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ABSTRACT 

Artificial membranes composed of natural lipids are not stable when exposed to 

air/vacuum, surfactant, organic solvent, etc. Polymerizable lipids provide an opportunity 

to broaden the use of lipid membranes to study ligand-receptor pairs under harsh 

experimental conditions.  This dissertation presents the utilization of polymerizable lipids 

in matrix assisted laser desorption and ionization-mass spectrometry (MALDI-TOF MS) 

for analysis of ligands bound to membrane receptors. This platform may be applied to 

rapid drug-screening for membrane receptors including transmembrane proteins.  

Bacterial toxins and their membrane receptors were used as model ligand-receptor pairs 

to demonstrate the feasibility of using polymerizable lipids to detect and identify ligands 

by MALDI-TOF MS. Cholera toxin B (CTB) was successfully detected bound to 

polymerized lipid membranes with incorporation of its membrane receptor, GM1, while 

no CTB was detected in non-polymerizable lipid membranes. This affinity capture 

platform based on poly(lipid) showed a high resistance to interferences. On-plate 

digestion of bound CTB was performed and 57% amino acid sequence coverage was 

achieved.  

Total internal reflection fluorescence microscopy (TIRF-M) was applied to compare 

CTB-GM1 binding affinity in polymerized and unpolymerized membranes. Under a 

static flow system, the binding between CTB and GM1 was found to be stronger in 

polymerized membranes than other membranes. However, the ligand concentration under 

a static flow system is not in excess and the apparent binding affinity is likely to be 
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significantly different than the true value. The true binding affinity can be approached 

under a continuous flow system, however equilibration time was found to be too long to 

address experimentally. 

Membrane fluidity, which may be required to maintain the membrane receptor activity, is 

suppressed in poly(lipid) membranes compared to unpolymerized membranes. In order to 

maintain fluidity, a non-polymerizable lipid was mixed into a polymerized lipid. 

Fluorescence recovery after photobleaching (FRAP) data showed that fluidity of 

membrane composed of the mixed lipid was maintained compared to pure poly(lipid). 

Phase segregation of polymerized lipid and non-polymerizable lipid was detected by 

atomic force microscopy (AFM). CTB bound to GM1 in mixed lipid membranes was 

detected by MALDI-MS, indicating the mixed lipid membranes retain stability under 

MALDI-MS analysis conditions.  
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CHAPTER 1: INTRODUCTION 

Abstract: Artificial lipid bilayers are essential to many biological studies, especially 

transmembrane-protein related research. This chapter will contain an overview of lipid 

bilayers, including the use of polymerizable lipids. Polymerizable lipids can enhance the 

stability of artificial lipid bilayers, allow harsh experimental conditions to be employed, 

increase membrane lifetime, make lipid membrane use in biosensor platforms more 

feasible, etc. The incorporation of polymerizable lipids and the polymerization process, 

however, may change protein-related properties, such as binding affinity, activity, 

functionality. 

1.1 The structure and properties of lipid 

1.1.1 Lipid overview 

Lipids are a broad range of hydrophobic or amphiphilic molecules. They include fatty 

acyls, glycerolipids, glycerophospholipids (or phospholipids), sphingolipids, sterol lipids, 

prenol lipids, saccharolipids and polyketides.
1
  

There are thousands of different lipids in eukaryotic cells and they are crucial to the 

cellular structure and function.
2
 Phospholipids and sphingolipids are two major 

components in biomembranes.
3
 The main functions of lipids in a cell are: barriers to 

segregate constituents inside the cell from the external environment, energy storage and 

messengers in signal transduction and molecular recognition processes.
4
 The chemical 
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composition and physical properties of membranes can affect functions of carbohydrates 

and proteins in membranes and thus cell functions. 

1.1.2 Phospholipid structure 

Phospholipids (Figure 1.1) have two hydrophobic fatty acid chains and a phosphate group 

attached to the glycerol backbone. The tails (hydrophobic region) and headgroups 

(hydrophilic region) of the phospholipid makes it amphiphilic. The number of carbon 

atoms in the fatty acid chain is usually an even number between 14 and 24. Unsaturated 

tails are also seen in phospholipids. 

According to the functional group that is attached to the third hydroxyl in the phosphate, 

phospholipids can be classified as phosphatidylcholine (PC), phosphatidylethanolamine 

(PE), phosphatidylserine (PS), phosphatidylglycerol (PG), phosphatidylinositol (PI) and 

phosphatidic acid (PA) (see Figure 1.1). In this dissertation, the PC headgroup is the most 

commonly used and will be discussed in the following sections. 
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Figure 1.1 The representative structure of phospholipids with different functional 

headgroups. 

 

1.1.3 Lipid phases 

Phospholipids are polymorphic. When they are dispersed in water, phospholipids can 

form many different types of organized molecular structures.
5
 Due to the hydrophobic 

effect and the interaction of the headgroup with water, phospholipids can form bilayers, 

vesicles, micelles, inverted micelles, cubic or rhombic phases.
6
 Other variables such as 
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lipid concentration, temperature, pressure, ionic strength and pH can also determine the 

predominant phase.
7
 Under physiological conditions, most biomembranes exist in the 

well-known lamellar phase or lipid bilayer phase, which will be discussed in more detail 

in Section 1.2. 

With respect to biomembranes, the lamellar phases (gel phase or Lβ and liquid-crystalline 

phase or Lα) are of particular interest. The gel phase is relatively more ordered. In this 

phase, the hydrocarbon chains are constrained to all-trans conformations, and are thus 

rigid and extended. In the liquid-crystalline phase, gauche conformers exist in the 

hydrocarbon chains and the order is decreased. Therefore, there is a large decrease in the 

diffusion coefficient in gel-phase lipid compared to liquid-crystalline phase lipid.
8
 The 

change in the lamellar phase can be associated with temperature, hydration, pressure, 

ionic strength and pH.
9
 Since temperature is the most extensively studied factor, the 

following discussion will concentrate on the thermotropic phase transition. 

The phase transition temperature, Tm, is defined as the temperature at which membranes 

undergo the Lβ to Lα transition.
10

 There are four major variables that affect the Tm: van 

der Waals interactions, trans-gauche isomerism, headgroup interactions and lipid 

hydration.
5
 Therefore, the molecular structures of the lipids can influence the phase 

behavior. The length of the carbon chain and saturation of the carbon chain determines 

van der Waals interactions and trans-gauche isomerism, and thus the Tm. Generally 

speaking, the longer the hydrocarbon chain length, the higher the Tm will be; the more cis 

double bonds that are in the chain, the lower the Tm will be.
11

 The electrostatic properties 
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of the headgroup may also affect the Tm. Additionally, interactions with divalent cations, 

such as Ca
2+

 and Mg
2+

, and pH can also modulate the Tm.
12, 13

 

1.2 Artificial membrane structure 

1.2.1 Liposomes 

Liposomes are artificial microscopic vesicles made of lipid bilayers. In the vesicle, the 

hydrophilic headgroups of the lipids are facing toward the extravesicular solution and 

inner cavity and hydrophobic chains of the lipids are embedded in between headgroups to 

form the bilayer.
14

 Due to the amphiphilic properties of liposomes, they can be used to 

carry both water soluble and water-insoluble agents. Thus, they have broad applications 

in medical, therapeutic and analytical fields.
15-18

 

Based on the structure, liposomes can be classified as unilamellar vesicles, oligolamellar 

vesicles and multilamellar vesicles.
19

 Based on size, unilamellar vesicles can be further 

classified into small unilamellar vesicles (SUVs, size ranges from 10-50 nm), medium 

unilamellar vesicles (MUVs, size ranges from 50-100 nm), large unilamellar vesicles 

(LUVs, size ranges from 100-5000 nm) and giant unilamellar vesicles (GUVs, size 

ranges from 5-300 μm).  

SUVs are formed from multilamellar vesicles. When dried lipids are hydrated, they can 

form multilamellar vesicles spontaneously. When multilamellar vesicles are sonicated 

either with a bath type sonicator
20

 or a probe sonicator under an inert atmosphere
21

 above 

Tm, SUVs with a size ranging from 12 to 50 nm (depends on sonication power, 
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temperature, lipid structure, etc.) can be formed. The sonication method is easy and can 

rapidly produce a relatively narrow distribution of liposome sizes. Another commonly 

used method is extrusion of multilamellar vesicles through polycarbonate filters.
22

 It can 

produce a narrow distribution of vesicle sizes down to 50 nm. There are other methods 

reviewed in reference 23.
23

 SUVs have attracted much interest because they can be used 

for vesicle fusion, which is an often employed and straightforward way to form planar 

supported lipid bilayers (Section 1.2.3). 

1.2.2 Black lipid membranes (BLMs) 

Black lipid membranes (BLMs) are lipid bilayers that are suspended across an aperture.
24

 

The physico-chemical properties of BLMs, especially those of membrane proteins 

incorporated into BLMs, can be characterized by conductance, dielectric constant, 

surface charges, etc.
25

 This broad range of characterization methods is a major reason that 

BLMs have been used as model systems for more than 50 years.  

BLMs are usually formed across apertures made of hydrophobic materials such as Teflon 

or silanized glass.
24, 26

 There are two types of BLMs based on their different formation 

methods: solvent containing membranes and solvent free membranes.
24, 27

 In the solvent 

containing membrane formation method, the lipid is prepared at a high concentration (eg. 

10 mg/mL) in an organic solvent (eg. decane). A small amount of lipid solution is then 

“painted” (dragged with a disposable pipette tip or brush) across the aperture. The lipid 

solution will thin with time as a result of hydrostatic pressures, gravitational flow and 

diffusion.
28

 Eventually, the hydrophobic chains of the two leaflets of lipid will “zip 
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together” across the aperture and form a BLM. In the solvent free membrane formation 

method, the aperture made of hydrophobic material is placed between two aqueous cells. 

Lipids are spread with a volatile organic solvent on the surface of an aqueous buffer cell. 

After evaporation of volatile solvent, a monolayer of lipid is formed at the surface of the 

aqueous buffer. Then the buffer level is lowered to form the first monolayer across the 

aperture and the buffer level is raised to form the second monolayer.
29

 It should be 

pointed out that even though this method is called “solvent free”, some organic solvent is 

still used. 

Unlike liposomes (Section 1.2.1) or planar supported lipid bilayers (Section 1.2.3), BLMs 

allow access to both sides of the membrane and both sides can be modified individually, 

so it allows studies on membrane-related molecular orientation. BLMs have been utilized 

in investigations of ion channel structure-function relationships, modulation of ion 

channel function by changes in membrane composition, and biosensor applications.
30-32

 

1.2.3 Planar supported lipid bilayers (PSLBs) 

Planar supported lipid bilayers (PSLBs) are another widely used artificial lipid bilayer 

geometry that is attracting more and more interest due to the relatively easy preparation 

procedures and compatibility with surface analysis techniques.
33-35

 PSLBs are planar, 

extended bilayers adsorbed onto a solid surface.
36

 The common solid surfaces or 

substrates used to form PSLBs are hydrophilic, such as glass, quartz and mica. Due to 

this solid support, PSLBs are more robust than other forms of bilayers. However, organic 
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solvent dissolution, surfactant detachment, exposure to air and other insults are still 

limitations for PSLB stability. 

One common way to form PSLBs is Langmuir-Blodgett deposition.
33

 The lipid is 

dissolved in a volatile solvent and this solution is dispersed at the water surface. After 

evaporation of the solvent, a monolayer of lipid is formed at the air-water interface with 

hydrophobic chains in the air and hydrophilic headgroups in the water. The lipid 

monolayer is then compressed to a desired surface pressure and transferred to a 

hydrophilic substrate by passing the substrate from water to air vertically. The bilayer can 

be formed by dipping the substrate into water and transferring a monolayer horizontally. 

During this process, a precise pressure/area isotherm can be measured. It can provide 

information on lipid packing and orientation, allowing precise control of the area per 

molecule of the lipid. Moreover, asymmetric compositions of lipids in the inner and outer 

leaflet can be assembled by Langmuir-Blodgett deposition. However, this method is not 

as simple as the vesicle fusion method (next paragraph). Some membrane-related 

molecules, especially membrane proteins, are difficult or even impossible to incorporate 

into lipid bilayers by the Langmuir-Blodgett method.  

A more convenient and frequently-used method to form PSLBs is vesicle fusion. The 

generally accepted process of vesicle fusion is illustrated in Figure 1.2.
37

 First, when 

exposed to a hydrophilic substrate, the SUVs spontaneously adsorb onto the surface. 

Then, vesicles will fuse when they come into contact with other vesicles to form bigger 

vesicles. When the size of the vesicle reaches a limit, the vesicle will rupture and convert 
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to a supported bilayer disk (some vesicles large enough may rupture directly without the 

fusion process). Finally, the disks will merge with each other to form a continuous lipid 

bilayer.
38-40

 PSLBs formed by the vesicle fusion method are very reproducible and there 

are almost no defects in the lipid surface. Also, the integration of proteins or coupling 

sites is much easier. There are a lot of patterning techniques that can be used on 

PSLBs.
41-44

 

   

Figure 1.2 PSLB formation by the vesicle fusion method. Reprinted by permission from 

Elsevier, [37]. Copyright 2013. 
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  There are many parameters that can affect the fusion process. The vesicle size and lipid 

concentration are two major determinants of vesicle fusion studied by Reviakine and 

coworkers.
45

 They studied fusion of lipid vesicles prepared from different methods with 

different sizes. If the eggPC vesicle size is not big enough (SUVs, prepared from 

sonication with a radii of 12 nm), it will remain adsorbed and will not fuse and rupture on 

mica in the absence of Ca
2+

. However, when the concentration of vesicles increases, at 

some point (~1 mg/mL), they can still fuse and rupture. As a comparison, eggPC vesicles 

with a radii of 15 or 25 nm prepared by the extrusion method do not give rise to PSLBs 

on mica up to a concentration of 3 mg/mL in the absence of Ca
2+

. It was also found that 

calcium ions facilitate the vesicle fusion process. In the previous two examples, with the 

introduction of 2 mM Ca
2+

, the PSLBs were observed at lower vesicle concentrations 

(~0.25 mg/mL for SUVs with a radii of 12 nm prepared from sonication and 0.1 mg/mL 

for SUVs with a radii of 15 or 25 nm prepared from extrusion). It was also found that van 

der Waals, electrostatic, hydration, and steric forces play a crucial role in fusion process. 

The pH of the buffer and ionic strength are important factors in fusion processes of 

vesicles with net negative charges, but they do not affect fusion of neutral or positively 

charged vesicles. Formation of PSLBs is not favored under high pH conditions or on 

highly curved surfaces.
46

  Additionally, lipid composition, temperature, surface chemistry 

of the substrate and osmotic pressure inside the vesicles can also affect the fusion 

processes.
36

 

There is significant evidence suggesting the presence of a thin water layer (~1-2 nm) 

between the substrate and the headgroups of the inner leaflet of the PSLBs.
47-50

 This 
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water layer keeps the inner leaflets of the bilayer fluid and may contribute to applications 

of PSLBs in life sciences.
41, 51, 52

 

1.3 Polymerizable lipids 

Even though PSLBs have applications in membrane-related molecule studies, they are 

difficult to work with, because of their fragility. As a result, they require careful 

processing procedures, which limit their commercial application.
35

 Lipid molecules in 

PSLBs are self-associated via non-covalent interactions and their interaction with the 

underlying surface is weak. When PSLBs are exposed to surfactants, organic solvents, air, 

changes in pH, changes in temperature, mechanical insults or even long-time storage 

conditions, they may lose the lamellar structure and detach from the substrate.
41, 53-55

 This 

instability issue limits not only the applicability of PSLBs in membrane-related molecule 

(especially membrane protein) studies, but also limits the compatibility of PSLBs with 

many surface techniques and instruments. 

A frequently employed approach to address PSLB instability is to covalently attach alkyl 

components to the substrate and adsorb a lipid film onto the hydrophobic surface to form 

a hybrid surface. Meuse et al. adsorbed alkane-thiols onto a gold surface to form self-

assembled monolayers (SAMs) and then transferred a monolayer of phospholipid from 

the air-water interface onto the SAMs by the Langmuir-Blodgett method.
56

 This hybrid 

bilayer membrane based on alkane-thiol SAMs is air-stable and can be coupled with a 

wide range of surface analytical techniques.
57

 Besides alkane-thiol attachment, 

alkylsiloxane attachment is another way to create hybrid bilayer membranes.
58, 59

 Both 
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hybrid systems are claimed to be more stable in air and for longer storage time compared 

to normal PSLBs. However, since there is no covalent bonding between lipid molecules, 

this hybrid bilayer membrane cannot prevent lipid loss and thus is insufficiently stable for 

commercial use.
58

 

An alternative solution to the stability issue is to introduce covalent bonds between lipid 

molecules by using lipids with reactive groups. The following sections will provide an 

overview of utilizing polymerizable lipids to enhance PSLB stability. 

1.3.1 Functional groups 

Polymerizable lipids contain a synthetically introduced polymerizable moiety that will 

maintain the hydrophilic/hydrophobic balance of the molecule.
60

 A broad range of 

polymerizable groups have been incorporated into lipids since the 1980s.
61-63

 The 

polymerizable groups can be incorporated into the hydrophilic headgroups or anywhere 

in the hydrophobic chains. To preserve lipid amphiphilic behavior, it is more common to 

introduce reactive moities in the hydrophobic chain instead of the hydrophilic headgroup 

since most of the polymerizable groups are hydrophobic. Figure 1.3 shows some 

examples of typically used polymerizable functional groups.
60

 For the utilization of 

polymerizable lipids in PSLBs, only diacetylene, acryloyl, methacryloyl and dienoyl 

moieties have been used.  
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Figure 1.3 Commonly used reactive moities in polymerizable lipids. 
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  The diacetylene group shown in Figure 1.3 has been the most studied of all the 

polymerizable groups. Planar supported diacetylene-modified PC lipids were first 

reported in the 1980s.
64

 Multilayers of the polymerizable lipids were deposited by the 

Langmuir-Blodgett method and UV-polymerization was performed to make stable lipid 

films. The diacetylene films were reported to be robust. The films can be eventually 

removed after some extreme conditions like extended immersion in hot detergent solution. 

However, the diacetylene group requires orderly packing to be efficiently polymerized 

and thus can only be polymerized in the gel phase.
65

 Additionally, the polymerization is 

usually not successful when diacetylene groups are not oriented properly or when 

monolayers of the lipids are used.
66

 

Alkene-containing lipids (like acryloyl, methacryloyl, sorbyl) can be polymerized in both 

Lα and Lβ phases with a much higher conversion efficiency than diacetylene-containing 

lipids.
67

 The stability and characteristics of planar supported polymerized dienoate-

containing lipid bilayers have been extensively studied in the Saavedra group.
53, 68-71

 

PSLBs composed of 1,2-bis[10-(2’,4’-hexadienoloxy)decanoyl]-sn-glycero-3-

phosphocholine (bis-SorbPC)  (Figure 1.4) are known to provide a platform that is more 

stable for lipid-related studies, displays high-resistance to non-specific adsorption of 

proteins and maintains functions of membrane proteins.  Thus, the polymerizable lipid, 

bis-SorbPC, is used in the entire dissertation. 
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Figure 1.4 The structure of bis-SorbPC. 

 

1.3.2 Methods of polymerization 

Polymerization of the dienoate functional group yields 1,4-, 1,2- or 3,4-products. The 

polymerization of sorbyl-functionalized PC molecules follows the 1,4-mechanism as is 

shown in Figure 1.5.
72

 

  

Figure 1.5 The polymerization of sorbyl lipids yields 1,4-polymers.  

 

UV-irradiation from a low pressure Hg-lamp has been used extensively in polymerizing 

lipids with unsaturated bonds.
64, 73

 The molar absorptivities of dienoate groups at ~260 

nm are around 25,000 M
-1

cm
-1

 and they are sufficient to use UV-initiated polymerization 

to convert lipid monomer to polymer both above and below the Tm of the lipid.
74, 75

 A 

representative UV absorbance spectrum of bis-SorbPC monomer in methanol is shown in 
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Figure 1.6. Bis-SorbPC monomer has an absorption maximum at ~258 nm and the molar 

absorptivity, ε, in methanol at 258 is 47100 M
-1

cm
-1

.
76

 The monomer absorption will 

decrease upon UV-polymerization. The 1,4-polymer product absorbs at ~205-210 nm.
75

 

It has been reported that UV-polymerized bis-SorbPC vesicles and bilayers are stable to 

surfactant.
69, 77

 Due to the polymer chain degradation induced by short wavelength UV, 

the size of the final polymer product is usually 3-10 monomer units.
78

 UV-polymerization 

is the only polymerization method used in the following studies. 

  

Figure 1.6 The absorbance spectrum of bis-SorbPC monomer in methanol.  

 

Thermal polymerization is another way to polymerize lipids. Water-insoluble 

azobis(isobutyronitrile) (AIBN) and water-soluble azobis(2-amidinopropane) are two 

commonly used initiators. When the temperature increases, the initiators can decompose 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

200 250 300 350 400 

A
b

so
rb

an
ce

 

wavelength (nm) 

bis-SorbPC absorbance spectrum 



38 
 

to form radicals. In this polymerization method, the ratio of monomer to initiator and the 

monomer concentration are two crucial parameters that control the polymer chain length. 

The polymerization of lipids can also be performed by utilizing redox initiators. Redox 

radical initiated polymerization (redox polymerization) does not require high temperature 

like thermal polymerization. Thus, redox polymerization lowers the possibilities of side 

reactions. In redox polymerization, a redox couple is used. The reaction between the 

oxidant and the reductant can produce radicals and the radicals can then initiate chain 

polymerization. The most common radical is the hydroxyl radical, which is hydrophilic 

and small in size, allowing it to diffuse into lipid bilayers. Some typical oxidants are 

hydrogen peroxide, potassium bromate, and potassium persulfate and some commonly 

used reducing agents are L-cysteine, sodium bisulfite, and ascorbic acid. Potassium 

persulfate and sodium bisulfite are used as an example of a redox couple to demonstrate 

the generation of the hydroxyl radical in Figure 1.7. In this case, both hydroxyl radicals 

and sulfoxy radicals may play a role in initiating polymerization.
67, 79, 80

 The rate of 

polymerization is affected by the strength of the oxidizing agent.
81

 The size of 

polymerized segments is dependent on the [oxidant]/ [reductant] ratio.
79
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Figure 1.7 Mechanism for the generation of hydroxyl and sulfoxy radicals using the 

K2S2O8/NaHSO3 redox couple.  

 

Dye-sensitized photoinitiation and γ-irradiation are two other reported methods used to 

polymerize dienoate-containing lipids, but they are not discussed in this dissertation.
79, 82

 

1.3.3 Properties of polymerized lipids 

Based on the number of reactive moieties in the monomer, the polymer product can be 

linear or cross-linked. Lipids with a single polymerizable group are polymerized linearly. 

Lipid monomers with more than one functional group yield cross-linked polymer.
61, 77, 83

 

The number of cross-links and cross-link length varies with the cross-linking method and 

experimental conditions. Bis-SorbPC is a homobifunctional, cross-linking lipid with two 

of the same reactive moieties, one on each of the hydrophobic chains. The phase 

transition temperature of bis-SorbPC is 28.8 °C, lower than the corresponding saturated 

chain PCs.
75

 UV-polymerization produces oligomeric polymers in mono-SorbPC studies 

(3-10 monomer units), but the size for bis-SorbPC is unknown.
72

 The degree of 

polymerization of bis-SorbPC by thermal polymerization can be 100-600 depending on 

the monomer to initiator ratio.
72

 The degree of polymerization was reported to be 43 and 

51 for bis-SorbPC polymerized with the redox couple K2S2O8/L-Cysteine above and 



40 
 

below the Tm, respectively.
67

 After polymerization, the phase transition temperature may 

broaden or even dissappear.
84-86

 It is explained by the inhibition of the formation of 

gauche conformations and the cooperativity between lipid molecules.
87

 

The polymerized bis-SorbPC bilayers have been extensively characterized in the 

Saavedra group. Redox-polymerized bis-SorbPC PSLBs remain intact upon exposure to 

air.
69

 UV-polymerized bis-SorbPC PSLB showed some lipid loss from the outer leaflet 

when removed from water, but were overall still more stable than non-polymerizable 

lipid bilayers.
69

 Moreover, the UV-polymerized bis-SorbPC bilayers were proved to be 

stable (less intact than redox polymerized film) under high vacuum condition in X-ray 

photoelectron spectroscopy (XPS) and time of flight-secondary ion mass spectrometry 

(ToF-SIMS) experiments.
88, 89

  Polymerized bis-SorbPC bilayers showed a high 

resistance to non-specific protein adsorption, and this property allows their use in 

biosensors.
70

 Due to the cross-linking in the system, polymerization of the lipid results in 

a decrease in the membrane fluidity.
90

 This may be a concern, because it might also 

reduce the lateral diffusion of membrane-incorporated proteins and receptors. If the 

functions of the membrane-related molecules are dependent on lateral diffusion, the 

polymerized lipid assemblies may not maintain their activity. 

1.4 Applications of poly(bis-SorbPC) membranes 

Since the advent of polymerizable lipids, they have been applied in many fields. Poly(bis-

SorbPC) bilayers, as one of the stabilized lipid bilayers, are known to be highly protein-

resistant and stable against solvents and air.
69, 70

 They have been used as capillary 
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coatings for protein separation
91

, drug delivery vesicles
92

, and in biosensing arrays
93

, etc. 

In this section, the applications of the polymerizable lipid, bis-SorbPC, will be reviewed. 

1.4.1 Detection of bacterial toxins  

Bacterial toxins are produced by a variety of bacterial pathogens and plants. They are a 

subject of intense research due to their lethality, especially in the sensor development 

field. More details about the type and structure of bacterial toxins are mentioned in 

Section  2.1.1. Cholera toxin (CT), secreted by the bacterium Vibrio cholerae, is the most 

widely studied bacterial toxin. It is an AB type bacterial toxin with a homopentamer as 

the binding site (CTB) targeting the ganglioside GM1 in the intestinal cell membrane. 

More information is provided in Section 2.1.1 and 2.1.2. It is estimated that cholera 

causes ~120,000 deaths annually all over the world, especially in developing countries in 

Southeast Asia, Africa and South America.
94

 Researchers have been and will continue to 

develop rapid and sensitive methods for the detection of CT.
95-98

   

Joubert et al. developed planar arrays of poly(bis-SorbPC) bilayers with incorporated 

GM1 by a continuous-flow microspotter.
93

 These arrays showed specific binding between 

GM1 and CTB even after the lipid arrays were air-dried. Specific binding was maintained 

when the bilayers were regenerated by exposure to low pH/high urea concentration 

solution and protein denaturing solution. The feasibility of mass spectrometry detection 

of CTB bound to GM1 doped poly(bis-SorbPC) was also illustrated in the paper. With 

the combination of planar poly(lipid) arrays and mass spectrometry detection, there is a 

potential application in high-throughput membrane-based detection for cholera toxin. By 
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changing the membrane receptor (GM1), this platform may also be broadened for high-

throughput screening of other bacterial toxins. This is the basis for the studies described 

in Chapter 2. 

1.4.2 Incorporation of transmembrane protein  

Transmembrane proteins usually have a hydrophobic core and two hydrophilic domains. 

The hydrophobic core is embedded across the membrane and the hydrophilic domains are 

facing the extracellular and cytoplasmic sides. There are several subunits that span the 

membrane several times in most transmembrane proteins. A large family of 

transmembrane proteins is G-protein coupled receptors (GPCRs). GPCRs are crucial in 

cellular signal transduction and they have been the most successful protein target for drug 

discovery. About 30-50% of approved prescription drugs are targeted to GPCRs.
99-102

  

Bovine rhodopsin (Rho), a model GPCR, is responsible for vision. It is well-

characterized and relatively easy to purify compared to other GPCRs. Rho is located in 

the rod outer segments on retinas and the corresponding G protein for Rho is transducin. 

