
CATANIONIC SURFACTANT VESICLES AS A PLATFORM FOR PROBING 

PROTEIN-CARBOHYDRATE MULTIVALENT INTERACTIONS 

 

 

 

A Thesis by 

Mohammad R. Islam 

Bachelor of Science, Wichita State University, 2007 

 

 

Submitted to the Department of Chemistry 

and the faculty of the Graduate School of 

Wichita State University 

in partial fulfillment of  

the requirements for the degree of 

Master of Science 

 

 

 

 

July, 2011 



 

 

 

 

 

 

© Copyright 2011 by Mohammad R. Islam 

All Rights Reserved 

 

 

 

 

 

 

 

 



iii 
 

CATANIONIC SURFACTANT VESICLES AS A PLATFORM FOR PROBING 

PROTEIN-CARBOHYDRATE MULTIVALENT INTERACTIONS 

 

 

The following faculty members have examined the final copy of this thesis for form and content, 

and recommend that it be accepted in partial fulfillment of the requirement for the degree of 

Master of Science with a major in Chemistry.  

 

 

 

__________________________________ 

Douglas S. English, Committee Chair 

__________________________________ 

James G. Bann, Committee Member 

_________________________________ 

David M. Eichhorn, Committee Member 

_________________________________ 

Kandatege Wilmalasena, Committee Member 

_________________________________ 

William J. Hendry III, Committee Member 

 

 

 



iv 
 

DEDICATION 

 

 

To my parents and dear friends. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

ACKNOWLEDGEMENTS 

 

 

 I am heartily thankful to my advisor, Dr. Douglas S. English, for his years of direction, 

assistance, and guidance in graduate school. His encouragement from the initial to the final level 

enabled me to develop an understanding of the subject and made the completion of this thesis 

possible. I would also like to convey my gratitude to my group members; in particular, Vy 

Nguyen, Archana Mishra, Zifan Wang and Sara B. Lioi whose recommendations and 

suggestions had been invaluable for the project and advancement in research. Special Thanks to 

my committee members Dr. James Bann, Dr. David Eichhorn, Dr. Kandatege Wilmalasena, and 

Dr. William Hendry III. Lastly, I extend my regards and thanks to all of those faculties, staffs 

and fellow graduate students of the chemistry department who supported me in any respect 

during the completion of my graduate school.  

 

 

 

 

 

 

 

 

 

 



vi 
 

ABSTRACT 

 

 

 This thesis describes the work on understanding the phase behavior of mixed surfactant 

systems and on the surface-functionalization and modification of catanionic vesicles with an aim 

toward probing protein-carbohydrate multivalent interactions. To understand the phase behavior 

of aqueous mixture of cetyltrimethylammonium tosylate (CTAT) and sodium 

dodecylbenzenesulfonate (SDBS) solutions at micromolar surfactant concentrations, calculations 

were performed in conjunction with fluorescence correlation spectroscopy (FCS) studies to 

probe the composition and size of aggregates formed at low concentration. Toward this end, the 

critical micelle concentration (cmc) of CTAT was measured to be 0.12-0.35 mM and cmc of 

SDBS to be 2.2-2.8 mM, both values agree with literature values. The critical aggregation 

concentration (cac) for the mixtures of CTAT and SDBS having a 1.8-fold molar excess of 

CTAT was measured to be 2.6 μM. Using these measured values, for CTAT-rich mixtures, the 

mole fraction of CTA
+
 in the vesicle bilayer is calculated to be 0.56 at the cac. The interaction 

parameter  is calculated to be -24. These calculations in this thesis suggest that the surface 

charge at low surfactant concentration near the cac. This theoretical prediction was supported by 

FCS studies of DNA and CTAT-rich vesicles binding near the cac.  Next the catanionic vesicle 

outer membrane was functionalized by hydrophobic insertion of hydrocarbon chain of the 

glycoconjugate n-dodecyl-β-D-glucopyranoside (C12-Glu). Kinetics of multivalent interactions 

between the lectin concanavalin A and C12-Glu was studied by cryo-TEM and stopped-flow 

turbidometry.  Inhibition multivalent binding studies were conducted and a potential new tool 

has been developed in evaluating multivalent inhibition.  
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CHAPTER 1 

 

INTRODUCTION AND OVERVIEW 

 

 

 In the research work in preparation of this thesis, the following goals were accomplished: 

A. By measuring critical micelle concentration and critical aggregation concentration for 

CTAT/SDBS catanionic mixed system, surface composition for CTAT-rich system near 

the critical aggregation concentration was calculated. The theoretical result was 

confirmed by fluorescence correlation spectroscopy studies of DNA binding with vesicle 

in CTAT rich system. 

B. Novel carbohydrate functionalized catanionic vesicles from CTAT/SDBS system were 

prepared in the lab and agglutinations in presence of lectin ConA were studied by cryo-

TEM and stopped-flow turbidometry experiments.  

C. Catanionic vesicles as platform for kinetic studies of lectin-carbohydrates interactions 

were investigated by stopped-flow turbidometry. A new tool for evaluating inhibitors of 

multivalent lectin-carbohydrate binding was developed.  

This chapter provides background information relevant to the work conducted in the preparation 

of this thesis and includes discussions on properties of surfactants and colloidal aggregates as 

well as multivalent lectin-carbohydrate interaction. The first section of this chapter will illustrate 

factors that govern the size and shapes of aggregates followed by thermodynamic aspects of 

colloidal aggregate formation. The next section will give a brief background history of liposomes 

as well as synthetic vesicles. Finally the background of lectin-carbohydrate interactions is 
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discussed in the last section of this chapter and will provide a solid foundation among readers for 

the research work discussed in subsequent chapters 2 and 3. 

1.1  Surfactants and Colloidal Aggregates 

 Surfactants are surface active agents that partition to interfaces such as air-water, or 

polar-nonpolar liquid interfaces. Two types of well known surfactants are detergent molecules 

and lipid molecules. Applications involving surfactants include their industrial use as detergents, 

dispersants and degreasers. In chemistry and biology they are used as membrane mimetics and 

protein stabilizers. Amphiphiles such as surfactants and phospholipids contain a polar head 

group and a non-polar tail region and can be nonionic, ionic or zwitterionic. Colloidal aggregates 

including micelles, bilayers and vesicles form by the spontaneous self-assembly of amphiphilic 

molecules (figure 1.1).  

 

 

 

Figure 1.1: Cartoon sketch of various possible configurations of self-assembled surfactants. 
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The type of aggregate that forms depends on the molecular structure of the surfactant.  Micelles 

in aqueous solutions form when surfactant molecules self assemble so that the hydrophilic head 

region remains in contact with the surrounding solvent and the hydrophobic tails form a nonpolar 

core. Most micelles are spherical in shape; however, ellipsoids, cylinders and bilayer shapes are 

also possible [1]. 

 Understanding the process of micelle formation is an important starting point for 

developing an understanding of other self-assembled colloidal aggregates. Factors that determine 

the size and shape of micelles have been extensively studied and reported in the literature by 

many scientists. The size and shape of micelles depend primarily on the molecular geometry of 

the surfactant molecules. This molecular geometric factor is termed the packing parameter, P, 

which is expressed as: 

  

la

v
P

o



       (1.1)

 

 

where v is the volume of the hydrophobic carbon tail, ao is the effective area of the hydrophilic 

head group and l is the critical length of the hydrocarbon tail [1, 2]. These dimensions are shown 

in figure 1.2. The critical length of the hydrocarbon tail, l, is defined as the maximum length of 

the chain at a given temperature. However, l is taken to be slightly less than the fully extended 

length and above this critical length a significant increase in the free energy of the system occurs 

[3]. 
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Figure 1.2: Surfactant dimensions used to determine the packing parameter for a single tail 

surfactant. 

