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ABSTRACT 

 

 Cellular secretion regulates cell communication and function. The ability to detect 

and quantify the release of hormones and neurotransmitters provides deeper understanding 

of cell signaling pathways. Ion channel sensors demonstrate a high potential for detecting 

cellular secretion with high sensitivity and selectivity, as well as adequate spatial and 

temporal resolution for real-time subcellular detection. Ion channel sensors utilize ligand-

gated ion channels (LGICs) as recognition elements, enabling detection of ligand-receptor 

binding with high specificity. LGICs serve as signal transducers that transduce ligand 

binding events into highly sensitive current measurements, allowing label-free detection of 

hormone and neurotransmitters that are neither optically, nor electrochemically active.  

 The work within this dissertation describes three new approaches to further advance 

ion channel sensor development. First, in vitro expression of eGFP-Kir6.2 was explored 

and verified using fluorescence microscopy, SDS-PAGE and dot blot. Electrophysiological 

measurement confirmed the successful expression of functional ion channels with expected 

pore conductance and antagonist sensitivity. The new expression method allowed fast and 

purification-free protein production, greatly reducing the time and technical barrier for ion 

channel sensor fabrication. Second, a dual-barrel ion channel probe was described to 

provide precise positioning of sniffer sensor using access resistance as feedback signal. 

Selective formation of polymer scaffold stabilized black lipid membrane across one barrel 

was confirmed and enabled membrane protein insertions. Precise positioning of the sensor 

will increase sensor reproducibility, thus providing accurate measurements of cellular 

release. Finally, a surface modified microfluidic valve was fabricated with > 70 fold 

enhancement in electrical resistance, enabling the isolation of ion channel signals in pA 
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regime. The microfluidic valve provides a simple but cost-effective alternative for high 

throughput parallel electrophysiology. The efforts to advance the development of ion 

channel sensors will greatly improve our understanding of the biological system, benefiting 

disease diagnosis and treatment. 
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CHAPTER 1. INTRODUCTION 

 

 

 Cellular secretion of small molecules such as hormones and neurotransmitters is a 

fundamental biological process that is critical for cell signaling and for maintaining 

biological function.1 Dysregulation of hormone and neurotransmitter release from cells 

results in numerous diseases, such as Parkinson’s,2,3 diabetes4,5 and endocrine disorders.6 

The ability to detect and measure the secretion of hormones and neurotransmitters can  

greatly contribute to our understanding of the biological system, benefiting disease 

diagnosis and treatment. 

 Hormones and neurotransmitters are secreted from cells through exocytosis, where 

the cargos are loaded inside secretory vesicles and released to the extracellular 

environment. Detection of exocytosis has been achieved using fluorescence microscopy to 

track naturally fluorescent molecules or fluorescently-labeled proteins and lipids.7,8 

However, chemical specificity is hard to achieve for hormones and neurotransmitters 

through labeling due to the low mass of the analyte,9 resulting in quantitative measurement 

of exocytosis events rather than specific chemical release. 

 Amperometry and voltammetry are commonly used to detect vesicle release.10-12 A 

carbon fiber microelectrode with applied potential is placed above the cell to oxidize or 

reduce the released cargos for electrical signals. Although amperometry and voltammetry 

are able to provide real time, label-free measurement with high sensitivity,13,14 the use is 

restricted to electrochemically active targets. To date, the secretion of less than ten 

analytical targets were detected through electrochemical detection.10,12,15  

 The challenge in quantitative analyses of hormone and neurotransmitter release 

through exocytosis results from the requirements for nM to μM sensitivity and high 
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selectivity with millisecond temporal resolution and micron spatial resolution.15,16 To 

tackle this challenge, membrane protein receptors, such as ligand-gated ion channels, were 

used for molecular sensing, which was later referred to as ion channel sensors. In the 

1980’s, acetylcholine receptors were used by two independent research groups to detect 

acetylcholine release from growth cones.17,18 ATP19 and glutamate20,21 have also been 

detected using ion channel sensors. The utilization of ligand-receptor interaction enabled 

analyte detection with high specificity, which is extremely beneficial when multiple 

biological molecules are released. The intrinsic signal transduction and amplification 

properties of ion channels allow the detection of secretory ligands with readily available 

analytical handle as well as high sensitivity.22-24 The rapid response of ion channels upon 

ligand binding and the size of the ion channel sensor probe can readily fulfill the 

requirements for temporal and spatial resolutions.25,26  

 The performance of ion channel sensors relies on the proper function of ligand-

gated ion channels, which can be greatly affected by membrane environment. Cell 

membranes provide an appropriate platform to facilitate membrane protein folding and 

assembly, and cell membrane components can affect ion channel ligand sensitivity.27,28 

Therefore, studying the structure and composition of cell membrane can improve our 

understanding of ion channel behavior, thus ion channel sensor performance. 

 

1.1. CELL MEMBRANES 

The cell membrane is a soft layer of material that forms the cell boundary and 

separates the intracellular environment from the external environment. Cell membranes 

enable the existence of different chemical compositions across the membrane by forming 
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a natural, selective barrier.29 The cell membrane controls the transport of diverse types of 

biological molecules in and out of cells to regulate cellular functions,30-32 allowing selective 

intake of nutrients and secretion of metabolic waste by cells. Moreover, the enclosed space 

inside the cell allows more efficient biological reactions to occur that benefits cell 

replication, which is essential for the evolution of biology.29  

 The cell membrane is a complex biological system that consists of various types of 

lipids, proteins and carbohydrates.33,34 The fluid mosaic model proposed by Singer and 

Nicolson in 1972 explained how these components arrange themselves in the cell 

membrane.35 According to this widely-accepted model, the cell membrane can be 

considered as a two-dimensional viscous fluid with alternating proteins and lipid bilayer 

sections (Figure 1.1.).35-37    

 

 

Figure 1.1. The fluid mosaic model of cell membrane showing membrane composition. 

The cell membrane is composed of alternating proteins and lipid sections. This figure was 

reprinted with permission from J. Lombard (Copyright 2014 Lombard; licensee BioMed 

Central).38  
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1.1.1. Lipids 

 Lipids comprise a major component in cell membranes and are thought to 

contribute to approximately 40% of the mass of the cell membrane.33,39 Lipids are 

amphipathic molecules that contain hydrophilic head groups and hydrophobic tails. When 

lipids are dispensed in aqueous environment, they arrange into structures that are 

thermodynamically-favored.40 Under physiological conditions, membrane lipids form 

bilayers in which their hydrophilic headgroups face outwards towards the surrounding 

water molecules and their hydrophobic tails face each other forming an embedded 

hydrophobic layer in the center of the membrane.38,40  

  

 

Figure 1.2. Sample structures of (A) phospholipid 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC); (B) sphingolipid Sphingomyelin; (C) steroid cholesterol. 

 

Three types of lipids are commonly found in eukaryotic cell membrane: 

phospholipids, sphingolipids and steroids (Figure 1.2).33,41 Phospholipids are composed of 

a glycerol backbone attached to two fatty acid or isoprene chains and a phosphate head 
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group.42 Phospholipids containing fatty acid tails are found in eukaryotic and bacteria cells, 

whereas those composed of isoprene chains are found in Archaea.29 Fatty acid tails vary in 

the carbon chain length and the degree of unsaturation. Phospholipids with longer chain 

length and lower degree of unsaturation can pack closer to each other, resulting in a 

membrane with less fluidity and higher melting point, which supports the life of organisms 

that exists at higher temperature.43-45 On the other hand, Leekumjorn et. al. reported that 

unsaturated fatty acids are less toxic than saturated ones when introduced to cells and they 

act as membrane stabilizers in terms of averting changes in membrane fluidity.46 The 

phosphate headgroup of phospholipids can be modified by small organic molecules such 

as choline, glycerol, serine and ethanolamine to form phosphocholine (PC), 

phosphoglycerol (PG), phosphoserine (PS) and phosphoethanolamine (PE), respectively. 

A more complete list of modified phosphate headgroups are presented in Figure 1.3.47 The 

modification results in different charge of the phospholipid headgroup, affecting 

membrane properties.48-50 Anionic lipids make up 10-20 mol% of total lipids in the cell 

membrane.27 They can change the electrochemical characteristics of local membrane 

environment,51 altering ion channel activities.28,52 Anionic lipids are also involved in other 

cellular functions. For example, the presence of anionic lipids PS in the outer leaflet of the 

cell membrane signals microphage binding and cell death.53 The modification to the 

phospholipid headgroups will also change the size of the headgroup, thus altering the 

overall shape of the lipid molecule. For instance, PC lipids obtain cylindrical shape, which 

prefer the formation of lipid bilayer.54 Contrarily, PE has a much smaller headgroup, 

resulting in the formation of inverted hexagonal phase.50,55  
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Figure 1.3. Common headgroups of phospholipids. Different headgroups result in 

difference in size, shape and charge of the lipid molecule. Figure was reprinted with 

permission from M. Aktas (Copyright 2014 Aktas, Danne, Möller and Narberhaus).47  

 

Sphingolipids are commonly found in cell membranes in the brain56 and contain a 

sphingosine backbone attached to a phosphate or saccharide headgroup. The highly 

saturated acyl tails and the donors and receptors of hydrogen bonding in the back bone 

increase the interaction between sphingolipids and cholesterol and between sphingolipids 

themselves, causing lipid phase separation to form lipid rafts.57,58 Lipid rafts are nanoscale 

domains of lipids that appear to be in the liquid-ordered region of plasma membrane.59 
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Lipid rafts are believed to act as platforms for cell signaling events due to the abundance 

of membrane proteins involved in cell signaling localized in lipid rafts.60,61 Moreover, 

sphingolipids themselves act as signaling molecules in various signaling pathways. Y. 

Hannun reported direct inhibition of protein kinase C by sphingosine, where it was 

suggested that sphingosine prohibited the binding of phorbol dibutyrate, an activator for 

protein kinase C, to the protein.62,63 H. Zhang suggested that sphingosine-1-phosphate, a 

metabolite of sphingosine, acted as a secondary messenger that induced intracellular 

calcium release.64  

In addition to phospholipids and sphingolipids, the cell membrane is also rich in 

steroids. Steroids contain a core structure composed of three cyclohexane rings and one 

cyclopentane ring.65 The most abundant steroids present in animal tissues, especially 

mammalian cells, is cholesterol (Figure 1.2 C).66 Cholesterols are best known as membrane 

stabilizers. The rigid ring structure restricts conformational freedom of phospholipid tails, 

decreasing cell membrane permeability to small water-soluble molecules.53,67 Moreover, 

cholesterol helps maintain membrane fluidity at both high and low temperatures. At high 

temperatures, the ring structure of cholesterol decreases membrane fluidity, whereas at low 

temperatures, the presence of cholesterol interferes with the interaction between 

phospholipid tails, protecting cell membrane from freezing.68 Cholesterols are also 

involved in cell signaling,69,70 membrane biosynthesis71,72 and protein activity 

modulation.73,74   
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1.1.2. Proteins 

 Cell membranes are composed of a variety of proteins that interact closely with the 

lipid bilayer. These membrane proteins carry out different biological activities, such as 

mass transport,75,76 enzymatic activities77,78 and cell signaling,79,80 that are essential to 

maintain cell functions. There are two major categories of membrane proteins, integral 

membrane proteins and peripheral membrane proteins (Figure 1.1).29,41  

 Integral membrane proteins are permanently embedded in the cell membrane, and 

contain amphipathic structures that either span the entire bilayer (transmembrane protein) 

or associate with one side of the membrane (integral monotopic protein).1 The membrane 

spanning region of transmembrane protein is composed of either α-helices or β-barrels.81 

These secondary structures contain amino acid residues with hydrophobic side chains that 

interact with phospholipid tails, which anchors the protein to the membrane. Common 

types of transmembrane proteins include ion channels,82 G protein-coupled receptors 

(GPCRs)83 and transporters.84  

 Peripheral membrane proteins interact reversibly with lipid bilayers or integral 

membrane proteins through interactions such as hydrophobic interactions and electrostatic 

interactions.1,85 Peripheral membrane proteins are classified according to their functions. 

Lipid transport proteins transport lipids from endoplasmic reticulum to plasma membrane 

through non-vascular transport mechanism.86,87 Peripheral enzymes such as lipase catalyze 

the metabolism of lipid molecules.88 Other peripheral membrane protein functions include 

electron transport,89 and membrane structural maintenance.90  

 Protein-lipid interaction is a unique aspect of membrane protein. Lipid composition 

can largely affect membrane protein structures and functions.91-93 Fong et. al. reported 
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protein-lipid interaction using nicotinic acetylcholine receptors (nAChRs) purified from 

Torpedo californica.94 The study showed that nAChRs only display ion channel activities 

when both cholesterol and anionic lipids were present. Mechanosensitive channels are also 

sensitive to membrane conditions. Bacterial mechanosensitive channels generate pores in 

the membrane upon increased bilayer tension. The addition of lysophosphatidylcholine 

into one lipid leaflet can increase membrane curvature, thus membrane tension, activating 

the ion channel.95 The knowledge of protein-lipid interactions is essential in understanding 

the behavior of membrane proteins, particularly in artificial membrane environment 

(introduced in Section 1.4).  

  

1.1.3. Carbohydrates 

 Carbohydrates occupy 2-10 % of the cell membrane mass.53 Carbohydrates 

covalently bind to lipids and membrane proteins to form glycolipids and glycoproteins, 

respectively. Due to their structural diversity,96 carbohydrates play a key role as recognition 

molecules in cell-cell interactions.97 Carbohydrates on the cell surface can bind to 

complementary carbohydrates or lectin on the surface of other cells, inducing cell 

adhesion.96,98 The specific binding enables cell recognition99 and immune response.100,101  

The complexity of cell membrane components supports a wide range of cellular 

activities through complex signaling pathways. Identification of function and properties of 

cell membrane components enables better understanding of biological systems, which can 

potentially be utilized to diagnose and treat diseases. To date, the majority of the 

therapeutic drugs target membrane proteins,102,103 which makes membrane protein 

receptors a particularly interesting topic for biological research. 



31 

 

1.2. MEMBRANE PROTEIN RECEPTORS 

Membrane protein receptors are transmembrane proteins that are activated upon 

ligand-binding events. The binding of extracellular ligands, such as neurotransmitters, 

growth factors and hormones, are transduced into intracellular signals by these receptors.104 

In general, naturally occurring membrane protein receptors can be grouped by their 

structures and functions into three main categories: membrane enzymes,105,106 ligand-gated 

ion channels (LGICs)107,108 and G protein-coupled receptors (GPCRs).109,110 Recent years, 

synthetic transmembrane receptors, such as ion channel-coupled receptors (ICCRs), have 

been designed and expressed in mammalian cell lines as the molecular signal transducers 

for sensing purposes.22,111 Due to the focus on sensor development in this dissertation, this 

section will primarily discuss receptors commonly utilized in sensor applications: LGICs, 

GPCRs and ICCRs. 

 

1.2.1. Ligand-Gated Ion Channels 

LGICs play significant roles in cell-to-cell signaling by transducing the binding of 

signal molecules into a change in ion flux across cell membranes. LGICs are composed of, 

at minimum, a hydrophilic ligand-binding domain and a hydrophobic domain forming the 

ion selective membrane spanning pore.112,113 Binding of the agonist to LGIC activates the 

channel, facilitating ion flow through the membrane pore, whereas binding of the 

antagonist to the ion channel facilitates the blockage of ion flux (Figure 1.4). 
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Figure 1.4. General gating mechanism of LGIC. Ligand (orange) binding initiates 

conformational change in the ion channel (red), leading to change in ion flux across cell 

membrane (blue) (not drawn to scale). 

 

DNA sequencing revealed three major unrelated superfamilies of LGICs: Cys-loop 

receptors, ionotropic glutamate receptors (iGluRs) and ATP-gated P2X receptors (Figure 

1.5). Cys-loop receptors are pentameric receptors composed of homologous subunits.113 

These receptors contain an extracellular loop formed between two cystine residues 

connected by a disulfide bond (Figure 1.5 A).114 Common Cys-loop receptors include 

nicotinic acetylcholine receptors (nAChRs),115,116 glutamate-gated chloride channels 

(GluCls)117,118 and 5-HT3 receptors (5-HT3Rs).119,120 iGluRs are tetrameric proteins that 

binds to glutamate, a neurotransmitter that is abundant in nerve systems (Figure 1.5 B).121 

Each iGluR subunit contains a large extracellular portion composed of an N-terminal 

domain (NTD) and a ligand-binding domain (LBD) to enable tetramer assembly and ligand 

binding, respectively. The transmembrane domain (TMD) of each subunit contains three 

membrane spanning alpha helices, forming the ion channel pore.122 iGluR antagonists are 

believed to play a key role in neuroprotection.123,124 ATP-gated P2X receptors are trimetric 

proteins that are activated upon ATP binding (Figure 1.5 C).125 P2X subunits contain an 

extracellular domain that is rich in disulfide bonds, forming the ATP binding site. ATP-
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gated P2X receptors are important in purinergic signaling126 as well as a wide range of 

pathophysiological processes.127  

 

 

Figure 1.5. The three major superfamilies of LGIC. (A) Cys-loop receptors, (B) iGluRs, 

(C) ATP-gated P2X receptors. Representative ion channels are listed beneath each 

superfamily. Reprinted with permission from Lemoine, D. et. al. (Copyright 2012 

American Chemical Society).113  

 

In the past three decades, scientists have shown increasing interest in utilizing 

LGICs for sensor development.24 LGICs act as natural signal transducers that transduce 

ligand binding event into ion flux, which can be readily measured as current signals. LGIC 
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also obtains intrinsic signal amplification mechanism where the binding of one ligand 

triggers the flow of thousands to millions of ions passing across the membrane.24 

Additionally, the specific ligand-receptor binding mechanism provides inherent sensor 

specificity. The use of LGIC for sensor application started as early as 1983 when Hume et. 

al. and Young et. al. simultaneously and independently reported the detection of 

acetylcholine release with cell membrane patches enriched in acetylcholine receptors.17,18 

Since then, both natural and artificial LGICs have been incorporated into sensor 

designs.23,128 However, the use of LGICs for molecular sensing purpose is restricted by the 

limited availability of types of LGICs and their ligands.129  

 

1.2.2. G Protein-Coupled Receptors (GPCRs) 

G protein-coupled receptors are the largest superfamily of membrane proteins 

present in eukaryotic cells and are responsible for most cellular signaling events that 

involve neurotransmitters and hormones as well as vision, olfaction and taste.109 Based on 

their DNA and function, GPCRs are categorized into five distinct families: rhodopsin, 

glutamate, secretin, adhesion and frizzled/taste2.130 Due to the diversity in structure and 

function, GPCRs have a wide variety of ligands ranging from small molecules to proteins. 

Some examples of GPCR ligands are hormones, neurotransmitters, pheromones, light, 

odorants, lipids and amino acids.131 Figure 1.6. shows the distribution of protein targets for 

FDA-approved small molecule drugs. While only 8.3% of the drugs target LGICs, 32.1% 

target GPCRs, which further supports the idea that GPCRs have a much larger ligand pool 

that can potentially be utilized for sensor development. 



35 

 

 

Figure 1.6. Pie chart showing the distribution of protein targets for FDA-approved small 

molecule drugs. Reprinted with permission from Bahar, I. et. al. (Copyright 2010 American 

Chemical Society).129  

 

 GPCR structures were first revealed in the 1990’s from two dimensional crystals of 

rhodopsin to contain seven transmembrane helices.132 GPCR crystallography is 

exceptionally challenging due to two reasons. First is the low natural abundance of GPCRs 

in their native membranes and the limited expression systems available that can 

successfully overexpress GPCRs to obtain enough protein for structural determination.133 

Second, GPCRs have low thermodynamic and proteolytic stabilities due to the presence of 

disordered intracellular and extracellular loops.134 Multiple approaches have been 

employed to provide extra stability to the target GPCR for crystallography, including 

protein engineering,134,135 the use of stabilizing ligands136,137 and the addition of lipid 

molecules.136,138  
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 Due to the limitations in crystallography, GPCR activation mechanisms are still not 

completely understood. In general, agonist binding to the target GPCR induces 

conformational changes in the GPCR, activating the intracellular G protein complex. The 

activated G protein complex replaces GDP with GTP, which initiates the disassociation of 

Gβγ subunit from Gα, activating various downstream signaling pathways (Figure 1.7).139   

 

 

Figure 1.7. General activation mechanism of GPCRs upon agonist binding. The binding of 

agonist induces conformational change in GPCR, activating the associated G protein 

complex, which lead to the dissociation of Gβγ from the G protein complex to initiate 

downstream signaling events. Figure was reprinted with permission from J. Li et. al. 

(Copyright 2002 Springer Nature).139 

 

 Since GPCRs lack an intrinsic analytical handle, the detection of ligand binding 

and GPCR function are mainly accomplished in two ways: monitoring the conformational 

changes in GPCRs or their associated G protein complexes using Förster resonance energy 

transfer (FRET);140-142 detecting the change in concentration of downstream signaling 

molecules or markers.143,144 However, both of these detection methods are indirect 

measurements of ligand-receptor binding and can be affected by other physiological 

changes in the cells. As GPCRs become increasingly important as drug targets,131 a direct 

measurement of real-time ligand-GPCR binding is highly desired. 
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1.2.3. Ion Channel-Coupled Receptors (ICCRs) 

Ion channel-coupled receptors are synthetic fusion proteins where the N-terminus 

of an ion channel is covalently linked to the C-terminus of GPCR.22,145 When a ligand binds 

to the GPCR, the conformational change in GPCR induces a conformational change in the 

ion channel through the covalent linkage, which alters the ion flux across the lipid 

membrane and allow detection via current measurements (Figure 1.8).22 ICCRs are 

designed to enable direct measurements of real-time ligand binding events to GPCRs, 

which can be used for GPCR functional study145 and molecular sensor development.111,146  

 

 

Figure 1.8. Mechanism for ICCR activation and detection. Ligand binding to the GPCR 

induces conformational change in ICCR, thus changing the ion flux across the channel 

which can be monitored via current detection across the membrane. Figure was reprinted 

with permission from C. J. Moreau et. al. (Copyright 2008 Springer Nature).22  

 

The first ICCR was engineered and expressed in Xenopus oocytes by fusing 

muscarinic acetylcholine receptor (M2) or dopamine receptor (D2) with ATP-sensitive 

potassium channel (Kir6.2).146 Receptor characterizations were performed using patch 
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clamp techniques (introduced in detail in Section 1.3) to monitor ligand sensitivities for 

both the GPCRs and the ion channel Kir6.2.22 β-2 adrenergic receptor and olfactory 

receptor were later coupled to Kir6.2 and expressed in Xenopus oocytes and HEK293 

expression systems, respectively.111,145  

ICCRs integrate the advantages of using LGIC and GPCR as signal transducer and 

recognition elements for molecular sensing. The IC portion of the protein provides an 

intrinsic detection mechanism that allows direct measurement of real-time ligand binding 

events. The GPCR portion offers a large ligand pool that enables the detection or the 

screening of a great variety of analytes and drug molecules. 

 

1.3. ION CHANNEL SENSORS 

 Ion channel sensors are powerful tools for ligand detection and have been widely 

used for drug screening147-149 and small molecule detection.150,151 Ion channel sensors 

utilize specific ligand-receptor bindings and transduce the binding events into the 

relocation of ion flux across a lipid bilayer. Ion flux is then detected using various 

techniques including, but not limited to, fluorescence-based assays,152-154 radioactive 

assays155,156 and electrophysiological assays.18,157,158   

 

1.3.1. Fluorescence-Based Sensors 

 Fluorescence-based ion channel sensors are widely used for drug discovery.24 Most 

commonly, fluorescence-based assay are performed using ion specific fluorescent dyes or 

proteins to detect ion channel activity based on selective ion flux.159,160 The mechanisms 

of fluorescence-based assays utilizing ion specific dyes are shown in Figure 1.9. The dyes 
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are usually preloaded to one side of the lipid membrane. When ion channels are activated, 

ion flux causes change in ion concentration across the membrane, inducing changes in 

fluorescent signals.161 Robust and high throughput nature of the assay as well as the 

specificity provided by the fluorescent indicators are among the advantages of using ion 

specific indicators. However, the assay is limited by the availability of ion specific dyes.161  
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Figure 1.9. General mechanism of fluorescence-based ion channel sensors utilizing ion 

specific fluorescent dyes. When ion channels are activated, the change is specific ion 

concentration across the lipid membrane can be detective via fluorescence change from ion 

specific fluorescent dyes. (A) Detection of K+ channel activities using Tl+ sensitive dyes; 

(B) Detection of Ca2+ channel activities using Ca2+ sensitive dyes; (C) Detection of Cl--

selective ion channel activities using yellow fluorescent protein (YFP). Reprinted with 

permission from Yu, H-B. et. al. (Copyright 2015 Springer Nature).161  

 

 Another common fluorescence-based ion channel sensor detects changes in 

membrane potential caused by ion channel activities using FRET.162,163 The assay utilizes 

a membrane associated voltage-insensitive fluorophore, e.g. coumarin-linked phospholipid 
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(CC2-DMPE), fixed to one leaflet of the lipid membrane as FRET donor and a voltage-

sensitive oxonol dye that can move in the lamellar region of the bilayer as FRET acceptor. 