A chromophore, 11-cis-retinal, is covalently attached to Rho. Upon light stimuli, the 

chromophore changes to the all-trans conformation and induces a conformational change 

in Rho, which causes the dissociation of α subunit in transducin and triggers a 

downstream signal cascade.
103

 The reconstitution of rhodopsin into a PSLB composed of 

different artificial PC lipids has been carried out.
104-107

 The activity of Rho was found to 

be affected by the lipid structure, but this effect will not be discussed in details in this 

dissertation. 
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  The incorporation of Rho and studies on its bioactivity in poly(bis-SorbPC) have also 

been carried out. It was found that the photoactivity of Rho is maintained in UV-

polymerized bis-SorbPC.
71

 Further studies with XPS, ToF-SIMS and angle-resolved XPS 

techniques showed that the incorporated rhodopsin is retained within the UV-

polymerized bis-SorbPC bilayer rather than adsorbed on top of the bilayer.
88

 These 

findings supported the retention of transmembrane protein functionality in this poly(lipid) 

platform and suggested that this platform should be further investigated for the selective 

binding of ligands, possibly leading to development of transmembrane protein-based 

biosensors and biochips based on poly(lipid) platform. However, in the case of Rho, the 

photochemical activity is related to a conformational change that does not require lateral 

diffusion of lipid monomers. For other proteins, the lateral diffusion of lipid molecules 

may be a necessity for many reactions or functions. In order to maintain the bioactivity of 

the transmembrane proteins, a lipid bilayer may need to be fluid.
35, 108

  

1.4.3 Other applications  

The non-specific adsorption of protein and peptide analytes has been a problem for 

quantitative and qualitative protein separations by capillary electrophoresis (CE). One 

solution is to coat the capillary surface with molecules that are resistant to non-specific 

protein adsorption. Since PC groups have high protein resistance,
108, 109

 lipids have been 

one candidate. However, the natural PC lipid bilayers are unstable for CE separation 

conditions and thus require frequent regeneration. Poly(lipids) can be a good alternative 

for suppressing non-specific interactions and maintaining stability. Poly(bis-SorbPC) was 
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first used as a capillary coating by Mansfield et al.
91

 It generated a smaller reduction in 

electroosmotic flow than unpolymerizable lipids, thus allowing separation of both 

cationic and anionic proteins. Recently, the application of poly(bis-SorbPC) in capillary 

coatings for CE separations has been further explored by investigating the pH range, 

capillary inner diameter and storage time under which the polymerized lipid bilayers 

coatings are still stable.
110

 It was found that the poly(bis-SorbPC) coatings are stable 

under a broad pH range (from 4.0-9.3) up to 45 days. This proved the capability of 

poly(lipid) coatings in protein separation by CE. The size of capillaries was found to play 

a role in separation performance. Capillaries with an inner diameter less than 50 μm 

provided optimal separation performance. This finding illustrated one of the future 

crucial optimization parameters. 

Liposomes show excellent biocompatibility and capability as drug delivery vesicles.
111

 In 

order to utilize liposomes for therapeutics, they must a) have a reasonable retention 

lifetime in the blood system to successfully be circulated to the delivery sites and b) 

release the liposomal contents in a relatively rapid manner once at the delivery site. To 

achieve both requirements, liposomes composed of mixtures of bis-SorbPC, PEG-DSPE 

and other non-polymerizable lipids have been characterized.
112, 113

 The liposomes were 

found to be thermally stable at temperatures above 37°C. Upon UV-irradiation, the 

release rate of encapsulated water-soluble fluorescent probes increased 28,000-fold from 

that measured for unirradiated liposomes. The contraction or distortion of the bis-SorbPC 

domain upon polymerization is thought to be responsible for the increase in small-

molecule permeability. As the fluidity, stability and permeability of the vesicle can be 
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controled by different polymerization conditions, bis-SorbPC and ethylene glycol 

dimethacrylate (EGDMA) were co-polymerized to form porous phospholipid nanoshells 

(PPNs).
92

 These PPNs are chemically and environmentally stable and possess high 

permeability to small molecules and low permeability to large molecular weight 

compounds. The nominal molecular weight cutoff limit (NMCL) of bis-SorbPC PPNs 

was determined to be 1800 Da linear dextran and it corresponded to a maximum pore 

diameter of 2.6 nm.
114

 

The application of poly(bis-SorbPC) in high throughput biosensing has also been 

explored in the past decade. Microcontact printing has been used to immobilize proteins 

onto poly(bis-SorbPC) PLSBs.
115

 In this case, it was not required to covalently attach a 

functional group to the lipids for protein immobilization. Bovine serum albumin (BSA), 

antibodies and streptavidin were reported to successfully form firmly adsorbed protein 

patterns on dried poly(bis-SorbPC) PSLBs with high protein surface coverages. The 

protein film showed stability upon buffer rinsing and in the presence of excess dissolved 

protein. This is a simple method to immobilize proteins for biosensing applications.  

Another way to prepare chemically and biochemically functionalized patterns is by 

utilizing functionalized lipids to immobilize proteins. Polymerizable lipid, bis-SorbPC, 

was first used to coat the inside of the fused silica capillary.
116

 Upon UV-irradiation 

through a variable feature size photomask, some regions are polymerized and stable, 

while other regions are not polymerized and can be removed by surfactant rinses and air 

purges. After removal of unpolymerized lipids, chemically functionalized lipids can then 
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be recoated to fill the empty regions. Proteins can then be immobilized on those 

chemically functionalized lipids and form functional patterns. These poly(bis-SorbPC) 

patterns (only the poly(bis-SorbPC) region) were found to be stable to many chemical 

and physical insults including drying/rehydration, solvent or surfactant rinses and 

extended storage time. They were also found to be biocompatible and highly resistant to 

non-specific protein adsorption. All the properties of the poly(bis-SorbPC) patterns 

validate the potential of using this method to form chemically and biochemically 

functionalized patterns in high-throughput chemical sensing and screening.
117

 

Furthermore, the poly(bis-SorbPC) coatings showed low cellular adhesion and 

morphological changes. This is another advantage for utilizing poly(lipids) in biosensor 

coatings because they can overcome the host response induced gradual loss of 

functionality.
118

  

1.5 Overview of experiments 

The polymerizable lipids are popular in membrane-related molecule studies mainly due 

to the increase in stability relative to fluid membranes. This stable platform makes many 

harsh experimental conditions, such as high vacuum system, air-drying, solvent, etc., 

accessible to membrane studies. There have been a few studies using polymerizable 

lipids as hosts for studies of membrane-related molecules. In this work, the application of 

polymerizable lipids is broadened. 

The ultimate goal of this research is to develop a high throughput identification platform 

for ligands of transmembrane proteins. This will contribute to the fast screening 
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requirement in the drug development industry, as transmembrane proteins are a major 

drug target. Moreover, the function of many GPCRs is unknown because their natural 

ligands have not been identified.
119-121

 The development of the label-free platform for 

screening natural ligands in e.g. a cell homogenate can accelerate the deorphanization of 

GPCRs. 

1.5.1 Utilizing poly(bis-SorbPC) in MALDI TOF-MS detection and identification of 

bacterial toxins  

This work expands on that of Joubert et al.
93

 As is mentioned in Section 1.4.1, matrix 

assisted laser desorption/ionization time of flight mass spectrometry (MALDI TOF-MS) 

has been successfully used for the detection of CTB bound to GM1 in poly(bis-SorbPC) 

membranes. There is also a potential to combine MALDI TOF-MS with poly(lipid) 

arrays for high throughput screening. Moreover, MALDI TOF-MS is able to provide 

molecular weight information, and thus identify the ionized species. This suggests the 

possibility to utilize MALDI-TOF MS for multi-target analysis.  Chapter 2 demonstrates 

MALDI-TOF MS simultaneous detection and identification of multiple bacterial toxins 

that are captured by their membrane-receptors in a poly(bis-SorbPC) membrane. The 

performance of the platform in an affinity capture application is explored by investigating 

the non-specific adsorption of proteins, the resistance to interferences, the minimal 

detectable concentration, surface coverage, etc. Proteomic studies of the captured ligand 

are also carried out to explore the protein identification capability of the platform. 
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1.5.2 Studies of CTB and GM1 binding affinity in non-polymerizable vs. 

polymerizable lipid membranes 

The properties of distribution, orientation and mobility of membrane-related molecules 

can be affected by the lipid environment.
4
 One important property concerning the 

function of membrane molecules is the binding affinity. The utilization of polymerized 

lipids alters the lipid environment of membrane-related molecules and this effect may 

change the binding affinity of those membrane molecules. The comparison of binding 

affinities of membrane molecules in different lipid environment is thus a crucial 

determinant of lipid composition. In order to study the effect of lipid polymerization on 

the binding affinity of membrane associated receptor-ligand pairs, in Chapter 3, the CTB 

and GM1 binding pair is used as a multivalent binding model. The binding between CTB 

and GM1 in different lipid environment is measured using total internal reflection 

fluorescence microscopy (TIRF-M). The compositions of membranes used are: fluid lipid 

(POPC), gel lipid (unpolymerized bis-SorbPC), and polymerized lipid (poly(bis-SorbPC)).  

1.5.3 Characterization of phase segregation and fluidity in lipid membranes 

composed of mixtures of polymerizable and non-polymerizable lipids 

Heitz et al. showed that gramicidin and alamethicin, two ion channel forming peptides, 

lost function in UV-polymerized BLMs composed of bis-DenPC (a polymerizable lipid 

with dienoyl groups close to the head of the hydrophobic chain).
26, 122

 In the same study, 

the two ion channel forming peptides maintained function in DPhPC (a fluid lipid), 

unpolymerized bis-DenPC, unpolymerized mixtures of DPhPC/bis-DenPC and 
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polymerized mixtures of DPhPC/bis-DenPC. Both gramicidin and alamethicin need to 

diffuse in the lipid bilayer to form a functional ion channel, so the loss of ion channel 

function was attributed to the loss of fluidity in poly(bis-DenPC), which would inhibit ion 

channel formation and thus ion transport. These studies demonstrate a need to maintain 

fluidity in poly(lipid) films for some applications. As fluidity may be a necessity in 

membrane-related molecule studies, Chapter 4 illustrates a way to maintain fluidity of 

polymerized membranes by incorporation of a certain fraction of fluid lipid (DPhPC). 

The diffusion coefficients of the mixed lipid membranes with different molar ratios of the 

two lipids are measured. The morphology of the mixed lipid membranes is characterized 

by atomic force microscopy (AFM).  
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CHAPTER 2: MALDI-TOF MS DETECTION AND 

IDENTIFICATION OF BACTERIAL TOXINS CAPTURED BY 

MEMBRANE RECEPTORS IN POLYMERIZED LIPID BILAYERS 

Abstract: This chapter demonstrates the feasibility of utilizing polymerizable lipid 

membranes in matrix assisted laser desorption/ionization-time of flight mass 

spectrometry (MALDI-TOF MS) detection on a label-free affinity capture platform. 

Bacterial toxins are a major global threat to public health and they have a high potential 

to be used as bio-hazardous weapons. Development of assays for bacterial toxin detection 

has been an active area of research for many years. Gangliosides are known as membrane 

receptors for bacterial toxins and they can be easily incorporated into polymerizable lipid 

membranes due to their structural similarity to lipids. MALDI-TOF MS has the ability to 

perform simultaneous detection and identification of multiple analytes, which can be 

applied to microarrays and shorten analysis time. However, non-polymerizable lipids 

cannot be utilized in MALDI-TOF MS detection due to their instability under harsh 

matrix conditions and the high vacuum environment needed for MS. In this study, 

monosialotetrahexosylganglioside (GM1), the receptor for cholera toxin B (CTB) and 

heat-labile toxin B (LTB), and/or ganglioside GD1a, the receptor for pertussis toxin B 

(PTB), were incorporated into polymerized lipid membranes composed of poly(bis-Sorbyl 

phosphatidylcholine (bis-SorbPC)) to construct an affinity capture platform for detection of 

bacterial toxins using MALDI-TOF MS. The feasibility of this platform was tested using 

individual toxins bound to their corresponding receptors and successful MALDI-TOF MS 



51 
 

detection was achieved. Simultaneous detection and identification of mixtures of the 

three bacterial toxins based on their different molecular weights by MALDI-TOF MS 

were achieved by mixing both GM1 and GD1a into the same poly(bis-SorbPC) 

membrane. More detailed protein analysis based on on-plate digestion was successful for 

CTB bound to 1 mol% GM1 in poly(bis-SorbPC). MS fingerprints of CTB were obtained 

with a peptide sequence coverage up to 57% and tandem MS was performed to confirm 

three peptide sequences. This affinity platform showed high resistance to non-specific 

adsorption of proteins. Also, no interference peaks were observed when a complex 

protein solution (fetal bovine serum or shrimp extract) was spiked with CTB. This 

affinity capture platform was explored for two transmembrane protein systems: human 

melanocortin 4 receptor (HMC4) and rhodopsin (Rho). For the ligand of HMC4, the non-

specific adsorption on lipid membrane was too high and the signal from non-specific 

adsorption was comparable to specific binding to HMC4. For the ligand of Rho, the 

ionization by MALDI was not successful.  

2.1 Introduction 

2.1.1 Bacterial toxin structures and intoxication pathways 

There are two types of bacterial toxins: endotoxin and exotoxin. Endotoxins are 

associated with bacteria cells and are a component of bacterial structure. The major type 

of endotoxin is lypopolysaccharide (LPS). The cell walls of gram-negative bacteria 

contain LPS. The molecular weight of endotoxins ranges from 200,000 to 1,000,000 

Da.
123

 The characteristic structure of endotoxin consists of lipid A, a carbohydrate core, 
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and the polysaccharide O antigen (Fig. 2.1).
124

 Toxicity is mediated through the lipid A 

region. LPS can trigger activation of many endogenous pathways or cascade mechanisms 

to cause biological effects, including fever, leukocytosis, hypoferremia.
123

  

 

Figure 2.1 Schematic view of LPS molecule. The dimensions of the individual regions 

were derived from X-ray diffraction data. HR, hydrophilic region (phosphorylated 

glucosamine disaccharide); KDO, 3-deoxy-D-manno-2-octulosonate; LR, lipophilic 

region (fatty acid chains) of lipid A; PS, polysaccharide chain of LPS. Reprinted by 

permission from American Society for Microbiology,[124]. Copyright 1985. 

   

Exotoxins are released by pathogenic bacteria into the extracellular environment and are 

usually proteins. They can be classified into three types according to their cellular target: 



53 
 

(1) membrane-damaging toxins, (2) receptor-targeting toxins and (3) internalized toxins. 

In membrane-damaging toxins, bacterial toxins attack phospholipids of eukaryotic 

membranes, insert themselves into the host membrane, or produce a peptide to interact 

with the membrane. The result of any of these processes will cause increased fluidity and 

permeability of the cell membrane and eventually cell lysis. Receptor-targeting toxins 

bind to a receptor on the cell membrane and affect intracellular reaction pathways. The 

internalized toxins have an A-B structure where the A subunit is the enzymatically active 

domain and the B subunit is the binding domain. The intoxication process follows three 

main steps: 1). binding of the B subunit to its cell membrane receptor; 2). internalization 

of toxin through endocytosis, and 3). intracellular effects caused by the A subunit.
125

 

Bacterial toxins remain life-threatening agents in developing countries and have a high 

potential for being used as biological weapons. The following discussion will focus on 

three bacterial toxins -cholera toxin, pertussis toxin and heat labile toxin- that are used in 

this research. They are internalized exotoxins sharing the A-B structure. Cholera toxin is 

composed of a dimeric A subunit (CTA, Mr~27, 400) and five identical B subunits 

(Mr~58,000). Each B subunit (Mr~11,600) specifically binds to its membrane receptor. 

Heat labile toxin and cholera toxin are very similar to each other in structure, function 

and immunology. The amino acid sequence homology between CTB and LTB is 79%. 

LTB (Mr~11,780) is slightly larger than CTB.
126

  Pertussis toxin has an enzymatic 

component A protomer (S1, Mr~28,000) noncovalently bound to the binding component 

B oligomer. Four dissimilar subunits form PTB: S2 (Mr~22,000), S3 (Mr~22,000), S4 
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(Mr~12,000) and S5 (Mr~11,700) in molar ratios of 1:1:2:1, respectively.
127

 PTB is 

responsible for binding to the target cell.  

2.1.2 Traditional assays for cholera toxin, pertussis toxin and/or heat labile toxin 

Gangliosides, a type of glycolipid, are the primary membrane receptors for bacterial 

toxins such as cholera toxin
128

, heat labile toxin
129

 and pertussis toxin
130

. Cholera toxin 

and heat labile toxin share GM1 as the cell surface receptor. Though the identity of the 

ganglioside of PTB is controversial,
131

 some evidence has indicated  that ganglioside 

GD1a is a receptor.
130, 132, 133

 Due to the specific and relatively strong affinity of 

gangliosides to their corresponding toxins, they have a broad range of applications in 

immunoassays, biosensors, and bio-affinity capture platforms. 

Due to the poor water-solubility of gangliosides and change in activity when attached to a 

substrate,
134

 researchers have developed methods utilizing gangliosides incorporated into 

lipid membranes for toxin detection. Biosensors based on resonance-energy transfer and 

self-quenching of fluorescence caused by the multivalent binding of cholera toxin to 

GM1 have shown high sensitivity and selectivity.
135-137

 Sensitive fluoroimmunoassays 

using ganglioside-bearing liposomes were successfully used to detect tetanus, botulinum 

and cholera toxin.
17

 Cholera and botulinum toxins can be detected down to 10
-17

 M by an 

immunoassay which utilizes DNA encapsulated within a liposome with incorporated 

ganglioside receptors, where the DNA acts as a polymerase chain reaction (PCR) reporter 

and the ganglioside incorporated liposome acts as the detection reagent.
98

 By using GM1-
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incorporated stabilized lipid films, an electrochemical biosensor was developed for the 

rapid detection of cholera toxin.
138

  

For all the toxin detection methods mentioned above, however, either a labeling process 

is involved or extra steps (like PCR to amplify signal) are needed to obtain the desired 

signal. Label-free detection methods allow receptors and ligands to function in their 

native states with no modification, thus maintaining biological activity. Recently, 

researchers have focused their efforts on developing label-free detection methods for 

bacterial toxins. So far, only a few groups have achieved this goal. Surface plasmon 

resonance (SPR) is the most commonly used label-free detection method for cholera 

toxin using GM1-incorporated lipids.
139-141

 Label-free attomolar detection of CTB has 

also been achieved by using a nanowire field-effect transistor modified with GM1.
142

 

Other electrochemical methods like potential-step capacitance measurements
97

 and 

electrochemical impedance spectroscopy
143

 have been applied for label-free detection of 

cholera toxin using corresponding antibodies. Tark et al. used microcantilevers integrated 

with GM1-incorporated nanodiscs as a sensitive and label-free detection system for 

cholera toxin.
144

  Backscattering interferometry has also been used to quantify the 

binding affinity between  CTB and GM1-incorporated into lipid vesicles without a 

labeling step.
96

 However, all of the label-free detection methods mentioned above lack 

specificity, i.e., the signals from the true analytes and background interferences cannot be 

distinguished. Additionally, if two bacterial toxins share the same membrane-receptor, as 

in the case of cholera toxin and heat labile toxin, the previously described label-free 

detection methods cannot discern which toxin is present. 



56 
 

2.1.3 Using MALDI-TOF MS on lipid platform 

Mass spectrometry is a label-free detection approach with high specificity. With the 

ability to provide chemical and structural information on the analytes, individual species 

can be differentiated. As a result, multiple targets in a mixture can be detected and 

identified simultaneously with mass spectrometry because of their unique molecular 

weights. Recently, Zhang et al.
145

 reported successful identification of specific 

interactions between gangliosides (GM1 and Gb3) and their corresponding toxins (CTB 

and shiga toxin 2, respectively) using catch-and-release electrospray ionization mass 

spectrometry (CaR-ESI-MS). Their assay proved the feasibility of utilizing MS in 

identification and characterization of protein-ganglioside interactions.  

MALDI and ESI are the most commonly used ionization methods and have widespread 

biological application in MS. Unlike ESI-MS, MALDI-TOF MS is a solid-phase 

technique that can be combined with high throughput microarrays on silicon chips.
146

 

Because MALDI generates singly-charged ions while ESI generates multiply-charged 

ions, MALDI mass spectra are easier to interpret, especially when the sample is a 

complex mixture.
147

 MALDI-TOF MS in combination with modified surfaces has been 

used in detection of proteins that are immobilized by the functional groups on the 

surface.
148, 149

 In many cases, covalent bonding is required to immobilize receptors and 

complicated chemical reactions become necessary.
149

  

We aim to use a simple ganglioside-incorporated lipid bilayer platform to achieve 

MALDI-TOF MS detection. The conditions required in MALDI-TOF MS, like harsh 
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matrix deposition and exposure to vacuum, limit the use of ganglioside-incorporated 

lipids in the system. Weak, non-covalent interactions within lipid bilayers and between 

lipid bilayers and their planar substrate supports cause the detachment of lipid bilayers 

from substrate upon exposure to air, high vacuum, organic solvents and acidic 

conditions.
93, 150, 151

 This instability prevents use of lipid bilayers in MALDI-TOF MS. 

To overcome the instability problem and make lipid bilayers compatible with the 

MALDI-TOF MS technique, polymerization of reactive planar supported lipid bilayers 

(PSLBs) has been used.
93, 152

  PSLBs created using bis-SorbPC have shown excellent 

stability and low non-specific protein adsorption.
69, 70

 Furthermore, these bilayers can 

survive under high vaccum conditions and retain the functionality of embedded 

transmembrane proteins.
71, 153

 All of these attributes make poly(bis-SorbPC) bilayers a 

good candidate for simultaneous detection of different toxins using MALDI-TOF MS, 

while maintaining the binding affinity of corresponding incorporated gangliosides.  

2.1.4 Application to transmembrane protein related drug screening 

Transmembrane proteins and their interactions are of paramount interest for drug 

discovery and development, accounting for almost 70% of existing drug targets.
101

 

Because of the hydrophobic nature of the transmembrane proteins, they have to be 

embedded in membranes or solubilized in detergent above the critical micellar 

concentration (CMC). Otherwise, the functional and structural properties will be changed 

and the transmembrane proteins will aggregate.
154
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  MS has been applied to perform functional assays for ligands of transmembrane proteins 

by Marin, V. L. et al.
148

 In their work, nanodiscs containing Rho (Bovine rhodopsin, a 

light activated GPCR) at a mol ratio of 700: 10: 1 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC)/membrane scaffold protein (MSP)/Rho were incubated together 

with transducin (Tr, the corresponding G protein of Rho, 10 μM) for 30 min at room 

temperature and in the field of ambient light on a self-assembled monolayer. The 

monolayer is composed of immobilized thiol-terminated triazacyclononane-derived 

ligand (Actacn) on a monolayer presenting maleimide and tri(ethylene glycol) groups. 

The MALDI spectrum of the substrate revealed bound transducin peaks, together with 

Rho and MSP peaks.
148

 This is the first case and so far the only case that directly uses 

MS in transmembrane protein and corresponding bound ligand studies. This strategy 

allows label-free detection and can broaden the range of techniques used for soluble 

proteins to transmembrane studies. However, there are still many chemical reactions to 

“functionalize” the self-assembled monolayer and the use of nanodiscs limits its 

application to inexperienced labs.  

The utilization of the polymerized lipid platform to MALDI-TOF MS detection of 

transmembrane proteins has the potential to solve those problems. To test the feasibility, 

two transmembrane proteins, HMC4 receptor and Rho, were reconstituted into the 

polymerized lipid platform and their corresponding bound ligands were analyzed by 

MALDI-TOF MS. The HMC4 receptor is related to pigmentation and early onset of 

obesity.
155

 β-arrestin can bind to HMC4 receptors and deactivate them.
156

 Melanotan II 

(MTII) is a synthetic peptide that can bind to HMC4 receptors.
157

 Rho is a well-studied G 
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protein coupled receptor (GPCR) and it is related to phototransduction. Its corresponding 

G protein is Tr.
158

 

2.2 Experimental 

2.2.1 Materials 

Monosialotetrahexosylganglioside (GM1) was purchased from Avanti Polar Lipids 

(Alabaster, AL). Ganglioside GD1a was purchased from Sigma-Aldrich (St. Louis, MO). 

1,2-Bis[10-(2’,4’-hexadienoloxy)decanoyl]-sn-glycero-3-phosphocholine (bis-SorbPC) 

was synthesized as previously described.
159

 For safety considerations, commercially 

available binding domains of toxins were used, which do not have toxicity. CTB and 

LTB were obtained from Sigma-Aldrich. PTB was purchased from List Biological 

Laboratories, Inc (Campbell, CA). Water from a Barnstead Nanopure system with a 

minimum resistivity of 18 MΩ·cm was used. A stock toxin solution was made by 

dissolving each toxin in nanopure water to 0.5 mg/mL. Phosphate buffered saline, pH 7.4, 

(PBS) was made containing the following components: 140 mM sodium chloride, 3 mM 

potassium chloride, 10 mM dibasic sodium phosphate, 2 mM monobasic potassium 

phosphate, 0.2 mM sodium azide. Silicon wafers from Wacker Chemie AG were used. 

Fetal bovine serum (FBS) was purchased from Invitrogen (Grand Island, NY). Sinapinic 

acid was purchased from Fluka Analytical (St. Louis, MO) and alpha-cyano-4-

hydroxycinnamic acid (portioned) was supplied by Bruker Daltonics Inc (Auburn, CA). 

Peptide calibration standard II, containing Angiotensin II, Angiotensin I, Substance P, 

Bombesin, ACTH clip 1-17, ACTH clip 18-39, Somatostatin 28, Bradykinin Fragment 1-
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7, and Renin Substrate Tetradecapeptide porcine, was supplied by Bruker Daltonics Inc. 

Cytochrome c and myoglobin were purchased from Sigma-Aldrich. Trypsin Gold, mass 

spectrometry grade, was purchased from Promega (Madison, WI).  

HMC4 receptor was provided by Dr. Minying Cai from the Department of Chemistry, 

University of Arizona. It was solubilized in 50 mM HEPES buffer at pH 7.4 with 1% 

(w/w) n-dodecyl-beta-D-maltoside (DDM). The concentration of the protein was ~0.7 

mg/mL.  

Frozen bovine retinas were purchased from W. L. Lawson Co. (Lincoln, NE). 

Homogenizing solution is made of 42% sucrose, 0.1 M NaCl, 0.1 M MgCl2, 0.1 M 

EDTA and 1.0 M Tris-acetate. Sucrose solutions with densities of 1.10 g/mL, 1.11 g/mL, 

1.13 g/mL and 1.15 g/mL were diluted from 42% (w/w) sucrose stock solution. The 

sucrose gradient was made fresh by adding 8 mL of 1.15 g/mL sucrose solution first into 

a swing bucket centrifuge tube, followed by the careful addition of 10 mL of 1.13 g/mL 

and then 10 mL of 1.11 g/mL sucrose solutions on top. Isotonic buffer is 10 mM Tris, pH 

7.5, 100 mM NaCl, 5 mM MgCl2, 1 mM DTT, 0.1 mM EDTA. Hypotonic buffer is 10 

mM Tris, pH 7.4, 1 mM DTT, 0.1 mM EDTA. Guanosine-5'-triphosphate (GTP) buffer 

was freshly prepared by spiking GTP into hypotonic buffer with a final GTP 

concentration of 40 μM.  Diethylaminoethyl cellulose-52 (DE-52) was purchased from 

Whatman (Piscataway, NJ). Equilibration buffer is 20 mM Tris-HCl, pH 7.5, 0.1 M NaCl, 

1 mM DTT, 0.1 mM EDTA. Elution buffer is 20 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 1 

mM DTT, 0.1 mM EDTA. 
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2.2.2 Preparation of GM1 and GD1a-incorporated small unilamellar vesicles 

The stock solution of bis-SorbPC was prepared in pure chloroform. GM1 was dissolved 

in methanol and GD1a in 2:1 chloroform/methanol (v/v). Dopant gangliosides GM1 and 

GD1a were mixed with bis-SorbPC at the molar ratios (expressed below as mole % 

(mol/mol)) of 1 mol% and 20 mol%, respectively. Organic solvent was evaporated from 

the mixed lipids under a stream of argon, followed by vacuum drying for at least four 

hours. The lipid was then rehydrated with PBS to a concentration of 0.5 mg/mL, vortexed 

to suspend the lipid, and then sonicated in a Branson Sonicator with a cup horn at 35°C 

until no longer cloudy (usually 30 min). 

