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 การแทรกซึมผ่านเน้ือเยื่อเป็นส่ิงส าคญัส าหรับการแสดงความมีประสิทธิภาพของยา จึงท า
การวิเคราะห์ การเกิดอนัตรกิริยาระหวา่งสารตั้งตน้ยามาลาเรียชนิด 1-ฟีนิลไบกวัไนด์ (PBG) กบั
อนัตรกิริยาระหวา่งผวิ โดยใชร้ะบบแบบจ าลองรีเวอร์สไมเซลล ์ในการศึกษาดว้ย 1H-NMR  โดยดู
การขา้มผา่นของ PBG ระหวา่งชั้นผวิของเน้ือเยือ่ เพื่อใหเ้จาะจงมากข้ึน จากการศึกษาดว้ยโปรตอน 
NMR แสดงให้เห็นวา่ส่ิงแวดลอ้มของสารประกอบ PBG ในสารละลายท่ีมีการเปล่ียนแปลงเม่ือถูก
วางอยู่ใกลร้อยต่อระหว่างชั้น โดยปกติ PBG จะมีพนัธะกบัไฮโดรเจนของน ้ าและถา้ขนาดของไม
เซลล์ท่ี เกิดจากการผนักลับมีขนาดเปล่ียนไป จะส่งผลให้การเปล่ียนแปลงของน ้ าในระบบ
เปล่ียนแปลงไปดว้ย นอกจากน้ียงัพบวา่ สเปกตรัม NOSEY ของ PBG ใน AOT รีเวอร์สไมเซลล์ มี
สัญญาณท่ีปรากฎเหล่ือมล ้ ากนัระหวา่งโปรตรอนของ PBG และโปรตรอนของ AOT ซ่ึงแสดงให้
เห็นความสัมพนัธ์ PBG ต่อพื้นผิว และในขณะเดียวกนัก็มีสัญญาณท่ีเหล่ือมล ้ากนัระหวา่งสัญญาณ
ของส่วนท่ีเป็นไบกวัไนด ์และสัญญาณของ HOD แสดงใหเ้ห็นวา่ โปรตรอนของหมู่เอมีน (NH) อยู่
ใกล้กบัโปรตรอนของ HOD เป็นการน าหมู่ฟังก์ชันไบกวัไนด์ในก้อนน ้ า จากการศึกษาเบ้ืองตน้
ยนืยนัผลการทดลองโดยการศึกษาดว้ยวิธีดิฟเฟอเรนเชียลฟูเรียร์ทรานฟอร์มอินฟราเรดสเปกโทรส
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Since membrane penetration is important for drug efficacy, how the antimalarial 

precursor material 1-phenylbiguanide (PBG) interacts with an interface was 

characterized using a reverse micelle (RM) model system. 1H NMR studies show that 

PBG partitions across the membrane interface. Specifically, the 1H NMR studies 

showed that the 1-phenylbiguanide compound in an aqueous environment changed 

when placed near an interface. PBG is known to affect hydrogen bonding in water, 

and as the size of the RMs changes, the water organization in the water pool is 

changed. The Nuclear Overhauser Effect Spectrscopy (NOESY) spectrum of PBG in 

sodium bis(2-ethylhexyl)sulfosuccinate (AOT) RM contains cross-peak signals 

between the PBG protons and AOT protons, which is consistent with the penetration 

of the PBG into the interface. At the same time, there is a cross peak between the 

biguanide moiety and the HOD signal. This shows that these NH protons are near the 

HOD protons, placing the biguanide functional group in the water pool. Preliminary 

differential Fourier transform infrared spectroscopy (FTIR) studies confirmed this 

location. In summary, we found that PBG interacts with different regions of the 
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interface, with the phenyl group penetrating the hydrophobic interface while the 

biguanide remains in the water pool. 
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CHAPTER I 

INTRODUCTION 

 

 Drug uptake is critical for action of any drug, but particularly important for 

diseases such as malaria in which cell membrane properties are important for 

infection (de Souza Santos, de Morais Del Lama, Ito, and Zumstein Georgetto Naal, 

