 3.3 8 ± 1 0.19 ± 0.06 

PFDDCS 11 ± 1.0 > 2000* > 50 6.1± 1.2 > 13 - 

PFTCS 16 ± 0.9 N.A. N.A. N.A. N.A. - 

N.A. – not available due to the high frequency of clogs or unraptured lipid layers when a high 

potential (1000 mV) is applied across unmodified pipette aperture.  

* No breakdown, transient pores observed at 2000 mV 
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2.3.1.3. Evaluation of leakage current in modified pipettes 

Low energy surface modifications resulted in decreased ion conductance across the 

thin glass membrane near the micropipette tip. Ion conductance through the glass pipette 

contributes background current that limits the achievable S/N in BLM measurements. 

Additionally, capacitive effects at the glass surface result in transient currents which limit 

the temporal resolution with which conductance measurements can be made. To 

characterize these effects in sealed silane-modified pipettes, i-V curves and transient 

current measurements were recorded for unmodified, CPDCS, EDCS, ODCS, and PFDCS 

modified pipettes (Figure 2.10 A). Pipette conductance in pS was measured for each of the 

modifiers by recording the i-V curves (Figure 2.10 B) and  was found to be 67 ± 10, 26 ± 

5, 15 ± 0.6, 11 ± 1.4, and 10 ± 1 for unmodified, CPDCS, EDCS, ODCS, and PFDCS 

respectively. Results in Figure 2.10 A clearly showed > 50% decrease in ohmic leakage 

current after modification. Further, PFDCS and ODCS reduced ohmic current by 84% 

compared to 61% for CPDCS-modified pipettes.  
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Figure 2.10. Effect of modification on ohmic leakage current through sealed 

pipettes. A.The i-V curves showed significant reduction in leakage current after 

modifications compared to unmodified pipettes. PFDCS and ODCS decreased the 

leakage current by 84 %. B. Compares the background capacitive current of the various 

modified pipettes. The capacitive current was reduced by 88% for ODCS and PFDCS 

compared to 69% by conventional pipettes. 
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Pipette capacitance was measured by integrating the area under the transient current trace 

(Figure 2.10 B), and was found to be 1.6 ± 0.2 pF, 0.55 ± 0.15 pF, 0.30 ± 0.02 pF, 0.21 ± 

0.02 pF, 0.19 ± 0.06 pF for unmodified, CPDCS, EDCS, ODCS, and perfluorinated 

pipettes, respectively. Thus, perfluorinated pipettes reduced the background capacitance 

by 88 % compared to a 69% reduction by conventional pipettes. The results have shown a 

direct correlation between surface energy and ionic conductance across the thin wall of 

glass pipettes as determined by the background conductive and capacitive currents. Thus, 

pipette with low surface energies are good candidates for low noise recordings of ion 

channel activity in BLMs. 

We then explored the relationship between silane modifier composition and BLM 

stability.  BLMs were formed across modified micropipette apertures of 25 – 35 µm 

diameter, and membrane conductance, breakdown voltage (VB), longevity, and the 

number of air-water transfers (AWT) were measured as indicators of BLM stability.  

Membrane conductance and VB are complementary measures of electrical stability, while 

AWT and longevity are metrics of mechanical and temporal stability, respectively.   

Increased interaction between the lipid and the modified aperture surfaces should 

result in decreased ion conductance at the lipid-aperture interface.  All modifiers used in 

the present study, except PFTCS, were capable of supporting BLM formation and 

exhibited statistically significant reductions in leakage currents relative to unmodified 

glass pipettes (Table 3).  Despite a low surface energy, we were unable to form BLMs 

using PFTCS, likely due to the increased surface roughness and silane aggregation 

observed on planar substrates.  Upon closer analysis, ODCS-modified pipettes yielded a 
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two-fold reduction in mean BLM conductance compared with CPDCS-modified pipettes, 

with conductances of (2.4 ± 0.7) ×××× 10-2 pS µm-2 and (5.8 ± 0.5) × 10-2 pS µm-2, 

respectively. BLM conductance for EDCS modified pipettes was not statistically different 

from CPDCS-modified pipettes with 95% confidence.  Interestingly, BLM conductance 

on PFDCS and PFDDCS-modified pipettes (8.3 ± 3.3 and 6.1 ± 1.2 ×××× 10-2 pS µm-2, 

respectively) was statistically similar to CPDCS modified pipettes.  The increased 

conductance for PFDCS and PFDDCS relative to ODCS, which exhibits similar surface 

energy to PFDCS, may result from a combination of two possible phenomena.  First, 

silane aggregates observed in AFM images of the PFDCS-modified substrates (Figure 

2.5) may contribute to a poor electrical seal at the aperture-membrane interface, though 

not inhibit BLM formation.  Second, the amphiphobic property of PFDCS and PFDDCS 

modification may result in decreased annulus volume at the aperture-membrane interface, 

which would effectively increase the active area of the lipid bilayer, leading to increased 

total conductance. The later phenomenon is further supported by studies performed on the 

process of BLM formation which is dependent on solvent thinning across preconditioned 

apertures.144  Snyder et al. showed that BLM formation starts by expelling solvent from 

lipid monolayer leaflets into the annulus region.  Thus, the less solvent that exists 

between lipid monolayer leaflets, the faster the thinning rate and the larger the active area 

of BLM formed.168  In this study, bilayer area was assumed to be unaffected by surface 

modifications, which may have introduced systematic bias in the area-normalized 

conductance values. 
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VB represents the potential at which a large, non-linear increase in ion 

conductance is observed, resulting from electrical breakdown of the lipid bilayer.  Thus, 

VB provides an indication of the electrical stability of the BLM.  The observed VB for 

DPhPC bilayers suspended across CPDCS-modified apertures (418 ± 73 mV) agreed well 

with previous reports.169  For DPhPC BLMs suspended across CPDCS-, EDCS-, ODCS-, 

PFDCS- and PFDDCS-modified pipette apertures,  BLM breakdown was observed to 

increase with decreasing surface energy (Table 2.3), indicating that increased interaction 

between lipid tails and modified surfaces leads to improved electrical stability.  Bilayer 

breakdown can be classified as either irreversible or reversible, based on whether the 

bilayer reforms spontaneously (reversible) or not (irreversible).170,171  BLMs formed on 

ODCS-, PFDCS- and PFDDCS-modified pipettes underwent reversible breakdown, 

whereas BLMs suspended on CPDCS- and EDCS-modified pipettes underwent 

irreversible breakdown.  The reversible breakdown of BLMs on low energy surfaces may 

suggest that the mechanism of breakdown is affected by increased lipid-surface 

interactions at the bilayer-aperture interface, though investigation of the underlying 

phenomenon is beyond the scope of this work.   

AWT refers to the number of times a bilayer survives transport across an air-

water interface, and provides an indication of the relative mechanical stability of the 

BLMs since synthetic lipid membranes readily degrade when exposed to air.  As seen in 

Table 2.3, silane modification markedly increased the mechanical stability of the BLM.  

Interestingly, this effect is substantially higher for PFDDCS compared to other silanes.  

The observed increase in the number of air-water transfer measurements may be due to a 
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stronger intercalation between the hydrophobic tail of lipids monolayer and the 

underlying hydrophobic or amphiphobic substrate. 

BLM lifetime is measured as the average time required for a BLM to 

spontaneously breakdown under the application of a ± 5 mV 20 Hz square-wave test 

pulse. Decreased surface energy clearly resulted in increased temporal stability, with an 

average lifetimes of 6 to > 13 h observed for BLMs on ODCS, PFDCS and PFDDCS-

modified apertures compared to 2 ± 1 h for CPDCS-modified and 0.6 ± 0.3 h for 

unmodified apertures.  The increase in average lifetime likely results from the stronger 

interactions between the lipid and the underlying surfaces, minimizing gradual surface 

dissociation of lipids, which ultimately leads to catastrophic breakdown. 

Overall, improved electrical, mechanical, and temporal stability of BLMs 

suspended across silane-modified apertures was strongly correlated with decreasing 

aperture surface energy. We attribute this correlation to increased interactions between 

lipid tails and silane-modified aperture surface, which acts to anchor the BLM to the 

aperture.  Interestingly, increased BLM stability may not be strictly the result of 

decreased surface energy, but in the case of PFDCS- or PFDDCS-modified apertures may 

also benefit from selective lipid-substrate interactions. PFDCS and PFDDCS were unique 

among the surface modifiers due to their amphiphobic nature, which resists wetting by 

either H2O or n-decane.  Previous reports have shown perfluorinated surfaces are slightly 

wetted by lipids.28 We observed rapid (< 2 min) formation of BLMs across PFDCS- and 

PFDDCS-modified apertures, which may be due to the rapid exclusion of residual n-

decane from the monolayer leaflets and at the BLM/support interface.  Exclusion of n-
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decane from BLMs suspended across CPDCS-, EDCS-, and ODCS-modified pipettes 

was slower and thus required 5-10 min to reach stable recordings, when monitored by 

conductance curves.  While the present work did not study the wettability of modified 

surfaces by lipids, it is likely that lipid/substrate interactions favored over n-

decane/substrate interactions play a crucial role in the marked improvement of BLM 

stability observed on PFDCS- and PFDDCS-modified apertures.   

2.3.2. Reconstitution of ion channel forming peptide 

To ensure that the increased stability observed for silane-modified apertures did 

not negatively affect BLM fluidity and thus ion channel recordings, the bacterial protein 

(α-HL) was reconstituted into BLMs formed across apertures modified with varying 

silanes.  α-HL forms a 26 Å diameter pore with a characteristic conductance of 1 

nS,172,173 and is commonly utilized for BLM characterization.  Insertion of α-HL was 

evaluated by monitoring the ion current across the BLM. Reconstitution of α-HL into the 

BLM was observed as a step increase in current of approximately 40 pA (Figure 2.11), at 

which time bath solution was immediately diluted to prevent multiple ion channel 

insertions.  Table 2.4 summarizes the mean conductance measured upon reconstitution of 

α-HL into BLMs supported on silane-modified apertures.  The α-HL conductance in each 

case (ca. 1 nS) agrees well with previous reports,173 and no statistically unique 

populations were observed.  αHL reconstitution clearly demonstrated that stabilized 

BLMs formed on silane-modified pipette apertures exert no negative impact on ion 

channel activity.   
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Figure 2.11. Single ion channel recordings of α-HL in DPhPC BLMs suspended 

across (A) CPDCS; (C) EDCS; (E) ODCS; (G) PFDCS; and (I) PFDDCS-modified 

micropipette apertures.  Corresponding all-points histograms of α-HL in DPhPC 

suspended across (B) CPDCS; (D) EDCS; (F) ODCS (H) PFDCS and (J) PFDDCS-

modified micropipette apertures show no distinct subpopulations. Baseline ion 

conductance for BLMs suspended across modified apertures decreased with increasing 

hydrophobicity. 

Table 2.4.  α-HL conductance in BLMs suspended from silane modified glass apertures. 
Modifier  α-HL conductance (nS) 

CPDCS  0.93 ± 0.11 

EDCS  0.83 ± 0.23 

ODCS  1.03 ± 0.05 

PFDCS  1.00 ± 0.08 

PFDDCS 0.92 ± 0.06 
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Interestingly, a decrease in baseline noise was observed that corresponded to 

decreased surface energy.  This phenomenon is likely due to decreasing dielectric 

properties of the apertures which are similar to low-noise recordings observed for BLMs 

suspended across highly hydrophobic Teflon apertures.174  Thus, ODCS yields a ca. 2-4 

fold reduction in ion conductance compared to PFDCS and PFDDCS-modified apertures, 

the reduced baseline noise generated by PFDCS or PFDDCS modification may offset this 

difference for future sensor measurements.  

2.4. SUMMARY AND CONCLUSIONS  

This study addressed a key requirement for long-term, widespread realization of 

ion channel-functionalized sensors – increased membrane stability.  Surface-modified 

planar Si substrates were investigated to identify substrate modifications that lead to 

highly stable BLMs for long term recordings.  Low energy surfaces were found to 

provide markedly enhanced BLMs with respect to electrical, mechanical and temporal 

stability while supporting lower noise ion channel recordings.  Of particular interest, 

modification with perfluorinated silane modifiers, PFDCS and PFDDCS afforded four to 

seven-fold increase in BLM lifetime, a two to five-fold increase in electrical stability, and 

a > 25-fold increase in mechanical stability when compared to conventional (CPDCS) 

modifications.  This approach is simple, low cost and widely accessible, suggesting that it 

could immediately impact the development of ion channel-functoinalized sensors and 

other techniques that rely upon the formation of stabilized lipid bilayers across micron 

sized apertures.   
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3. METHACRYLATE POLYMER SCAFFOLDING ENHANCES THE 

STABILITY OF SUSPENDED LIPID BILAYERS FOR ION CHANNEL 

RECORDINGS AND BIOSENSOR DEVELOPMENT 

3.1. INTRODUCTION 

Ion channels possess a number of desirable properties that make them useful for 

analytical applications, including ion selectivity, chemical or mechanical gating, inherent 

signal amplification, well-defined open and closed states and simple electrical 

readout.175,176,66 Suspended lipid bilayers, also known as black lipid membranes (BLMs), 

provide an important synthetic membrane environment to study the function and activity 

of ion channels and serve as key components of ion channel-functionalized analytical 

platforms.122,123  A major limitation of ion channel-functionalized sensor platforms is the 

ability to form BLMs with adequate electrical, mechanical,140 and temporal 

stabilities.132,109,177   BLM instability arises from the relatively weak noncovalent forces 

of interaction between lipid molecules in the membrane, which are insufficient to 

maintain the structure of BLMs under mechanical and electrical stresses.91 Additionally, 

the interaction forces between the lipid membrane and the underlying substrate 

significantly affect the temporal stability of BLMs.75,92 

The development of robust BLMs has been a major research challenge. Methods 

have been developed to enhance the stability of BLMs including reducing aperture size,74 

reducing the surface energy of aperture substrates,75 sandwiching the BLM between 

hydrogel layers,178 and chemical cross-linking by photopolymerization of reactive 

amphiphiles.111,16,17,18  Benz et al. pioneered the direct polymerization of lipid membranes 
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as a method of stabilizing BLMs, and identified lipid compositions for developing 

synthetic ion channel-functionalized sensors.89  Reactive chemical functionalities can be 

introduced into the structure of lipid amphiphiles during synthesis to allow cross-linking 

at the lipid headgroup or within the lipid tail.101  The degree of cross-linking in polymeric 

membranes depends on the type of polymerizable lipid and method of polymerization 

used, and affects the fluidity and stability of the lipid membranes.91 While polymerization 

has significantly enhanced the stability of BLMs, rigid polymeric membranes inhibit the 

function of some ICs due to insufficient membrane fluidity.111  In addition, synthetic 

polymerizable lipids are difficult to utilize, few are commercially available, they are 

difficult and costly to produce, and have short shelf lives.  

A number of approaches have been explored to address the challenge of 

membrane fluidity. Schmidt and coworkers created stable, long-lived BLM platforms for 

single-channel measurements by encapsulating a free-standing membrane within a 

polymerized gel in situ.178  Although the lifetime of the BLM was greatly enhanced, the 

method reduced the diffusive transport of the ion channel into the BLM by as much as 

70%.  BLMs have been prepared from mixtures of polymerizable and nonpolymerizable 

phospholipids which allowed adequate fluidity to observe normal ion channel 

activity.111,18  Shenoy and co-workers reported improved bilayer lifetime using a mixture 

of polymerizable and nonpolymerizable lipids,179 though wide fluctuations were observed 

in the lifetime of UV-irradiated BLMs due to variations in the amount of reactive 

polymerizable lipids that partitioned into the BLM.  Heitz et al. demonstrated the 

preparation of highly stable BLMs from a mixture of polymerizable (bis-dienoyl 
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phosphatidylcholine) and non-polymerizable 1, 2-diphytanoyl-sn-glycero-3-

phosphocholine (DPhPC) lipids, a mixture that retained sufficient fluidity for 

reconstitution and proper function of ion channels.111  Meier et al. enhanced the electrical 

stability of free standing lipid membranes, in which BLMs were formed from a mixture 

of nonpolymerizable lipids and polymerizable styrene and divinylbenzene monomers,109 

though the longevity of the BLMs, fluidity and compatibility with ion channel 

reconstitution were not investigated.  

Here, we demonstrate a simple and cost effective method of improving the 

stability of BLMs from a mixture of nonpolymerizable lipids and commercially available, 

polymerizable methacrylate monomers that partition into the lamella region of the lipid 

bilayer.  BLMs prepared in equimolar mixtures with nonlipid, hydrophobic methacrylate 

monomers were evaluated for their electrical, mechanical, and physical properties before 

and after UV photopolymerization.  The results show dramatically enhanced BLM 

stability and maintenance of incorporated ion channel activity.  
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3.2. EXPERIMENTAL SECTION 

3.2.1. Reagents and materials 

Gramicidin A, ethylene glycol dimethacrylate (EGDMA), KCl, 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and α-hemolysin (α-HL) were 

purchased from Sigma-Aldrich (St. Louis, MO). Gramicidin A was diluted to 10 µg/mL 

in ethanol. Tridecafluoro 1, 1, 2, 2-tetrahydrodimethylchlorosilane (PFDCS) was 

purchased from Gelest, Inc. (Morrisville, PA).  3-cyanopropyldimethylchlorosilane 

(CPDCS) was purchased from TCI America, Inc. (Portland, OR).  Anhydrous acetonitrile 

(ACN) and NaCl were purchased from EMD Chemical Inc. (Gibbstown, NJ).  Ethanol 

was purchased from Decon Laboratories (King of Prussia, PA). Butyl methacrylate 

(BMA) was purchased from Alfa Aesar (Ward Hill, MA) and diethoxyacetophenone 

(DEAP) was purchased from Acros Organics (Pittsburgh, PA).  1, 2-diphytanoyl-sn-

glycero-3-phosphocholine (DPhPC) lipid in chloroform was purchased from Avanti Polar 

Lipids, Inc. (Alabaster, AL). Nanopure water was obtained from a Barnstead EasyPure 

UV/UF purifier with resistivity of 18.3 MΩ cm. 

3.2.2. Pipette aperture fabrication and surface modification 

Borosilicate capillaries (1.5 outer diameter and 1.1 mm inner diameter) were 

purchased from World Precision Instruments, (Sarasota, FL) and were fabricated into 

pipette apertures with 25 - 30 µm diameter using a P-97 micropipette puller (Sutter 

Instruments, Novato, CA) and fire polished with a model MF-900 microforge (Narishige, 

East Meadow, NY) for BLM formation. Glass pipette apertures were silane 

functionalized using a solution phase method reported previously.75   Briefly, glass 
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pipettes were filled and submerged in 0.1 M HNO3 for 30 min followed by rinsing with 

H2O at least 3 times. The pipettes were rinsed with acetone and dried on a hot plate at 80 ̶ 

100 oC for 5 min or in an oven at 70 oC for 15 ̶ 30 min.  The pipettes were filled with then 

submerged in 2% v/v silane solution in either ACN (for CPDCS) or toluene (for PFDCS) 

for 6 ̶ 12 h.  Pipettes functionalized with CPDCS were rinsed with ACN while PFDCS-

modified pipettes were rinsed with toluene. Finally, the resulting CPDCS- or PFDCS-

functionalized pipettes were rinsed with ethanol and H2O. Only those silane-modified 

glass pipette apertures that showed a high success rate (> 80%) in the formation of 

BLMs, as monitored by repetitive formation and voltage-induced breakdown, were 

selected for use in further experiments. 

3.2.3. Formation and characterization of BLMs 

DPhPC dissolved in n-decane to a final concentration of 20 mg/mL was used to 

form BLMs by the painting method.  Briefly, stock lipids suspended in chloroform were 

dried using compressed Ar followed by overnight vacuum and reconstituted in n-

decaneto a concentration of 20 mg/mL.  Conventional (unpolymerized) BLMs were 

prepared with this solution.  Methacrylate-doped BLMs (MA-BLMs) describe BLMs 

prepared using a mixture of lipid, methacrylate monomers and photoinitiator in the 

absence of UV photopolymerization.  PSS-BLMs describe MA-BLMs that were 

subsequently photopolymerized.  For MA-BLMs and PSS-BLMs, DPhPC solutions were 

prepared with BMA, EGDMA and DEAP as follows.  Initially, radical inhibitors were 

removed from BMA and EGDMA using an alumina column (Al2O3, 50-200 µm, 60 Å, 

Acros).  The monomers were then combined in 1:1:1 ratios with DEAP to yield a solution 
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referred to as a monomer mixture, followed by addition of one equivalent of lyophilized 

DPhPC to yield and overall mixture of 1:1:1:1 composition of 

BMA:EGDMA:DEAP:DPhPC.  The lipid/monomer mixture was vortexed for 30 s prior 

to the addition of n-decane. The final concentration of each component was 0.024 M.   