Ion channel activity induced potential changes across lipid membrane will facilitate 

movement of FRET acceptors in the bilayer. When oxonol dyes move to the same leaflet 

as the FRET donors, FRET occurs, thus fluorescent signal increases. When oxonol dyes 

are pushed to the other leaflet, the distance between FRET donors and acceptors are too far 

for FRET to occur, therefore, a decrease in fluorescence intensity is observed (Figure 

1.10).162 The FRET-based sensor has better response time (sub-second) compared to the 

ion-specific fluorescence sensor (seconds to minutes), but does not obtain specificity when 

performed in cells.164  
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Figure 1.10. FRET-based ion channel assay. FRET donor is fixed to the outer leaflet of the 

membrane, while FRET acceptor, oxonol dye, can move in the bilayer lamellar region 

depending on the change in membrane potential induced by ion channel activities. (A) 

FRET measured when oxonol dye moved to the outer leaflet, getting close to FRET donor. 

(B) FRET signal decreases when oxonol dye moved to the inner leaflet where it’s too far 

for FRET to occur. Reprinted with permission from Gonzalez, J. E. et. al. (Copyright 1997 

Elsevier Ltd.).163  

 

1.3.2. Radioactive Sensors 

 Radioactive ion channel sensors use cations with radioactive isotopes, such as 86Rb+ 

45Ca2+ and 22Na+, to enable detection of K+, Ca2+ and Na+ ion channel activities, 

respectively.165,166 The radiolabeled cations flow across the membrane through the 

activated ion channels, resulting in a change in radioactivity on both sides of the membrane, 

which can be measured using a scintillation counter.165 The downside of using radioactive 

materials negatively affects the utility and broad applicability. 
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1.3.3. Electrophysiological Sensors 

 The most informative method to detect ion channel activity is electrophysiology. 

Electrophysiological sensors measure ion flux across the membrane as current signals, 

which can be quantitatively correlated to the presence of ligands in the sample. The general 

setup for electrophysiological assay is shown in Figure 1.11. Briefly, a Ag/AgCl electrode 

is placed on each side of a lipid membrane that contains ion channels. When ion channels 

are activated upon ligand binding, ions will flow through the channel across the lipid 

membrane. The ion flux is then measured as current signals that can be amplified and 

detected by patch clamp amplifier.  

 

 

Figure 1.11. General schematic for electrophysiological assays. One Ag/AgCl electrode is 

placed on each side of the lipid membrane with target ion channels. The activation of ion 

channel through ligand binding will cause ion flux through the channel across the 

membrane, which is detected as current signal using patch clamp amplifier (not drawn to 

scale). 

 

Electrophysiological sensors exploit the intrinsic analytical handle offered by ion 

channels and are, therefore, label free. Another advantage of electrophysiological assay is 
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the millisecond response time,25,167 which enables the measurement of real time cellular 

release.17,168 Due to the ability to obtain large amount of information, electrophysiological 

sensors are commonly used to validate and characterize pre-screened drug compounds in 

the pharmaceutical industry.161  

 Patch clamp is considered the gold standard for studying ion channel activity.161,164 

There are four commonly used configurations within the patch clamp technique; inside-

out, outside-out, cell-attached and whole cell configurations (Figure 1.12). In all cases, a 

glass micropipet was used to form a giga-ohm seal between the glass tip and the cell 

membrane. In inside-out and outside-out configurations, a small membrane patch was 

pulled out of the cell membrane, exposing either the intracellular (inside-out) or 

extracellular (outside-out) side to an accessible solution bath. Cell membrane remains 

intact in cell-attached configuration, but the restricted solution access on both sides of the 

membrane makes it most suitable for detecting spontaneous ion channel activities.169 In the 

whole-cell configuration, the interior of the cell is connected to the inside of the pipet, 

enabling current detection from all the ion channels in the entire cell membrane. The 

configurations are selected depending on the goal of the study and the ion channel of 

interest. 
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Figure 1.12. Schematic showing four patch clamp configurations (not drawn to scale). 

Glass micro-pipet is shown in green. Cell membrane is shown in dark blue. Different ion 

channels are shown in red, light blue and orange. 

 

 Despite the abundant information provided, patch clamp suffers a major drawback, 

from the use of heterogeneous cell membranes. The presence of other ion channels in the 

cell membrane greatly increases the current background and interferes with the 

experimental results.170 The results can be further affected by other signaling events inside 

the cell in cell-attached and whole-cell configurations. To minimize the above 

interferences, an artificial lipid bilayer was developed as an alternative platform for 

electrophysiological measurements with better experimental control.171-174   
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1.4. ARTIFICIAL LIPID BILAYERS 

Artificial lipid bilayers are lipid bilayers assembled in vitro with synthetic lipids. 

These membrane platforms were first constructed in the 1960’s as a model system with the 

intention to study physiological mechanisms and to make pharmacological 

measurements.175 Artificial bilayers serve as simplified versions of cell membranes and 

exhibit well-controlled lipid incorporation and protein insertion. The high tunability in 

membrane composition makes artificial lipid bilayer a versatile platform for various 

applications. 

 

1.4.1. Artificial Lipid Bilayer Configurations 

To better mimic the natural environment of cell membrane and to adapt the lipid 

bilayer platform for various experimental setups, multiple artificial lipid bilayer 

configurations have been developed over the years.176,177 The main configurations include 

lipid vesicles, planar supported lipid bilayers (PSLBs), and black lipid membranes (BLMs) 

(Figure 1.13). These configurations allow the study of either lipids or membrane proteins 

using different techniques in a biologically relevant setting. The formation, applications 

and drawbacks for each artificial lipid membrane configuration will be discussed in this 

section. 
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Figure 1.13. Schematics showing the structure of three main artificial lipid bilayer 

configurations. (A) unilamellar vesicle; (B) planar supported lipid bilayer (PSLB); (C) 

black lipid membrane (BLM) (not drawn to scale). Lipid headgroups are shown in blue 

sphere, whereas lipid tails are drawn in blue lines. Membrane proteins are shown in red. 

Solid substrates were colored in light grey. Organic solvent annulus in BLM is shown in 

orange.  

 

 

1.4.1.1. Vesicles  

Vesicles are spherical assemblies of lipids that best resemble cell membrane 

geometry. Figure 1.13 A shows the structure of a unilamellar vesicle that contains an 

aqueous compartment enclosed in a single lipid bilayer. The formation of vesicles can be 

accomplished by a wide variety of methods depending on the targeted size.178 Small 

unilamellar vesicles (SUVs, 20 nm-100 nm) are commonly formed via sonication179-181 or 

extrusion.182 Large unilamellar vesicles (LUVs, 100 nm-1 μm) are frequently formed by 
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detergent depletion,183 ether vaporization184 and reverse-phase evaporation.185 Giant 

unilamellar vesicles (GUVs, >1 μm) are typically formed using electroformation186-188 and 

natural swelling.189-191 

Vesicles are widely used for membrane protein studies because they closely 

resemble cell membranes.192-194 Membrane receptor-ligand binding is measured in vesicle 

formats through surface plasmon resonance spectroscopy (SPR). The binding of ligands to 

the receptors located on the surface of the vesicle will induce changes in the critical 

angle.195-198 Ion channel activity can also be monitored in vesicle platforms using 

fluorescence microscopy. In general, ion specific fluorescent dyes are trapped inside 

vesicles and respond to changes in ion concentrations due to ion channel activity.159,199 A 

major downside of using SUVs and LUVs for such detection is the low vesicle volume. 

The condition of the vesicle interior changes quickly upon the flux of ions across the 

membrane, making steady-state measurements challenging.194 GUVs provide large interior 

volume that enables not only steady-state measurements, but also the study of lipid rafts 

and lipid phase separation.200 Patch clamp techniques have also been performed on GUVs 

to obtain electrophysiological data on ion channels.201-203 However, the drawbacks of 

GUVs are the challenging formation processes and the fragile natural.190  

 

1.4.1.2. Planar Supported Lipid Bilayers 

Planar supported lipid bilayers (PSLBs) are planar bilayers that form on top of 

hydrophilic solid supports (Figure 1.13 B). The formation of PSLBs is accomplished by 

collapsing SUVs onto the surface of the solid support with nanometer-scale surface 

roughness.204,205 A significant advantage of PSLBs is stability due to the underlying 
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support, which enables lipid analyses using techniques such as atomic force microscopy, 

where the detection probe forms direct contact with the lipid bilayer.206  

PSLBs are widely used to study chemical, physical and mechanical properties of 

lipid membranes.207-209 PSLBs are also commonly used to immobilize vesicles and 

membrane receptors to generate assay platforms.210,211 However, PSLBs suffer from 

several drawbacks. When a PSLB forms, the distance between lipid bilayer and the surface 

of the solid support is ~ 1 nm.212,213 The strong association between the lipid headgroup 

and the hydrophilic support greatly decreases the lateral diffusion of lipid molecules within 

the bilayer, which can potentially affect membrane protein function.214,215 Moreover, the 

limited space may induce undesired interactions between membrane proteins and the 

underlying substrate, which can immobilize the proteins and hinder their functions.209  

 

1.4.1.3. Black Lipid Membranes 

Black lipid membranes (BLMs) are artificial lipid bilayers suspended across 

micron-sized apertures (Figure 1.13 C). These suspended bilayers are called black lipid 

membranes due to their dark appearance under light.216 The thickness of a BLM is a few 

nanometers,216,217 which causes destructive interference between the light reflected from 

the top and the back surface, resulting in a “non-reflective” lipid bilayer.216 

The traditional method for forming BLMs is through “painting”.218,219 Briefly, a 

droplet of lipid dissolved in organic solvent is applied to an aperture submerged under 

aqueous solution. A brush is then used to paint the lipid solution across the entire aperture, 

facilitating the formation of lipid bilayer (Figure 1.14 A). However, BLMs formed with 

the painting method contain a significant amount of organic solvent trapped between the 



50 

 

lipid tail region. The organic layer is eventually pushed towards the edges of the aperture, 

forming an organic solvent annulus (Figure 1.13 C). The tails of lipid molecules around 

the annulus do not meet to form effective BLM that allows membrane protein 

reconstitution.220,221 Therefore, organic solvent retained in the bilayer will decrease the 

effective bilayer area of BLM, which can be especially problematic for BLMs < 1 μm.220  

 

 

Figure 1.14. Schematics showing the formation of BLM using (A) painting method, (B) 

folding method and (C) tip-dip method. Reprinted with permission from Hirano-Iwata, A. 

et. al. (Copyright 2008 Elsevier Ltd.).222  

 

The folding method forms BLMs with less retained organic solvent (Figure 1.14 

B).222 Lipid monolayers are first formed at the air-water interface on both sides of the 

aperture with headgroups facing down to interact with water molecules. Then, the aqueous 

layer is raised to initiate the folding of the monolayer along the organic solvent coated 

aperture to form BLMs.223,224 Since the majority of the organic solvent used to dissolve 

lipid molecules evaporates before the folding happens, BLMs formed using the folding 

method generally result in smaller solvent annulus. Successful incorporation of ion 

channels into BLMs formed using monolayer folding has been reported.223  

Tip-dip is considered a solvent-free method for BLM formation (Figure 1.14 

C).174,222 Briefly, a lipid monolayer is formed at the air-water interface in the solution bath 
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with apertures submerged under the aqueous solution. Then, the aperture is lifted out of the 

solution to facilitate the formation of a lipid monolayer across the aperture. Finally, the 

aperture is dipped back into the aqueous solution to enable the pairing of the monolayer 

across the aperture and the monolayer at the air-water interface of the bath solution. Due 

to the solvent-free nature of the BLMs formed using this method, tip-dip can be used to 

form small BLMs with minimum solvent annulus, decreasing the noise in the 

measurements.225 However, the stability of the BLM was reported to be lower than BLMs 

formed with painting method due to the lack of solvent annulus that may stabilize the 

bilayer structure.226  

BLMs present several advantages over vesicles and PSLBs. BLMs allow solution 

control and electrode access to both sides of the lipid bilayer, which enables the use of 

asymmetric solutions on each side of the lipid bilayer, better mimicking cell 

environment.227,228 Solution access on both sides of the BLM also provides opportunity for 

the addition of agonist and antagonist to either side of the membrane receptors for 

functional studies.227,229 Additionally, the BLM contains a free-standing portion where 

protein reconstitution and activity were not hindered.230-232 A major drawback of the BLM 

configuration is the limited stability.233-235 Methods to increase the stability of BLM 

without disrupting membrane protein insertion and function are highly desired for the 

advance in ion channel sensor development. 

 

1.4.2. BLM Stabilization 

BLMs provide a simplified and well-controlled chemical environment for ion 

channel studies, whose performance is limited by the physical stability. BLMs with lifetime 
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ranging from minutes to hours have been reported,226,236 with various approaches taken to 

increase BLM stability.233-235,237,238 In this section, common ways to stabilize BLMs are 

examined, along with a few novel but promising approaches. 

 

1.4.2.1. Aperture Size Reduction and Shape Control 

The simplest strategy to increase BLM stability is to decrease the size of the 

aperture with well-controlled micro- to nano- scale fabrication.220,223,239 Teflon was the first 

material used for BLM aperture fabrication. However, due to the chemical stability, Teflon 

apertures are fabricated using mechanical processes which results in apertures that are 

hundreds of microns or larger.216,224,240 In the recent years, the use of Si3N4
223,239 and 

photoresists241,242 enabled the fabrication of sub-micron sized apertures using well-

established photolithographic processes. Apertures that are hundreds of nanometers to tens 

of microns in diameter were reported to obtain greatly enhanced temporal stability (days-

weeks) while still allowing the reconstitution of membrane proteins.220,223,243  

The shape of the aperture was also considered to be important in stabilizing 

BLMs.244 Tapered apertures facilitate the formation of organic solvent annulus with smaller 

annulus-septum contact angle (Figure 1.15), which promotes stable arrangements between 

aperture and BLM.245 Tapered apertures fabricated with different materials all 

demonstrated reproducible formation of BLM with improved stability.223,241,246   
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Figure 1.15. The effect of aperture shape on annulus-septum contact angle. (A) Straight 

aperture; (B) Tapered aperture. Aperture is drawn in grey. Lipids are shown in blue. 

Organic solvent annulus is indicated in orange. Adapted from Baker, C. et. al. (Copyright 

2013 American Chemical Society).242   

 

 

1.4.2.2. Gel-Supported BLM 

Various hydrogels, such as poly(ethylene glycol) dimethacrylate (PEGDMA)233 

and agarose,247,248 were used to mechanically stabilize BLMs. In this approach, gel was 

formed on either one or both sides of the BLM, providing extra mechanical support. The 

concept of gel-supported BLM is similar to that of PSLB introduced in section 1.4.1.2. The 

main difference is the porous property of the gel. Pores in the gel material allow the 

diffusion of membrane proteins and ligands to and from the BLM, enabling protein 

reconstitution and ligand binding.233,248,249 Moreover, pores allow adequate spacing 

between BLM and gel for undisrupted membrane protein function.249 The main drawback 

for gel-supported BLM is the restricted diffusion of molecules in the pores, which 

lengthens the experiment wait time for protein insertion and delays ion channel 

response.234,248  

  

 



54 

 

1.4.2.3. Polymerizable Lipids 

Polymerizable lipids are synthetic lipid molecules containing polymerizable units, 

such as diacetylene and butadiene, that polymerize upon exposure to free radicals.250 Two 

representative polymerizable lipids are shown in Figure 1.16.251 Bis-DenPC contains 

dienoyl units close to the headgroup, whereas bis-SorbPC contains dienoyl units at the end 

of the lipid tails. The difference in the position and the amount of polymerizable units in 

the lipid molecule was reported to have drastic effects on BLM stability and porosity.251   

 

 

Figure 1.16. Structures of representative polymerizable lipids bis-DenPC and bis-SorbPC. 

The diacetylenic units in the tail regions allow polymerization upon the receipt of free 

radicals. Adapted with permission from Heitz, B. A. et. al. (Copyright 2011 American 

Chemical Society).251  

 

 The stabilization of BLM using polymerizable lipids replaces the weak van der 

Waals interactions between lipid molecules with covalent linkages, forming a lipid 

polymer network. The formation of chemical bonds between lipid monomers greatly 

increases BLM stability, but also reduces membrane fluidity252 which is necessary for 

membrane protein reconstitution and function.253,254 To address this issue, BLM containing 

both polymerized and non-polymerizable lipids were formed which enabled alamethicin 

insertions.255 Mixed lipid bilayer was also successfully formed in a PSLB format where 
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polymerizable lipids were partially polymerized via micropatterning, followed by the 

removal of unpolymerized lipids and the addition of non-polymerizable lipid vesicles.256  

 

1.4.2.4. Polymer Scaffold Stabilized-BLM 

Recently, stabilization of BLM using methacrylate polymer scaffold was reported 

(Figure 1.17 A).257 The polymer scaffold was formed with methacrylate monomer (butyl 

methacrylate, BMA) and crosslinker (ethylene glycol dimethacrylate, EGDMA) (Figure 

1.17 B). The monomer and the crosslinker are both small hydrophobic molecules, which 

will partition into the lamellar region of the BLM, facilitating the formation of polymer 

scaffold around lipid tails. 

 

 

Figure 1.17. Schematic of polymer scaffold formation in BLM. (A) Polymer scaffolds 

locate in the lamellar region of the BLM. (B) Polymerization reaction. Reprinted with 

permission from Bright, L. K. et. al. (Copyright 2015 American Chemical Society).257 
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PSS-BLM has multiple advantages. Methacrylate polymer scaffold enables the 

stabilization of BLM prepared from non-polymerizable lipids, which are more accessible 

and cost effective than polymerizable lipids. Moreover, adequate membrane fluidity 

allowing gramicidin insertion and function can be retained through the control of 

polymerization degree.257   

The BLM stabilization techniques introduced in this section greatly enhance the 

potential of BLM platform being used for ion channel sensor development. BLM lifetime 

exceeding the lifetime of ion channels220,257 makes BLM no longer the limiting factor for 

long-term electrophysiological measurements. Stabilized BLMs may also enable the 

coupling of ion channel measurements to topographical mapping techniques where 

aperture movements in aqueous solution is mandatory. 

 

1.5. HIGH THROUGH-PUT ELECTROPHYSIOLOGY 

Electrophysiological sensors are capable of providing high information content for 

ion channel studies.164 However, both patch clamp and BLM-based electrophysiology are 

membrane-by-membrane assay technologies, which are labor intensive and have extremely 

low throughput, hindering the use of electrophysiological sensors in high-throughput 

screening applications.164,258 To address this issue, development of high-throughput 

electrophysiology has increased in the past decade.24,161,258 Two main approaches to achieve 

high-throughput electrophysiological assays include: automating traditional patch clamp 

techniques, and utilizing microfluidic array devices for parallel ion channel 

measurements.258  
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1.5.1. Automated Patch Clamp 

 Automated patch clamp systems were first developed in the 1990’s and made 

available later as the Apatchi-1 system to automate the traditional patch clamp 

experiments.258,259 The instrument allowed automated cell selection according to pre-

defined criteria using an inverted microscope. The formation of giga-ohm seal and whole 

cell patch were achieved by implementing cell-specific pressure protocols.260 Soon after, 

multiple other automated patch clamp systems were developed and were validated based 

on seal quality, recording stability and ion channel activity.261-263 Automated 

electrophysiology has also been performed on BLM platforms. Methods to control BLM 

formation and membrane protein reconstitution in an automated manner has been 

reported.235,264  

Automated patch clamp systems decrease the technical requirements needed to 

perform electrophysiological assays by implementing standardized protocols. The system 

also increases the throughput of the assay due to the fully automated procedures. However, 

most of the automated systems mentioned above perform patch clamp experiments in series, 

limiting the improvements that can be achieved in assay throughput.260   

  

1.5.2. The Use of Microfluidic Array Devices for Electrophysiological Measurements 

 To further increase the throughput, microfluidic array devices were developed for 

electrophysiological applications using both patch clamp and BLM platforms.265-268 The 

major advantage for using microfluidic array device is the presence of multiple detection 

sites enabling parallel experiments.265,269 For instance, Okasi, T. et. al. reported 
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simultaneous detection of molecule translocation through α-hemolysin pores in a 12 by 8 

format, greatly increasing the throughput of the assay. 

Microfluidic array devices also allow precise fluid control for solution exchange 

and mass delivery. Precise fluid control enables the delivery of cells to patch channels to 

generate giga-ohm seals270 as well as the formation of BLM in a planar format,265,271 Both 

processes are labor intensive and time consuming to accomplish in series, whereas they 

can be performed simultaneously across all detection channels. 

 The integration of microfluidics with electrophysiology is ongoing. The 

construction of the ideal microfluidic array device for parallel ion channel recordings 

requires advances in novel designs of device components, detection circuitry, data interface 

and system integration. The ability to obtain electrophysiological data in a time-efficient 

and cost-effective manner would greatly benefit the development and application of 

membrane receptor-based sensors, improving our understanding of the biological system. 

 

1.6. DISSERTATION OVERVIEW 

 This dissertation presents advances in ion channel sensor development in artificial 

lipid bilayer platforms, with focus on membrane protein production, ion channel probe 

positioning and sensor throughput improvement. 

Chapter 2 presents a time- and cost-effective strategy to produce LGICs for ion 

channel sensor assembly. LGICs serve as both the recognition element and signal 

transducer in the sensor. Here, an in vitro expression method for the production of ion 

channel Kir6.2 was characterized. Protein expression and function were verified. The cell-
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free expression protocol can potentially be implemented in the expression of other 

membrane protein receptors. 

Chapter 3 describes the fabrication of a dual barrel ion channel probe with feedback 

positioning mechanism. The probe contains an electrophysiological barrel with stabilized 

BLM and reconstituted ion channels for ligand detection, as well as an open barrel to assist 

the positioning of the probe by monitoring access resistance. Probe fabrication and 

characterization were discussed. 

Chapter 4 discusses a simple, cost effective strategy to increase the throughput of 

ion channel assays. Herein, a surface modified glass/PDMS microfluidic valve with 

hundreds of giga-ohm closed resistance was fabricated and characterized. The valve 

presents an alternative approach that can potential be use in the development of 

microfluidic array devices for parallel electrophysiology. 
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CHAPTER 2. IN VITRO EXPRESSION OF INWARDLY-RECTIFYING K+ 

CHANNELS FOR ION CHANNEL SENSOR DEVELOPMENT 

 

2.1. INTRODUCTION 

 ATP-sensitive K+ channels (KATP channels) are ligand-gated K+ channels that are 

found in various cells such as pancreatic beta cells,1-3 cardiac tissues,4-6 skeletal muscles,7-

9 and neurons.10-12 KATP channels respond to change in intracellular [ATP/ADP] ratio, thus 

correlating cell metabolism with membrane excitability and intracellular signaling. KATP 

channels regulate insulin release in pancreatic beta cells. When intracellular glucose level 

increases, [ATP/ADP] ratio also increase. ATP binds to KATP channels, leading to channel 

closure, and thus membrane depolarization. Membrane depolarization then activates 

voltage-gated Ca2+ channels, resulting in an increase in intracellular Ca2+ level, stimulating 

insulin secretion.3   

 KATP channels are hetero-octamers that are composed of four inwardly-rectifying 

K+ channel 6.x subunits (Kir6.x), and four sulfonylurea receptor subunits (SUR) .2,5 Kir6.x 

has two variants, Kir6.1 and Kir6.2, while SUR has four variants, SUR1, SUR2, SUR2A 

and SUR2B. Different combinations of these subunit variants lead to the observed 

properties in each tissue.13 The KATP channels found in pancreatic beta cells are mainly 

composed of Kir6.2 and SUR1.2,14 The structure of the pancreatic KATP channel is shown 

in Figure 2.1.  The four Kir6.2 subunits form the ATP-sensitive membrane-spanning pore 

that is highly selective for K+ (PNa/PK ~ 0.01).4 SUR subunits, on the other hand, are 

responsible for KATP channel regulation by other modulators such as ADP and 

sulfonylurea.13,15  
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Figure 2.1. Structure of pancreatic KATP channel (not drawn to scale). Kir6.2 subunits are 

shown in orange. SUR1 subunits are shown in purple. The ion-permeable pore is shown in 

blue.  