2014; Fendler, 1987; Ginsburg, Famin, Zhang, and Krugliak, 1998; Griffith, Lewis, 

Mali, and Parise, 2007; Hindley, Ward, Storr, Searle, Bray, Park, Davies, and O'Neill, 

2002; Mather, Darrouzet, Valkova-Valchanova, Cooley, McIntosh, Daldal, and 

Vaidya, 2005; Moura, Dame, and Fidock, 2009; Pudney, Gutteridge, Zeman, Dickins, 

and Woolley, 1999; Singh, Kaur, Smith, de Kock, Chibale, and Balzarini, 2014). One 

of the successful drugs against malaria is proguanil, Figure 1.1 (de Souza Santos, de 

Morais Del Lama, Ito, and Zumstein Georgetto Naal, 2014; Ginsburg, Famin, Zhang, 

and Krugliak, 1998; Radloff, Philipps, Nkeyi, Hutchinson, and Kremsner, 1996). 

Proguanil is a biguanide and is metabolized to cycloguanil, which is a dihydrofolate 

reductase inhibitor (Fidock, Nomura, and Wellems, 1998; Plowe, Djimde, Bouare, 

Doumbo, and Wellems, 1995; Pudney, Gutteridge, Zeman, Dickins, and Woolley, 

1999; Ryley, 1953). Another biguanide, which is a common drug used for treatment of 

diabetes, is metformin (Graham, Punt, Arora, Day, Doogue, Duong, Furlong, 

Greenfield, Greenup, Kirkpatrick, Ray, Timmins, and Williams, 2011; Krentz, and 

Bailey, 2005; Scarpello, and Howlett, 2008; Tajima, Hirata, Taniguchi, Kondo, Kato, 

Saito-Hori, Ishimoto, and Yamamoto, 2011). Metformin can dramatically impact the 
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properties of other compounds, facilitate their solubility (Chatkon, Chatterjee, 

Sedgwick, Haller, and Crans, 2013), and is often co-administered with other drugs to 

help improve their uptake (Graham, Punt, Arora, Day, Doogue, Duong, Furlong, 

Greenfield, Greenup, Kirkpatrick, Ray, Timmins, and Williams, 2011; Scarpello, and 

Howlett, 2008; Tajima, Hirata, Taniguchi, Kondo, Kato, Saito-Hori, Ishimoto, and 

Yamamoto, 2011). No common mechanism of action for these biguanide drugs has 

been described (Sweeney, Raymer, and Lockwood; 2003, Wallace, Ong, and Heard, 

2012). Although, it is not known if the properties of the biguanide functionality is 

important for the mode of action, the possibility that metal complexation is involved 

has been proposed (Sweeney, Raymer, and Lockwood, 2003). The amphiphilic nature 

and special properties of these compounds encouraged us to investigate 1-

phenylbiguanide (abbreviated PBG), which is structurally related to both proguanil 

and metformin. Specifically, we are interested in how the properties of biguanides and 

associated compounds are affected near interfaces. To investigate this question, we 

examined the interaction of 1-phenylbiguanide with surfactant interfaces in reverse 

micelles (RMs) using methods that would allow identification of molecular 

interactions. 

 

1.1  Malaria   

 Malaria is the most devastating disease afflicting humans, having been so since 

the dawn of history and continuing today. Malaria is a major cause of morbidity and 

mortality, responsible for 200 million infections and 1-3 million deaths annually, 

especially in Africa, and contributes significantly to economic underdevelopment. 

Malaria is caused by an infection of the body by Plasmodia protozoa, a type of single-
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cell animal microorganism. There are many types of Plasmodia; at least ten varieties 

affect humans, causing the disease symptoms collectively referred to as malaria. The 

four principal strains infecting humans are Plasmodium falciparum, vivax, malariae 

and ovale. Falciparum causes the most fatalities, its infections leading to the often-

fatal cerebral malaria. Although, plasmodia are very simple organisms, they have a 

complex life cycle with many different forms (Egan, 2003; Egan, Mavuso, and 

Ncokazi, 2001).   