2.2.3 Preparation of polymerized PSLBs 

Silicon wafers (cut to 0.8 cm×0.8 cm squares, Wacker Chemie AG, Műnchen, Germany) 

were cleaned in piranha solution (7:3 concentrated H2SO4: 30% H2O2) for 30 minutes and 

rinsed thoroughly in nanopure water. The silicon wafers were dried with a stream of 

nitrogen and incubated in 200 μL small unilamellar vesicles (SUV) solutions at 35°C on a 

hot plate for at least 15 minutes to form PSLBs. Unfused SUVs were rinsed away with 

copious PBS buffer (at least 10 mL). A low-pressure mercury pen lamp with a rated 

intensity of 4500 μW/cm
2
 at 254 nm was directed through a bandpass filter (325 nm, 140 

nm FWHM; U330, Edmund Optics) at a distance of 3 inches for 60 minutes to 

polymerize bis-SorbPC.
69
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2.2.4 Mass spectrometric detection of three toxins 

Toxin solution (0.5 mL 0.24 μM CTB, 0.24 μM LTB and/or 1 μM PTB) was incubated 

on GM1- and/or GD1a- incorporated PSLBs on 0.8 cm×0.8 cm silicon wafers for 1 hour, 

rinsed with water, and dried under a nitrogen stream. Non-specific binding was assessed 

by allowing toxins to interact with PSLBs that lacked gangliosides. MS calibration 

standard was prepared by mixing 0.5 μL of 3.8 mg/500 μL myoglobin, 1.0 μL of 1.2 

mg/500 μL cytochrome C and 8.5 μL of saturated solution of sinapinic acid (SA) in 

70:30:1 H2O/acetonitrile/trifluoroacetic acid. The dried silicon wafers were mounted onto 

a MALDI plate (a Microtiter plate (MTP) adapter for Prespotted AnchorChip Targets 

(Bruker)) using double-sided tape. One μL of the calibration standard was spotted on 

each wafer for external calibration. Three or four different spots of 1 μL SA solution 

were added to the remaining surface of each wafer. These spots were crystallized under 

ambient conditions. The plate was inserted into a Bruker Ultraflex III MALDI TOF/TOF 

mass spectrometer (Bruker Daltonics) equipped with a Smartbeam laser (Nd: YAG laser, 

355 nm). After the ionization upon laser impact, positive charged ions are accelerated by 

a 20kV electric field down the flight tube and are detected in the linear detection mode. 

Each spot was subjected to 1000 laser shots, allowing for signal summing and averaging. 

Spectra were exported as ASCII files and were processed using Origin 8 (OriginLab 

Corporation). 
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2.2.5 Preparation of shrimp extract 

Shrimp extract was prepared using a modification of two methods.
95, 160

 About 25 g of 

shrimp was weighed and an equal amount of PBS buffer was added to the sample. The 

mixture was homogenized in a blender for 2 min. After homogenization, the solution was 

centrifuged at 3000 rpm for 1 h and the supernatant was collected for use. 

2.2.6 On-plate digestion of captured CTB 

GM1-captured CTB was prepared as described above. CTB was enzymatically digested 

by spotting 10 μL of 0.01 μg/μL Trypsin Gold in 25 mM ammonium bicarbonate solution 

at a pH of 7.8 onto the prepared GM1-captured CTB substrate within the area in which 

the earlier incubation was performed. The digestion was then carried out for 12 hours at 

37°C in a humidified chamber to prevent solvent evaporation. 
161

  Different digestion 

times were tested. Twelve hours was determined to be optimal for maximizing the 

intensities of the CTB digested peaks for MS/MS work (see Section 2.2.7).  After 12 

hours, the silicon wafers were removed from the chamber and allowed to air-dry at room 

temperature. Trypsin autolysis was performed by using the same condition on a cleaned 

silicon wafer. 

2.2.7 MS and MS/MS analysis of digested CTB 

A volume of 250 μL solvent composed of 50% acetonitrile, 2.5% trifluoroacetic acid and 

47.5% nanopure water was added to 20 μg alpha-cyano-4-hydroxycinnamic acid (HCCA, 

portioned) and vortexed until all matrix crystals were completely dissolved. One μL of 
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this prepared HCCA matrix solution was spotted onto the dried spot, where the enzymatic 

digestion had taken place. One μL of peptide calibration standard II in HCCA matrix 

solution was spotted on the Si wafer and used to externally calibrate the desired 

mass/charge range. The wafers were then mounted onto the MTP MALDI plate by 

double-sided tape and the plate was inserted into Bruker Ultraflex III MALDI TOF/TOF 

mass spectrometer. The digested peptides were ionized, accelerated and detected in the 

reflectron mode for better resolution in the lower mass-to-charge range. After the full 

mass spectrum of the digested peptides was obtained, high energy collision induced 

dissociation was used to fragment the peptides to obtain sequence information. Protein 

Prospector (University of California, San Francisco) was used to determine the 

theoretical m/z of the digested protein based on the amino acid sequence of CTB.
162

 The 

resulting peaks were compared to the theoretical peak list and the corresponding CTB 

peptide peaks were assigned. For MS/MS spectral interpretation, b ions and y ions were 

compared and assigned according to the theoretical m/z values generated by Protein 

Prospector. 

2.2.8 Preparation of planar supported poly (bis-SorbPC) membranes with 

reconstituted HMC4 receptors 

Unpolymerized planar supported bis-SorbPC membrane was prepared using the same 

procedure described in Section 2.2.2. DDM-solubilized HMC4 receptors were introduced 

in 10 μL aliquots to a custom-built Teflon cell containing 1300 μL HEPES buffer at 30 

min intervals for a total time of 6 hrs. The amount was determined from Dr. Han Zhang’s 
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dissertation
163

 and upon dilution the concentration of DDM dropped below the CMC 

(0.009%, w/w). A copious amount of buffer was used to rinse away nonspecifically 

bound receptors and remaining DDM before each injection. After insertion and rinsing, 

UV-polymerization of the film was performed as described in Section 2.2.3. 

2.2.9 Mass spectrometric detection of MTII peptide adsorbed to HMC receptor 

incorporated PSLBs 

The sequence of Melanotan II (MTII) peptide is Ac-NIe-cyclo [Asp-His-D-Phe-Arg-Trp-

Lys]-NH2 with a molecular weight of 1024.180 Da. MTII peptide (200 nM) in HEPES 

buffer, HEPES buffer+400 mM NaCl, HEPES buffer+3% (v/v) DDM or HEPES 

buffer+4% (v/v) Triton-X 100 was incubated on PSLBs with/without prior reconstitution 

of HMC4 receptors on 0.8 cm×0.8 cm silicon wafers for 1 hour, rinsed with water, and 

dried under a nitrogen stream. MS calibration standard was prepared by mixing 1 μL of 1 

μM MT II peptide and 10 μL of HCCA. The dried silicon wafers were mounted onto a 

MALDI plate using double-sided tape. One μL of the calibration standard was spotted on 

each wafer for external calibration. Three or four different spots of 1 μL HCCA solution 

were added to the remaining surface of each wafer. These spots were crystallized under 

ambient conditions. The MALDI-TOF detection procedures were the same as described 

in Section 2.2.4. 

2.2.10 Purification of transducin 

Transducin (Tr) was purified from bovine retinas according to the procedures described 

elsewhere.
164, 165

 All the following procedures were done under red light. Briefly, 50 
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retinas were homogenized in a loose homogenizer and then a tight homogenizer in 30 mL 

homogenizing solution. The mixture was then centrifuged at 4000 rpm and supernatants 

were combined and collected. Two volumes of 10 mM Tris-acetate were added. 

Supernatants were centrifuged at 7000 rpm to precipitate rod outer segment (ROS). The 

pellets were then suspended in 1.10 g/mL sucrose solution and placed on top of the 

freshly prepared sucrose gradient. After centrifugation, the band located between the 1.11 

and 1.13 g/mL sucrose layers was collected and exposed to room light. ROS extracts 

were washed 4 times with 25 mL isotonic buffer followed by 4 washes with 25 mL 

hypotonic buffer. Each centrifugation was at 30,000 rpm for 15 min. The pellet was then 

suspended in 25 mL GTP buffer and incubated for 15 min. Tr was extracted from ROS in 

the supernatant after centrifuging at 30,000 rpm for 30 min. This supernatant containing 

Tr was concentrated to less than 1 mL using a Millipore filter (Mr ~10,000 Da cutoff) 

and loaded onto a packed DE 52 column. Equilibration buffer was used to wash the 

column until no GTP eluted. Tr was eluted from the column using elution buffer and 

eluents were collected in 1 mL fractions in Eppendorf tubes. Tr usually is eluted in the ~ 

7
th

 fraction.  

2.3 Results and Discussion 

2.3.1 MALDI-TOF detection of CTB, LTB and PTB   

Each individual toxin type was captured by a poly(bis-SorbPC) bilayer doped with the 

corresponding membrane receptor. One mol% GM1-incorporated poly(bis-SorbPC) 

bilayers were used to capture CTB and LTB. For PTB, 20 mol% GD1a-incorporated 
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poly(bis-SorbPC) bilayers were used. Janshoff et al.
132

 observed PTB binding only when 

a large fraction of GD1a used (40 mol%). We have detected PTB with 10 mol%, 20 

mol% and 40 mol% GD1a in poly(bis-SorbPC) membranes as is shown in Figure 2.2(a)-

(c). At 10 mol% GD1a, PTB peaks have such a weak intensity that they cannot be 

resolved. At 20 mol% GD1a, this problem was solved so 20 mol% was used in all PTB-

related experiments.  

The MALDI-TOF MS spectra of individual toxins after capture on receptor-doped 

PSLBs are shown in Figure 2.3(a)-(c). The toxin concentrations used in each case were at 

saturated concentration (the concentration high enough to saturate the receptors on the 

surface).
17, 132

 In Figure 2.3, each ganglioside-incorporated poly(bis-SorbPC) bilayer 

showed successful capture of toxin. The MALDI ionization method usually results in 

singly or doubly charged ions. The peak at 11.6 kDa in Figure 2.3(a) corresponds to CTB 

monomer
166

 and the doubly charged monomer peak appears at 5.8 kDa. The presence of a 

CTB monomer instead of a CTB pentamer is most likely caused by matrix denaturation. 

Alternatively, the high laser power applied in the MS instrument breaks the non-covalent 

interaction within the pentamer complex resulting in monomers. In Figure 2.3(b), 

captured LTB exhibited a similar pattern as CTB. The singly charged LTB peak was 

detected at 12.0 kDa and the doubly charged LTB peak appeared at 6.0 kDa. For PTB in 

Figure 2.3(c), there are 6 peaks corresponding to dissociated oligomer subunits.  The 

peaks of subunit 2 (S2) and subunit 3 (S3) are not resolvable under the experimental 

conditions and they show up together as one broad peak at ~21.9 kDa ([S2, S3+H]
+
). The 

doubly charged peaks for S2 and S3 are indistinguishable as well, appearing as one peak 
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at ~11.0 kDa ([S2, S3+2H]
2+

. Subunit 4 (S4) has a singly charged peak at 12.07 kDa 

([S4+H]
+
) and a doubly charged peak at 6.04 kDa, while subunit 5 (S5) has a singly 

charged peak at 11.78 kDa and a doubly charged peak at 5.89 kDa. These data 

demonstrate that after incorporation into poly(bis-SorbPC) membranes, gangliosides still 

retain their interactions with the corresponding toxins. The toxin capture platform can 

utilize this strong and specific interaction.  

To validate that membranes composed of non-polymerizable lipids are not stable enough 

to perform MALDI-TOF MS detection, 1,2-diphytanoyl-sn-glycero-3-phosphocholine 

(DPhPC, purchased from Avanti Polar Lipids), a non-polymerizable lipid, was used. 

Samples with bound CTB were prepared and detected by MALDI-TOF MS following the 

same procedure as in Sections 2.2.2 and 2.2.4. The result is shown in Figure 2.4. No CTB 

peaks are visible which proves that non-polymerizable lipid membranes do not provide 

the stability needed to be combined with MALDI-TOF MS. With the introduction of a 

poly(lipid) platform combined with MALDI-TOF MS, studies of chemical and structural 

information of membrane-associated molecules using a label-free technique become 

feasible.  
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Figure 2.2 MALDI-TOF MS spectra of 1 μM PTB on (a) 10% GD1a/poly(bis-SorbPC); 

(b) 20 mol% GD1a/poly(bis-SorbPC); and (c) 40 mol% GD1a/poly(bis-SorbPC). 
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Figure 2.3 MALDI-TOF MS spectra of (a) 0.24 μM CTB captured on 1% GM1/poly(bis-

SorbPC); (b) 0.24 μM LTB captured on 1 mol% GM1/poly(bis-SorbPC); (c) 1 μM PTB 

captured on 20 mol% GD1a/poly(bis-SorbPC) and (d) CTB, LTB and PTB captured by 

1% GM1 and 20% GD1a in poly(bis-SorbPC). The inset in (d) is an expanded view of 

the 11000-13000 m/z range. Masses are reported as mean values and standard deviation 

values were determined based on at least three independent samples of captured toxins. 
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Figure 2.4 MALDI-TOF MS detection of 0.24 μM CTB captured on 1 mol% GM1 in 

DPhPC. 

 

MALDI-TOF MS can provide molecular weight information, so toxins with different 

molecular weights can be simultaneously detected and identified by simply comparing 

the m/z of the peaks. In traditional toxin assays, a signal change (e.g. fluorescence, 

electrochemical signal, reflectance, etc.) is recorded to indicate the presence of a certain 

toxin and it is difficult, or even impossible, to perform simultaneous detection and 

identification of multiple toxins. To demonstrate the capability of this platform for 

simultaneous detection and identification of three toxins, a 1 mol% GM1 and 20 mol% 

GD1a-incorporated poly(bis-SorbPC) bilayer was exposed to a solution containing 0.24 

μM CTB, 0.24 μM LTB and 1 μM PTB (saturation concentrations of toxins
130, 132, 133

). 

The spectrum is shown in Figure 2.3(d). All the peaks match with the individual captured 
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toxin peaks shown in Figure 2.3(a), (b) and (c). The doubly charged monomer peaks 

showed up in the 5000-6000 m/z range. The S2 and S3 singly charged PTB peak showed 

up at ~21.9 kDa with the doubly charged peak appearing at ~11.0 kDa. In order to show 

the resolved singly charged monomer peaks, the 11000-13000 m/z range is shown in 

Figure 2.3(d) in the inset. The peak at ~11.6 kDa corresponds to the singly charged CTB 

monomer ([CTB+H]
+
) and the peak at ~11.7 kDa corresponds to the singly charged PTB 

S5 monomer ([S5+H]
+
). They are resolved from other toxin peaks. The resolution at 12.0 

kDa ([LTB+H]
+
) is 1285 as calculated by FlexAnalysis (Bruker Daltonics), meaning that 

peaks separated by 12000/1285=9 Da can be fully resolved. According to Figure 2.3(b) 

and (c), the peak at 12.0 kDa corresponds to the singly charged LTB monomer and the 

peak at 12.1 kDa corresponds to the singly charged PTB S4.  

By having the capability to detect and identify different toxins at the same time, the 

application of the poly(lipid) platform has the potential to be broadened to high 

throughput arrays for toxin screening and the time required for multi-analyte analysis can 

be shortened.    

2.3.2 Background from toxin non-specific adsorption and lipid membrane   

In any bio-affinity capture system, non-specific adsorption is the major source of 

background signal. Previous studies have shown that poly(bis-SorbPC) bilayers prevent 

non-specific adsorption of bovine serum albumin.
70

 To determine if non-specific 

adsorption of toxins can also be prevented, poly(bis-SorbPC) bilayers without 

gangliosides were incubated with 0.24 μM CTB, 0.24 μM LTB and 1 μM PTB 
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respectively. The mass spectra are shown in Figure 2.5 (a)-(c). For CTB (Figure 2.5(a)) 

and PTB (Figure 2.5(c)), the non-specific toxin adsorption signal is not detectable under 

the experimental conditions. For LTB (Figure 2.5(b)), a small peak at ~12.0 kDa is 

present, indicating that some LTB does non-specifically adsorb to the poly(bis-SorbPC) 

bilayer. However, this peak did not repeatedly show up for every LTB sample. Also, for 

the samples with the non-specifically adsorbed LTB peaks, the S/N was less than 3. 

Therefore, poly(bis-SorbPC) bilayers have a high resistance to non-specific adsorption of  

these toxins.   
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Figure 2.5 MALDI-TOF MS spectra of a) 0.24 μM CTB captured on poly(bis-SorbPC); 

b) 0.24 μM LTB captured on poly(bis-SorbPC); and c) 1 μM PTB captured on poly(bis-

SorbPC). 

 

The use of ganglioside-incorporated lipid bilayers may result in the appearance of 

background peaks corresponding to the membrane components. To investigate the 

membrane background signal, mass spectra of 1 mol% GM1 and 20 mol% GD1a, 

respectively, in poly(bis-SorbPC) lipid bilayers were obtained and are shown in Figure 

2.6(a) and (c). To characterize the lipid background, HCCA and SA were used as 

matrices for low and high m/z ranges, respectively. In Figure 2.6(a), matrix background 

appeared below 1000 m/z as expected. To compare the matrix background with that on 
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the standard MALDI plate, matrix HCCA was spotted directly on standard MALDI plate 

and the comparison is shown in Figure 2.6(b). The major matrix cluster peaks are 

overlapped with each other with different intensities. The differences in intensities can be 

explained by differences in laser focusing length on custom-built plate and standard 

MALDI plate.   Surprisingly, in Figure 2.6(a), no lipid peak (bis-SorbPC monomer: 

M.W.=786 Da) or ganglioside peak (GM1: M.W.=1564 Da; GD1a: M.W.=1836 Da) 

appeared, which indicated that either the interactions between polymerized lipids and 

gangliosides are too strong to be disrupted under experimental conditions, e.g. the 

crystalline polar, acidic matrix does not disrupt alkyl chain-chain interactions, or that the 

amount of ionized lipids and gangliosides is too small to be detected. All in all, the 

ganglioside-incorporated poly(bis-SorbPC) platform has very low background over the 

entire m/z range, meaning that there will be little, if any, interference from lipids and/or 

gangliosides for protein studies.    
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Figure 2.6 MALDI-TOF MS spectra of a) 1% GM1 and 20% GD1a in a poly(bis-

SorbPC) bilayer at low m/z range using HCCA matrix, b) a) (top) and HCCA matrix 

spotted on standard MALDI plate (bottom) in m/z range 500-1000, c) 1% GM1 and 20% 

GD1a in a poly(bis-SorbPC) bilayer at high m/z range using SA matrix and d) SA matrix 

spotted on standard MALDI plate. 

 

2.3.3 Application of the affinity capture platform in complex samples 

Typically, biological samples contain an analyte in a complex matrix of biomolecules, 

such as blood serum or food extract. To study more realistic samples, MS analysis of 

CTB in the presence of either fetal bovine serum (FBS) or shrimp extract as the 

interference was conducted. 0.24 μM CTB was spiked into either 10% (v/v) FBS or 10% 
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(v/v) shrimp extract and the mixtures were incubated on 1 mol% GM1 in poly(bis-

SorbPC). The resulting mass spectra are shown in Figure 2.7(a) and (b). It is apparent that 

only singly and doubly charged CTB monomer peaks were present in the spectra. The 

presence of a large excess of interferent protein does not interfere with the specific 

binding of CTB to GM1. Furthermore, poly(bis-SorbPC) prevents nonspecific adsorption 

of interferent proteins, as no other peaks appear in the mass spectrum. Negative control 

experiments were performed by incubating 10% FBS and shrimp extract on 1 mol% 

GM1 in poly(bis-SorbPC). No peaks were detected (Figure 2.8(a) and (b)). When 1% 

FBS or shrimp extract was spotted onto the standard MALDI plate and detected (Figure 

2.9 (a) and (b)), major peaks show up at m/z < 5000. FBS also shows many m/z peaks in 

the range 5000-10000. Shrimp extract has two main m/z peaks in the range 6000-9000. 

All of those interferences peaks do not appear in Figure 2.8. These results further confirm 

that ligand-doped poly(bis-SorbPC) bilayers work well as a sensing platform for mass 

spectrometric analysis, even in the presence of a very complex interference. 
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Figure 2.7 MALDI-TOF MS spectra of 0.24 μM CTB captured on 1% GM1 in poly(bis-

SorbPC) in the presence of a) 10% (v/v) FBS and b) 10% (v/v) shrimp extract. 
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Figure 2.8 MALDI-TOF MS spectra of a) 10% (v/v) FBS and b) 10% (v/v) shrimp 

extract adsorbed onto 1% GM1 in poly(bis-SorbPC). 
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Figure 2.9 MALDI-TOF MS spectra of 1 μL of a) 1% (v/v) FBS and b) 1% (v/v) shrimp 

extract spotted on standard MALDI plate and ionized with HCCA matrix. The inset of b 

is the expanded spectrum in m/z range of 5000 to 12000. 
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2.3.4 Minimal detectable concentration and minimal detectable surface coverage 

To estimate the minimal detectable concentration of this affinity capture MALDI-TOF 

MS detection platform, the CTB and GM1 pair was used as a model system. Due to the 

semi-quantitative properties of MALDI-TOF MS, an approach based on frequency of 

CTB detected in a GM1 incorporated poly(bis-SorbPC) PSLB was used. After CTB was 

captured by GM1 incorporated poly(bis-SorbPC) membrane, MALDI matrix SA was 

spotted to different areas on the substrate and each matrix spot was counted as one 

sample. The number of samples varied due to the varied number of matrix spots that can 

be applied on each silicon wafer. Usually less than 5 matrix spots can be applied on one 

silicon wafer and multiple silicon wafers were prepared. The number of samples that 

gave a CTB m/z peak with S/N≥3 divided by the total number of samples are reported as 

frequencies in Table 2.1. A large concentration range of CTB was screened (from 0.5 nM 

to 1 μM). The minimal detectable concentration was then determined to locate in 1 nM to 

5 nM range. More samples were prepared in this range to determine the minimal 

detectable concentration of CTB. In some literature, internal standards were used to 

generate a calibration curve and estimate detection limits,
167-169

 but in our platform, the 

amount of receptor is limited and the introduction of a competitive ligand will 

underestimate the minimal detectable concentration, therefore, an internal standard was 

not suitable for exploring the minimal detectable concentration for our affinity capture 

platform. In this case, the minimal detectable concentration of the affinity capture 

MALDI-TOF MS platform has been defined as the corresponding concentration of CTB 

that gives a peak with S/N≥3 for 100% of the samples analyzed.  
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Table 2.1 Estimation of the MALDI-TOF MS minimal detectable concentration for CTB 

in 1 mol% GM1 in poly(bis-SorbPC) bilayers. 

Concentration of CTB (nM) Frequency
*
 of samples that 

gave a S/N≥3 

Number of silicon 

wafers prepared 

1 0/10 2 

2 8/16 3 

3 11/15 3 

4 9/9 2 

5 10/10 2 

*Frequency is reported as the number of samples in which CTB was detected/total samples. 

During experiments, it was found that the dry-droplet matrix deposition method resulted 

in heterogeneous matrix crystal formation and uneven ligand signal detection. To 

overcome this variable, the entire area covered by the MALDI matrix was scanned by the 

laser. No matter where it was detected, as long as a S/N≥3 peak appeared in a MALDI-

TOF MS spectrum obtained from that area, the matrix spot was reported as a sample that 

produced a S/N≥3. At first, the mol% of GM1 was made a constant (1 mol% in poly(bis-

SorbPC)) and the concentration of incubated CTB was varied, though this approach has 

the drawback that detection will be limited by the dissociation constant (KD) of the GM1-

CTB complex. Table 2.1 shows that 4 nM CTB samples give a detection frequency of 

100%. As defined above, the MALDI-TOF MS minimal detectable concentration for 

CTB at 1 mol% GM1 is therefore 4 nM. This concentration is constrained by the amount 

of receptor, the time to reach saturation, and the KD for the GM1-CTB complex. As more 
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CTB can be captured by increasing the mol% of GM1 and the incubation time, the 

minimal detectable concentration can be further improved by incorporating more GM1 

into the lipid bilayers. Additionally, because the reported apparent dissociation constant 

of CTB and GM1 ranges from 4.55 pM to 370 nM,
170

 it is also possible that at 4 nM, the 

amount of bound CTB is limited by binding affinity and not the detection limit of the 

MALDI-TOF MS technique.  

Another way to study a minimal detectable surface coverage for CTB is to keep CTB at a 

saturated concentration (0.24 μM) and vary the mol% of GM1. In this way, the minimal 

detectable amount can be estimated as protein surface coverage, allowing a better 

estimation of the minimum amount of protein molecules that can be detected. Samples 

with a large mol% range of GM1 (0.005-1 mol%) were prepared and screened. The mol% 

range of 0.01-0.05 mol% was determined to be the range where the minimal detectable 

surface coverage locates and more samples were then prepared in this range. The results 

are reported in Table 2.2. The MALDI-TOF MS minimal detectable mol% for GM1 at a 

saturated CTB concentration is 0.05 mol%. Assuming that one CTB binds to one GM1, 

the molecular area of GM1 is ~ 1 nm
2
, and the size of bis-SorbPC is ~ 0.5 nm

2
,
171

 the 

surface coverage of CTB corresponding to 0.05 mol% GM1 is 1.7×10
-13

 mol/cm
2
. This 

surface coverage is ~3% of a CTB monolayer (the surface coverage of a CTB monolayer 

is 6.6×10
-12

 mol/cm
2
 if the size of CTB is assumed to be ~ 25 nm

2
).

171
 Assuming the 

average matrix spot diameter is ~2 mm, this surface coverage corresponds to ~2×10
-14

 

mol of CTB within one matrix spot. 
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Table 2.2 Estimation of the MALDI-TOF MS minimal detectable surface coverage for 

CTB using various GM1 mol% in poly(bis-SorbPC) bilayers. 

Concentration of GM1 

(mol%) 

Frequency* of samples that 

gave a S/N≥3 

Number of silicon 

wafers prepared 

0.01 3/17 4 

0.02 2/18 4 

0.03 1/20 4 

0.04 0/22 5 

0.05 10/10 2 

0.1 6/6 1 

0.5 4/4 1 

*Frequency is reported as the number of samples in which CTB was detected/total samples. 

2.3.5 On-plate tryptic digestion of GM1-captured CTB 

Molecular weight information may be enough to identify a known, single analyte or 

multiple analytes with resolvable molecular weights. To identify multiple analytes with 

non-resolvable molecular weights or unknown targets, however, additional sequence 

information is necessary. To further explore the applicability of this platform, on-plate 

tryptic digestion of captured CTB was performed and the resulting peptide fingerprint 

spectra of CTB tryptic fragments were obtained. 0.24 μM CTB was captured by 1 mol% 

GM1 in a poly(bis-SorbPC) bilayer, rinsed with nanopure water, and dried. The trypsin 

concentration and on-plate digestion time were optimized to obtain maximum amino acid 

coverage (Table 2.3). The optimized condition determined from Table 2.3 is: 0.01 μg/μL 
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Trypsin Gold and 12 hours as the number of detected CTB tryptic peaks are the most 

among all the conditions. 
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Table 2.3 Summary of CTB tryptic fragments detected under different trypsin digestion conditions. 

                                                       Conditions 
 
CTB tryptic peaks detected 

0.01 μg/μL trypsin         
0.05 μg/μL 
trypsin 

2 μg/μL 
trypsin 

2 h 4 h 8 h 12 h 14 h 16 h 16 h 2 h 

(K)AIER(M) Y     Y   Y     

(K)DTLR(I) Y   Y Y   Y     

(K)AIERMK(D) or (R)MKDTLR(I)     Y Y   Y     

(R)MKDTLR(I)     Y Y Y Y     

(R)IAYLTEAK(V)       Y   Y     

(R)EMAIITFK(N)       Y   Y     

(K)REMAIITFK(N)                 

(K)REMAIITFK(N) (Oxidation)       Y         

(K)IFSYTESLAGK(R)     Y Y   Y Y   

(K)IFSYTESLAGKR(E) Y   Y Y Y Y     

(K)NGATFQVEVPGSQHIDSQK(K)   Y Y Y   Y Y   

(K)LCVWNNKTPHAIAAISMAN(-) Y   Y Y   Y     

(K)IFSYTESLAGKREMAIITFK(N)               Y 

(K)AIERMKDTLRIAYLTEAKVEKLCVWNNK(T)     Y           
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  On-plate digestion of captured CTB was then performed with the same procedure 

described above under the optimal condition. MALDI-TOF MS detection of the CTB 

tryptic digested peptides was carried out afterwards and a representative mass spectrum is 

shown in Figure 2.10 with CTB tryptic digested peptides labeled with asterisks. Other 

peaks are mainly assigned to trypsin autolysis peaks (See Table 2.4). A summary of all 

observed CTB tryptic peptides is listed in Table 2.5.  These data show that the 

ganglioside-incorporated lipid bilayer does not interfere with on-plate digestion of 

captured CTB as CTB is successfully digested with corresponding tryptic peaks at the 

expected m/z. This work detected six of the same peptides in CTB as studies by Van Baar 

et al.,
162

 who used liquid chromatography-electrospray mass spectrometry to characterize 

cholera toxin. The corresponding calculated molecular weights of the detected peptides 

are 488.28 Da, 763.41 Da, 908.51 Da, 952.52 Da, 1215.62 Da and 2041.99 Da. Van Baar 

et al., however, achieved full amino acid sequence coverage, while here only 57% 

coverage was obtained. Amino acid sequences 1-22 and 82-103 that are connected 

through disulfide bridges did not show up in the MS fingerprint spectrum in Figure 2.10. 