BLMs were formed by addition of 2 µL of lipid or lipid/monomer mixture 

solution dissolved in n-decane to the pipette tip and dried with N2 gas. Pipettes were back 

filled with recording buffer (1 M KCl, 5 mM HEPES, pH 7.4) and mounted on the head 

stage of a patch clamp amplifier (EPC-10, HEKA Electronics, Bellmore, NY). The bath 

chamber was filled with recording buffer and connected to the reference electrode via a 

salt bridge. The lipid or methacrylate-doped lipid solution was painted by gently 

sweeping a plastic micropipette tip across the silanized pipette aperture submerged in the 

recording buffer. 

Formation of BLMs or MA-BLMs across silanized pipette apertures was 

monitored by the spontaneous increase in electrical resistance from open pipette 

resistance (50 ̶ 100 KΩ ) to > 2 GΩ. Further, the formation of BLM or MA-BLMs was 

verified by applying an increasing potential from 0 to 2000 mV in 10 mV increments of 

50 ms duration.  Additionally, the appearance of transient pores in BLMs under applied 

electrical fields was used to indicate the existence of BLMs prior to UV irradiation, 

although care was taken not to allow complete rupture of the BLM upon observation of 

transient pores. Subsequently, MA-BLMs were polymerized, forming PSS-BLMs, by UV 

irradiation using a pen lamp (UVP, Upland, CA, Model 90-0012-01) at a distance of 3 ̶ 5 

cm from the BLM.  
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The biophysical properties of conventional, MA- and PSS-BLMs were 

characterized by the reconstitution and measurement of gramicidin A or α-HL activity.  A 

0.5 µL aliquot of stock gramicidin peptide (10 µg/mL) in ethanol was added to 500 µL 

bath solution to a final concentration of 10 ng/mL and allowed to incubate with the 

BLMs.  The activity of gramicidin was monitored with a potential of 70 mV applied 

across the BLMs.  Quantized changes in current were typically observed within 2 min of 

adding gramicidin to the bath solution.  2 µL of α-HL (0.5 mg/mL in recording buffer) 

was added to bath solution containing 500 µL of recording buffer and the insertion of IC 

measured a bias potential of + 40 mV across the BLM. Bath solution was sometimes 

diluted after the addition of α-HL depending on the rate of insertion. 

3.2.4. Conductance measurement 

The conductance of conventional BLMs, MA-BLMs and PSS-BLMs was 

measured by applying a square wave of increasing potential from -100 to + 100 mV in 10 

mV increments of 50 ms duration.  The potential was held at 0 mV for 10 ms before and 

after applying each pulse. The average of the steady state current between 30 to 50 ms 

(following capacitive decay) was plotted versus the applied potential.  The conductance is 

reported as the slope of the current versus potential plot and normalized for pipette 

aperture area, as a first approximation of BLM area. A minimum of three pipettes each 

were used for evaluating BLMs suspended across CPDCS or PFDCS-modified pipette 

apertures. For each pipette, a minimum of three BLMs was analyzed to determine the 

mean conductance.  
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3.2.5. Assessment of BLM stability  

The stability of conventional, MA and PSS-BLMs was quantified by measuring 

breakdown voltage (VB), longevity and air-water transfer count (AWT).  VB is the 

potential at which the BLM undergoes irreversible rupture, and is measured by applying 

an increasing potential from 0 to 2000 mV in 10 mV increments of 50 ms duration and 

observing the potential at which a large, non-linear increase in current occurs.  The mean 

VB indicates the electrical stability of BLMs.  AWT refers to the number of times a BLM 

survives transport across the air-water interface before it ruptures.  Longevity was 

measured as the average time required for the bilayer to undergo rupture under the 

application of a ± 5 mV 20 Hz square-wave. 

3.2.6. Statistical analysis 

All data is presented as mean ± standard deviation. For each measurement, a 

minimum of three BLM replicates on at least three different pipettes were collected.  For 

each BLM stability metric analyzed, outlying data was assessed using the Q test at the 

90% confidence level.  All statistical comparisons were performed using Student’s t-test 

at the 95% confidence interval. Single-channel recordings with corresponding histogram 

and mean open times were analyzed using TAC (X4.3.3) and TACfit X4.3.3 (Bruxton). 

The fit duration histogram for open probability and construction uses the Sigworth and 

Sine transformations.180  
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3.3. RESULTS AND DISCUSSION 

3.3.1. Methacrylate doped BLMs 

Figure 3.1 shows a schematic of a BLM suspended across a glass micropipette 

aperture functionalized with either CPDCS or PFDCS.  Glass pipette aperture surfaces 

were first functionalized with either CPDCS or PFDCS to lower the surface energy, 

which is necessary to yield the tails-down lipid configuration required to form BLMs as 

presented in chapter 2.  The resulting membrane orientation across the modified glass 

pipette aperture is analogous to the folding of two lipid monolayers from opposite sides 

across Teflon apertures as described by Montal and Mueller.82  Decreased substrate 

surface energy enhances BLM stability by improving the force of interaction between the 

lipid membrane and the substrate (Fms).75,143,181  However, the weak van der Waals forces 

(FV) and electrostatic forces (FE) of interactions between adjacent lipid molecules limit 

the  temporal, electrical, and mechanical stability of BLMs. For example, when BLMs 

are suspended across silane-functionalized glass apertures with decreased surface energy, 

the inherently weak forces of interaction between the lipid molecules in the self-

assembled bilayer (Figure 3.1, FV,E) limit the average longevity of the BLMs formed on 

CPDCS- and PFDCS-modified apertures to 2 ± 1 h and 8 ± 1 h, respectively (Tables 3.1 

and 3.2).75   
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Figure 3.1. Schematic of a BLM on a modified pipette aperture. A hybrid bilayer 

membrane (left) forms by the adsorption of a lipid monolayer membrane on silanized 

glass pipette aperture, where the R group is either CPDCS or PFDCS.75, 143 A bilayer 

forms across the aperture. 

 

To overcome these limitations, we investigated the fabrication of a polymer scaffold 

within BLMs suspended across silane functionalized glass apertures to provide additional 

stabilizing interactions.  For these studies, BLMs were prepared on two silane modified 

surfaces chosen based on the prevalence of CPDCS modifications74,99 in the BLM 

literature and the recently demonstrated significantly enhanced BLM lifetimes provided 

by PFDCS.75   
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3.3.1.1. Methacrylate polymer scaffold 

To further improve the stability of BLMs for applications requiring high 

mechanical and temporal stability, we evaluated the integration of a polymer network 

into the lamella region of the BLM.  We utilized a methacrylate polymer scaffold 

prepared from BMA and EGDMA, which has previously been shown to increase the 

stability of phospholipid vesicles.182-25 The BMA forms linear polymer chains that are 

cross-linked by the EGDMA to improve the polymer stability.  While the resulting 

polymer does not covalently link the DPhPC monomers that form the BLM, we 

hypothesized that the enhanced structural stability provided by the polymer network 

would enhance BLM lifetime and mechanical stability.  The resulting BLM architecture 

is referred to herein as a polymer scaffold-stabilized BLM (PSS-BLM).  Figure 3.2 shows 

a schematic (not to scale) of the proposed monomer arrangement in the lamellar region of 

monomer doped BLMs, which is analogous to the packing of methacrylate monomers in 

the bilayer of lipid vesicles reported previously.182,108,183 The extent of stabilization 

achieved by PSS-BLMs was determined by measuring the electrical and physical 

properties of conventional BLMs and MA-BLMs before and after UV irradiation.  



126 
 

 

Figure 3.2. Schematic of methacrylate polymerization in the lamellar region of 

BLMs. A. Small hydrophobic methacrylate monomers partition into the lamellar region 

of the lipid membrane. B. Chemical cross-linking of monomers occur when the 

photoinitiator (DEAP) is activated by UV-irradiation. 
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3.3.2. Physical and electrical properties of PSS-BLMs 

To evaluate the physical and electrical properties of PSS-BLMs, the AWT, VB, 

and longevity were measured as metrics of the physical, electrical, and temporal stability, 

respectively.  A higher value of AWT and VB indicates enhanced mechanical and 

electrical stability of the specific BLM composition.  

BLM formation was considered successful when VB was observed in the range of 

0 ̶ 1000 mV,75,111  prior to polymerization.  The mean VB observed for conventional 

BLMs suspended across CPDCS-modified pipette apertures was 460 ± 21 mV, which 

agreed well with previous results.75  Furthermore, electrical, physical, and temporal 

stability were statistically similar before and after 15 min of UV irradiation of 

conventional BLMs, indicating no deleterious effects of UV exposure.  When the 

monomer mixture was incorporated into the BLM in the absence of UV-irradiation to 

form MA-BLMs (Table 3.1), similar longevity and VB were observed compared to 

conventional BLMs.  Though inclusion of the monomer mixture increases membrane 

conductance, the magnitude of the change is within the normal working range of BLMs 

on a range of aperture substrate materials.74 Upon cross-linking of MA-BLMs via UV 

irradiation for 5 min to yield PSS-BLMs, a >10 fold increase in AWT and longevity and 

a 30% increase in VB were observed compared to conventional BLMs.  Additional 

improvements in electrical stability were observed upon increasing UV irradiation time to 

10 min.  Importantly, the membrane conductance, a key measure of membrane integrity, 

was statistically similar in MA-BLMs and PSS-BLMs irrespective of UV irradiation 

time.   
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Table 3.1. Physical and electrical properties of conventional BLMs, MA-BLMs, and 
PSS-BLMs on CPDCS-modified pipette apertures. 

BLM composition 

 

 

UV 

(min) 

 

 

VB 

(mV) 

 

Normalized 

Conductance 

(×10-2 pS µm-2) 

 

AWT 

 

Longevity 

(h) 

Conventional BLMs 0 460 ± 21 5.5 ± 1.7 4 ± 3 2 ± 1 

 15 575 ± 124 6.0 ± 3.0 6 ± 4 2 ± 1 

MA-BLMs 0 493 ± 59 8.7 ± 0.5 14 ± 13 2 ± 2 

PSS-BLMs 5 615 ± 107 10.7 ± 1.9 > 50 23 ± 9 

 10 > 2000 9.1 ± 0.8 > 50 28 ± 16 

 

Stability metrics for conventional BLMs on PFDCS-modified apertures were 

statistically similar before and after 15 min of UV irradiation (Table 3.2).  Conventional 

BLMs formed on PFDCS-modified apertures exhibit marked stability increased 

compared to those formed on CPDCS apertures due to enhanced surface/lipid 

interactions.  Unlike on CPDCS-modified apertures, MA-BLMs formed on PFDCS-

modified apertures exhibited decreased electrical and mechanical stability as indicated by 

VB and AWT (47 % and 30% decreases, respectively) compared to conventional BLMs, 

though the magnitudes of these values are still comparable to BLMs formed on CPDCS-

modified apertures.   Thus, it is likely inclusion of the monomer mixture disrupts the 

lipid-surface interactions and yields BLM stabilities comparable to those formed on 

surfaces with weaker surface-lipid interactions.  
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Upon formation of PSS-BLMs via 5 min of UV irradiation, VB recovered to 

values equivalent to conventional BLMs; however, > 3 fold increase in longevity was 

observed compared to conventional BLMs.  Furthermore, a 45 % reduction in membrane 

conductance was observed for MA-BLMs, and persisted in PSS-BLMs formed via 5 

minutes of UV irradiation.  When UV irradiated for 10 minutes, an increase in membrane 

conductance was observed, though the values were still lower than conventional BLMs 

prepared with this surface modification.  Furthermore, VB and longevity were increased 

by > 2- and 5-fold, respectively, compared to conventional BLMs.  

Table 3.2. Physical and electrical properties of conventional BLMs, MA-BLMs, and 
PSS-BLMs on PFDCS-modified pipette apertures 

BLM composition 

 

UV 

(min) 

 

VB 

(mV) 

 

Normalized conductance 

(×10-2 pS µm-2) 

 

Air ̶ water 

transfer 

 

Longevity 

(h) 

Conventional BLMs 0 984 ± 210 9.00 ± 2.00 > 50 8 ± 1 

 15 980 ± 254 8.49 ± 0.91 > 50 8 ± 1 

MA-BLMs 0 520 ± 119 4.95 ± 0.57 32 ± 11 6 ± 1 

PSS-BLMs 5 1033 ± 182 4.81 ± 0.14 36 ± 13 26 ± 13 

 10 > 2000 6.93 ± 1.08 > 50 40 ± 14 

 

An additional metric of BLM stability is the nature of transient pores that form in 

the BLM prior to complete electrical breakdown.  Prior to cross-linking and contraction 

within MA-BLMs via UV irradiation, the appearance of transient pores under applied 

potentials in the range of 400-750 mV was observed.  An increased frequency of transient 

pores was observed at potentials immediately prior to rupture of BLMs.  Complete BLM 
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breakdown can thus be circumvented by removing the applied electric field prior to 

rupture. Figure 3.3, A, B, and C, show transient current traces under increasing applied 

potentials for conventional BLMs, MA-BLMs, and PSS-BLMs, respectively, suspended 

across PFDCS-modified apertures. The conventional BLMs show conductance transient 

pores at 510 and 560 mV prior to the rupture of BLM at 750 mV (Figure 3.3A). 

Conversely, in MA-BLMs VB decreased to 480 mV proceeded by transient pore 

formation at 450 mV (Figure 3.3B). Figure 3.3C shows transient current traces for PSS-

BLMs, with no evidence of electrical breakdown. Transient pores were occasionally 

observed (Figure 3.3C, 420 mV), albeit with markedly lower conductance than observed 

prior to polymerization. The mechanism of electroporation or transient pore formation in 

PSS-BLMs is not currently understood; however, studies of electroporation in 

conventional BLMs by Glaser et al.170 suggest that field-induced rupture of BLMs occurs 

in two steps. First, increasing potential creates spontaneous pores in BLMs due to lateral 

thermal motion of the lipid molecules. Second, pore sizes exceeding a critical radius 

result in the rearrangement of lipids such that strong hydration forces in the hydrophilic 

pores cause repulsion between the pore walls, resulting in irreversible breakdown of the 

bilayer.170 The observation of low conductance transient pores in PSS-BLMs may suggest 

that the first of these steps occurs without the capacity to progress to the second. 
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Figure 3.3. Transient pore formation in conventional BLMs, MA-BLMs, and PSS-BLMs 

on PFDCS-modified apertures. A. Irreversible rupture of conventional BLMs was 

observed between 500-1000 mV, shown here at 750 mV. Prior to the rupture of the 

bilayer, transient pores with low conductance were often observed between 400-570 mV, 

shown here at 510 and 560 mV. B. MA-BLMs undergo irreversible rupture between 450 ̶ 
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550 mV, shown here at 480 mV proceeded by transient pores at 450 mV.  C. UV 

irradiation of MA-BLMs yielded PSS-BLMs that withstood breakdown potentials from 

1000 mV to > 2000 mV. Low conductance transient pores were occasionally observed, 

shown here at 420 mV. 

 

Based on the aggregate of the measurements, it appears that formation of the 

polymer scaffold exhibits no deleterious effects on membrane stability or membrane 

integrity within the BLM.  In fact, PSS-BLMs formed via 5 min or 10 min of UV 

irradiation of MA-BLMs on CPDCS- and PFDCS-modified apertures yielded 

significantly improved membrane longevity and reduced membrane conductance with 

enhanced VB and little or no adverse effect on AWT.  For membranes formed on both 

CPDCS and PFDCS-modified apertures, membrane conductance was unchanged when 

comparing MA-BLMs and PSS-BLMs formed via 5 minutes of UV irradiation.  Though 

the conductance was increased with further irradiation time, the conductance was still 

lower than that obtained from a conventional BLM.  The altered membrane conductance 

observed upon addition of monomer mixture may be due to alterations in the lipid 

packing or phase transition resulting from the mixed membrane composition and altered 

interactions between the membrane and the underlying substrate, although further study 

is needed to elucidate the underlying mechanisms in this complex environment. 

3.3.3. Reconstitution of ion channels into differing BLMs 

Robust ion channel-based biosensors and sequencing platforms necessitate high 

stability suspended lipid bilayers into which functional ion channels can be reconstituted. 

While PSS-BLMs showed significant stability improvements, the effects of UV 

irradiation and the presence of the polymer scaffold on ion channel function was a major 
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concern for the application of this technology.  Gramicidin A, a channel forming peptide 

that requires membrane fluidity to function, was reconstituted into conventional BLMs, 

MA-BLMs, and PSS-BLMs to probe the relationship between methacrylate cross-linking 

and ion channel function.  

3.3.3.1. Evaluating the fluidity of MA-BLMs via reconstitution of gramicidin IC 

Gramicidin A forms ion-conducting channels by dimerization of peptide subunits 

that diffuse laterally within each monolayer leaflet of the lipid bilayer.184  Dimerization 

occurs via hydrogen bonding of the amino termini of each peptide subunit.185  The 

formation and dissociation of transmembrane dimers leads to quantized changes in 

transmembrane ion current, with conductance ranging from 21-24 pS.186  Since the length 

of a functional gramicidin pore (ca. 2.2 nm) is less than the thickness of a typical BLM 

(4-5 nm), the bilayer is locally deformed to facilitate the formation of conducting pores 

(shown schematically in Figure 3.4). 186,187,188,189   



134 
 

 

Figure 3.4. Gramicidin A activity in conventional (unpolymerized) suspended lipid 

bilayers. A. Bilayer compression is required to facilitate gramicidin pore formation 

(modified from Andersen et al.).186 B. A representative trace of gramicidin ion current in 

a conventional BLM with an applied potential of 70 mV shows characteristic gating 

activity. C. The all-points histogram of the current trace shown in part B shows quantized 

conductance states separated by ca. 21 pS, which is a characteristic of gramicidin ion 

channels in conventional BLMs. 

 

Kelkar et al. reported the structure and function of gramicidin in a lipid bilayer to 

be dependent upon the oriented dipole moments of the four C-terminal tryptophan 

residues of the peptide.190  Thus changes in membrane physiology upon PSS-BLM 

formation or UV degradation of C-terminal tryptophan residues may lead to disruption of 

gramicidin A function. 

Gramicidin A was added to the cis side of a conventional BLM while applying a 

potential of 70 mV across the bilayer.  Successful insertion and dimerization was 
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indicated by quantized changes in ion current with amplitudes of ca. 1.5 pA.  Ion channel 

conductance states were calculated by dividing the mean of each distribution in the all-

points histogram (Figure 3.4) by the applied potential. The resulting conductance states 

were separated by 21 pS, characteristic of normal gramicidin activity.  

Figure 3.5 shows the effect of UV irradiation on gramicidin A activity in 

conventional, MA-BLMs and PSS-BLMs.  Following insertion of active gramicidin 

channels, BLMs were UV irradiated immediately after the verification of ion channel 

activity (Figure 3.5).  On both CPDCS- and PFDCS modified apertures, a decrease in 

mean open time was observed in conventional BLMs after UV irradiation for 5 min, but 

no further change was observed when UV irradiation time was increased from 5 to 10 

min (Table 3.3). Additionally, a decrease in mean channel conductance was observed, 

and the effect was much larger on PFDCS-modified apertures.  The observed decrease in 

gramicidin conductance and mean open time after UV irradiation may be attributed to 

photodegradation of C-terminal tryptophan, resulting in decreased activity as reported 

previously.190 Ion channel activity was observed when gramicidin was reconstituted in 

MA-BLMs (Figure 3.5 D); however, the mean conductance of gramicidin in MA-BLMs 

on CPDCS and PFDCS-modified apertures was reduced by 14% and 20%, respectively, 

compared to gramicidin in conventional BLMs (Table 3.3). Thus, the presence of the 

monomer mixture has a moderate but adverse effect on gramicidin A.   
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Table 3.3. Gramicidin A activity in conventional BLMs, MA-BLMs, and PSS-BLMs. 

        CPDCS          PFDCS 

BLM 
configuration 

UV         
Time 
(min) 

Mean       
conductance 

(pS) 

Mean open 
time 
(ms) 

 
Mean       

conductance 
(pS) 

Mean open 
time 
(ms) 

Conventional 
BLMs 

0 21 ± 4 1067 ± 387  21 ± 0.6 1091 ± 291 

 5 19 ± 3 668 ± 170  15 ± 2 625 ± 284 

 10 17 ± 3 653 ± 124  14 ± 1 570 ± 197 

MA-BLMs 0 19 ± 2 587 ± 313  17 ± 4 556 ± 305 

PSS-BLMs 5 11 ± 1 118 ± 90  14 ± 2 586 ± 162 

  10 NA NA  5 ± 1.4 NA 

NA = little or no ion channel activity observed. 

 

Upon 5 minutes of UV irradiation of MA-BLMs to form PSS-BLMs (Figure 3.5 

E), gramicidin conductance was reduced by 48% and 35% for CPDCS- and PFDCS-

modified apertures, respectively, relative to conventional BLMs.  Extending UV 

irradiation time to 10 min resulted in the near total loss of gramicidin activity (Figure 3.5 

F). Decreases in gramicidin conductance and mean open time upon PSS-BLM formation 

exceed those of UV-irradiated gramicidin in conventional BLMs, suggesting an 

additional mechanism of interference beyond photodegradation.  Previous reports have 

shown that decreased bilayer fluidity decreases mean gramicidin conductance;191 thus we 

suspect that the observed decreases in conductance are the net result of both 

photodegradation and reduced bilayer fluidity upon formation of the polymer scaffold.  