 

Based on the value of P, we can predict the aggregate type that will form, see Table 1.1. The 

packing parameter for most single tailed surfactant molecules is less than 1/3 and therefore 

spherical micelles are predicted to form in aqueous solutions of most single-tailed surfactants.  
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TABLE 1.1 

 

AGGREGATE DEPENDENCE ON PACKING PARAMETER. THE PACKING 

PARAMETER IS A GEOMETRIC FACTOR THAT IS PREDICTIVE OF THE TYPE OF 

SURFACTANT AGGREGATE THAT WILL FORM IN WATER.  

 

 

Packing parameter, P Shape of amphiphile Aggregate type predicted 

<1/3 

 

Spherical Micelles 

1/3 – ½ 

 

Cylindrical Micelles 

½ - 1 

 

Curved Bilayers - Vesicles 

1 

 

Planar Bilayers 

>1 

 

Inverted Micelles 

 

For P = 1/3 to ½, spherical micelles are not facilitated and wormlike cylindrical micelles are 

formed. Figure 1.3 shows a transmission electron microscopy (TEM) freeze-fracture electron 

micrograph image of an extended wormlike micelle from cetyltrimethylammonium tosylate 

(CTAT) in water [4]. For P= ½ to 1, the predicted aggregate is a curved bilayer which results in 
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vesicle formation. Examples of amphiphiles in this category are double chain phospholipids with 

large head group areas like phosphatidyl choline or phosphatidyl serine [5].  

 

 

 

Figure 1.3: TEM freeze-fracture image of an extended rod like micelle of CTAT solution in 

water. The average diameter of the micelle shown by two arrows is about 5 nm consistent with 

the length of CTAT molecule. [reprinted from reference 4] 

 

For a cylindrical shaped surfactant molecule, P≈1 and planar bilayer formation is predicted. 

Double chain phospholipids with small head group areas such as phosphatidyl ethanolamine fall 

under this category [5]. When P>1, the aggregates will be inverted micelles. In nonpolar solvent, 

inverted micelle formation is possible. In that case, the hydrophobic tail region is exposed to the 

surrounding solvent and hydrophilic head regions assemble in the center [3]. 
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 Another important factor that governs the shape of micelles is the electrostatic interaction 

between charged head groups of ionic surfactants. Aggregates from ionic surfactants carry 

charge and have an electrostatic attraction to the ions that surround them in solution [6]. The 

electrostatic repulsion between the charged head groups gives a larger effective head group area 

ao therefore lowering the value of P. Any effect that decreases the electrostatic repulsion 

between head groups will promote cylindrical shape micelles which is shown by an increase in 

the value of P.  This can be achieved by changing the type or concentration of counter ion, 

changing the pH or the temperature. For example, adding a counter ion such as salicylate into the 

surfactant solution is known to facilitate a sphere to rod transition [6]. A nice example of this 

type of transition is given by Bachofer, et al. Using NMR studies, Bachofer, et al., showed that 

aqueous solutions of tetradecyltrimethylammonium  (TTA
+
) nitrobenzoate systems form 

spherical micelles but transition to rod-like micelles occurs when salicylate is added. The authors 

explained this phenomenon by the strong electrostatic attraction between the TTA
+
 cation and 

the negatively charged salicylate ion. Upon binding with salicylate ion, the decrease of 

electrostatic repulsion between TTA
+
 head groups causes a decrease of effective head group area 

ao, resulting in net increase of P value which leads to the transition to rod shaped micelles. This 

shielding of inter head group electrostatic repulsion by added salt is also responsible for 

formation of rod shaped micelles at a much lower concentration than the critical micelle 

concentration (cmc) in pure water [7, 8]. Olsson et al. reported that 

hexadecyltrimethylammonium bromide (C16TAB) forms rod shaped micelles. However, when 

sodium salicylate salt is added in the solution, rod shaped micelles form at a much lower 

concentration. The authors reasoned that the difference is caused by the different counter ions of 

the two systems studied. In the same study, NMR data indicated that the chemical component 
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that increases the degree of binding of the salicylate ion compared to the bromine ion is that the 

hydrophobic aromatic part of the salicylate ion actually penetrates the micellar surface. Other 

contributing factors in determining micelle shape and size are solution conditions such as 

concentration and temperature.  

 Surfactants relevant to the research work of this thesis include CTAT and 

cetyltrimethylammonium bromide (CTAB) which only differ by their respective counter ions. 

However, shape of the aggregates are quite different in water. CTAT forms worm like micelles 

and CTAB forms primarily spherical micelles [4]. This difference in aggregate shape can be 

explained by an electrostatic effect of counter ions. Also, CTAT is less soluble than CTAB 

because of the hydrophobic nature of tosylate, therefore it is predicted that CTAT will form 

micelles at much lower concentration than will CTAB.  

 So far, the size and shape of aggregates have been discussed, which help us understand 

how aggregates are formed and how they are affected by physical properties. But to understand 

why aggregates are formed, one must look into the thermodynamic aspects of colloidal aggregate 

formation. Monomers are individual surfactant molecules present in solution that are not 

incorporated into  aggregates. Surfactant molecules are in dynamic equilibrium between micelles 

and dispersed monomers. The average lifetime of molecules in a micelle is about 10
-3 

to 10
-5 

seconds which is very short relative to the time an individual surfactant resides in a bilayer and 

hence micelles are much more dynamic than bilayered aggregates [3]. Micelles form 

spontaneously when the surfactant concentration in the system is above the critical micelle 

concentration (cmc). Below the critical micelle concentration, only monomers are present. The 

mean aggregation number of molecules in a micelle denoted by N depends on the surfactant type 
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and solution conditions such as nature and concentration of salts, ionic strength and pH of the 

solution. The mean aggregation number, N can be calculated from the equation [9, 10]: 

 

      (1.2) 

 

where S is the total concentration of surfactants, cmc is the critical micelle concentration and M 

is the micelle concentration in the system. For aggregates other than micelles, critical 

aggregation concentration (cac) is analogous to cmc. The cmc and cac are discussed further in 

chapter 2 of this thesis. 

 In water, the main driving force for  surfactant aggregate formation is the hydrophobic 

effect [7]. When micelles form, free energy of the system is minimized. Molecules in aggregates 

are more ordered than free monomers in solution and entropy is decreased upon self assembly. 

However, the overall entropy increases in self assembly by exclusion of ordered water molecules 

surrounding hydrophobic tails of surfactants.  A detailed description for formulating basic 

equations of self-assembly in general statistical thermodynamics can be found in the book 

Intermolecular & Surface Force by J. Israelachvili. Briefly, for self-assembly, the mean 

interaction chemical potential of the molecules can be formulated as: 

  

        (1.3) 

 

where  is the standard chemical potential in aggregates of mean aggregation number N.  is 

the chemical potential of a molecule in an aggregate of infinite aggregation number. P is a 
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number that depends on the shape or dimensionality of the aggregates, k is the Boltzmann’s 

constant, T is temperature in Kelvin, and α is a constant and positive number which depends on 

the strength of the intermolecular interactions:  

 

       (1.4) 

 

were γ is the interfacial free energy per unit area and r is the effective radius of a molecule. The 

equations above can be used to calculate chemical potential of various aggregates of mean 

aggregation number N. The thermodynamic condition of self-assembly of aggregates is 

  for some value of N.  decreases as N increases but has a minimum value at some 

finite value of N. This mathematical relationship implies that, for an amphiphile molecule, free 

energy difference between aggregate state of aggregation number N and the dispersed monomer 

state is negative and therefore self-assembly is favored [5].  

 

  

 

Figure 1.4: Dynamic equilibrium between monomers and micelles. 
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For micelle formation, the equilibrium constant K can be written as[5]: 

 

      (1.5) 

 

where, rate of association =  and rate of dissociation =  ,   correspond to activity 

of monomers and  corresponds to activity of molecules in colloidal aggregates of aggregation 

number N. Using an arbitrary reference state of aggregates and conservation relation,  and 

total surfactant concentration CS  can be derived into the following mathematical equations: 

 

     (1.6) 

 

and              (1.7) 

 

The concentrations  and  are expressed in dimensionless mole fraction or volume fraction 

units. These thermodynamic equations (1.6) and (1.7) can be applied to not only micelles but 

also to any three dimensional colloidal aggregates such as bilayers, liposomes and synthetic 

vesicles. A brief discussion of the historical aspects of liposomes and synthetic vesicles is given 

in the next section of this chapter. 
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1.2  Liposomes and Vesicles 

 Liposomes are vesicle structures composed of lipid bilayers which enclose a volume [11]. 