 

 Truncation of the last 26-36 amino acids at the C-terminus of Kir6.2 enables the 

expression and the trafficking of ATP-sensitive ion channel without the presence of 

SUR.16-19 The simple and well-studied structure and function of Kir6.2, compared to the 

wild-type version of KATP channel, makes it a suitable candidate for the ligand-gated ion 

channel for the construction of ion channel sensors. The structure of Kir6.2 is shown in 

Figure 2.2. Each Kir6.2 contains two membrane-spanning domains (TM1 and TM2) 

connected by a loop that forms the pore-forming region (H5) of the channel. The N- and 

C- terminus of Kir6.2, together, forms ATP-binding pocket where ATP binds and closes 

KATP channels. In this study, Kir6.2 was used as the model ion channel to study in vitro 

expression of ligand-gated ion channels. The procedures reported in this study are 

potentially applicable to other membrane proteins such as G-protein coupled receptors 

(GPCRs) and ion-channel coupled receptors (ICCRs). 
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Figure 2.2. Structure of Kir6.2 monomer. Each monomer contains two membrane-spanning 

α-helixes, a pore-forming loop (H5) and N- and C- terminus (not drawn to scale). The 

structure of Kir6.2 is shown in orange. Lipid bilayer is shown in blue.  

 

 Expression of membrane protein is traditionally performed in expression hosts, 

such as bacteria,20-22 yeast,23,24 and mammalian cells.25-28 Protein expression generally 

involves three steps: transcription, translation, and post-translational modification. During 

transcription, messenger RNA (mRNA) is produced from the double stranded DNA. The 

mRNA is then used as the template for protein synthesis in the translation step. After 

synthesis, the target protein may be modified through processes such as glycosylation and 

phosphorylation to facilitate correct folding and trafficking.29 Kir6.2 variants have been 

expressed in yeast,30 insect cells,31  and mammalian cells.16 The expression of Kir6.2, a 

eukaryotic membrane protein, in eukaryotic hosts allows proper post-translational 

modifications to maintain protein function. However, membrane protein expression using 

eukaryotic hosts also suffers from multiple drawbacks. First, eukaryotic cells, especially 

mammalian cell, are generally difficult and costly to maintain.  Second, the yield of 

functional membrane protein obtained is relatively low.32 Moreover, the expressed 

membrane protein needs to go through labor-intensive purification processes before it can 
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be used for functional and structural studies, or, in our case, to construct ion channel-based 

sensors for ligand detection.16  

 In recent years, in vitro protein expression using cellular extracts that contains all 

the machinery, molecules and cofactors necessary for transcription, translation and post-

translational modifications have gained popularity. Cell-free expression system enables 

expression of cytotoxic membrane proteins in high yield in a timely manner.33,34 The 

schematic of general steps of in vitro protein expression is shown in Figure 2.3. Before 

protein expression, the gene encoding the protein of interest must be cloned into a cell-free 

expression vector. This molecular cloning step allows the addition of purification or 

fluorescent tags onto the protein of interest for downstream purification or analyses. Then, 

the DNA is incubated with cellular extract to promote protein synthesis. In vitro protein 

expression has been successfully used to produce membrane proteins. While most 

membrane proteins produced are prokaryotic proteins,35-38 some eukaryotic membrane 

proteins have also been synthesized and function verified.39,40  
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Figure 2.3. Schematics of in vitro expression of eGFP-Kir (not drawn to scale). The gene 

encoding the protein of interest is first cloned into an expression vector suitable for in vitro 

expression system. Then, the DNA is incubated with the cellular exact to produce protein. 

After that, the protein can be used for downstream analyses.  

 

 In this study, we produced ligand-gated ion channel eGFP-Kir6.2 using in vitro 

protein expression system for ion channel sensor development. Protein expression was 

verified with eGFP fluorescence, 6xHis tag antibody and SDS-PAGE, and Kir6.2 channel 

function was verified using electrophysiology. The effect of expression time and the 

addition of detergent on protein expression efficiency were also evaluated. Since the 

cellular extract does not contain membrane portion,41 Kir6.2 is the only membrane protein 

present in the expression system. We hypothesized that Kir6.2, and only Kir6.2, would 

insert into the artificial lipid bilayer driven by enthalpy. Purification of Kir6.2 after protein 

synthesis is unnecessary, providing a significant advantage for ion channel sensor 

construction. 
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2.2. EXPERIMENTAL 

2.2.1. Chemicals and Materials 

 1-Step Human Coupled IVT Kit and Pierce ECL 2 western blotting substrate were 

purchased from Thermo Scientific (Rockford, IL). Subcloning efficiency DH5α competent 

cells and HiMark pre-stained protein standard were purchased from Invitrogen (Carlsbad, 

CA). PureYield Plasmid Maxiprep System was purchased from Promega (Fitchburg, WI). 

All primers were ordered from Integrated DNA Technologies, Inc. (Coralville, IA). Mini-

Protean TGX stain-free 4-15% precast gels, and 4x Laemmli sample buffer were purchased 

from Bio-Rad Laboratories, Inc. (Hercules, CA). KCl was purchased from EMD 

Chemicals, Inc. (Gibbstown, NJ). Brilliant Blue G 250, MgCl2, CaCl2, NaCl, ethylene 

glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), 2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), Tween 20, Tris-Cl, and 3-(N-

morpholino)propanesulfonic acid (MOPS) were purchased from Sigma Aldrich (St. Louis, 

MO). Aluminum sulfate hydrate, dithiothreitol (DTT), and anhydrous ethanol were 

purchased from Fisher Scientific (Hampton, NH). Orthophosphoric acid was purchased 

from Alfa Aesar (Haverhill, MA). N-tetradecylphosphocholine (Fos-Choline 14) was 

purchased from Anatrace Products (Maumee, OH). Adenosine 5’-triphosphate was 

purchased from MP Biomedicals (Solon, OH). Ampicillin was purchased from Shelton 

Scientific (Shelton, CT). LB powder was purchased from Becton, Dickinson and Company 

(Sparks, MD). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-

oleoyl-sn-glycero-3-[phosphor-rac-(1-glycerol)](sodium salt) (POPG), and L-α-

phosphatidylinositol-4,5-bisphosphate (Brain, porcine-triammonium salt) (PIP2) were 

purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). (Tridecafluoro-1,1,2,2-
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tetrahydrooctyl)dimethylchlorosilane (PFDCS) was purchased from Gelest, Inc. 

(Morrisville, PA). 

 Colloidal Coomassie Blue staining solution was prepared using Dyballa’s 

protocol.42  Briefly, 5% (w/v) aluminum sulfate was dissolved in nanopure water. Then, 

10% (v/v) 96% ethanol was added to the solution. Once the solution was homogenous, 

0.02% (w/v) Brilliant Blue G250 was added.  Once the Brilliant Blue G250 was completely 

dissolved, 2% (v/v) 85% orthophosphoric acid was added to form colloidal Coomassie 

particles. Tris-buffered saline with Tween (TBST) was prepared with 50 mM Tris-Cl, 150 

mM NaCl and 0.05% (v/v) Tween 20, pH=7.6. Blocking buffer was prepared by dissolving 

2% milk protein in TBST solution. 

 

2.2.2. Construction and Propagation of eGFP-Kir in pT7CFE1 Vector 

  eGFP-Kir DNA was cloned into pT7CFE-CHis expression vector (ampicillin 

resistance) by GenScript between Nde I and Not I sites. The stop codon at the end of the 

eGFP-Kir sequence was omitted to allow C-terminus 6×His-tag expression. eGFP-Kir in 

pT7CFE1-CHis DNA was then transformed into DH5α competent cells, and the cells were 

plated on LB/agar plates and selected against 50 μg/ml of ampicillin. Single colonies were 

selected and grown in 4 ml of LB broth containing 50 μg/ml of ampicillin at 37 °C, 225 

rpm, for 8 h. 500 μl of the starter culture was transferred into 250 ml LB/Amp broth and 

grown at 37 °C at 225 rpm until the culture reached O.D. 600 ~ 2-4 (about 12-16 h). eGFP-

Kir in pT7CFE1-CHis DNA was purified from the culture using PureYield Plasmid 

Maxiprep System and was quantified using Nanodrop 2000c spectrophotometer (Thermo 

Scientific, Waltham, MA).    
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2.2.3. DNA Sequencing 

 DNA sequencing samples were prepared at ~ 200 ng/μL. Low-volume DNA 

sequencing was performed by UA Genetics Core using forward primers listed in Table 2.1. 

(designed previously by Vanessa R. Sousa for different sequencing purposes). 

 

Table 2.1. Sequencing Primer Information 

# Name Sequence (5’-3’) Tm (°C) 

1 PT7EGFPSeqF1 AAT GGC TCA CCT CAA GCG TA 56.5 

2 PT7EGFPSeqF2 TTC AAG GAG GAC GGC AAC AT 56.8 

3 M2KirSeqF4 TCA CCA TGT CCT TCC TGT GC 57.4 

4 PT7EGFPKirSeqF3 TTC ATG CTA CGT GTG GGT GA 56.4 

 

2.2.4. In Vitro Expression of eGFP-Kir 

 eGFP-Kir was expressed using 1-Step Human Coupled IVT Kit according to 

manufacturer’s recommendation, but on a smaller scale. Briefly, 6 μl of Hela cell lysate, 

1.2 μl of accessory proteins, 2.4 μl of reaction mix, 0.96 μl of eGFP-Kir in pT7CFE1-CHis 

DNA, and 1.44 μl of nucleus-free water were mixed sequentially in a sterile round-top PCR 

tube at room temperature. The mixture was then incubated at 30 °C for 2 h to allow protein 

expression. For negative-control samples, 0.96 μl of eGFP-Kir in pT7CFE1-CHis DNA 

was substituted with equal volume of nucleus-free water. After 2 h of incubation, samples 

were kept on ice until use. All samples were prepared fresh on the same day they were use. 
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2.2.5. Characterization of Protein Expression via Fluorescence Microscopy 

 Nikon Eclipse TE300 fluorescence microscope (Nikon, Tokyo, Japan) was used to 

collect fluorescent images to verify eGFP-Kir expression. 2 μl of sample was pipetted onto 

a #0 microscope cover slip (Glaswarenfabrik Karl Hecht, Germany), and excited through 

a 480/30 nm excitation filter. Images were collected with emission filter (540/25 nm) at 

three distinct locations within each sample droplet. The experiments were repeated for 

three independent expressions. All images from the same experiment were processed 

through Fiji43  to adjust to the same contrast for fair comparison. Statistical analyses were 

performed using student’s t-test at 95% confidence level. 

 

2.2.6. Dot Blot Analysis  

 5 μl of each sample (negative control and eGFP-Kir) were spotted onto a pre-cut 

nitrocellulose membrane (8 cm × 5cm). The spots were allowed sufficient time to dry. The 

membrane was washed 3 times with TBST solution for 5 min each to remove insoluble 

materials. Then, the membrane was blocked with blocking buffer for 1 h at 23 °C. Then, 

the membrane was incubated with primary antibody (1: 1000 (v/v) antibody: blocking 

buffer), 6×His Epitope Tag Antibody (Thermo Scientific, Waltham, MA), for 1 h at 23 °C, 

agitated at 60 rpm. The membrane was then washed 3 times with blocking buffer for 5 min 

each and incubated with secondary antibody (1: 20000 (v/v) antibody: blocking buffer), 

goat-anti-mounse IgG2b-HRP (Santa Cruz Biotechnology, Dallas, TX), for 1 h at 23 °C, 

agitated at 60 rpm. The membrane was washed 3 times with TBST for 5 min each, and 

then incubated with Pierce ECL 2 Western Blotting Substrate prepared according to 

manufacture recommendations. Finally, the membrane was imaged with Chemidoc 
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imaging system (Bio-Rad, Hercules, California) for HRP chemiluminescence signal at 428 

nm. 

 

2.2.7. Expression Time Study  

 1 μl of protein sample at 0 h (right after mixing all the kit components), 1h, 2h, 3h, 

4h, 5h, 6h, and 7h after incubation at 30 °C were spotted onto a nitrocellulose membrane 

(0.45 μm pore size, Bio-Rad, Hercules, California), and dried at 23 °C. The membrane was 

kept dark through the entire experiment. The dried membrane was imaged with Chemidoc 

imaging system for eGFP fluorescence. Quantitative fluorescence data was extracted using 

Fiji.43  

 

2.2.8. Characterization of Protein Expression via SDS-PAGE 

 eGFP-Kir sample and negative control sample were prepared via in vitro 

expression. 3 μl of protein or negative control sample were mixed with 1 μl of 4× sample 

loading dye and 0.2 μl of 1 M DTT before loading onto the gel. HiMark pre-stained protein 

standard was used as the molecular weight standard. SDS-PAGE gel was run at 120 V for 

90 min. After 90 min, the gel was washed with nanopure water and imaged with Chemidoc 

imaging system (Bio-Rad, Hercules, California) for eGFP in-gel fluorescence. Then, the 

gel was stained with 250 ml of colloidal Coomassie Blue staining solution overnight and 

imaged with Chemidoc imaging system for Coomassie blue signals. 
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2.2.9. Electrophysiology 

2.2.9.1. Micropipet Fabrication 

 Schott glass capillaries (O.D. 1.5 mm, I.D. 1.0 mm, World Precision Instruments, 

Sarasota, FL) were cleaned by sonication in H2O followed by ethanol, and dried at 60 °C 

for 1 h. Dried capillaries were pulled into pipets using a P-97 Flaming/Brown Micropipette 

Puller (Sutter Instrument Co., Novato, CA), and cut and fire-polished with a MF-900 

microforge (Narishige, East Meadow, NY) to aperture i.d. of 15-20 μm. Pipet surface was 

activated with 1 M HNO3 for 30 min, and washed with H2O before being dried at 110 °C 

for 1 h. Pipets were then silanized with PFDCS vapor for 10 min in a heated chamber. 

Modified pipets were sequentially washed with toluene, acetone, H2O and ethanol, and 

dried at 60 °C for 1 h. 

  

2.2.9.2. BLM Formation 

 BLM formation and eGFP-Kir reconstitution was performed as outlined by Agasid, 

et al.16  Briefly, 89.5% POPC, 10% POPG and 0.5% PIP2 (mole ratio) were mixed and 

dried under Ar, and then lyophilized (Labconco, Kansas City, MO) overnight. Dried lipids 

were resuspended in n-decane to a final concentration of 10 mg/ml. The micropipet was 

back filled with K+ solution (150 mM KCl, 2 mM MgCl2, 10 mM MOPS, pH 7.4), and 

submerged into a bath filled with intracellular (IC) solution (140 mM KCl, 5.6 mM NaCl, 

2.4 mM CaCl2, 1.2 mM MgCl2, 2 mM EGTA, 10 mM HEPES, pH = 7.15). BLMs were 

formed across pipet tips via tip-dip method.44,45 Briefly, 1 µl of the DPhPC solution was 

applied to the solution bath 1 mm away from the tip of the pipet. The pipet was raised and 

lowered across the air-solution interface multiple times to facilitate BLM formation. Once 
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the pipet resistance increased from 100 kΩ (open pipet) to above 1 GΩ, an increasing 

potential ranging from 0 to 1000 mV was applied to distinguish BLM from multilayer lipid 

structures. BLM formation was confirmed by the presence of transient pores formed at 

higher potentials.46 -70 mV holding potential was then applied across the BLM to monitor 

the stability of the bilayer.  

 

2.2.9.3. eGFP-Kir Reconstitution and ATP Response 

 Once the bilayer stability was verified for 5 min, 1 μl of eGFP-Kir or negative 

control sample was added to the bath at 1 mm away from the pipet tip to promote protein 

insertions. If protein insertion was not observed after 20 min of protein addition, an 

additional of 1 μl of protein sample was added. 

 Once protein insertion was observed and monitored for 2 min, bath solution was 

perfused with IC solution containing 5 mM ATP to completely exchange the bath solution. 

Channel activities under 5 mM ATP was recorded for another 2 min. After that, the bath 

solution was changed back to IC solution lacking ATP to record 2 more min of channel 

activities. 

  Single channel recording data was filtered at 500 Hz in TAC x.4.3.3 software. 

 

2.3. RESULTS AND DISCUSSION 

 Eukaryotic membrane proteins are commonly expressed in eukaryotic cells lines, 

such as yeast24,30 and mammalian cells.16,28 Although the expression protocol is well-

established in the field, the toxicity of the over-expressed proteins to the cells, the low 

protein yield32  and the labor-intensive protein purification steps16 make membrane protein 
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expression in mammalian cells less desirable. In this study, we explored the expression of 

eGFP-Kir, a green fluorescent protein tagged-eukaryotic ion channel, using mammalian in 

vitro translation (IVT) systems that allowed proper post-translational modifications. 

Protein expression was verified, and the function of the Kir channel was characterized 

through ATP-response via electrophysiology. 

 

2.3.1. Design and Verification of DNA Construct 

 To enable in vitro expression using 1-Step Human Coupled IVT Kit, eGFP-Kir 

DNA must be cloned into pT7CFE1-based vectors.41 Molecular cloning is a process where 

a DNA of interest is assembled into a target vector for replication and/or expression in a 

foreign host. In this case, pT7CFE1-based vectors were specifically designed to work with 

the modified HeLa cell line from which the in vitro expression system was constructed. 

pT7CFE1 expression vectors are designed for high-level protein expression with a T7 

promoter, an Encephalomyocarditic virus (EMCV) internal ribosome entry site (IRES) for 

high-level translation, restriction sites for molecular cloning, a poly A sequence for mRNA 

stabilization, and a T7 terminator.41 pT7CFE-CHis vector was chosen for eGFP-Kir 

expression. pT7CFE-CHis vector contains a 6×His tag immediately following its 

molecular cloning sites (MCS), which allows the expression of the 6×His tag at the C-

terminus of eGFP-Kir. 6×His tag is a protein tag that is composed of six histidine residues 

and is commonly attached to target proteins at either N- or C-terminus to assist protein 

purification using metal affinity chromatography.47 A C-terminal 6×His tag can also be 

used to validate protein expression. Since proteins are expressed from N-terminus to C-

terminus, the successful expression of the C-terminal 6×His tag indicates the successful 
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expression of the complete version of the protein, in this case, eGFP-Kir. Furthermore, 

pT7CFE-CHis vector adds a minimal number of amino acids to the C-terminus of eGFP-

Kir, which minimizes the effect of the additional C-terminal amino acids to the function of 

Kir6.2.  

 The MCS of pT7CFE-CHis vector is shown in Figure 2.4. The MCS contains 11 

restriction sites to which the DNA encoding eGFP-Kir can be inserted. Several criteria 

must to be considered in order to choose the restriction sites for the cloning of eGFP-Kir 

into pT7CFE-CHis. First, the restriction sites cannot be present in the sequence of the gene 

insert (in this case, eGFP-Kir DNA) to prevent the cleavage of the insert during molecular 

cloning. The DNA sequence of eGFP-Kir is shown in Figure 2.5. Six restriction sites were 

found in the sequence of the insert (BamHI, EcoRI, SacI, SalI, PstI, XhoI), and five are 

present in the MCS of pT7CFE-CHis vector. Thus, these restriction sites cannot be used 

for molecular cloning of eGFP-Kir into the target vector. 

 

 

Figure 2.4. Available restriction sites in the MCS of pT7CFE-CHis vector.41  
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Figure 2.5. DNA sequence of eGFP-Kir. Sequence for eGFP is highlighted in green. 

Sequence for Kir is highlighted in teal. Start and stop codons are highlighted in red. 

Restriction sites within the sequence of eGFP-Kir are highlighted in yellow, magenta, grey 

and olive green. All the restriction sites within the insert are labeled in red. 

 

 A second factor that must be considered when choosing restriction sites is whether 

the restriction site will be cut into blunt ends or sticky ends. Blunt ends result from a straight 

cut by the restriction enzyme, while the sticky ends are resulted from a staggered cut. Sticky 

ends have unpaired nucleotides on both ends, that are more efficient in annealing with the 

complementary overhangs that result from the restriction site cleavage on the DNA insert.48  

Therefore, using restrictions sites with sticky ends is highly preferred. Within the six 

remaining restriction sites, only NdeI, PacI and NotI will result in sticky ends.  

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGGTGCCCATCCTGGTCGAGCTGGACGGCG

ACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGAC

CCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTA

CGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGC

CCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGA

GGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGAC

GGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACA

AGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCT

CGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACC

TGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTC 

                                                                                                                             BamHI      EcoRI      SacI          SalI 

GTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGGATCCGAATTCGAGCTCCGTCG

ACAAATGCTGTCCCGCAAGGGCATCATCCCCGAGGAATACGTGCTGACACGCCTGGCAGAGGACCCTG

CCGAGCCCAGGTACCGTGCCCGCCAGCGGAGGGCCCGCTTTGTGTCCAAGAAAGGCAACTGCAACGT 

                                                                                                   PstI 

GGCCCACAAGAACATCCGGGAGCAGGGCCGCTTCCTGCAGGACGTGTTCACCACGCTGGTGGACCTCA

AGTGGCCACACACATTGCTCATCTTCACCATGTCCTTCCTGTGCAGCTGGCTGCTCTTCGCTATGGCCT

GGTGGCTCATCGCCTTCGCCCACGGTGACCTGGCCCCCAGCGAGGGCACTGCTGAGCCCTGTGTCACC

AGCATCCACTCCTTCTCGTCTGCCTTCCTTTTCTCCATTGAGGTCCAAGTGACTATTGGCTTTGGGGGGC

GCATGGTGACTGAGGAGTGCCCACTGGCCATCCTGATCCTCATCGTGCAGAACATCGTGGGGCTCATG

ATCAACGCCATCATGCTTGGCTGCATCTTCATGAAGACTGCCCAAGCCCACCGCAGGGCTGAGACCCT

CATCTTCAGCAAGCATGCGGTGATCGCCCTGCGCCACGGCCGCCTCTGCTTCATGCTACGTGTGGGTGA

CCTCCGCAAGAGCATGATCATCAGCGCCACCATCCACATGCAGGTGGTACGCAAGACCACCAGCCCCG

AGGGCGAGGTGGTGCCCCTCCACCAGGTGGACATCCCCATGGAGAACGGCGTGGGTGGCAACAGCAT

CTTCCTGGTGGCCCCGCTGATCATCTACCATGTCATTGATGCCAACAGCCCACTCTACGACCTGGCACC 

                                                                         XhoI 

CAGTGACCTGCACCACCACCAGGACCTCGAGATCATCGTCATCCTGGAAGGCGTGGTGGAAACCACGG

GCATCACCACCCAGGCCCGCACCTCCTACCTGGCCGATGAGATCCTGTGGGGCCAGCGCTTTGTGCCC

ATTGTAGCTGAGGAGGAAGGACGTTACTCTGTGGACTACTCCAAGTTTGGCAACACCGTCAAAGTGCC

CACACCGCTCTGCACGGCCCGCCAGCTTGATGAGGACCACAGCCTACTGGAAGCTCTGACCCTCGCCT

CAGCCTGA 
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 The other consideration when choosing restriction sites is whether both restriction 

enzymes will function in the same buffer, which enables two digestions at the same time. 

Restriction enzymes NdeI, PacI and High-Fidelity NotI (NotI-HF) from New England 

Biolabs (NEB) (Ipswich, MA) are all reported to have 100% activity in CutSmart Buffer 

(NEB). Therefore, all three of the enzymes are good candidates for inserting eGFP-Kir into 

pT7CFE-CHis vector. NdeI was chosen as the 5’ cloning site because it has high expression 

efficiency using EMCV IRES.41 NotI was chosen as the 3’ cloning site to minimize 

unnecessary nucleotides at the C-terminus of eGFP-Kir.  

 Therefore, eGFP-Kir insert was designed to be cloned into pT7CFE-CHis vector 

between NdeI and NotI. The stop codon at the end of the eGFP-Kir sequence was omitted 

to allow expression of 6×His tag. Molecular cloning was performed by GenScript 

Corporation (Piscataway, NJ). DNA sequencing was performed on the as received DNA 

to verify both the integrity of the insert and the cloning of the insert into the desired vector. 

The sequencing results showed no mutations in the gene insert, and proper insertion of the 

eGFP-Kir gene into the in vitro expression vector between restriction sites NdeI and NotI. 

 

2.3.2. Characterization of eGFP-Kir Expression 

 With the DNA sequence confirmed, in vitro expression of eGFP-Kir could be 

performed and verified. The expressed protein contains eGFP on the N-terminus, Kir6.2 in 

the middle, and 6×His tag on the C-terminus. To validate protein expression, the N-

terminus eGFP was monitored via fluorescence microscopy. 6×His tag expression was 

detected using 6×His tag antibody. Finally, the function of Kir channel was verified using 

electrophysiology. 
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2.3.2.1. Verification of eGFP Expression using Fluorescence Microscopy 

 eGFP is a derivative of wild type-GFP (wt-GFP), with a 100-fold increase in 

fluorescence intensity.49 eGPF is commonly used as a marker in cellular studies due to its 

low toxicity compared to small fluorescent molecules.50-52 eGFP has maximum excitation 

wavelength at 488 nm, and maximum emission wavelength at 509 nm, which are readily 

detected by fluorescent microscopes. 

 A schematic of experimental protocol is shown in Figure 2.6. 2 μl of each sample 

were spotted onto the same microscope coverslip to avoid uneven background fluorescence 

introduced by different coverslips. To minimize variation caused by fluid evaporation, each 

sample was spotted immediately before images were acquired. 