One possible reason is that the reduction of disulfide bridges, which was not performed 

here, is necessary to achieve full amino acid coverage. When comparing to other on-plate 

digestion of proteins, 57% coverage is within the range that is considered a good 

recovery.
172, 173
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Figure 2.10 A representative MALDI-TOF mass spectrum of on-plate tryptic digestion 

of captured CTB. The observed CTB peptide fragment peaks are labeled with asterisks. 

The inset is the same spectrum in the 1150-3000 m/z range, where CTB peptide fragment 

peaks have the most frequent occurrence. 
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Table 2.4 Summary of observed trypsin autolysis peaks. 

438.838 440.84 441.074 441.268 444.278 445.029 451.1941 453.336 461.055 462.22 487.241 494.059 501.251 

505.982 508.081 515.162 522.11 523.98 525.271 531.233 537.271 550.131 559.291 567.98 569.2684 580.201 

582.273 584.131 589.541 591.202 592.3 595.546 598.227 605.517 612.203 620.217 627.931 633.941 634.043 

635.937 643.896 649.922 651.315 655.997 665.896 668.373 670.29 672.008 677.338 679.442 684.281 687.241 

692.292 694.39 695.354 696.255 698.272 701.418 705.275 711.3136 714.263 724.355 726.306 727.333 732.433 

748.4279 749.318 759.3889 769.345 774.319 777.389 786.357 790.318 792.462 794.332 802.4311 804.368 808.335 

820.368 822.349 823.023 824.365 825.033 839.002 841.02 842.44 845.018 854.979 856.451 860.995 864.43 

867.026 870.484 876.98 890.41 906.5049 920.4842 934.5362 955.5001 964.558 968.4511 972.391 980.4875 1006.488 

1008.519 1011.559 1023.475 1034.098 1044.548 1045.564 1050.068 1126.565 1148.458 1153.575 1169.57 1175.635 1178.526 

1191.63 1309.639 1335.495 1337.51 1338.725 1378.658 1390.685 1420.723 1442.605 1469.731 1515.846 1531.841 1537.642 

1539.657 1543.877 1559.872 1621.791 1649.822 1694.833 1698.874 1726.905 1736.843 1766.784 1768.8 1774.753 1808.875 

1836.907 1940.935 1955.954 1959.047 1975.042 1987.079 2003.073 2010.944 2038.976 2158.031 2166.029 2174.026 2211.105 

2225.12 2231.953 2239.136 2265.007 2283.181 2297.978 2299.176 2435.159 2455.185 2457.201 2470.051 2472.067 2483.216 

2485.232 2486.046 2488.062 2536.15 2538.166 2624.33 2634.356 2650.351 2652.361 2662.387 2678.382 2707.417 2807.315 

2914.506 3013.324 3094.625 3110.62 3143.485 3145.501 3159.48 3161.496 3171.516 3173.532 3187.511 3189.527 3217.497 

3219.513 3245.528 3247.544 3309.727 3325.721 3337.758 3353.753 3900.811 3928.842 4475.101 4475.267 4491.262 4503.298 

4519.293 4718.234 4746.266 5152.337 5168.332 5180.368 5196.363 5557.875 5573.87 
     

Trypsin autolysis experiments were performed with 10 μL of 0.01 μg/μL Trypsin Gold in 25 mM ammonium bicarbonate 

solution at a pH of 7.8 on a clean silicon substrate for 12 hours at 37°C in a humidified chamber (the same condition as CTB 

on-plate digestion). MALDI-TOF MS detection of the trypsin autolysis peaks were carried out afterwards. The trypsin 

autolysis experiments were performed several times (at least 5) because the trypsin autolysis varies and each time there are 

different autolysis peaks. All the detected m/z peaks in all the performed experiments are summarized in this table and the 

numbers reported are corresponding m/z number of detected trypsin autolysis peaks.
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Table 2.5 Summary of observed tryptic fragments in MALDI-TOF mass spectra of CTB 

digestion under the optimal digestion condition (0.01 μg/μL Trypsin Gold and 12 hours). 

Fragment (amino 

acid start-end) Sequence 

Calculated 

MW(Da) 

occurrence 

frequency
* 

Confirmed 

by MS/MS? 

64-67 (K)AIER(M) 488.28  3/4   

70-73 (K)DTLR(I) 504.28 1/4 

 64-69 (1 Oxidation) (K)AIERMK(D) 763.41  3/4   

or 68-73  or (R)MKDTLR(I)       

68-73 (1 Oxidation) (R)MKDTLR(I) 779.4  3/4   

74-81 (R)IAYLTEAK(V) 908.51  3/4   

36-43 (R)EMAIITFK(N) 952.52  4/4   

35-43 (K)REMAIITFK(N) 1108.62  1/4   

35-43 (1 Oxidation) (K)REMAIITFK(N) 1124.61  4/4   

24-34 (K)IFSYTESLAGK(R) 1215.62  4/4 Y 

24-35 (K)IFSYTESLAGKR(E) 1371.72  4/4 Y 

44-62 

(K)NGATFQVEVPGSQHIDSQ

K(K) 2041.99  4/4 Y 

44-63 

(K)NGATFQVEVPGSQHIDSQ

KK(A) 2170.09  4/4 

  

 

  *Occurrence frequency is reported as the number of samples in which the tryptic 

fragment was detected/total samples. 

 

In some cases, such as multiple protein analytes or unknown protein(s), the m/z of 

peptides is not enough to identify protein(s), and MS/MS information has to be gathered 

for identification of protein(s). To explore the utility of MS/MS in the affinity capture 

platform, MS/MS or tandem mass spectrometry was attempted for the CTB tryptic 

digested peptides. After the on-plate digested CTB mass spectrum was obtained, the 

peptides with a relatively high signal to noise were selected and the MS/MS spectra were 

obtained. MS/MS spectra of three peptides at 1215 Da, 1371 Da and 2042 Da are shown 

in Figure 2.11. The b ions and y ions are assigned in the figure with a high coverage of 

the corresponding peptide. The mass difference between the measured m/z and the 
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theoretical m/z of identified b ions and y ions is within 0.4 Da, which is consistent with 

literature.
174

 By successfully obtaining the CTB fingerprint results and MS/MS results, it 

is believed that the affinity capture platform has a very high potential to be used for 

identifying mixtures of proteins with similar molecular weights associated with 

membrane-related molecules. 

 

 

Figure 2.11 MALDI MS/MS spectra of tryptic fragments of captured CTB at (a) 1215 

Da, (b) 1371 Da and (c) 2042 Da. Peaks of y ions and b ions are assigned according to 

the theoretical calculation performed by Protein Prospector. 
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2.3.6 MALDI-TOF detection for MTII peptide on PSLBs  

After success in capture and MALDI detection of bacterial toxins by their membrane 

receptors in poly(lipid) platform, the exploration of the platform in MALDI detection of 

molecules bound to transmembrane proteins was attempted, as described in this section. 

HMC4 is a GPCR and is related to pigmentation and early onset of obesity. It is a popular 

target in pharmaceutical development of medication.
155

 MTII is a synthetic peptide that 

can bind to HMC4 receptors.
157

 The HMC4 and MTII binding pair were used as a model 

system to explore the affinity capture platform in transmembrane protein studies.  

HMC4 was incorporated into a bis-SorbPC PSLB and then this membrane was UV 

polymerized. A control experiment was performed with MTII peptide adsorbed on a 

poly(bis-SorbPC) PSLB that lacked HMC4. MTII bound to membranes was detected by 

MALDI-TOF MS afterwards. A MTII peptide peak showed up in mass spectra (3000 

laser shots) of poly(bis-SorbPC) membrane both with and without incorporation of 

HMC4 receptors (Figure 2.12). This indicates that MTII peptide has a high non-specific 

adsorption on lipid membranes.  
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Figure 2.12 MALDI MS spectra of MTII on (a) HMC4 incorporated poly(bis-SorbPC) 

and (b) poly(bis-SorbPC).  

 

To suppress this non-specific interaction, some experimental parameters were changed. 

Conditions that were used are: HEPES buffer + 400 mM NaCl (effect of ionic strength), 

HEPES buffer + 3% (v/v) DDM, or HEPES buffer + 4% (v/v) Triton-X 100 (effect of 

different surfactants). The results are shown in Figure 2.13. With high ionic strength or 

high surfactant content, the non-specific interactions between MTII peptide and lipid 

membrane are not suppressed. Both high ionic strength and high surfactant content 

conditions suppressed the dimer ([2M+H]
+
) formation, suggesting that the non-covalent 

interaction between MTII peptides was inhibited. 
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Figure 2.13 MALDI MS spectra of MTII on (a) HMC4 incorporated poly(bis-SorbPC) 

with 400 mM NaCl, (b) poly(bis-SorbPC) with 400 mM NaCl, (c) HMC4 incorporated 

poly(bis-SorbPC) with 3% (v/v) DDM, (d) poly(bis-SorbPC) with 3% (v/v) DDM, (e) 

HMC4 incorporated poly(bis-SorbPC) with 4% (v/v) Triton-X 100 and (f) poly(bis-

SorbPC) with 4% (v/v) Triton-X 100. The buffer was HEPES buffer. 
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  Non-specific interactions arise from a variety of sources: repulsion or attraction due 

electrostatic net charges on molecular surfaces, attraction due to various dipole and 

higher-order terms (monopole-dipole, dipole-dipole, etc.), hydrophobic patches on 

proteins or peptides, hydration forces, etc. In some cases, it can be suppressed by 

changing ionic strength, pH, solvent, etc. However, in this case, MTII has such a strong 

non-specific interaction with lipid membranes that none of the three conditions can 

suppress it. Another possibility is that the MTII molecules detected by MALDI-TOF MS 

are from the interior of the lipid bilayer. Since MTII is relatively small, some molecules 

may be able to penetrate into the lipid bilayer and interact with lipid molecules without 

experiencing effects from changes of ionic strength and the presence of surfactant in the 

bulk solution.  

2.3.7 Attempted MALDI-TOF detection of transducin 

Rho, a widely studied GPCR, and its corresponding G protein, transducin (Tr), can be 

used as another model system to explore the platform for MS detection of ligands bound 

transmembrane proteins. To test the feasibility, MALDI-TOF MS was done directly on 

purified Tr first. Tr is a G protein with three different subunits, α, β and γ. The molecular 

weights of the three subunits are 39 kDa, 36 kDa and 10 kDa, respectively.
175

 However, 

Tr subunits were only detected in one mass spectrum. Figure 2.14 shows the successful 

mass spectrum with α and γ subunits labeled. Figure 2.15 shows a failed mass spectrum. 

None of the Tr subunits showed up and the peaks in the mass spectrum are mainly in 

small m/z range that can be attributed to impurities. To prove that Tr is in solution, gel 
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electrophoresis was carried out for the same sample and Figure 2.16 showed existence of 

all three Tr subunits.  

 

Figure 2.14 Successful MALDI MS spectrum of purified Tr. α subunit shows up at ~39 

kDa and γ subunit shows up at ~10 kDa. No β subunit was detected. The peak at ~16.5 

kDa was assigned to some contaminant protein from ROS. 
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Figure 2.15 Failed MALDI MS spectrum of purified Tr. No Tr subunits were detected in 

both low (a) and high (b) m/z range. 
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Figure 2.16 Gel electrophoresis result of purified transducin. 

 

The unsuccessful MALDI-TOF MS detection of Tr can be caused by the low ionization 

efficiency of transducin. Even in the successful mass spectrum shown in Figure 2.14, the 
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intensity of each subunit is low. With such a low signal, the detection of bound Tr to 

reconstituted Rho in poly(bis-SorbPC) is not very promising. Therefore, The MALDI-

TOF MS detection of Tr captured by Rho was not attempted. 

2.4 Conclusions and Future Directions 

This chapter demonstrates a label-free affinity capture platform for bacterial toxin 

detection and identification using MALDI-TOF MS. Most importantly, the use of 

polymerizable lipids (poly(bis-SorbPC)) allows MALDI-TOF MS to be used with lipid 

membranes, broadening its potential application to include other membrane-related 

molecules (eg. lipids, gangliosides, transmembrane proteins, etc.). CTB, LTB and PTB 

can be analyzed by MALDI-TOF MS after capture by ganglioside-incorporated poly(bis-

SorbPC). With the molecular weight information provided by MALDI-TOF MS, 

simultaneous detection and identification of ligands can be achieved, which will shorten 

the time for sample characterization. By incorporating both GM1 and GD1a into 

poly(bis-SorbPC), well-resolved m/z peaks from the three toxins were achieved. Unlike 

CaR-ESI-MS,
145

 our affinity capture platform cannot provide ganglioside receptor 

information; however, the more straightforward mass spectra obtained from MALDI-

TOF MS are more useful in screening complex, membrane-related ligand candidates 

extracted from tissue or cell cultures. Another advantage of using a poly(bis-SorbPC) 

membrane is the low non-specific adsorption of proteins, which prevents signal from 

unwanted proteins, like FBS and shrimp extract. Due to the high sensitivity of MALDI-

TOF MS, a minimal detectable surface coverage of 3% of a CTB monolayer has been 
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achieved. Furthermore, captured CTB could also be analyzed by on-plate trypsin 

digestion to obtain its peptide fingerprint. The isolation and identification of proteins 

associated with membrane-related molecules are still challenging due to the instability of 

membranes.
176

 Our affinity capture platform, which utilizes a stable lipid membrane and 

is capable of incorporating membrane-related molecules, has the potential to be applied 

in proteomic identification of membrane-interacting proteins. The ability to perform on-

plate trypsin digestion would allow more confident identification of unknown captured 

proteins.  

Unfortunately, MTII peptide, a ligand for HMC4 receptor, showed high non-specific 

adsorption. The non-specific interactions were not suppressed by change of ionic strength 

or surfactant(s). The MTII peptide molecules may adsorb on the lipid bilayer or penetrate 

into the lipid bilayer. The location of MTII peptide is a crucial parameter in future 

methodological development for suppressing non-specific interactions.  

The study of peptide-lipid interactions can allow a better understanding of peptide 

conformation, orientation and association of the bilayer. Moreover, as pharmaceutical 

industry shows an increasing interest in peptide products and most of the peptides for 

clinical use are lipid-interactive, it is worthwhile studying peptide-lipid interactions.
177, 178

 

Förster resonance energy transfer (FRET) can be a powerful method to address where the 

peptide is located with respect to the membrane.
179

 In FRET process, an excited molecule 

(donor) returns to the ground state by transferring the energy to an adjacent molecule 

(acceptor) without the emission of a photon. The efficiency of the energy transfer is 
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controlled by the distance between donor molecule and acceptor molecule and the 

overlap of the fluorescence emission spectrum of donor molecule and the absorption 

spectrum of the acceptor molecule.
180

 It is possible to quantify the fraction of molecules 

adsorbed on the surface of the membrane vs. those inserted into the membrane.
181, 182

 The 

details of calculation is beyond the scope of this dissertation and readers who are 

interested in the quantification can be led to the FRET section in the review reference 

179. 

One commonly used donor-acceptor pair for peptide-lipid interaction studies is 

tryptophan and 1,6-diphenylhexatriene (DPH) pair.
181

 The tryptophan residues of 

peptides are commonly used as a donor because the peptide does not need any 

fluorescence label for the experiment so that the binding property of the peptide is not 

altered. DPH is a rigid rod-like fluorescent probe that is located in the hydrophobic acyl 

chain region of the lipid membrane.
183

 The center location of DPH in the lipid bilayer can 

simplify the FRET formalism by assuming two planes: the acceptor plane at the center of 

the bilayer and a donor plane at a distance W (interplanar distance) from the acceptor 

plane. Usually, if the acceptor fluorophor is located in the headgroup of the lipid, more 

than one acceptor plane has to be proposed to account for both the inner and outer leaflets 

of the bilayer, which makes the calculation more complicated.  

In the case of studies on interactions of MTII and lipid (starting with a simple gel-phase 

lipid, like DPPC, and then polymerized lipid), a similar system can be used. MTII peptide 

has a tryptophan which should be fluorescent. DPH can be incorporated into DPPC to 
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form a PSLB. Time-resolved fluorescence can be used to evaluate the FRET. If the FRET 

occurs, that indicates there is an interaction between the MTII and the lipid. Energy-

transfer efficiencies can be calculated through numerical integration of the theoretical 

decay laws (eqs 6 and 7 in reference 181) and during this process, the interplanar distance 

W can be obtained. By comparing W to the thickness of half lipid bilayer, it can be 

determined if the peptide adsorbs on the membrane or inserted into the membrane.  

The information obtained can contribute to understanding of peptide interactions with 

bis-SorbPC PSLBs. Furthermore, FRET experiments can also be carried out under 

different experimental conditions (different salt concentration, different surfactant 

condition) to understand if the condition can/cannot alter the peptide/lipid interaction and 

rationalize the results in Section 2.3.6. 

A G protein, Tr, was attempted to be detected by MALDI-TOF MS in the hope that this 

affinity capture platform can be applied to its transmembrane protein, rhodopsin. 

However, Tr itself does not give reproducible mass spectra. It was detected only once by 

MALDI-TOF MS. This is attributed to its low ionization efficiency and variation in 

instrumental parameters. In the future, more conditions should be tested to ionize Tr more 

efficiently.  

In a given experiment, the MALDI matrix is usually found using a “trial and error” 

approach.
184

 This fact suggests the way to optimize ionization of a molecule of interest is 

by “trying all possible conditions to see which one works”. Fortunately, many MS 

experts are working on that problem and there is some basis to successfully ionize Tr. A 
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very important paper by Fitzgerald et al. gives a complete survey of nearly all matrix 

compounds.
185

 In their paper, 37 highly substituted pyrimidine, pyridine, and benzene 

derivatives containing basic amino groups as potential matrices were screened to ionize 

proteins with different molecular weight. The proteins studied are luteinizing hormone 

releasing hormone (1183.3 Da), bovine pancreatic insulin (5734 Da), cytochrome c 

(12327 Da), egg white lysozyme (14305 Da), and soybean trypsin inhibitor (20100 Da). 

The largest subunit of Tr is the α subunit with a molecular weight of ~39 kDa so the 

results for soybean trypsin inhibitor are more representative. From Table 1 in reference 

185
, the matrices combined with a 355 nm laser that successfully ionize soybean trypsin 

inhibitor with a strong signal in positive mode are: 2-aminonicotinic acid, 2-amino-4-

methyl-3-nitropyridine, 2-amino-4-methylh5-nitropyridine, 2-amino-5-nitropyridine, and 

4-nitroanaline. This list is a good start for Tr ionization. However, it should be pointed 

out that even though these matrices showed a high signal for a large protein, they are not 

guaranteed to efficiently ionize small proteins. As in the same table, among the 5 

matrices listed above, 2-aminonicotinic acid, 2-amino-4-methylh5-nitropyridine and 4-

nitroanaline also ionize bovine pancreatic insulin very well with 355 nm laser in positive 

mode. These 3 matrices may be the best choices to try for Tr ionization as γ subunit is 

~10 kDa.    

If any of the matrices can successfully lead to MALDI detection of Tr, the next step is to 

test the feasibility of using Rho in the poly(lipid) platform to capture Tr from solution 

and detect Tr by MALDI-TOF MS. The Tr and Rho pair can be demonstrated as a model 

ligand-transmembrane protein system. If the platform works for Tr, other ligands of Rho 
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can be screened by the same method. To investigate the application of the platform in 

high throughput drug screening, possible ligand candidates with different molecular 

weight will be allowed to interact with the Rho-reconstituted poly(lipid) for certain time. 

After binding to Rho, excess ligands will be rinsed away and the bound ligands will be 

detected by MALDI-TOF MS.      
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CHAPTER 3: STUDIES OF BINDING AFFINITY AND 

COOPERATIVITY OF CTB AND GM1 IN POLYMERIZED 

PLANAR SUPPORTED LIPID BILAYERS 

Abstract: In order to study the effect of lipid polymerization on the binding affinity of 

membrane associated receptor-ligand pairs, the CTB and GM1 binding pair was used as a 

multivalent binding model. The binding was measured using total internal reflection 

fluorescence microscopy (TIRF-M) in POPC, unpolymerized bis-SorbPC, and 

polymerized bis-SorbPC in a flow cell into which varying concentrations of CTB solution 

were injected. Moreover, a membrane system was created in which the GM1 was 

templated to be in a more optimal multivalent binding configuration to determine if this 

would cause a change in binding affinity and/or the coefficient. To create the templated 

GM1 system, a saturated concentration of CTB was used to induce GM1 clusters in an 

unpolymerized bis-SorbPC membrane. Then UV polymerization of the bis-SorbPC film 

was performed to template GM1. Pre-bound CTB can be then desorbed using a solution 

with low pH and high urea concentration. All the results were compared. These 

measurements, however, were found to be improper for GM1-CTB pair because the 

assumption that [CTB]free=[CTB]total is not true under the conditions used. A PDMS 

multichannel system with continuous flow was built. Each channel would have a 

different solution flowing through under a continuous flow. It was found that the binding 

equilibrium takes longer than 12 hrs to be reached for a low concentration of CTB. With 

such long equilibrium time, the binding affinity could not be measured accurately. To 
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demonstrate the effects of flow rate on equilibrium time, the binding equilibrium was 

modeled and equilibrium time was estimated for different flow rates.  

3.1 Introduction 

3.1.1 Studies on effects of lipid environment on protein-receptor binding 

The lipid environment has been found to affect the behavior of membrane-related 

receptors. Properties of the lipid membrane can affect the distribution, orientation and 

mobility of membrane-related receptors, thus affecting protein-receptor binding.
4
 

Although the effect of the lipid environment on the function of membrane-related 

molecules has not been systematically studied, some important observations have been 

made over the past four decades.  

The degree of unsaturation of phospholipid fatty acyl chains can affect the binding 

between insulin and its receptor. The binding between [
125

I]iodoinsulin and turkey 

erythrocyte membrane insulin receptor was different when the receptor was reconstituted 

in a saturated lipid environment (dimyristoyl phosphatidylcholine) than in an unsaturated 

lipid environment (soy phoaphatidylcholine).
186

 Evidence has shown that there are 

differences in the behavior of α2-adrenergic receptor and its agonist, [
3
H]UK 14,304, in 

human platelet membranes above and below the lipid phase transition temperature.
187

 The 

affinities of muscarinic acetylcholine receptors for the antagonist, pirenzepine, are 

modulated by different weight ratios of cholesteryl hemisuccinate/phosphatidylcholine 

mixtures. 
188

 Quenching results of fluorescently labeled P-glycoprotein (PGP) showed 

that two drugs (vinblastin and daunorubicin) and a chemosensitizer (verapamil) bind to 
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PGP with different affinity and have different partition coefficients in lipids with 

different headgroups (egg PC, brain PS, and egg PE), different acyl chains (egg PC, 

DMPC, and DPPC) and different phase state (DMPC at different temperatures).
189

 Also 

for PGP, the phase of the phospholipid bilayers (gel vs. liquid-crystalline) can affect lipid 

partitioning, binding affinity and transport of three drugs (Hoechst 33342, LDS-751 and 

MK-571).
190

 

The evidence outlined above suggests that the lipid environment may affect the binding 

affinity between CTB and GM1. Additionally, this research focuses on the use of 

polymerized membranes. Polymerization will alter the lipid environment and could 

further induce a change in binding affinity. The polymerization-induced functional 

change of membrane-related molecules has never been systematically studied. In this 

chapter, the lipid environment is altered by different lipid molecules, phases or 

polymerization and its effects on binding affinity between CTB and GM1 will be 

explored. 

3.1.2 Overview of multivalent binding and cooperativity 

In 1913, A. V. Hill first applied the Hill equation to the study of oxygen binding to 

haemoglobin.
191

 Since then, the Hill equation has been used in many research fields, 

mainly in multivalent ligand-receptor binding studies. The bound fraction θ is expressed 

as 
                      

                   
=

    

       
, where [L] is the concentration of the free ligand, Kd is the 

dissociation constant and n is the Hill coefficient. When the concentration of the ligand is 

much greater than the concentration of ligand-binding sites, the sum of bound and free 



108 
 

ligand is approximately equal to [L]. As recognized by Hill, n does not reflect the number 

of binding sites as haemoglobin has 4 oxygen binding sites but experimentally, n was 

measured from 1.7-3.2.  

The Hill coefficient, n, is a measure of the degree of cooperativity, or the degree of 

interaction between binding sites.
192

 When n=1, ligand binding is not cooperative, 

meaning that the binding sites of the receptor do not interact. When n>1, the binding of 

one ligand promotes the binding of others and it indicates “positive cooperativity”. When 

n<1, the binding of one ligand molecule suppresses the binding of others and it is called 

“negative cooperativity”. Only under extreme positive cooperativity can n reach the 

number of binding sites. This theoretical upper limit has never been observed in practice. 

In the case of CTB and GM1 pair, CTB has 5 binding sites for GM1 but the reported Hill 

coefficient is ~2.
170

  

3.2 Experimental 

3.2.1 Materials 

Monosialotetrahexosylganglioside (GM1), 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

(lissamine rhodamine B sulfonyl) (Rho-PE) was purchased from Avanti Polar Lipids 

(Alabaster, AL). 1,2-Bis[10-(2’,4’-hexadienoloxy)decanoyl]-sn-glycero-3-

phosphocholine (bis-SorbPC) was synthesized as previously described.
159

 Cholera toxin 

subunit B (recombinant, Alexa Fluor 488 conjugate, Alexa 488-CTB) was purchased 

from Invitrogen (Eugene, OR). Water from a Barnstead Nanopure system with a 
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minimum resistivity of 18 MΩ·cm was used. Phosphate buffered saline, pH 7.4 (PBS) 

was made containing the following components: 140 mM sodium chloride, 3 mM 

potassium chloride, 10 mM dibasic sodium phosphate, 2 mM monobasic potassium 

phosphate, 0.2 mM sodium azide. Regeneration solution for CTB was made with 6 M 

urea, 0.1 M glycine and 0.2 M NaCl adjusted to pH 3 with 1 M HCl. 

N-octyldimethylchlorosilane (ODCS) was purchased from Sigma (St. Louis, MO). 

Sylgard® 184 silicone elastomer kit was purchased from Dow Corning Corporation 

(Midland, MI). 

 

Figure 3.1 Multichannel photomask design. The width of each channel is 50 μm with a 

spacing of 50 μm. The length of the channels is 1 inch. Inlets and outles are 2 mm in 

diameter. 

  

3.2.2 Preparation of GM1 or Rho-PE-incorporated small unilamellar vesicles 

Stock solutions of POPC or bis-SorbPC were prepared in pure chloroform. GM1 was 

dissolved in methanol. Dopant lipids, ganglioside GM1 or Rho-PE, were mixed with 

POPC or bis-SorbPC at 1 mol% (expressed below as mole % (mol/mol)). Organic solvent 
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was evaporated from the lipid mixtures under a stream of argon. POPC was vacuum dried 

overnight and other lipids were vacuum dried for at least four hours. The lipid was then 

rehydrated with PBS to a concentration of 0.5 mg/mL, vortexed to suspend the lipid, and 

then sonicated in a Branson Sonicator with a cup horn at 35°C until no longer cloudy 

(usually 90 min for POPC and 30 min for bis-SorbPC). 

3.2.3 Preparation of PSLBs in a flow cell 

Fused silica slides were cleaned in piranha solution (7:3 concentrated H2SO4: 30% H2O2) 

for 30 minutes and rinsed thoroughly in nanopure water. The substrates were dried with a 

stream of nitrogen and assembled into a custom-built, temperature controlled Teflon flow 

cell for TIRF experiments. Small unilamellar vesicles (SUVs) solution was injected into 

the cell and incubated at 35°C for at least 15 minutes to form PSLBs. After that, the 

experiments were performed at room temperature (23±1 °C) without temperature control. 

Unfused SUVs were rinsed away with copious amounts of PBS buffer. For POPC and 

unpolymerized bis-SorbPC, the PSLBs were used without further handling. To 

polymerize bis-SorbPC PSLBs, a low-pressure mercury pen lamp with a rated intensity 

of 4500 μW/cm
2
 at 254 nm was directed through a bandpass filter (325 nm, 140 nm 

FWHM; U330, Edmund Optics) at a distance of 3 inches from the bottom of the cell, 

where no Teflon blocks the optical path for 60 minutes.
69

 To form templated PSLBs, 27 

nM Alexa 488-CTB solution was allowed to bind to unpolymerized bis-SorbPC 

containing 1 mol% GM1. Polymerization of bis-SorbPC PSLB was performed after 1 

hour with CTB bound under the same condition as described above. Bound CTB was 
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washed away by incubating regeneration solution in the cell for 15 min. This gives 

templated GM1 PSLBs. Figure 3.2 shows the process to make templated GM1 PSLBs.  