Additionally, the presence of the monomer mixture in MA-BLMs and the polymer 

scaffold in PSS-BLMs may alter the physical or mechanical properties of the membrane, 
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thus attenuating the capability of the BLM to locally deform to accommodate formation 

of functional gramicidin conducting pores.   

 

Figure 3.5. Gramicidin A activity in varying BLM configurations on CPDCS- (blue) and 

PFDCS- (red) modified apertures.  Conventional BLMs containing gramicidin A were 

UV irradiated for A. 0 min, B. 5 min, and C. 10 min.  D. Gramicidin activity in MA-

BLMs. E. Gramicidin activity in PSS-BLMs formed via 5 min of UV irradiation and F. 

PSS-BLMs formed via 10 min of UV irradiation.  

 

3.3.3.2. Reconstitution of gramicidin ion channel into pre-formed PSS-BLMs 

In an effort to circumvent the deleterious effects of UV irradiation and/or 

monomer mixture on gramicidin conductance, gramicidin was reconstituted into pre-

formed PSS-BLMs (Figure 3.6). Interestingly, when PSS-BLMs were formed via 5 min 
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of UV irradiation, gramicidin readily reconstituted into the stabilized bilayers (Figure 3.6 

A) on both CPDCS- and PFDCS- modified apertures.  Gramicidin conductance was only 

minimally affected under this condition (Table 3.4), with reductions of 14% and 3% for 

CPDCS and PFDCS-modified apertures, respectively, compared to conventional BLMs. 

While the exact nature of these observations remains to be elucidated, the observed 

reductions may result from interactions between gramicidin A peptides and unreacted 

methacrylate monomers, similar to the observations described for MA-BLMs. 

When PSS-BLMs were formed via 10 min of UV irradiation (Figure 3.6 B), no 

evidence of gramicidin reconstitution was observed. These results suggest that moderate 

UV irradiation times lead to partially polymerized methacrylate scaffolds that provide 

enhanced BLM stability and maintain bilayer fluidity adequate for peptide reconstitution 

and ion channel function. In contrast, excessive UV irradiation times (e.g., 10 min) result 

in more extensively polymerized scaffolds that decrease membrane fluidity and/or reduce 

the capability of the BLM to compress sufficiently to form functional gramicidin 

channels. 

The observed number of functional ion channels provides an additional indication 

of the degree of fluidity and/or compressibility in PSS-BLMs.  When gramicidin activity 

was observed in pre-formed PSS-BLMs, no more than two active gramicidin channels 

were observed concurrently, compared to > 6 in both conventional and MA-BLMs.  Thus 

the probability of forming a functional dimer is decreased upon increased 

photopolymerization.  While the cause of this observation is unclear at present, it is likely 

that polymerization reduces the diffusion of gramicidin monomers in PSS-BLMs and that 
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the net membrane area that is sufficiently compressible to form functional gramicidin 

monomers represents a small fraction of the overall membrane area.   

 

Figure 3.6. Representative single-channel recordings of gramicidin A incubated in pre-

formed PSS-BLMs suspended across CPDCS- (blue) and PFDCS-(red) modified 

apertures. A. Gramicidin retains proper function when reconstituted in pre-formed PSS-

BLMs polymerized via 5 min of UV irradiation. B. Incubation of gramicidin in pre-

formed PSS-BLMs via 10 min of UV irradiation showed no evidence of ion channel 

reconstitution.  

 

Table 3.4. Gramicidin A activity when reconstituted in pre-formed PSS-BLMs  

   CPDCS  PFDCS 

BLM 
configuration 

UV         
Time (min) 

 Mean       
conductance (pS) 

Mean open 
time (ms) 

 
Mean       

conductance (pS) 
Mean open 
time (ms) 

 

        

PSS-BLMs 5  19 ± 4 891 ± 147  20 ± 3 867 ± 167 

  10  NA NA  NA NA 

NA = no ion channel activity observed. 
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Importantly, gramicidin reconstituted into PSS-BLMs maintained function for 7-9 

h before permanent loss of peptide function was observed, possibly due to peptide 

denaturation (Figure 3.7).  

 

Figure 3.7. Gramicidin A activity in pre-formed MA-BLMs. A. Ion channel maintains 

activity after 5 h of reconstitution with slight drift in baseline and peak current. B. 

Activity of ion channel decreases after 7 h and C. loss of channel activity after 9 h of 

reconstitution. 

 

Thus, with membrane lifetimes that exceed those of reconstituted ICs, PSS-BLMs 

may offer a route towards IC-based biosensors that are limited not by membrane stability, 

but by the active lifetimes of reconstituted membrane proteins.  

3.3.3.3. Reconstituted of α-HL ion channel into deferring BLM configuration 

To broaden the application of PSS-BLM ion channel platforms, we reconstituted  

α-HL, a pore forming channel with characteristic conductance of ca. 1 nS into the various 

BLM configurations.172,173  α-HL is routinely used to prepare stochastic sensors and 

nucleic acid sequencing platforms, thus it represents an important application for 



141 
 

stabilized BLMs.192,172,118  Table 3.5 summarizes the results obtained for α-HL 

reconstituted into differing BLM configurations.  In each case, the mean conductance 

values for α-HL were within the accepted experimentally measured values ( Figure 3.8 

for single channel recordings), suggesting that UV irradiation or decreased membrane 

fluidity had no adverse effect on α-HL activity which agrees well with previous reports.99   
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Figure 3.8. Single ion channel recordings and all-points histograms of α-HL in 

BLMs suspended on PFDCS-modified pipette apertures. A,B. Single channel 

recording and all-points histograms reveal multiple insertions of α-HL in a conventional 

BLM with characteristic conductance of ca. 1 nS per channel. C, D A single α-HL 

channel was allowed to insert into a methacrylate doped BLM, where the characteristic 

conductance of ca. 1 nS was observed.  E, F. Following 10 min UV-irradiation of the 
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BLM shown in E to form a PSS-BLM, α-HL activity was unaffected by extended cross-

linking within the membrane.  All recordings were made at a holding potential of 40 mV. 

 

α-HL is a homoheptamer that requires insertion and assembly of the seven 

monomer units to form the functional channel.193  Thus, the membrane must retain 

sufficient fluidity to support diffusion and assembly of the channel subunits.  

Reconstitution of α-HL into pre-formed PSS-BLMs via 5 min of UV irradiation further 

confirms the existence of sufficient fluidity required for ion channel reconstitution and 

function, similar to that observed for gramicidin A, whereas no evidence of functional ion 

channel assembly was observed after extended cross-linking via 10 min of UV irradiation 

(Table 3.6).  Overall, reconstitution of ion channels into pre-formed PSS-BLMs prepared 

via 5 min of photopolymerization show great promise for the construction of ion channel 

functionalized sensor technologies that may find a wide array of applications including 

DNA sequencing, small molecule sensing and beyond.  
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Table 3.5. α-HL activity in conventional BLMs, MA-BLMs, and PSS-BLMs on PFDCS-
modified pipette apertures. 

BLM Configuration 
UV 

time (min) 
 

Mean       
conductance 

(nS) 

    

Conventional BLMs 0  0.80 ± 0.32 

 5  0.88 ± 0.11 

 10  0.89 ± 0.090 

MA-BLMs 0  0.95 ± 0.034 

PSS-BLMs 5  0.92 ± 0.033 

  10  0.93 ± 0.029 

 

 

Table 3.6. α-HL activity reconstituted in pre-formed PSS-BLMs on PFDCS-modified 
pipette apertures 

BLM Configuration 
UV         
time 
(min)  

  
Mean       
conductance 
(pS) 

    

PSS-BLMs 5  0.94 ± 0.068 

  10   NA 

NA = no ion channel activity observed. 
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3.4. SUMMARY AND CONCLUSION 

Polymerizable non-lipid methacrylate monomers, EGDMA and BMA were 

partitioned into BLMs and photopolymerized to create a cross-linked polymer scaffold in 

the lamella region of the bilayer.  The MA-BLMs were prepared on conventional CPDCS 

and PFDCS silane-modified glass microapertures which complemented the results for the 

improvements in the stability of BLMs via aperture surface chemistry modifications 

presented in chapter 2. PSS-BLMs were shown to withstand potentials > 2000 mV 

without experiencing dielectric breakdown and show > 10 fold increase in measures of 

mechanical stability and > 5 fold increase in BLM lifetime compared to conventional 

BLMs, with no deleterious effect on membrane integrity or structure. Additionally, the 

polymer scaffold was shown to exert minimal perturbations to membrane electrical 

integrity as indicated by mean conductance measurements. PSS-BLMs were used to 

demonstrate that the lifetime of the reconstituted ion channel, gramicidin A, and not the 

BLM lifetime, was the fundamental limitation on sensor lifetime. When gramicidin A and 

-hemolysin were reconstituted into PSS-BLMs, the ion channels retained function 

comparable to conventional BLMs. We have also demonstrated that PSS-BLMs offer 

stability advantages similar to those obtainable with polymerizable lipids but with few of 

the associated limitations. Thus, PSS-BLMs can offer substantial advantages for ion 

channel-based sensors and other BLM technologies, and may address the limitations of 

membrane stability on the development of these technologies. This approach is a key 

advancement in the formation of stabilized BLMs and should be amenable to a wide 

range of receptor and ion channel functionalized platforms. 
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4. ELECTRICAL BIOSENSING OF GPCR-ION CHANNEL FUSION PROTEIN 

EXPRESSED IN HEK 293T CELLS 

4.1. INTRODUCTION 

Development of next generation biosensor platforms prepared from bioengineered 

sensor proteins that covalently link G-protein coupled receptors (GPCRs) to ion channels 

holds great promise for high-throughput screening systems and rapid diagnosis of 

diseases in complex matrices such as whole blood, serum, and urine.66 GPCRs are the 

most diverse family of transmembrane receptor proteins that sense extracellular ligands.69 

Thus GPCRs regulate a wide range of cellular processes involved in senses such as sight, 

smell, and taste as well as those involved with behavior. Cellular responses occur through 

processes such as receptor activation of G-proteins, secondary messenger signaling, and 

organelle function194 leading to a cascade of downstream events that alter cell function 

via complex signaling pathways.65,195   

Despite the advances in assay technologies for GPCR-based drug screening, the 

mediation pathways of therapeutic actions for GPCRs are still unclear.196 Furthermore, 

functional selectivity resulting from multiple signaling pathways caused by ligands that 

can act as both agonists and antagonists may be a major problem for GPCR-based drug 

screening in cell-based assays.70 This and other complications often lead to false 

positive/negative results during drug screening.  

A useful approach to circumvent the inherent complexities in GPCR-based drug 

screening has focused on developing a simplified signaling pathway by coupling ligand-

binding GPCR interactions directly to measurable signal outputs. Although GPCRs lack 
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direct or simplified electrical signaling pathways, fusing GPCRs to ICs to create ion 

channel coupled receptors (ICCRs) combines the individual advantages of the receptor 

and the IC electrical probe while overcoming some of their disadvantages. 66 For 

example, the use of GPCRs to create ICCRs allows the detection of wide range of ligands 

owing to the fact that GPCRs are among the most diverse and largest family of cell 

surface signaling proteins within the mammalian genome.67,68  

The use of GPCRs as biosensors or in drug screening assays present unexplored 

opportunities as only 30-50% of the receptors are thus far targeted by pharmaceutical 

drugs involved in the mediation of pathophysiological responses.57,197 For this reason, 

much effort is directed towards deorphanizing GPCRs for which ligands have not yet 

been identified. Deorphanization strategies include the cloning of orphan GPCRs in 

heterologous cell systems before testing them against possible ligands. Here, the complex 

signaling pathways can result in mismatch of ligands for the orphan GPCRs. Thus ICCRs 

have great potential in creating a simplified signal transduction pathway by which ligands 

can be matched with the GPCRs. In light of this, Vivaudou and co-workers engineered a 

fusion protein that couples a well-studied muscarinic acetylcholine (M2) receptor directly 

to adenosine triphosphate (ATP)-sensitive potassium ion channel (KATP) which serves as 

the electrical probe for the ICCR fusion protein.66 The engineered fusion protein was 

optimized by short terminal deletions of the amino-terminus in the KATP channel to allow 

functional gating upon ligand binding to GPCR.  

The well-characterized KATP channel used for creating ICCRs has unique 

properties that allow for the channel to by identified in sensor platforms. One of these 
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properties is the inhibition of the ion channel by intracellular ATP. The heteromultimer 

KATP channel is structurally complex comprising of two different subunits: the pore 

forming inward-rectifier K+ channel (Kir6.2) and a sulfonylurea receptor.198 The KATP 

channel constitutes four pore-forming (Kir6.2) and four receptor (SUR) subunits. The 

SUR facilitates the trafficking of the channel complex to the cell surface although 

previous reports have shown that the removal of 26 amino acids from the C-terminus 

enables surface expression and gating in Kir6.2.199,200 The short terminal deletions of 20-

25 residues from the N-terminus of the KATP channel allows functional coupling with 

GPCRs to form ICCRs.66 The protein complexes in ICCRs retain sensitivity to 

intracellular ATP due to the location of the ATP-binding pocket on Kir6.2.201 To date, 

KATP channels have been coupled to muscarinic acetylcholine (M2),66 M2 (T4L)202, 

dopamine (D2)66, adrenergic (β2)203 and opsin/rhodopsin204 receptors to form ICCRs. 

 Despite the successful expression of ICCRs in Xenopus oocytes, expression in 

mammalian cells has not yet been reported. Here, we expressed fusion protein in a 

mammalian cell line. HEK 293 cells present an excellent vehicle for the expression of 

proteins since the accessory protein machinery of the cell can be effectively appropriated 

for translation of gene products and proper protein folding.77 HEK 293 cells are widely 

used for mammalian expression systems to study K+ channels despite the existence of 

endogenous channels such as voltage-gated K+ (Kv) channels.205 The significant presence 

of Kv channels in HEK 293 cells can pose potential complications in the studies of ionic 

currents under conditions where the exogenous protein expression is low.77,206 

Additionally, the endogenous (Gi/o) α subunit (which is sensitive to pertussis toxin 
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(PTX)) of M2 weakly and indirectly activates endogenous Kir6.2 channels in HEK 293 

cells.207,208 However, the effect of (Gi/o) α subunit on ICCRs can be reduced when the 

fusion proteins are overexpressed. 

We have demonstrated electrophysiological measurements of highly expressed 

fusion proteins in HEK 293 cells. The fusion protein (designated as M2-K) was 

previously engineered by attaching the cytosolic carboxy-terminus of the muscarinic 

acetylcholine (M2) GPCR to the amino-terminus of the ion channel (Kir6.2 or K) by 

short terminal deletions. The binding of agonist to the M2 receptor yielded a direct 

change in ion flux via the modulation of the ion channel. The M2-K fusion proteins 

showed concentration-dependent response as evidenced by activation upon addition of 

acetylcholine and inhibition by atropine.  
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4.2. MATERIALS AND METHODS 

4.2.1. Chemicals 

Acetylcholine (ACh) and carbachol (CCh) were purchased from Acros organics, 

(NJ, USA); atropine was purchased from MP Biomedicals, LLC (Solon, OH); dimethyl 

sulfoxide (DMSO) was purchased from ATCC (Manassas, VA). Kits and reagents used 

for molecular biology experiments were purchased from Promega (Madison, WI). The 

chemicals used for cell culture experiments were purchased from Invitrogen (Palo Alto, 

CA). Luria-Bertani (LB) broth for propagation of nucleotide sequence was purchased 

from EMD/Novagen chemicals (Gibbstown, NJ).  

4.2.2. Cell culture  

HEK293T cells were cultured in minimum essential medium (MEM) 

supplemented with streptomycin and penicillin (50 units per 500 mL each), and 10% fetal 

bovine serum (FBS). Cells were incubated at 37 °C, 5% CO2: 95% air humidified 

incubator. The cell media was changed every 2-3 days. Cell were harvested at 80-90 % 

confluence. Cells were detached from the culturing flask after 2 min of incubation with 

trypsin-EDTA (0.25% (w/v)). Prior to the addition of trypsin, Puck's EDTA containing 

140 mM NaCl, 5.5 mM glucose, 4.2 mM NaHCO3, 5.5 mM KCl, and 0.5 mM EDTA, pH 

7.4 was added to the cells for 1 min. When cells were observed to lift off the flask surface 

after trypsination, culture medium was added to quench the trypsin effect. Cells were 

centrifuged at 1300 rpm for 2 min and re-suspended in MEM medium for culturing. The 
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morphology, transfection efficiency, and the health of the cells were dependent on the 

passage number of the cells. Thus splitting of cells was limited to 15-20 passages. 

4.2.3. Cloning and transformation of M2-K gene 

The M2-K coding sequence originally inserted in a Xenopus oocyte expression 

vector derived from pGEMHE was PCR amplified and subcloned into mammalian 

expression pcDNA4/HisMaxTOPO vector (Life Technologies). The plasmid was then 

transformed into subcloning efficieny DH5alpha competent cells (E. coli) (Invitrogen). 

The DH5α cells were cultured in LB broth and grown on agar plates containing 25 μg/mL  

zeocin for selection. A well-isolated, round colony was chosen and again grown in LB 

Broth for amplification. The plasmid was purified using PureYield Plasmid Maxiprep 

System from Promega (Madison, WI).  The purity and quantity of DNA was determined 

using the NanoDrop 2000 UV-Vis spectrophotometer (Thermo Scientific) where the 

absorbance of DNA at 260 and 280 nm was measured. A ratio of the absorbance at 260 

nm/280 nm with values approximately 1.8 suggests sufficiently pure DNA. Gel 

electrophoresis of single restriction digested M2-K TOPO was used to confirm the proper 

base pair length of the DNA construct compared to molecular weight ladder. The M2-K 

construct was further verified via sequencing, and correct reading frame within the TOPO 

vector was established.  

4.2.4. Transfection of M2-K vector into HEK 293 cells 

HEK293T cells at 50-70% confluence were harvested using trypsin-EDTA 

(0.25% (w/v) for immediate transfection by cationic lipid encapsulating reagent 
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lipofectamine 2000, (Invitrogen). Briefly, 1.5 µg of cDNA was mixed with 4 µL of 

lipofectamine for the transfection of 2×105 cells. The cDNA and lipofectamine were each 

diluted with 250 µL of Opi-MEM prior to mixing.  Due to the buildup of negative 

charges on cell membranes upon introduction of cationic lipofectamine, formation of GΩ 

seals was extremely challenging within 24 h of transfection. However, the charges are 

likely to dissipate after 24 h, thus cells were analysed by patch clamp methods after 24-48 

h of transfection.  

4.2.5. Pipette fabrication 

Pipettes were pulled with P-97 micropipet puller (Sutter Instruments, Navato, CA) 

using the six-step protocol below: 

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;  

Step 6, Heat = 514, Pull = 0, Vel = 30, Time = 200.  

Pipettes were used directly for patch clamp measurement or fire polished with a model 

MF-900 microforge (Narishige, East Meadow, NY). For whole-cell and cell-free inside-

out recordings, pipette apertures were fabricated with diameters of ca. 3 and 1 µm 

respectively. To obtain a high electrical resistance seal between cell membrane and 

pipette aperture, pipettes were used immediately after fabrication. A fabricated pipette 

with open resistance of 1-3 MΩ in whole cell configuration or 4-6 MΩ in outside out 
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configuration was brought in close proximity with isolated cells until the initial pipette 

resistance was doubled. Mild suction was then applied to the pipette to form a high 

electrical resistance seal (GΩ seal, Figure 4.1A). To prevent the formation of a poor 

electrical resistance seal possibly due to the attachment of cell debris on the surface of 

glass pipette aperture, the formation of GΩ seal was established in < 10 min, otherwise 

the pipette was replaced and a new cell was chosen. 

4.2.6. Electrophysiology 

Whole-cell and isolated inside-out recordings were performed using HEKA EPC-

10 amplifier (HEKA Electronics, Bellmore, NY) equipped with Patch Master software. 

Whole-cell recordings were performed in extracellular solutions (EC) with the pipette 

filled with intracellular solution (IC) (Table 4.1). The compositions of EC and IC were 

prepared to mimic the intracellular and extracellar components of cell environment. All 

EC and IC solutions were prepared using nanopure water (18 MΩ•cm) and filtered 

through a 0.2 μm pore-size filter (Whatman, St.Louis, MO).  

Table 4.1 Composition of buffer solution pH adjusted with KOH. All concentrations are 
in mM. 

 

   Solution HEPES KCl CaCl2 NaCl EGTA MgCl2.6H2O Na2ATP  KOH pH 

A Extracellular  5 5.6 2.6 138  1.2   7.4 

B Extracellular  5 5.6 2.6 138  1.2 1  7.4 

C Intracellular  5 125   10 1  25 7.15 

D Intracellular  5 125     10 1 1 25 7.15 
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Patch clamp protocols involve the application of increasing square wave potential across 

the whole cell or isolated patch from -70 mV to 100 mV in 10 mV increments. Each 

pulse lasted for 150 ms.   