 

 

Figure 2.6. Experimental schematic of protocols for the validation of eGFP expression 

validation through fluorescent microscopy. 2 μl of each sample (marked in different shades 

of orange) were spotted onto the same microscope coverslip (light blue) right before the 

images were taken (not drawn to scale). 
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Figure 2.7. Quantitative analysis of fluorescent intensity of negative control (no DNA), 

positive control (with GFP in pT7CFE DNA provided by the manufacturer), and eGFP-Kir 

samples (n = 3). Representative fluorescence image for each sample are shown below the 

plot. 

 

 Figure 2.7 plots the quantitative analyses of fluorescent images of eGFP-kir 

expressed using in vitro expression system and the controls. The negative control contains 

all components of the in vitro expression system except for the DNA. Nuclease-free water 

was used to substitute for the volume of DNA to obtain the same reaction concentration 

for the other components. Moreover, the negative control was incubated in the same way 

as real samples. The negative control sample should only exhibit the autofluorescence of 

the expression system components, which allows more accurate measure of the fluorescent 

signal resulting from eGFP-Kir expression. The positive control sample expressed GFP 

using the positive control DNA (GFP in pT7CFE vector) provided by the vendor. The high 

fluorescence intensity indicated that all the components in the in vitro expression system 

were working properly to express GFP. The images of eGFP-Kir sample also had 
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significantly higher fluorescence than the negative control, indicating the successful 

expression of at least N-terminal eGFP. 

 The fluorescent intensity of both the positive control and the eGFP-Kir sample are 

significantly higher than that of the negative control, confirming the expression of both 

GFP and eGFP-Kir. It is worth noting that the GFP provided by the manufacturer is a 

variant from the copepod Pontellina plumata, which is different from the eGFP variant that 

was used in eGFP-Kir. Therefore, these two GFP variants have different quantum yield, 

resulting in the difference in brightness of the fluorescent images. Thus, the absolute 

fluorescent intensity of the GFP positive control and the eGFP-Kir sample cannot be 

directly compared as an indication of the relative yield of protein production. 

 

2.3.2.2. Verification of 6×His tag Expression using Dot Blot 

 The expression of 6×His tag was verified using dot blot, since the expression of the 

C-terminal 6×His tag indicates the successful expression of the complete eGFP-Kir protein. 

Dot blot is an immunoassay that is widely used for protein detection.53-55 Dot blot is 

considered a simplified version of Western Blot without gel electrophoresis, which saves 

time and lowers the cost. The mechanism of the dot blot performed in this study is shown 

in Figure 2.8.  
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Figure 2.8. Mechanism of dot blot analysis for the expression of C-terminal 6×His tag. 

Both the negative control and eGFP-Kir sample were spotted onto a nitrocellulose 

membrane and dried. The samples were labeled with primary and then secondary antibody. 

The HRP conjugated to the secondary antibody can be detected through optical imaging 

upon reaction with HRP substrate cocktails (not drawn to scale). 

 

 Nitrocellulose membranes spotted with negative control and eGFP-Kir samples 

were dried and blocked with milk protein to reduce non-specific adsorption. The C-

terminal 6×His tags in the eGFP-Kir sample was labeled with primary monoclonal 

antibody (6×His epitope tag antibody), followed by HRP-conjugated secondary antibody. 

The use of the HRP-conjugated secondary antibody not only allowed optical detection of 

the 6×His tag, but also provided signal amplification since more than one secondary 

antibody can bind to the same primary antibody. HRP was then reacted with Pierce ECL 2 

Western Blotting substrate to produce chemiluminescent signal that can be measured. 
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Figure 2.9. Dot blot results. The chemiluminescent signal was measured at 428 nm without 

emission filter. The negative control was shown on the left, while the eGFP-Kir sample 

was shown on the right. 

 

 The result of the dot blot analysis is shown in Figure 2.9. The dot where the negative 

control sample was spotted showed only background fluorescence, while the eGFP-Kir 

sample showed significantly higher fluorescent signal. This result is reasonable because 

only the presence of 6×His tag in eGFP-Kir will enable the binding of the antibodies, 

accumulating HRP for detection. Thus, these data confirmed the presence of the C-terminal 

6×His tag and successful expression of the complete eGFP-Kir protein. 

 

2.3.2.3. SDS-PAGE 

 Protein expression was strongly supported by the expression of the N-terminal 

eGFP and the C-terminal 6×His tag, since both the N- and the C-terminus of the protein 

are detected. However, more direct evidence of complete expression of eGFP-Kir is the 

MW of the protein. The most common method to analyze protein size is sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).56,57 

 Functional eGFP-Kir channel is a homo-tetramer, composed of four eGFP-Kir 

monomers. Each eGFP-Kir monomer has a molecular mass of 75 kDa, with a 

corresponding tetramer mass of 300 kDa.16 In order to obtain suitable resolution throughout 
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the range from 75 kDa to 300 kDa, a gradient polyacrylamide gel (4-15%) was used. 

Gradient gels are less cross-linked at the top and more cross-linked at the bottom, which 

allows separation of proteins over a larger range of molecular mass and improves resolution 

between proteins with similar mass.58  

 

 

Figure 2.10. SDS-PAGE of in vitro expression of eGFP-Kir. Lane 1: eGFP-Kir sample (in-

gel fluorescence); Lane 2: Negative control (in-gel fluorescence); Lane 3: Protein standard 

(in-gel fluorescence); Lane 4: eGFP-Kir sample (Coomassie Blue stained); Lane 5: 

Negative control (Coomassie Blue stained); Lane 6: Protein standard (Coomassie Blue 

stained). Red boxes highlight the bands for eGFP-Kir monomer and dimer. 

 

 The results of SDS-PAGE analysis are shown in Figure 2.10. The SDS-PAGE gel 

was first imaged for eGFP using in-gel fluorescence (lanes 1-3) to identify protein bands 

corresponding to eGFP-Kir. The gel was then dyed with colloidal Coomassie blue stain 

overnight to enable visualization of the protein ladder and the presence of non-fluorescent 

proteins (lane 4-6). The Coomassie blue stain image showed that there were a significant 

number of proteins with different molecular mass in the in vitro expression system.  
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 In-gel fluorescence data showed a predominant band at ~55 kDa, two bands ~ 31 

kDa, and another discrete band at ~ 110 kDa for eGFP-Kir sample (lane 1). The two bands 

around 31 kDa most likely correspond to degraded protein with intact eGFP fragments or 

prematurely terminated proteins due to transcription or translational errors.59,60 The band 

at ~55 kDa was thought to be eGFP-Kir monomer and the band at ~ 110 kDa was assigned 

to be eGFP-Kir dimer. The migration distance of these two bands are longer than expected, 

indicating a smaller hydrodynamic radius for their mass. This phenomenon was also 

observed with eGFP-Kir expressed in HEK293 cell line.16 The SDS-PAGE of eGFP-Kir 

expressed in HEK293 is shown in Figure 2.11. eGFP-Kir monomer migrated at the same 

distance as the 55 kDa protein marker and the dimer matched that of the 117 kDa marker. 

The anomalous migration of membrane protein has been extensively reported for 

potassium channels,61-63 which was likely caused by protein-protein interaction and 

folding.31 We hypothesize that this anomalous migration was due to the collapse of the 

hydrophobic region of the protein, resulting in smaller hydrodynamic radius, thus faster 

migration. In addition, the presence of dimer (in vitro expressed and HEK293 expressed 

eGFP-Kir), trimer and tetramer (HEK293 expressed) in the SDS-PAGE images revealed 

that eGFP-Kir was not completely denatured through heating and the addition of SDS, 

which can also affect the apparent radius of the protein. 
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Figure 2.11. In-gel fluorescence image of SDS-PAGE of eGFP-Kir Expressed in HEK293 

cell line (Copyright 2018 Elsevier Ltd.).16 Lane 1: eGFP-Kir purified with metal affinity 

column. Lane 2: eGFP-Kir purified with both metal affinity column and size exclusion 

column. The numbers and arrows in black (on the left side) indicate the position of the 

bands in the protein ladder. The blue arrow on the right showed assigned fluorescent peaks 

as monomer (55 kDa), dimer (117 kDa), trimer (225 kDa), and tetramer (300 kDa) of 

eGFP-Kir. 

 

 Furthermore, SDS-PAGE results revealed that eGFP-Kir expressed using in vitro 

expression (Figure 2.10) showed a larger fraction of the protein in the monomeric form. 

While the protein band for dimer was apparent, bands for trimer and tetramer could not be 

clearly detected as discrete bands. On the other hand, eGFP-Kir expressed with HEK293 

cell line (Figure 2.11) showed a higher percentage of protein in dimeric, trimeric and 

tetrameric form. A possible explanation for this observation is that most eGFP-Kir 

expressed with in vitro expression system never assembled correctly into tetramers to form 

functional channels, which usually occurs within the ER.64,65   

 

2.3.2.4. Expression Time Study 

 The time required for in vitro protein expression was investigated to better 

determine expression conditions. A schematic of the experiment is shown in Figure 2.12. 
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1 μl of sample was withdrawn from the reaction mixture at different incubation time and 

spotted onto a nitrocellulose membrane for fluorescence imaging. eGFP fluorescence was 

used as the transducer to monitor protein expression in a semi-quantitative manner.  

 

 

Figure 2.12. Schematic of protocol for expression time study (not drawn to scale). 1 μl of 

the expression mixture was sampled after each hour of incubation and spotted onto a 

nitrocellulose membrane for eGFP fluorescence detection. 

 

 

Figure 2.13. Plot of fluorescent intensity vs. expression time. eGFP fluorescence was used 

to semi-quantitatively monitor protein expression over a range of 7 h. 

 

 Figure 2.13 shows the results of fluorescence intensity vs. expression time. eGFP-

Kir expression increased with increasing incubation time and leveled off at 6 h. The result 

agrees well with the manufacturer’s data sheet which stated that target protein could be 
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expressed up to 6 h.41 However, in order to determine the practical incubation time, the 

possibility of protein degradation and cleavage during the incubation needs to be 

considered on a case-by-case basis. eGFP is very stable against various proteases, but 

Kir6.2 is prone to both protease and phosphatase activities.64,66,67 Therefore, eGFP 

fluorescence may not properly represent eGFP-Kir levels since it did not account for 

cleavage and degradation of eGFP-Kir. In this respect, shorter expression time is preferred 

as long as the expression levels are sufficient for downstream experiments. 2 h expression 

time was chosen to produce 50% of the total protein with 1/3 of maximal incubation time 

to balance between protein synthesis and degradation. If more protein is needed, longer 

incubation time can be used, though each condition must be validated. 

 

2.3.2.5. Detergent Study 

 As shown in Figure 2.2, Kir6.2 has two membrane-spanning domains that make the 

protein insoluble in aqueous solution. However, addition of soluble eGFP at the N-terminus 

increases solubility of eGFP-Kir6.2.36 In vitro expression of eGFP-Kir, in most cases, have 

resulted in soluble proteins with no precipitation. However, occasionally, protein 

aggregation and precipitation were observed. Figure 2.14 shows two eGFP-Kir samples 

expressed on the same day in different reactions, incubated independently. eGFP-Kir was 

soluble in the left sample, while the sample on the right showed precipitation. Precipitation 

of membrane protein expressed using in vitro expression system has also been reported in 

the literature.36  The amount of precipitation observed was consistent within the same batch 

of expression (samples prepared separately but incubated together) but varied between 

different batches (samples prepared and incubated separately). This phenomenon 
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suggested that the most possible cause for precipitation, thus the factor that most affected 

eGFP-Kir solubility, was likely the temperature fluctuation in the incubator during 

incubation, since heating can cause conformational changes in protein and affect protein 

solubility.68  

 

 

Figure 2.14. Picture of two eGFP-Kir samples expressed using in vitro expression system 

showing different protein solubility. The two samples were prepared and incubated 

separately. 

 

 Detergents are frequently used to increase solubility of membrane proteins. 

Detergents are amphipathic molecules, with hydrophilic head groups and hydrophobic 

tails, and are commonly used to solubilize membrane proteins.69-71 Detergents are grouped 

into four distinct categories, ionic, nonionic, zwitterionic, and bile acid salts.70 The best 

choice in detergent selection must be determined experimentally for each target protein.69 

Previous investigation of eGFP-Kir purification showed that Fos-choline 14 was most 

efficient in solubilizing eGFP-Kir from HEK293 cells membrane.16 Therefore, Fos-choline 

14 was used in this detergent study to investigate whether the addition of detergent affects 

in vitro protein expression. 
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Figure 2.15. Quantitative analysis of fluorescent intensity of negative control (no DNA), 

eGFP-Kir without detergent and eGFP-Kir samples with 0.05% Fos-choline 14 added 

before and after protein expression (n = 3). Representative fluorescence image for each 

sample are shown below the plot. 

 

 Fos-choline 14 (0.05% w/v) was added into the in vitro expression mixture before 

and after protein synthesis and eGFP fluorescence was monitored (Figure 2.15). eGFP-Kir 

without Fos-choline 14 showed significantly higher fluorescence compared to the negative 

control (without DNA). High fluorescent intensity was also observed in eGFP-Kir sample 

with 0.05% Fos-choline 14 added after protein expression. However, the addition of 0.05% 

Fos-choline 14 prior to incubation resulted in a significant decrease in fluorescent intensity. 

There are two potential explanations for the decreased fluorescent signal. First, the addition 

of detergent may denature the molecular machineries necessary for transcription and/or 

translation, disrupting either transcription or translation processes which resulted in no 

eGFP-Kir expression.72,73 Second, Fos-choline 14 may disrupt the folding of eGFP as the 

protein is expressed, decreasing fluorescence. 
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Figure 2.16. Normalized fluorescent intensity of eGFP-Kir (solid bars) and GFP positive 

control (dashed bars) with various amount of Fos-choline 14 added prior to protein 

expression (n = 3). Date was normalized to the fluorescent intensity of the sample without 

detergent for each set. 

 

 We next investigated whether a smaller amount of Fos-choline 14 could allow 

protein synthesis while increasing eGFP-Kir solubility. The normalized fluorescent 

intensity of both eGFP-Kir and GFP (positive control) with various mount of Fos-choline 

14 added before protein expression is shown in Figure 2.16. A 60 % decrease in fluorescent 

intensity was observed with the addition of as low as 0.01% (w/v) Fos-choline 14, agreeing 

with previous results (Figure 2.15). GFP and eGFP-Kir samples showed similar trend, 

indicating that the significant decrease in fluorescent intensity upon Fos-choline 14 

addition was not sample specific. Thus, although the use of detergent may increase the 

solubility of eGFP-Kir in the expression mixture, in vitro protein expression with Fos-

choline 14 is not recommended due to the significant loss in either the production or the 

proper folding of target proteins. On the other hand, the addition of Fos-choline 14 after 

protein expression in attempt to resolubilize precipitated protein is possible,74 similar to 
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reports of successful re-solubilization of bacteria multi-drug transporters, EmrE and SugE, 

using detergent micelles.36  

 

2.3.3. eGFP-Kir Reconstitution into Artificial Lipid Bilayer 

 The expression of eGFP-Kir using in vitro expression system was confirmed; 

however, verification of Kir6.2 function is required. In vitro expressed membrane proteins 

have been inserted into vesicles,36,40  or planar supported lipid bilayers37,39 for functional 

assays. Here, we performed electrophysiological study on eGFP-Kir reconstituted in BLM. 

A schematic of the experimental protocol is shown in Figure 2.17.  

 

 

Figure 2.17. Experimental design for electrophysiological assessment of eGFP-Kir 

function (not drawn to scale). A BLM was formed at the tip of a glass micro pipet. In vitro 

synthesized eGFP-Kir was added to the bath solution to facilitate the incorporation into the 

BLM. Current across the BLM was measured and analyzed using an EPC10 Patch Clamp 

Amplifier. 
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 An aliquot of eGFP-Kir was added directly into the bath solution to facilitate 

protein insertion without prior purification. Membrane proteins synthesized using in vitro 

expression have been reported to spontaneously insert in to lipid membranes.35,37,39 The 

reconstitution mechanism was thought to be the adsorption of membrane protein to the 

lipid bilayer, followed by protein insertion. Since eGFP-Kir is the only known membrane 

protein in the expression mixture, other proteins present in the expression mixture should 

remain in the aqueous bath solution, not interfering with the electrophysiological 

measurements. 

   

 

Figure 2.18. Current recording of eGFP-Kir channel activity. (A) Negative control 

(addition of in vitro expression mixture without DNA). (B) eGFP-Kir. (C) Negative control 

with 0.05% Fos-choline 14. (D) eGFP-Kir solubilized with 0.05% Fos-choline 14. 

 

 Current recordings of eGFP-Kir channel activities and negative controls are shown 

in Figure 2.18. The addition of negative control sample to the BLM showed no ion channel 

activities, which indicates that the components in the in vitro expression kit were not able 
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to self-insert into BLMs (Figure 2.18 A). Before the addition of the eGFP-Kir, BLMs 

showed a low but stable current, representing the stable lipid bilayer with small leakage 

current (data not shown). Channel insertions and activities were observed 15 min after 

eGFP-Kir sample addition (Figure 2.18 B). Under -70 mV holding potential, eGFP-Kir 

exhibited ~5 pA current signal, which was equivalent to ~71 pS per channel, consistent 

with the prior reports of 65 – 75 pS per channel.16,18,19  

 Detergent solubilized protein insertion was also characterized. 0.05% Fos-choline 

14 was added to the eGFP-Kir sample after protein expression but before injection into the 

BLM solution bath as an attempt to increase eGFP-Kir solubility and enhance protein 

insertion into the BLM. Figure 2.18 C shows negative control current recording with 

detergent and IVT mixture. A significant increase in current signal was observed due to 

the insertion of detergent molecules into the BLM, destabilizing the BLM, leading to pore 

formation and rupture. Due to the large current background caused by the presence of 

detergent, the insertion and the activity of Kir6.2 was not resolvable (Figure 2.18 D). 
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Figure 2.19. Current recording of ATP-response of eGFP-Kir in the absence and presence 

of 5 mM ATP. (A) eGFP-Kir insertion and activity without ATP. After 2 min of recording, 

bath solution was perfused with IC solution containing 5 mM ATP. Ion channel activity 

was recorded after the solution exchange was complete (B). Then, the bath solution was 

perfused with IC solution without ATP to observe the recovery of channel activities (C). 

  

 To further confirm ion channel identity, ATP-sensitivity of eGFP-Kir was 

evaluated. Figure 2.19 A shows the insertion of eGFP-Kir in ATP-free condition. eGFP-

Kir exhibited gating activity with 4.8 ± 0.2 pA mean open current under -70 mV holding 

potential, agreeing well with the literature.18,19 Two mean open time values were extracted 

from eGFP-Kir activity: 9 ± 2 ms and 56 ± 10 ms, consistent with literature reported values. 

16,75,76 Mean open time can potentially be affected by lipid bilayer composition,18,77,78 Kir 

construct16,79 and bath solution composition.76 After 2 min of data collection, the bath 

solution was perfused with IC solution supplemented with 5 mM ATP. ATP binds to the 

binding pocket formed by N- and C- terminus of Kir6.2, decreasing channel activity 

(Figure 2.19 B).3,16,17,19 The solution bath was then perfused with ATP-free IC solution. 

The recovery of Kir6.2 channel activity was observed (Figure 2.19 C), which verified the 

reversible binding of ATP, agreeing with the literature.19,80  

 



93 

 

 

Figure 2.20. Open probability of Kir 6.2 under various ATP conditions (n=3).  

 

 Open probabilities were calculated to quantitative analyze and compare Kir channel 

activities (Figure 2.20). When there was no ATP in the IC solution, Kir channel spent 76 

± 7% of time in its open configuration. The open probability decreased to 28 ± 3% upon 

the addition of 5 mM ATP, confirming the inhibitory effect of ATP on Kir 6.2.80, 81 The 

only paper that documented the reconstitution of Kir6.2 into artificial lipid bilayer reported 

an IC50 of 3.1 ± 0.4 mM for channel inhibition by ATP, with ~ 55% decrease in bilayer 

conductance at 5 mM ATP.16 Our data revealed a ~ 63% decrease in channel open 

probability at 5 mM ATP. Since conductance measurements average all channel activities, 

and the 55% decrease in conductance was estimated from a curve fitting (the exact 

conductance at 5 mM ATP was not measured in the paper), a direct comparison between 

the two measurements is hard to achieve. After ATP was withdrawn from the bath solution, 

open probability recovered to 55 ± 5%, which confirmed the irreversible inhibitory effect 

of ATP on Kir6.2. The fact that the open probability did not fully return to the original 

value may be caused by the retaining of some ATP around lipid bilayer due to insufficient 
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solution exchange around the pipet tip. The activity and ATP-sensitivity of Kir6.2 

confirmed the expression of functional Kir6.2. 

 

2.4. CONCLUSIONS 

 In this study, ligand-gated ion channel eGFP-Kir6.2 was synthesized using in vitro 

expression system. Protein expression was confirmed by fluorescent microscopy, dot blot 

and SDS-PAGE. Fluorescent imaging revealed that protein could be expressed up to six 

hours and that the addition of detergent prior to protein expression resulted in a significant 

decrease in the amount of properly folded protein obtained. Electrophysiological study of 

ion channel activity showed that in vitro protein expression could yield functional Kir6.2 

with expected channel conductance and reversible ATP inhibition. The successful 

expression of ligand gated ion channels using in vitro expression system will greatly reduce 

the time and effort needed for ion channel sensor construction, improving sensor 

accessibility by professionals without biological background. 
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CHAPTER 3. DUAL-BARREL ION CHANNEL PROBE WITH SELECTIVE 

FORMATION OF POLYMER SCAFFOLD-STABILIZED BLM: TOWARDS 

“SNIFFER” SENSOR CONSTRUCTION WITH FEEDBACK POSITIONING 

 

3.1. INTRODUCTION 

 Ion channel “sniffer” sensors were first developed in the 1980’s to measure in situ 

cellular release with high sensitivity and requisite spatial and temporal resolution.1,2 The 

original sensor, termed the “sniffer patch”, utilized cell membrane patches containing 

ligand-gated ion channels that could bind to an analyte released via exocytosis. Sniffer 

sensors utilize ligand-gated ion channels as molecular recognition units and natural signal 

transducers to transform ligand binding events into current signals. To achieve this goal, a 

cell membrane patch was first obtained from a donor cell and verified to contain the ion 

channel of interest. Then, the membrane patch was positioned within a few microns of the 

target cell for ligand release detection (Figure 3.1).1-4  

 

 

Figure 3.1. Schematic of sniffer patch. A micropipet with a cell membrane patch containing 

desired ligand gated ion channels were positioned close to a cell. The analyte secreted by 

the cell will bind to the LGICs in the membrane patch, inducing current signals (not drawn 

to scale).  
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 Although the sniffer patch approach can be used to measure real-time ligand 

secretion, it has several disadvantages. One of the biggest drawbacks is the use of cell 

membranes. Cell membranes are heterogeneous systems that contain various species, 

including lipids and proteins.5 Activities of other ion channels will increase the background 

and interfere with the sniffer sensor results.2 In addition, the number of desired ion channels 

cannot be controlled in a cell membrane patch. The varying numbers of desired ion 

channels in different patches requires calibration of individual sensors prior to real 

measurements.6 Moreover, membrane patches exhibit limited stability after being excised 

from cells, which makes individual sensor calibration less practical.4 Therefore, the sniffer 

patch approach is used mostly for qualitative analyses.6-8  

 To address these issues, we proposed to use BLM as an alternative to cell membrane 

patches in sniffer sensor applications. BLMs have been widely explored as a substitute for 

cell membranes in ion channel studies.9-11 BLMs have controlled and tunable bilayer 

compositions,12 which minimize interferences, and increases membrane stability.13-15 

Furthermore, protein reconstitution into BLMs can be precisely controlled.16-19 With fixed 

number of ion channels reconstituted into the BLM, data obtained from different sensors 

can be readily compared. 

 Another drawback for sniffer sensors is the difficulty in precisely positioning the 

sensor relative to the cell. The detection limit of the sniffer sensor is highly dependent on 

the proximity of the sensor to the exocytosis site.4 Diffusion of the analyte to the sensor 

results in a distant-dependent dilution factor, with lower effective concentration detected 

when farther away from the release point.20 Therefore, accurate positioning of the sensor 

pipet is critical to highly sensitive, reproducible measurements. Sniffer sensor pipets are 
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most commonly positioned using inverted microscopes with the help of 

micromanipulators,2,3,21,22 which relies greatly on operator experience. Recently, pipet 

positioning using automated imaging have been developed to precisely control pipet 

positions in in situ experiments.23,24 However, automated systems require knowledge in 

system integration, automation and interface development, which limits utilization and 

popularity. 

 

 

Figure 3.2. Schematic of dual-barrel sniffer sensor probe. The ion channel barrel (left) 

enables formation of stabilized BLM and insertion of membrane receptor. The open barrel 

(right) enables feedback positioning of the pipet relative to the cell through access 

resistance measurements. Figure was not drawn to scale. 