 

Figure 3.2 Process of forming GM1 templated PSLB. 

 

3.2.4 TIRF setup for flow cell 

Figure 3.3 shows the TIRF setup for the flow cell. An Ar
+
 laser (Ion Laser Technology) 

at 488 nm was used to excite Alexa 488-CTB. The flow cell was mounted on an inverted 

microscope (Nikon Diaphot) stage. One 45° optical prism (Edmund Optics) was used to 

couple the laser into the fused silica slide. Immersion oil (Type FF) with a refractive 

index of 1.4790±0.0002 (R.P. Cargille Laboratories, Inc., Cedar Grove, N.J.) was used to 

mount the prism onto the fused silica slide. The laser beam was introduced and totally 

internally reflected in the silica slide as shown in Figure 3.3. The TIRF spot at the upper 

interface between the fused silica slide and the aqueous solution was used. The 

fluorescence signal from the bound Alexa-488 CTB was collected using a 4× objective 

and detected using an Andor CCD (Andor Technology USA, South Windsor, CT). A 

535DF35 (Omega Optical, Brattleboro, VT) bandpass emission filter was used to reduce 
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background from the light source. The CCD was controlled by Andor Technology 

software provided by Andor Technology.       

 

Figure 3.3 TIRF experiment setup for flow cell. 

 

3.2.5 Binding isotherm between CTB and GM1 

To create a binding isotherm, first, PBS buffer solution in contact with a PSLB was used 

to collect background. Then 500 μL of the lowest concentration of Alexa 488-CTB 

solution was injected to the flow cell and incubated with the PSLB for 1 h. The 

fluorescent signal from GM1-bound Alexa 488-CTB was then measured. Sequentially, 

the concentrations of Alexa 488-CTB from low to high were injected and incubated 1 h 

in between each injection, and the fluorescent signals were recorded. The fluorescent 

signal from dissolved Alexa 488-CTB was negligible so that the protein solution was not 

flushed out before each measurement. The binding isotherm data were fitted to a Hill plot 
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to obtain the dissociation constant, Kd, and the Hill cooperativity coefficient, n, using 

Origin 8 software.   

3.2.6 Fabrication of PDMS multichannel device 

A photomask with seven channels was designed (Figure 3.1). Photo Sciences, Inc. 

(Torrance, CA) fabricated it with black on plots to be chrome on mask. Photolithography 

was carried out to transfer multichannel patterns from the photomask to a Si substrate 

followed by a deep reactive ion etching (DRIE) on the Si master to make the channel 

depth 50 μm. Both photolithography and DRIE processes were carried out by Dr. Bob 

Geil at Chapel Hill Analytical and Nanofabrication Laboratory at the University of North 

Carolina. After the Si master arrived, it was cleaned in piranha (30:70 H2O2: H2SO4) for 

30 min, rinsed with copious H2O, copious methanol and then dried with N2. Silanization 

of the Si master was performed by soaking it in 2% (v/v) ODCS in methanol overnight. 

The silanization step makes the Si master hydrophobic, which then makes the PDMS 

easier to peel off from the master. After silanization, the Si master was rinsed with 

methanol and dried with N2. 

PDMS monomer was mixed with initiator at a ratio of 10:1 and a small amount of the 

mixture was poured onto the silanized Si master to cover the pattern with a thickness of 

~2 mm. This thickness was chosen because it would still allow UV light to transmit 

through PDMS for future polymerization of bis-SorbPC. The mixture was incubated in an 

oven at 70 °C for 1 h. To make a good seal, the inlet and outlet regions were deliberately 

made much thicker (~1 cm). This was achieved by pre-baking a ~1 cm thick PDMS block 
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(10:1 monomer:initiator ratio, 70°C for 1 h) and attaching the pre-baked PDMS block 

only to the inlet and outlet regions with a thin layer of unbaked PDMS mixture. The 

entire device was incubated in the oven at 70°C for 1 h. It was then carefully peeled off 

of the Si master with tweezers. The inlet and outlet holes were punched by a 1.5 mm 

disposable biopsy punch with plunger (Miltex, Inc., York, PA). The PDMS device was 

cleaned by contact with Scotch tape and then it and a piranha cleaned glass slide were 

plasma treated for 40 s. After plasma treatment, the PDMS was bonded to the glass slide 

irreversibly by pressing them together by hand.   

3.2.7 Epifluorescence imaging  

Epifluorescence images of 0.6 mol% Rho-PE doped POPC lipid bilayers were obtained 

using a Nikon TE2000-U inverted microscope (Nikon Instruments, Inc, Melville, NJ) 

with a Princeton Instruments, Inc., 512×512 CCD camera (TE/CCD-512TK/1, Trenton, 

NJ). A rhodamine filter cube (Chroma Technology Corp., Bellows Falls, VT) with a 

SPEC TRITC D540/25 excitation filter, a 565 DCLP dichroic filter and a HQ 510/75 

emission filter was used for fluorescence imaging. 

3.2.8 TIRF setup for PDMS multichannel device 

The TIRF setup for the PDMS multichannel device is shown in Figure 3.4. The geometry 

is very similar to the TIRF setup shown in Figure 3.3. The refractive index of PDMS 

under this curing condition is 1.466 at 460 nm.
193

 So the critical angle for PDMS and the 

glass slide interface is calculated to be 69°. To initiate TIR, a custom-built dove prism 

(Del Mar Photonics, Inc., San Diego, CA) (the geometry of the prism is shown in Figure 
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3.5) was used to couple the laser into the glass slide. Immersion oil (Type FF) with a 

refractive index of 1.5167±0.0005 (Cargille Laboratories, Cedar Grove, N.J.) was used to 

mount the prism onto the glass slide. The laser beam was introduced and totally internally 

reflected in the glass as shown in Figure 3.4. The TIRF spot at the interface between the 

glass slide and the aqueous solution was used. The fluorescence signal from the bound 

Alexa-488 CTB was collected using a 4× objective and detected using an Andor CCD 

(Andor Technology USA, South Windsor, CT). A 535DF35 (Omega Optical, Brattleboro, 

VT) bandpass emission filter was used to cut off background from the light source. The 

CCD was controlled using Andor Technology software provided by Andor Technology.       

 

Figure 3.4 TIRF experiment setup for PDMS multichannel device. The PDMS 

multichannels are not drawn to scale. The seven channels are within one TIR spot size. 
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Figure 3.5 Dove prism design. 

 

3.2.9 Monitor CTB binding with different flow rates 

Alexa 488-CTB solutions were injected into the PDMS multichannel device with PSLBs 

with varying flow rates by a syringe pump (Chemyx Fusion 200, Stafford, TX).  PBS 

buffer solution was used to collect background. The fluorescent signal from GM1-bound 

Alexa 488-CTB was measured over time. The fluorescent signal from Alexa 488-CTB in 

solution was negligible so the protein solution was not flushed out before each 

measurement.  

3.2.10 Model of CTB binding with different flow rates 

COMSOL Multiphysics software (COMSOL, Inc., Burlington, MA) was used to solve 

the mass transport equation and model the binding between CTB and GM1 with different 

flow rates with the help of Chris Archerley in Dr. Michael Heien’s lab at the University 

of Arizona. A 2-D slice of the actual channel with dimensions of 50 μm by 2500 μm 

(height×length) was used to model the flow profile. The binding of CTB to the surface 
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was modeled by a box (for conservation of mass) with a height of 5 μm, and a length of 

2500 μm (See Figure 3.6). All of the parameters used for the modeling are listed in Table 

3.1. 

 

Figure 3.6 Geometry of channel and box (not drawn to scale). Mesh was used in both 

channel and box. In each individual triangle, flow profile or mass transport profile were 

calculated from COMSOL modeling.  
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Table 3.1 Summary of parameters used for COMSOL modeling. 

Symbol Physical meaning Unit Constant Equation/notes 

D Diffusion coefficient of CTB cm
2
/s 1×10

-6 

 density Density of water g/cm
3
 1 

 μ Viscosity of water Pa•s 0.001002 

 

     flow Flow rate L/min 

 

Varied 

c Concentration of CTB nmol/L 

 

Varied 

Height_channel Height of channel μm 50 

 Width_channel Width of channel μm 50 

 

Area_channel Area of channel μm
2
 

 

Height_channel×width

_channel 

height Height of box μm 5 

 length Length of box μm 2500 

 N CTB flux mol/(cm•s) 

 

modeled 

b 

A term that describes the 

amount of substance 

adsorbed related to the 

concentration of the 

adsorbate cm 723 KaΓs 

k_ads Adsorption rate constant cm/s 2000 

Obtained from 5.2 nM 

CTB modeling 

u Velocity of flow m/s 

 

Flow/area_channel 

Flux_flow CTB flux in channel mol/(m
2
•s) 

 

CTB×v_avg 

k_model 

Modeled desorpton rate 

constant m/s 

 

height×(k_ads/b) 

   

In literature, the Kd of CTB and GM1 binding pair was reported from 4.55 pM
194

 to 370 

nM
195

. From studies in Section 3.3.6, the true Kd should be close to the low end of this 

range. Kd=4.55 pM was used to calculate b. Assuming area (A) POPC=0.5 nm
2
 and 

AGM1=1 nm
2
, in 1 mol% GM1 in POPC bilayer, if one GM1 molecule binds to 1 CTB 

pentamer, the saturated surface coverage, Γs, is 
     

                       
      

            . So b=Ka× Γs=
   

             
      

        

          . 
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  The laminar flow profile was solved by the Navier-Stokes equation (Eqn. 3.1) that 

describes the motion of a Newtonian incompressible fluid. Due to the fluid continuity of 

laminar flow property, Eqn. 3.2 can be used together with Eqn. 3.1 to solve for the 

laminar flow profile. 

 
  

  
                            

 

 
                                              Eqn. 3.1 

  

  
                                                                                                                           Eqn. 3.2 

where ρ is the fluid density, t is time,   is the del operator, I is the 3×3 identity matrix, T is the 

deviatoric component of the total stress tensor and F represents body forces (per unit volume) 

acting on the fluid. 

Mass transport of CTB in the channel has contributions from convection and diffusion so 

Eqn. 3.3-3.5 can be applied. The rate constant k_ads was obtained by fitting modeled 

equilibrium time of CTB at 5.2 nM to experimental results (See Section 3.3.7). Mass 

transport of CTB in the box is contributed only from diffusion and Eqn. 3.6-3.8 can be 

applied. By modeling the flow profile from Eqn. 3.1-3.2 and the mass transport profile 

from Eqn. 3.3-3.8, the amount of CTB bound (or the amount of CTB in the box) can be 

calculated with time. 

   

  
                                                                                                        Eqn. 3.3 

                                                                                                                             Eqn. 3.4 

                                                                                                                       Eqn. 3.5 
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                                                                                                                Eqn. 3.6 

                                                                                                                                  Eqn. 3.7 

                                                                                                                         Eqn. 3.8 

3.3 Results and Discussion 

3.3.1 Non-specific adsorption of CTB on lipid bilayers   

To evaluate the contribution of non-specific adsorption of CTB on lipid bilayers, 

polymerized bis-SorbPC membranes lacking GM1 were formed as described in Section 

3.2.3. Alexa 488-CTB solution with a concentration of 27 nM was injected and incubated 

for 60 min. Measurements were taken both before and after Alexa 488-CTB injection. 

The corresponding intensity is shown in Figure 3.7. The intensity from non-specifically 

adsorbed CTB is negligible compared to background intensity from membrane itself. 

This result also matched with the non-specific binding result obtained by MALDI-TOF 

MS (Section 2.3.2). This result shows that the lipid film has a high resistance to non-

specific adsorption of CTB. 
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Figure 3.7 TIRF intensity of poly(bis-SorbPC) membrane in contact with buffer and non-

specifically adsorbed 27 nM Alexa 488-CTB solution.  

 

3.3.2 CTB binding to 1 mol% GM1 in different lipid bilayers in the flow cell   

POPC membranes with 1 mol% GM1 were incubated with CTB solutions which varied 

in concentration from 3 nM up to 27 nM. Fluorescence measurements were taken both 

before and after PBS rinsing. The data are shown in Figure 3.8. It is obvious that the 

fluorescence intensity reaches a plateau at ~10 nM. The amount of dissolved, unbound 

CTB molecules in the solution is low and they do not contribute to the fluorescence 

intensity because the intensity is the same (within standard deviation) before and after 

PBS rinsing. 
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Figure 3.8 TIRF isotherm of CTB binding to 1 mol% GM1 doped in POPC. 

Measurements were taken both before PBS rinsing ( ) and after PBS rinsing ( ). The 

fluorescence intensity was recorded from the same area with three images. The intensity 

average and standard deviation were calculated. 

 

To extract the dissociation constant, Kd, the CTB-GM1 binding isotherm was fit to a Hill 

plot (Eqn. 3.9).
170

 F is the fluorescence intensity of bound CTB, Fmax is the maximum 

fluorescence intensity at binding saturation, Kd is the dissociation constant, [P] is the 

concentration of CTB solution which was assumed equal to free CTB and n is the Hill 

cooperativity coefficient. Figure 3.8 shows the binding isotherms of CTB to 1 mol% 

GM1 in POPC, unpolymerized bis-SorbPC, polymerized bis-SorbPC and templated GM1 

PSLBs. The corresponding Kd and n values are summarized in Table 3.2. 

 

    
 

    

  
      

                                                                                                         Eqn. 3.9 
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Figure 3.9 TIRF binding curves of CTB binding to 1 mol% GM1 doped in POPC (  ), 

unpolymerized bis-SorbPC ( ), polymerized bis-SorbPC ( ) and GM1 templated 

PSLBs ( ). The solid lines represent fits to the data using a Hill plot. 
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Table 3.2 Summary of apparent dissociation constants Kd and Hill cooperativity 

coefficients n for CTB binding to 1 mol% GM1 doped in different lipid bilayers. R
2
 is the 

regression coefficient from the curve fitting. 

1 mol% GM1 in different films Kd (nM) n R
2
 

POPC 8.8 1.61 0.9973 

 9.6 1.87 0.9897 

 10.2 2.79 0.9903 

average 9.5±0.7 2.1±0.6  

Unpolymerized bis-SorbPC 8.8 2.57 0.9853 

 8.6 2.55 0.9615 

 9.8 2.59 0.998 

average 9.1±0.6 2.57±0.02  

Polymerized bis-SorbPC 8.2 3.61 0.9784 

 9.8 3.23 0.9687 

 8.4 3.72 0.9923 

average 8.8±0.9 3.5±0.3  

Template GM1 PSLBs 6.4 4.67 0.9783 

 6.2 4.79 0.9957 

 6.6 5 0.9882 

average 6.4±0.2 4.8±0.2  

 

R
2
 (Table 3.2) are all larger than 0.96, indicating a good fit by using the Hill-Waud 

model. Also, the Hill cooperativity coefficient n is larger than 1, suggesting that the CTB 

subunit has a positive cooperativity when binding to GM1. This is another indication for 

correctly choosing the Hill-Waud model over Langmuir model because Langmuir model 

assumes one type of binding site and does not take into account cooperativity. The 

dissociation constants of CTB and GM1 in POPC, unpolymerized bis-SorbPC and 

polymerized bis-SorbPC are indistinguishable within error (~ 9 nM). This number is 

within the range of binding constants published in the literature (from 4.55 pM to 370 

nM). 
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  Under the experimental conditions, POPC is in the liquid-crystalline phase, 

unpolymerized bis-SorbPC is in the gel phase and polymerized bis-SorbPC is in a 

gel+polymerized phase. However, the CTB-GM1 binding affinities in the three different 

films are the same, suggesting the CTB-GM1 binding is not affected by the lipid 

environment. For Hill cooperativity coefficient n, POPC and unpolymerized bis-SorbPC 

shows almost the same number within error. Polymerized bis-SorbPC has an obvious 

higher cooperativity coefficient. It has been reported that GM1 cluster can affect binding 

affinity and cooperativity coefficient.
170

 It is possible that GM1 may cluster more in 

polymerized bis-SorbPC due to the polymerization induced phase separation
196

 of bis-

SorbPC. This increase in cluster is reflected in cooperativity coefficient, but may be too 

small to cause a change in binding affinity. 

3.3.3 CTB binding to 1 mol% GM1 in GM1 templated PSLBs   

To determine the time required for regenerating a CTB-free, templated GM1/poly(bis-

SorbPC) PSLB, the fluorescence intensity was monitored with regeneration solution 

incubation time and the result is shown in Figure 3.10. After ~10 min, the intensity is 

stable within error. So the regeneration solution was incubated for 15 min in the further 

experiments. 
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Figure 3.10 Fluorescence intensity decrease of bound CTB with regeneration solution 

incubation time. 

   

The reproducibility of regeneration was also evaluated. Figure 3.11 shows the 

fluorescence intensity after different steps in the process of creating three separate 

templated GM1 surfaces. The blue columns are fluorescence intensity taken for lipid 

background. The red columns show the fluorescence intensity after 27 nM Alexa 488-

CTB was incubated with the lipid membranes. An intensity increase appears as expected. 

After UV polymerization of the bis-SorbPC membrane (green columns), the fluorescence 

intensity decreased due to the photobleaching caused by the UV pen lamp. After 

incubation with the regeneration solution for 15 min (purple columns), the fluorescence 

intensity goes back to the same level as lipid background. This suggests a near-

quantitative removal of bound Alexa 488-CTB. From the intensity change in three trials, 

this regeneration method is very reproducible.  
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Figure 3.11 Fluorescence intensity change caused by different treatments. 

 

The binding affinity between GM1 and CTB in templated GM1 PSLBs was then 

measured. The Kd is 6.4 nM (Table 3.2), smaller than those for the other three films. This 

result shows that CTB binds stronger in templated GM1 PSLBs. It can be explained that 

GM1 was “locked” by polymerization of bis-SorbPC into a more optimal position for 

CTB binding that strengthens the binding affinity. One interesting observation is that the 

Hill cooperativity coefficient n is the same as the stoichiometric number of binding sites 

on CTB (1 CTB pentamer contains to 5 GM1 binding sites). A cooperativity coefficient 

this high has never before been reported. From the modeling, it has been found that in 

order to make Hill cooperativity coefficient to approach stoichiometric number, the Kd 

for each successive binding step must decrease at least to 1/10 of the previous step.
197

 In 

the case of CTB-GM1, the binding steps are:  
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CTB+GM1→CTB-GM1 (Kd1),  

CTB-GM1+GM1→CTB-2GM1 (Kd2),  

CTB-2GM1+GM1→CTB-3GM1 (Kd3),  

CTB-3GM1+GM1→CTB-4GM1 (Kd4) and  

CTB-4GM1+GM1→CTB-5GM1 (Kd5).  

If n=5, that means Kd1≥10
5
Kd5. By templating GM1 into a more optimized orientation by 

polymerization of bis-SorbPC, the binding affinities of successive steps have been 

improved and make the binding of 1 CTB pentamer molecule to 5 GM1 molecules 

thermodynamically more favorable. This provides a method to pre-orient receptors and 

may improve binding affinity. 

3.3.4 A fatal flaw of this experiment   

In the experiments above, CTBtotal =CTBbound + CTBfree. The assumption that 

CTBfree≈CTBtotal is true when CTBbound<<CTBfree, where CTBtotal is the total 

concentration of CTB solution; CTBbound is the amount of bound CTB; and CTBfree  is the 

concentration of free or unbound CTB. However, in the system described above, the flow 

is static, meaning the total amount of CTB in the system is limited. To estimate if the 

assumption is valid in the system, a calculation was done to find out [CTB]total and 

[CTB]bound. The volume of the teflon cell is 50 μL, so the total amount of CTB in the cell 

ranges from 1.7×10
-13

 mol up to 1.3×10
-12

 mol (corresponding to the concentration range 

from 3 nM to 27 nM). The area of the teflon cell is 0.24 cm
2
 (radius is 0.276 cm). 
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Assuming a GM1 molecule has an area of 1 nm
2
 and a phospholipid molecule has an area 

of 0.5 nm
2
, the amount of GM1 in 1 mol% of lipid bilayer in that area is 7.9×10

-13
 mol. 

The number of receptors is close to the number of total ligands. Therefore, the 

assumption that CTBbound<<CTBfree cannot be true. The true [CTB]free is much less than 

[CTB]total and the binding affinity is underestimated. 

Researchers have noted this problem and come up with some adjustments. One classical 

paper is written by Dr. Stephane Swillens in 1995.
198

 But in this method, no cooperativity 

coefficient was considered. If n is involved in a similar manner to adjust the free 

concentration, the Hill equation of the CTB and GM1 binding pair is Eqn 3.10, where 

CTBmax is the amount of CTB at binding saturation. By substitution of           

                       Eqn. 3.11 can be derived. The ratio 
          

        
 is measured 

from TIRF experiments and            is known. Three variables, Kd,            and n 

have to be mathematically fit to obtain the result. In Swillens’s paper, only Kd and 

[CTB]bound are unknown, therefore it can be mathematically fit and computed to obtain 

both parameters. However, with three unknown parameters, there are many possible 

number combinations that can make a good fit for Eqn. 3.11. Therefore, with multivalent 

binding system, if the ligand is not in large excess, the mathematical method to adjust the 

apparent Kd cannot be achieved due to the introduction of one more unknown parameter, 

n.  

          

        
 

         
 

  
           

                                                                                     Eqn. 3.10 
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                                                             Eqn. 3.11 

3.3.5 Formation of PSLBs in PDMS multi-channel microfluidic system   

To solve the problems mentioned in Section 3.3.4, a PDMS multi-channel microfluidic 

system was built so that binding can be measured under continuous flow. Under this 

condition, CTBtotal=CTBfree because the solution is continuously flowed through the 

system. 

First, the fusion of SUVs composed of 0.6% Rho-PE doped POPC in the PDMS multi-

channel microfluidic system was tested. To do this, PBS buffer was injected into all 7 

channels. Figure 3.12(a) shows the bright field image of the buffer-filled PDMS 

channels. The interface between PDMS and glass slide is seen as dark straight lines. The 

edges of those lines are smooth without any air bubbles or skews, indicating a good seal 

between PDMS and glass slide. Then each channel was filled with 0.6% Rho-PE doped 

POPC SUVs solution. After 15 min, one channel was rinsed with PBS buffer and the 

image is shown in Figure 3.12 (b). In the rinsed channel (the first channel on the right), 

uniform fluorescence was detected and it suggests the formation of a microscopically 

continuous PSLB in the channel. Moreover, clear boundaries were observed between 

each channel; that is also proof of a good seal between PDMS and the glass slide. The 

tolerance of sealed PDMS channel to flow pressure was tested by flowing PBS at 

different flow rates into each channel. The flow rates used were: 0.02 μL/min, 0.05 

μL/min, 0.5 μL/min, 5 μL/min, 50 μL/min and 100 μL/min (from right channel to left 

channel and the third left channel was not rinsed as a control). The final image is shown 
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in Figure 3.12(c). The widths of fluorescent channels are the same with no observed 

fluorescence signal between the channels. This suggests that for flow rates up to 100 

μL/min, the seal between PDMS and the glass slide is still tight with no leakage of 

solution out of the channels.  

 

Figure 3.12 Fusion of SUVs in PDMS multi-channel microfluidic system. (a) Bright 

field image of PDMS multi-channel microfluidic system filled with PBS buffer. (b) Epi-

fluorescence image of 6 PDMS channels filled with Rho-PE doped POPC and 1 channel 

with excess SUVs rinsed away with PBS. (c) Epi-fluorescence image of 1 PDMS channel 

filled with Rho-PE doped POPC and 6 channels with excess SUVs rinsed away with 

PBS.The corresponding intensity profile of the line scan in figure c is shown at the right 

of the figure. The width of the channel is 50 μm. 
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3.3.6 Equilibrium time of CTB-GM1 binding under different flow rates    

CTB binding to 1 mol% GM1 in lipid membranes in the PDMS multichannel 

microfluidic system was then carried out. SUVs composed of 1 mol% GM1 in POPC 

were fused in the multichannel system first. After rinsing away excess SUVs, Alexa 488-

CTB solution with a concentration of 8.8×10
-11

 M was continuously flowed through the 

channels with a flow rate of 50 μL/min. The fluorescence intensity increase was 

monitored over time. Figure 3.13 shows the result.  
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Figure 3.13 The fluorescence intensity increase with time was monitored for Alexa 488-

CTB solution with a concentration of 8.8×10
-11

 M binding to 1 mol% GM1 in POPC 

under a flow rate of 50 μL/min. Three independent trials are shown in this figure. At the 

last point in each figure, PBS buffer was used to rinse the solution away and the 

fluorescence intensity was displayed as green triangle (rinsed). 

 

The concentration of  8.8×10
-11

 M was the lowest concentration used in the paper by Shi, 

J. et al.
170

 In their paper, under this lowest concentration, the equilibrium was observed 

after 6 hours under a flow rate of 0.2 μL/min. However, for the system used in this study, 

the equilibrium was not observed up to 10 hrs with a much higher flow rate of 50 μL/min. 

Figure 3.13(a)-(c) also shows that the slope of the curve is different for each individual 

experiment, meaning at each time point, the steady state established is different. 
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  Lower flow rates of 0.5 μL/min and 5 μL/min were tried for the same system but no 

obvious fluorescence intensity increase corresponding to binding was observed (Figure 

3.14). In the results in Figure 3.14, the fluorescence intensity of the rinsed solution is a 

much higher intensity than the point immediately before rinsing. In the rinsing process, 

the flow rate used was 100 μL/min. This high flow rate allowed excess CTB solution to 

go through the channel and bind to GM1, thus resulting an increase in fluorescence 

intensity. 

 

Figure 3.14 The fluorescence intensity was monitored with time for Alexa 488-CTB 

solution with a concentration of 8.8×10
-11

 M binding to 1 mol% GM1 in POPC under a 

flow rate of (a) 0.5 μL/min and (b) 5 μL/min.  

 

There is a possibility that at a high flow rate of 50 μL/min, the lipid bilayer may be 

disturbed by the flow and CTB may adsorb directly to glass to cause the fluorescence 

increase. To test this possibility, Alexa-488 CTB solution with a concentration of 5.2×10
-

9
 M was flowed through the microchannels in contact with a glass slide at 50 μL/min. 

The intensity vs. time curve is shown in Figure 3.15. The intensity only increased from 

~1400 counts/pixel (background) to ~1700 counts/pixel. This small increase suggests that 
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the non-specific adsorption of CTB on a glass slide is minimal and would not be the 

cause of the large intensity increases in Figure 3.13. 

 

Figure 3.15 The fluorescence intensity was monitored with time for Alexa 488-CTB 

solution with a concentration of 5.2×10
-9

 M flowing over a glass slide at a flow rate of 50 

μL/min.  

 

To prove that equilibrium can be established in the system, a higher concentration of 

Alexa-488 CTB solution was used. In Figure 3.16, Alexa-488 CTB solution with a 

concentration of 5.2×10
-9

 M was continuously flowed through the channel that was 

coated with 1 mol% GM1 in POPC PSLBS at a flow rate of 50 μL/min. Apparent 

equilibrium was observed after 200 min (about 3 hrs). This proves that under the 

experimental condition, binding equilibrium between CTB and GM1 can be established. 

The reason why at lower concentration, no equilibrium was observed is not due to 
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incorrect experimental design. This result also provides evidence that under this flow 

rate, the lipid bilayer is still intact. 

 

Figure 3.16 The fluorescence intensity measured as a function of time for Alexa 488-

CTB solution at a concentration of 5.2×10
-9

 M flowing over a PSLB composed of 1 

mol% GM1 in POPC at a flow rate of 50 μL/min.  

 

3.3.7 Modeling of equilibria by COMSOL    

Apparent binding equilibrium between CTB and GM1 at low CTB concentration 

(8.8×10
-11

 M) clearly takes too long to be observed experimentally, so COMSOL 

Multiphysics software was used to model the equilibrium and extract the equilibration 

time. COMSOL Multiphysics is a software that can model binding kinetics and thus 

equilibration time.
199

 The details of the modeling in this study is described in Section 

3.2.10. 
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  First, the k_ads was obtained by fitting the modeled equilibration time at 5.2×10
-9

 M 

CTB to the experimental result showing in Figure 3.16. The experimental result 

suggested that at this concentration with a flow rate of 50 μL/min, the equilibration time 

is ~200 min (or ~12000 s). Different k_ads were then used to model the system. Figure 

3.17 shows the result of modeling the bound CTB amount vs. time. Figure 3.17 (a) is 

when k_ads=1000 cm/s; the equilibrium has not been reached after 10000 s. At 

k_ads=3000 cm/s (Figure 3.17(b)), the equilibrium is reached before 6000 s. When 

k_ads=2000 cm/s as is in Figure 3.17 (c), the equilibration time is close to ~12000 s. As a 

result, k_ads is estimated to be 2000 cm/s for modeling. 
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Figure 3.17 Modeling of different k_ads for equilibration time at a CTB concentration of 

5.2×10
-9

 M and a flow rate of 50 μL/min. Panel (a) is k_ads=1000 cm/s, (b) is 

k_ads=3000 cm/s and (c) is k_ads=2000 cm/s.    