Agonists and antagonists were diluted from freshly prepared stock solution prior 

to experiment. To set baseline and reduce channel rundown in excised patches, ca. 100 

µM ATP was sometimes added to the bath solution containing high concentration of 

Mg2+ salt.209  

4.2.6.1. Whole-cell recordings 

After the formation of a GΩ seal, transient capacitance associated with the 

charging of the glass pipette was cancelled using the software prior to whole-cell or 

excised patch recordings (Figure 4.1B). In whole-cell configuration, cells were ruptured 

by applying a gentle suction through the pipette. A successful rupture of the cell 

membrane was indicated by the upsurge of a large capacitive current trace that was 

associated with the charging of the cell membrane (Figure 4.1 C). 

 

Figure 4.1. Capacitive current trace from whole-cell patches under test pulse potential 

between 100-125 mV. A. Capacitive current trace recorded from the formation of GΩ 

seal in the cell attached mode. The observed capacitive current trace was mainly due to 

the charging of glass pipette. B. Cancellation of capacitive current. C. Upsurge of 
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capacitive current after breaking into whole-cell. Area under the capacitive current trace 

was directly proportional to the area of the cell membrane.  

 

Prior to electrophysiological measurements, the capacitive current was cancelled 

using the patch clamp amplifier. Intracellular pipette solution (IC) was then allowed to 

equilibrate with intracellular cell components for ca. 5 min to prevent current fluctuations 

during recording.  Current instabilities during recordings can also be attributed to events 

such as receptor internalization and the diffusion of cell components into the patch 

pipette.77   

4.2.6.2. Single-channel recordings 

Low noise single-channel recordings of excised patches were possible when high 

electrical resistance seals between the patch pipette and the cell membranes were 

observed (> 10 GΩ). A lower resistance seal or patch often leaked current across the 

pipette/membrane interface producing noise on the single-channel traces. In such cases, 

pipettes were discarded and the experiment was repeated until a high quality seal was 

obtained. Additionally, pipettes were coated on the exterior with Sylgard® to improve the 

signal to noise ratio in single-channel recordings. The recordings were made in either 

symmetric 125 mM KCl solution (ie. bath and pipette filled with solution C in Table 4.1) 

at a holding potential of 40-60 mV or in gradient buffer containing solutions A (5.6 mM 

KCl) and C (125 mM KCl) in the bath and in the pipette, respectively (Table 4.1). 
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4.2.7. Pharmacology of transfected HEK 293 cells 

Agonists or antagonists were either perfused into the recording bath solution 

using gravity at a flow rate of 1-2 ml/min or directly spiked into recording buffer. Prior to 

the addition of ligands to the bath solution, cells were continuously perfused for 5 min at 

which point the solution in the petri dish was completely exchanged. Additionally, cells 

were allowed to equilibrate in a continuous stream with extracellular buffer in the case of 

whole-cell recordings before rapid switching to buffer solution containing analyte. In the 

case where cell patches were highly unstable during recordings, analytes were spiked 

directly into the bath solution. During inside-out recordings, bath solutions were perfused 

with intracellular buffer (solution C) before switching to intracellular buffer (solution D) 

containing 1 mM ATP.   

4.2.8. Data analysis 

All recordings were digitized at a sampling frequency of 10 kHz and filtered at 

2.9 kHz using a low-pass Bessel filter.  Single-channel traces were digitally smoothed at 

100 Hz using low pass filter for presentation purposes. Single-channel recordings with 

corresponding histograms and mean open times were analysed using TAC (X4.3.3) and 

TACfit X4.3.3 (Bruxton). The fit duration histogram and construction uses the Sigworth 

and Sine transformations.180 Origin 8.5 was used for plotting conductance and dose 

response curves. Non-linear least square curve-fittings were performed using Origin 8.5.  
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4.3. RESULTS AND DISCUSSION 

Although the expression of M2-K has been demonstrated in Xenopus oocytes, a 

few factors limit their expression in mammalian cells. Here, the size of the construct with 

large number of amino acid residues per monomer may be a major challenge affecting the 

expression and efficient trafficking of the fusion proteins to the plasma membrane.64 The 

number density of fusion proteins expressed or localized in the plasma membrane after 

transfection may also vary from cell to cell thus creating bias in the studies of fusion 

proteins. Additionally, dissimilarities in the folding of fusion proteins may affect the 

overall expression of proteins. Other factors that may create bias between studies of the 

expressed fusion protein include cell passage, morphology of cells, cell internalization 

and translation efficiency, and interference from other endogenous receptors in the 

cells.77  

We expressed M2-K fusion proteins in HEK 293 cells, one of the most efficient 

expression tools for recombinant proteins.77 Further, HEK 293 cells carry out post-

translational folding of proteins, whereby the plasmid vector introduced into the cells 

efficiently takes over the cell protein machinery in order to allow the expression of the 

proteins of interest. We identified isolated cells or those in a cluster of 2-3 cells as the 

most appropriate cells for patch clamp measurement after transfection. In such clusters, 

the probability of one cell being transfected was found to be very high.77 Figure 4.2 

shows an image of HEK 293 cells after 24 h of transfection with M2-K construct. Figure 

4.2 A shows an isolated cell which is linked to the cluster of cells indicated by red circle. 

The linkage between cells may increase the total capacitance of the patched whole-cell 
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which usually creates bias in computing the capacitance of the single-cell. Figure 4.2 B 

shows isolated cells in a cluster of 2 (red circle). Such isolated cells were identified as the 

most appropriate for patch clamp measurement. 

 

Figure 4.2. Bright field images of transfected cells and schematic of M2-K fusion 

protein. A. The linkage between isolated cell in red circle and cluster of cells increases 

the total capacitance of whole-cell patches creating bias in results.  B. Isolated cells in a 

cluster of two without connection to other cells provide reliable capacitance required for 

computing normalized whole-cell currents. C. M2-K ion channel coupled receptor 

showing the orientation of KATP binding site in cell membrane. Extracellular binding of 

ligand to M2 receptor induces a conformational structural change modulating gating in 

ion channel. 
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In the studies of the electrical properties of HEK 293 cells expressing M2-K, 

electrical currents from endogenous voltage-gated potassium channels (Kv) and M2 

receptor proteins were considered as major sources of interference. Thus, recombinant 

M2-K proteins were overexpressed to out-compete the endogenous (Kv) and M2 proteins 

during the assembly of the ICCR complex.210 The electric currents generated as a result 

of ion flux through the KATP channels were characterized in isolated patches via single 

channel recordings. Additionally, whole-cell current measurements were used to 

determine the expression levels and pharmacology of the fusion proteins.  

4.3.1. Single-channel recordings of non-transfected HEK 293 cells and INS-1 cells 

The M2-K fusion proteins expressed in HEK 293 cells consist of the muscarinic 

acetylcholine receptor (M2) fused to the electrical probe, the Kir6.2 subunit of the KATP 

channels. The electrical properties of Kir6.2 in M2-K fusion proteins were characterized 

using inside-out patches. This configuration exposes the intracellular side of the isolated 

patch to the bath solution, thus allowing ligands to freely interact with intracellular 

receptors. Although immunohistochemistry results were inconclusive regarding the 

orientation of M2-K (data not shown), the likelihood of expressing the ATP binding site 

at the extracellular side of the cell is possible. Irrespective of the orientation, the 

efficiency of M2-K expression can be determined by comparing the total currents of 

transfected cells to the wild-type. 

Inside-out currents in isolated patches of non-transfected HEK 293 cells and wild-

type INS-1 cells expressing endogenous KATP channels were evaluated for their electrical 

properties. Figure 4.3 A shows single-channel currents obtained from an isolated patch 
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from wild-type HEK 293 cells using inside-out configuration. We observed single-

channel current traces with peak current in the range of 1-1.5 pA which was characteristic 

of endogenous K+ or Cl- channels. Additionally, the all-points and current duration 

histograms in Figure 4.3 B and C showed peak current of ca.1.3 pA and mean open time 

of 26 ms respectively. 

 

Figure 4.3. Representative inside-out single-channel current recording from non-

transfected HEK 293 cells. A. Single-channel current recordings showing characteristic 

of K+ or Cl- channels. B. All-point histogram of the endogenous single-channel current in 

A. C. Current duration histogram with mean open times of 57 ms. 

 

Lambert el al.211 demonstrated that Cl- channels endogenously expressed in HEK 293 

cells were pH dependent and were activated at lower pH (< 5.2). Thus, at physiological 

pH, M2-K fusion proteins were studied with minimal interference from Cl- channels. To 
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determine if the single-channel currents were carried by K+ ions and not Cl- channels, 1 

mM niflumic acid was added to close all chloride channels. Results shows that the single-

channel currents were carried by K+ ion in the HEK 293 cells since the addition of 

niflumic acid did not have any significant effect on the channels. However, the addition 

of 1 mM TEA decreased the mean open time or single channels by 90% while 1 mM 

ATP had no significant effect on the channels, suggesting that the K+ channels in HEK 

293 cells were not KATP channels. The observed result agreed well with previous 

reports.77  

4.3.2. Transfected HEK 293 cells 

Isolated patches from HEK 293 cells expressing M2-K demonstrated single-

channel activities that were characteristic of Kir6.2 channels. Experiments were 

performed in a gradient solution with bath and pipette containing solutions A ([K+] o ~ 5.6 

mM) and C ([K+]i ~ 125 mM), respectively (Figure 4.4 A). In gradient buffer, multiple 

channel activities separated by short-lived closed times between the burst of currents 

were often observed. 
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Figure 4.4. Representative inside-out single-channel current recordings from HEK 

293 cells expressing M2-K. A. Single-channel recordings in gradient buffer B. Single-

channel recordings in symmetric buffer at holding potential of 40 mV resulted in the 

burst of current with long-lived open state.  

 

We observed long lived burst of currents in symmetric buffer containing 125 mM KCl 

(solution C, Table 4.1) under holding potential of + 40 mV. Recordings were obtain at a 

holding potential of + 40 mV due to the frequent rapture of the isolated cell membrane at 

+ 60 mV 

After recording long periods (ca. 10-15 min) of functional single-channel activity 

without channel rundown (Figure 4.5 A), solution D containing 1 mM ATP (Table 4.1) 

was added to the bath solution to interact with KATP channels (Figure 4.5 B). Perfusion of 

1 mM ATP in the bath solution did not affect the burst of channel current activities but 

rather decreased the channel open probability which was in good agreement with 

previous report on cloned mouse KATP channels (with deletion of 26 residues from the C-

terminal) expressed in Xenopus oocytes.209  
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Figure 4.5. Representative current trace of inside-out patch of M2-K expressed in 

HEK 293 in symmetric buffer solution (EC) under holding potential of 40 mV. A. 

Single channel currents with persistent burst of current. B. Addition of 1 mM ATP 

decreased the burst of current and shifted the channels to more closed states. C. KATP 

channel activities recovered after exchange of 1 mM ATP with intracellular solution.  

 

Kir6.2 channels in M2-Kwere briefly closed and then interrupted by extremely 

long openings and relatively short closures in between bursts. The mean open time for the 

burst kinetics fit double exponential distributions with time constants of 5 ± 0.7 ms and 

165 ± 49 ms. The time constant observed for the single-channel current activities of M2-

K expressed in HEK 293 cells were about an order of magnitude higher than in 

pancreatic β cells as reported previously.209,212 The results also revealed higher open 

probabilities over longer duration for Kir6.2 channels in symmetric buffer compared to 

recordings in gradient buffer. The observed results were in agreement with the observed 

burst of currents elicited by endogenous KATP channel openings under symmetric buffer 
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([K+] = 140 mM).213 After several perfusions of the bath solution with intracellular buffer 

containing solution C, we observed partial recovery of the single-ion channel activities as 

shown in Figure 4.5 C. 

Single-channel current activities of KATP channels were observed when inside-out 

currents were measured in wild-type β pancreatic cell lines as control (Figure 4.6 A). In β 

cells, endogenous KATP-channels are involved in the insulin secretion pathway whereby 

high blood glucose leads to the generation of intracellular ATP which closes the KATP 

channels. The consequent event causes depolarization in the β cells where the influx of 

Ca2+ triggers the release of insulin from fused vesicles.38,214 The sensitivity of KATP 

channels to ATP in insulin secreting cell lines (i.e. 4-5 mM) are two orders of magnitude 

higher than the IC50 of inside-out patches.215 Thus the addition of 1 mM ATP drastically 

decreased channel activity (Figure 4.6 D) which was in agreement with previous 

reports.215 Here, inside-out currents in excised membrane of INS-1 cells, an immortalized 

pancreatic β cell line, were recorded in symmetric buffer containing 125 mM KCl 

(solution C) at a holding potential of 60 mV. 

 



165 
 

 

Figure 4.6. Characteristic current trace of wild-type  KATP channels endogenously 

expressed in INS-1 cells via inside-out patch in a symmetric buffer solution ([K+] i = 

125 mM) at holding potential of 60 mV. A. Characteristics of KATP channels with peak 

current and mean open time of 1.3 pA and 40-45 ms respectively. The channel also 

showed short burst of openings with short closed times of ca 10-20 ms in between 

channel openings. B. All-point histogram of single-channel recordings in A. C. Mean 

duration histogram with mean open time of 36 ms. D. Addition of 1 mM ATP shifted the 

channel towards a more closed state. 

  

The all-points histogram from the single-channel recordings showed a characteristic peak 

current of ca. 1.3 pA (Figure 4.6 B). Furthermore, the mean open time fits a single 

exponential curve with τ of 36 ms which is an order of magnitude higher than reported 

values.216   
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Table 4.2 summarizes the mean open time for wild type and transfected HEK 

cells. The events from each histogram is reported. The results show the mean open time 

for transfected HEK 293 cells in symmetric and gradient buffer solution. Two 

populations of mean open times (5 ± 0.7 and 165 ± 49 ms) were observed when inside-out 

recordings of HEK 293 cells expressing M2-K were performed in symmetric buffer 

solution. However, single population of mean open time (66 ms) was observed in 

gradient buffer. The observed population of mean open time for inside-out recordings of 

transfected HEK 293 cells in symmetric and gradient buffer is not fully understood. Thus 

more work is required to investigate the electrical properties and the pharmacology of 

fusion proteins in symmetric and gradient buffer. 

Table 4.2. Summary of the mean open time and events of variable transfected and wild 
type cells. The standard deviation of peak currents were estimated from histogram. 

Cell type 

 

Peak current 

(pA) 

Mean open 

time (ms) 

Events 

 

INS-1  1-1.5 ± 0.4 37 229 
HEK 293 (Wild type) 1-1.5 ± 0.3 57 ± 43 684 
HEK 293 (M2-K) symmetric buffer 1.5 ± 0.9 5 ± 0.7  293 

 1.5 ± 0.6 165 ± 49 184 

HEK 293 (M2-K) gradient buffer 2  ± 0.5 66 84 
 

4.3.2.1. Challenges associated with excised patches 

Some challenges were encountered during inside-out patch clamp recording for 

both transfected HEK 293 cells and wild-type INS-1 cells including delayed responses in 

the interactions between intracellular ATP and KATP channels. The observed results may 

be due to the recess of the isolated cell membrane far within the aperture of the patch 

pipette.217 Several attempts were made to perform outside-out patch clamp 
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measurements, however, due to frequent loss of high electrical seals and instability of cell 

membranes, recordings were not completed. 

Additionally, improper folding of M2-K in HEK 293 cells or mutations in the 

expression of the fusion protein may also diminish the sensitivity of the channel proteins 

to ATP. Drain et al.209 investigated the molecular basis of ATP-dependent inhibition 

gating of truncated Kir6.2 expressed in Xenopus oocytes. Their result suggests that 

different domains of the protein channels were involved in inhibition and gating. Thus, 

mutations that affect the sensitivity of the channel to ATP can also cause the gating to be 

in a long-lived closed state or vice versa.   

 Furthermore, we observed channel rundown resulting in the transition of the 

channels to a long-lived closed state for both wild-type β cells and transfected HEK 293 

cells. Thus recordings that showed channel rundown were terminated and not considered 

for analysis. Previous reports have also shown that overexpression in cell membranes 

may lead to receptor desensitization resulting in prolonged closed state of current 

profiles.216 On the contrary, if the expression levels are low, multiple measurements must 

be made in order to find optimally transfected cells. Despite the challenges associated 

with patch clamp measurements of cells expressing fusion proteins, the high information 

content obtained from electrophysiological recordings is unparalleled.  

4.3.3. Rectification in M2-K channels 

Rectification in the conductance curve is another key factor in identifying KATP 

channels that are endogenously expressed in wild-type INS-1 cells or transiently 

expressed in HEK 293 cells as M2-K fusion protein. Figure 4.7 B and C show current 
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traces of inside-out patch clamp recordings from an isolated membrane of M2-K HEK 

293 cells under increasing potential from -60 to + 60 mV. The steady state currents from 

Figure 4.7 B were plotted against the corresponding applied increasing potential (Figure 

4.7 A) to obtain the conductance curve as shown in Figure 4.7 C. The conductance curves 

obtained were inwardly rectified characteristic of KATP channels. 

 

Figure 4.7. Inside-out transfected current profile showing rectification of M2-K 

currents in membrane patch of HEK 293 cells. A. Applied increasing square wave 

potential in 10 mV increments from -60 to + 60 mV. Each pulse lasted for 150 ms B. 

Representative capacitive current trace of an inside-out patch from isolated membrane 

cell in symmetric buffer solution at membrane holding potential of 40 mV. C. Current-

voltage relationship. Each point on the curve was taken at a corresponding steady state 

current in B. 

 

4.3.4. Whole-cell current studies  

To evaluate the expression of M2-K fusion proteins in HEK 293 cells, whole-cell 

currents were recorded by the application of increasing potential across the entire cell 

after establishing successful whole-cell patch. The current density in both transfected and 

non-transfected cells was obtained by normalizing the current to the capacitance of the 
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cell, thus correcting for cell membrane area. Outward rectification was observed for both 

transfected and non-transfected cells (Figure 4.8 and 4.9).  

 

 

Figure 4.8. Whole-cell current profiles of non-transfected HEK 293 cells (holding 

potential was 0 mV). A. Representative capacitive current profile from whole-cell 

recordings under increasing potential from -70 to 60 mV in 10 mV increments. B. 

Current-Voltage relationship showing outward rectification obtained from each of the 

steady state currents in A. 

 

 The observed outward rectification for the conductance curve for non-transfected 

HEK 293 cells can be attributed to the flux of K+ across delayed rectifying K+-channels 

(K-DR) and Ca2+-activated K+-channels (K-Ca) as described previously.213 Additionally, 

high Ca2+ buffering capacity in intracellular pipettes have been shown to activate K-DR 

channels. Thus it was not surprising to observe outward rectification in most of the 

whole-cell patches since the experiments were performed in bath solution containing 2.6 

mM Ca2+. Jiang et al, demonstrated that outward rectification in HEK 293 cells can also 
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be attributed to endogenous Kv channels which were shown to be dependent on the 

holding potential.205 They observed a more profound outward rectification when the 

holding potential was increased in the negative direction from -40 mV to -80 mV due to 

the activation of voltage-sensitive K+-channels.  

About 60% of whole-cell patches in HEK 293 cells showed pronounced outward 

rectification when the fusion proteins were allowed to express for > 48 h (Figure 4.9 A). 

Additionally, the cells expressing fusion proteins showed increased current density from 

55 pA/pF to 80 pA/pF when the holding potential was changed from 0 mV to a more 

negative potential of -70 mV (Figure 4.9 B). 

 

Figure 4.9. Current-voltage relationships for whole-cell recording of HEK 293 cells 

expressing M2-K.  A. Increased current density of fusion proteins after 48 h of 

transfection (holding potential was 0 mV) with profound outward rectification of whole-

cell current representing a ca. 4 fold increase in current density. B. The conductance 

curves at variable holding potential shows the activation of fusion proteins at a more 

negative holding potential of -70 mV. 

 



171 
 

The outward rectification in wild-type co-transfected cells were rather weak 

compared to HEK 293 cells expressing fusion proteins after 48 h of transfection. 

Comparing the current densities of transfected to untransfected HEK 293 cells at 60 mV 

applied potential, we observed a 12 fold increase in the current density after 48 h of 

transfection, suggesting increased surface expression levels. (Figure 4.10)  
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Figure 4.10. Whole-cell current profiles of transfected and wild-type HEK 293 cells. 

Current-voltage relationship showing a 12-fold increase in current density at applied 

potential of 60 mV after 48 h of transfection. Outward rectification for transfected (red 

circles) and wild-type (blue squares) obtained from each of the steady state currents. 

 

In whole-cell patches, stable recordings were dependent on the equilibration time 

between whole-cell contents and intracellular patch pipette content. Cells were prone to 

whole-cell current instabilities immediately after formation of whole cell seal. Thomas et 

al. attributed this phenomenon to re-equilibration of analytes, dialysis of cell content into 

patch pipette, and receptor internalization.77 Although whole-cell currents in both 

transfected and non-transfected cells were dominated by other K+ channels such as K-DR 
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and K-Ca which contributed to outward rectification in the conductance curves, the 

current densities in the wild-type cells increased after transfection.  