The most common type of lipids that form liposomes are phospholipids; however, glycolipids, 

cholesterol and proteins can also be incorporated in liposomes. Liposomes were first prepared in 

the laboratory by Bangham and co-workers in 1961 and reported in 1965 [12]. Since then 

liposomes have been studied extensively and prepared from various types of lipids. A typical 

phospholipid molecule has a non polar double tail unlike single tailed surfactants. Double tails in 

phospholipids give rise to a larger hydrophobic tail volume relative to the tail volume of single 

tail surfactant, resulting a larger packing parameter P. The shape of a double-tailed phospholipid 

amphiphile is cylindrical and has packing parameter of P = ½ to 1. For this packing parameter, 

aggregate types fall into curved bilayer and planar bilayer. Curved bilayers form vesicles by 

forming a closed shell thus eliminating energetically unfavorable edges.  

 When  phospholipids are dispersed in aqueous solutions, vesicles containing multiple 

lipid bilayers form. These are the liposomes first prepared by Bangham et. al. and are called 

multilamellar vesicles (MLVs) which were immediately used as a model membrane system [12]. 

When dispersed phospholipids are sonicated, small unilamellar vesicles (SUVs) between 20 nm 

to 50 nm containing only a single bilayer are formed [13]. Uniform homogenous SUVs  

preparation using gel filtration were first reported in 1969 [14]. Because of limitations as model 

membrane system by MLVs and SUVs, various researchers in the 1970’s developed several 

methods of preparing large unilamellar vesicles (LUVs) ranging from 100 nm to 500 nm in size 

[15-17]. The most common way of sizing liposomes is by extrusion using polycarbonate filters. 

 Vesicle structures such as liposomes are important as membrane models in biology and 

medicine. Since the discovery of liposomes, they have been used as model membranes in a wide 
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range of fields including understanding diseases at the cellular level, targeted drug delivery, and 

probing biochemical reactions in vitro. For example, liposomes have been used for decades to 

study biological lipid peroxidation and thus understand cellular damage caused by oxidative 

stress [18]. One such example is that Kaneko, et al. investigated the effect of aluminum 

compounds in ionic or complexed forms on oxidative stress in biological systems using 

liposomes as a model membrane [19]. The authors studied inorganic and organic radical 

induced-peroxidation in the presence of aluminum nitrate and tris(maltolato)aluminum(III) 

complex with respect to molecular oxygen consumption and membrane fluidity change in 

phosphatidylserine liposomes as biological membrane models. They reported that both ionic and 

complexed forms of aluminum enhance lipid peroxidation which is an important finding to better 

understand the role of aluminum in cellular damage by oxidative stress. Since the 1970s, 

liposomes have been extensively studied as drugs carriers. The approved liposome-based drugs 

include doxorubicin, daunorubicin citrate, amphotericin B, and about half dozens more drugs are 

still in clinical trials [20]. Another example of using liposomes as tools are the binding studies of 

anti-Aβ1-42 MAb-decorated nanoliposomes to Aβ1-42 peptides by Canovi, et al. aimed toward 

the diagnosis and therapy of Alzheimer disease [21]. Canovi, M. and coworkers had decorated 

intermediate size (about 130 nm) liposome vesicles with anti-Aβ monoclonal antibody (Aβ-

MAb) at different densities. Using the surface plasmon resonance technique, they showed that 

Aβ-MAb-liposomes bound with Aβ1-42 proteins immobilized (on the chip). They also 

determined the dissociation constant (Kd) for the binding to be 0.5 nM to 2.0 nM depending on 

the Aβ-MAb density on the vesicle surface. Similar work on functionalization of synthetic 

vesicles and developing that as a tool in probing protein-carbohydrate interactions is the central 

objective of this thesis.  
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 Liposome-like synthetic vesicles formed from mixtures of cationic and anionic 

surfactants were first reported by Kaler and coworkers in 1989 [22]. Since then, different vesicle 

forming cationic and anionic systems were reported and dubbed “catanionic vesicles”. Much of 

the research on catanionic systems have been done to understand phase behavior and driving 

forces behind spontaneous catanionic vesicle formation. Detailed demonstrations of physical 

properties of catanionic vesicle are discussed in chapter 3 of this thesis. Although spontaneously 

formed unilamellar vesicles from oppositely charged surfactant pairs have some advantages over 

liposomes, so far little work has been done to use them as a model membrane tools. This thesis 

discusses work using catanionic vesicles of CTAT and sodium dodecylbenzenesulfonate (SDBS) 

surfactant systems as a tool in probing protein-carbohydrate interactions. To develop that tool in 

the field of glycomic research, interactions between the lectin concanavalin A (ConA) and 

different carbohydrates were used as examples of protein-carbohydrate interactions. 

1.3  Lectin-Carbohydrate Multivalent Interactions 

 Protein-carbohydrate interactions are prevalent throughout biology and play important 

roles in cell-cell recognition including the infectivity of pathogens, immune response and 

reproduction [23]. Interactions of carbohydrates and proteins are typically weak. To provide 

interaction strength and specificity, it is possible for proteins to interact with carbohydrates in a 

multivalent fashion where more than one binding event occurs simultaneously, see figure 1.5. 

Binding strength and affinity can be increased by hundreds of fold through multivalent 

interactions. In biological systems, multivalent binding is facilitated by imbedded proteins or 

carbohydrates in the cell membrane and the affinity depends on both ligand density and spatial 

arrangements [24]. Investigating multivalent interactions in vitro requires a suitable platform 
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such as a bilayer surface to mimic biological systems. Lectins are binding proteins that bind with 

sugars in a multivalent fashion when facilitated by a ligand-clustering membrane. 

 

 

 

Figure 1.5 Cartoon sketch of multivalent binding facilitated by a rigid platform. 

 

Double-tailed phospholipid vesicles have been extensively used as model membrane systems to 

study lectin-carbohydrate interactions at the bilayer interface [25-27]. Limitations of 

phospholipids vesicles are that they require sonication and extrusion to prepare and degrade to 

multilamellar structures over a short period of time. Preparation of liposomes from purified or 

synthetic phospholipids is expensive and labor intensive. In this thesis, a novel type of 

functionalized vesicle was developed and tested. It consists of the inexpensive single-tailed 
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surfactants CTAT/SDBS and has the advantage of superior stability and simplified preparation 

compared to conventional carbohydrate functionalized vesicles or bilayers.  

 Concanavalin A (ConA) is one of the most well studied lectins and binds to glucose, 

sucrose, maltose, mannose and other carbohydrates [28]. ConA is also a well-known activator of 

cellular signaling [23]. ConA is extracted from the jack bean and can be readily purchased 

commercially. At a pH greater than 7, ConA exists as a tetramer but at pH 5.5 ConA exists as a 

dimer [29]. Tetrameric ConA ( molecular weight 104 KDa ) has four glucose binding sites and 

each binding site has one Mn
2+ 

and one Ca
2+ 

binding site. These metal cations are vital for ConA 

binding with glucose.  Strong binding between ConA and glucose occurs in a multivalent 

fashion. It is reported in the literature that ConA binds to the glucosyl and mannosyl residues at 

the nonreducing terminus of polysaccharides and glycoproteins. The hydroxyl groups at the C3, 

C4, and C6 positions of D-glucopyranosyl or D-mannopyranosyl rings are also found to be 

essential for ConA binding with the pyran ring [30]. ConA and glucose interactions are an 

excellent example of lectin-carbohydrate multivalent interaction as demonstrated by various 

reports in the literature. The research discussed in this thesis used ConA - glucose interactions to 

probe multivalent interactions utilizing novel catanionic vesicles. 
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CHAPTER 2 

 

CATANIONIC SURFACTANT VESICLES 

 

 

 Since the discovery of catanionic vesicles, a great deal of work has been done to 

understand the physical properties of such vesicle formation as well as to discover other 

catanionic vesicle forming systems. This chapter discusses physical properties such as the 

driving force for catanionic vesicle formation and phase behavior for CTAT/SDBS catanionic 

systems including the author’s research work on determining cmc and cac of the system so as to  

better understand surfactant composition in the bilayer. Also, this chapter gives a brief overview 

of surface functionalization of catanionic vesicles from the CTAT/SDBS system. 