 

Then, the modeling of the equilibration time for CTB at 8.8×10
-11

 M was carried out with 

different flow rates. Table 3.3 summarizes the results and Figure 3.18 is the 

corresponding plots of Table 3.3 in log scale. From the plot, it is obvious that at low flow 

rates, the equilibration time decreases with increasing flow rate. When the flow rate 

increases, the rate of decrease in equilibration time declines. This can be explained by 

mass transport considerations. At low flow rates, the mass transport of CTB is dominated 

by the rate at which CTB molecules are introduced through flow. At higher flow rates, 

the CTB binding kinetics become the limiting factor.  
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  The modeling of the equilibration time as a function of flow rate shows that at 50 

μL/min, the equilibration time for a CTB concentration of 8.8×10
-11

 M is 19 hrs. This 

matches the observation that apparent equilibrium was not experimentally observed up to 

12 hrs (Figure 3.13). 

Table 3.3 Summary of equilibration time modeled with different flow rates for CTB 

concentration of 8.8×10
-11

 M. 

Flow rate (μL/min) Equilibration time (s) Equilibration time (hrs) 

0.05 1.4×10
8
 38556 

0.5 1.4×10
7 

3883 

5 6.4×10
5
 177 

50 6.9×10
4
 19 

 

 

Figure 3.18 Modeling results of equilibration time at different flow rates at a CTB 

concentration of 8.8×10
-11

 M. The y axis is in log scale.     
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3.4 Conclusions and Future Directions 

This chapter describes measurements and modeling of the binding of CTB and GM1 in 

different types of lipid membranes. The results measured by TIRF-M suggested that the 

binding affinities of CTB and GM1 in POPC (a liquid-crystalline phase lipid), 

unpolymerized bis-SorbPC (a gel phase lipid) and polymerized bis-SorbPC (polymerized 

lipid) are the same within experimental error. The Hill coefficient increased somewhat in 

polymerized bis-SorbPC and that can be explained by polymerization induced GM1 

clustering in the poly(lipid) membrane. When GM1 molecules were templated by 

polymerizing bis-SorbPC after CTB was bound, the binding affinity increased by a factor 

of 1.4 relative to that measured for the other three lipid membrane types. The most 

interesting observation is that the Hill coefficient in the templated GM1 membrane was 

found to reach the stoichiometry of CTB-GM1 binding. This observation has never been 

reported before. The success of increasing the binding affinity between GM1 and CTB by 

templating GM1 in polymerized lipid suggests that polymerized lipids can have 

applications in manipulating binding affinities, especially in biosensor designs where 

high binding affinity results in high sensitivity.   

This binding measurement system was found to have a fatal flaw, however. The 

assumption that the concentration of the ligand is much greater than the concentration of 

ligand-binding sites is not valid in the Teflon flow cell. This failed assumption cannot be 

further corrected mathematically or by modeling with the introduction of the Hill 

coefficient.  



141 
 

  Experiments with a PDMS multi-channel microfluidic device were proposed to 

introduce continuous flow of CTB solution. In this case, the assumption will be true. The 

PDMS multi-channel microfluidic device was built and the formation of lipid bilayers 

was successfully achieved. The lipid bilayers remained intact even under a flow rate up to 

100 μL/min. However, when this device was used to measure binding affinity between 

CTB and GM1, the equilibration time at 8.8×10
-11

 M CTB solution was found to be 

experimentally too long to achieve.  

COMSOL Multiphysics modeling was then used to extract the relationship between flow 

rate and equilibration time. The results showed a decrease of equilibration time with 

increasing flow rate. It also showed that for 8.8×10
-11

 M CTB solution, at a flow rate of 

50 μL/min, the equilibration time will be 19 hrs. 

In the future, the ideal experiment to test the polymerization effects on binding affinity 

will be a monovalent binding pair or a multivalent binding pair with a low binding 

affinity and a positive cooperativity. The monovalent binding pair can be tested in 

different lipid types and the effects of lipid phase and polymerization on binding affinity 

can be estimated. The multivalent binding pair can provide cooperativity information that 

cannot be obtained from a monovalent binding pair. For the multivalent binding pair, 

with a low binding affinity, the equilibration time may be short enough to experimentally 

measure. With a positive cooperativity, the feasibility of utilizing polymerization to 

template receptors and to enhance binding affinity can still be investigated. Appropriate 

binding pairs need to be identified. If such a pair is found, COMSOL Multiphysics 
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software can be used to model the equilibration time with different flow rates so that a 

good flow rate can be selected at the start.   
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CHAPTER 4: CHARACTERIZATION OF MIXED 

POLYMERIZABLE AND NON-POLYMERIZABLE LIPID 

MEMBRANES 

Abstract: Polymerization of lipids can decrease lipid fluidity. In some membrane-related 

biomolecule studies, fluidity of membranes plays a crucial role in maintaining 

biomolecule function. One example is that gramicidin, a peptide that dimerizes to form 

an ion channel, requires lipid fluidity for monomers to diffuse through the membrane and 

form channels. In this chapter, membranes containing mixtures of polymerizable lipid, 

bis-SorbPC, and a non-polymerizable lipid, DPhPC, were used to create bilayers that are 

both fluid and stable. The dependence of fluidity on the molar ratio of the two lipids was 

measured by fluorescence recovery after photobleaching (FRAP) and a significant drop 

in diffusion coefficient was observed when significant amounts of polymerized lipids 

were incorporated into the membrane. AFM was used to detect phase segregation of 

those two lipids. Domains with a size of ~100 nm and a height of 2.5 nm were observed 

on top of a continuous lipid matrix using AFM. Higher domains were attributed to 

poly(bis-SorbPC) and the continuous lipid matrix was assigned as DPhPC. This 

conclusion was made by AFM imaging different molar ratios of the two lipids. MALDI-

TOF MS is used to show the stability of the mixed bilayer. Gramicidin A is used as a 

probe that preferentially distributes into the non-polymerizable lipid phase and CTB 

bound to GM1 is used as a probe that preferentially distributes into the polymerizable 

lipid phases. 
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4.1 Introduction 

4.1.1 Membrane fluidity is a crucial criteria in membrane molecule studies 

It was proven in Chapter 2 that the polymerized bis-SorbPC greatly improves the 

membrane stability under harsh conditions (dehydration, high vaccum, and low pH etc.) 

compared to non-polymerizable lipids. The poly(bis-SorbPC) membrane is thus a suitable 

platform for MALDI-TOF MS detection of ligands of membrane molecules. 

However, it has also been found that pure polymerized membranes lose the fluidity that is 

sometimes required in functions of membrane molecules. One example is the ion channel 

forming function of a peptide, gramicidin. In UV-polymerized BLMs composed of bis-

DenPC, gramicidin cannot form ion channels.
26, 122

 Only with the incorporation of 

DPhPC into poly(bis-DenPC) can gramicidin maintain its function. The gramicidin need 

to diffuse in the lipid bilayer to form a functional ion channel, so it was rationalized that 

the polymerization of the lipid may cause a great decrease in fluidity and thus inhibit ion 

channel formation of the gramicidin. Bis-SorbPC was found to rupture after 

polymerization in a BLM geometry and thus was not useful for ion channel studies. 

However, in a PSLB geometry, Rho function was maintained in poly(bis-SorbPC) 

membranes while its photoactivity was reduced in unpolymerized membranes and 

completely lost in UV-polymerized membranes.
200

 It was hypothesized that the polymer 

network formed by bis-DenPC is less flexible compared to bis-SorbPC and cannot 

accommodate the conformational change of Rho during photoactivation. Even though 

Rho maintains function in poly(bis-SorbPC), the inhibition of ion channel formation is 
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still expected in poly(bis-SorbPC) PSLBs, as the fluidity is suppressed to a large extent. 

Furthermore, for some transmembrane protein studies (e.g. aggegation of transmembrane 

protein antigens induced by antibody binding), membrane fluidity may still be required.  

In this chapter, to make PSLBs with properties of both stability and fluidity, the non-

polymerizable lipid, DPhPC, is mixed with poly(bis-SorbPC) at different molar ratios. 

The retention of fluidity of the mixed bilayers is measured by fluorescence recovery after 

photobleaching (FRAP) and the degree of domain segregation of the mixed bilayers is 

characterized by atomic force microscopy (AFM).  

4.1.2 Introduction to FRAP 

It is simple and straightforward to use FRAP for quantifying lateral diffusion of lipids in 

membranes.
201

 FRAP measurements provide average lateral diffusion behavior of the 

fluorescently-labeled lipid molecules in the membrane. It can be applied to measure 

changes in fluidity caused by changes in lipid composition.
202

 

To perform FRAP, the membrane sample is doped with a small amount of fluorescent 

lipid and a high intensity laser pulse is used to photobleach an area (micron-sized). Due 

to lateral diffusion of unbleached fluorophores into the bleached spot and bleached 

fluorophores out of the region, the fluorescence will recover with time. By monitoring 

this intensity increase with time, a diffusion coefficient and mobile fraction can be 

determined. 
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  The diffusion coefficient D is calculated based on Eqn. 4.1.
203

 The parameter γD is 

bleach depth. It depends on the extent of photobleaching and varies from 1.1 to 1.2 in our 

system, but is usually 1.1. The parameter ω is the radius of the Gaussian laser spot 

measured at 1/e
2
 of the maximum intensity.  The time τ1/2 is the time needed to reach 50% 

recovery and it is a reflection of recovery kinetics. 

     
    

     
                                                                                                        Eqn. 4.1 

4.1.1 Lipid phase separation and detection techniques 

Artificial lipid bilayer mixtures with two components phase separate at temperatures and 

pressures where one lipid is in the fluid phase and the other is in the gel phase.
204

 There is 

a variety of methods to analyze the degree of domain segregation. Freeze-fracture 

electron microscopy is one technique to observe the fluid-gel behavior of lipid 

bilayers.
205

 In electron microscopy, there are many sample preparation procedures like 

labeling, staining, fixation, etc. required.
206

 Each preparation step may cause changes in 

the natural phase behavior of the lipids and the lipid bilayers are not maintained in their 

biological conditions. Therefore, the results obtained by electron microscopy may not be 

a true reflection of the lipid bilayer phase behavior. Fluorescence microscopy is another 

widely used technique to visualize phase separation in lipid membranes with much less 

sample preparation steps and a better conservation of natural phase behavior of the lipids 

compared to electron microscopy. Optical microscopic observations, especially the usage 

of confocal microscopy or fluorescence correlation spectroscopy, have been applied to 

study phase separation in giant unilamellar vesicles (GUVs). The domain shapes have 
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been reported to be dendritic, hexagonal, star-like, linear, etc.
207, 208

 Fluorescence 

resonance energy transfer (FRET) has also been used to detect the phase boundaries and 

it can detect domain sizes as small as 7 nm in diameter.
209, 210

 Another fluorescence 

method to detect phase boundaries in lipid bilayers is single-dye fluorescence. A single 

fluorescent dye in different phases of a phase-separated lipid bilayer will give different 

fluorescence intensities. The fluorescence difference results from the difference in 

equilibrium partition coefficients of the two phases.
210

 For the fluorescence microscopic 

techniques listed above, the relationship between the data and existence of phase 

separation may not be direct (like FRET and fluorescence correlation spectroscopy) and 

sometimes errors can occur.
210

 The addition of fluorescent probes to the 2-component 

system may also perturb the behavior of the system, resulting in false phase behavior of 

the lipids.
211

 Additionally, optical microscopy is diffraction-limited and needs 

instrumental modification (high objective magnification, low background, etc.) to obtain 

high resolution in analyzing small domain segregation. 

Atomic force microscopy (AFM) has nanometer lateral resolution and angstrom vertical 

resolution.
212

 These high resolutions allow it to resolve small differences in thicknesses 

of lipids in different phases and makes it a suitable tool for phase separation studies in 

lipid bilayers with domain sizes as small as nanometers. AFM requires minimal sample 

preparation and lipid bilayers can be imaged under a physiological aqueous environment. 

Due to the compatibility of the AFM instrument and sample geometry, AFM has been 

applied mostly to planar supported lipid monolayer or bilayer systems. Pioneers like 
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Dufrene et al. applied AFM to study phase separation in lipid films.
213

 Since then, AFM 

has been widely used in this area of study.
211, 214

  

4.2 Experimental 

4.2.1 Materials 

Monosialotetrahexosylganglioside (GM1), 1,2-diphytanoyl-sn-glycero-3-phosphocholine 

(DPhPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine 

rhodamine B sulfonyl) (Rho-PE) were purchased from Avanti Polar Lipids (Alabaster, 

AL). 1,2-Bis[10-(2’,4’-hexadienoloxy)decanoyl]-sn-glycero-3-phosphocholine (bis-

SorbPC) was synthesized as previously described.
159

 CTB and gramicidin A (GA) were 

obtained from Sigma-Aldrich. Water from a Barnstead Nanopure system with a minimum 

resistivity of 18 MΩ·cm was used. Phosphate buffered saline, pH 7.4 (PBS) was made 

containing the following components: 140 mM sodium chloride, 3 mM potassium 

chloride, 10 mM dibasic sodium phosphate, 2 mM monobasic potassium phosphate, 0.2 

mM sodium azide.  

4.2.2 Preparation of SUVs 

Stock solution of DPhPC or bis-SorbPC was prepared in pure chloroform. Different 

molar ratios (expressed below as mole % (mol/mol)) of DPhPC and bis-SorbPC were 

mixed together (with or without 0.6 mol% Rho-PE) and vortexed. Organic solvent was 

evaporated from the mixed lipids under a stream of argon, followed by vacuum drying 

for at least four hours. The lipid was then rehydrated with PBS to a concentration of 0.5 
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mg/mL, vortexed to suspend the lipid, and then sonicated in a Branson Sonicator with a 

cup horn at 35°C until no longer cloudy (usually 30 min). 

4.2.3 Preparation of PSLBs in FRAP cell 

The geometry and design of the FRAP cell were described in Dr. Kristina S. Orosz’s 

doctoral dissertation.
90

 Glass slides were cleaned in piranha solution (7:3 concentrated 

H2SO4: 30% H2O2) for 5 minutes and rinsed thoroughly in nanopure water. The 

substrates were dried with a stream of nitrogen and mounted in the FRAP cell. Several 

drops of SUV solution (mixture of DPhPC and bis-SorbPC with 0.6 mol% Rho-PE) were 

introduced into the cell and incubated at 35°C for 30 minutes to form PSLBs. After that, 

the experiments were performed at room temperature without temperature control. 

Unfused SUVs were rinsed away with copious PBS buffer. For polymerized samples, a 

low-pressure mercury pen lamp with a rated intensity of 4500 μW/cm
2
 at 254 nm was 

directed through a bandpass filter (325 nm, 140 nm FWHM; U330, Edmund Optics) at a 

distance of 3 inches from the top of the FRAP cell for 60 minutes.
69

 

4.2.4 FRAP experiment 

The FRAP experiments and data analysis were done by Dr. Kristina S. Orosz. The 

experimental design and procedures of the FRAP experiment are also described in Dr. 

Kristina S. Orosz’s doctoral dissertation.
90

 Briefly, a Nikon TE2000-U inverted 

microscope (Nikon Instruments, Inc, Melville, NJ) with a 20× objective was used to 

perform the FRAP measurement. A pre-bleach fluorescence image of PSLBs was taken 

by a 512×512 CCD camera (TE/CCD-512TK/1, Princeton Instruments, Inc., Trenton, NJ) 
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with the illumination of a 100 W mercury lamp (USH-103S, Ushio, Cypress, CA). A 

rhodamine filter cube (SPEC TRITC D540/25× exciter, 565 DCLP dichroic, HQ 

510/75m emitter, Chroma Technology Corp., Bellows Falls, VT) was used for the 

fluorescence imaging. The 488 nm line of an argon ion laser (Innova 70, Coherent, Santa 

Clara, CA) was set to a power of ~50-75 mW after exiting the laser and was used to 

photobleach a micron-sized, circular spot on the PSLBs (less than 0.5 s exposure time). 

The bleached spot and surrounding area were then imaged with a mercury lamp over time 

to observe the fluorescence recovery. From the intensity vs. time profile, a double-

exponential equation was used to fit the curve. 

F(t) = 1 – (A + B1e
-k

1
t
 + B2e

-k
2

t
)                                                               Eqn. 4.2   

where F(t) is the normalized intensity at a given time, t, after bleaching, kx are the rate 

parameters characteristic of the faster (x = 1) and slower (x = 2) diffusion components, A 

is the unrecovered fraction, and Bx is the recovered fraction related to faster and slower 

components.  Fast and slow diffusion coefficients (D1 and D2, respectively) were found 

for each PSLB using Eqn. 4.1 (τx = ln 2/kx).
215

 

Percent recoveries for the fast and slow components were calculated as  

%1 = 100(B1 / (A + B1 + B2)) (for fast)                                            Eqn. 4.3 

%2 = 100(B2 / (A + B1 + B2)) (for slow)                                                                Eqn. 4.4 
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  Overall percent recovery for the PSLB, %tot, was the sum of %1 and %2.  The percent 

immobile is 100% - %tot.  A weighted average diffusion coefficient, Davg, was also 

calculated [Daverage = %1(D1) + %2(D2)] for each PSLB. 

Due to variability in operator performance and drift in the instrument optics of the FRAP 

experiment, the true laser spot size is not known and may vary. The spot size after a 3 s 

(or more) time delay is what is measured, because it takes the operator at least 3 s to 

switch over the optics from laser bleaching to fluorescence and to acquire the first image 

after bleach. During this delay, the spot size changes as a result of lipid diffusion. Thus, 

the measured spot size at 3 s is larger than at time = 0 s. To attempt minimization of the 

effect of optical drift, all the experiments were performed in a 6 week period. 

The spot size at time = 0 s was extrapolated by plotting the average diffusion coefficient 

as a function of measured spot size (of the first image), as shown in Figure 4.1. The spot 

size appeared to vary linearly with diffusion coefficient. In a non-diffusing system 

(Daverage=0 μm
2
/s), the actual spot size would be measured. The data in Figure 4.1 

suggests an ω value of 4.6±0.6 μm. This number is then used as the spot size in all the 

calculations. 
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Figure 4.1 Plot of Daverage vs. ω. The relationship between the two variables is linear. The 

linear equation is displayed in the plot and the spot size is extrapolated from Daverage=0 

μm
2
/s)      

      

4.2.5 Atomic force microscopy (AFM) 

AFM images of mixed lipid bilayers were obtained with an Agilent 5500 AFM (Agilent 

Technologies, Inc., Santa Clara, CA) with a small piezoelectric scanner with a maximum 

imaging area of 10 μm×10 μm. Lipid bilayers of mixtures composed of DPhPC and 

poly(bis-SorbPC) (mol ratios of 100:0, 30:70, 50:50, 70:30 and 0:100) were formed in a 

liquid sample cell as described in Sections 4.2.2 and 4.2.3. The substrate used in the 

liquid sample cell is a Si wafer (1 inch by 1 inch) cleaned in piranha for 30 min. All 

images were acquired in liquid contact mode at a scan rate of 1 Hz. The AFM tip used is 
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an oxide-sharpened DNP-S silicon nitride probe (Bruker AFM Probes, Camarillo, CA) 

with a spring constant 0.12 N/m and a resonant frequency of 16 Hz. Gwyddion 2.30 

software
216

 was used to remove the polynomial background and the lowest order that 

gave a flattened image was used.  

4.3 Results and Discussion 

4.3.1 FRAP measurements of lateral diffusion in mixed lipid bilayers   

The fluidity of the mixed lipid membranes was quantified as diffusion coefficients and 

percent recoveries measured by FRAP.  

Mixed lipid membranes composed of 0.6 mol% Rho-PE doped in 100:0, 70:30, 50:50, 

30:70 and 0:100 DPhPC: bis-SorbPC were formed and FRAP measurements were taken 

both before polymerization (Table 4.1) and after polymerization (Table 4.2). In all the 

samples, both a single-exponential fit and a double-exponential fit of the fluorescence 

recovery curve were tried and the double-exponential fit resulted in a higher coefficient 

of determination (R
2
), which indicates a better curve fit. This suggests the existence of 

two diffusing lipid populations - a fast and a slow population. The presence of two 

populations has been reported before and a double-exponential fit has been known to 

deviate less from the data.
217, 218

 The fast diffusion coefficient (D1), the slow diffusion 

coefficient (D2), the weighted average diffusion coefficient (Daverage) and their 

corresponding percent recoveries are all summarized in Table 4.1 and Table 4.2. These 

measurements illustrate the effect of polymerizable lipid (unpolymerized and 

polymerized) incorporation into fluid lipid on diffusion coefficients. Also, the results 
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provide a comparison between polymerized membranes and unpolymerized membranes 

with the same lipid composition. 

Table 4.1 FRAP measurements of diffusion coefficients of unpolymerized films. All 

measurements were done at room temperature (23-26 °C). FRAP curves were fitted to 

double exponentials and the weighted average diffusion coefficient and total percent 

recovery were reported for each type of film.  The results are reported as 

average±standard deviation.  

Unpolymerized lipid D1 (μm
2
/s) %1 D2 (μm

2
/s) %2 Daverage (μm

2
/s) %tot 

DPhPC 0.9±0.1 75±3 0.09±0.03 24±4 0.66±0.08 98±1 

7:3 DPhPC: bis-SorbPC 0.66±0.05 80±2 0.071±0.0098 20±2 0.55±0.04 99±1 

5:5 DPhPC: bis-SorbPC 0.53±0.05 79±1 0.044±0.0094 20±2 0.43±0.04 98±1 

3:7 DPhPC: bis-SorbPC 0.29±0.03 66±2 0.032±0.003 28±1 0.20±0.02 94.8±0.7 

Bis-SorbPC 0.18±0.03 54±2 0.017±0.003 33±2 0.10±0.01 87±2 
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Table 4.2 FRAP measurements of diffusion coefficients on polymerized films. All 

measurements were done at room temperature (23-26 °C). FRAP curves were fitted to 

double exponentials and the weighted average diffusion coefficient and total percent 

recovery were reported for each type of film.  The results are reported as 

average±standard deviation.  

Polymerized lipid D1 (μm
2
/s) %1 D2 (μm

2
/s) %2 Daverage (μm

2
/s) %tot 

7:3 DPhPC:  poly bis-SorbPC 0.7±0.1 78±3 0.07±0.02 21±3 0.55±0.08 100±1 

5:5 DPhPC: poly bis-SorbPC 0.47±0.05 76±3 0.042±0.007 21±2 0.36±0.04 96±2 

3:7 DPhPC: poly bis-SorbPC 0.20±0.04 62±2 0.025±0.004 33±2 0.13±0.03 94±2 

Poly bis-SorbPC 0.04±0.027 40±8 0.006±0.004 36±4 0.02±0.015 76±8 

 

For unpolymerized lipids (Table 4.1), the incorporation of bis-SorbPC causes a decrease 

in diffusion coefficients, but the diffusion coefficients are still within the same order of 

magnitude. This suggests that with the incorporation of the gel-phase unpolymerized bis-

SorbPC, the fluidity of the film is suppressed. Up to 50% incorporation of bis-SorbPC, 

the unpolymerized mixed bilayers were ~100% mobile. After the incorporation of 70% 

bis-SorbPC, the fraction of faster population (%1) decreases and the fraction of slower 

population (%2) increases. The total recovery (%tot) for 70% bis-SorbPC is less than 

100%, indicating that there is an immobile population. Vaz et al. examined mixed 

bilayers of dimyristoyl phosphatidylcholine (DMPC) and distearoyl phosphatidylcholine 

(DSPC) as a function of composition using the FRAP method.
219

 At 34.9 °C, when 
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DMPC is in the liquid crystalline phase and DSPC is in gel phase, for 80/20 

DMPC/DSPC (mole/mole), the “fast-diffusing” component has a recovery of 100%; for 

50/50 DMPC/DSPC, the recovery is ~70% and for 20/80 DMPC/DSPC, the recovery 

decreases to ~55%. The trend of decreasing D of the “fast-diffusing” component in Table 

4.1 matches with the literature data. Even though the diffusion coefficients were not 

reported, the reported τ (s) increases with the increase of the DSPC component, 

indicating a decrease in diffusion coefficients, which also matches with the trend in Table 

4.1. 

For polymerized lipids, the average diffusion coefficients keep decreasing compared to 

unpolymerized lipid. When the incorporation fraction of poly(bis-SorbPC) is less than 

70%, the diffusion coefficients are still in the same order of magnitude as fluid lipid 

(DPhPC) and total recoveries are close to 100%. After incorporation of 70% or more 

poly(bis-SorbPC), the same trend related to the faster and slower populations is observed 

as for unpolymerized lipids. The fraction of the faster population (%1) decreases and the 

fraction of the slower population (%2) increases. The total recovery is less than 100%. 

For 100% poly(bis-SorbPC) membranes, the diffusion coefficient decreases one order of 

magnitude compared to all other lipid membranes. This suggests a suppression of lipid 

lateral diffusion. In 100% poly(bis-SorbPC) membranes, the percent recovery is only 

76%, meaning that 24% of the lipids are immobile on the observation time scale. Such a 

low total recovery% may result from extensive cross-linking between lipids. The 

fluorescently-labeled lipids may be getting corralled in the poly(bis-SorbPC) network. In 

Dr. Orosz’s dissertation, a similar one order of magnitude decrease in D was measured 
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for bis-SorbPC under slightly different conditions.
90

 The unpolymerized bis-SorbPC has 

a D of 0.9±0.15 μm
2
/s, while after UV polymerization, it is decreased to 0.09±0.029 

μm
2
/s, which matches with the result in Table 4.2. Moreover, Okazaki et al. measured 

lateral diffusion coefficients of lipid molecules in PSLBs composed of fluid (egg-PC) and 

polymerized (DiynePC) phospholipid bilayers as a function of the fraction of 

polymerized lipid bilayers.
220

 The diffusion coefficients were found to decrease 

monotonically with the amount of polymerized bilayer. At large amounts of polymerized 

bilayer, the diffusion coefficients were found to be nearly zero. They attributed the result 

to the obstacles formed by polymerized portions of the bilayer. Their findings match with 

the results in this study and their explanations can also count for the large decrease in D 

for 100% poly(bis-SorbPC) membrane. 

The ratio between the average diffusion coefficients of the unpolymerized lipids and the 

polymerized lipids (Daverage(unpoly)/Daverage(poly)) is plotted in Figure 4.2. Up to 30% 

incorporation of bis-SorbPC, the polymerization does not affect diffusion and the ratio is 

~1 (within error). Afterwards, the diffusion coefficient ratio decreases linearly with the 

increase of amount of bis-SorbPC lipids. The cross-linking of bis-SorbPC molecules 

creates barriers to diffusion. With more bis-SorbPC molecules in existence, there are 

more barriers and they slow down the lateral diffusion. 
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Figure 4.2 The ratio between the average diffusion coefficients of the unpolymerized 

lipids and the polymerized lipids plotted as a function of bis-SorbPC content.     

 

4.3.2 AFM detection of phase separation   

To characterize the microscopic morphology of the mixed lipid membranes, the epi-

fluorescence microscopy was used to examine the PSLBs composed of 0.6 mol% Rho-PE 

doped 1:1 DPhPC:poly(bis-SorbPC). The experimental conditions were the same as those 

for FRAP experiments. A representative image is shown in Figure 4.3. No phase 

segregation showed up in the image. One possibility is that the resolution of the 

microscope is limited by the diffraction limit and the phase domains of the mixed 

membrane are too small to be resolved. To analyze the phase segregation with a high-

resolution technique, AFM was performed on polymerized lipid bilayers composed of 

100:0, 70:30, 50:50, 30:70 and 0:100 DPhPC: poly(bis-SorbPC). Multiple AFM images 

were taken on each PSLB and the representative AFM images are shown in Figure 4.4.  

y = -0.0114x + 1.3626 
R² = 0.9936 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

1.4 

0 20 40 60 80 100 120 

D
(p

o
ly

)/
D

(u
n

p
o

ly
) 

bis-SorbPC content (%) 



159 
 

 

Figure 4.3 Epi-fluorescence image of a PSLB composed 0.6 mol% Rho-PE doped 1:1 

DPhPC:poly(bis-SorbPC).     
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Figure 4.4 Contact mode AFM images of a) 100:0; b) 70:30; c) 50:50; d) 30:70 and e) 

0:100 DPhPC:  poly (bis-SorbPC) in PBS buffer. The size of all the images is 1 μm × 1 

μm.     