 Antimalarial drugs, also known as antimalarials, are designed to prevent or 

cure malaria. Such drugs may be used for some or all of the following: 

 Treatment of malaria in individuals with suspected or confirmed infection 

 Prevention of infection in individuals visiting a malaria-endemic region 

who have no immunity (Malaria prophylaxis) 

 Routine intermittent treatment of certain groups in endemic regions 

(Intermittent preventive therapy)  

 One of the most successful drugs against malaria is chloroquine (de Souza 

Santos, de Morais Del Lama, Ito, and Zumstein Georgetto Naal, 2014; Ginsburg, 

Famin, Zhang, and Krugliak, 1998; Hoyer, Nguon, Kim, Habib, Khim, Sum, 

Christophel, Bjorge, Thomson, Kheng, Chea, Yok, Top, Ros, Sophal, Thompson, 

Mellor, Ariey, Witkowski, Yeang, Yeung, Duong, Newman, and Menard, 2012; 

Radloff, Philipps, Nkeyi, Hutchinson, and Kremsner, 1996). Chloroquine is known to 

accumulate in the parasite’s food vacuole and inhibits heme crystallization which 

results in increased amounts of membrane-associated heme (Bray, Mungthin, Ridley, 

and Ward, 1998; de Souza Santos, de Morais Del Lama, Ito, and Zumstein Georgetto 

Naal, 2014; Ginsburg, Famin, Zhang, and Krugliak, 1998). Chloroquine therefore 
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alters the membrane properties and upsets ion homeostasis. Recently, chloroquine was 

also found to associate with the membrane interface in model membrane systems 

(Kirk, 2001). Unfortunately, chloroquine, chlorproguanil and proguanil (as shown in 

Figure 1.1) treatment can both result in drug resistance. Proguanil in combination with 

atovaquone (Figure 1.1) is available under the trade name Malarone in many countries 

for treatment of acute malaria caused by Plasmodium falciparum (Looareesuwan, 

Chulay, Canfield, Hutchinson, and Malarone, 1999; Ryley, 1953). Atovaquone is an 

ubiquinone antagonist that inhibits mitrochondrial electron transport and collapses 

mitochondial membrane potential (Srivastava, and Vaidya, 1999). Although proguanil 

converted to cycloguanil is an inhibitor for dihydrofolate reductase, genetically 

altered human dihydrofolate reductase did not result in resistance to proguanil 

(Fidock, and Wellems, 1997). 
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Figure 1.1  Structures of antimalarial drugs. 

 

Proguanil is a biguanide and structurally closely related to the 1-

phenylbiguanide and metformin as shown in Figure 1.1. The mode of action of 

metformin is poorly understood because several enzymes are inhibited by this 

compound (Graham, Punt, Arora, Day, Doogue, Duong, Furlong, Greenfield, 

Greenup, Kirkpatrick, Ray, Timmins, and Williams, 2011; Scarpello, and Howlett, 

2008; Sweeney, Raymer, and Lockwood, 2003) and its physical properties could 

impact other compounds, membrane proteins, and membrane signaling. However, by 

simple structural perturbation both proguanil and metformin can form PBG, which is 

investigated in this study. PBG has been reported to be a selective 5-

hydroxytryptamine (5HT3) receptor agonist (Chen, Vanpraag, van Praag, and 
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Gardner, 1991; Dukat, Abdel-Rahman, Ismaiel, Ingher, Teitler, Gyermek, and 

Glennon, 1996). With the exception of the possibility that metal complexation is 

involved (Sweeney, Raymer, and Lockwood, 2003) no mechanistic connections 

involving the biguanide functionality have been reported between these drugs and 

their modes of action. However, the simple structural modification of metformin 

replacing the dimethyl group with a phenyl group produced a compound able to 

engage in much more directed interface intercalation than reported for metformin 

(Chatkon, Chatterjee, Sedgwick, Haller, and Crans, 2013). 