2.1 Vesicle Formation and Phase Behavior 

 Vesicle and bilayer formation from single tailed surfactants were first reported in the 

1970s [31, 32]. Mixtures of cationic surfactants such as cetyltrimethylammonium tosylate 

(CTAT) and anionic surfactants such as sodium dodecylbenzenesulfonate (SDBS) spontaneously 

formed bilayer vesicles as first reported by Zasadzinski and Kaler in 1989 [22]. Since then, the 

physical properties and mechanism of cationic vesicle formation was reported extensively by 

others. Research work in this thesis focuses on using catanionic vesicles from CTAT and SDBS 

mixtures. The mechanism of spontaneous vesicle formation is explained by electrostatic 

attraction between oppositely charged, single-tailed surfactants such as CTAT and SDBS which 

form ion pair complexes having a structure similar to a zwitterionic phospholipid molecules, see 

figure 2.1A. Formation of ion pair complexes results in a net decrease in the average effective 
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head group area. This has a significant effect on the packing parameter P for surfactants. The 

single tailed surfactants CTAT and SDBS have packing parameters P≈1/3 and both form 

micelles. In aqueous solutions, CTAT forms rod-like micelles and SDBS forms spherical 

micelles [4]. However, mixtures of CTAT and SDBS in aqueous solutions result in the formation 

of CTA
+
/DBS

-
 ion pairs. These pairs are geometrically similar to a zwitterionic diacyl-lipid with 

a P≈1. This packing parameter value favors the formation of bilayer aggregates as shown in 

figure 2.1A. The radius of the smallest vesicle that may be formed without changing effective 

head group area ao can be calculated by[5]: 

 

      (2.1) 

 

 where Rc is the critical radius below associated with the highest possible curvature and l is the 

critical chain length. For a vesicle of radius Rc and bilayer hydrocarbon thickness t = 2v/ao , the 

mean aggregation number N is estimated by the following equation[5]: 

 

            (2.2) 

 

 The mean diameter of CTAT-rich vesicles is ~120 nm as determined from dynamic light 

scattering measurements by the author of this thesis. The average critical chain length is 

calculated to be l ≈ 1.9.  Using equation 2.1, the average packing parameter  is determined to be 

~0.32 (about 1/3).  The average tail volume was calculated as 0.29 nm
3
. From equation 2.2 and 

ao=0.48 nm
2 
[33], the mean aggregation number yields ~ 5.2X10

5
.   
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Figure 2.1: Drawings depicting the formation of catanionic vesicles. A) CTAT and SDBS 

surfactants form ion pairs that geometrically resemble neutral phospholipids.  

B) During vesicle formation it is hypothesized that the excess surfactant partitions selectively to 

the exterior leaflet. 

 

 Although ion pair formation theory predicts a bilayer formation, vesicles form only in the 

presence of excess CTAT or excess SDBS. In order to fully explain the spontaneous bilayer 

curvature and vesicle formation, we must consider the curvature free energy dependence on 

bilayer composition. For the bilayer to have a non-zero spontaneous curvature, both individual 

leaflets must have equal and opposite spontaneous curvatures, see figure 2.1B. The bilayer 

elastic energy per unit area is given by: 

 

    (2.3) 
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where c is bilayer curvature, co and ci are the  spontaneous curvature of outer and inner leaflet, 

respectively, which depend on surfactant headgroup spacing [34]. The explanation for 

spontaneous vesicle formation in catanionic systems was reported previously in terms of bilayer 

composition and intermolecular interaction affecting headgroup spacing [22, 34]. In catanionic 

vesicles it was proposed that non ideal mixing leads to a composition difference between the two 

leaflets allowing them to have oppositely signed curvature necessary for spontaneous bilayer 

curvature. The elastic energy potential at a finite curvature is minimized when ci = -co which can 

be obtained by larger average head group area in outer leaflet. In the catanionic system, the 

excess surfactant partitions more to the outer leaflet and this leads to a greater average head 

group spacing because of repulsive electrostatic interaction between them as shown in figure 

2.1B. This results in a negative co. The higher mole fraction of ion pair complexes in the inner 

leaflet lowers the average head group spacing to a positive ci value. This equal but oppositely 

signed curvature of outer and inner leaflets leads to spontaneous curvature of the bilayers.  Then, 

free energy of the system is further minimized by enclosing the edges of the curved bilayer into a 

vesicle structure.   

 Phase behavior of various catanionic surfactant mixtures at different concentrations are 

well reported in the literature [4, 35].  Koehler et al. extensively reported physical properties of 

the CTAT-SDBS system. Figure 2.2 shows a pseudo-ternary phase diagram for the water-rich 

corner of the CTAT/SDBS system in water [4, 35-37]. The diagram resembles many phase 

diagrams for binary mixtures of two oppositely charged surfactants. The three regions shown on 

the diagram are micelle region (green), precipitation zone (gray) and vesicle forming regions 

(blue). The two lobe-shaped regions marked by V
+ 

and V
-
 show conditions in which spontaneous 

vesicle formation occurs. It can be seen that spontaneous vesicle formation is always in the   
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Figure 2.2: Ternary phase diagram for CTAT/SDBS system in water [4]. 

 

region where one of the surfactants is in excess. The V
+  

lobe indicates vesicles in excess of 

CTAT surfactant and the V
- 
 lobe indicates vesicles in excess of SDBS. Since vesicle formation 

requires an excess of one of the surfactants, the catanionic vesicle surface can be overall 

negatively or positively charged depending on the excess surfactant type, hence, the charged 

bilayer can be used as a tool for molecular separation and sequestration of charged solutes or 

biological molecules [36]. This bilayer charge gives catanionic vesicles colloidal stability and 

they can be stable for years. The research work in this thesis involves primarily SDBS-rich 

vesicles, in which an excess of negatively charged SDBS surfactant results in a negatively 

charged vesicle surface mimicking biological membranes. In the diagram, two lobes of vesicle 

forming regions are surrounded by a precipitation zone. Precipitation as lamellar solid near 

equimolarity mixture can be explained as an inability to form bilayer curvature when one of the 

surfactants is not in excess. The two outer regions indicate where mixed micelles occur. It is 



22 
 

important to note that the vesicle forming regions extend at CTAT/SDBS weight ratios 70/30 and 

30/70. In this thesis vesicle preparations are 1% mixtures of 70/30 and 30/70 ratios of SDBS to 

CTAT by weight. The above discussion provides an understanding of the driving forces for 

spontaneous vesicle formation and phase behavior.  

2.2 The cac Measurements and Surface Composition 

     Research work of this thesis includes experimental determination of critical aggregation 

concentration for the CTAT/SDBS system as well as CTAT or SDBS individually [36]. Critical 

micelle concentration (cmc) is the surfactant concentration above which micelles form and below 

cmc only monomers of surfactants are present. Critical aggregation concentration (cac) is used in 

cases of colloidal aggregates other than micelles. The capillary rise surface tension method and 

pyrene probe emission technique were used to measure cmc [38, 39]. In the capillary rise surface 

tension method, surface tension of a solution is determined by measuring the height of rise in a 

capillary tube and using the equation: 

 

       (2.4) 

 

where ρ is the density of the solvent, g is gravitational constant, h is the capillary rise height, γ is 

the surface tension and r is the radius of the capillary tube.  The cmc or cac of the solution is 

determined from the plot of surface tension verses concentration of the solution. Surface tension 

decreases as surfactant concentration increases. The cmc is the concentration above which 

surface tension stops decreasing.  This point is apparent by a sudden change in slope.  The 

pyrene probe emission technique uses the ratio of the vibronic band intensities of the emission 

spectrum.  In  this work the ratio was calculated from peak I (378.23 nm) and peak III (387.99 
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nm).  This ratio is plotted as a function of surfactant concentration. Above the cmc, pyrene is 

solubilized in the hydrophobic interior of micelles, and as a result, cmc can be determined by the 

sharp decrease of peak I to III ration at cmc. This thesis reports the measured cmc of CTAT to be 

0.12-0.35 mM and cmc of SDBS to be 2.2-2.8 mM, see figure 2.3 A and B. Both cmc values 

agree with literature values of 0.21-0.24mM for CTAT and 2.46mM for SDBS [38, 40]. 