 

The pure lipid bilayers (Figure 4.4 a and e) are uniform and intact. In Section 4.3.3, it is 

shown that a hole can be dug out on these substrates, suggesting these are lipid bilayers 

and not silicon substrates that were imaged in these figures. This is also an indication of 

successful formation of continuous lipid bilayers by the vesicle fusion method. When two 

lipids are mixed and polymerized (Figure 4.4 b-d), obvious phase separation occurs. 

Figure 4.5 is a typical line scan of the domains from the 50:50 DPhPC: poly(bis-SorbPC) 

samples (Figure 4.4 c). The domain height is found to be ~2.5 nm with a diameter of ~50 

nm. When the content of polymerized bis-SorbPC increases, the amount of higher 

domains also increases. This suggests that poly(bis-SorbPC) appears as “islands” or 

domains that are ~2.5 nm high in a continuous lipid “matrix” of DPhPC. 
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Figure 4.5 A typical line scan of phase separated domains of 50:50 DPhPC and poly(bis-

SorbPC) membranes in Figure 4.4 c.     

 

4.3.3 AFM measurement of lipid thicknesses of DPhPC and poly(bis-SorbPC)   

The lengths of hydrophobic chains in the two lipids were estimated by SPARTAN 

software (Courtesy of Saehan Park). Bis-SorbPC has a chain length of 3.0 nm and 

DPhPC has a chain length of 2.9 nm. Theoretically, the height difference between those 

two lipids should not be as large as 2.5 nm. 

To measure the thickness of the lipid membrane experimentally, one AFM tip was used 

to dig a 1 μm×1 μm hole in the lipid bilayers by applying a high set-point (5 V) and fast 

scan rate (10 lines/s). The lipid bilayer with a hole was imaged at a scan size of 5 μm×5 

μm. Due to the occurrence of scratches, the function of “correct lines by matching height 

median” was applied and then the images were flattened by “remove polynomial 

background” using the lowest order that would give a flat background. The images of 

DPhPC and poly(bis-SorbPC) membranes with a hole are shown in Figure 4.6. 
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Figure 4.6 AFM Images of (a) DPhPC and (b) poly(bis-SorbPC) membranes with a hole 

created by the AFM tip. The corresponding line scan profiles are shown to the right.     

  

Under the experimental conditions, the lipids do not diffuse to refill the hole. One 

possibility is that the hole is deep enough to cause some damages to the substrate so that 

the lipids cannot move freely onto the damaged substrate. The other possibility is that 

under the buffer conditions, the lipids cannot “heal” (or refill) the hole. Cremer et al. 

studied the lateral diffusion of an egg PC bilayer with 1 mol% Texas Red DHPE across a 

boundary created by using tweezers to slightly scratch the surface.
46

 When the pH of the 

buffer is lowered to 6.0 or below at an ionic strength of 50 mM, the bilayer can heal the 
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scratched areas. However, at pH 8.0, the bilayer does not expand to the scratch region 

after 30 min. The pH used in the AFM experiments in this study is 7.4. It is possible that 

with the PBS buffer, the lipid bilayer cannot diffuse to refill the scratched hole. 

From the line scan profile, it is found that the depth of the hole in DPhPC is ~5 nm, 

which matches with the expected thickness of the lipid membrane.
221

 The depth of the 

hole in poly(bis-SorbPC) is only ~2 nm. If the true thickness of poly(bis-SorbPC) 

membrane is 2 nm, it cannot appear as domains 2.5 nm higher than DPhPC. Also, 

previous AFM studies in the Saavedra group showed that the thickness of poly(bis-

SorbPC) is 39-47 Å.
53

 The inconsistency of the thickness of poly(bis-SorbPC) 

membranes can be explained by different forces applied to the lipid membrane. Due to 

different AFM instruments and probes, the range of forces (or setpoints) applied to 

samples is different. The hole in Figure 4.6(b) can be caused by applying a relatively 

smaller force that can only remove the top leaflet of the lipid film and leave the bottom 

leaflet of the lipid film on the substrate. In this case, the half lipid thickness should be ~2 

nm and the full lipid thickness will be ~4 nm. This matches with former results. 

Larger forces or higher setpoints (close to 10 V) were attempted in the hope that it can 

remove the entire lipid bilayer. However, after the hole was dug and the setpoint was 

lowered to image the sample, only noise showed up and no lipid bilayer image was seen. 

This condition was attempted twice and neither was successful. The reason why the lipid 

bilayer image did not show up is unknown. One possibility is that the applied setpoint 

may be too high and it may affect the electronic feedback of the instrument. The other 
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possibility is that under such a high force, the AFM tip may have contacted the Si 

substrate. Since the Si substrate is harder than the tip, this condition may have damaged 

the tip so that no image was successfully obtained. 

4.3.4 Explanation of the height difference between DPhPC and poly(bis-SorbPC) in 

mixed lipid membranes   

From studies in Section 4.3.3, DPhPC has a thickness of ~5 nm and poly(bis-SorbPC) has 

a thickness of ~4 nm. Then, the question is: how can poly(bis-SorbPC) membranes 

appear to be 2.5 nm higher than DPhPC? 

The height of biological samples measured by AFM in aqueous solution have been 

reported to vary over a large range and may differ from height measured by other 

techniques.
222, 223

 This phenomenon has been observed for lipid bilayers as well.
224-226

 

Systematic studies of these observations have been done in the AFM field and 

researchers have come up with several explanations. 

1. Electrostatic interaction and van der Waals force. In AFM, there is an electrostatic 

force between the AFM tip and a charged surface in aqueous conditions. The surface 

charge density of Si3N4 (AFM tip) is around -0.032 C/m
2
 at pH 7.0.

227
 The head 

group of phosphocholine lipid is locally charged (a negative charge on the phosphate 

group and a positive charge on the amine). Since buffer is used, the adsorption of 

ions onto the lipid surface can also introduce surface charges on lipid bilayers. 

Another interaction is the van der Waals force. Neglecting effects of ion radii, 

hydration forces, steric forces, and specific interactions, the combination of 
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electrostatic interaction and van der Waals force can be described by Derjaguin, 

Landau, Verwey and Overbeek (DLVO) theory (Eqn. 4.2).
228

 In the equation, σs and 

σt are the surface charge density of sample and tip, respectively. R is the radius of 

the AFM tip and λD is the Debye length. The permittivity of free space is ϵ0 and ϵe is 

the dielectric constant. Ha is the Hamaker constant. Z is the distance between the tip 

and the sample. 

                          
         

    
       

   

                                 Eqn. 4.2 

As can be seen from Eqn. 4.2, the van der Waals force is related to the radius of the 

AFM tip and the distance between tip and sample, while the electrostatic force is 

related to surface charge densities, which are affected by the electrolyte 

concentration and pH of the buffer solution. Under contact mode, where a constant 

force is maintained between AFM tip and the sample, if the sample is composed of 

two regions that have different surface charge densities, the different electrostatic 

forces will affect the distance between the tip and the two regions (Figure 4.7 (a)). 
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Figure 4.7 Demonstration of (a) electrostatic force and (b) hydration and steric force 

impacts on apparent height measurements in contact mode AFM. The AFM tip is 

simplified as a sphere in the graph. The measured height is a combination of structural 

height and the difference of the tip-sample distance ∆z contributed from force difference.     

 

Polymer segregation phenomena have been widely observed.
196, 229

 The segregation 

of polymerized lipid in a monolayer formed by Langmuir-Blodgett deposition has 

also been reported.
230

 In the case of DPhPC and poly(bis-SorbPC), it is possible that 

the cross-linking of bis-SorbPC induced segregation with a higher surface charge 

density (represented by the blue lipid bilayer in Figure 4.7 (a)) than DPhPC. The 

electrostatic force between poly(bis-SorbPC) and the AFM tip is then larger than that 

between DPhPC and the AFM tip. In order to maintain a constant force between the 

AFM tip and the sample, the distance between the AFM tip and poly(bis-SorbPC) 

should be larger than that between the AFM tip and DPhPC. This causes a 

systematic error in height measurement.  

2. Hydration and steric forces. A similar explanation can be derived for hydration and 

steric forces between the AFM tip and the sample. Hydration and steric forces 
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cannot be quantified by DLVO theory and they are called non-DLVO forces. 

Dufrene et al. studied phase separation in mixed monolayers and bilayers of DSPE 

and DOPE prepared on mica.
213

 They observed an unexpected height difference 

between those two lipids and attributed the bilayer height difference in water to a 

short-range repulsive hydration/steric force as well as mechanical property 

differences (this will be discussed in the next paragraph). As is demonstrated in 

Figure 4.7 (b), if the cross-linking of bis-SorbPC induced a more compact packing 

between poly(bis-SorbPC) molecules than DPhPC molecules, the hydration or steric 

forces (especially steric forces) between poly(bis-SorbPC) and the AFM tip is then 

larger than that between DPhPC and AFM tip. That force difference can also cause 

an apparent height difference in poly(bis-SorbPC) and DPhPC lipid bilayers. 

3. Mechanical properties. Since a constant force is applied during contact mode AFM 

imaging, it is very likely that this force can mechanically deform the sample and the 

extent of deformation is dependent on the mechanical properties of the material.
211, 

231
 To assess this possibility, a Bruker Dimension Icon AFM instrument was used to 

obtain the mechanical modulus of the two lipids (the measurement was done during 

a demo conducted with the collaboration of James Shaw from Bruker). The height 

image and corresponding Derjaguin-Muller-Toporov (DMT) modulus image of CTB 

bound to 1 mol% GM1 in 1:1 poly(bis-SorbPC): DPhPC are shown in Figure 4.8 (a) 

and (b). From Section 4.3.3, it was found that poly(bis-SorbPC) has an apparent 

AFM height of ~2.5 nm higher than DPhPC. In Figure 4.8 (a), the red “matrix” is 

DPhPC film and yellow “islands” are poly(bis-SorbPC) films. The white “dots” are 
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bound CTB clusters. In the corresponding DMT modulus image (Figure 4.8 (b)), the 

information provided can be used to extract the Young’s modulus (a quantitative 

parameter describing stiffness of material) if tip end radius, spring constant, and 

deflection sensitivity are measured.
232

 However, due to the limited time, those 

parameters were not obtained. Thus, this image is a semi-quantitative reflection of 

material stiffness. In this image, the z-axis is in arbitrary units (Arb). Higher Arb 

means stiffer and lower Arb means softer. The stiffness of poly(bis-SorbPC) is 

higher than DPhPC (“islands” areas are a lighter color than “matrix” areas). This 

difference can be caused by both more ordered packing in the gel-phase and a 

polymerization induced increase in stiffness. This proves that the poly(bis-SorbPC) 

membrane is stiffer than DPhPC membrane, and thus undergoes a lower extent of 

deformation. When the AFM tip interacts with the two lipids, DPhPC may be 

compressed more than poly(bis-SorbPC) and have a lower apparent height. 



169 
 

  

Figure 4.8 (a) Height image and the corresponding (b) DMT modulus image of CTB 

bound to 1 mol% GM1 in 1:1 poly (bis-SorbPC): DPhPC obtained using a Bruker 

Dimension Icon AFM instrument. The image was originally 1 μm×1 μm (with a 256×256 

array detector) and the displayed image is a portion (346.1×671.9 nm) cropped from the 

original image.      
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4.3.5 MALDI-TOF MS detection of CTB in GM1 doped mixed lipid bilayers   

As is proved in Section 4.3.1, the fluidity of a polymerized bilayer is partially maintained 

by introducing a portion of fluid lipid. However, the introduction of fluid lipid may 

sacrifice the stability of the polymerized lipid bilayer. To determine if the stability of the 

polymerized lipid is maintained, MALDI-TOF MS detection of CTB bound to GM1 in 

mixed lipid membranes was used as a model system to test the stability of the mixed lipid 

bilayers. The sample preparation and MALDI-TOF MS detection procedures are similar 

to those in Sections 2.2.2-2.2.4. GM1 (1 mol%) was incorporated into 1:1 poly(bis-

SorbPC):DPhPC. This mixed bilayer was used to capture 0.24 μM CTB in PBS buffer. 

The corresponding mass spectrum is shown in Figure 4.9. As can be seen from the figure, 

CTB is successfully detected on the mixed bilayer, indicating maintenance of stability to 

MALDI-TOF MS analysis conditions in the mixed lipid bilayer. 
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Figure 4.9 MALDI-TOF MS detection of 0.24 μM CTB captured on 1 mol% GM1 in 1:1 

poly(bis-SorbPC):DPhPC.   

    

To test the non-specific adsorption of CTB on the mixed lipid bilayer, 1:1 poly(bis-

SorbPC):DPhPC membranes without incorporation of GM1 were incubated with 0.24 

μM CTB and the corresponding MALDI mass spectrum is shown in Figure 4.10. There is 

no CTB peak, indicating undetectable CTB non-specific adsorption.  
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Figure 4.10 MALDI-TOF MS detection of 0.24 μM CTB adsorbed on 1:1 poly(bis-

SorbPC):DPhPC.      

 

To determine if the DPhPC molecules in the bilayer are detached from the substrate 

during the MALDI analysis procedure, MALDI-TOF MS detection of the two lipid 

molecules on 1:1 poly(bis-SorbPC):DPhPC PSLBs was carried out. Using a larger 

number of laser shots (5000 shots) and high laser power (85%), DPhPC molecules can be 

detected with a low intensity (Figure 4.11). Bis-SorbPC was not detected under these 

conditions. The DPhPC peak suggests that a certain amount of DPhPC is maintained in 

the mixed lipid bilayer, though it is not known to what extent. The reason why the bis-

SorbPC peak was not detected can be attributed to: 1. All poly(bis-SorbPC) “islands” are 

detached; 2. bis-SorbPC molecules are not ionized under these conditions; and/or 3. The 

cross-linking between poly(bis-SorbPC) molecules results in multidentate noncovalent 
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interactions between polymer segments and the substrate surface so that the poly(bis-

SorbPC) membrane is not detached from the substrate.  
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Figure 4.11 MALDI-TOF mass spectrum of 1:1 DPhPC: poly(bis-SorbPC) mixed lipid 

bilayer. HCCA was used as the matrix. The inset is the mass spectrum in the 700-900 m/z 

range. The [DPhPC+H]
+
 peak is detected at m/z=847 and no bis-SorbPC peak ([bis-

SorbPC+H]
+
, m/z=787) is detected.      

 

From the studies in Section 2.3.1, it is clear that the poly(bis-SorbPC) lipid bilayer 

remains mostly intact after polymerization and removal from solution. If the poly(bis-

SorbPC) bilayer was largely removed from the surface, there would be no polymerized 

lipid left and that would not give any CTB signal, because the GM1 partitions 

preferentially into bis-SorbPC regions (see Section 4.3.6). This means that reason 1 listed 

abovve is probably not valid.  
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  It is possible if the ionization efficiency of bis-SorbPC monomer is lower than DPhPC, 

the bis-SorbPC m/z peak still will not appear in the mass spectrum. To compare the 

ionization efficiency of DPhPC and bis-SorbPC, the solubility of each pure lipid 

molecule (no polymerization was carried out) in acetonitrile (ACN):H2O (50:50, v/v) was 

tested followed by the MALDI-TOF MS detection of the supernatant. An amount of 0.05 

mg of either DPhPC or bis-SorbPC was vacuum dried for 4 hrs. The dried lipid film was 

then vortexed in 100 μL ACN: H2O (50:50, v/v) and set aside overnight. The bis-SorbPC 

solution was clear and the DPhPC solution was cloudy. This suggests the solubility of 

bis-SorbPC is higher in this solvent than that of DPhPC. In terms of lipid extraction, this 

solvent mixture should extract more bis-SorbPC molecules than DPhPC molecules. Then 

1 μL of the lipid supernatant was mixed with 10 μL HCCA in ACN: H2O and 1 μL of the 

mixture was spotted on a standard MALDI plate. MS analysis was carried out afterwards 

with 400 laser shots and 68% laser power. The spectra are shown in Figure 4.12. The 

DPhPC peak ([DPhPC+H]
+
) at 847 m/z was not detected in most of the matrix spot areas 

except one hot spot that gave some intensity at 847 m/z (shown in Figure 4.12(a)). The 

bis-SorbPC peak ([bis-SorbPC+H]
+
) was easily detected at 787 m/z almost everywhere in 

the area covered by the matrix spot with a much higher intensity than DPhPC. This 

experiment suggests that bis-SorbPC molecules are easier to detect by MALDI analysis 

than DPhPC molecules. This would disprove the second reason listed above. 

From the reasons stated above, it is therefore more likely that most of the bis-SorbPC 

monomers are cross-linked and form strong covalent bonds that enhance the interactions 

between lipid and lipid and/or lipid and substrate. The polymerization introduces 
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multidentate noncovalent interactions between polymer segments and the substrate 

surface. These strong interactions prevent bis-SorbPC (both monomers and oligomers) 

from detaching from the substrate and ionizing. Even though the ionization of DPhPC is 

not as easy as bis-SorbPC, the detection of DPhPC in Figure 4.11 does NOT indicate the 

retention of DPhPC membrane, because the DPhPC peak can be caused by local 

enrichment of DPhPC molecules during the dehydration process. In the dehydration 

process, if DPhPC membrane is detached from the substrate, it is still possible that in 

some areas the lipid molecule may aggregate together while in other areas, the DPhPC 

membrane is entirely detached. In this case, even though DPhPC membrane is detached, 

the DPhPC can still be detected with some possibility. 

 

Figure 4.12 Representative mass spectra of (a) DPhPC and (b)bis-SorbPC solubilized in 

ACN:H2O and detected by MALDI-TOF MS using HCCA as the MALDI matrix. The 

insets are close-ups of the lipid peaks.      
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4.3.6 AFM mapping of CTB distribution in mixed lipid bilayers   

In Section 4.3.5, it was shown that CTB can be detected by MALDI MS when bound to 

GM1 in mixed lipid bilayers. This result does not provide any information about CTB or 

GM1 distribution in mixed lipid bilayers. Preliminary data in Figure 4.8a showed that 

CTB is preferentially distributed in poly(bis-SorbPC). To further investigate this 

observation, samples of CTB bound to 1 mol% GM1 in 1:1 DPhPC:poly(bis-SorbPC) 

lipid bilayers is imaged by AFM and a representative image is shown in Figure 4.13. 

Bound CTB appears as clusters with a height of 3 nm and the CTB clusters are mainly 

found in poly(bis-SorbPC) domains, which matches with the result in Figure 4.8a. The 

height of the CTB pentamer is 3.2 nm as is reported in the literature.
233

 The AFM height 

measured as 3 nm for the clusters verified the clusters are CTB clusters. It also has been 

reported that CTB is mainly distributed in gel-phase lipid regions.
234

 This AFM result 

showed that CTB preferentially distributes into poly(bis-SorbPC) regions and it also 

matches with literature results. 
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Figure 4.13 AFM image of 0.24 μM CTB on 1 mol% GM1 in 1:1 DPhPC:  poly(bis-

SorbPC) in PBS buffer. The size of the image is 1 μm × 1 μm. The corresponding line 

scan profile is shown below the image. 
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  Another important observation from AFM imaging of CTB bound to mixed lipid 

bilayers is: If the set-point (force) applied during imaging is very low (see comparison of 

set-point (force) applied in Figure 4.14), the poly(bis-SorbPC) domains appear as holes 

that are 1 nm lower than DPhPC (Figure 4.15). This observation supports the 

explanations in Section 4.3.4 that the applied force can change the apparent height of the 

sample. However, this change in height was only observed in mixed bilayers with bound 

CTB. The presence of bound CTB may change the surface properties (e.g. the surface 

charge density, steric force, hydration force, mechanical properties etc.) of the lipid 

bilayer, especially poly(bis-SorbPC), as CTB preferentially distributes into the poly(bis-

SorbPC) bilayer, and thus the interaction between the AFM tip and the two different 

types of lipid bilayers. At low imaging force, the height of poly(bis-SorbPC) is 1 nm 

lower than that of DPhPC. This difference is closer to the AFM measured thickness 

difference between the two individual lipid membranes. In Section 4.3.3, it has been 

found that by AFM measurement (digging a hole) the thickness of the DPhPC bilayer is 

~5 nm while that of the poly(bis-SorbPC) is ~4 nm, 1 nm lower than DPhPC. 



179 
 

 

Figure 4.14 Set-point (force) applied in AFM image of 0.24 μM CTB on 1 mol% GM1 

in 1:1 DPhPC:poly(bis-SorbPC) in PBS buffer. In both (a) low force and (b) high force, 

the left graph is the force vs. distance curve. Red solid lines are the “approach” curves 

and blue solid lines are the “retraction” curves. The set-point applied is shown as red 

dashed lines. The right graph is the corresponding line scan of the sample at that set-

point. 
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Figure 4.15 AFM image of 0.24 μM CTB on 1 mol% GM1 in 1:1 DPhPC:poly(bis-

SorbPC) in PBS buffer at low set-point. The size of the image is 2 μm × 2 μm. The 

corresponding line scan profile is shown below the image. 
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  Other researchers have also observed the changing of apparent height by changing 

applied force. Yuan et al. imaged 10% GM1 in DPPC/DPPE by AFM with either 10 nN 

or 1 nN applied forces under contact-mode.
235

 At 1 nN, GM1 appears as raised domains 

and at 10 nN, GM1 appears as holes. For images recorded at intermediate forces, they 

claimed neither raised domains nor holes were observed.  

Overall, the interpretation of apparent height obtained by contact-mode AFM is not as 

simple as it seems to be. The apparent height is strongly influenced by the interaction 

between the AFM tip and the sample and also by the applied force. 

4.3.7 MALDI-TOF MS detection of gramicidin A (GA) in mixed bilayers   

To this point, the stability of DPhPC in mixed bilayers under MALDI analysis conditions 

is still unknown. A probe, gramicidin A (GA), that is distributed mainly in fluid lipid
236, 

237
 is used in this section to assess the stability of DPhPC using MALDI-TOF MS as the 

detection method. GA is a small peptide composed of 15 amino acids with a molecular 

weight of 1903 Da and it forms an ion channel with a dimer structure spanning the 

membrane.
238

 

GA was incorporated into bis-SorbPC, 1:1 DPhPC:bis-SorbPC and DPhPC lipid bilayers 

(polymerization is performed after GA insertion) by incubation with 1 μm GA. The 

samples were then subjected to MALDI-TOF MS analysis using HCCA as the matrix. 

The corresponding mass spectra are shown in Figure 4.16. 
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Figure 4.16 MALDI-TOF mass spectra of 1 μM GA inserted into (a) poly(bis-SorbPC), 

(b) 1:1 poly(bis-SorbPC):DPhPC and (c) DPhPC lipid bilayers. 

 

For GA inserted into the poly(bis-SorbPC) bilayer, the [GA+H]
+
 (m/z=1904) peak was 

only detected in one matrix spot (three matrix spots were applied, so the frequency is 

1/3). The detected peak is shown in Figure 4.16 (a) with an intensity of ~100 counts. For 

GA inserted into 1:1 poly(bis-SorbPC):DPhPC bilayer, the [GA+H]
+
 peak was detected 

at a frequency of 2/2 with an intensity of ~150 counts (a representative mass spectrum is 

shown in Figure 4.16 (b)). For GA inserted into a DPhPC bilayer, the detected [GA+H]
+
 

peak frequency is 3/3 with an intensity of ~2000 counts as shown in Figure 4.16 (c). It is 

found that GA is very easily detected in fluid lipid, but more difficult to detect in 
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polymerized lipid. In Section 2.3.1 and Section 2.3.2, it has been found that the non-

polymerized lipid, DPhPC, is detached from the substrate during dehydration process and 

does not provide any stability in MALDI-TOF MS detection of CTB bound to GM1 in 

the membrane. However, GA is still detected in DPhPC lipid bilayers in this case. This 

can be explained by different interactions between the molecules and substrate. GA is a 

small peptide that is inserted into the lipid bilayer. It is hypothesized that during the 

dehydration process, GA has a stronger affinity to the substrate than with the lipid 

bilayer. For CTB, a large protein bound to the receptors in the lipid bilayer, the affinity 

with the membrane is stronger than that with the substrate, and thus it is removed during 

the dehydration process. Even though the intensity of GA is much lower in mixed lipid 

bilayers than in DPhPC, it is difficult to conclude if DPhPC is more stable in the mixed 

bilayer or not compared to pure DPhPC. 

This substrate-peptide interaction may also be a reason for the high non-specific 

adsorption observed for MTII peptides in Section 2.3.6. MTII peptides may also have a 

strong interaction with the substrate, which would explain why the singly charged peak 

was always observed, regardless of whether HMC was present or not.  

4.4 Conclusions and Future Directions 

In this chapter, the properties of mixed, polymerized and unpolymerized lipid membranes 

are characterized. The fluidity of membranes composed of different ratios of mixed 

poly(bis-SorbPC) and DPhPC was measured by FRAP. It shows that only with large 

fractions of polymerized lipid is fluidity suppressed to a large extent. Otherwise (when 
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polymerized lipid is less than 70%), the polymerization does not affect fluidity 

significantly. The phase segregation of the mixed lipids was detected by AFM, showing 

that poly(bis-SorbPC) lipid has a higher apparent height than DPhPC. This apparent 

height difference is explained by different interactions between lipid and AFM tip due to 

differences in the physical and chemical properties of the two lipids. MALDI-TOF MS 

detection of CTB bound to 1 mol% GM1 in mixed lipid membranes is used to assess the 

stability of the mixed lipid bilayer to MALDI-TOF analysis conditions. CTB is 

successfully detected with undetectable non-specific adsorption on mixed lipid bilayers, 

which proves that the stability necessary for MALDI analysis is maintained in the mixed 

lipid bilayer. However, by AFM mapping, CTB was found to be preferentially distributed 

into poly(bis-SorbPC) regions. This suggests that the apparent stability to MALDI 

analysis conditions is mainly a result of the polymerized lipid. To assess the stability of 

unpolymerized lipid bilayers, GA, which preferentially distributes into fluid lipids, was 

used as a probe and MALDI-TOF MS was used to detect GA. However, possibly due to 

the interaction between GA and substrate, it is difficult to conclude if the unpolymerized 

lipid is stable to MALDI-TOF MS analysis conditions. 

The main question that is not answered in this chapter is: Is the fluid lipid, DPhPC, 

retained in the mixed lipid membrane during dehydration and the following MALDI 

process? The use of a peptide probe (GA) was inconclusive. An alternative system would 

be a protein-receptor system similar to the CTB-GM1 binding pair, which would be an 

ideal model if the receptor preferentially distributed into fluid lipid. In Chapter 2, the 

other protein-receptor pair studied was PTB-GD1a. Although the distribution of GD1a 
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has not been systematically studied, since it has a similar structure to GM1, it is likely 

that it may also preferentially distribute into polymerized lipid. Also, since GM1 is not 

detected in the lipid bilayer and only bound CTB can be imaged to indicate the 

distribution of GM1 by AFM, it is possible that PTB would be needed to determine the 

distribution of GD1a in lipid bilayers. Therefore the distribution of GD1a in mixed lipid 

bilayer was not investigated. So far, no such ideal protein-receptor system has been 

identified.  

Another possibility is altering the distribution of GM1. Researchers have found that the 

distribution of GM1 can be altered when it is labeled with fluorophores.
239

 Tailgroup-

labeled GM1 (BODIPY-C5-GM1) is preferentially distributed into fluid lipid (DOPC) 

when it partitions into a 3:1 DOPC/DPPC mixture. Since CTB binds to the 

oligosaccharide moiety of GM1,
240

 the BODIPY-C5-GM1 can still bind to CTB. Thus, 

The CTB-BODIPY-C5-GM1 system may be a suitable binding pair to test the stability of 

DPhPC in mixed lipid bilayers by MALDI-TOF-MS. 
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CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Summary of results and conclusions 

The studies in this dissertation were undertaken to assess development of a high 

throughput platform based on MALDI-TOF MS detection for screening ligands of 

membrane receptors. In order to reconstitute the membrane receptors, an artificial 

membrane has to be constructed. Membranes composed of unpolymerized lipids were 

found to be unsuitable to MALDI analysis conditions. Therefore, a stable lipid platform 

composed of membrane receptor incorporated in poly(lipid) membranes was utilized and 

its feasibility in ligand detection by MALDI-TOF MS was studied. One issue with the 

use of poly(lipid) membranes is that the binding between a ligand-receptor pair in a 

PSLB composed of polymerized lipid may differ from that of unpolymerized lipid. 