 

 Here, we report the fabrication of dual-barrel ion channel probe with one barrel 

suitable for sniffer sensor detection and the other barrel used for feedback positioning of 

the pipet (Figure 3.2). The dual-barrel ion channel probe design enables simultaneous 

monitoring of both ion channel activities and sensor position in a precise and straight-

forward manner. The ion channel barrel was functionalized with membrane proteins 

reconstituted into polymer scaffold-stabilized BLM for detection of analyte release. The 

feedback positioning barrel was open for access resistance measurements used to assist 
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precise positioning of the sensor relative to the cell surface. Similar dual barrel sniffer 

sensor was developed to enable small molecule detection along with performing scanning 

ion conductance microscopy. However, the reported platform utilized cell membrane 

patches.25 We demonstrate successful selective formation of stabilized BLM across one 

barrel that enabled membrane protein insertion. Furthermore, the correlation between the 

access conductance and the distance to cells was investigated through the positioning 

barrel.  

 

3.2. EXPERIMENTAL 

3.2.1. Chemicals and Materials 

 Borosilicate dual-barrel capillaries were purchased from Sutter Instruments 

(Novato, CA). 1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was purchased 

from Avanti Polar Lipids, Inc. (Alabaster, AL). 3-cyanopropyldimethylchlorosilane (3-

CPDCS) and (tridecafluoro-1,1,2,2-tetrahydrooctyl)dimethylchlorosilane (PFDCS) were 

purchased from Gelest, Inc. (Morrisville, PA). α-hemolysin (α-HL) was purchased from 

List Biological Laboratories, Inc. (Campbell, CA). 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES),  acetone and toluene were purchased from Fisher 

Scientific International, Inc. (Pittsburgh, PA). KCl was purchased from EMD Chemicals, 

Inc. (Gibbstown, NJ). Butyl-methacrylate (BMA) was purchased from Alfa Aesar 

(Haverhill, MA). Ethylene glycol dimethacrylate (EGDMA), diethoxyacetophenone 

(DEAP), NaCl, CaCl2 and MgCl2 were purchased from Sigma-Aldrich (St. Louis, MO). 

Ethanol was purchased from Decon Laboratories, Inc. (King of Prussia, PA). HNO3 was 

purchased from Macron fine chemicals (Center Valley, PA). Minimum Essential Media 
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(MEM), Penicillin-Streptomycin and fetal bovine serum (FBS) were purchased from Gibco 

(Carlsbad, CA). 

 

3.2.2. Dual-Barrel Pipet Fabrication 

3.2.2.1. Long-Tapered Dual-Barrel Pipet 

 Dual-barrel borosilicate capillaries were cleaned with water and ethanol via 

sonication and dried at 60 °C for 1 h. Each dried capillary was pulled into two dual-barrel 

pipets with long tapers using P-97 Flaming/Brown Micropipette Puller (Sutter Instrument 

Co., Novato, CA). The program parameters were HEAT=500, PULL=150, VEL=150, 

TIME=150, with RAMP=490. Pipets were then secured onto the MF-900 microforge 

(Narishige, East Meadow, NY) with the side of the glass inner membrane positioned 

against the glass heating bead. A short duration of heat was applied through the Pt wire to 

the glass bead to cut the taper to the desired length. The pipet tip was then positioned to 

the side of the glass bead. A longer duration of heat was applied to fire polish and smooth 

the pipet tip. The shape of the tip was examined with the 35X objective on the microforge. 

 

3.2.2.2. Short-Tapered Patch-Style Dual-Barrel Pipet 

 Dual-barrel capillaries were cleaned and dried. Capillaries were then pulled using 

different program settings as reported in Table 3.1 and 3.2. Pipet tips were lightly polished 

with the microforge to smooth the surface. The resulting pipets were examined at 35X for 

uneven pulling and cracks at the pipet tip. 
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3.2.3. Scanning Electron Microscopy Characterization of Dual-Barrel Pipet 

 SEM imaging was performed at the W.M. Keck Center for Nano-Scale Imaging in 

the Department of Chemistry and Biochemistry. Dual-barrel pipets were mounted onto 

SEM pin stub with 45° mount using double-sided carbon tape. Conductive silver paint (Ted 

Pella, Inc., Redding, CA) was used to generate electrical conductance between the pipet 

and the carbon tape. The pipet assembly was then gold coated with ~4.5 nm thick gold film 

and imaged with a scanning electron microscope. 

 

3.2.4. Pipet Surface Modification 

 Pipets were first activated with 1 M HNO3 for 30 min and washed with water and 

ethanol. Pipets were dried at 110 °C oven for 1 h to remove the hydration layer on the pipet 

surface. Then, gas phase silanization was performed via exposure of pipet tips to 3-

cyanopropyldimethylchlorosilane (3-CPDCS) vapor in a heated chamber for 10 min. 

Finally, pipets were washed with toluene, acetone, water and ethanol sequentially and dried 

in the oven at 60 °C overnight. 

 

3.2.5. Black Lipid Membrane Formation 

3.2.5.1. Selective BLM Formation on One Barrel 

 BLMs were first formed across both barrels using tip-dip method as described in 

Chapter 2. An increasing holding potential (0-2000 mV) was applied to the BLM formed 

across the positioning barrel to break down the BLM irreversibly. The breakdown of the 

BLM was performed prior to polymer scaffold formation. Alternatively, 10 mm Hg 
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pressure was applied to the barrel to rupture the BLM. In both cases, excess lipid droplets 

were directed away from the pipet tip to prevent BLM re-formation. 

 

3.2.5.2. Polymer Scaffold-Stabilized BLM Formation 

 Methacrylate polymer scaffold stabilized-BLM was formed according to the 

protocol developed by Bright, et. al..15 The entire experiment was performed under red 

LED light. Briefly, DPhPC dissolved in CH3Cl was dried with Ar and lyophilized 

overnight. BMA and ethylene glycol EGDMA were purified with alumina column and 

added to DPhPC resuspended in n-decane with photo initiator diethoxyacetophenone 

(DEAP) at 1:1:1:1 DPhPC:BMA:EGDMA:DEAP mole ratio. 1 μl of the mixture was 

applied to the tip of the pipet filled with testing solution (150 mM KCl, 5 mM HEPES, pH 

7.4). The pipet tip traversed the air-water interface multiple times to facilitate the formation 

of BLM at pipet tip. The excess lipid droplet was then directed away from the tip to prevent 

tip clogging. BLM formation was confirmed by the formation of transient pores under 

increasing holding potential (0-2000 mV). Once confirmed, the BLM was exposed to UV 

light (254 nm) from a Hg UV pen-lamp (UVP, Upland, CA) positioned 5 cm away for 3 

min to initiate polymer scaffold production. 

 

3.2.6. α-Hemolysin Insertion 

 After BLM formation, 1 μl of 0.5 mg/ml α-HL was added to the solution bath 1 mm 

away from the pipet tip. 10 mm Hg pressure was applied to the BLM to increase effective 

BLM area and facilitate protein insertion. α-HL insertions were monitored under -40 mV 

holding potential. 
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3.2.7. Feedback Positioning with the Open Barrel 

 HEK 293 cells were plated into 35 mm i.d. petri dishes and maintained for 48 h 

under MEM supplemented with 10% FBS and 100 U/ml penicillin-streptomycin at 37 °C 

with 5% CO2. Immediately before use, cells were washed and maintained with extracellular 

solution (125 mM NaCl, 5.6 mM KCl, 2 mM CaCl2, 1 mM MgCl2 and 5 mM HEPES, pH 

7.5). Polymer scaffold-stabilized DPhPC BLM was selectively formed across one of the 

barrels as described in section 3.2.5.  

 The pipet was first positioned close to the cell surface using a Nikon TE2000 

inverted microscope (Tokyo, Japan) with an 40x objective, and moved in 1 μm increments 

towards the cell using a micromanipulator. i-v curves were obtained at each position to 

calculate conductance along the movement of the pipet. The position at which a GΩ seal 

was formed between the cell membrane and the pipet tip was determined as 0 μm from the 

cell surface. Conductance at each position was calculated from the slope of the i-v curve 

and normalized to the maximum conductance when the tip was far away from the cell 

surface. The normalized conductance was plotted against the distance of the pipet from the 

cell surface. 

 

3.2.8. Data Acquisition and Analysis 

 Electrophysiological data were collected using EPC 10 USB Double Patch Clamp 

Amplifier (HEKA, Germany) with PatchMaster Software. Breakdown voltage was 

obtained by applying an increasing holding potential from 0 mV to 2000 mV in 10 mV 

increments across the BLM. Current recorded during the break down process would reveal 

the formation of transient pores and BLM breakdown through the increase in current 
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detected. i-v curves were obtained by applying increasing voltage ranging from -150 mV 

to +150 mV in 10 mV increments across the BLM. Single channel recording data was 

processed in TAC x.4.3.3 (Bruxton Corporation, Washington) and filtered at 1 kHz. All 

experiments were performed at minimum 3 times. Statistical analyses were performed 

using student t test at 95% confidence level. 

 

3.3. RESULTS AND DISCUSSION 

3.3.1. Dual-Barrel Pipet Fabrication 

 The dual-barrel pipet serves as the solid support for BLM formation, which is the 

foundation for ion channel probe fabrication. The geometry, size and surface roughness of 

the pipet tip will largely affect the formation of the BLM.26-30 Therefore, multiple 

parameters were explored to produce dual-barrel tips with nanometer-scale roughness and 

geometry that could support the formation of individual BLM across each barrel. 

 

3.3.1.1. Long-tapered Dual-Barrel Pipet 

 We first attempted to fabricate dual-barrel pipets in comparable manner as single-

barrel micro-pipets.15,31 This pipet fabrication method generated long-tapered dual-barrel 

pipets as shown in Figure 3.3. The taper was generally about 3 cm in length, which caused 

the tip of the taper to be too narrow and flexible for ion channel sensor application. In order 

to make the pipet usable, the taper needed to be cut to proper length to generate a tip with 

better size, geometry and flexibility control. 
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Figure 3.3. Photograph of long-tapered dual barrel pipet after being pulled in top view (top) 

and side view (bottom). The inner glass membrane was only visible in top view due to the 

imaging angle. 

 

 The cutting of the taper was performed using an MF-900 microforge. Briefly, the 

microforge contains a glass bead that can be heated through current applied to Pt wire to 

perform cutting and fire polishing of micro-glass pipets. In order to produce an even cut at 

both barrels, the glass bead was placed against the inner membrane of the pipet as shown 

in Figure 3.4 A. This relative position allowed the heat to be evenly distributed between 

the two barrels, as opposed to other positions. This way, the glass on both sides of the inner 

membrane would contract to similar extents when the heat was retracted to facilitate an 

even cut across both barrels (Figure 3.4 B). 
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Figure 3.4. Taper cutting using a microforge. (A) Schematic showing the relative position 

of the glass bead to the inner membrane of the dual-barrel pipet (not drawn to scale). (B) 

Photo of a dual-barrel pipet being cut by the glass bead. 

 

 Upon closer inspection, the existence of a temperature gradient along both the inner 

membrane and the outer glass was expected (Figure 3.5). The glass that was closer to the 

bead experienced higher temperature than the pipet glass further away. Different glass 

temperature results in different expansion and contraction during the cutting process, 

resulting in uneven cuts along the direction of the inner membrane or cracks at the tip 

(Figure 3.6).32  

 

 

Figure 3.5. A schematic showing uneven heat distribution along the dual-barrel pipet 

during cutting step (not drawn to scale). Red color represents higher temperature, while 

blue color represents lower temperature. 
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Figure 3.6. Photograph of pipets cut using the microforge. Uneven cuts and cracks formed 

at the tip of the dual-barrel pipet due to uneven heat distribution. 

 

 To minimize uneven temperature profile, dual-barrel pipets may be cut closer to the 

initial tip to generate a smaller cross section, thus smaller heat distribution. However, this 

approach also increases the length of the taper, making the pipet more flexible and fragile. 

Once a clean cut was made, the tip was fire polished to further smooth the surface. Dual-

barrel pipets fabricated using this method yielded an inner diameter (i.d.) of 20 μm for each 

barrel, depending on the cutting position and the extent of fire polishing (Figure 3.7). 

 

 

Figure 3.7. Photograph of dual-barrel pipet (A) before and (B) after fire polishing. 

 

 There are multiple downsides for fabricating dual-barrel pipet using this method. 

First, the i.d. of the resulting pipet is relatively large for both sniffer sensor application2-4,33 

and feedback positioning.34-36 Large pipets sacrifice the spatial resolution of the sensor. 

since the diameter of most cell lines used for research are in the low μm regime,37-39 pipet 
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tip with low μm i.d. is desired. Moreover, the taper was still relatively long after pipet 

fabrication (~1.5 cm), which makes the sensor fragile. Last, cutting tend to generate 

defective pipet tips. Although small surface roughness can be corrected through fire 

polishing, large defects such as cracks will decrease the success rate for pipet fabrication. 

To address these drawbacks, a pulling program that generates evenly pulled, short-tapered 

dual-barrel pipets with small i.d. apertures is highly desired. 

 

3.3.1.2. Short-Tapered Patch-Style Dual-Barrel Pipet 

 Dual-barrel pipets have been fabricated for a wide range of applications.40-44 Most 

commonly, dual barrel pipets are pulled using a laser pipet puller into patch-style pipets 

with short tapper (< 1 cm) and small diameters (< 1 μm).43,45-47 To simulate the patch-style 

pulling results with a Flaming/Brown pipet puller, different pulling programs were tested. 

PULL (the force of the hard pull) parameter was kept at zero to produce pipets with short 

tapers. Different HEAT (the amount of heat applied to the filament) and VEL (the velocity 

of the hard pull) parameters were tested to find the best combination. 

 

Table 3.1. Effect of HEAT Settings on Tip Geometry. 
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Table 3.2. Effect of VEL Settings on Tip Geometry. 

 

 

 Generally, pulling with higher HEAT and VEL setting generates pipets with longer 

tapers and smaller apertures,48 which is consistent with the pulling results reported in Table 

3.1 and 3.2. At low HEAT, apertures with large i.d. (~30 μm for each barrel) or cracked 

aperture were observed. As the HEAT increased, the i.d. of the pipet aperture decreased 

substantially. However, according to the manufacturer’s instruction, excessive HEAT can 

destroy the heating filament and is, therefore, highly discouraged. Maximum HEAT value 

was recommended to be RAMP value + 30 units,48 where RAMP value is the HEAT value 

at which the capillary starts to melt and was determined experimentally. In this pulling 

experiment, RAMP value was measured to be 520. Therefore, 550 was the highest 

recommended HEAT value for a box filament used in this experiment. At HEAT = 550, 

the pulling resulted in pipets with 3 μm i.d. apertures (Table 3.1). To further decrease the 

aperture size ≤ 1 μm i.d., VELwas adjusted (Table 3.2). The resulting aperture was too 

small to be observed clearly under optical microscope with 40X objective for shape and 

cracks, therefore, SEM was used to evaluate the pipet tip. 
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Figure 3.8. SEM image of un-polished dual-barrel pipets pulled using the following 

program settings: HEAT=529, PULL=0, VEL=28, TIME=250. 

 

The SEM image of an un-polished, dual-barrel pipet pulled using program 

HEAT=529, PULL=0, VEL=28, TIME=250 is shown in Figure 3.8. The pipet showed 

smooth opening at the tip without cracks on the glass. Both apertures were measured to be 

~ 1 μm in diameter, significantly improving the spatial resolution of the ion channel sensor. 

Therefore, dual-barrel pipets pulled with the settings listed above were used to fabricate 

dual-barrel ion channel probes, for all forward studies. 

 

3.3.2. Selective, Stabilized BLM Formation 

 As showed in Figure 3.2, each dual-barrel ion channel probe contains one open 

barrel for feedback positioning and one ion channel barrel for chemical sensing of analyte 

secretion. The BLM was formed selectively across one barrel while leaving the other barrel 

open. Furthermore, BLM was stabilized with methacrylate polymer scaffolds15 to 

overcome its intrinsic instability28,49,50 in order to withstand pipet movements in the bath 

and to enable long-term analyte monitoring. 
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The dual-barrel pipet was first silanized with 3-CPDCS to facilitate the formation 

of high resistance BLMs across pipet apertures. Modification of glass surface with 

hydrophobic silanes, including 3-CPDCS, changes the surface chemistry of glass from 

hydrophilic to hydrophobic.31,51,52 The hydrophobic glass surface enhances the interaction 

between the glass surface and the hydrophobic lipid tail, enabling the formation of zipper-

like BLM that exclude the aqueous layer at the glass surface to minimize current 

leakage.31,53,54 

The experimental setup for selective formation of stabilized BLM was shown in 

Figure 3.9. EPC-10 USB double patch clamp amplifier contains two headstages that allow 

the application of holding potential and monitoring of current signal in two barrels 

independently. To allow electrode access to both barrels, the pipet could not be secured 

into the traditional pipet holder thus requiring an external support. The use of two 

headstages allowed individual voltage and current control in each barrel, which was critical 

for selective BLM formation and simultaneous monitoring of current signals from barrel. 
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Figure 3.9. Experimental setup for selective, stabilized BLM formation. Dual-barrel pipet 

was mounted onto a wood stick fixed onto a micromanipulator. Working electrode 

connected to each stage was inserted one in each barrel. Reference electrodes were placed 

in a small bath connecting to the main solution bath through a salt bridge. 

 

3.3.2.1. Selective BLM Formation 

Selective BLM formation was achieved by the formation of individual BLM across 

each barrel followed by the selective breakdown of the BLM across one barrel. Once BLMs 

were formed, an increasing voltage ranging from 0 mV to 2000 mV in 10 mV increments 

was applied across one of the BLMs to irreversibly break the BLM. The current measured 

across the BLM under increasing potential is shown in Figure 3.10. When the voltage 

reached 870 mV, the BLM formed pores indicated by the increase in current baseline. The 

size of membrane pores then increased with increasing voltage until, at 1030 mV, a sharp 
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increase in current signal was observed indicating the irreversible breakdown of the BLM. 

This breakdown resulted in the barrel being opened for feedback positioning. 

 

 

Figure 3.10. Plot of current vs. time measured across the BLM under increasing voltage. 

Each color represented a different voltage applied across the BLM. BLM showed poration 

at 870 mV and irreversibly broke at 1030 mV, indicated by the increased in current. 

 

 To further demonstrate the selective breakdown of one BLM while maintaining the 

other BLM, simultaneous current monitoring in both barrels is presented in Figure 3.11. 

The red trace showed current signal of the BLM formed across the feedback positioning 

barrel while the black trace showed current signal of the BLM formed across ion channel 

barrel. As increasing voltage was applied across the feedback positioning barrel, an 

increase in transient pore formation was observed, until the BLM ruptured. During this 

entire process, the BLM formed across the ion channel barrel was unaffected, as indicated 

by the stable baseline current. These data clearly showed that BLM could be selectively 
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formed across one barrel through the selective breakdown of the undesired BLM via 

voltage pulses in a dual-barrel pipet system. 

 

 

Figure 3.11. Current signal of selective break down of one BLM (red) while retaining the 

other BLM (black). (A) Transient pore formation was observed in one BLM. (B) Increased 

transient pore formation in one BLM. (C) Irreversible break down of one BLM. 

 

3.3.2.2. Polymer Scaffold-Stabilized BLM Formation 

In BLMs, synthetic lipid monomers are held together solely by van der Waals 

interactions, limiting the temporal stability to several hours.12,49,50,55 Stable BLMs are 

highly desirable for ion channel sensors due to the need for long-term monitoring of analyte 
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secretion without sensor degradation. The BLM across the ion channel barrel was stabilized 

with methacrylate polymer scaffold as described by Bright et. al.15 The methacrylate 

monomer, crosslinker and photo initiator were mixed into the lipid solution prior to BLM 

formation. After the irreversible rupture of the positioning BLM, the remaining BLM was 

exposed to UV to initiate polymer formation within the lamellar region of the bilayer, 

stabilizing the BLM.15  

 

 

Figure 3.12. Plot of current measured across methacrylate polymer scaffold-stabilized 

BLM with increasing voltage application. BLM exhibited transient pores at 1700 mV and 

2000 mV but was intact at 2000 mV. 

 

 The stabilizing effect of the polymer scaffold on BLM was evaluated with the 

application of increasing voltage across the BLM. Figure 3.12. shows that methacrylate 

polymer scaffold stabilized-BLM was still intact under 2000 mV voltage pulse. Compared 

to the break down voltage reported in Figure 3.10, polymer scaffolds increased the 

electrical stability of the BLM by at least 2 folds.  
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3.3.3. Membrane Protein Reconstitution into the Stabilized BLM  

To demonstrate that membrane proteins could be inserted into the ion channel 

barrel, α-HL was reconstituted into the BLM after polymer scaffold formation. α-HL is a 

pore-forming bacteria toxin, whose modified version is frequently used in sensor 

applications.56-58 α-HL was used as a model protein component to verify the feasibility of 

membrane protein reconstitution into the polymer scaffold-stabilized BLM for the 

fabrication of dual-barrel ion channel probe.  

 

 

Figure 3.13. α-HL insertion into polymer scaffold stabilized BLM under – 40 mV holding 

potential. (A) Single channel recording of one α-hemolysin into the BLM. (B) All points 

histogram of the α-hemolysin insertion. 

 

Single channel recording and all points histogram of α-HL insertion are shown in 

Figure 3.13 A and 3.13 B, respectively. Figure 3.13 A showed a stepwise increase in 

membrane current due to α-HL insertion. All points histogram revealed that the insertion 

resulted in a -40 pA current increase under -40 mV holding potential. The 1 nS increase in 

membrane conductance is consistent with the reported conductance for α-HL.31,53,59 The 

successful insertion of α-HL further confirmed the formation of BLM with sufficient 
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bilayer area for membrane protein reconstitution. Furthermore, it confirmed that polymer 

scaffold-stabilized BLM retained adequate membrane fluidity to allow protein 

reconstitution,15 a key requirement for ion channel sensors.   

 

3.3.4. Open Barrel Feedback Positioning 

BLM formation and membrane protein insertion have been demonstrated for the 

ion channel functionalized barrel. The evaluation of the feedback positioning barrel was 

performed by constructing an approach curve using access conductance measured at the 

open barrel and the distance between the pipet tip and the cell surface.  

 The concept behind feedback positioning using the open barrel is similar to that 

behind scanning ion conductance microscopy (SICM).36,60-62 When a micropipet 

approaches a non-conducting surface, such as cell membrane, in electrolyte solution, the 

current access between the electrode inside the pipet and the electrode in the bath solution 

decreases.36 This tip-sample distance dependent current flow can be measured as change 

in conductance. Since the apparent concentration of an analyte secreted by the cells is 

distant dependent, the sniffer sensor pipet must be placed within a couple microns from the 

cell surface,1-3 which falls into the same range for distant dependent conductance change. 

Therefore, the conductance change due to tip-sample distance can be used as feedback 

information to position the sniffer sensor pipet. 
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Figure 3.14. Plot of normalized conductance vs. pipet distance from the cell surface (n = 

3). Conductance were normalized to the maximum conductance detected when the sensor 

probe was far away from cell surface. 

  

 The tip-sample distant dependent conductance change is shown in Figure 3.14. 

Dual-barrel pipets with one barrel covered by polymer scaffold-stabilized BLM was used 

in this experiment to closely resemble the actual scenario of dual-barrel ion channel probe. 

The position at which the open barrel formed giga-ohm seal with the cell membrane was 

determined to be 0 μm away from the cell surface. Positive distance values represented the 

increasing distance away from the cell membrane, while the negative distant value 

indicated that the open barrel was forced into the cell surface. The results revealed that 

when the pipet was more than 4 μm away from the cell surface, conductance measured at 

the open barrel was relatively stable. The conductance decreased by 10% and 20% when 

the pipet was 3 μm and 2 μm away, respectively. However, as the pipet was positioned 

only 1 μm away from the cell membrane, conductance decreased by 80%. This trend was 

consistent among the use of different pipets with the same shape and i.d. The distance 

within which the change in conductance occurred (< 3 μm) covered the range in which 

sniffer sensors were commonly positioned relative to cells.1-4 Therefore, the open barrel 
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enables successful positioning of the ion channel probe through the distant-sensitive 

conductance change. 

  

3.4. CONCLUSIONS 

 In this study, the fabrication of dual-barrel ion channel probe with one barrel 

designed as a sniffer sensor and the other barrel used for feedback positioning was 

demonstrated. The selective formation of polymer scaffold stabilized-BLM across the ion 

channel barrel was achieved by the breakdown of the unwanted BLM using voltage pulses. 

