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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 Lɓ and liquid-crystalline 

phase or LŬ) 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 Lɓ to LŬ 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 



26 
 

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 ˃ m).  

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 

ñpaintedò (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 ñzip 
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togetherò 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 ñsolvent freeò, 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. 

 



35 
 

  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 

LŬ and Lɓ 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-(2ô,4ô-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, Ů, 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 
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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 ɔ-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 
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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 Ŭ 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 m˃ 

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 RECEP TORS 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 
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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: 
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(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. 
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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 M˃) 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 

ñfunctionalizeò 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

 ɓ-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-(2ô,4ô-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 MÝĿcm 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 M˃.  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. 



61 
 

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, MŤnchen, 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 ɛL 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 ˃W/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 ɛM CTB, 0.24 ɛM LTB and/or 1 ɛM 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 ɛL of 3.8 mg/500 ɛL myoglobin, 1.0 ɛL of 1.2 

mg/500 ɛL cytochrome C and 8.5 ɛL 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 ɛL of the calibration standard was spotted on 

each wafer for external calibration. Three or four different spots of 1 ɛL 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 ɛL of 0.01 ɛg/ɛL 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 ɛL solvent composed of 50% acetonitrile, 2.5% trifluoroacetic acid and 

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

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

digestion had taken place. One ɛL 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 ˃ L aliquots to a custom-built Teflon cell containing 1300 ˃L HEPES buffer at 30 

min intervals for a total time of 6 hrs. The amount was determined from Dr. Han Zhangôs 
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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 ɛL of 1 

M˃ MT II  peptide and 10 ɛL of HCCA. The dried silicon wafers were mounted onto a 

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

each wafer for external calibration. Three or four different spots of 1 ɛL 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 ɛM 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 ɛM CTB captured on 1% GM1/poly(bis-

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

ɛM CTB, 0.24 ɛM LTB and 1 ɛM 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 ɛM CTB, 0.24 ɛM LTB and 1 ɛM 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.   

 

 



74 
 

 

Figure 2.5 MALDI -TOF MS spectra of a) 0.24 ɛM CTB captured on poly(bis-SorbPC); 

b) 0.24 ɛM LTB captured on poly(bis-SorbPC); and c) 1 ɛM 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 i n 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 ɛM 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 ɛM 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). 

 










































































































































































































































