Another issue is the decrease in fluidity in polymerized membranes compared to 

unpolymerized membranes. Some membrane receptors may require lateral diffusion to 

function and in this case, the polymerized membranes may not provide an appropriate 

environment for them. Both issues were addressed in these studies.  

5.1.1 MALDI-TOF MS detection and identification of bacterial toxins captured by 

membrane receptors in polymerized lipid bilayers   

Chapter 2 presented the feasibility of using MALDI-TOF MS to detect ligands captured 

by membrane receptors incorporated into a poly(lipid) membrane platform. PSLBs 

composed of poly(bis-SorbPC) with incorporation of membrane receptors, gangliosides 
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GM1 and/or GD1a, were formed on a Si wafer. Bacterial toxins were then captured by 

their corresponding receptors. In this study, CTB and LTB were captured by GM1 and 

PTB was captured by GD1a. After the ligands (bacterial toxins) bound to their receptors, 

MALDI-TOF MS was then used to detect and identify the bacterial toxins.  

It was found that polymerized lipid membranes were stable under the high vacuum 

MALDI conditions while unpolymerized lipid membranes were not. CTB captured by 

GM1 was successfully detected by MALDI-TOF MS in poly(bis-SorbPC) PSLBs but not 

in DPhPC PSLBs.  

The poly(lipid) platform showed a high resistance to protein nonspecific adsorption, 

which is required in any affinity capture platform. In the absence of the membrane 

receptor (GM1 and GD1a), the bacterial toxins (CTB, LTB and PTB) adsorbed onto a 

poly(bis-SorbPC) PSLB were not detected by MALDI-TOF MS. Furthermore, there were 

no interference peaks detected by MS from FBS or shrimp extract (known to have many 

protein components) adsorbed onto poly(bis-SorbPC). 

CTB, LTB and PTB were simultaneously captured on a PSLB composed of GM1 and 

GD1a incorporated into poly(bis-SorbPC) and detected by MALDI-TOF MS with 

resolved m/z peaks. These results show that MALDI-TOF MS has potential for high 

throughput screening due to its ability to simultaneously detect captured ligands with 

different molecular weights. 

Proteomics experiments were carried out on the poly(lipids) platform without 

interferences. CTB was successful digested by trypsin after capture on a GM1-
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incorporated poly(bis-SorbPC) PSLB with good sequence recovery and MS/MS was 

successfully performed for some CTB tryptic digested peptides. These results illustrate 

the potential for identification of unknown protein ligands captured on an affinity 

platform, especially those associated with transmembrane proteins. 

5.1.2 Studies of binding affinity and cooperativity of CTB and GM1 in polymerized 

planar supported lipid bilayers   

Chapter 3 describes the measurement of the binding affinities between a ligand and 

membrane-receptor pair in fluid, gel, or polymerized lipid using TIRF. The receptor 

(GM1, 1 mol%) was incorporated into PSLBs composed of fluid lipid (POPC), gel lipid 

(unpolymerized bis-SorbPC) or polymerized lipid (poly(bis-SorbPC)) on fused silica. The 

binding of Alexa-488 CTB to GM1 was measured by TIRF.  

The results showed that the binding affinity may be altered by polymerization-induced 

receptor clustering. The measured binding affinities of the CTB-GM1 pair in a static flow 

system were different in PSLBs composed of POPC, unpolymerized bis-SorbPC or 

poly(bis-SorbPC). 

With a continuous flow, the CTB-GM1 pair was determined to have a long binding 

equilibration time and thus the measured apparent binding affinity under static conditions 

is not accurate in a static flow system. It was found that at a CTB concentration of 

8.8×10
-11

 M under a flow rate of 50 μL/min, the equilibration time was longer than 10 

hrs. 
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  The software COMSOL is a useful tool for modeling binding events prior to future 

experimental studies. From the software simulation, the equilibration time for the 

continuous flow condition above would be 19 hrs, which is too long to reach 

experimentally. Thus, the binding affinity was not measured under a continuous flow. 

5.1.3 Characterization of mixed polymerizable and non-polymerizable lipid 

membranes   

The results presented in Chapter 4 demonstrate a way to maintain lateral diffusion in 

polymerized lipid membranes (poly(bis-SorbPC)) by mixing fluid lipids (DPhPC) with 

polymerized lipids. PSLBs composed of mixtures of 100:0, 70:30, 50:50, 30:70 and 

0:100 (molar ratio) DPhPC:poly(bis-SorbPC) formed on glass slides. FRAP 

measurements were carried out to measure the diffusion coefficients of the lipids by 

incorporating 0.6 mol% Rho-PE. AFM was used to characterize the morphology of 

PSLBs, with the same molar ratio of DPhPC:poly(bis-SorbPC) but without the 

fluorescent lipid as above, on Si wafers. 

Fluidity was found to be largely maintained in mixtures of fluid lipids and polymerized 

lipids. As little as 30% (mol/mol) of DPhPC incorporated into a poly(bis-SorbPC) 

membrane maintained the diffusion coefficient within the same order of magnitude 

diffusion coefficient as pure DPhPC. The diffusion coefficient of pure poly(bis-SorbPC) 

was an order of magnitude less than 30% DPhPC in poly(bis-SorbPC). To create 

membrane hosts for transmembrane proteins for which lateral diffusion is important, 

these mixed polymerized and unpolymerized lipids systems may be a suitable platform. 
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  The AFM images of the PSLBs composed of poly(bis-SorbPC) and DPhPC mixtures 

showed phase separation of the two lipids with the poly(bis-SorbPC) domains appearing 

2 nm higher than the DPhPC domains. The size of poly(bis-SorbPC) domains in 50:50 

DPhPC:poly(bis-SorbPC) PSLB is ~50 nm.  

Membrane receptors may have a preferential distribution in either lipid. The membrane 

receptor GM1 (1 mol%) was incorporated into 50:50 DPhPC:poly(bis-SorbPC) PSLB. 

AFM detected that CTB bound to GM1 was preferentially distributed into poly(bis-

SorbPC), indicating that GM1 was preferentially distributed into poly(bis-SorbPC). 

These results suggest that AFM can be used as a tool to determine the distribution of 

membrane receptors in mixed lipid bilayer system in the future.  

The mixed lipid membranes showed stability under MALDI-TOF MS analysis 

conditions. MALDI-TOF MS detection of CTB captured by 1 mol% GM1 in the PSLB 

composed of 50:50 DPhPC:poly(bis-SorbPC) was achieved with low non-specific 

adsorption. The DPhPC peak showed up under high laser power conditions but it was not 

conclusive if the DPhPC was retained on the planar substrate during the analysis 

procedure. 

5.1.4 Conclusions   

A MALDI ionization compatible platform based on polymerized lipids was developed to 

detect and identify bacterial toxins captured by their corresponding membrane receptors. 

The binding between ligands and receptors was maintained in the polymerized lipid 

membrane with some alteration in binding affinity. The diffusion coefficient of 
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membranes composed of fluid lipid/poly(lipid) mixtures was determined to be within an 

order of magnitude of 100% fluid phase lipid. The increased stability provided by the use 

of poly(lipids) has opened the door to the use of MALDI and potentially other techniques 

that may require harsh conditions for the study of membrane proteins. Additionally, the 

ability to control the degree of membrane fluidity by the incorporation of fluid lipids may 

broaden the application of this platform to membrane proteins requiring lateral diffusion. 

5.2 Future directions 

G-protein-coupled receptors (GPCRs) are involved in numerous biological functions. 

Ligands (e.g. peptide hormones and neurotransmitters) bind to GPCRs and induce a 

structural change of the receptor and the dissociation of the G-protein subunits. After a 

cascade of cellular activities, biological functions (e.g. feeding behavior, memory, pain, 

etc.) are achieved.
241-243

 Since GPCRs are involved in many biochemical pathways, more 

than 50% of all prescription drugs target GPCRs.
241

 

Nowadays, possible drug candidates that target GPCRs, like small organic molecules, 

peptides, and proteins, can be automatically generated to build a library.
244

 However, 

rapidly screening these libraries against GPCRs remains a challenge. A long-term goal of 

the studies done in this dissertation is to develop a label-free platform towards rapidly 

screening ligands that bind to GPCRs.  

To achieve that goal, in the future, poly(lipid) membranes with incorporated GPCRs will 

be created and combined with MS methods that enable structural, label-free identification 

of ligands that target GPCRs (Figure 5.1).  
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Figure 5.1 A schematic demonstrating ligand(s) bound to a poly(lipid) membrane array 

functionalized with GPCRs and detected with MS methods. 

 

Poly(lipid) membranes can be used as stable artificial membranes for MS detection. The 

fluid artificial lipid membranes are known to lose the lamellar bilayer structure during 

extended use and/or storage, or exposure to destabilizing conditions (e.g. rinsing, drying, 

etc.) that are encountered in the platform shown in Figure 5.1.
46, 58, 69

 UV polymerized 
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bis-SorbPC PSLBs have been proven to be stable to dissolution in surfactants, repeated 

drying/rehydration, and immersion in organic solvents.
53, 69, 89, 245

 Even after 

drying/rehydration cycles, poly(bis-SorbPC) membranes still possess a high resistance to 

nonspecific adsorption of proteins.
69, 70

 This stability allows the use of poly(bis-SorbPC) 

PSLBs with techniques requiring harsh experimental conditions like high-vaccum,
88, 200

 

which is a requirement in MS methods. The studies in Chapter 2 proved that MALDI-

TOF MS can be used to detect and identify the ligands bound to membrane-receptors 

incorporated into poly(bis-SorbPC) PSLBs. This finding leads to a more promising future 

for the creation of biomimetic polymerized PSLBs with both stability and inertness 

required for implementation in many technological applications, including MS methods. 

A key requirement for the platform in Figure 5.1 is that the GPCRs reconstituted into the 

poly(lipid) maintain their function. The use of polymerized lipid changes the lipid 

environment, which may or may not alter the function of the GPCR. The GPCR, bovine 

rhodopsin (Rho), has been shown to retain bioactivity in a poly(lipid) bilayer.
71, 200

 X-ray 

photoelectron spectroscopy (XPS) studies on dried poly(bis-SorbPC) PSLBs showed that 

Rho is inserted into the bilayer rather than adsorbed on the bilayer surface.
88

 The 

photoactivity of Rho was measured by angular shift in plasmon waveguide resonance 

(PWR) experiments. The shifts of light activated Rho in poly(bis-SorbPC) were 

statistically equivalent to those in a fluid phase lipid, indicating the extent of the 

conformational change induced by Rho photoactivation was unaffected by 

polymerization of the lipid. 
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  However, in some cases, lipid fluidity is required in maintaining GPCR functions. 

Liposomes formed from mixtures of polymerized lipids and fluid phase lipids have been 

shown to better maintain the activity of bacteriorhodopsin and Rho relative to pure 

polymerized lipids.
246-249

 Chapter 4 indicated a successful way to address this problem by 

incorporation of fluid phase lipid into polymerized lipid, maintaining a high degree of 

lateral fluidity of the membrane, while retaining some membrane stability. This is a way 

to maintain GPCR function when lateral diffusion is required.
35, 108

 

There is a large knowledge gap to fill in studying the activity of GPCRs in artificial lipid 

membranes with different compositions of polymerized lipids and fluid phase lipids. The 

properties of lipid membranes can influence the activity of GPCRs.
250-253

 In order to 

identify PSLB compositions and polymerization methods that maintain GPCR activity, 

especially the binding ability since it is the major concern in developing rapid screening 

platform based on MS methods, total internal reflection fluorescence microscopy (TIRF-

M) can be used to measure binding affinities between ligands and their corresponding 

GPCRs reconstituted into PSLBs composed of different lipids. Rho and transducin can be 

used as a model system. Fluorescein 5’-isothiocyanate (FITC) was used to label 

transducin and the modification was found not to affect the transducin-rhodopsin 

interaction.
254

 The binding affinities between FITC-transducin and Rho reconstituted into 

PSLBs (at maximum surface coverage) can be measured. The PSLB compositions 

proposed for testing are: 100% bis-SorbPC, a 100% fluid phase lipid (such as DPhPC or 

DOPC) and several molar ratio between the pure lipids. The binding of transducin to Rho 
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will also be measured in the polymerized PSLBs with the same composition as listed 

above.  

As is shown in Chapter 4, it is likely that the polymerized lipids and fluid phase lipids 

phase segregate. This phenomenon may result in a preferential distribution of GPCRs 

into either the polymerized lipid domains or the fluid phase lipid domains. In order to 

investigate the preferential distribution of GPCRs occurs, atomic force microscopy (AFM) 

can be used to detect the distribution of Rho and its corresponding ligands in the mixed 

lipid bilayers. The findings about the preferred lipid environment of Rho will contribute 

to the understanding of GPCRs in artificial membranes and predict the behavior of other 

GPCRs. 

The MS methods have potential to enable sensitive, label-free identification of ligands 

bound to GPCRs reconstituted into polymerized PSLBs. Chapter 2 shows successful 

MALDI-TOF MS detection of captured bacterial toxins by their corresponding 

membrane-receptors in a poly(lipid) platform. However, ligands with larger molecular 

weights (larger than 20 kDa) are more difficult to ionize. Many natural antagonists of 

GPCRs are large proteins
255

 and this problem will limit the use of the proposed platform. 

To improve the ionization of large molecules, other sample preparation and analysis 

methods should be investigated, including the method of matrix deposition, the use of 

different matrix molecules, the attenuation level and focus of the laser, etc. 

After determining the appropriate experimental conditions, Rho will be used again as a 

model GPCR to test the platform. A variety of molecular weight ligands are known to 
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bind to Rho (from low molecular weight peptides to high molecular weight transducin
256, 

257
). These ligands will be captured from solution by Rho reconstituted into the poly(lipid) 

platform (mixtures of polymerized lipid and fluid lipid may be used if they show a 

stronger binding of the GPCR-ligand pair) and detected by MALDI-TOF MS. The non-

specific adsorption of the ligands on the poly(lipid) platform will be investigated without 

incorporation of Rho. The resistance of poly(lipid) platform containing Rho to 

interferences will be tested by using molecules that are known not to bind to Rho. The 

ligands of Rho mixed with interferences (such as FBS or cell lysate) will be used to 

investigate the resistance to non-specific adsorption of this platform and to investigate the 

feasibility to detect multi-targets with a “fast screening” purpose. 

Finally, a membrane microarray platform for screening and structural identification of 

GPCR ligands will be constructed. Such microarrays are now being used in high-

throughput studies of proteins.
258

 The conventional protein chip approaches utilize a 

functionalized surface that can interact with the targets. When the targets bind to the 

surface, a read-out (optical signal, electrical signal, etc.) is produced and the target is 

detected. One of the limitations is that the final read-out does not provide the identity of 

the target.
259

 Any targets that can bind to the surface, either specifically or non-

specifically, will be detected. In the case of multiple targets, the conventional protein chip 

is not able to resolve different types of targets.  The combination of MS methods with 

protein microarrays can address this problem by providing rapid structural 

characterization and identification of several targets. The geometry of microarrays is 

compatible with the MALDI method and the automation of the detection can be achieved. 
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Microarrays of polymerized PSLBs composed of bis-SorbPC doped with GM1 have been 

created in the Saavedra group at the University of Arizona in collaboration with the 

groups of John Conboy and Bruce Gale at the University of Utah.
93

 A continuous flow 

microspotter (CFM) was used to form 2-D poly(bis-SorbPC)/GM1 arrays on glass slides. 

These arrays were found to retain specific CTB binding capacity after multiple cycles of 

dehydration and rehydration. In the future, a CFM can be used to prepare PSLB arrays in 

a geometry that is compatible with the MALDI-TOF MS instrument. The CFM can form 

a 4×12 array of 48 individually addressable spots. Each spot can be exposed to a different 

solution. Therefore, different lipid vesicle compositions, different receptors, and different 

ligands can be introduced into the arrays. Multiplexed parallel MS analysis of a small 

library of ligands on the array composed of polymerized PSLB spots functionalized with 

Rho can be performed as a test to demonstrate feasibility. 
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APPENDIX A: APPROACHES TO MAKE MICRON-SIZED 

APERTURES IN GLASS SLIDES FOR BLACK LIPID MEMBRANE 

STUDIES 

A.1 Introduction 

A.1.1 Motivation for making a microfluidic device for optical and 

electrophysiological studies   

Ion channels are membrane proteins with specific orientation involved in signal 

transduction.
260

 They are key targets for many pharmacological treatments. There are 

usually multiple heterologous subunits with different isoforms to form ion channels. To 

understand function and dysfunction of the ion channels, there is a need to study the 

channel assembly, orientation and subunit complement. Moreover, ion channels can be 

coupled with a G-protein coupled receptor (GPCR) to form so-called “ion channel-

coupled receptors” or “ICCRs”, which enables detection and quantification of hormones 

and neurotransmitters that bind to GPCRs.
261

 

MALDI-TOF MS, as used in chapter 2, is potentially a label-free detection method of the 

ligands binding to ICCRs. However, it only provides a “yes or no” answer for the binding 

event without providing quantification information or the orientation information of the 

ion channels. To obtain details of the structure and function of the ion channels, a 

combined optical and electrophysiological platform has been proposed (NIH 

(2R01EB007047). 
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  A microfluidic device with BLMs suspended across a micron-sized aperture is proposed 

as in Figure A.1. This device allows flow access to both sides of the BLM, thus an access 

to introduce different solutions from both sides. The fluorophore-labeled ion channels in 

the aperture can be excited by laser from the waveguide and fluorescence can be detected 

through an objective normal to the BLM plane. Electrophysiological measurement can be 

simultaneously carried out with fluorescence imaging in this platform, allowing a 

rationalization of the relation between orientation and function of the ion channel. 

 

Figure A.1 Schematic of micro-fabricated aperture/waveguide. A) An etched fused silica 

slide (light blue) containing a channel waveguide (red) and the aperture will be bonded to 

an underlying PDMS substrate to create a flow channel. An open chamber made of 

PDMS will be bonded to the top of the slide. The green line remarks the location of the 

BLM. B) The silica slide will separate the upper and lower fluid compartments. Upper 

chamber fluid inlets are indicated in blue. Lower channel fluid inlets are indicated in 

yellow. Electrodes are positioned via interconnects indicated in orange (top) and green 

(bottom). (Copied from the proposal.) 
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A.1.2 Examples of aperture fabrication methods in literature   

There are several papers on the fabrication of combined optical and electrophysiological 

platforms for BLM studies that have fluid accesses to both sides of the BLM. All of them 

showed successful formation of BLMs. The following review is focused on the aperture 

fabrication in those devices.  

Polymeric material is popular in fabricating the micron-sized aperture. An aperture ~40-

70 μm in diameter was made with a hot needle on a thin Teflon disk with a thickness of 

12 μm to form BLMs.
262

 Ide et al. used a glass pipette with a fine tip that has a diameter 

of several tens of microns to make a round aperture with the diameter of approximately 

100 μm through a thin plastic sheet.
263

 The material of the plastic sheet is polypropylene 

or PVC and the thickness is 0.2-0.3 mm. The glass pipette tip was heated and pushed 

through the plastic sheet to make the aperture. Laser micromachining is another way to 

make apertures with diameters of 50-100 μm on PMMA, poly(tetrafluoroethylene) 

(PTFE), poly(ethylene terephthalate) (PET) and fluorinated ethylene propylene 

copolymer (FEP).
264

 The tool is a 280 nm eximer laser with a pulse width of 130 fs and a 

focal spot size of ~20 μm. An aperture with a diameter of ~100 μm was created in 

poly(methylmethacrylate) (PMMA) by Suzuki et al.
265, 266

 The PMMA plate has a 

thickness of 1.5 mm and a tapered hole was carved with a 100 μm diameter end-mill to 

thin out the plate. Then the aperture was made through the PMMA plate with a 100 μm 

diameter drill. They found that when the side wall height of the through aperture is 47 μm, 

the success rate of BLM formation can be as high as 90%.  
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  Some researchers also showed successful aperture fabrication on glass substrates. A 

conical pore with an entrance of about 10 μm and a final aperture in the upper plane of 

the substrate of several to below 1μm was formed by single ion track etching (SITE) on 

both fused quartz glass and borosilicate glass by Fertig et al.
267

 In this method, the 

substrate is locally thinned first. Then, a highly accelerated ion (Au
+ 18

) is used to traverse 

the thin glass membrane and produce a local structural disturbance (or a latent track). 

This track exhibits an increased etch rate compared to the bulk substrate. During the HF 

etching process, a conical-shaped aperture forms along the track. Sandison et al. used a 

simple spark assisted chemical engraving (SACE) process to make an aperture with 

diameter in the range of 50-150 μm in glass.
268

 The experimental set-up is shown in 

Figure A.2. Briefly, the sample, counter and tool electrodes were immersed in a 30% 

(w/v) NaOH solution. The tool electrode used to form the aperture is a 3.5-5 μm tip-

diameter tungsten probe. It is connected to a function generator with an output of a 5 Hz 

square wave. First, the tool electrode was positioned high enough (30-40 μm above the 

glass surface) so that the glass is not etched. Then, the tool electrode was gradually and 

slowly lowered until bubbles were observed. The bubbles indicate the formation of the 

aperture in glass.  
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Figure A.2 The experimental set-up of SACE. The glass substrate (light grey), the 

counter and tool electrodes (black) are immersed in NaOH solution. The bath is mounted 

on an X-Y stage. The tool electrode is attached to a z-positioner (dark grey). Reprinted by 

permission from IOP Publishing [268].  

 

This appendix describes attempts at forming micron-sized apertures in glass slides. HF 

etching and buffered HF etching are the two etching methods utilized. However, both 

methods showed an underetching problem and were not capable of controlling the 

aperture geometry precisely.  

A.2 Experimental 

A.2.1 SEM of pipette aperture   

A “functioning” glass pipette was provided by Dr. Ben A. Heitz and the fabrication 

procedures are described in his dissertation.
122

 The pipette was then coated with gold for 

scanning electron microscopy (SEM) imaging. The glass pipette was mounted to the 

SEM sample holder by double-sided tape with the aperture facing the focus path. FEI 

Inspect S SEM was used to image the sample and different magnification of the image 

was performed.  



203 
 

A.2.2 Photolithography   

A positive photoresist, Microposit S1813 (Shipley, Tempe, AZ), was used to transfer 

patterns from the mask onto the glass substrate. The patterns are circles with a diameter 

of 10 μm or 20 μm (for HF etching profile measurement) or channels with a width of 40 

μm and a spacing of 40 μm (for buffered HF etching profile measurement). The glass 

slide was first sonicated in 5% micro-90 for 45 min, then in nanopure water for 20 min, 

rinsed with copious nanopure water and dried with nitrogen. A dehydration bake was 

performed at 150 °C for 5 min. To attach the photoresist to the substrate more firmly, a 

hexamethyldisilazane (HMDS) layer was introduced to bond the photoresist to the glass 

slide. The HMDS was spread all over the glass slide for 10 s and then spin coated at 3000 

RPM for 30 s. To anneal the HMDS layer, the substrate was then baked at 110 °C for 3 

min. After that, the photoresist was spin coated at 3000 RPM for 30 s. Post bake was 

carried out at 150 °C for 2 min. The UV lithography was then performed with a Karl Suss 

MJB3 mask aligner and 200 W exposure system to transfer patterns from the mask onto 

the glass substrate. After exposure to UV illumination for 25 s, the photoresist-coated 

glass substrate was developed for another 25 s to remove the exposed area. The substrate 

was then rinsed with H2O and dried with N2. This substrate with features was ready to be 

etched by HF or buffered HF. 

A.2.3 HF and buffered HF etching of glass slide   

HF (48%) solution was purchased from Mallinckrodt (EMSCO, Philadelphia, PA) and 

buffered HF (or buffered oxide etch, 6:1) was purchased from J.T. Baker (Center Valley, 
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PA). For HF etching, a drop of HF solution was introduced to the glass substrates with 

photoresist features prepared in Section A.2.2 for a certain time (10 s, 20 s, 30 s or 40 s). 

When the time is reached, a copious amount of water was used to rinse the excess HF 

away. For buffered HF etching, the entire glass substrate was immersed into the solution 

for 5 min, 10 min, 20 min or 30 min and then rinsed with water. After the etching process, 

the glass substrate was cleaned in piranha (H2SO4:H2O2 (v:v)=7:3) for 30 min to remove 

the remaining photoresist. 

A.2.4 AFM characterization of HF etching profile   

The HF etched circle features were imaged in tapping mode by a Bruker-Nano 

Dimension 3100 Scanning Probe Microscope with a Nanoscope IV Controller. The AFM 

tip is a NSC15/AIBS produced by MikroMasch. Since there are several circles in one 

pattern, a 5 μm×5 μm area was imaged to locate the etched hole and then a single hole 

was zoomed in to obtain the etching profile. Four etched holes were imaged for each 

etching time. 

A.2.5 SEM characterization of buffered HF etching profile   

The glass slide with channel features was coated with gold for scanning electron 

microscopy (SEM) imaging. In order to obtain the etching depth, the etched glass slide 

was cut carefully with a diamond pen to expose the cross section of the channels. When it 

was mounted to the SEM sample holder, the cross section was made to face the focal path 

by double-sided tape. FEI Inspect S SEM was used to image the sample and different 

magnification of the image was performed.  



205 
 

A.3 Results and Discussion 

A.3.1 Pipette aperture geometry   

The SEM micrographs of Ben’s pipette aperture are shown in Figure A.3.  The diameter 

of the pipette aperture is estimated to be 20 μm from the micrograph. The images in 

Figure A.3 also show a smooth and round aperture, which guide the future aperture 

morphology and geometry. 

 

Figure A.3 SEM micrographs of the pipette aperture at different magnification levels. 

The magnification increases from left to right. 

 

A.3.2 HF etching profile   

The representative AFM images of the etched hole for etching times of 10 s, 20 s and 30 

s are displayed in Figure A.4. The etching depth is measured as the average depth from 

the line scan profile. For each sample, two line scans are measured, one vertical and one 

horizontal. For etching time 10 s, the etching depth is 0.9±0.1 μm. The etching depth is 

1.6±0.2 μm and 2.4±0.2 μm when the etching time is 20 s and 30 s, respectively. For the 
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3 points in the first 30 s of etching, a relationship between the etching depth D (μm) and 

the etching time t (s) is: D=0.075t+0.13. 
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Figure A.4 Representative hole images generated by HF etching for (a) 10 s, (b) 20 s and 

(c) 30 s. A line is drawn in each image and the corresponding line scan profiles are 

displayed on the right side.   
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  However, for the 40 s etching time, the hole features are lost in the middle area of the 

substrate (Figure A.5). The loss of hole features may be attributed to the lift-off of the 

photoresist or severe underetching.
269

 As a defined aperture geometry is needed in the 

aperture formation, HF etching on the substrate for longer than 40 s is not recommended. 

 

Figure A.5 Representative image of features etched by HF for 40 s in the middle area of 

the etched glass slide featured with hole patterns. A line is drawn in each image and the 

corresponding line scan profile is displayed on the right side.   

 

A.3.3 Buffered HF etching profile   

The cross section SEM micrographs of the buffered HF etched channel for etching times 

of 5 min, 10 min, 20 min and 30 min are displayed in Figure A.6. The etching depth is 

measured as the average depth of the channel. The depth of four individual channels are 

measured. The estimated etching depths are 4 μm, 7 μm, 12 μm and 14 μm corresponding 

to etching times 5 min, 10 min, 20 min and 30 min, respectively. With all four points, a 

linear regression (R
2
=0.9562) between D (μm) and t (min) is: D=0.4t+2.7. With the first 
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three points, D and t build a better linear relationship (R
2
=0.9978) and the equation is 

D=0.53t+1.5. In Figure A.6, etching times of both 5 min and 10 min generate well-

defined channel geometries. For etching times longer than 20 min, the channel geometry 

is eroding away with obvious underetching. 

 

Figure A.6 Representative cross section SEM micrographs of channels generated by 

buffered HF etching for (a) 5 min, (b) 10 min, (c) 20 min and (d) 30 min.  

 



210 
 

A.4 Conclusions and Future Directions 

In this Appendix, both HF etching and buffered HF etching are performed in the hope 

that a micron-sized aperture can be fabricated through glass substrates. However, both 

etching methods showed a severe underetching problem that makes precise geometry 

control of the aperture impossible. Since HF etching is isotropic, this problem is 

unavoidable.  

In the future, other aperture formation methods on glass can be attempted, especially 

those listed in Section A.1.2, like SITE and SACE methods. Furthermore, polymeric 

material can be used as an alternative substrate to form the micron-sized apertures. 
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