Many of the known antimalarial drugs are hydrophobic basic amines, both 

features which are likely to be important to their mode of action.  Here we investigate 

how drugs containing the biguanide functionality associate with lipids or lipid-like 

interfaces. Such studies will allow us to evaluate whether membrane association or 

interactions could play a role in how these drugs work. To this end we describe here 

the investigation of PBG and its interaction with the sodium bis(2-ethylhexyl) 

sulfosuccinate (Aerosol-OT or AOT) surfactant interface as well as the 

cetyltrimethylammonium bromide (CTAB) interface in RMs using fourier transform 

infrared spectroscopy (FTIR), 1H-Nuclear magnetic resonance (1H NMR), and 2D- 

Nuclear Overhauser Effect Spectrscopy or Nuclear Overhauser Enhancement 

Spectroscopy (2D- NOESY) (Crans, Trujillo, Bonetti, Rithner, Baruah, and Levinger, 

2008; Sedgwick, Cole, Rithner, Crans, and Levinger, 2012; Vermathen, Stiles, 

Bachofer, and Simonis, 2002). 
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1.2  Reverse micelle systems  

 Amphiphiles can spontaneously assemble into a range of interesting and useful 

structures, such as those displayed in Figure 1.2 (Luzzati, and Tardieu, 1974; 

Kunieda, and Shinoda, 1979). Most commonly we are familiar with lipid bilayer 

structures that form the basis for biological membranes (Luzzati, and Tardieu, 1974). 

Within these structures water exists at both the interfaces and in localized, nanoscopic 

pockets. It is well established that when water is confined, it has drastically different 

properties than it does in the bulk. 

In ternary mixtures of polar, nonpolar, and amphiphilic molecules, self-

assembly of the polar solvent to form nano-droplets surrounded by an amphiphilic 

surfactant and the nonpolar organic solvent result in the formation of RMs, Figure 1.2 

(Correa, Biasutti, and Silber, 1995; De, and Maitra, 1995; Eastoe, Robinson, Steytler, 

and Thornleeson, 1991; Lawrence, and Rees, 2000; Maitra, 1984; Palazzo, Lopez, 

Giustini, Colafemmina, and Ceglie, 2003). RMs have been used for many different 

applications including modeling biological reactions and serving as drug delivery 

vessels. RMs can be prepared from a variety of surfactants, giving rise to different 

types of interfaces classified by the charge of their polar head groups (Correa, 

Durantini, and Silber, 1998; Moilanen, Levinger, Spry, and Fayer, 2007; Zingaretti, 

Correa, Boscatto, Chiacchiera, Durantini, Bertolotti, Rivarola, and Silber, 2005). The 

four classes of surfactants are anionic, cationic, zwitterionic, and nonionic (De, and 

Maitra, 1995; Maitra, 1984). AOT, and CTAB, that are commonly used surfactants to 

make RMs (Baruah, Roden, Sedgwick, Correa, Crans, and Levinger, 2006; Crans, 

Rithner, Baruah, Gourley, and Levinger, 2006; Lang, Jada, and Malliaris, 1988; 

Zulauf, and Eicke, 1979; Crans, Trujillo, Pharazyn, and Cohen, 2011; Zingaretti, 
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Correa, Boscatto, Chiacchiera, Durantini, Bertolotti, Rivarola, and Silber, 2005; 

Zulauf, and Eicke, 1979). Combining organic solvent, CTAB, a short chain alcohol 

and water results in a RMs with a positive interface (Gaidamauskas, Cleaver, 

Chatterjee, and Crans, 2010; Giustini, Palazzo, Colafemmina, Della Monica, Giomini, 

and Ceglie, 1996; Zulauf, and Eicke, 1979). The CTAB system is unlike the AOT 

reverse micelle system, as it requires the use of a cosurfactant (Gaidamauskas, 

Cleaver, Chatterjee, and Crans, 2010; Palazzo, Lopez, Giustini, Colafemmina, and 

Ceglie, 2003). 

The different types of aggregates are monolayer, bilayer, lamellar (liquid 

crystalline phase), liposome (vesicles), micelle (in aqueous solutions), and reverse 

micelle (in apolor/organic solvent). 