However, for the mixed surfactant system of CTAT/SDBS, neither of these methods produces 

reliable and consistent results for the cac value. When the weight ratio of CTAT/SDBS is 70/30 

in a catanionic system, it is  referred to as a CTAT-rich system in this thesis. Similarly, 

CTAT/SDBS weigt ration 30/70 is referred to as a SDBS-rich system. In figure 2.3C, the pyrene 

probe method produces cac values for both CTAT-rich vesicles or SDBS-rich vesicles to be 

about hundred times larger than literature values of 2-3μM [38].  This result indicates that the 

pyrene probe method cannot be a good technique of cac measurement for mixed surfactant 

systems. The capillary rise surface tension method produces inconsistent cac values for CTAT-

rich vesicles. For CTAT-rich mixtures, two different values can be read in the capillary tube 

based on rise or fall, see figure 2.3C. This problem is predicted to be caused by interactions 

between the negatively charged glass wall of the capillary tube and the positively charged 

vesicles or surfactants. The capillary rise surface tension method requires that the scale reading 

of the column in the capillary tube must be the same regardless of fall or rise for the solution 

used. Therefore, it is concluded that neither of those two methods can be used for CTAT/SDBS 

mixed systems. In this case, another surface tension measuring technique, the Wilhelmy method, 

was used[38].  For mixtures of CTAT and SDBS (70/30 wt. ratio) having a 1.8-fold molar excess 

of CTAT, the measured cac value using the Wilhelmy surface tension method was 2.6 μM [36]. 

This value of critical aggregation concentration for CTAT/SDBS mixed systems is about 1000 
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fold less than cmc of SDBS and about 100 fold less than cmc of CTAT. This dramatic drop in 

cac of mixed surfactants can be explained by ion pair complex formation [40].  

 

 

 

Figure 2.3: Data from cmc and cac measurements using capillary rise surface tension method (B, 

D) and pyrene probe emission technique (A, C). For pure SDBS or CTAT in water, A) shows 

cmc measurement using pyrene probe emission method and B) shows cmc measurements using 

capillary rise surface tension method. For CTAT/SDBS mixed system of 70/30 and 30/70 weight 

ration, C) shows cac measurements using pyrene probe emission method and D) shows cac 

measurements using surface tension method. 

 

  Understanding the composition of the vesicle bilayer and how well it resembles that of 

the bulk surfactant mixture is important  for understanding stability with respect to dilution. 

Monomer solubility of both components will have an important role in the composition of the 
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Bilayer. The concentration of surfactant incorporated in micelles in a single component system 

can be calculated by: 

 

      (2.5) 

 

where S  is the total surfactant concentration. By measuring cmc and cac, this thesis attempted to 

better understand the bilayer composition of CTAT-rich vesicles. This approach involved 

applying regular solution theory to vesicle forming catanionic systems [41]. Using a pseudo-

phase separation model, equilibrium monomer concentration of a component i in a mixed 

surfactant system can be calculated by: 

 

        (2.6) 

 

where xi is the mole fraction and fi is the activity coefficient of the monomer i in the aggregate. 

Above cac xi  can be expressed as: 

 

    (2.7) 

 

where αi  is the mole fraction of component i in the bulk system. In a two component system, xi 

will depend on the total surfactant concentration, S. When S = cac, x1 can be calculated for a 

given mixture of components 1 and 2 from the equation: 
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       (2.8) 

 

Measured cmc and cac values in the experimental work of this thesis showed that the cac of 

binary mixtures of CTAT/SDBS is much less than cmc of either component due to the 

electrostatic interactions and ion pair complex formation. These interactions in binary surfactants 

mixtures is characterized by the interactions parameter, 

 

      (2.9) 

 

where Wnm are the interaction potentials possible between component n and m in the mixture 

system. By calculating the value for x1, β12 can be calculated from following equation: 

 

               (2.10) 

 

For a two component system, β is related to activity coefficients by: 

 

       (2.11) 

 

and                          (2.12) 

 

By calculating f1 , equation (2.7) can be solved for x1 as a function of total surfactant 

concentration of the system: 
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     (2.13) 

 

The equation (2.13) demonstrates how the overall charge of a vesicle bilayer may change with 

dilution. Using the measured cac value of 2.6 X 10
-6

 M for CTAT-rich system and equation 

(2.6), mole fraction of CTA
+
 in the vesicle bilayer is calculated to be 0.56 at the cac. The 

interaction parameter  is calculated to be -24. From equation (2.13), the mole fraction of CTA
+
 

in the vesicle bilayer was estimated and plotted in figure 2.4 against total surfactant 

concentration.   
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Figure 2.4: Calculated mole fraction of CTAT in vesicle bilayer over surfactant concentration 

range up to 100 μM compared to mole fraction of CTAT in saturation. 

 

 These calculations suggest that at very low concentrations near cac, aggregates should remain 

charged. The detection of vesicles in surfactant solutions near the cac (2.6 M) is impossible to 

achieve with methods such as TEM and light scattering due to the extremely low concentration 
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of vesicles (~10
-11

 M).
 
Fluorescence correlation spectroscopy (FCS) is a very sensitive technique 

which has been adapted by the English lab to probe dilute surfactant solutions[36, 42].  

 In a separate body of work, FCS was used to construct a binding isotherm of dye-labeled 

40mer ssDNA binding to CTAT-rich vesicles at total surfactant concentrations around the cac 

[36, 42]. Figure 2.5 shows the binding isotherm overlaid with the results from surface tension 

measurements.  The intersection of the dashed lines in the figure 2.5 shows the measured cac 

using the Wilhelmy method.  The isotherm (solid line and diamonds) shows the binding affinity 

for DNA to the surfactant aggregates.   
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Figue 2.5: FCS results of DNA binding with CTAT-rich vesicles and cac measurements using 

Wilhelmy method. The open squares are surface tension data and cac is where dashed line 

intersects. Filled diamonds are isotherm data form FCS studies of DNA and CTAT-rich vesicle 

bindings[36]. 

 

The DNA binding saturates near the cac and this is due to the strong electrostatic attraction 

between the negatively charged DNA and the positively charged aggregate.  From the FCS 

measurements, the effective size of the diffusing DNA was determined 120 nm, consistent with 



29 
 

the presence of vesicles.  Hence, this experimental data in conjunction with the predictions 

shown in figure 2.4 show that, at the cac, positively charged vesicles formed.  This is important 

for two reasons.  First, it cannot be assumed that vesicles, rather than mixed-micelles, form at the 

cac.  Second, it shows that FCS can be utilized to evaluate aggregate structure and charge at 

surfactant concentrations in a range where conventional methods such as TEM or light scattering 

cannot be used. 