4.3.5. Receptor internalization 

A major source of bias affecting the study of ion channel activities in excised 

patches or in whole-cell recordings is the internalization of the receptors or membrane 

protein channels during patch clamp recordings. Figure 4.11 shows a schematic of 

trafficking of transmembrane proteins such as GPCRs into lipid rafts and caveolae where 

they are later internalized.15 In whole-cells, proteins move into lipid rafts (Figure 4.11 a) 

where they are stabilized and brought in close proximity with other signaling proteins for 

signal transduction. Here, the process of internalization is rather slowed or prevented by 

the lipid raft. However, ligand binding to receptor proteins in whole-cell can also lead to 

receptor internalization via clathrin-coated pits (CCP) (Figure 4.11 b).218 In Figure 4.11 c, 

the receptor enters the cell via rafts for signaling purposes. However, in Figure 4.11 d the 

receptor reenters the cell membrane where it is internalized and degraded by CCP. Thus 

the changes in whole-cell current amplitude during recordings can be as high as 50% 

especially for non-transfected cells.  
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Figure 4.11. Schematic showing the trafficking of transmembrane signaling proteins 

(GPCRs) into lipid rafts and caveolae. A. Ligand binding to GPCR moves the receptor 

protein into the lipid raft where it is protected from internalization. B. Rafts stabilize 

receptor to slow down agonist-induced internalization prior to moving into the cell 

membrane where they are degraded in the clathrin-coated pits (CCP). C. The lipid raft 

becomes an alternate path by which receptor enters into the cell upon ligand binding to 

receptor already in a lipid raft. D. Agonist-induced internalization via CCP triggered by 

the binding of ligands to receptor already in the lipid rafts. Figure redrawn from Chini et 

al.15 

 

Due to receptor internalization, the waiting time prior to the titration of agonist and 

antagonist was extended. This allowed stable recordings of both transfected cells and the 

wild-type.  
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4.3.6. Pharmacology of transfected and wild-type HEK 293 cells 

Figure 4.12 shows the dose response curve from whole-cell current response by 

the addition of acetylcholine (ACh), an M2 agonist (Figure 4.12 A), and atropine, an M2 

antagonist, (Figure 4.12 B) to wild-type HEK 293 cells. The addition of agonist to non-

transfected cells resulted in unstable whole-cell currents probably due to receptor 

internalization or slow equilibration of cell contents at the onset of recording. 

 

 

Figure 4.12. Pharmacology of wild-type HEK 293 cells. A. Addition of increasing 

concentrations of acetylcholine (agonist of M2) resulted in unstable currents probably 

due to receptor internalization. B. Addition of increasing concentrations of atropine 

(reverse agonist of M2) did not show a change in basal current in whole-cell patches, 

however, the current recordings were more stable. 

 

The percent change in current amplitude was improved for transfected cells 

although drug-dose current recordings were sometimes challenging. Stable recordings 

were classified according to the level of fluctuations in current response within the first 

10 min of perforating into the whole-cell, thus cells that maintained < 40% change in 
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current were considered stable and appropriate for drug dose current recordings. Prior to 

performing drug-dose recordings, the efficiency of transfection was determined using the 

current density of the cells at different expression times. Once high levels of fusion 

protein expressions in HEK 293 cells were established, drug-dose recordings were 

performed. 

 

Figure 4.13. Concentration-response relationship for the addition of acetylcholine to 

HEK 293 cells expressing M2-K fusion proteins. Acetylcholine induced a significant 

change on the current response of the HEK 293 cells expressing the fusion proteins. ACh 

EC50 of 3.4 µM was in the same order of magnitude for results obtained for the 

expression of M2-K in Xenopus oocytes.66  
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               To investigate a direct cross-talk between M2 and Kir6.2 in the expressed fusion 

protein, increasing concentrations of ACh and CCh (agonist of M2) were applied to cells. 

CCh did not induce a significant change on both transfected and wild-type HEK 293 

cells. However, ACh activated M2-K with half-maximal effective concentration (EC50) of 

ca. 3.4 µM suggesting functional M2 in the fusion construct (Figure 4.13). Additionally, 

the observed EC50 for the activation of M2-K by ACh in HEK 293 cells was within a 

factor of 2 compared to the expression of M2-K in Xenopus oocyte with an EC50 of ca. 2 

µM.  

              Atropine, an antagonist of M2, was also investigated. The reversibility of the 

M2-K fusion proteins expressed in HEK 293 cells were investigated using saturation 

assay whereby high concentration of atropine (500 µM) was perfused into the bath 

solution.  

 

Figure 4.14. Saturation assay of M2-K expressed in HEK 293 cells via whole-cell 

recordings (membrane holding potential was -70 mV) under increasing applied 

potential from -100 to +100 mV. A. Capacitive current trace showing the response of 

M2-K to increasing potential in extracellular solution. B. Application of 500 µM atropine 

resulted in a significant decrease in current response as a result of the reverse agonist 

effect on M2 receptors. C. Capacitive current trace showing the response of M2-K when 
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bath solution was perfused with extracellular solution. The perfusion of high 

concentration of atropine with extracellular solution resulted in partial recovery of the 

initial whole-cell current from M2-K.  

 

The current response significantly decreased after the addition of 500 µM atropine 

(Figure 4.14 B). Perfusion of bath solution to wash away atropine using extracellular 

buffer, resulted in a partial recovery of the initial whole-cell current (Figure 4.14 C). The 

concentration-response relationship for the addition of atropine to whole-cells was 

investigated.  

 

Figure 4.15. Concentration-response relationship for the addition of atropine to 

HEK 293 cells expressing M2-K fusion proteins. Atropine reversibly suppressed the 
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activation effect of ACh on M2-K with half-maximal inhibition concentration of ca. 500 

nM.  

 

Results revealed that atropine reversibly suppressed the activation effect of ACh on M2-

K with half-maximal inhibition concentration of ca. 500 nM. Additionally, atropine tested 

on M2-K without activation by ACh showed direct inhibition of the fusion proteins with 

IC50 of 120 nM. The activation of M2-K by ACh and the inhibition effect of atropine on 

the receptor suggest that M2-K ICCR expressed in HEK 293 cells is a reliable electrical 

probe. Previous work by Vivaudou and co-workers demonstrated that the activation of 

Kir6.2 by the conformational change of M2 was independent on the signaling pathway of 

receptor-associated G-protein complex.66 Thus, the observed activation of M2-K by the 

addition of ACh and inhibition by atropine in mammalian cells and in isolated patches 

without the mediation of complex signaling pathways involving Gi/o demonstrates the 

potential of ICCR as sensors. The reversibility of the fusion proteins to nM 

concentrations of atropine clearly demonstrates the potential of ICCRs as diagnostic 

tools. An outlook of this research will involve the cell-free expression of fusion proteins 

in a well-controlled and stable artificial lipid environment towards the development of 

high-throughput screening systems.  
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4.4. SUMMARY AND CONCLUSION 

A fusion protein that directly couples GPCR to Kir6.2 (an inwardly rectifying potassium 

ion channel that generates electrical signal) was expressed in HEK 293 cells. The fusion 

protein (M2-K) was previously engineered by attaching the cytosolic carboxy-terminus of 

the muscarinic acetylcholine (M2) GPCR to the amino-terminus of the ion channel 

(Kir6.2 or K) by short terminal deletions.66 The concentration-dependent activation of the 

expressed M2-K fusion proteins was determined by patch clamp assay. Whole-cell patch 

clamp revealed a ca. 15 fold increase in the current density when HEK 293 cells were 

transfected and allowed to express for > 48 h. The expressed fusion protein demonstrated 

a real-time and label-free detection of ACh (an agonist of M2) with an EC50 of 3.4 µM, 

which was in the same order of magnitude for M2-K expressed in Xenopus oocytes. 

Atropine (antagonist of M2) reversibly inhibited the M2-K fusion protein as evidenced by 

the reduced electrical current with an IC50 of 120 nM and 500 nM when atropine was 

allowed to interact with ACh activated fusion protein. Cell-free inside-out patches were 

used to successfully monitor the activity of the KATP channels, which acted as direct 

electrical probes for the covalently-linked M2 receptor. Gating in fusion proteins was 

verified to be linked to KATP channels, as evidenced by characteristic peak currents of 

1.5-2 pA, rectification in current-voltage relationship, and inhibition by 1 mM 

intracellular ATP. The ability of ICCRs to transduce ligand-GPCR interactions directly 

into electrical signals will allow the development of cell-free GPCR-based screening 

systems. This platform also opens avenues for creating ICCR libraries towards high-

throughput screening and multiplex diagnoses. 
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5. CONSTRUCTION OF ION-CHANNEL FUNCTIONALIZED DETECTOR: 

TOWARDS MICROCHIP ELECTROPHORESIS 

5.1. INTRODUCTION 

Capillary electrophoresis (CE) is a popular analytical separation method for 

analyzing small volume samples (µL to pL) with attractive features such as fast analysis 

time (s), high selectivity and separation efficiency ( > 104 plates/cm), excellent 

compatibility with biological samples, and the ability to separate both positive, neutral, 

and negative species.219,220 Additional features of CE include automation in sample 

handling and the ability to miniaturize and integrate with other techniques.221 Despite the 

promising features offered by CE, conventional detectors such as fluorescence, 

absorbance, and electrochemical detectors are functionally limited, making the detection 

of biological analytes that lack optically or electrochemically active moieties 

difficult.222,127 In the case where analytes lack strong absorption features, detection 

depends on selective derivatization before or after separation, which adds complexity to 

capillary separation-based sensors. 

To circumvent these problems, CE may be coupled with biorecognition elements 

to detect biologically active molecules without the need to label analyte molecules.52 In 

addition to the advantage of label-free detection of otherwise undetectactable molecules, 

membrane receptors such as ion channels or G-protein coupled receptors (GPCRs) have 

unparalleled selectivity towards ligands in complex matrixes. Using ion channels or 

GPCRs as signal transducers thus may allow for the sensitive and selective translation of 

chemical binding events into quantifiable signals.29 Recent screening methods have 
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coupled cell-based biosensors to CE.53,221 For example, ligand-receptor interactions in 

whole-cell membranes via electrophysiological measurement have been coupled to CE 

for separation, detection, and identification of neuroactive compounds from a mixture of 

Gamma-aminobutyrate acid, L-glutamate, and N-methyl-D-aspartate. These compounds 

were identified by their electrophoretic migration times, kinetics, conformational 

structural change and magnitude of response induced by ligand-receptor interactions.127  

Despite the rich information content obtained from electrophysiological 

measurements of whole-cell patches, cell-based sensors suffer from mechanical, 

electrical, and temporal stability. Additionally, the irreproducibility and interference can 

be caused by a combination of neighboring signaling molecules, and /or multiple agonist 

effects at the same receptor,50,223 receptor internalization, or the instability of cell 

membranes during electrophysiological recording (< 2 h). Additionally, data 

interpretation and ligand identification can be challenging due to multiple agonist effect. 

Furthermore, whole-cell patches suffer from low throughput since cells have to be 

patched individually, generating a maximum of 10-30 data points per day.113 Thus, 

development of a stable biosensor platform as a detector for CE requires replacing the 

unstable whole-cell patch with artificial lipid membranes for the study of ligand-receptor 

interactions in a controlled lipid environment, eliminating interferences from other 

membrane proteins.  

The integration of CE with other techniques have been improved whereby long 

capillaries and bulky power supplies have been replaced by microchip electrophoresis 

controlled by portable power supplies. The coupling of CE or microchip electrophoresis 
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with biorecognition element facilitate drastic enhancements in the identification and 

screening of biological analytes due to the detection of biological analytes (including 

optically and electrochemically inactive analytes) without the need of labelling 

Here, we have developed a stable ion channel detection platform for microchip 

CE. The bulky capillary in CE was replaced with a microchip electrophoresis platform 

while black lipid membranes (BLMs) replaced the unstable whole-cell patches. 

Additionally, polymerizable bis-dienoyl phosphatidylcholine (bis-DenPC) and non-lipid 

methacrylate monomers (chapter 3) were used to enhance the stability of the BLM-IC 

platform against high field strengths originating from the separation voltage. Motivated 

by the promising advances of on-chip based electrophoresis and sensors, we have 

developed microchip-based bilayer ion channel platform coupled to microchip 

electrophoresis.  
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5.2. MATERIALS AND METHOD 

5.2.1. Chemicals  

  Chrome layered glass was purchased from Telic Co. (Valencia, CA). Shipley 

S1813 (positive photoresist), SU-8 3050, and SU-8 developer (1-methoxy-2-propyl 

acetate) were purchased from Microchem Corp. (Newton, MA). CEP-200 micro-chrome 

etchant was purchased from Microchrome Technology, Inc. (Reno, NV). 100-oriented Si 

wafers used for creating the SU-8 mold master were purchased from Wafer World, Inc. 

(West Palm Beach, FL). 70% H2SO4, 30% H2O2, and NaCl were purchased from EMD 

Chemical, Inc. (Gibbstown, NJ). KCl and 2-[4-(2-hydroxyethyl) piperazin-1-yl] 

ethanesulfonic acid (HEPES) were purchased from Sigma-Aldrich (St. Louis, MO). 

Tridecafluoro-1, 1, 2, 2-tetrahydrooctyl) dimethylchlorosilane (PFDCS) used for the 

modification of glass pipette apertures was purchased from Gelest Inc. (Morrisville, PA).  

Ethanol was purchased from Decon Laboratories (King of Prussia, PA). HF was 

purchased from Mallinckrodt (Hazelwood, MO). 1, 2-Diphytanoyl-sn-glycero-3-

phosphocholine (DPhPC) in chloroform was purchased from Avanti Polar Lipids Inc. 

(Alabaster, AL). Bis-dienoyl phosphatidylcholine (bis-DenPC) was synthesized as 

previously described.224 The structures of lipids used for experiment are shown in 

Scheme 5.1. H2O used for all experiments was obtained from a Barnstead EasyPure 

UV/UF purifier with a minimum resistivity of 18.3 MΩ cm. 
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Scheme 5.1. Structure of polymerizable (bis-DenPC) and non-polymerizable (DPhPC) 

lipids used for the formation of stable BLMs. 

 

5.2.2. Fabrication of microchip in glass  

  Clean chrome layered glass was baked at 110 ºC for 5 min and spin coated with 

S1813 series ( positive photoresist) at a rate of 500 rpm for 20 s followed  by 1000 rpm 

for 40 s. The substrate was then baked at 110 ºC for 5 min, allowed to slowly cool for 5 

min, and exposed to UV radiation for 30 s through the aligned photomask as shown in 

Figure 5.1 A. The exposed substrate was then developed in Microposit MF-319 developer 

for 5 min to remove the cross-linked photoresist exposing the chrome layer followed by 

rinsing with nanopure water (Figure 5.1 B). Next, the substrate was baked at 95 oC for 10 

min and developed in CEP-200 Chrome Etchant for 5 min to remove the chrome layer. 

The resulting substrate was then rinsed in nanopure water and allowed to air dry prior to 

wet etching in glass.  

Bis-dienoyl phosphatidylcholine (bis-DenPC) 

1, 2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) 
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Figure 5.1. Fabrication of microchannel in glass. A. Photomask is aligned on spin 

coated chrome layered glass followed by 30 s of UV irradiation. B. UV irradiated 

photoresist was developed in MF-319 to wash away the photoresist thus exposing the 

underlying chrome layer. The chrome layer was etched away using CEP-200 etchant. C. 

The exposed glass was wet etched using a mixture of HF: HCl: H2O with a 1:1:2 (v/v) 

ratio at a rate of 7 µm/min for ca. 7 min. Microchannel created in glass was temporarily 

bonded to PDMS. Access to the microchannel was made through wells punched into 

PDMS. 

 

Microchannels in glass were etched using a 1:1:2 (v/v) ratio of HF: HCl: H2O at a rate of 

7 µm/ min for 7 min. After etching of microchannels in glass, the remaining photoresist 

and chrome layer were removed using acetone and CEP-200 Chrome Etchant (5 min), 

respectively (Figure 5.1 C). The glass microchannels were temporarily sealed with 

PDMS. Wells were punched in PDMS to gain access to microchannels as shown in 

Glass

Chrome layer
S1813 series photoresist

Su8 spin coated on Si wafer

Glass

Chrome layer

Su8 spin coated on Si wafer

Glass

PDMS

A

B

C

UV
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Figure 5.1 C. Prior to bonding glass to PDMS, the microchannels were cleaned in piranha 

solution composed of a 5:2 (v/v) mixture of H2SO4 and H2O2, followed by rinsing with 

nanopure water. The substrate was then dried with N2 gas. 

5.2.3. Fabrication of microchip in PDMS 

Microfluidic channels in polydimethylsiloxane (PDMS) were fabricated by soft 

lithography.  Sylgard 184, a silicone elastomer, (Dow Corning, Midland, MI) was cast on 

a Si-wafer master mold in a petri dish. The SU-8 mold master for the microchannel was 

fabricated by standard photolithography procedure.225,226 Briefly, 2 mL of SU-8 3050 

(negative photoresist) were spun on a clean silicon wafer at a speed of 500 rpm for 10 s at 

acceleration of 100 rpm/s followed by a second spinning at a speed of 5000 rpm for 30 s 

at acceleration of 1000 rpm/s.227 The substrate was soft baked for 10 min at 95 °C 

followed by a 40 s UV irradiation (9.0 mW cm-2) through a photomask using the Karl 

Suss MJB3 mask aligner (Figure 5.2 A). Hard baking was performed at 65 °C for 1 min 

and at 95 °C for 5 min. The substrate was then developed in 1-methoxy-2-propyl acetate 

for 5 min to form SU-8 master mold (Figure 5.2 C), and then rinsed with isopropyl 

alcohol and finally dried using N2.  
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Figure 5.2. Fabrication of microchannel in PDMS. A. Photomask was aligned on SU-8 

(negative photoresist spun on Si-wafer). The exposed SU-8 was cross-linked after 30 s of 

UV irradiation. B. The resulting substrate material was developed in 1-methoxy-2-propyl 

acetate to form SU-8 mold master. C. PDMS was cast onto SU-8 mold master and 

allowed to cure in oven at 70o for ca. 2 h. After curing, PDMS was gently peeled from the 

master mold and bonded on glass or another PDMS substrate to close the channel. 

 

PDMS microchannels were produced from a mixture of 10:1 ratio of elastomer to curing 

agent that was cast on SU-8 Si-wafer master and allowed to cure at 70 oC for 2 h. After 

curing, PDMS was gently peeled from the master mold and bonded on glass or another 

PDMS substrate to close the channel. Prior to bonding, ca. 4 mm wells were punched into 

PDMS with a biopsy punch as shown in the diagram in Figure 5.3. The separation 

channel in the device was 32 mm (L) x 40 µm (H) x 30 µm (W). The distance from 

reservoir “a”, “b” and “c” to the junction was 7 mm. The offset junction between “b” and 

“c” was 50 µm apart.  

Molding of microchannel in PDMS 
using SU-8 master 

Development of substrate in 
1-methoxy-2-propyl acetate

Si-wafer

Spin coat SU8

Su8 spin coated on Si wafer

master

Microfluidic channel in PDMS

Alignment of photomask on 
spin coated SU-8 followed
by UV irradiation

A

master

SU8 layer on Si-waferB

C



188 
 

  

Figure 5.3. Microfluidic channel fabricated in PDMS.  A. Schematic drawing of 

microchannel showing (a) sample reservoir, (b) buffer reservoir, (c) sample waste 

reservoir, (d) buffer waste reservoir. Separation channel is connected to sample waste 

reservoir and buffer reservoir by an offset of 50 µm. B. Image showing offset channel in 

microchip. 

 

PDMS was plasma cleaned for 2 min to obtain reactive hydroxyl surfaces required for 

bonding to glass. The bonded glass/PDMS substrates were baked at 70o for 1-2 h. Air 

bubbles were often retained in microchannels due to the inability of water to wet the 

hydrophobic surface of PDMS. Thus, channels were rinsed with ethanol and finally water 

prior to use. Once the PDMS surface was made hydrophilic, bubble formation in the flow 

channel was prevented.  
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5.2.4. Fluorescence imaging 

Fluorescein was injected into the microchannel and was imaged using Nikon 

Eclipse TE300 inverted epifluorescence microscope with a 10 ×/0.25 N.A. The injection 

and imaging of fluorescein was performed to evaluate the efficiency of injection in the 

microchannel. Objective (Nikon Instrument Inc., Melville, NY) and a Quantix 57 back-

illuminated CCD camera (Roper Scientific, Tucson, AZ). Images were captured using 

MetaVue software (Universal Imaging, Downingtown, PA). The exposure time for image 

collection ranged between 200 and 500 ms. 

5.2.5. High voltage power supply 

A portable power supply was assembled using two programmable EMCO HV 

sources and two relays (Figure 5.4 A). The dual-source programmable power supply 

allowed multiple HV switching required for controlling the flow of solution in each 

micro channel simultaneously. The detection reservoir was always maintained at ground 

potential which allowed online current measurement. To evaluate the performance of the 

power supply, each voltage source from the four electrodes were tested separated. Using 

11.5 ± 0.5 MΩ resistor, potentials were applied and resulting currents were recorded. 