Methacrylate polymer scaffold enabled membrane protein insertion and membrane 

stabilization. The performance of the open barrel for feedback positioning using measured 

conductance was further verified. The results revealed that the conductance was most 

distant sensitive within 3 μm from the cell surface. This effective distance was within the 

same range as the distance used for sniffer sensor applications, therefore, open barrel may 

be used to position the dual-barrel ion channel probe using conductance measurement. 
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CHAPTER 4. SURFACE-MODIFIED MICROFLUIDIC VALVES WITH 

ENHANCED ELECTRICAL RESISTANCE FOR HIGH-THROUGHPUT 

ELECTROPHYSIOLOGY 

 

 

4.1. INTRODUCTION 

Microfluidics are systems that control small amounts of fluid, generally μL to fL. 

Microfluidic systems enable the study of fluid behavior, such as flow profile, 

electrodynamics and energy dissipation, at micro-scale.1,2 Over the last three decades, 

significant research has focused on developing microfluidic systems, to both understand 

and utilize microfluidic behavior. In the biomedical field, miniaturized devices offer 

multiple advantages. These small devices can drastically decrease sample and chemical 

consumption, reaction time, and enable portable, cost-effective and high-throughput 

analyses. Microfluidic systems are widely used in biological analyses, such as polymerase 

chain reaction (PCR), 3,4 DNA analysis,5,6 cell analysis,7,8 and protein separation.9,10 

However, the development of fully integrated miniaturized systems is limited by the 

development of microfluidic components with superior performance.11  

Microfluidic valves are essential components of integrated microfluidic systems, 

that are commonly used to achieve fluid control on chip, including fluid isolation12 and 

controlled injection.13,14 The large variety of valve designs allows miniaturized valves to 

be operated electrokinetically,15,16 pneumatically,17,18 or thermally,19,20 which greatly 

broadens their versatility and application. Microfluidic valves can be used alone or in series 

to form micro-pumps to enable complex tasks, such as reagent mixing,21,22 sample 

sorting,23,24 and fluid delivery.15,25  
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 Microfluidic valves may also be used to isolate electrophysiological signals. 

Electrophysiology is the gold standard for studying ion channel activity and can directly 

monitor real-time ion channel activity with milli-second resolution. One of the main 

drawbacks of electrophysiological studies of ion channel activity is the low throughput 

nature of the method.26,27 Increasing effort has focused on developing electrophysiological 

high-thoughput screening (HTS) assays via fabrication of array devices for parallel studies. 

However, most BLM array devices require one pair of electrodes for each BLM detection, 

which leads to the use of multiple patch clamp amplifiers or electrical switches.28,29 The 

instrumentation cost for a multichannel patch clamp amplifier system is high, which limits 

their use in certain settings. The use of electrical switches requires extensive circuit design. 

We proposed that microfluidic valves can be used as a critical component in microfluidic 

array devices to enable parallel electrophysiology with one patch clamp amplifier, by 

isolation of current signals resulting from multiple experiments from a Ag/AgCl electrode 

pair. Valve opening and closing will allow the current signal from the experiment of 

interest to be connected to the electrodes for measurements.  

 To achieve this goal, microfluidic valves must exhibit high electrical resistance in 

their closed state (closed resistance) to isolate pA current signals commonly obtained from 

electrophysiological recordings. Though the capacity for microfluidic valves to close and 

block fluid flow is an important aspect of valve performance, it is usually only evaluated 

visually by the operation of valves filled with dye solutions,30,31 which is not sensitive 

enough to monitor ion leakage. Conversely, electrical evaluation can provide sensitive, 

real-time characterization of microfluidic valve performance and can be particularly useful 

in developing integrated microfluidic systems for electrochemical analyses. To date, 
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electrical resistances of microfluidic valves have only been reported for valves utilizing 

polydimethylsiloxane (PDMS) as the active component and are reported to be between 2-

10 GΩ.32-34 For applications in which pA current changes are measured, higher seal 

resistance is required. Several approaches have been reported to increase valve closed 

resistance. Wo et al. evaluated the effect of fluid channel size, channel aspect ratio, and 

PDMS diaphragm thickness on electrical resistance of a magnet-actuated PDMS valve.34 

For pneumatic-actuated valves, pressure applied to close the valve was evaluated as a factor 

of electrical resistance.32,33 However, surface chemistry of the valve seat, a crucial factor 

for proper valve sealing, has not been investigated as a tool to increase microfluidic valve 

resistance. 

 In this study, we explored the effect of surface chemistry of the glass valve seat on 

the closed resistance of a PDMS/glass pneumatic microfluidic valve. Glass valve substrates 

were modified with hydrophobic silanes to decrease surface energy and wettability of valve 

seats. Electrical performance of microfluidic valves with unmodified glass valve seats and 

silanized valve seats were evaluated and compared. Valve performance was further tested 

with electrophysiological measurements, where surface modified microfluidic valves were 

used to isolate current signals resulting from model ion channel (α-hemolysin) 

reconstitution into artificial lipid bilayers. 

  

4.2. EXPERIMENTAL 

4.2.1. Chemicals and Materials 

 Silicon wafer was purchased from University Wafer, Inc. (Boston, MA). Chrome-

coated borosilcate borofloat glass slides were purchased from Telic Co. (Santa Clarita, 
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CA). Microposit S1813, SU-8 3000 permanent epoxy negative photoresist, SU-8 

developer, and chrome etchant were purchased from Microchem Corp. (Westborough, 

MA). HF was purchased from VWR (Radnor, PA). Octyldimethylchlorosilane (ODCS) 

and (tridecafluoro-1,1,2,2-tetrahydrooctyl)dimethylchlorosilane (PFDCS) were purchased 

from Gelest, Inc. (Morrisville, PA). Sigmacote and anhydrous toluene were purchased from 

Sigma-Aldrich (St. Louis, MO). 1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) 

was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). α-hemolysin (α-HL) was 

purchased from List Biological Laboratories, Inc. (Campbell, CA). H2SO4, H2O2 (30%), 

NH4OH and KCl were purchased from EMD Chemicals, Inc. (Gibbstown, NJ). Acetone 

and toluene used for post-modification rinsing, and 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES) were purchased from Fisher Scientific International, Inc. 

(Pittsburgh, PA). HNO3 was purchased from Macron fine chemicals (Center Valley, PA). 

Ethanol was purchased from Decon Laboratories, Inc. (King of Prussia, PA). 

Polydimethylsiloxane (PDMS) flat sheet (0.01 inch thick, 40 durometer) was purchased 

from Stockwell Elastomerics, Inc. (Philadelphia, PA). PDMS Sylgard 184 was purchased 

from Dow Corning Corp. (Midland, MI). N-decane was purchased from ACROS organics 

(Fair Lawn, NJ). All chemicals were used as received. 

Piranha solution was prepared by mixing 3:1 (v/v) H2SO4:H2O2. RCA standard 

cleaning solution was prepared by mixing 5:1:1 (v/v) H2O:NH4OH:H2O2 at 75 °C.  
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4.2.2. Quake’s Valve Fabrication 

4.2.2.1. Photomask Design 

 Photomasks were designed using AutoCAD with file name “channel_110813”. 

Channel designs are shown in Figure 4.1. Channel widths are shown in Table 4.1. 

 

 

 

Figure 4.1. Quake’s Valve Photomask Design. (A) Sample photomask design with two 

parallel channels. (B) The arrangement of photomasks. Refer to Table 4.1 for channel sizes.  

 

Table 4.1. Photomask Channel Size Chart 

Photomask # Channel Width (μm) Channel Length (cm) 

1 80 5 

2 100 5 

3 120 5 

4 140 5 

5 160 5 

6 180 5 

Photomasks were printed by CAD/Art Services on 8 ” ×10 ” acrylic transparency. 

 

4.2.2.2. Micro-Channel Mold Fabrication 

 All photolithography was performed in the cleanroom facility in the Department of 

Chemistry and Biochemistry at the University of Arizona. Silicon wafer (76.2 mm 

diameter; 406-480 μm thickness; single-side polished; test grade) was cleaned with piranha 

1 2 

3 4 

5 6 

A B 
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and RCA, then rinsed with H2O. The wafer was dried with compressed N2, and heated at 

180 °C for 30 min. SU-8 was spin-coated onto the cleaned silicon wafer at 500 rpm for 10 

s at a = 100 r/s, followed by 4000 rpm for 3 min at a = 400 r/s. SU-8 was soft baked at 95 

°C for 15 min, and allowed to cool to room temperature. After that, photomask was placed 

on top of the SU-8 layer, and the whole assembly was exposed to collimated UV for 30 s. 

Post-exposure bake was done at 60 °C for 3 min, and 95 °C for 10 min. The cooled wafer 

was submerged in SU-8 developer for 10 min, and then rinsed with H2O and isopropyl 

alcohol (IPA), and dried with N2. Finally, the wafer was hard baked at 175 °C for 30 min.  

 

4.2.2.3. PDMS Channel Casting 

 Si wafer mold was first cleaned with IPA and dried with N2. The mold was 

submerged in Sigmacote for 3 min, then rinsed sequentially with IPA, H2O, and IPA, and 

dried with N2. The wafer was heated at 100 °C for 30 min and then placed into a petri dish. 

6 ml of Sylgard PDMS (premixed 10:1 w/w A:B, degassed) was poured into the petri dish 

and cured at 60 °C for 24 h. The cured PDMS was peeled from the Si wafer mold and 

stored in clean petri dish for future use. 

 

4.2.2.4. PDMS Diaphragm Fabrication 

 PDMS part A and B was mixed 10:1 (w/w) and degassed by centrifugation. 

Degassed PDMS was spin-coated onto acrylic transparency at 3000 rpm for 10 min to 

obtain ca. 15 μm thick membranes. PDMS membrane was stored in clean petri dish and 

cured at 60 °C for 24 h. 
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4.2.2.5. Quake’s Valve Assembly and Operation 

 Solution and gas access holes where introduced to the PDMS channel layer using a 

hole puncher. A PDMS channel layer and transparency supported PDMS membrane was 

first plasma treated at 500 mtorr on MED power setting for 30 s. PDMS membrane was 

then bonded to the channel layer, and transparency was carefully peeled off of the 

membrane. Then, the newly exposed PDMS membrane surface and another PDMS channel 

layer were plasma treated and bonded together with channels perpendicular to one another. 

Fluid channels were filled with capillary forces, using the access holes as solution 

reservoirs. Gas adapter was made by securing TYGON tubing in a cylindrical PDMS piece 

which was plasma oxidized and bound onto gas access holes. The valve was manually 

operated with a plastic syringe. 

 

4.2.3. 1st Generation Mathies’ Valve Fabrication 

4.2.3.1. Fluid Channel Slide Fabrication 

 Both valve channel slide and displacement slide were fabricated using glass 

microscope slides. Fluid channels were carved into the microscope slide using a Dremel 

tool. A 2 mm wide valve seat was left in between the two fluid channels on each slide. 

Fluid channels were 1 mm in width, and 0.5 mm in depth. 

 

4.2.3.2. Valve Assembly and Operation 

 Two 1 mm i.d. fluid access holes were drilled through both pneumatic glass slide 

and PDMS diaphragm. One 3 mm i.d. gas access hole was drilled through the pneumatic 

glass slide above the valve seat. PTFE washers were attached to pneumatic slide around 
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each fluid access holes, serving as solution reservoirs. A male leur fitting was attached on 

top of the gas access hole for gas control. PDMS diaphragm was assembled in between 

pneumatic glass slide and fluid channel slide via contact bond. Fluid was introduced into 

the fluid channel via capillary force. Pressure and vacuum was applied manually through 

the male lure fitting with a plastic syringe. 

 

4.2.4. 2nd Generation Mathies’ Glass/PDMS Valve Fabrication 

4.2.4.1. Fabrication of Fluid Channel Slides and Displacement Chamber 

Slides 

 Chrome-coated glass slides were spin-coated with Microposit S1813 to obtain 

uniform 1.5 μm thick coatings. Valve designs were transferred to the S1813 layer using 

standard photolithography according to manufacturer recommended procedures. The 

pattern was developed into the chrome layer using chrome etchant. The glass substrate was 

then etched in 48% HF (6 min for the channel slide, and 15 min for the displacement 

chamber slide). The remaining S1813 and chrome were lifted off by sonicating the 

substrates in acetone and chrome etchant for 5 min each. Finally, the valve slides were 

rinsed with H2O and ethanol, and dried with compressed N2. 

 

4.2.4.2. Valve Assembly and Operation 

 One gas access hole and two solution access holes were drilled through the 

displacement chamber slide using a Dremel tool. Two solution access holes were punched 

through PDMS diaphragm using hole puncher. A male luer fitting and a PTFE washer was 

attached to each of the solution access holes in the displacement chamber using epoxy glue. 
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PDMS diaphragm was sandwiched between the two glass slides to finish the valve 

assembly.  

 To test valve operation, the assembled valve was filled with K+ buffer (150 mM 

KCl, 5 mM HEPES at pH 7.4). Microfluidic valve operation was controlled by a 3-way 

micro solenoid valve (ASCO, Florham Park, NJ). An EPC-8 patch clamp amplifier (HEKA 

Electronics, Bellmore, NY) was used to measure current across the valve under 10 mV 

holding potential. 

 

4.2.5. Valve Glass Surface Modification 

 The surface modification procedure was adapted from solution phase modification 

previously reported.35,36 Briefly, etched valve slides were cleaned in piranha solution for 5 

min and rinsed with H2O. Slides were then soaked in 1 M HNO3 for 1 h, rinsed 

consecutively with H2O and acetone, and dried with Ar. The activated slides were further 

dried at 110 °C for 1 h and soaked in 2 % (v/v) ODCS or PFDCS in anhydrous toluene 

overnight. Modified substrates were cleaned in toluene, followed by acetone, H2O and 

ethanol via sonication, and then dried with Ar. 

 

4.2.6. Contact Angle Measurements 

 Contact angles were measured using a DSA 10 MK2 drop-shape analysis system 

(Kruss, Germany). 1 μl of H2O was dispensed manually onto the surface of interest for 

contact angle analysis. Contact angles were measured at ten locations for each surface, and 

repeated for surfaces from three independent modifications. All contact angle images were 

fitted through sessile fitting mode. 
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4.2.7. Micropipette Fabrication 

 Micropipets were fabricated as described in Chapter 2, Section 2.2.9.1. 

 

4.2.8. BLM Formation and Ion Channel Reconstitution 

 DPhPC dissolved in CHCl3 was dried under Ar and then lyophilized (Labconco, 

Kansas City, MO) overnight. Dried lipid was resuspended in n-decane to a final 

concentration of 10 mg/ml. The micropipet was back filled with K+ solution (150 mM KCl, 

5 mM HEPES, pH 7.4). BLM was formed via tip-dip method as discussed in Chapter 2. 

Ion channel reconstitution was accomplished by the addition of 0.5 µg of α-HL to the 

solution bath (350 µl) 1 mm away from the pipet tip. A holding potential of -40 mV was 

applied across the bilayer to drive ions through the channel for electrophysiological 

measurements. α-HL insertions were indicated by ~1 nS stepwise increase in bilayer 

conductance per channel.37  

 

4.2.9. Data Acquisition and Analysis 

 Current across the valve was detected by HEKA EPC-8 patch clamp amplifier with 

Patchmaster software, and with Ag/AgCl electrodes inserted into solution reservoirs 

located on both sides of the microfluidic valve. i-v curves were obtained by applying 

increasing voltage, from -100 mV to +100 mV, across the valve in 10 mV increments and 

recording the current signal. Electrical resistance of the microfluidic valve was calculated 

from the slope of i-v curves. 

Ion channel recordings were processed in TAC X4.3.3 software, and filtered at 1 

kHz. All data was presented in the form of mean ± standard deviation, with the exception 
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of closed resistances of the surface modified valves, which were presented in the form of 

> estimated minimum resistance. All experiments were repeated at least 3 times on 3 

different valves. Valve current recordings were filtered at 1 kHz. All statistics were 

performed using student’s t test at 95 % confidence level. 

 

4.3. RESULTS AND DISCUSSION 

Microfluidic valves with high electrical resistance are highly desired for 

electrochemical applications to reduce current leakage which may lead to signal crosstalk. 

However, the efficiency of microfluidic valve operation is more commonly evaluated via 

visual assessment using dye solutions. Although visual evaluation provides a 

straightforward way to check valve operation, it is not sensitive enough to detect ion 

leakage. In this chapter, the electrical resistance of microfluidic valves with different 

designs was evaluated for potential use for electrophysiological measurements. In addition, 

surface chemistry of the valve components, which was overlooked by most valve designs, 

was evaluated as a tool to increase electrical closed resistance for microfluidic valves. 

 

4.3.1. Quake’s Valve 

 Quake’s valves were originally designed as a novel approach to fabricate active 

microfluidic components using entirely elastomeric materials through soft lithography.38 

Quake’s valves have been widely used by researchers to fabricate biological microfluidic 

devices due to the ease of fabrication and integration.4,39 Figure 4.2 shows a schematic of 

the Quake’s valve. Two PDMS channel layers were separated by a 15 μm PDMS 

diaphragm. The top channel acts as a fluid channel and the bottom channel is used for 
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pressure control. When pressure was applied into the control channel, the PDMS 

diaphragm deforms, blocking the fluid channel. The retraction of pressure will return the 

diaphragm into its relaxed position, opening the valve. Figure 4.2 B shows a picture of a 

fully assembled Quake’s valve with attached gas line. Gas was applied manually with a 

syringe, which did not allow precise control of the pressure in the control channel. If the 

applied pressure is too high, gas bubbles will be introduced into the fluid channel due to 

the gas permeability of PDMS. Therefore, the highest pressure possible without 

introducing air bubbles was applied to measure the electrical resistance. 

 

             

Figure 4.2. Quake’s PDMS valves. (A) A schematic of the side view of Quake’s valve (not 

drawn to scale). Fluid channel and control channel are perpendicular to each other. When 

pressure is applied into the control channel, PDMS diaphragm will deform to bend into the 

fluid channel to block fluidic flow. When the pressure is released, PDMS diaphragm will 

relax to its original position. (B) Photograph of a Quake’s valve on a glass support. Red 

arrows highlight the fluid channels and the blue arrow indicates the gas flow when pressure 

is applied.  

 

 A representative current versus time trace of Quake’s valve operation is presented 

in Figure 4.3. The initial current signal was resulted from the “open” geometry when the 

PDMS diaphragm is at the resting position. When pressure was applied into the control 

channel (at 2 s), a sharp decrease in current signal was observed, indicating successful 

A B 
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valve closure. The sharp closing agrees well with the literature.38 When pressure was 

retracted with syringe, current returned to the initial value detected before valve operation, 

indicating a complete relaxation of the PDMS diaphragm. 

 

 

Figure 4.3. Representative current vs. time trace of Quake’s valve operation. Pressure 

application at 2 s resulted in a sharp decrease in current signal, indicating valve closure. 

Pressure retraction at 3 s resulted in recovery of the current signal, indicating valve 

opening. 

 

 Closed resistance of Quake’s valve was calculated to be 60 ± 10 MΩ, which 

translates to ~ 1 nA current leakage under 70 mV holding potential (commonly used for 

ion channel recordings). However, current resulting from Kir6.2 (ion channel of interest in 

this dissertation project) is measured to be ~ 5 pA under the same holding potential, which 

is 3 orders of magnitude lower than leakage current. Therefore, Quake’s valves will not be 

suitable for isolating ion channel signals. 

 The main contributor to low electrical resistance is the incomplete seal of the 

diaphragm against the fluid channel in Quake’s valves. Figure 4.4 provides a closer look 

at the valving mechanism. When pressure is applied into the control channel, the PDMS 

diaphragm is pushed into the fluid channel to block fluidic access to either side. If the fluid 

Open 

Closed 

+ Pressure 

- Pressure 
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channel is rectangular (Figure 4.4 A), PDMS diaphragm will not seal the top two corners 

of the fluid channel, leaving substantial space for current leakage. Unger et. Al. reported 

that better seals can be achieved by incorporating rounded fluid channels, which greatly 

reduced the volume of the unsealable portion.25 However, Quake’s valves with rectangular 

rounded shaped fluid channels will still have dead volumes (shown in Figure 4.4), and the 

quality of the seal is sensitive to specific channel dimensions, which makes complete valve 

closure harder to achieve. Moreover, rounded channels are achieved by photoresist reflow, 

which limits the type of photoresist material that can be used to pattern the channel.40 Also, 

the flow characteristics in a rounded channel is hard to predict due to the lack of existing 

analytical models.41 Therefore, Quake’s valves are not a good model for 

electrophysiological microfluidic array devices that require high closed resistance and 

accurate flow control. 

 

 

Figure 4.4 Schematic of closing mechanism for Quake’s valve with (A) rectangular fluid 

channel and (B) rounded fluid channel (not drawn to scale). The positions of PDMS 

diaphragm are indicated in orange with increasing applied pressure into the control 

channel. The dead volume is indicated in blue.  

 

4.3.2. 1st Generation Mathies’ Valve 

 Quake’s valves have a naturally-open geometry, which is prone to solution leakage 

depending on the shape of the fluid channel. Ideally, a valve whose closed resistance is 
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independent of channel geometry is preferred. Glass/PDMS 3-layer diaphragm valve 

designed by Mathies’ group was chosen to achieve higher seal resistance.42 Compared to 

the Quake’s valve that is made of entirely PDMS, the glass substrate has higher surface 

chemical stability, which allows better control in substrate surface chemistry though 

chemical modification.43,44 The schematics of valve design and operation mechanism are 

shown in Figure 4.5. Mathies’ valve is a naturally closed valve, meaning that the valve is 

closed under resting conditions. When the glass/PDMS 3-layer diaphragm valve is at rest, 

PDMS diaphragm is positioned against the glass valve seat, blocking fluid flow. Since both 

the PDMS diaphragm and the glass valve seat are flat in geometry, this valve design has 

much higher potential in completely sealing the fluid channel.  

 

 

Figure 4.5. Schematics of PDMS/Glass Pneumatic Valve Design (not drawn to scale). (A) 

Layered view of microfluidic valve design. A PDMS diaphragm is sandwiched between a 

glass displacement chamber layer and a glass fluid channel layer. Two PTFE washers are 

used as solution reservoirs, in which Ag/AgCl electrodes (not shown) are placed during 

measurements. A male luer fitting was attached above the gas access hole for 

pressure/vacuum control using a syringe. (B) Valve operation mechanism. Valve opens 

upon vacuum application into the displacement chamber, displacing PDMS diaphragm. 

Valves are closed with pressure, pushing PDMS diaphragm against the valve seat to restrict 

fluid flow. 

 

A B 
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 A 1st generation Mathies’ valve was constructed as a proof of concept to see the 

effect of the normally-closed valve geometry on electrical resistance. Since the seal 

between PDMS diaphragm and valve seat are independent of the geometry of the fluid 

channel, the dimensions of the valve features, such as fluid channel, valve seat, and 

displacement chamber, were not precisely controlled. Fluid channels were approximately 

1 mm wide, 0.5 mm deep, and 2.5 cm long on each side of the 2 mm-wide valve seat. In 

theory, due to the highly compatible geometry of PDMS diaphragm and the valve seat, 

channel dimensions are less important in increasing seal resistance compared to Quake’s 

valves. A photograph of the 1st generation Mathies’ valve is shown in Figure 4.6.  

 

 

Figure 4.6. Photograph of 1st generation Mathies’ valve. The valve is composed of one 

PDMS diaphragm sandwiched between two glass microscope slides. The top microscope 

slide is the displacement chamber slide, which contains one gas access hole in the middle 

(above the valve seat when assembled), and two small fluid access holes (above the fluid 

channels when assembled). A male luer fitting is attached to the gas access hole to serve 

as both a gas line connector and the displacement chamber to which the PDMS diaphragm 

retracts. One PTFE o-ring is attached to each fluid access hole to serve as solution reservoir. 

The bottom slide is the fluid channel slide, where two fluid channels are separated by a 2 

mm × 1 mm valve seat. Valve is assembled with glass/PDMS contact bonds. 

 

 The 1st generation Mathies’ valve was operated manually with a syringe. Since the 

male luer fitting is on top of the PDMS diaphragm, the movement of PDMS diaphragm 
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cannot be observed visually during valve operation. Therefore, the operation of the valve 

can only be monitored through electrical current detection. Figure 4.7 shows a current vs. 

time plot of valve operation. The variation in the open current is most likely caused by the 

inconsistency in vacuum applied manually through the syringe. Since there is not a 

designated displacement chamber with defined volume, the PDMS diaphragm can retract 

further into the male luer fitting under higher vacuum, resulting in higher open current.  

 

 

Figure 4.7. Current vs. time trace of 1st generation Mathies’ valve operation. Increase in 

current signal indicates valve opening, and decrease in current signal indicates valve 

closing. Three operation cycles are presented in this graph. 

 

 To investigate the closed valve resistance, an i-v curve was obtained when the valve 

was locked in the closed state (Figure 4.8). Resistance was determined by the inverse of 

the slope of the best fit. Absolute current value was not used to calculate valve resistance 

due to potential signal drifts. 
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Figure 4.8. i-v curve of 1st generation Mathies’ valve in closed state. The plot was fitted to 

a linear model, and the inverse of the slope of the fitted line is the resistance of the valve 

at its closed state. 