 

Figure 1.2   Various self-assembled surfactant structures. a) bilayer, b) multilayer, c) 

micelle, d) reverse micelle, and e) vesicle. 
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 RMs form in ternary systems, comprising of a polar solvent, nonpolar solvent, 

and a surfactant, where the polar solvent forms a nanodroplet surrounded by 

surfactant, Figure 1.2 (Kumar, and Brooks, 2005; Levinger, 2002; Muller, 2004; 

Nave, Eastoe, Heenan, Steytler, and Grillo, 2000; Piletic, Moilanen, Spry, Levinger, 

and Fayer, 2006; Schubel, and Ilgenfritz, 1997; Sedgwick, Crans, and Levinger, 2009; 

Zhu, Feng, and Schelly, 1992). In some case, a cosurfactant is needed for reverse 

micelle formation (Palazzo, Lopez, Giustini, Colafemmina, and Ceglie, 2003; 

Shinoda, and Lindman, 1987), and typically a straight chain alcohol. 

 Common nonpolar solvents that are used include isooctane, cyclohexane, 

benzene, n-hexane, carbon tetrachloride and dichloroethane (Abuin, Lissi, Duarte, 

Silber, and Biasutti, 2002; Comiskey, Albert, Yoshizawa, and Jacobson, 1998; 

Kunieda, and Shinoda, 1978; Lang, Jada, and Malliaris, 1988; Lawrence, 1994; 

Lawrence, and Rees, 2000; Naoe, Takeuchi, Kawagoe, Nagayama, and Imai, 2007; 

Nave, Eastoe, Heenan, Steytler, and Grillo, 2000; Palazzo, Lopez, Giustini, 

Colafemmina, and Ceglie, 2003; Parent, Yang, Jeon, Toney, Zhou, and Henze, 2011; 

Pileni, 2003; Roberts, and Thompson, 1998; Zhu, Feng, and Schelly, 1992; Zhu, Wu, 

and Schelly, 1992). 

 In general, reverse micelles are defined by the molar ratio of the amount of 

water to the amount of surfactant present,     

     

                                           

 Reverse micelles can be made from a variety of different surfactants. One focus 

of the work reported in this dissertation is using anionic and cationic surfactants and 

the location of various probe molecules inside various reverse micelle systems. 

[S u r f a c t a n t ]

[H 2 O ]
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1.3 Surfactants 

 A special group of lipids that possess both hydrophilic and hydrophobic parts 

are termed as amphiphiles or amphipathics and are also referred to as surfactants. 

They adsorb at surfaces or interfaces and change the interfacial free energy associated 

with the building of an interface. Surfactants are classified based on the composition 

of their polar head groups. There are four different classes of surfactants that are 

commonly used anionic, cationic, nonionic, and zwitterionic (Falcone, Biasutti, 

Correa, Silber, Lissi, and Abuin, 2004). 

1.3.1  Anionic surfactants 

In solution, the head group is negatively charged. This is the most widely used 

type of surfactant for laundering, dishwashing liquids, and shampoos because of its 

excellent cleaning properties and high potential. The surfactant is particularly good at 

keeping the dirt away from fabrics, and removing residues of fabric softener from 

fabrics.  

        Anionic surfactants are particularly effective at oily soil cleaning and oil/clay 

soil suspension. Still, they can react in the wash water with the positively charged 

water hardness ions (calcium and magnesium), which can lead to partial deactivation. 

The more calcium and magnesium molecules in the water, the more the anionic 

surfactant system suffers from deactivation. To prevent this, the anionic surfactants 

need help from other ingredients such as builders (Ca/Mg sequestrants) and more 

detergent should be dosed in hard water.  

An example of anionic surfactants are alkyl sulphate, AOT, sodium 

dodecylbenzene sulfonate (SDBS), sodium ethyl hexyl phosphate (NaDEHP), dioleyl 
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phosphoric acid (DOLPA), di(tridecyl) phophoric acid (DTDPA), and sodium 

dodecyl sulfate (SDS). Shown in Figure 1.3. 

 

 

Figure 1.3 Example of anionic surfactant structures. 