Figure 5.4 B shows a linear response for the current vs voltage relationship generated at 

one of the electrodes connected to the HV power supply. The current (100 µA) generated 

by applying 200 V was suitable to allow efficient separation of analytes.  
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Figure 5.4. Portable power supply for microchip electrophoresis. A. Power supply 

consists of two EMCO power sources and two relays. The power supply is connected to 

DAQ (National Instrument) that allows voltage to be programmed through LabView 

software. B. Linear response from current vs voltage curve within the range of current 

required for efficient separation of analytes in microchip electrophoresis. 

 

5.2.6. BLM formation and polymerization 

Lipids were dried using compressed Ar and lyophilized overnight. Dried lipids 

were then suspended in n-decane to a final concentration of 10-20 mg/mL. The lipids 

were then used for the formation of BLMs by either painting or tip-dip method as 

described in Chapter 2. BLM polymer scaffolds were formed using bis-DenPC90 or 

methacrylate doped lipids (Chapter 3) via UV irradiated using a UV pen lamp (UVP, 

Upland, CA, Model 99-0056-01).  
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5.3. RESULTS AND DISCUSSION 

  Despite the limitations associated with the use of whole-cells, chemical 

separations have previously been coupled with whole-cell patches to address challenging 

problems in sample analysis. Due to the instability of whole-cell patches and 

interferences from other receptor proteins during recordings, the use of cell-based sensors 

for screening and identification of biologically active analytes are extremely challenging. 

Additionally, the use of long separation capillaries (25-35 cm) coupled to low throughput 

whole-cell electrophysiological measurements complicates their use due to the 

instabilities of the cell membranes and complex signaling in cells. Here, the CE-patch 

clamp coupled system was simplified by replacing long capillaries with microchannels, 

while the whole-cell biosensor was replaced with stable BLM-IC platforms towards the 

development of an integrated device.  

5.3.1. Evaluation of microchannels in PDMS and in glass 

Microchannels were created in PDMS and in glass. PDMS is one of the most 

attractive materials for the fabrication of microfluidic devices due to its optical properties 

and cost efficient fabrication owing to the reusability of the SU-8 mold master for 

developing microchannels in PDMS. Additionally, freshly made microchannels in PDMS 

can be stored for weeks to be used later. A major disadvantage in using PDMS for 

microchip electrophoresis is the dynamic nature of the surface chemistry. 228 Previous 

works have shown that plasma cleaned PDMS reverts back to its hydrophobic state after 

1 h of cleaning, thus PDMS channels were often treated with polyelectrolyte polystyrene 
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sulfonate (PSS, 1 mg/mL) or 0.1 M NaOH for an hour to enhance and stabilize electro 

osmotic flow.228,229  

On the contrary, fabrication of microchannels in glass is expensive and time 

consuming. However, separation in glass channels is superior to PDMS due to the stable 

surface hydroxyl groups generated. Additionally, the surface chemistry in glass channels 

is similar to that of fused-silica capillaries. A major limitation that affects the reuse of 

glass microchannel devices is clogging within the channel and the irreversible bonding 

formed between glass substrates or between glass and PDMS. 

5.3.1.1. Temporal bonding of glass to PDMS 

Irreversible bonding of glass to PDMS occurs when highly reactive surfaces are 

generated after plasma cleaning, thus allowing hydrogen-bonding between the two 

substrates.230 Owing to the irreversible bonding between glass and PDMS, microfluidic 

devices are often discarded after use or when dirt is trapped within the channels. Here, we 

developed an alternative method that allows reversible bonding between glass and 

PDMS, enabling the two substrates to be separated and cleaned after each experiment. 

The reversible bonding process involves UV cleaning of the two substrates using a low 

power UV pen lamp with 4750 µW/cm2 for ca. 15 min. After each experiment, the glass 

and PDMS were taken apart and the microchannel in the glass substrate was cleaned in 

piranha for 15 min and then soaked in 0.1 M NaOH to regenerate surface charges. This 

process saved time and was cost effective.   
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5.3.1.2. Electrokinetic injection and electrophoresis 

The injection system is an important aspect of sample handling in chip-based CE; 

thus, sample injections were optimized to reduce leakage into the separation channel. 

Here, the double-tee injection method in an offset channel was used to minimize sample 

leakage into the separation channel. The double-tee injection reduced sample leakage to 

ca. 4% compared to 49% in traditional injection method as reported previously.231  The 

use of double-tee method provides a straightforward approach to injection by controlling 

two electrodes simultaneously. Electrokinetic injections were carried out in 20 mM 

borate buffer (pH = 9.2). Figure 5.5 A, shows micrographs of double-tee injection 

processes in an offset glass microchannel. Initial step of injection involves the loading of 

analytes in reservoir “a” and buffer in reservoir “b, c, and d”. In Figure 5.5 A, i., pre-

injection of sample was performed by applying potential of 500 V and 0 V at reservoir 

“a” and “c” respectively while reservoir “b” was floated. During the sample injection step 

in Figure 5.5 A,ii, “c” was floated and 500 V was applied for 3 s to reservoir “a”. The 

sample plug was then introduced into separation channel via running buffer from 

reservoir “c” to reservoir “d” at a potential of 750 V (Figure 5.5 A, iii). Figure 5.5 B 

shows schematic of a microchip with various wells. High voltage for injection and 

separation was applied through platinum wire placed in the various wells. 
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Figure 5.5. Fluorescence micrographs of a double-tee injector in an injection 

procedure. A. Injection of fluorescein using double-tee injector method. (i) Pre-loading 

of sample. (ii) Sample injection into separation channel. (iii) Introduction of sample plug 

into separation channel via running buffer from reservoir “c”. B shows schematic of a 

microchip with various wells. High voltage for injection and separation was applied 

through platinum wire placed in the various wells. 

 

The effect of variable potential during injections was evaluated.  Differing potentials 

were applied in the separation channel as shown in Figure 5.6. Decreasing peak heights 

and area corresponds to decreasing applied separation potential from 750, 500, and 300 

V. We observed 100% recovery of peak height and area when the applied potential was 

reverted to 750 V suggesting a reproducible injection from the offset channel.  
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Figure 5.6. Injection of 60 µM fluorescein using double-tee injection method. The sample 

peak heights were dependent on injection potential. B. The sample peak height and area 

decreased as the injection potential was decreased from 750, 500, and 300 V for 1st, 2nd 

and 3rd peaks respectively. When the injection potential was reverted back to 750 V, full 

recovery of the peak was observed suggesting that the double-tee method of injection was 

efficient with less leakage.   

 

While electrokinetic injection is crucial in chip-based CE for reproducible sample 

delivery, sample leakage affects the overall efficiency of separation. Here, the double-tee 

injection method was used to reproducibly introduce fluorescein samples into the 

separation channel as shown in Figure 5.6. The injection method through was used to 

drastically reduce the sample leakage into the separation channel. Additionally, variable 

potential was used to control the volume of sample injected suggesting that the double-
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tee method can be used to deliver precise volume of sample in a temporarily bonded 

microchip.  

5.3.2. Microchip electrophoresis coupled to BLM-IC platform 

The use of conventional detectors such as laser induced fluorescence (LIF) for 

microchip electrophoresis are limited to the detection of optically active molecules. The 

detection of biologically active molecules that lack strong absorption features (eg. 

acetylcholine) require the use of biosensors with receptors that can recognize or readily 

bind separated analytes. Ion channels (ICs) are natural biosensors of biologically active 

molecules, thus ICs can be developed into sensors which can be coupled to microchip 

electrophoresis for the detection of biological analytes. A more convenient method of 

studying ligand-receptor interactions is by isolating the channel proteins from complex 

cell membrane into a simplified system such as synthetic bilayer membrane or BLMs. 

Here, model IC were reconstituted into BLMs and the effect of separation voltage was 

evaluated. 

Microchip electrophoresis was coupled to BLM-IC platform formed across glass 

pipette aperture (25-35 µm) silanized with perfluoro silanes. The silanized aperture 

provides a low surface energy for the formation of stable lipid bilayer (Chapter 2). As 

shown previously, two lipid monolayers spontaneously assemble from opposite sides of 

the aperture to form a suspended bilayer.75 The double-tee method of injection was used 

to deliver sample plugs into the separation channel with minimal leakage. Here, injection 

of buffer from the sample reservoir was evaluated based on the effect of HV field 

strength on the BLM-IC platform. 
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A schematic of the microchip coupled with a BLM suspended across a glass 

microaperture is shown in Figure 5.7 A. The tip of the pipette is placed in close proximity 

to the end of the microfluidic channel in reservoir “d”. The decoupling distance from the 

ground (Gnd1) electrode in the microfluidic channel to the BLM-IC detection platform 

was varied between 500 – 1000 µm. The BLM-IC platforms were able to withstand 

electric fields up to 214 V/cm at a decoupling distance between 800 –1000 µm. Figure 

5.7 B shows schematic of gramicidin ion channel inserted into BLMs with mean open 

time of 345 ± 2. The noise in the BLM-IC detection chamber was minimal (< 1 pA) thus 

allowing single-ion channel activities to be monitored as shown in Figure 5.7 C. The 

mean open time was 360 ms from a total of 89 events. 

 

Figure 5.7. Coupling of microchip electrophoresis to BLM-IC platform. A. 

Schematic of microfluidic device coupled to bilayer suspended across glass micropipette 

aperture. The BLM-IC recording electrode and the reference electrode are both placed in 

reservoir (d). B. Schematic of gramicidin ion channel interacting with BLM. C. Low 

noise in coupled device allows single-channel recordings of gramicidin ion channel under 

HV electrophoretic injections of 214 V/cm. The mean open time was 360 ms from a total 

of 89 events. 
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Figure 5.8 shows the background current induced on the BLM-IC platform 

resulting from the electric field generated in the separation channel at increasing applied 

potential with a decoupling distance between 700 – 800 µm. BLMs easily ruptured when 

decoupling distance was below 800 µm, thus most experiments were performed at a 

decoupling distance of 800 µm. The registered background current increased linearly as 

the separation potential in microchannel was increased from 0 to 1000 V. Thus, the large 

interference in background current was deleterious to single channel recordings in BLM-

IC platforms.  

 

Figure 5.8. Background current generated in BLM detection platform at decoupling 

distance between 700 – 800 µm under increasing applied potential in separation channel. 

The background current induced on the BLM increased linearly as the separation voltage 

increased from 0 – 1000 V. The pipette potential was held at 0 mV. 
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At decoupling distance between 800 – 900 µm, the background current greatly decreased 

and noise was < 1 pA at applied potential of 600 V. Maintaining a decoupling distance 

between 800 – 900 µm, stable BLM-IC recordings were acquired under field strengths 

ranging from 0 to 214 V/cm. Table 5.1 shows stable BLMs with noise background noise 

<1 pA when field strength was successively increased from 0, 18, 36, 71, 142 to 214 

V/cm with corresponding separation current of 2.2, 2.7, 5.3, 9.5, 13.5, and 17.4 µA 

respectively. We observed frequent rupture of BLMs when field strength was greater than 

214 V/cm. 

Table 5.1. Evaluation of bilayer stability and background noise in the detection chamber 
under increasing field strength from microchip electrophoresis at a decoupling distance 
between 800-900 µm. 

Field strength 

(V/cm) 

Separation 

current (µA) 

Bilayer  

stability 

RMS Noise 

(pA) 

0 2.19 Stable 0.92 ± 0.003 

18 2.67 Stable 0.93 ± 0.02 

36 5.30 Stable 0.93 ± 0.02 

71 9.47 Stable 0.93 ± 0.01 

142 13.47 Stable 0.94 ± 0.003 

214 17.35 Stable 0.94 ± 0.01 

 

To further enhance BLM-IC platforms, methacrylate monomers were doped into lipid 

solution to form MA-BLMs as described in Chapter 3. MA-BLMs were partially 

polymerized for 5 min to stabilize the BLMs while maintaining fluidity within lipid 
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membrane. When the polymer scaffold-stabilized (PSS)-BLMs was coupled to microchip 

electrophoresis, the bilayer platforms withstood field strengths above 214 V/cm. The 

bilayer was stable at field strength of 250 V/cm with noise < 1 pA. However, at 286 

V/cm, the noise increased by ca. 50 fold, thus inhibiting the monitoring of single-channel 

current activities in gramicidin ion channels. Interestingly, the background noise in the 

electrophysiological measurements of BLMs drastically decreased to < 1 pA when the 

applied potential in separation channel came to completion or was removed, suggesting 

that BLMs can be coupled with microchip electrophoresis. The current required to 

separate analytes in microfluidic channels is ca. 10 µA. At field strength of 75 V/cm, 

enough current is generated to allow separation of biological analytes without any 

deleterious effects on BLM-IC sensor platforms. 

Table 5.2. Evaluation of BLM-IC platforms against high voltage field strength from 
separation channel in a microchip. The IC was reconstituted in partially polymerized 
bilayer doped with methacrylate monomers. 

Field strength 

(V/cm) 

Separation  

current (µA) 

Bilayer  

Stability 

Noise 

(pA) 

Distance 

(µm) 

250 33.50 Stable  0.98 ± 0.56 800 -900 

286 35.09 Stable 51.2  ± 1.82 800 -900 

 

To evaluate the stability of PSS-BLM-IC platforms against electric fields from the 

separation voltage, gramicidin ion channel was reconstituted into PSS-BLMs. We 

observed controlled insertion of ion channels into the PSS-BLMs with maximum of two 

active states of the channels compared to > 5 in MA-BLMs or conventional BLMs. The 
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BLM-IC platform withstood HV field strength of 250 and 286 V/cm respectively. Figure 

5.9 A shows a schematic of the IC in pre-formed PSS-BLMs. Here, the MA-BLMs were 

partially polymerized for 5 min to form PSS-BLMs prior to IC reconstitution.  Figure 5.9 

B shows a single-channel activity of gramicidin in PSS-BLMs with maximum channel 

activity of two with mean open time of 18 ms from a total of 256 events, suggesting 

reduced insertion into the PSS-BLMs. At 286 V/cm, the noise generated in the detector 

chamber inhibited the monitoring of single-channel activation of the ion channels; 

however, we observed the recovering of single-channel events after the effect of 

separation potential was removed.  

 

Figure 5.9. Evaluation of stable IC in PSS-BLMs against HV electric field. A. 

Schematic showing the insertion of gramicidin ion channel into partially polymerized 

bilayer via cross-linking of methacrylate monomers. B. Single channel recordings of 

gramicidin ion channel reconstituted in partially polymerized bilayer. A maximum of 2 

multiple states of the ion channel was observed indicating controlled insertion with mean 

open time of 18 ms from a total of 256 events. 

 

In practice, field strength of 100 V/cm is suitable for fast and efficient separation 

of analytes in microchip electrophoresis,232 thus coupling of BLM-IC to microchip 

electrophoresis at a separation field strength of 142 V/ cm is feasible while maintaining 
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optimal performance of the IC detection platform.  Additionally, coupling of microchip 

electrophoresis to IC platforms is distance dependent. Thus while shorter distance < 800 

µm may be deleterious to BLM-IC platforms during the simultaneous injection in 

separation channel and electrophysiological measurements in BLM-IC platforms, 

recordings of IC measurements after removal of applied separation potential has made 

coupling feasible. 

5.3.3. Construction of integrated device 

Though successful coupling between microchip electrophoresis and BLM-IC 

suspended across glass pipette microaperture has been achieved, using macro-sized glass 

pipettes in an inherently 2D microfluidic platform is not ideal. BLMs suspended across 

glass pipette apertures allow fluidic and electronic access to one side of the bilayer 

membrane (i.e. side facing bath solution). Additionally, pipette apertures must be 

fabricated individually with slight variations in aperture diameters. Overall, fabrication of 

glass pipette apertures can be time consuming and is a low throughput process.  

 To circumvent this problem, sloped-wall microapertures were prepared in SU-

8.120, 116 Several planar microapertures in SU-8 can be fabricated simultaneously with 

reproducible geometry and diameter. Additionally, the moderately hydrophobic (water 

contact angle of 92 ± 3o untreated or 56 ± 5 o when cleaned with toluene) surface 

chemistry of SU-8 apertures allows for the stable formation of BLMs via the interactions 

of hydrophobic lipid tails with the sloped wall of the aperture (Figure 5.10 A).  The SU-8 

aperture was assembled into a microfluidic device format with isolated fluidic 
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compartments connected by suspended lipid bilayer. The device offers a better sensing 

platform, providing electronic and fluidic access to both sides of the bilayer membrane.  

BLMs including DPhPC, methacrylated doped lipids, and bis-DenPC were 

suspended across the SU-8 microapeture device and were characterized for their 

electrical properties. Results showed reproducible formation of BLMs across the SU-8 

aperture. However, we observed that BLMs were formed with much more difficulty 

across SU-8 apertures that were already used for polymerization. The observed difficulty 

and irreproducibility in BLM formation could be attributed to the formation of aggregates 

along the edges of the aperture. The image in Figure 5.10 C shows aggregates around the 

edges of the aperture after it was used and rinsed with water. As such, new SU-8 devices 

were used for forming BLMs. 

 

 

Figure 5.10. Microfluidic aperture assembled in a device format. A. The moderately 

hydrophobic surface chemistry of SU-8 aperture allows for the interactions of 
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hydrophobic lipid tail with the sloped wall, thus forming BLMs. The device allows 

electronic and solution access to both sides of the bilayer membrane. (The cartoon of the 

lipid bilayer suspended across the aperture is not drawn to scale)  B. Image of UV pen 

lamp and specifications used for polymerization C. SEM image showing the aggregates 

at the edge of SU-8 aperture after it was used for the formation of PSS-BLMs.  

 

5.3.4. Electrical properties of BLMs suspended across SU-8 apertures 

  The electrical properties of various BLMs suspended across SU-8 apertures were 

characterized via breakdown voltage (VB) and conductance.  

5.3.4.1. Electrical properties of conventional BLMs and methacrylate doped BLMs 

Figure 5.11 A shows representative capacitive current trace of DPhPC-BLMs 

under increasing square wave potential. The BLMs withstood external applied potential 

ranging from 0 to 450 mV; however, persistent application of increasing potential 

resulted in the pre-rupture of the bilayer at 460 mV followed by complete rupture at 470 

mV. Interestingly, the addition and partitioning of methacrylate monomers to DPhPC-

BLMs resulted in a rather unstable membrane and a ca. 50% decrease in the electrical 

stability indicated by the pre-rupture of the bilayer at 260 mV followed by a spontaneous 

rupture at 270 mV as shown in Figure 5.11 B. The appearance of small transient pores 

was good indicators for the existence of bilayer with thickness similar to cell membranes. 

Thus, applied increasing potentials were halted upon the appearance of pre-rupture 

transient pores prior to polymerization. Cross-linking within PSS-BLMs via 5 min of UV 

irradiation drastically increased the electrical stability of the bilayer by > 4 fold as shown 

in Figure 5.11 C. The behavior of PSS-BLMs across SU-8 microapertures was similar to 
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the results obtained for the PSS-BLMs suspended across glass microapertures presented 

in Chapter 3. 

 

Figure 5.11. Characterization of methacrylate doped BLMs (MA-BLMs) and PSS-BLMs 

across microchip SU-8 aperture. A. Pre-rupture of conventional DPhPC BLMs under 
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applied potential of 460 mV. B. Stability of BLMs decreased by 2 fold when doped with 

methacrylate monomers. C. 5 min of UV irradiation resulted in > 4 fold increase in 

bilayer stability indicated by electrical stability of > 2000 mV. 

 

5.3.4.2. Electrical properties of bis-DenPC-BLMs 

Polymerizable bis-DenPC lipid was suspended across SU-8 microaperuture to 

form BLMs. Figure 5.12 A shows the capacitive current trace of unpolymerized bis-

DenPC under increasing applied potential. An intact bilayer at 450 mV followed is by a 

pre-rupture event at 460 mV. The bilayer ruptured spontaneously at 470 mV. However, 

when bis-DenPC BLMs were cross-linked via 5 min of UV irradiation, the electrical 

stability increased by ca. 3 fold suggesting that SU-8 apertures supports stable BLM 

formation. The observed results were comparable to the electrical properties of bis-

DenPC suspended across conventional glass pipette aperture as reported previously 

suggesting that the surface properties of the SU-8 do not affect the cross-linking of 

polymerizable lipid.111 
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Figure 5.12. Capacitive current trace of bis-DenPC suspended across SU-8 

microaperture. A. Spontaneous pre-rupture of SU-8 under applied potential of 460 mV. 

The bilayer undergoes a spontaneous rupture at 470 mV. B. Improved electrical stability 

of BLM after 5 min of UV irradiation. The Figure shows an intact bilayer at1000 mV and 

a pre-rupture of the bilayer at 1260 mV. 