2.3 Surface Functionalization 

 Surface functionalization of CTAT/SDBS catanionic vesicles were previously reported 

by Park, et al., and Thomas, et al. [33, 43].  This research work follows a similar procedure of 

vesicle surface functionalization. Functionalization of the surface of catanionic vesicles by 

hydrophobic insertion of the hydrocarbon chain of amide linked (N-linked) glycoconjugates or 

O-linked glycoconjugates were used previously. However, the N-linked glycoconjugate, n-

dodecanamide-β-D-glucopyranoside (C12NGlu), caused clustering. The O-linked glycoconjugate, 

n-dodecyl-β-D-glucopyranoside (C12-Glu) does not result in clustering. In this research work, 

SDBS-rich catanionic vesicles were prepared simply by dissolving a 3 to 1 mole ratio mixture of 

surfactants SDBS and CTAT with the desired mole fraction of C12-Glu  in water to maintain a 

total surfactant concentration of 1 wt% . The vesicle surface was decorated by hydrophobic 

insertion of the 12 carbon alkyl chain of the glycoconjugate  n-dodecyl-β-D-glucopyranoside 

(C12-Glu), see figure 2.6. Various C12-Glu mole fractions in the bilayer vesicle surface were 

obtained in the range of 0.0 to 0.05 in a controllable fashion. 
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Figure 2.6: The cartoon sketch of functionalized vesicle surface by hydrophobic insertion of 

glycoconjugate n-dodecyl-β-D-glucopyranoside. 

 

An advantage of this novel vesicle preparation over conventional functionalized phospholipids 

vesicles is its very simple preparation method as well as its great stability. In the research work 

of this thesis, this vesicle preparation was used in kinetic studies of aggregation with lectin ConA 

and is discussed in detail in the next chapter. 
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CHAPTER 3 

 

STOPPED-FLOW INHIBITION STUDIES 

 

 

 Research work utilizing catanionic vesicles for inhibition of multivalent lectin binding is 

discussed in this chapter. The experimental methods involved in the research work are discussed 

in section 3.1. The findings are discussed in section 3.2.  

3.1 Experimental and Methodology 

 The research work conducted in preparation of this thesis aimed to demonstrate the 

usefulness of carbohydrate modified catanionic vesicles as tools for studying the inhibition of 

multivalent binding lectins. The method of vesicle preparation was carried out following the 

previously reported procedure [33]. The experimental techniques in this research work include 

cryogenic transmission electron microscopy (Cryo-TEM) and stopped-flow turbidometry. Both 

of these techniques are discussed below. 

3.1.1 Vesicle Preparation 

 The preparation and characterization of carbohydrate modified vesicles was described 

previously [33, 43]. Preparation consists of dissolving a mixture of dry CTAT, SDBS and C12-

Glu in water or buffer at the correct proportions, gently stirring until dissolved and then allowing 

it to equilibrate for 12 hours.  Stable, unilamellar vesicles form spontaneously and preparations 

with a mole fraction of  C12-Glu (XC12-Glu) up to 0.3 were carried out.  In all preparations the 

SDBS:CTAT mole ratio is 3 to 1 and the total surfactant concentration, including C12-Glu, is 26 

mM.  At this concentration, vesicles form spontaneously in water and in buffer of moderate ionic 
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strength.  After formation, the vesicles can be diluted by up to 1000-fold without vesicle 

disruption. In water, vesicles prepared with C12-Glu mole fractions above 0.3 are not stable for 

long periods.  Figure 3.1 shows a cryo-TEM image of vesicles with a 0.3 C12- Glu mole fraction. 

 

 

 

Figure 3.1: Representative cryo-TEM image of SDBS-rich vesicles with XC12-Glu=0.3 

 

3.1.2 Cryogenic Transmission Electron Microscopy (Cryo-TEM):   

 Cryo-TEM specimens were prepared in the Vitrobot (FEI) at a controlled temperature of 

25°C and 100% relative humidity to avoid evaporation. A drop of solution was placed on a TEM 

grid covered with a perforated carbon film and blotted with a filter paper to form a thin solution 

film on the grid. The samples were then plunged into liquid ethane at its freezing temperature (-

183°C) to form vitrified specimens and stored in liquid nitrogen (-196°C) until examination.  

Specimens were examined in either a Philips CM120 or FEI Technai G
2
 transmission electron 

microscope operated at an accelerating voltage of 120 kV using an Oxford CT3500 cryo-
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specimen holder that maintained the vitrified specimens below -175 °C. Specimens were 

examined in the low-dose imaging mode to minimize electron-beam radiation damage. Images 

were recorded digitally on a cooled Gatan MultiScan 791 CCD camera using the 

DigitalMicrograph software. These experiments were done at the Technion in Haifa, Israel. 

3.1.3 Stopped-flow Kinetics Experiments 

 Stopped-flow kinetics experiments were carried out using a rapid scanning Olis RSM 

1000 spectrophotometer. Prior to the experiment, a SDBS-rich vesicle sample containing a total 

surfactant concentration of 26 mM and 0.02 mole fraction of C12-Glu was filtered through 0.45 

μm PES filter media and then was run through a 19.5 cm long size exclusion column (SEC) of 

Sephadex G50. About 3.5 fold dilution of vesicle sample resulted from SEC. This diluted vesicle 

sample was further diluted by two fold resulting in a total surfactant concentration of ~ 3.7 mM. 

For inhibition studies, free inhibitor was introduced into the vesicle sample during this dilution 

step. One of the two sample chambers of the stopped-flow instrument was filled with this SDBS-

rich vesicle sample of total surfactant concentration ~3.7 mM. The other sample chamber was 

filled with 2.5 μM ConA solution prepared in HEPES buffer of pH 7.4. All experiments were 

done at a control temperature of 20
o
C. In the stopped-flow instrument, 0.125 mL of each sample 

was plunged at the same time and mixed into an internal cuvette. Kinetic data of aggregation was 

obtained by monitoring turbidity change at 450 nm as a function of time. Olis RSM 1000 

software was used to record all kinetic data from which initial rate of aggregation was calculated 

using Igor Pro 6.04 software. 
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3.2 Results and Discussion 

 Multivalent binding is facilitated by the presentation of multiple oriented receptor ligands 

in close proximity to promote multiple binding interactions [23, 44].  This can be achieved by 

synthetic means using supramolecular[45] or polymeric[46] scaffolds to orient and present 

carbohydrates in close proximity [45, 47]. These approaches require substantial chemical 

synthesis which is avoided using our simplified method of modifying the surface of vesicles.  

Figure 3.2  shows stopped-flow kinetic traces for three different vesicle preparations that differ 

in glycoconjugate concentrations.   

 

 

 

Figure 3.2:  ConA induced agglutination data with vesicles of varying C12-Glu concentration. 

 

The traces were acquired by mixing samples with different values of XC12-Glu with a ConA 

solution of 2.5 μM.  The data in figure 3.2 show the notable effects of increasing the density of 

C12-Glu on the vesicle bilayer.  The increased binding rate is a direct result of the increased 
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ligand density that is encountered by ConA when it collides with the bilayer surface.  At higher 

ligand mole fractions, the lectin has an increased chance of establishing a multivalent interaction.  

The turbidometric measurements provide a sensitive and label-free method for quickly 

evaluating the effects of ligand density on multivalent binding by ConA.   

 Initial rate analysis of data similar to that in figure 3.2 was used to evaluate the forward 

binding rate of Con A [48].  The observed increase in turbidity results from ConA-induced 

aggregation, with control experiments showing no response when ConA is absent or when bare 

vesicles are used.  For aggregation to occur, the ConA tetramer must bind sequentially to two 

different vesicles requiring a two step process in which persistent binding to one vesicle is 

followed by binding to the second vesicle to form a stable lectin-bridge as shown in scheme 3.1. 

 

 

 

Scheme 3.1.  Binding scheme for Con A-induced vesicle aggregation 

 

In this experiment, the ConA concentration is roughly 100 times greater than the vesicle 

concentration.  Due to the relatively higher concentration of ConA and the great difference 

between ConA and vesicle diffusion rates, the forward rate for step 2 will be at least two orders 

of magnitude slower than step 1, and therefore rate limiting. Under the conditions of our 

experiments, the product of step 2 will go on to form larger aggregates. To directly view the 

processes depicted in scheme 1, on-the-grid-processing (OTGP) cryo-TEM experiments were 

carried out with freshly mixed samples [49-51]. The vesicle and ConA solutions were mixed 

directly on the TEM grid in the vitrification chamber just prior to plunging. This approach 
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allowed us to obtain image of the sample only 3-5 seconds after mixing. The samples imaged in 

figure 3.3 were prepared using ConA solutions that were pre-equilibrated with free glucose (20 

mM) to slow the reaction enough to capture early aggregation events. With quick manual mixing 

and automated blotting of the grid, the solutions were vitrified within 3-5 seconds of ConA 

addition.  