 

 1.3.2  Cationic surfactants 

In solution, the head group is positively charged. There are 3 different 

categories of cationics each with their specific application. 

In fabric softeners and in detergents with built-in fabric softener, cationic 

surfactants provide softness. Their main use in laundry products is in rinse added 

fabric softeners, such as esterquats, one of the most widely used cationic surfactants 

in rinse added fabric softeners. 
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 Examples of cationic surfactants are CTAB, dodecyltrimethyl ammonium 

bromide (DTAB), tetradecyltrimethyl ammonium bromide (TTAB), trioctylmethyl 

ammonium chloride (TOMAC), N-benzyl-N-dodecyl-N-bis(2-hydroxy ethyl) 

ammonium chloride (BDBAC), and cetyl pyridium chloride (CPC). Shown in Figure 

1.4. 

 

 

 

Figure 1.4 Example of cationic surfactant structures. 

 

In laundry detergents, cationic surfactants (positive charge) improve the packing 

of anionic surfactant molecules (negative charge) at the stain/water interface. This 
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helps to reduce the water interfacial tension in a very efficient way, leading to a more 

robust dirt removal system. They are especially efficient at removing greasy stains.  

 1.3.3  Nonionic surfactants 

These surfactants do not have an electrical charge, which makes them resistant 

to water hardness deactivation. They are excellent grease removers that are used in 

laundry products, household cleaners, and hand dishwashing liquids.  

Most laundry detergents contain both nonionic and anionic surfactants as they 

complement each other's cleaning action. Nonionic surfactants contribute to making 

the surfactant system less hardness sensitive.  

The most commonly used nonionic surfactants are polyoxyethylene sorbitan 

trioleate (Tween 85), sugar ester (DK-F-110), tetraoxyethylene monodecyl ether 

(C10E4), polyoxyehteylene-p-t-octyl phenol (Trition X-100). Shown in Figure 1.5. 

 

Figure 1.5 Example of nonionic surfactant structures. 
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 1.3.4  Zwitterionic surfactants 

 These surfactants contain two charged groups of different sign. Whereas the 

positive charge is almost always ammonium, the source of the negative charge may 

vary such as carboxylate, sulphate, sulphonate, and phosphate). These surfactants 

have excellent dermatological properties. The specific zwitterionic surfactants that are 

being studied here are a series of molecules called trimethylammoniocarboxylates, 

commonly known as betaines. Betaines are a simpler zwitterionic surfactant model  

(Savle, Doncel, Bryant, Hubieki, Robinette, and Gandour, 1999). They have a 

carboxylate as a negative charge and a quaternary ammonium nitrogen as a positive 

charge. This characteristic yields a large dipole moment, which makes the zwitterion 

soluble in solutions over a wide range of pH’s, salinities, and concentrations. Betaines 

are also assumed to be less irritating than other surfactants (Nicander, Rantanen, 

Rozell, Soderling, and Ollmar, 2003). Shown in Figure 1.6. 

 

 

Figure 1.6 Example of zwitterionic surfactant structure. 
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 1.4  Water pool 

 The nature of the water in the core of the reverse micelle is of great importance 

since proteins/enzymes (Menger, and Yamada, 1979) and other biomaterials reside in 

this water pool. The water pool is generally regarded to be composed of two different 

types of water, the bound water (lining the interior wall of the reverse micelle) and the 

(remaining) free water. Further subdivisions of the water pool have also been 

proposed. It should be stressed that water entrapped in RMs is different from bulk 

water and similar to water present in the vicinity of biological membranes or proteins 

in that it has restricted mobility, depressed freezing point, and characteristic 

spectroscopic properties. The unusual behavior of this water has been attributed to its 

strong interaction with the head groups of the surfactant as well as to overall 

disruption of the 3-D hydrogen bonded network usually present in bulk water. 