 

5.3.4.3. Comparing the electrical properties between the various lipids  

Figure 5.13 summarizes the electrical stability and conductance of the various 

BLMs formed across SU-8 microaperture. Here, the average breakdown voltage of MA-

BLMs was improved by ca. 4 fold after 5 min of UV irradiation. Although the 

conductance for conventional BLMs increased by 2 fold after doping with methacrylate 

monomers or after 5 min of UV irradiation, the background noise was < 1.5 pA, which 

suggests that single ion channels can be monitored in MA-BLMs suspended across SU-8 

microaperture. 
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Figure 5.13. Electrical properties of DPhPC-BLMs (non-polymerizable lipid), 

methacrylate doped BLMs (MA-BLMs), and bis-DenPC-BLMs (polymerizable lipid) 

formed across SU-8 microaperture. The blue solid bars represent the breakdown voltage 

(electrical stability) of the various BLMs, while the red cross-hatch represents the 

conductance relating to the packing density of the bilayer. The average electrical stability 

of MA-BLMs and bis-DenPC BLMs drastically improved by ca. 4 fold after 5 min of UV 

irradiation. 

 

 The electrical stability of polymerizable bis-DenPC BLMs was also improved by 

ca. 4 fold after 5 min of UV irradiation. Additionally, the packing densities were more 

favorable in bis-DenPC compared to MA-BLMs after cross-linking based on the low 

conductance of bis-DenPC (0.15). Overall the ability to develop on chip-based BLMs can 

allow easy coupling and integration with microchip electrophoresis. Furthermore, the use 

of MA-BLMs or polymerizable bis-DenPC BLMs for the formation of on chip-based 
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BLMs may allow the development of a robust ion channel sensor platform that can 

withstand HV electric field from separation channel. 

5.3.5. Integrated device fabrication and evaluation  

The use of planar microapeture platforms permits facile coupling and integration 

with microchip-electrophoresis. The fabrication of integrated devices provide advantages 

over conventional CE coupled devices including faster separation times and the use of 

lower voltages (< 10 KV). Additionally, the reduced size of the device allows for 

minimal sample consumption and yields improved separation efficiencies. 

The integration of microchip electrophoresis with on-chip-based BLM platforms 

may face challenges such as receptor desensitization due to repetitive chemical analysis 

using the same receptor. This can be overcome by exposing fractionated electrophoretic 

bands from capillary separations to new receptors in an array format as previously 

reported.53 Additional challenges may include the effect of temporal response of the 

BLM sensor platform to an eluting band from the separation channel, thus optimal 

performance of the device has to be investigated. Although the individual components of 

the integrated device have been shown to be compatible, more work is required to 

assemble a functional device.  
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5.4. SUMMARY AND CONCLUSION 

We have demonstrated that microchip electrophoresis can be coupled to BLM-IC 

platform. The BLM-IC suspended across glass pipette aperture was tested against 

increasing HV field strengths from separation channels. Using the microchip device, 

fluorescein was reproducibly delivered to the separation channel using the double-tee 

injection method. The BLM-IC withstood field strength ranging from 0- 214 V/cm, with 

frequent rupture at field strengths > 214 V/cm.  Formation of PSS-BLMs drastically 

increased the electrical stability of the bilayer by > 4 fold after partial cross-linking 

within the bilayer, thus allowing the BLM-IC platform to withstand HV field strength of 

> 250 V/cm. The background noise in BLM-IC platform was < 1 pA, allowing single 

gramicidin IC activities to be monitored. At electric field > 286 V/cm, the noise was 

increased by ca. 50 fold, inhibiting the monitoring of single-channel activities. 

Interestingly, the noise in the electrophysiological measurements of BLM-IC was 

reduced to < 1 pA after the effect of field strength allowing single-channel activities to be 

monitored. We extended the stable BLM-IC platforms to on-chip based microapertures 

which supported the various bilayer platforms. Bis-denPC, a polymerizable lipid was 

used for the formation of BLM. The electrical stability was improved by 4 fold after 5 

min of UV irradiation. Additionally, the conductance was not affected after UV 

irradiation suggesting that bis-DenPC may be used for the formation of stable BLM-IC 

platform for on chip-based devices. The result clearly suggests that BLM-IC sensor 

platforms can be coupled to microchip electrophoresis. A future direction of this work 

will focus on integrating the microchip electrophoresis and on-chip based BLMs into a 
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single device, permitting simultaneous separation and detection of biologically active 

molecules. 
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CHAPTER 6. SUMMARY AND FUTURE DIRECTIONS 

6.1. SUMMARY  

Studies on new approaches for the development of stable BLM platforms towards 

ion channel functionalized detectors to be coupled to capillary separations have been 

presented. Strategies towards achieving a stable sensor platform including aperture 

fabrication and modification, stable BLM formation, and insertion of ion channel proteins 

were presented in the various chapters. 

Development of a stable and reproducible synthetic lipid bilayer platform across 

conventional glass pipette aperture is a major challenge. Chapter 2 addressed the 

problems of irreproducible and unstable BLM formation. Glass pipette apertures were 

fabricated as described previously.  While conventional pipette apertures silanized with 

moderately hydrophobic (CPDCS) were used to form BLMs, the stability was insufficient 

for long term recordings of ion channel sensors. Modification of glass pipette aperture 

with perfluorinated silanes drastically improved the electrical, mechanical, and temporal 

stability of the BLMs. The unique amphiphobic property of the perfluorinated silanes 

(PFDCS) allowed wetting by lipids while water (buffer) and n-decane (solvent used for 

dissolving lipids) did not wet aperture substrates modified with PFDCS.  

Although perfluorinated silanes improved the stability of BLMs, the inherently 

weak forces of interaction between the lipid moieties limits their stability to ca. 13 h. To 

further improve the stability of the bilayer to > 48 h, cross-linkers were introduced into 

the lamella region of the bilayer. Here, commercially available and low cost methacrylate 

monomers were used for the formation of polymer scaffold stabilized PSS-BLMs. In 
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Chapter 3, the various strategies for developing PSS-BLMs were discussed. Further, the 

compatibility of the PSS-BLMs with ion channels was investigated. Results suggested 

that cross-linking via UV irradiation can affect the functions of ion channels due to 

extended cross-linking within the bilayer or deformation of reconstituted ion channel 

protein. Thus, partial cross-linking in lipid bilayer prior to insertion of ion channel 

protein was shown not to be deleterious to channel activity. 

While PSS-BLMs have been demonstrated to support IC function, the 

reconstitution of ligand gated ion channels (LGICs) into stable BLM platforms have not 

yet been investigated due to the difficulty involved in the purification of transmembrane 

proteins. Additionally, LGIC bind minimal number of ligands thus placing a major 

limitation for their use in creating sensors.  In chapter 4, strategies for developing LGIC 

sensors towards high-throughput screening were investigated. The ion channel, in the 

form of ICCR, M2-K was expressed in HEK 293T cells. Concentration response 

relationship using whole-cell patch clamp assays showed functional ICCR activity 

evidenced by activation and inhibition by the addition of agonist (ACh) and antagonist 

(atropine), respectively. Inside-out patch clamp recordings were used to confirm 

functional KATP channels in isolated cell membranes expressing M2-K. Cell free 

expression of M2-K in BLMs was also investigated; however, due to frequent loss of 

channel function, a dose response curve was not obtained. The ability to reconstitute 

fusion proteins into BLMs via cell free expression method will facilitate the development 

of biosensors and high throughput assays. 
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To date, the device sensor components tested have been compatible. Furthermore, 

the coupling and possible methods of integrating the sensor components were presented 

in Chapter 5, where, a stable BLM-IC platform suspended across glass pipette apertures 

was coupled with microchip electrophoresis. Gramicidin IC was reconstituted into PSS-

BLMs coupled to microchip electrophoresis. The use of PSS-BLMs as IC-platform 

allowed the PSS-BLM-IC to withstand high electric fields up to 214 V/cm without any 

deleterious effects on the IC.  

The use of glass apertures as a support for BLM-IC sensor platforms are not ideal 

since electronic and fluidic access is limited to the side of BLM facing the bath solution. 

Thus, glass pipette apertures were replaced with planar apertures fabricated in SU8. 

Various lipid solutions including DPhPC, methacrylate doped lipid, and bis-DenPC were 

suspended across the planar aperture. The planar aperture supported the formation of 

BLMs with acceptable electrical properties required for monitoring single ion channel 

activities. The microchip planar aperture provides an advantage of coupling with 

microchip electrophoresis channels. Future research will involve the integration and 

evaluation of the coupled device. 
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6.2. FUTURE DIRECTIONS 

6.2.1. Diffusion in supported lipid bilayer suspended on hybrid bilayer membranes 

The use of low energy surface modifiers such as PFDCS and PFDCCS have been 

used to drastically improve the electrical, mechanical, and temporal stability of BLMs as 

presented in Chapter 2. However, the mechanism for the formation of stable BLMs on 

perfluorinated modified apertures is poorly understood. Additionally, the diffusion of 

lipid monolayer on modified perfluorinated substrates has not yet been investigated. The 

diffusion of lipid bilayer on planar glass (3.5 µm2/s) was previously shown to decrease by 

4 fold when glass substrates were modified with 3-cyanodimethylpropyl chlorosilane 

(CDCS) (0.8 µm2/s). The recovery of the lipids after photo bleaching on bare glass 

(surface energy of 73 mJ m-2) and CPDCS modified glass ( 30 ± 1 mJ m-2 ) was reported 

to be 97% and 91% respectively.74  Thus on PFDCS modified glass substrate with surface 

energy of 11 ± 1 mJ m-2 we anticipate a much slower diffusion and recovery of lipids 

after photobleaching.                                                                                                                                           

The effects of lipid diffusion on the overall performance of BLMs suspended on 

low energy aperture substrates should be investigated. Additionally, variable chain 

lengths of fluorinated silanes including 3F, 10 F, 13 F, and 17 F should be systematically 

investigated to verify the factors contributing to the stability of BLMs. In Cshapter 2, the 

formation of BLMs on perfluorinated apertures were shown to be faster (< 1 min) than on 

CPDCS modified apertures (2-5 min ). The observed results may be due to the ability of 

perfluorinated silanes to exclude solvent (n-decane used for dissolving lipids) from the 
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annulus region of the lipid bilayer. Further studies of the formation of BLMs comparing 

the diffusion, time of formation, and the success rate should be investigated.  

6.2.2. Reconstitution of ICCR in stable BLM platforms 

The reconstitution of bacterial proteins in stable bilayer platforms prepared using 

methacrylate monomer-doped into DPhPC lipids have been presented in Chapter 3, 

however, the reconstitution of transmembrane or fusion proteins within BLMs require 

different lipid environment. Previous results have shown that formation of BLMs with a 

mixture of 99% 1-palmitoyl-2-oleoyl-3-phosphatidylcholine (POPC) and 1% 

phosphatidylinositol 4, 5-bisphosphate (PIP2) supported functional KATP channel proteins 

via cell free expression  (Figure 6.1), although much work is required to characterize 

channel activity. The reconstituted proteins are (produced) from an 

in vitro transcription/translation (IVTT) solution that was placed beneath the 

microaperture (Figure 6.1 C).  

The reconstitution of M2-K fusion proteins in a microfluidic aperture device 

containing PIP2 and POPC mixture should be investigated. In cell membranes, PIP2 make 

up 1% of the membrane composition is randomly distributed in the membrane. The PIP2 

play a key role in attaching the cytoskeleton to the cell membrane. Incorporation of PIP2 

to lipids for the formation of BLMs allows proteins to be anchored to the membrane. 

Previous reports have also shown that the addition of 1% PIP2 increases the partition 

coefficient of peptides into vesicles by > 100 fold.233  
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Figure 6.1. Lipids and device components used in the formation of BLM for the 

reconstitution of membrane proteins using cell free expression system. BLMs were 

prepared using a mixture of A. 99% POPC and B. 1% PIP2. C. Microfluidic device used 

for the formation of BLM and reconstitution of ICCR fusion protein from cell free 

expression system. The IVTT solution was introduced to the bottom part of the aperture. 

The preparation of the IVTT solution for the production of KATP channel was performed 

by Simi Jandu. 

 

The proteins directly fold into the BLMs and were evaluated by monitoring ion 

current across the bilayer. A major problem encountered during recordings of 

reconstituted membrane proteins was the instability of the bilayer platform and frequent 

rundown of channel activities making it difficult to obtain dose response curves from the 

titration of ligands. Thus, conditions necessary for the efficient reconstitution and 

recordings of fusion proteins in stable BLMs must be investigated. Additionally, 

experiments can be designed using partially polymerized PSS-BLMs composed of 99% 
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POPC and 1% PIP2 mixed with BMA, EGDMA and DEAP.  Problems of channel 

rundown can be overcome by introducing oleoyl-Co-A into bath solution to revive the 

channels. To prove that fusion proteins can be used as sensor platforms in synthetic lipid 

bilayer environment, dose dependent concentration curves should be obtained.  

6.2.3. Device assembly 

  The construction of an integrated device that couples analytical separation method 

to a highly stable ion channel detection platform is feasible. Additionally, the 

combination of molecular recognition with high detector sensitivity is required for the 

detection of analytes at the single molecule level.  

In Chapter 5, BLM-IC suspended across glass pipette aperture was successfully 

coupled to microchip electrophoresis. At 100 V/cm, sufficient current required for 

separation was generated at a decoupling distance between 800-900 µm. Additionally, the 

noise in the electrophysiological measurements of BLM-IC platform was < 1 pA during 

injection and separation of run buffer in the coupled device, thus allowing single ion 

channel activities to be resolved. The device components have been individually tested 

and shown to be compatible. The device components must now be assembled into an 

integrated device.  

Construction of the integrated device requires the fabrication of microchannel in 

glass as described in Chapter 5. The microchannel is directly coupled to microaperture 

fabricated in SU-8 which is bonded to a 4 mm hole drilled in the glass substrate.  The top 

and bottom part of the glass is sealed with PDMS. The top PDMS seal contain wells that 

connect the microchannel and microaperture as shown in Figure 6.2. 
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Figure 6.2. Assembly of integrated device that couples electrophoretic channel to 

micro aperture in SU8. Microchannel is fabricated in glass and directly coupled to 

microaperture fabricated in SU8 which is bonded to a 4 mm hole drilled in the glass. The 

top and bottom part of the glass is sealed with PDMS. The PDMS top seal have wells that 

connect the microchannel and microaperture.   

 

A schematic of the final assembly of the device with BLM-IC platform is shown in 

Figure 6.3. The BLM sensor platform of the integrated device will consist of SU-8 micro 

aperture support, BLM, and protein channel. Analytes introduced into sample well in the 

device will be separated in the microchannel and allowed to individually interact with the 

BLM-IC sensor platform in the detection chamber shown in Figure 6.3.  Identification of 

analytes after separation will be based on the migration time, conductance, kinetics, 

conformational structural change, and magnitude of response induced by ligand-receptor 

interactions. 
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Figure 6.3. Schematic of Integrated device coupling microchip electrophoresis to 

BLM sensor platform. The BLM sensor platform consist of three main components; 

SU-8 micro aperture support, BLM, and protein channel. Analytes separated in the 

microchannel will individually interact with the ion channel sensor in the detection 

chamber. Analytes can then be identified based on the migration time, conductance, 

kinetics, conformational structural change, and magnitude of response induced by ligand-

receptor interactions. 

 

Separation of biological analytes in electrophoretic channel and the effect on 

BLM-IC sensor platform should be investigated. Buffer used for electrophysiological 

recording can be used as both separation and recording electrolyte. The recording buffer 

can be prepared using 10 mM HEPES supplemented with 140 mM NaCl, 5 mM KCl, 1 

mM CaCl2, 1 mM MgCl2, and 10 mM D-glucose (pH adjusted to 7.4 with NaOH).234 

Previous reports demonstrated the use of Ringer’s solution in both separation and 

detection channel.52 Additionally, depending on the type of protein to be reconstituted, 

the buffer in the detection chamber can be varied. The effect of liquid junction potential 

on sensor platform should be investigated when the separation and detection buffer is 

varied. 
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6.3. High-throughput screening platform 

To increase the throughput of ion channel detection platforms, array of apertures 

can be fabricated whereby each aperture contains differing GPCR such as M2, D2, β2 

and other receptors. Each receptor will be coupled to KATP channel acting as the reporter 

for the ligands that have been separated in electrophoretic channel as shown in Figure 

6.4. 

 

Figure 6.4. Schematic of high-throughput screening system using ion channel 

coupled receptors (ICCRS). The ICCRs which couples ion channel to variable GPCRs 

are reconstituted in BLMs suspended across planar apertures fabricated in a biochip. 

Complex analytes separated in electrophoretic channels are made to interact with various 

ICCRs. Binding of a ligand to the receptor induces a conformational structural change on 

the ion channel which is read as change in current. The array of BLM-sensor platforms in 

the biochip allows parallel current measurements. 
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The use of stable BLM platforms in a planar device format allows the construction of an 

array of apertures in a biochip.  There are variable GPCRs coupled to KATP channel 

(electrical probe) in each aperture.  Here parallel current measurements can be performed 

upon delivery of analytes to the sensor platform. The interactions of ligand with the 

receptor of an ICCR will induce a conformational structural change in the ion channel 

which can be transformed into a measurable signal. Thus change in current flux, mean 

open time, conductance, and migration time may be used for the identification of specific 

analyte towards drug-screening applications. Signal transduction resulting from the 

interactions of ligands with specific receptor (ICCR) is much simplified. Additionally, 

receptor desensitization which is one of the major challenges encountered during 

prolonged agonist exposure can be overcome using array of receptors. Also, the use of 

pulsed perfusion in the detection chamber can be used to overcome receptor 

desensitization.235  

6.3.1. Increasing the library of ion channel coupled receptors 

To increase the chemical space of IC-sensors, new ICCRs linking KATP channel 

proteins to variable GPCRs must be engineered. Figure 6.5 summarizes the steps 

involved in the entire process of designing and testing of fusion proteins in mammalian 

cells. 
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Figure 6.5. Flow chart showing the steps involved in the engineering and evaluation 

of ICCRs. The first step involves designing primers to link GPCR to IC by short terminal 

deletion. Step 2 requires cloning of gene product into a mammalian vector followed by 

propagation and transfection into mammalian cells (step 3). After the expression of 

fusion proteins, the efficiency is determined via immunohistochemistry and 

electrophysiology (step 4). Finally, the functional fusion proteins are evaluated with the 

addition of agonist and antagonist (step 5). Negative results from step 4 and 5 require re-

optimization of ICCR primers by terminal deletions of the linkers between KATP and 

GPCR genes. 

 

In step 4, indirect immunohistochemistry (IHC) technique should be optimized for 

evaluating the expression and orientation of M2-K in HEK cells. The results obtained for 

determining the orientation of M2-K expressed in HEK cells were inconclusive, thus 

further research should be performed on optimizing expression and imaging conditions. 
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The method of fixing cells using 4% formaldehyde in PBS may also damage the fusion 

proteins thus, acetone may be considered as an alternative method of fixing cells. 

Expression of dopamine receptor coupled to KATP channel (D2-K) in HEK298T 

cells was investigated. Conductance curves from inside-out patch of HEK293T cells 

expressing D2-K were recorded. Inward rectification in the current –voltage relationship 

and peak current of ca 2 pA shows characteristics of KATP channels (Figure 6.6). 

However, immunohistochemistry experiments should be repeated to verify the extent of 

trafficking of D2-K to cell membrane. Although electrophysiological properties of HEK 

cells expressing D2-K were recorded, pharmacology of the fusion protein was not 

evaluated. Thus, concentration response curves for D2-K should be recorded. 

 

Figure 6.6. Current voltage relationship for the inside-out patch of HEK293T cells 

expressing D2-K. The conductance curve shows inward rectification likely due to the 

presence of KATP channels. 
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Although the expression of D2-K in HEK cell is promising, the titration of ATP to the 

inside-out patch should be evaluated to confirm the presence of KATP channels. 

Additionally, whole-cell current of HEK cells expressing D2-K should be evaluated for 

transfection efficiency and pharmacology of the fusion proteins. The construction of 

ICCR libraries will facilitate deorphanization of GPCRs and will increase the percentage 

of pharmaceutical drugs targeting GPCRs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



226 
 

APPENDIX A: REDOX POLYMERIZATION OF METHACRYLATE DOPED 

LIPID BILAYER  

A.1. INTRODUCTION 

Considerable effort has been expanded on stabilized lipid membrane platforms for 

the development of membrane-based biochip array towards high throughput 

screening.102,236 Chemical cross-linking within lipid bilayer membranes (including 

vesicles and BLMs) prepared using polymerizable lipids such as bis-dienoyl 

phosphatidylcholine (bis-DenPC) have been used to enhance the stability of bilayer 

platforms.102,111 Cross-linking within polymerizable lipids produces rigid membranes 

which inhibits the ability to incorporate or support membrane protein functions. Thus a 

mixture of polymerizable and non polymerizable lipids have been prepared in different 

ratios to evaluate increased stability in lipid membranes while maintain fluidity.111,90,179 

Additionally, partial polymerization of methacrylate monomers partition within lipid 

bilayer have been used for enhancing the stability of lipid membranes while maintaining 

some fluidity required for protein function (Chapter 3). Methacrylate monomers were 

commercially available and easier to handle compared to polymerizable lipids which 

were difficult to synthesize and had short shelf lives.  