 Figure 3.3 shows several examples of early aggregation steps resembling those depicted 

in scheme 1. Figure 3.3A shows the formation of a trimeric aggregate in which the vesicles are 

linked by bridging ConA molecules and panels B and C show the formation of larger aggregates. 

The formation of bilamellar vesicles was frequently observed, and examples can be seen in 

panels B and C.  Such an abundance of uniform bilamellar vesicles was not observed in neat 

vesicle solutions (figure 3.1). The formation of bilamellar vesicles is due to osmotic shock 

caused when vesicles prepared in water are mixed with ConA solutions prepared with an ionic 

strength of 0.15 M.  

 

 

 

Figure 3.3: Data acquired from quenched aggregation experiments in which the samples were 

plunged in liquid ethane within 3-5 seconds after mixing on a TEM grid. The scale bars in all 

three panels are 100 nm.  For all samples XC12-Glu=0.02, [Glu]free=20 mM and [ConA]=1.5 mM. 

 

A B C 
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 Results from OTGP experiments show that, during the first 3-5 seconds after mixing, 

small vesicle aggregates form. Hence, the initial rate analysis of the first second of data acquired 

by stopped flow turbidometry should provide a measure of the forward reaction rate for vesicle 

aggregate formation. The formation of cross-linked vesicle aggregates will depend directly on 

the frequency of collisions (vcoll) between a vesicle-Con A complex (i.e. Ves-Con A in scheme 1) 

and a second vesicle surface.  The probability of a collision resulting in a bridged aggregate will 

depend on a scaling factor (ϕ) to account for orientation, kinetic energy and ligand density.  The 

rate of small vesicle aggregate formation will be proportional to the product of these two factors: 

 

 
coll

Rate       (3.1)
  

 

The data in figure 3.2 is consistent with this simple scheme and the increase in initial rate can be 

assigned to effect of increasing ligand density on ϕ, i.e. an increase in ligand density improves 

the “sticking probability” for a given collision by enhancing multivalent interactions. 

 At the highest glycoconjugate concentration in figure 3.2 (XC12-Glu=0.02), the average 

separation distance between non-interacting glucose ligands at the bilayer interface is estimated 

to be 4.9 nm [48], which corresponds well to the maximal separation distance (4.7 nm) of two 

sugar residues bound by the same ConA tetramer [52]. At this C12-Glu density, the simultaneous 

binding by more than one site of the ConA tetramer is highly probable. In fact, in the range of 

XC12-Glu=0.01 to 0.04, the ConA binding kinetics undergo a transition from first order to zero 

order with respect to glucose ligand density [48]. Above XC12-Glu=0.04, the glucose residues at 

the bilayer interface have an average separation distance of <3.5 nm.  At this concentration, 

multivalent interactions dominate and the initial binding rate remains constant with increasing 
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C12-Glu mole fraction. At XC12-Glu=0.02, ligand distribution is such that multivalent interactions 

dominate the kinetics and provide a large and rapid response but are weak enough that they can 

be diminished at relatively low inhibitor concentrations.  It was shown that it is important to keep 

inhibitor concentration below 100 mM to avoid artifacts[53]. 

 

 

 

Figure 3.4: Inhibition of Con A induced aggregation of catanionic vesicles (XC12-Glu=0.02) by the 

addition of free glucose.  A)  Stopped flow kinetic traces showing the decrease in initial rate with 

an increase in added glucose concentration.  B)  The normalized initial rate as a function of 

added glucose. 

 

The effects of adding free glucose as an inhibitor are shown in Figure 3.4. In this example free 

glucose was added to a vesicle solution (XC12-Glu=0.02) prior to mixing with ConA. The initial 

rate of aggregation decreases with increasing inhibitor concentration and is inhibited by 50% 

(IC50) at 2.8 mM. Figure 3.4A illustrates the change in aggregation kinetics with increasing free 

glucose concentration. In these experiments, the free glucose competes with the glycoconjugate 

presented at the vesicle bilayer and potentially disrupts the aggregation steps described in 



39 
 

scheme 1. Figure 3.4B is a plot of the ratio of the initial rate of the inhibited kinetics with the 

initial rate in the absence of inhibitor, Ri/R0, as a function of inhibitor concentration. This plot 

provides a graphical representation of inhibitor kinetic activity as a function of its concentration. 

 The example in figure 3.4 illustrates how glucose functionalized catanionic vesicles 

provide a convenient, inexpensive and highly-stable biomimetic platform for performing 

investigations of inhibitors for multivalent binding interactions. The ability to test soluble 

inhibitors for binding interactions that occur at a bilayer interface is an enormously powerful tool 

that allows one to probe the role of the interface in facilitating binding. The bilayer acts as a 

“catalytic” platform that accelerates binding by positioning the ligands in an oriented 

arrangement at a sufficient density to bring about rapid binding. A measure of the effectiveness 

of this “catalytic” activity is the relative amount of free inhibitor required to inhibit binding at the 

interface.  For instance, at XC12-Glu=0.02 the bulk concentration of C12-Glu is 35 - 40 μM and this 

is the amount of membrane bound glucose, of which half is assumed to exist on the vesicle 

exterior surface where ConA binds. Considering that roughly half of the membrane bound 

glucose will be on the vesicle inner membrane, the effective membrane-bound glucose 

concentration could be lower than 0.020 mM. To achieve 50% inhibition, 2.8 mM of free 

glucose is required. This observation shows that the interface improves binding kinetics by at 

least 2 orders of magnitude through facilitation of multivalent interactions by organizing the 

membrane bound glucose at a density and orientation conducive to multivalent binding. Only 

when the free glucose exceeds the glucose conjugate concentration by roughly 1000 fold is 

vesicle aggregation nearly halted. These observations provide an interesting example with which 

to judge the ability for the membrane to concentrate and orient receptor ligands. 
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 The IC50 is the concentration of inhibitor at which initial binding of glucose in solution 

and at the bilayer interface by ConA have equal rates and will depend on the concentration of 

glycoconjugate in the bilayer, hence it is important that comparisons between different inhibitors 

are made from experiments conducted with vesicles containing the same mole fraction of 

glycoconjugate. In this study, we investigated eight carbohydrate inhibitors (figure 3.5) for ConA 

binding to compare their relative efficacy and to test our system against literature values. 

Experiments were conducted to ensure that the added inhibitor is indeed freely diffusing in the 

aqueous environment and that it does not interact strongly with the catanionic vesicle bilayer 

itself as this could lead to artifacts when trying to gage the relative potencies of the inhibitors. To 

check for bilayer-carbohydrate interactions, solutions of vesicles were prepared with inhibitor 

concentrations above the IC50. These solutions were passed down a size exclusion column. The 

vesicles were detected by turbidity and carbohydrates were detected by the phenol-sulfuric acid 

colorimetric method [54, 55]. In all cases, there was no detectable carbohydrate eluted with the 

vesicle band. The carbohydrate inhibitors that were used are shown in figure 3.5 along with 

values for the measured IC50 for each inhibitor. The IC50 values were determined by competition 

binding experiments with catanionic vesicles. Examples of the kinetic inhibition results for five 

different inhibitors are shown in Figure 3.6.   

 

 

 

 

 



41 
 

 

 

Figure 3.6A contains plotted results ranging from the extremely effective inhibitor methyl-α-d-

mannose to the relatively weak inhibitor d-glucose.  The results for all eight inhibitors are 

summarized in Table 3.1.  Values from literature sources are also given in Table 3.1 and match 

well with our efficacies.     

Figure 3.5:  Carbohydrate inhibitors used in this study. 