 

The closed resistance was calculated to be 4 ± 1 GΩ, which was approximately 6 

times higher than the resistance of the Quake’s valve (60 ± 10 MΩ) and was within the 

range of resistance values reported in the literature.32-34 The result indicates that naturally 

closed valve geometry provides a better seal compared to naturally open valves such as 

Quake’s valves. However, the fabrication of 1st generation Mathies’ valve does not allow 

precise control of channel dimensions and vacuum/pressure application, which will result 

in inconsistent open current. 

 

4.3.3. 2nd Generation Mathies’ Valve 

 To obtain better fluid and pneumatic control, the 2nd generation Mathies’ valve was 

fabricated via UV photolithography. UV photolithography allows precise control in 

channel, valve seat, and displacement chamber dimensions, and allows precise positioning 

of each feature. Schematics of the UV photolithography process are shown in Figure 4.9. 
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Feature dimensions are determined by the photomask design and HF etching time. Well-

defined valve features should allow reproducible seal resistance and valve operations 

among different valves. 

 

 

Figure 4.9. Schematic of displacement chamber slide fabrication through UV 

photolithography and wet chemical etching (not drawn to scale). S1813 photoresist was 

spin-coated onto chrome-coated borosilicate glass. The substrate was then covered by a 

photomask and exposed to collimated UV light for pattern transfer from the photomask to 

the photoresist layer. After UV exposure, chrome layer in the pattern is etched away, 

exposing the glass surface. The assembly is then etched in 48% HF to transfer the pattern 

into the glass slide. Fluid channel slide was fabricated using these same procedures. 

 

 To further increase the reproducibility of valve operation, a circuit (Figure 4.10) 

was built to automate pressure/vacuum application through a 3-way solenoid valve. An n-

type, enhancement mode metal-oxide-semiconductor field-effect transistor (MOSFET) 

was used as a high-speed switch that can be controlled by a Labview program (written by 

Dr. Christopher A. Baker) through a DAQ board. The program switches between vacuum 

and pressure application. Vacuum was applied and controlled through a portable 
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diaphragm pump, and pressure was applied through a He gas cylinder controlled by a gas 

flow regulator. 

 

 

Figure 4.10. Circuit diagram for automated operation of 2nd generation Mathies’ valve. A 

Labview program was written by Christopher A. Baker to control the 3-way micro-solenoid 

valve to switch between pressure and vacuum application to the control channel of the 

microfluidic valve. 

 

 A diagram of the 2nd generation Mathies’ valve is shown in Figure 4.11 A. Instead 

of a hole drilled into the glass slide, the displacement chamber in this design has well-

defined dimensions, which restricts the movement of PDMS diaphragm. After HF etching, 

the displacement chamber has a long axis of 4.3 mm, a short axis of 1.2 mm, and a depth 

of 0.1 mm. A gas access channel was added to direct the gas flow in/out of the chamber. 

The size of the valve seat was also well-controlled (0.6 mm × 0.1 mm). We hypothesize 

that larger valve seat will provide larger surface area for sealing, which may generate 

higher seal resistance. Therefore, relatively large valve seat, and thus large displacement 

chamber, was chosen for the 2nd generation Mathies’ valve.42 
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Figure 4.11. (A) Schematic of 2nd generation Mathies’ valve design. Channels and 

displacement chambers were patterned through UV photolithography, and etched into the 

glass slides with HF (not drawn to scale). (B) Photograph of the assembled 2nd generation 

Mathies’ valve. Two valves were made together on the same slides. 

 

 Valve operation relies on the movement of PDMS by pressure/vacuum. Since 

PDMS is semi-gas permeable, the application of pressure into the displacement chamber 

has the potential to introduce gas bubbles into fluid channel through PDMS diaphragm. To 

determine the optimal pressure for automated valve closure, the relationship between valve 

closing time and applied pressure was examined. Figure 4.12 shows that valve closing time 

decreases with increasing applied pressure, and levels off at 60 kPa. Beyond 80 kPa, the 

chance of gas bubble introduction into fluid channel substantially increases, which 

decreased the success rate of valve operation. To balance between the time efficiency in 

valve operation and the risk in valve failure, we chose 60 kPa as the closing pressure, which 

is consistent with the operation pressure used for similar valves.15,42 To enable direct 

comparison, 60 kPa was also used to close surface modified valves introduced later in the 

chapter. 

 

A B 
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Figure 4.12. Valve closing time vs. applied pressure. 

 

The movement of PDMS diaphragm due to the pressure/vacuum application, thus 

the operation of 2nd generation Mathies’ valve, can be observed visually through the 

displacement chamber. However, valve operation must be quantitatively evaluated using 

current measurements. Figure 4.13 A shows the current vs. time trace of valve operation. 

More consistent open currents were observed compared to the 1st generation Mathies’ valve 

(Figure 4.7). The valve exhibited a sharp initial opening followed by a slower process that 

leads to the full open state. This two-step opening feature was also observed in other valves 

with similar design.45 We suggest that the opening process may be slowed by two potential 

factors, the stretch of the diaphragm, and the time needed for the PDMS to bond tightly 

with bare valve glass. The closure of the valve also slowed significantly before reaching 

the closed state. A possible main contribution for the slow closure is the decrease in 

effectiveness in eliminating the thin aqueous layer between PDMS diaphragm and bare 

glass valve seat. Furthermore, valves exhibited unexpected initial increase in current signal 
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before valve closure, which was likely caused by gas disturbance due to the solenoid valve 

switching from vacuum to pressure.  

 

      

Figure 4.13. (A) Current vs. time trace of 2nd generation Mathies’ valve operation. Current 

increase is observed when opening the valve, and current decrease is observed when the 

valve is closed. (B) A representative i-v curve of 2nd generation Mathies’ valve in the closed 

position. The reciprocal of the slope is the seal resistance across the valve, which is 7.7 GΩ 

for this valve assembly. 

 

The closed resistance obtained from i-v curves (example shown in Figure 4.13 B), 

was 7 ± 3 GΩ. The closed resistance of 2nd generation Mathies’ valve is similar to that of 

the 1st generation valve (4 ± 1 GΩ). The more controlled geometries and automated 

operation increased valve operation reproducibly (as observed in current vs. time data), but 

did not affect valve seal resistance. This result was expected because neither the precise 

geometry of the fluid channel nor the automated operation should affect the seal between 

the glass valve seat and the PDMS diaphragm due to the valve’s naturally-closed design. 

The measured electrical resistance for Mathies’ valve (both generations) falls within the 

range of resistance values for PDMS microfluidic valves reported in the literature (2-10 

GΩ).32-34 However, under electrophysiological recording conditions (-70 mV holding 

potential), 7 GΩ seal resistance will result in 10 pA leakage current, which is equivalent to 

the current signal obtained from two eGFP-Kir6.2 channels introduced in Chapter 2.46,47 

A B 
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This magnitude of leakage current may also lead to signal cross talk among different 

channels being conducted on the same microfluidic array device, making it almost 

impossible to differentiate signal sources. 

Therefore, microfluidic valves with higher closed resistance is necessary for 

microfluidic array devices designed for electrophysiological measurements. We 

hypothesize that the leakage current was caused by a thin aqueous layer residing between 

the glass valve seat and the PDMS diaphragm when the valve is closed. By increasing the 

hydrophobicity of the glass surface, the valve closed resistance should increase through 

more efficient elimination of residual aqueous layer at the valve seat in closed valves. 

 

4.3.4. Glass/PDMS Surface Modified Microfluidic Valve 

 To test this hypothesis, we modified the valve seat of Mathies’ glass/PDMS 

microfluidic valves with ODCS or PFDCS (structures shown in Figure 4.14). Previous 

study showed that ODCS and PFDCS modifications can most efficiently increase the water 

contact angle of glass surface when compared to other silanes, indicating the great increase 

in surface hydrophobicity.36 
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Figure 4.14. Chemical structure of PFDCS and ODCS (not drawn to scale). 

 

 

Microfluidic valve seat modification was confirmed by water contact angle 

measurements (Figure 4.15). The unmodified glass valve seat showed a water contact angle 

of 70 ± 4 ° (n = 30) after photolithography and wet etching processes. The measured water 

contact angle for the bare valve is higher than expected,48 but can be highly influenced by 

treatments during valve fabrication and surface roughness.49,50 Borosilicate (borofloat) 

glass used in this experiment are polished on both sides to minimize surface roughness, 

which will result in higher water contact angle than unpolished glass substrates commonly 

used for water contact angle measurements. The water contact angle increased to 92 ± 3 ° 

(n = 30) and 99 ± 3 ° (n = 30) after ODCS or PFDCS modification, respectively, which 

indicated that the surfaces were more hydrophobic and less easily wetted by water. PDMS 

diaphragm, as the active component in valve operation, shows a water contact angle of 107 

± 1 ° (n = 9), agreeing well with the literature.45,51 With both the valve seat and the 

diaphragm being hydrophobic, the ability for microfluidic valves to isolate electrical signal 
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carried by electrolyte solution is expected to increase substantially due to more efficient 

exclusion of the water layer. 

 

 

Figure 4.15. Water contact angle of valve substrates. Valve glass after all fabrication 

processes has water contact angle of 70 ± 4°. PDMS diaphragm has water contact angle of 

107 ± 1°. After surface modification, the water contact angle of the glass substrate was 

increased to 92 ± 3 (ODCS-modified) and 99 ± 3 (PFDCS-modified). 

 

We first evaluated the operation of microfluidic valves with ODCS-modified, and 

PFDCS-modified valve seats. Current traces of valve operation are presented in Figure 

4.16. Sharp openings were observed for both ODCS- and PFDCS- modified valves, which 

were likely caused by accelerated association between PDMS and valve glass in the 

displacement chamber due to faster elimination of the air between the two surfaces. 

Interestingly, both silanized valves exhibited a distinct 3-step closing feature that was not 

observed in valves with bare glass valve seat. The 3-step feature consists of a relatively 

slow closure sandwiched between two fast closures. The first fast closure may result from 

the rapid entry of air into the vacuum between PDMS diaphragm and displacement 
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chamber top as the PDMS diaphragm was pushed down with pressure. The slow closure in 

the middle may be caused by the exclusion of the water layer. The last rapid closure is 

likely due to the rapid adhesion of the diaphragm to the valve seat.  

 

 

Figure 4.16. Current vs. time trace for (A) PFDCS-modified and (B) ODCS-modifed valve. 

Three-step closing feature was observed for both valves. 

 

 Closed resistances of surface-modified valves were then measured. The i-v plots 

for PFDCS- or ODCS- modified valves and unsilanized valve are shown in Figure 4.17 for 

direct comparison. As mentioned in the previous section, valves with bare glass valve seat 

yield electrical resistance of 7 ± 3 GΩ, agreeing well with previous reports for pneumatic 

PDMS diaphragm valves.32,33 Resistance values for unsilanized valves were calculated 

from slopes of i-v curves. Current detected across unsilanized valves increased with 

increasing potential, indicating current leakage at the valve seat. However, current signals 

detected for surface-modified valves did not increase with increasing potential and were at 

or near the noise level for the instrument used for these measurements (Figure 4.17). 

Therefore, reliable slopes, thus electrical resistance, cannot be obtained from the i-v curves. 

We estimated the electrical resistance of the surface-modified valves to be >500 GΩ from 

the observed noise level of steady-state current recordings under fixed holding potentials 
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using an EPC-8 patch clamp amplifier, indicating the highest resistance that can be reliably 

measured. Upon silanization with either ODCS or PFDCS, microfluidic valves exhibited 

>70-fold increase in electrical resistance, which supported the hypothesis that ODCS- and 

PFDCS- modified valve seats could better eliminate the aqueous solution that remained 

between the valve seat and the PDMS diaphragm. Microfluidic valves with hundreds of 

GΩ resistance have high potential in isolating electrochemical signals in the low pA to sub-

pA regime. 

 

 

Figure 4.17. i-v curves for microfluidic valves in closed states. i-v curve for unsilanized 

valves (black square) showed increase in current signal as the applied voltage increased, 

which indicated the presence of current leakage across the valve. ODCS-modified valves 

(blue diamond) and PFDCS-modified valves (brown triangle) showed no current increase 

with increasing voltage, indicating high electrical resistance (n = 3 for all traces). 

 

Seal resistance and valve actuation time for unsilanized, ODCS-modified, and 

PFDCS-modified valves are summarized in Table 4.2. Opening times (t10-90) for bare glass 

microfluidic valves was measured to be 28 ± 12 ms (n = 12), which is consistent with the 

opening time of other PDMS diaphragm valves.17,52 Opening time for valves silanized with 

ODCS (6 ± 3 ms, n = 9) and PFDCS (5 ± 2 ms, n = 9) were significantly shorter due to the 
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acceleration of the bonding between PDMS and displacement chamber top upon 

silanization. On the other hand, closing time (t90-10) for surface-modified valves (1180 ± 

490, n = 9 for ODCS-modified valves, and 980 ± 350, n = 9 for PFDCS-modified valves) 

were significantly longer than that observed for bare glass valve (150 ± 30 ms, n = 9) due 

to the presence of second closure step (Figure 4.16), but still within the range reported for 

other microfluidic valves.19,31,53 Although the underlying chemical/physical explanation 

for this phenomenon is not yet clear, the time of the second step varies greatly between 

individual valve assemblies (indicated by the large standard deviation reported). Due to the 

prolonged valve closing time, the silanized valves reported are better used for applications 

that do not require rapid closing of the valves. However, pneumatic valves are often given 

excess time (1-10 s) during applications to ensure full opening and closing.42 Moreover, 

many applications, such as electrophysiological studies usually require seconds, if not 

minutes, of ion channel activity recording to ensure the reliability of the data.54,55  

Therefore, ~1 s closure time is well within the acceptable range for these electrochemical 

applications. 

 

Table 4.2. Characterization of unsilanized and silanized valves 

Valve \Characteristics 
Electrical 

resistance (GΩ) 
t10-90 (ms) t90-10 (ms) 

Unsilanized Valve 7 ± 3 30 ± 20 150 ± 30 

ODCS Modified Valve > 500  6 ± 3   1180 ± 490 

PFDCS Modified Valve > 500  5 ± 2     980 ± 350 
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Table 4.3. rms noise of unsilanized and silanized valves in closed and open states 

Valve \ State Closed Open 

Unsilanized Valve 13 ± 4 pA 33 ± 3 pA 

ODCS Modified Valve 11 ± 2 pA 16 ± 4 pA 

PFDCS Modified Valve 8 ± 3 pA 13 ± 6 pA 

 

The valve noise level was then investigated since noise would affect the sensitivity 

of electrochemical measurements. Rms noise for all valves were calculated from the 

steady-state current of both open and closed states (Table 4.3). In the closed state, bare 

glass microfluidic valve exhibited a noise level of 13 ± 4 pA (n = 5), which was not 

significantly different from either ODCS- (11 ± 2 pA, n = 5) or PFDCS- (8 ± 3 pA, n = 5) 

modified valves at 95% confidence level using student’s t-test. However, bare glass valve 

in open state exhibited significantly higher noise (33 ± 3 pA, n = 5), which may be caused 

by the stretching of the PDMS diaphragm, as well as the unstable air layer trapped in 

between the diaphragm and the displacement chamber. In open state, noise after ODCS- 

(16 ± 4 pA, n = 5) or PFDCS- (13 ± 6 pA, n = 5) modification of the valve seat were 

significantly lower. The rms noise for ODCS- and PFDCS- modified valves can be further 

reduced by analog or digital filters if necessary. 
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Figure 4.18. Valve Stability. Electrical resistances of unsilanized (black square), ODCS-

modified (blue diamond) and PFDCS-modified (brown triangle) microfluidic valves were 

measured after every ten cycles of valve operation. The resistance was then normalized to 

the resistance value measured after the first 10 cycles for each valve. 

 

The robustness of the microfluidic valve was evaluated as the ability to retain the 

initial closed-state resistance after multiple cycles of operation. PDMS microfluidic 

pneumatic valves with the same design but using different substrate materials were 

reported to be stable even after exceeding 100,000 cycles of operations.17,52 Valves with 

silanized glass valve seat were expected to obtain similar robustness due to the same 

actuation mechanism in design. To quantitatively analyze valve robustness, electrical 

resistances for each type of valves were measured after every 10 cycles of actuations for 

40 cycles and normalized to the initial resistance (Figure 4.18). Unsilanized valve exhibited 

higher fluctuation in electrical resistance compared to silanized valves, even though all 

valves maintained stable resistance for > 40 cycles of operation. Although the evaluation 

stopped at 40 cycles due to the practical usage of valves for most electrochemical studies, 

individual valves have been operated for >100 times during characterization processes. 
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Quantitative evaluation of valve robustness for higher cycle number are hard to achieve 

due to instrumental limitation in pressure and vacuum control. 

Overall, greatly enhanced electrical resistances were observed for microfluidic 

valves with ODCS- or PFDCS- modified valve seats. Valve opening time and open valve 

noise were also enhanced after valve seat silanization. We attribute the improvement to the 

effective elimination of aqueous solution between PDMS diaphragm and glass valve seat 

due to the decrease in surface energy of the glass substrate. The high electrical resistance 

provides surface-modified microfluidic valves with high potential for isolating 

electrochemical signals in pA to nA region. 

 

4.3.5. Ion Channel Signal Isolation Using Surface Modified Microfluidic Valve 

 To demonstrate the use of surface-modified microfluidic valves in isolating low 

current signals, we tested valve performance with electrophysiological measurements. 

Electrophysiological experiments measure current signals resulting from ion channel 

activities. Since electrophysiological signal usually falls in pA region, these measurements 

provide greater stringency in microfluidic valve resistance than other electrochemical 

signals. To allow the integration of valve operation with ion channel measurements, a glass 

micropipet with reconstituted alpha-hemolysin (α-HL) was introduced into the valve 

solution reservoir (PTFE O-ring). A schematic of the experimental setup is shown in Figure 

4.19. From previous characterizations, the electrical properties of microfluidic valves with 

PFDCS-modified valve seats were determined to be statistically similar to valves with 

ODCS-modified valve seats. Therefore, valves modified with PFDCS were randomly 

selected to be used in this study.  
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Figure 4.19. Schematic of electrophysiological experiment setup. A micro-glass pipet 

(green) was introduced into the PTFE O-ring for lipid bilayer formation and α-HL 

reconstitution. Ag/AgCl electrodes were placed across the microfluidic valve to measure 

current leakage across the valve (not drawn to scale). 

 

α-HLs are bacteria pore forming toxins that are commonly used in ion channel 

sensor platforms,56-58 as well as black lipid membrane (BLM) characterizations.36,54 The 

insertion of α-HLs into the bilayer was monitored with current signal under -40 mV holding 

potential, and each insertion resulted in ~ -40 pA current changes (Figure 4.20), which was 

equivalent to ~ 1 nS per channel, agreeing well with literature.36,54,57 All points histogram 

of currents following insertions (Figure 4.20 B, only the first two insertions were shown) 

further confirmed the discrete current changes due to α-HL insertions. 
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Figure 4.20. Valve operation to isolate electrophysiological signal. (A) Single channel 

recording and (B) All points histogram of the first two α-hemolysin insertions at -40 mV 

holding potential. Each insertion resulted in 40 pA change in current. (C) Current recording 

and (D) all point histogram of valve operation with reconstituted α-hemolysin in BLM at -

40 mV holding potential. The population at -518 ± 4 pA was the current signal resulting 

from 13 α-hemolysin insertions when the valve was open. When the valve was closed, the 

detectable current is 0.3 ± 0.1 pA. 

 

Once the channel insertions were completed, valves silanized with PFDCS were 

actuated to block the current signal. The current trace for valve operation with reconstituted 

α-HL is shown in Figure 4.20 C. The 3-step valve closing feature was not observed because 

the detected current signal was ~ 2% of the maximum open valve current, which fell in the 

range for the 3rd fast closing step. The all points histogram for valve actuation with α-HL 

is shown in Figure 4.20 D. The measured current was -518 ± 4 pA (n = 6) when the valve 

was open, which is equivalent to insertion of 13 α-HLs. The insertion of each α-HL 

insertion was monitored to correlate current signal with channel insertion. The detectable 

A C 

B D 
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current when the valve was closed was 0.3 ± 0.1 pA (n = 6), which was approximately the 

noise level of the patch clamp amplifier, indicating efficient electrical signal isolation. The 

noise level for both open (10 ± 4 pA) and closed (6 ± 3 pA) valves with lipid bilayer were 

consistent with the noise level reported in Table 4.3.  

 

4.4. CONCLUSIONS 

 In this study, we evaluated microfluidic valves with different designs, fabrication 

methods, and surface chemistry for potential integration into microfluidic array devices 

designed to perform parallel electrophysiological experiments. High electrical closed 

resistance is necessary for microfluidic valves to isolate electrophysiological current 

signals in pA regime to prevent signal crosstalk among different experiments. Naturally-

open valves, such as Quake’s valve, require precise control of valve geometry and 

dimensions to obtain high closed resistance. However, this valve design is prone to solution 

leakage even with the well-controlled geometry. Conversely, the 3 layer glass/PDMS 

Mathies’ valve is a naturally-closed valve that obtains high closed resistance due to the 

geometric match between the valve seat and the PDMS diaphragm. 

 The surface energy of the valve seat was investigated to increase the closed 

resistance of microfluidic valves. Upon surface modification of the glass valve seat with 

hydrophobic silanes, OCDS or PFDCS, >70-fold increase in electrical resistance and 

increased performance in rms noise was observed. Valves with enhanced resistance were 

efficient for isolating ion channel signals at pA levels. The surface-modified valve can be 

easily fabricated with low cost and has shown high potential in isolating small 

electrochemical signals in integrated array devices for high throughput analysis. 
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CHAPTER 5.  SUMMARY AND FUTURE DIRECTIONS 

 

5.1. SUMMARY 

 Cellular secretion of hormones and neurotransmitters through exocytosis regulates 

cell communication and function.1 The ability to quantitatively analyze the release of 

hormones and neurotransmitters can provide essential understanding for disease diagnosis 

and treatment. Detection of exocytosis events requires highly sensitive and selective 

methods with ms temporal resolution and μm spatial resolution, 2,3 which can be achieved 

using ion channel sensors.4-6 Ion channel sensors utilize ligand-gated ion channels as 

molecular recognition elements for the binding of hormones and neurotransmitters 

(ligands) with high specificity. Ion channels also transduce the ligand binding signals into 

current that can be readily detected. The development of ion channel sensors has advanced 

significantly in the past few decades,7-9 but advances in individual components of the ion 

channel sensor can further improve sensor performance and throughput. In this dissertation, 

new approaches to improve protein production, sensor positioning and throughput were 

introduced and discussed. 

 Chapter 2 reported in vitro expression of eGFP-Kir6.2 using Hela cell lysate. DNA 

encoding eGFP-Kir was cloned into cell-free expression vector containing a C terminal 

6xHis tag. Protein expression was verified by fluorescence microscopy, dot blot and SDS-

PAGE. Expression conditions were also investigated. Fluorescence results revealed the 

continuous expression of eGFP-Kir6.2 for up to 6 hours, as well as the negative impact on 

protein expression or folding through the addition of detergent, Fos-choline 14, prior to 

protein expression. Furthermore, Kir6.2 function was verified using electrophysiology. 

ATP sensitivity of the channel was observed, indicating successful expression of functional 
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Kir6.2 using the in vitro expression system. Traditional methods of ion channel production 

involve cell transfection, protein synthesis, collection and purification before the protein 

can be reconstituted into BLM for ion channel measurements.10 The production process is 

time consuming and requires significant experience. Successful expression of Kir6.2 using 

in vitro expression system greatly reduces the time and skills needed to assemble ion 

channel sensors, making the sensor more accessible and user friendly. 

 Chapter 3 presented the fabrication and characterization of a dual-barrel ion channel 

probe with 1 μm i.d. for each barrel. One of the barrels served as ion channel sensor with 

PSS-BLM formation and ion channel reconstitution. The selective formation of PSS-BLM 

across one barrel was achieved by rupturing the unwanted BLM with voltage. α-HL was 

successfully reconstituted into PSS-BLM with the expected channel conductance. The 

other barrel was used to position the ion channel probe relative to cell surface by 

monitoring conductance. An approach curve was obtained and distance-dependent change 

in conductance was observed. The conductance was most sensitive to changes in distance 

when the probe was within 3 μm from the cell surface, which overlaps well with the 

distance between cells and ion channel sensors required for exocytosis detection.4,6,11 Since 

the detected concentration of hormones and neurotransmitters released from cells decrease 

drastically with increasing distance between the ion channel probe and the exocytosis site, 

the probe should be placed as close to the cell surface as possible.11 Dual-barrel ion channel 

probe enables the positioning of the ion channel sensor using electrical feedback signals, 

which is far more sensitive than visual positioning under microscopes. The precise 

positioning of the sensor will allow accurate and reproducible measurement of ligand 
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release during exocytosis events, providing better understanding of cell-cell 

communications. 