Cross-linking within the membranes can occur through UV-irradiation or redox 

reaction. The method of polymerization affects the degree of conversion within lipid 

bilayer.105, 101 Here, redox generating reactions using ammonium persulfate ((NH4)2S2O8) 

and odium hydrogensulphite (NaHSO3) were used for redox polymerization of 

methacrylate doped lipids. The product of the redox species, hydroxyl radicals, diffuse 

freely to reactive groups in the lipid membrane regardless of the position of the 
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polymerizable moieties, thus allowing efficient polymerization. Redox polymerized 

BLMs were evaluated for their electrical properties before and after UV irradiation. 

Additionally, the progresses of the redox reaction were monitored by the function of 

gramicidin ion channel reconstituted into the BLM before and after polymerization. 
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A.2. EXPERIMENTAL  

A.2.1. Materials and reagents  

 
1, 2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) lipid in chloroform was 

purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Ethylene glycol dimethacrylate 

(EGDMA), gramicidin A, and KCl, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) and NaHSO3 were purchased from Sigma-Aldrich (St. Louis, MO). Gramicidin 

A was diluted to 10 µg/mL in ethanol before use. (NH4)2S2O8 was purchased from 

Mallinckrodt (St. Louis, MO).  Tridecafluoro 1, 1, 2, 2-tetrahydrodimethylchlorosilane 

(PFDCS) was purchased from Gelest, Inc. (Morrisville, PA). Butyl methacrylate (BMA) 

was purchased from Alfa Aesar (Ward Hill, MA) and diethoxyacetophenone (DEAP) was 

purchased from Acros Organics (Pittsburgh, PA).  Nanopure water was obtained from a 

Barnstead EasyPure UV/UF purifier with resistivity of 18.3 MΩ cm. 

A.2.2. Fabrication and gas phase silanization of glass pipette apertures 

Pipette apertures were fabricated using protocols described previously.75 Briefly, 

borosilicate capillaries purchased from World Precision Instruments, (Sarasota, FL) with 

1.5 outer diameter and 1.1 mm inner diameter) were pulled using a P-97 micropipette 

puller (Sutter Instruments, Novato, CA) and fire polished with a model MF-900 

microforge (Narishige, East Meadow, NY) into pipette apertures with 25 - 30 µm 

diameter for BLM formation. 

A.2.2.1. Gas phase silanization 

A 25 mL vial (Figure A.1.) was rinsed with acetone and allowed to dry prior to 

silanization. Holding ports for glass pipettes were prepared in cardboard using plastic 
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pipettes as shown in Figure A.1. Freshly fabricated glass pipettes were then fixed into the 

cardboard held in place by a plastic pipette tip as shown in Figure A.1 B. 

 

Figure A.1 Gas phase silanization of glass pipette aperture for the formation of 

BLMs. A. Plastic pipette tips were cut and secured into cardboard. B. Silane solution is 

added to the bottom of the glass vial and heated at > 100 ˚C to allow silanes to vaporize. 

The silane gas was allowed to escape through the open glass pipettes resulting in the 

modification of the surface of glass.  

 

PFDCS silanes are extremely sensitive to moisture, thus silanes easily dimerize or form 

aggregates when exposed to atmospheric air containing moisture. The dried 25 mL vial 

was quickly filled with 100-150 µL of PFDCS silane solution and parafilm M sealing 

wax (Neena, WI) was used to seal the cardboard to the glass vial to exclude atmospheric 

moisture from getting into the reaction chamber. The vial containing the silane solution 

and pipette was heated to > 100 ˚C for 5-10 min. Silane solution often condensed at the 

tip of the pipette inside the vial, thus the inside of the pipette was flushed with either 

compressed air or inert gas.  
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A.2.3. Suspended lipid bilayer (BLM) formation  

1, 2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) lipid dissolved in 

chloroform was dried with compressed Ar and lyophilized overnight. The dried lipid was 

suspended in n-decane to a final concentration of 20 mg/mL. The silanized pipette was 

filled with buffer solution and mounted onto the headstage of patch clamp amplifier 

(EPC-10, HEKA Electronics, Bellmore, NY). The bath chamber and pipette were filled 

with recording buffer (I M KCl and 5 mM HEPES buffer, pH 7.4). The bath chamber was 

connected to the ground electrode through a salt bridge and the recording electrode in the 

glass pipette was lowered into the recording buffer. Open aperture in pipettes were 

indicated by low resistance between 10-100 KΩ. BLMs were formed using the tip-dip 

method. Briefly, 0.5 µL of lipid solution was added to the tip of the silanized pipette in 

the recording buffer. The lipid solution usually floats around the interface of the silanized 

glass pipette tip and the recording buffer.  Thus the pipette was lifted and quickly lowered 

into the lipid solution floating on the surface of the recording buffer. Upon formation of a 

gigaseal, the pipette was lifted and excess lipid solution was quickly swept from 

underneath pipette to ensure that thick layer of lipid was not trapped around the tip of 

pipette. Increasing electrical resistance (> 2 GΩ) across the opened pipette was monitored 

as BLMs were formed. Additionally, the successful formation of BLM was verified by 

the application of increasing square wave potential from 0 to 2000 mV in A 10 mV 

increments. Each potential step lasted for 50 ms. Rupture at 400-800 mV indicated 

successful formation of BLM. 
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A.2.4. Preparation of methacrylate doped lipid bilayer (MA-BLMs) 

BLMs formed from a mixture of butyl methacrylate (BMA), ethylene glycol 

dimethacrylate (EGDMA), and diethoxy acetophenone (DEAP) were used to form 

mathacrylate-doped BLMs (MA-BLMs). After polymerization of MA-BLMs, cross-

linking within the bilayer was referred to as polymer stabilized scaffold BLMs (PSS-

BLMs). The appearance of transient pores was used as an indicator of the existence of 

BLMs prior to polymerization of methacrylate doped lipid bilayer. Care was taken to 

prevent the complete rupture of BLMs during the appearance of transient pores prior to 

polymerization (Figure A.3). To differentiate the formation of clogs from BLMs, pipettes 

that formed reproducible BLMs at breakdown potential between 500-900 mV were 

selected for experiment.  

 

 

Figure A.2. Capacitive current trace of DPhPC-BLMs showing the formation of 

transient pores. Transient pores were observed at 780 mV upon application of 

increasing square wave potential from 0-2000 mV in 10 mV increments. The BLM was 

 Y: 200. pA   X: 10.0 ms  
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suspended across PFDCS modified pipettes aperture. The transient pores were used as 

indicators for the formation of BLMs.  

 

All experiments involving the use of MA-BLMs or polymerizable lipids were 

performed under yellow light (Sodium lamp). MA-BLMs were prepared as follows. 

Methacrylate monomers (BMA and EGDMA) were activated by the removal of radical 

inhibitor using an alumina column (Al2O3, 50-200 µm, 60 Å, Acros) as shown in Figure 

A.3. 

 

Figure A.3 Activation of methacrylate monomers on alumina (Al2O3) column. The 
alumina column is packed on cotton wool prior to loading of monomer solution. 
Activated monomers together with initiator (DEAP) were mixed with lyophilized lipids 
in a 1:1:1:1 mol ratio of BMA: EGDMA: DEAP: DPhPC. 

 

Table A.1 provides the volume and concentrations of monomers, initiator, and lipid used 

for preparing methacrylate doped lipid solution also called monomer mixture.  The 
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monomer mixture was then vortexed for ca. 1 min prior to the addition of 50 µL of n-

decane.  

Table A.1 Mole and volume of DPhPC lipid and monomers used for mixed hybrid 

BLM formation  
  BMA EGDMA DEEP DPhPC 

Density (mg/mL) 895 1054 1034 25 

Mole (µmol) 1.2 1.2 1.2 1.2 

Volume (µL) 0.2 0.23 0.24 40 

Mole fraction % 25 25 25 25 

 
 

A.2.5. Redox polymerization of methacrylate doped BLMs 

Using newly fabricated and silanized pipettes, MA-BLMs were formed by tip-dip 

method. The pipette was filled with buffer solution (1 M KCl and 5 mM HEPES, pH 7.4) 

and mounted onto the head stage on patch clamp amplifier. After confirming the 

formation of methacrylate doped BLMs in recording buffer solution, redox reagents were 

then perfused into the bath solution to replace the recording buffer. Stock solutions for 

redox reaction, NaHSO3 and (NH4)2S2O3 were prepared separately in degassed buffer 

(buffer was degassed for 15 min using Ar). Prior to redox polymerization, 500 µL each of 

NaHSO3 and (NH4)2S2O3 were mixed to a final volume of 1000 µL and perfused into a 

200 µL reaction chamber. The MA-BLM formed across glass pipette aperture was 

allowed to react with redox solution for 10 min. After the reaction, the bath solution was 

exchanged 5 times with recording buffer. Table A.1 summarizes the concentrations and 

volumes of lipid and redox reagents showing the mole ratios of the lipid and redox 
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reagents used for the experiment. Progress of the redox reaction was also monitored via 

the activity of gramicidin ion channel reconstituted in MA-BLMs. 0.5 µL of gramicidin 

A (10 µg/mL in ethanol) was added to the tip of pipette containing MA-BLMs in the bath 

solution. 

Table A.2 Concentrations of lipid and redox reagents used in experiment 
  DPhPC NaHSO3 (NH4)2S2O3 

Mole (mol) in 0.5 µL of BLM 6x10-9 1.8 X 10-6 1.8 X 10-6 

Concentration (mg/mL) 20 0.36 0.82 

Volume used (µL)  0.5 500 500 

 
 

A.2.6. Statistical analysis 

For all reported data, a minimum of three BLMs replicated on at least two pipettes 

were measured. Originlab 8.5, TAC (X4.3.3) and TACfit X4.3.3 (Bruxton) were used for 

analyzing single-channel recordings with corresponding histogram.  
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A.3. RESULTS AND DISCUSSION 

A.3.1. Methacrylate doped BLMS 

Previous reports using polymerizable bis-DenPC lipids for the formation of BLMs 

has shown drastic improvement in the temporal stability of BLMs by > 30 fold.90 Owing 

to difficulty involved in the synthesis and handling of bis-DenPC, conventional BLMs 

were doped with methacrylate monomers to allow cross-linking within lipid bilayer 

membrane. Previously, methacrylate monomers were cross-linked via UV irradiation and 

conditions that promoted efficient partitioning of monomers into the lamellar region of 

the bilayer were presented in Chapter 3. To further characterize cross-linking properties 

of MA-BLMs, redox polymerization was investigated. 

A.3.2. Redox polymerization of methacrylate doped BLMs 

Cross-linking in MA-BLMs was performed via redox polymerization. In a 

reaction chamber or bath solution of 200 µL, 0.5 µL of monomer mixture was applied 

across pipette aperture to form BLMs. MA-BLM was polymerized at a mole ratio of 1 

DPhPC: 300 NaHSO3: 300 (NH4)2S2O3. Figure A.4 shows the set up for performing 

redox polymerization of MA-BLMs suspended across modified glass pipette aperture.   
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Figure A.4 Schematic showing the set up for redox polymerization. The reaction 
chamber is filled with a 200 µL redox solution for the polymerization of methacrylate 
doped lipids. After 10 min of polymerization, the redox solution containing (NH4)2S2O3 

and NaHSO3 was exchanged with recording buffer through the perfusion system. 

 

Cross-linking via redox reaction occurs when redox reagents which are mainly oxidants 

and reductants are used to generate radicals that initiate chain polymerization. Equation 

(1) shows the reaction between bisulfite and persulfate anions which generate a sulfate 

radical that reacts with water to produce a hydroxyl radical (equation 2). 

 

The hydroxyl radicals in aqueous solution diffuse to the reactive groups in the lipid 

membrane regardless of the position of the reactive groups in the bilayer.105 Thus, the 

process of redox polymerization provides an advantage of reducing side chain reaction 

HSO3
- + S2O8

2- HSO3* + SO4
-*  + SO4

2- (1)  

SO4
-* + H2O                     HSO4

- + HO* (2) 
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thereby preventing the degradation of membrane proteins.106 Additionally, short 

wavelength UV irradiation may possibly degrade polymer as the chain grows.101 Previous 

reports found that redox polymerization is more effective for cross-linking of 

methacryloyl compounds than UV irradiation method.101 Additionally, O’Brien and 

coworkers demonstrated that the rate of cross-linking was of dienoylsorbyl polymers was 

dependent on the type of polymerization.237 Thus the rate of cross-linking comparing 

redox to UV irradiation should be investigated in MA-BLMs. 

Results presented in Figure A.5 show a ca. 2 fold increase in the electrical 

stability of MA-BLMs after 10 min of redox reaction in figure A. The observed result 

was comparable to UV irradiation shown in figure A.5. B. Since the conductance of MA-

BLMs after redox polymerization was not significantly affected, the results suggest that 

MA-BLM was appropriate for the reconstitution and monitoring of single ion channel 

activities. The breakdown voltage of MA-BLMs for redox and UV irradiation shows a 2 

fold increase in the electrical stability of the bilayer after 10 min of redox polymerization. 

The conductance for both methods was not significantly affected after polymerization. 
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Figure A.5 Electrical properties of MA-BLMs before and after, A. redox 

polymerization. B. UV irradiation. The breakdown voltage of MA-BLMs for redox and 

UV shows a 2 fold increase in the electrical stability of the bilayer after 10 min of redox 

polymerization. The conductance for both methods was not significantly affected after 

polymerization. 
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The progress of redox reaction was monitored via cross-linking within MA-BLMs 

containing ion channel. Insertion was observed few minutes (< 5 min) after addition of 

gramicidin by monitoring the current across BLM. Single channel activities with multiple 

states was observed at holding potential of 70 mV.  

 

Figure A.6 Ion channel activities of gramicidin in methacrylate doped BLM. The 
figure to the left (blue) shows the channel activities of gramicidin before polymerization. 
The peak current for each state was between 1.5-2 pA at a holding potential of 70 mV. 
Multiple states of channel activities were observed when gramicidin was reconstituted in 
MA-BLMs. The right plot (red) shows significant decrease in channel activity suggesting 
extended cross-linking within bilayer. The conductance and activity of ion channel 
drastically decreased after 10 min of redox reaction.  

 

After observing multiple gramicidin activities, the bath solution was exchanged 

with redox solution. Within 2 min of redox reaction, the activities of the ion channel was 

not affected, however, after 5 min of redox reaction, the ion channel activity began to 

decrease. A drastic decrease in ion channel activity was observed after 10 min of redox 

reaction possibly due to extended cross-linking within the bilayer as shown in Figure A.6.  

 

 

 

 

2 s

2 pA

after 10 min of redox reaction

6.0 nmol DPhPC

1.8 µmol NaHSO3

1.8 µmol (NH4)2S2O3 

2 s

2 pA
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A.4. CONCLUSION AND FUTURE DIRECTIONS 

The electrical properties of MA-BLMs were characterized before and after 10 min 

of redox polymerization. The electrical stability of MA-BLMs was characterized via 

breakdown voltage which increased by > 2 fold after 10 min of redox reaction. There was 

no significant change observed in the conductance of the polymer scaffold BLM upon 

redox reaction suggesting an appropriate packing density in the lipid membrane. The 

progress of cross-linking initiated by redox reaction within MA-BLM was monitored via 

ion channel activities of reconstituted gramicidin. A significant decrease in the ion 

channel activity after 10 min of redox reaction was observed possibly due to decreased 

fluidity in the BLM as a result of extended cross-linking with the bilayer. The results 

were comparable to photopolymerization of MA-BLMs. Overall, cross-linking in MA-

BLMs can be performed via redox reaction. Thus redox reaction in MA-BLMs is a 

convenient and cost effective method of stabilizing BLMs towards the development of 

robust sensor platforms. In future studies, the reconstitution of ligand gated ion channels 

in redox polymerized MA-BLMs should be investigated. More work is required to 

monitor the progress of cross-linking corresponding to reaction time. Additionally, partial 

cross-linking within MA-BLMs via redox polymerization should be investigated. The 

reconstitution of channel proteins after partial cross-linking of MA-BLMs should also be 

investigated. Further studies on the diffusion of monomer doped lipid on perfluorinated 

modified planer substrates should be investigated. Additionally, the formation of micro 

island or domain in BLMs can be investigated on planar substrate using AFM. The 

approach will require the formation of methacrylate doped lipid membranes on bare and 
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modified glass substrate. Various ratios of the monomers and lipid, and method of 

polymerization via UV irradiation and redox reaction should be investigated to find the 

optimal percentage mixture required for higher and partial cross-linking. Additionally, 

AFM and FRAP can be used to image the behavior of the methacrylate doped lipid layers 

under the proposed conditions. 
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APPENDIX B: CIRCUIT DIAGRAM FOR HV POWER SUPPLY. 

 

Figure B.1 Circuit diagram for HV power supply for injection and separation. The 

components consist of NI6008 DAQ board, two EMCO power sources (CB101), and two 
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relays namely K1 and K2. The two power sources and relays are connected to the 

channels labelled HV1, HV2, HV3 and GND1. HV1 and HV3 are connected to K2 while 

HV2 and HV3 are connected to K1.The ground (GND1) connects the two relays and two 

power sources. The power source together with the relay allows for pinch injection in the 

microchannel. 

 

The portable HV power supply was designed to operate in two modes ie. Sample 

load/injection and separation modes using NI6008 DAQ board, two EMCO power 

sources (CB101), and two relays namely K1 and K2. The two power sources and relays 

were connected to the channels labelled HV1, HV2, HV3 and GND1. HV1 and HV3 are 

connected to K2 while HV2 and HV3 are connected to K1.The ground (GND1) connects 

the two relays and two power sources. The power source together with the relay allows 

for pinch injection in the microchannel. 

 In the loading/injection mode, relay K1 was programmed to apply 0 V through HV 2 

while HV3 was made to float. To load the sample from channel HV1 to HV2, high 

voltage (500 V) was applied to HV1 through relay K2 while 0 V was applied to HV2 

through relay K1. After loading, sample was injected into separation channel using buffer 

solution in reservoir (HV3). Here, using relay K1, high voltage (750-1000 V) was applied 

to HV3 while HV3 was made to float and 0 V is applied to HV1 through relay K 2. 

Immediately after injection and separation, HV3 is restored to float mode, while 0 V is 

applied to HV2 using relay K1, followed by the application of high voltage (500 V) to 

HV 1 to allow sample loading. 
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Figure B.2 LabView software interface that controls voltage and current in power 

supply. The light green button indicates the application of potential while dark green 
button indicates floating electrodes. 

  

The labView software interface was used to provide specific potential to the injection and 

separation channels. The program has three main steps: the first step involves pre-

injection of analytes whereby sample loaded in well (Va) is driven to (Vc). The second 

step involves the injection of sample into separation channel. In the third step, the 

injection of buffer from well (Vb) is allowed to move sample plug through the separation 

channel. The software allows time (s) and potential (V) to be programmed. It is 

imperative that one of the electrodes are in a float mode, Potential is applied to the other 

two electrode. Example, in the pre-injection step, potential of 500 V is applied to Va 

while Vb is on float and Vc has 0 mV as shown in Figure A2.  
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APPENDIX C: PUBLICATIONS 

 Chapter 2 was published as Bright, L. K.; Baker, C. A.; Agasid, M. T.; Ma, L.; 

Aspinwall, C. A., Decreased Aperture Surface Energy Enhances Electrical, Mechanical, 

and Temporal Stability of Suspended Lipid Membranes. ACS Appl. Mater. Interfaces 

2013, 5 (22), 11918-11926. 

 

Portion of Chapter 2 was published as Zhou, Y.; Bright, L. K.; Shi, W.; Aspinwall, C. A.; 

Baker, L. A., Ion Channel Probes for Scanning Ion Conductance Microscopy. Langmuir 

2014, 30 (50), 15351-15355. 

 

Portion of Chapter 2 was published as Gallagher, E. S.; Adem, S. M.; Bright, L. K.; 

Calderon, I. A. C.; Mansfield, E.; Aspinwall, C. A., Hybrid phospholipid bilayer coatings 

for separations of cationic proteins in capillary zone electrophoresis. ELECTROPHORESIS 

2014, 35 (8), 1099-1105. 

 

Portions of Chapter 3 have been submitted for publication as: Leonard K. Bright, 

Christopher A. Baker, Robert Bränström, S. Scott Saavedra and Craig A. Aspinwall  

Methacrylate Polymer Scaffolding Enhances the Stability of Suspended Lipid Bilayers 

for Ion Channel Recordings and Biosensor Development. ACS Biomater. Sci. Eng. 2015.   
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Chapter 4 is in preparation for publication as: Electrical biosensing of GPCR-fusion 

protein expressed in HEK293T Cells” Leonard K. Bright, Maria F. Mendoza, Vanessa R. 

Sousa, and Craig A. Aspinwall. 2015. 

   

Portions of Chapter 5 were published as: Baker, C. A.; Bright, L. K.; Aspinwall, C. A., 

Photolithographic Fabrication of Microapertures with Well-Defined, Three-Dimensional 

Geometries for Suspended Lipid Membrane Studies. Analytical Chemistry 2013, 85 (19), 

9078-9086. 
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