D(+)glucose (2.8 mM) 

 

D(+)-mannose (0.48 mM) 

 

D-(+)-maltose monohydrate (0.44mM)  

 

maltotriose hydrate (0.47mM) 

 

methyl--D-glucopyranoside (0.36 mM) 

 

methyl--D-glucopyranoside (7.9 mM) 

 

methyl--D-mannopyranoside (0.10mM) 

 

sucrose (0.30 mM) 
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Figure 3.6: Examples of inhibition results for different inhibitors.  A)  Inhibitor kinetic activity 

versus concentration for glucose, maltose, methyl mannose and methyl glucose.  B)  Kinetic 

activity versus concentration for sucrose. 

 

 Table 3.1 shows the IC50 concentrations for eight water soluble inhibitors along with their 

relative potencies. Five monosaccharide inhibitors were tested.  It was shown early on by 

Goldstein et. al. that Con A binds D-mannose with much greater affinity than D-glucose [56]. 

Their results were determined from equilibrium measurements. Kinetic data of this thesis shows 

the same trend in which mannose possesses a 6-7 fold higher efficacy, in accordance with the 

early equilibrium measurements from Goldstein. The results in table 3.1 and figure 3.6 also show 

that C1-methylation dramatically increases inhibitory action for methyl-α-D-mannopyranoside 

and methyl-α-D-glucopyranoside as does the α-glycosidic linkages of the oligosaccharides. For D-

glucose the presence of a -methyl glycosidic linkage causes a dramatic decrease in the 

inhibitory activity. These results were observed previously in studies of ConA binding and show 

that our system works well for probing inhibitory action for this lectin and to infer specific 
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molecular-level interactions.  An observation that was not previously reported is the anomalous 

behavior shown in figure 3.6B for sucrose.    

 

TABLE 3.1 

 

RELATIVE INHIBITION EFFICACY 

Inhibitors  

 

IC50 (mM) 

Relative Inhibition 

Efficacy  

Relative Inhibition 

Efficacy Literature Value 

[30, 57-59] 

Methyl-α-D-

mannopyranoside 

0.10±0.01 100  100 

Sucrose 0.30±0.06 33±7 2.6 

Methyl-α-D-

glucopyranoside 

0.36±0.03 28±4 24 

Maltose 0.44±0.07 23±4  

Maltotriose 0.47±0.05 21±3  

D-Mannose 0.48±0.02 21±2 13.6 

D-Glucose 2.8±0.6 3.6±0.8 2.9 

    

Methyl-β-D-

glucopyranoside 

7.9±0.9 1.3±0.2  

Efficacy values are referenced to the observed IC50 for methyl-α-D-mannopyranoside using 

the relationship: 100
1.0

Efficacy
50

x
IC

 .  The uncertainties for efficacy were calculated from 

the uncertainties in IC50 using standard error propagation techniques. 

 

 

The disaccharide sucrose has very high inhibition efficacy at low concentrations leading to 90% 

kinetic inhibition at approximately 1 mM.  However, above 1 mM there is a decrease in 

inhibition to nearly 50% between 3 and 4 mM. This leads to an uncertain interpretation of how to 

report IC50 and a discrepancy with previously reported values as seen in table 3.1.  In table 3.1 

author of this thesis reported the IC50 value obtained in the range below 1 mM (0.3 mM).   
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 Two possible explanations for the unusual sucrose response were tested.  First, it is 

possible that at higher concentrations sucrose is taken up by the vesicles and this diminishes its 

activity as an inhibitor[60]. This assumption was tested by measuring the concentration of 

sucrose that elutes with the vesicle fraction from a size exclusion column.  At 10 mM sucrose, 

there was a clean separation between vesicles and sucrose within the column indicating that 

bilayer-sucrose interactions are negligible.  A second explanation is possible self-association or 

anomerization of sucrose that varies with concentration.  To test this possibility, NMR spectra 

were acquired at a sucrose concentration of 0.25 mM, near the IC50, and at 5.0 mM which is in 

the concentration range where inhibition diminishes.   

 

 

 

Figure 3.7: NMR spectrums of sucrose in D2O. A) NMR data obtained from 5.0mM sucrose 

solution. B) NMR data obtained from 0.25mM[53] sucrose solution. 

 



45 
 

NMR results in figure 3.7 show difference in the proton signals associated with C1’ and C3.  

These shifts suggest that, at low concentrations, there is an equilibrium between two anomeric 

forms of sucrose.  The mixed anomers have a much higher inhibition efficiency.  This illustrates 

the importance for sensitive measurements of inhibition activity and the need for conducting 

experiments in the correct inhibitor concentration range.  If the initial sucrose concentration was 

at 4-5 mM, the anomalous region would have not been observed and the estimated efficacy 

would have agreed with the value reported previously [28, 53, 56]. This distinct result of sucrose 

needs further investigation to reach a conclusion. 
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CHAPTER 4 

 

CONCLUSION AND FUTURE DIRECTIONS 

 

 

 This thesis discussed the research work conducted on utilizing CTAT/SDBS catanionic 

vesicles for studies of multivalent protein-carbohydrate interactions. The molecular composition 

of CTAT-rich vesicles at low concentration was investigated using predictions from solution 

theory and was confirmed with FCS. The critical micelle concentration (cmc) of CTAT was 

measured to be 0.12-0.35 mM and cmc of SDBS to be 2.2-2.8 mM. Both values agree with the 

literature values of 0.21-0.24 mM for CTAT and 2.46 mM for SDBS. For the CTAT/SDBS 

mixed systems, capillary rise surface tension techniques or pyrene probe emission techniques 

cannot be used to measure cac. Using Wilhelmy surface tension technique, cac for the mixtures 

of CTAT and SDBS having a 1.8-fold molar excess of CTAT was measured to be 2.6 X 10
-6

 M. 

Using those measured values for CTAT-rich binary mixtures, the mole fraction of CTA
+
 in the 

putative vesicle bilayer was calculated to be 0.56.  The interaction parameter β  is calculated to 

be -24.  The theoretical calculations in this thesis predicted that the surface charge at the point of 

vesicle formation (cac) would remain slightly positive. This theoretical prediction was confirmed 

by FCS measurements above and below the cac using dye-labeled 40mer ssDNA as probe.  

These experiments agreed with theoretical predictions by showing that surfactant aggregates 

form at concentrations near 2 M and that these aggregates have diameters of ~120 nm, 

consistent with vesicle formation at the cac.  The importance of this finding is that it 

demonstrates that vesicles, not micelles, form in these catanionic systems near the cac. 
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  In this thesis, carbohydrate functionalized vesicles were utilized in the first example of 

using catanionic vesicles as model membrane systems for evaluating multivalent inhibitors.  This 

was accomplished using stopped flow turbidometric measurements in conjunction with glucose 

modified catanionic vesicles to evaluate inhibition effects of carbohydrates on the binding of 

ConA with glycoconjugates presented at the vesicle interface.  The glycoconjugate density was 

selected to provide good multivalent binding by Con A in a range that would allow inhibition by 

relatively low inhibitor concentration.  Eight different carbohydrate inhibitors were studied and 

their IC50 values were determined.  The relative inhibition efficacies were calculated and 

compared with literature values where possible.  Results show that glucose modified catanionic 

vesicles provide a useful and accurate platform for evaluating inhibitors using stopped-flow 

turbidometry.  In addition, an anomalous inhibition trend was observed for the disaccharide 

sucrose.  The exceptionally high inhibitory strength of sucrose at low concentrations remains 

unexplained at this time and is a subject for future research. 

 Future work will involve NMR studies of sucrose at varying concentration as well as in 

the presence of salt or surfactants. In conclusion, catanionic vesicles are a powerful tool in 

probing multivalent lectin-carbohydrate binding. A promising field of future studies in utilizing 

catanionic vesicles can be in the direction of developing biocompatible catanionic systems. The 

CTAT/SDBS system has limitations for use in biological system because of cytotoxicity. 

However, at very low concentrations, CTAT/SDBS systems can be a promising candidate in 

biotechnology.    
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