 Chapter 4 reported the fabrication of a surface modified glass/PDMS microfluidic 

valve with enhanced electrical resistance to isolate electrophysiological signals. The glass 

surface of the valve was modified with hydrophobic silanes, ODCS or PFDCS, to facilitate 

efficient elimination of residual aqueous solution between the PDMS diaphragm and the 

glass valve seat, increasing electrical resistance. The surface modified valve yielded > 500 

GΩ resistance, which was > 70 times higher than that of unmodified valves. Surface 

modified valves were further tested on isolating electrophysiological signals resulted from 

α-HL insertions and was able to demonstrate adequate electrical resistance to lower the 

detectable current to 0.3±0.1 pA. Microfluidic valves with greatly improved electrical 

resistance presents a simple and cost-effective alternative to perform parallel 

electrophysiological experiments.  Current signals resulting from individual experiments 

can be isolated from each other and from the electrodes using microfluidic valves with high 

electrical resistance. Therefore, the surface modified valves can act as electrical switches 

to change the electrical connections on the microfluidic array device to allow fast switching 

among signals being detected from different experiments one at a time. The new approach 

shows significant potential to increase the throughput of ion channel sensor with simple 

device design and minimum instrumentation requirements. 
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5.2 FUTURE DIRECTIONS 

5.2.1. Detergent Screening for in vitro Expression of eGFP-Kir6.2 

Detergent molecules can affect protein stability and folding.12-14 Detergent 

compatibility with the in vitro expression system should be further investigated to allow 

protein expression and to better retain protein structure and function. Chapter 2 revealed 

the negative impact of Fos-choline 14 on in vitro expression of eGFP-Kir6.2. Reasons for 

the low eGFP fluorescent signal was thought to be the denaturization of either the 

machineries responsible for transcription and translation or the expressed eGFP-Kir6.2. 

Fos-choline 14 is a zwitterionic detergent15 that was chosen for in vitro expression study 

due to the superior performance in eGFP-Kir6.2 solubilization from extracted HEK293 cell 

membrane, compared to other detergent molecules.10 However, the transcription, 

translation and post-translational modification steps required for in vitro expression adds 

more criteria than just protein solubility for detergent selection. The desired detergent must 

retain the native structure of necessary machineries to enable membrane protein 

production. 

 In this detergent screening study, different types of detergents should be added both 

prior to and after protein expression for comparison. Detergents regularly used for 

membrane protein purification, such as n-dodecyl β-D-maltoside (DDM, non-ionic 

detergent), 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS, 

zwitterionic detergent) and sodium cholate (ionic detergent), should be evaluated for in 

vitro expression of eGFP-Kir6.2. The ability to find a detergent compatible with the 

expression system can be crucial for expressing insoluble membrane proteins for ion 

channel sensor assemblies. 



158 

 

5.2.2. in vitro Expression of ICCRs 

 ICCRs are synthetic membrane proteins designed specifically for sensor 

applications.16,17 The ion channel portion of the protein acts as signal transducer, whereas 

the GPCR portion acts as the molecular binding element. 16-18 Compared to ion channel 

sensors, ICCR sensors yield a greater analyte pool due to the enhanced diversity in GPCR 

structures and ligands. A key step in assembling ICCR sensor is protein production. 

Successful expression of ICCRs using in vitro expression system will greatly increase the 

efficiency in sensor fabrication.  

 Some effort has been put into in vitro expression of ICCR. Sousa, V. successfully 

inserted M2Kir6.2 DNA into cell-free expression vector pT7CFE1-CGST-HA-His through 

molecular cloning (verified by DNA sequencing results).19 However, protein expression 

and function were not extensively verified. Since M2Kir6.2 does not have eGFP fused to 

the sequence, characterization of M2Kir6.2 expression will heavily rely on the analyses of 

purification tags and ion channel activities. Detergent determined to be compatible with 

the expression system must be added to increase the solubility of M2Kir6.2 to minimize 

protein aggregation and to facilitate protein reconstitution into BLMs. In vitro expression 

system will also be tested on other ICCRs such as D2Kir6.2. 

 

5.2.3. Detection of Acetylcholine Release from Neurons using Dual-Barrel Ion 

Channel Probe 

 Chapter 3 reported the fabrication of dual-barrel ion channel probe for better 

positioning of the ion channel sensor relative to cell surface. However, the performance of 

each barrel was evaluated separately. To further verify the use of the dual-barrel ion 
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channel probe, the probe should be used to measure ligand secretion from cells. 

Acetylcholine release from neurons was successfully detected by multiple research groups 

using ion channel sensors fabricated using cell membrane patches.4-6 Therefore, 

acetylcholine detection using nAChR can be used as a well-studied model to evaluate the 

performance of ion channel probe utilizing BLM platform. The study will also verify 

whether PSS-BLMs will affect channel function and ligand sensitivity of ligand-gated ion 

channel nAChR, which has yet to be well characterized. 

 

5.2.4. The Coupling of Electrophysiology with Scanning Ion Conductance 

Microscopy (SICM) 

 The open barrel in the dual-barrel ion channel probe was designed to assist the 

positioning of the pipet using conductance feedback, which is similar to the theory behind 

SICM.20 SICM is a widely used imaging technique for biological samples with nanometer 

spatial resolution.21-24 The technique provides topographical information of a non-

conductive surface using current as feedback information for the control of pipet position.  

The lack of chemical resolution limits the amount of information obtained from the scan, 

which, therefore, facilitates the coupling of SICM to other techniques such as fluorescence 

microscopy,25,26 and scanning electrochemical microscopy.27,28 Recently, SICM has been 

coupled with electrophysiology to localize and detect ion channel activities.29 Ion channel 

probe with membrane patches has also been used parallel to SICM to localize and detect 

Ca2+.30  
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Figure 5.1. Schematic of simultaneous SICM/electrophysiology using dual-barrel ion 

channel probe. The ion channel barrel is used to detect ligand release from cells. The open 

barrel is used for SICM to generate topographical data (not drawn to scale). 

 

 The design of the dual-barrel ion channel probe can readily support the coupling of 

ion channel measurement with SICM. The addition of SICM to ion channel sensor can 

assist pipet positioning and obtain topographical information of the cell of interest. In the 

meanwhile, ion channel probe is used to detect ligand secretion from cells. Therefore, 

simultaneous SICM/electrophysiology enables the acquisition of spatial and chemical 

information of the cell surface in the same scan. 

 

5.2.5. Integration of Microfluidic Valves into Microfluidic Array Devices with 

Planar BLM Platforms for Parallel Electrophysiological Measurements 

 The surface modified glass/PDMS microfluidic valve introduced in Chapter 4 must 

be incorporated into a microfluidic array device to enable parallel electrophysiological 

measurements. Ideally, planar BLM platforms are preferred due to two reasons. First, 

planar BLMs allow easy solution access on both sides of the lipid bilayer. Second, the 
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formation of BLMs across planar apertures can be performed on multiple apertures at the 

same time to increase sensor throughput.31 Previous attempts to couple the surface 

modified microfluidic valve with planar BLM failed due to the rupture of BLM during 

valve operation. Therefore, mechanical stabilization of BLM is necessary. Various 

strategies such as gel-supported BLM and the utilization of polymerizable lipids can be 

evaluated to improve the mechanical stability of BLM. Once planar BLM can be stabilized 

to endure valve operations, a microfluidic array device will be designed to contain several 

BLM sites for ion channel measurements and enough microfluidic valves to control the 

electrical access to individual BLMs.  
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APPENDIX A. PLASMID INFORMATION FOR MAMMALIAN AND 

BACTERIA PROTEIN EXPRESSION 

 

eGFP-Kir in pT7CFE1-CHis Vector (In Vitro Expression) 

Name: eGFP-Kir in pT7CFE1-CHis 

Vector: pT7CFE1-CHis 

Length of the vector: 3627 bp 

Length of eGFP-Kir: 1839 bp 

Insertion sites: NdeI-NotI 

Length of eGFP-Kir in pT7CFE1-CHis: 5418 bp 

Bacteria Resistance for DNA Propagation: Ampicillin 

 

Vector Map 

 

Figure A.1. Vector map for pT7CFE1-CHis vector.1  
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eGFP-Kir Sequence 

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGGTGCCCATCCTGG

TCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGG

GCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCAC

CGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGC

GTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCA

AGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGA

CGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCT

GGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACAT

CCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATG

GCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAAC

ATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCA

TCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTC

CGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAG

TTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGGGAT

CCGAATTCGAGCTCCGTCGACAAATGCTGTCCCGCAAGGGCATCATCCCCGA

GGAATACGTGCTGACACGCCTGGCAGAGGACCCTGCCGAGCCCAGGTACCGT

GCCCGCCAGCGGAGGGCCCGCTTTGTGTCCAAGAAAGGCAACTGCAACGTGG

CCCACAAGAACATCCGGGAGCAGGGCCGCTTCCTGCAGGACGTGTTCACCAC

GCTGGTGGACCTCAAGTGGCCACACACATTGCTCATCTTCACCATGTCCTTCC

TGTGCAGCTGGCTGCTCTTCGCTATGGCCTGGTGGCTCATCGCCTTCGCCCAC

GGTGACCTGGCCCCCAGCGAGGGCACTGCTGAGCCCTGTGTCACCAGCATCC

ACTCCTTCTCGTCTGCCTTCCTTTTCTCCATTGAGGTCCAAGTGACTATTGGCT

TTGGGGGGCGCATGGTGACTGAGGAGTGCCCACTGGCCATCCTGATCCTCAT

CGTGCAGAACATCGTGGGGCTCATGATCAACGCCATCATGCTTGGCTGCATCT

TCATGAAGACTGCCCAAGCCCACCGCAGGGCTGAGACCCTCATCTTCAGCAA

GCATGCGGTGATCGCCCTGCGCCACGGCCGCCTCTGCTTCATGCTACGTGTGG

GTGACCTCCGCAAGAGCATGATCATCAGCGCCACCATCCACATGCAGGTGGT

ACGCAAGACCACCAGCCCCGAGGGCGAGGTGGTGCCCCTCCACCAGGTGGA

CATCCCCATGGAGAACGGCGTGGGTGGCAACAGCATCTTCCTGGTGGCCCCG

CTGATCATCTACCATGTCATTGATGCCAACAGCCCACTCTACGACCTGGCACC

CAGTGACCTGCACCACCACCAGGACCTCGAGATCATCGTCATCCTGGAAGGC

GTGGTGGAAACCACGGGCATCACCACCCAGGCCCGCACCTCCTACCTGGCCG

ATGAGATCCTGTGGGGCCAGCGCTTTGTGCCCATTGTAGCTGAGGAGGAAGG

ACGTTACTCTGTGGACTACTCCAAGTTTGGCAACACCGTCAAAGTGCCCACA

CCGCTCTGCACGGCCCGCCAGCTTGATGAGGACCACAGCCTACTGGAAGCTC

TGACCCTCGCCTCAGCC 

 

* DNA for eGFP is highlighted in green. DNA for Kir6.2 is highlighted in teal. 
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pT7CFE1-CHis Vector Sequence 

 

TAATACGACTCACTATAGGGCGAATTAATTCCGGTTATTTTCCACCATATTGC

CGTCTTTTGGCAATGTGAGGGCCCGGAAACCTGGCCCTGTCTTCTTGACGAGC

ATTCCTAGGGGTCTTTCCCCTCTCGCCAAAGGAATGCAAGGTCTGTTGAATGT

CGTGAAGGAAGCAGTTCCTCTGGAAGCTTCTTGAAGACAAACAACGTCTGTA

GCGACCCTTTGCAGGCAGCGGAACCCCCCACCTGGCGACAGGTGCCTCTGCG

GCCAAAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCCCAGT

GCCACGTTGTGAGTTGGATAGTTGTGGAAAGAGTCAAATGGCTCACCTCAAG

CGTATTCAACAAGGGGCTGAAGGATGCCCAGAAGGTACCCCATTGTATGGGA

TCTGATCTGGGGCCTCGGTGCACATGCTTTACATGTGTTTAGTCGAGGTTAAA

AAACGTCTAGGCCCCCCGAACCACGGGGACGTGGTTTTCCTTTGAAAAACAC

GATGATAATATGGCCACCACCCATATGGGATCCGAATTCGATATCTTAATTAA

GCTGCAGGAGCTCGTCGACGCGGCCGCACTCGAGCACCACCACCACCACCAC

TGAGATCTGACTGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGTTTAAAC

ACTAGTCCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGT

CTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCGGGCTTCCTCGCTCAC

TGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCA

AAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAAC

ATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTG

CTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGAC

GCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTT

TCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCG

GATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCA

CGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGT

GCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTC

TTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGG

TAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAG

TGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCT

GCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAA

CAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCG

CAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGAC

GCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAA

AAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATC

TAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGA

GGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCC

CGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCT

GCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAA

ACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGC

CTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAG

TTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGC

TCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGT

TACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGA

TCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCA

CTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGT

GAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCT
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CTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAA

AGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTA

CCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTC

AGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAA

AATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATA

CTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGC

GGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCA

CATTTCCCCGAAAAGTGCCACCTGACGTCTAAGAAACCATTATTATCATGACA

TTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCGCGTTTCGG

TGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCT

TGTCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCG

GGTGTTGGCGGGTGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTG

TACTGAGAGTGCACCATATATGCGGTGTGAAATACCGCACAGATGCGTAAGG

AGAAAATACCGCATCAGGAAATTGTAAACGTTAATATTTTGTTAAAATTCGC

GTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCA

AAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCC

AGTTTGGAACAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGG

CGAAAAACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAAT

CAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGAACCCTAAAGG

GAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAA

GGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGC

GGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAG

GGCGCGTCGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGAT

CGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGC

AAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAA

ACGACGGCCAGTGAATTG 
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Glucose-Galactose Binding Protein (GGBP) 

 

Name: GGBP 

Vector: pEt28a+ 

Length of GGBP: 1839 bp 

Insertion sites: NdeI-SacI 

Bacteria Resistance: Kanamycin 

 

GGBP Sequence 

GCTGATACTCGCATTGGTGTAACAATCTATAAGTACGACGATAACGCAATGT

CTGTAGTGCGCAAGGCTATTGAGCAAGATGCGAAAGCCGCGCCAGATGTTCA

GCTGCTGATGAATGATTCTCAGAATGACCAGTCCAAGCAGAACGATCAGATC

GACGTATTGCTGGCGAAAGGGGTGAAGGCACTGGCAATCAACCTGGTTGACC

CGGCAGCTGCGGGTACGGTGATTGAGAAAGCGCGTGGGCAAAACGTGCCGG

TGGTTTTCTTCAACAAAGAACCGTCTCGTAAGGCGCTGGATAGCTACGACAA

AGCCTACTACGTTGGCACTGACTCCAAAGAGTCCGGCATTATTCAAGGCGAT

TTGATTGCTAAACACTGGGCGGCGAATCAGGGTTGGGATCTGAACAAAGACG

GTCAGATTCAGTTCGTACTGCTGAAAGGTGAACCGGGCCATCCGGATGCAGA

AGCACGTACCACTTACGTGATTAAAGAATTGAACGATAAAGGCATCAAAACT

GAACAGTTACAGTTAGATACCGCAATGTGGGACACCGCTCAGGCGAAAGATA

AGATGGACGCCTGGCTGTCTGGCCCGAACGCCAACAAAATCGAAGTGGTTAT

CGCCAACAACGATGCGATGGCAATGGGCGCGGTTGAAGCGCTGAAAGCACA

CAACAAGTCCAGCATTCCGGTGTTTGGCGTCGATGCGCTGCCAGAAGCGCTG

GCGCTGGTGAAATCCGGTGCACTGGCGGGCACCGTACTGAACGATGCTAACA

ACCAGGCGAAAGCGACCTTTGATCTGGCGAAAAACCTGGCCGATGGTAAAGG

TGCGGCTGATGGCACCAACTGGAAAATCGACAACAAAGTGGTCCGCGTACCT

TATGTTGGCGTAGATAAAGACAACCTGGCTGAATTCAGCAAGAAATAA 
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APPENDIX B. PURIFICATION OF NICOTINIC ACETYLCHOLINE 

RECEPTOR (AChR) from TORPEDO CALIFORNICA 

 

INTRODUCTION 

 Nicotinic acetylcholine receptors (nAChR) are ligand-gated ion channels that binds 

acetylcholine. nAChR are commonly found in muscles and central nerve systems of 

various organisms, such as Torpedo californica,2-4 and human.5-7 nAChR has been 

successfully used for molecular recognition for acetylcholine detection in ion channel 

“sniffer” sensors utilizing cell membrane patches.8-10 Due to the well-studied structure3,4 

and function,2,4,11 nAChR is a suitable candidate for use as a model ligand-gated ion 

channel for sensor application using BLM platform. The purification of nAChR from T. 

californica using affinity chromatography was previously reported,12-14 and purified 

protein was studied via SDS-PAGE,12,15 as well as incorporation into lipid bilayers for 

functional studies.13,15  

 In this study, a modified protocol for purifying nAChR from T. californica tissue 

is reported. The procedure was adapted from other nAChR purification protocols to 

conditions compatible with protein reconstitution into BLMs.16-19 Protein purification was 

verified by SDS-PAGE. 

 

EXPERIMENTAL 

Functionalization of Affi-Gel for Affinity Chromatography 

 3 ml of Affi-Gel 10 (BioRad, Hercules, CA) was transferred into a plastic 

disposable column (Invitrogen, Carlsbad, CA), and washed with 25 ml of cold water. The 

gel was then transferred into a beaker containing 15 ml of solution A (13.3 mM cystamine, 
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100 mM HEPES, pH 8.0) and incubated for 1 h at room temperature. The gel was agitated 

at 225 rpm during the incubation. After 1 h, the gel was transferred to the column, and 

washed with 10 ml of solution A followed by 50 ml of water. Once washed, the gel was 

transferred into a beaker containing 10 ml of solution B (20 mM dithiothreitol, 200 mM 

Tris, pH 8.0) and incubated at room temperature for 1 h with agitation at 225 rpm. The gel 

was then transferred to the column and washed with 50 ml of water. Nest, the gel was 

transferred into a beaker containing 10 ml of solution C (20 mM bromo-acetylcholine, 200 

mM NaCl, 50 mM Na3PO4, pH 7.0) and incubated at room temperature for 1 h, with 

agitation at 225 rpm. The gel was then transferred to the disposable column and washed 

with 20 ml of water. Finally, the gel was washed with and stored in un-buffered 0.02% 

NaN3. 

 

nAChR Membrane Preparation from T. californica Tissue 

 T. californica tissue was eviscerated with a food processor designated for research 

use. The ground tissue was suspended in solution D (100 mM NaCl, 10 mM MOPS, 0.1 

mM EDTA, 0.02% NaN3, pH 7.4) supplemented with 1x protease inhibitor and transferred 

into a homogenizer. The tissue was homogenized with an electric drill 10 strokes per cycle 

for 3 cycles. The sample was allowed to cool on ice for 30 s between each cycle. The 

homogenized tissue was transferred into a 15 ml centrifuge tube and centrifuged at 4500 x 

g for 15 min at 4 °C. The homogenization procedure was repeated three times to maximize 

membrane yield. The supernatant was collected into an ultra-centrifuge tube and 

centrifuged at 40000 rpm for 1 h at 4 °C. The membrane pellet was resuspended in the 
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same buffer and aliquoted into 1.5 ml Eppendorf tubes. The membranes were then flash 

frozen in liquid N2 and stored at -80 °C for future use. 

 

nAChR Purification 

 Membrane prepared from 25 g of T. californica tissue was thawed and resuspended 

in 3 ml of solution D supplemented with 1x protease inhibitor and 1% sodium cholate. The 

membrane was solubilized in the detergent solution for 30 min at 4 °C. The suspension was 

then centrifuged at 12100 rpm for 20 min at 4 °C to remove insoluble components or 

aggregations. The supernatant was transferred into a glass vial containing the 

functionalized Affi-Gel and incubated with the Affi-Gel for 1 h at 4 °C. After the 

incubation, the suspension was transferred into a disposable column to perform affinity 

chromatography. The column was washed with 6 ml of solution E (solution D 

supplemented with 1% sodium cholate and 1 mg/ml DOPC), and then 4 ml of solution F 

(solution D supplemented with 1% sodium cholate and 2.5 mg/ml DOPC). The column 

was incubated in 2 ml of solution F overnight at 4 °C. After the overnight incubation, the 

column was washed with 6 ml of solution G (solution D supplemented with 0.5% sodium 

cholate and 0.1 mg/ml DOPC). Finally, protein was eluted with solution H (solution D 

supplemented with 0.5% sodium cholate, 0.1 mg/ml DOPC and 10 mM carbamylcholine) 

and concentrated in 10 kDa MWCO filter to desired volume (e.g. 500 μl). 

 

SDS-PAGE 

 Samples and standards were prepared as listed:  

Ladder: 10 μl of HiMark Pre-stained Protein Standard per well 
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Affinity Purified Sample (concentrated from 4 ml to 500 μl): 17 μl of sample, 6 μl 4x 

loading dye, 1.2 μl 1 M DTT 

Flow Through Sample (un-concentrated 4 ml): 17 μl of sample, 6 μl 4x loading dye, 1.2 μl 

1 M DTT 

 Samples were mixed with sample loading buffer and heated at 85 °C for 3 min 

before gel loading. The gel was run at 120 V for 1.5 h and washed with water 3 times for 

5 min each to remove SDS. The washed gel was then dyed in Colloidal Coomassie Blue 

solution (recipe provided in Chapter 2) overnight and imaged with Chemidoc Gel Imager. 

 

RESULTS AND DISCUSSION 

 The purification protocol presented in this appendix was adapted from multiple 

prior reports with minor modifications tailored for nAChR reconstitution into black lipid 

membranes.16-19 nAChR was purified with a bromo acetylcholine-labeled affinity column 

and eluted with carbamylcholine.16 DOPC was added during the chromatography to 

perform lipid exchange with native cell membranes to both maintain nAChR function and 

control lipid composition to facilitate reconstitution.17,18  

SDS-PAGE was used as the preliminary evidence to evaluate nAChR purification. 

According to the literature, nAChR purified from T. californica tissue is composed of four 

types of subunits: α, β, γ and δ. The molecular weight of the four subunits were 

characterized by SDS-PAGE to be 38-44 kDa, 48-52 kDa, 57-62 kDa and 63-67 kDa, 

respectively. 11,20,21  
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Figure B.1. SDS-PAGE result for nAChR purification. The gel was dyed and imaged with 

Coomassie blue. Samples from left to right: protein ladder, affinity purified sample 

(concentrated by 8 times), flow through, protein ladder. (A) Original gel image. (B) Bands 

assigned using Image Lab 5.1.  

 

Figure B.1 shows images of the unstained and Coomassie Blue stained gel with 

bands highlighted. The two bands at 38 kDa and 45 kDa were assigned to be the α and the 

β units. The two bands that were observed between the 55 kDa and 71 kDa protein markers 

were not clear in the unstained gel but could be partially resolved using lane profiles shown 

in Figure B.2. The two faint bands ran at 57 kDa and 65 kDa, are in the expected range for 

γ and δ subunits. The thick band observed at 110 kDa was reported to be the crosslinked 

oligomer of subunit β with a 43 kDa polypeptide.22,23 The band at 270 kDa corresponded 

to another polypeptide that is rich in T. californica membrane.22  

The detailed lane profiles revealed that the band pattern for affinity purified sample 

and flow through sample appeared to be similar (Figure B.2), suggesting that the majority 

of protein solubilized from the membrane was nAChR, as expected for T. californica 

muscle cells.17,22 Moreover, this result demonstrated that a substantial fraction of nAChR 

did not bind to the affinity column. Hamouda, et. al. reported the necessity of a dialysis 

step before affinity chromatography to enable nAChR binding to bromo-acetylcholine 
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functionalized column,16 while dialysis before affinity chromatography was not performed 

in most nAChR purification procedures.17,19  

CONCLUSIONS AND FUTURE DIRECTIONS 

 In this study, a protocol for nAChR purification from T. californica tissue was 

established. Cell membrane was extracted from the tissue via homogenization and the 

protein was solubilized with buffer containing sodium cholate. Affi-Gel functionalized 

with bromo-acetylcholine was used for affinity chromatography to purify nAChR. Purified 

protein was analyzed using SDS-PAGE, with bands correlating well to the known size of 

the nAChR subunits, supporting successful purification of nAChR.  

 Future direction include verification of purified nAChR function by incorporating 

the protein into black lipid membrane and monitoring channel activities. Carbachol can be 

used as an agonist to further confirm the identity of nAChR. Once the channel activity is 

confirmed, nAChR can be used to prepare acetylcholine-selective ion channel sensors. 
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Figure B.2. Lane profiles for nAChR purification. (A) Affinity purified sample, (B) Flow 

through and (C) Protein ladder. Bands detected by Image Lab5.1 were shown in green, 

while the unmarked peaks were recognized as background noise. 
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