 There are a few different types of anionic surfactants that can be used to make 

reverse micelles. The most commonly used anionic reverse micelle system is Aerosol 

OT (AOT) in isooctane (Baruah, Roden, Sedgwick, Correa, Crans, and Levinger, 

2006; Lang, Jada, and Malliaris, 1988; Naoe, Takeuchi, Kawagoe, Nagayama, and 

Imai, 2007; Zulauf, and Eicke, 1979). This system also has a large accessible w0 

range, from w0 = 6 ~ 30. The surfactant AOT was used for the work reported in 

chapter 2-5. CTAB is one of the most commonly used cationic surfactants and is one 

of the surfactants used for studies reported in this work. Unlike AOT, CTAB requires 

the use of a cosurfactant, typically a straight chain alcohol such a 1-pentanol to make 

stable reverse micelles, the molar ratio of cosurfactant to surfactant used was 5:1.  

 Understanding the nature of the reverse micelle systems is key to understanding 

and predicting the behavior of other molecules in the reverse micelles. The work 
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presented in this dissertation focuses on the differences between anionic, and cationic  

reverse micelles. Details for how to make reverse micelle solutions are presented in 

chapter 2. 

 

 

Figure 1.7 Cartoon schematic drawings of characteristic RMs. 

1.5  Nuclear Magnetic Resonance (NMR) Spectroscopy 

 1H NMR solution spectra were recorded on a INOVA 400 MHz spectrometers 

(Varian, USA). Tetramethylsilane (TMS) was used as an internal reference (0.00 

ppm) for PBG in organic solvent. 

 1.5.1   Nuclear Overhauser Effect (NOE) 

 When one nuclear spin in a system is perturbed, the net intensities of other spins 

in the system may be affected. When this perturbation is brought about by dipole-

dipole cross relaxation, it is known as the nuclear Overhauser effect, NOE. (Neuhaus, 

and Williamson, 1995). The benefit of this type of interaction is that it does occur 
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through space as well as through bond. This implies that one can identify spins on 

atoms that are located spatially close to each other that are not close to each other on a 

molecule through bond. Typically this technique is used to elucidate conformational 

changes or folding for macromolecules and proteins (Neuhaus, and Williamson, 

1995). To describe the NOE, for convenience; if we consider a two spin ½ systems 

(nuclei like H), the NOE interaction adds two more energy levels to the energy level 

diagram. The pulse sequence starts as usual with a 90 pulse followed by an 

relaxation time t1. This delay is varied systematically as usual to provide chemical 

shift information in the F1 domain. Then a 90° pulse transmits some of the 

magnetization to the Z axis and during the following mixing period, the nonequilibria 

Z component will exchange magnetization through relaxation (dipole-dipole 

mechanism). This exchange of magnetization is known as NOE. After some time 

(shorter than the relaxation time t1), the transverse magnetization is restored and 

detected. If relaxation exchange (or chemical exchange) have taken place during the 

mixing time, cross peaks will be observed in the spectra as shown in Figure 1.8. 
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Figure 1.8  Pulse sequence for a 2D NOESY experiment, illustrating the evolution 

 of  t1 during the course of the experiment. 

 

 1.5.2  2D NMR Spectroscopy 

 NOESY is a method in which all the nuclei that are spatially close can be 

observed simultaneously. This can be a powerful tool in elucidating the structure and 

conformation of certain molecules and systems. This type of experiment is not 

without its disadvantages, mainly the time requirement to acquire a decent spectrum. 

Experiments can take hours to complete depending on how many transients are 

collected. These methods establish correlations between nuclei which are physically 

close to each other regardless of whether there is a bond between them. They use 

the  NOE by which nearby atoms (within about 5 Å) undergo cross relaxation by a 

mechanism related to spin-lattice relaxation. 

 

 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Spin%E2%80%93lattice_relaxation


 

 
 

19 

 

 In NOESY, the nuclear overhauser cross relaxation between nuclear spins 

during the mixing period is used to establish the correlations. The spectrum obtained 

is similar to correlation spectroscopy (COSY), with diagonal peaks and cross peaks, 

however the cross peaks connect resonances from nuclei that are spatially close rather 

than those that are through-bond coupled to each other. NOESY spectra also contain 

extra axial peaks which do not provide extra information and can be eliminated 

through a different experiment by reversing the phase of the first pulse. One 

application of NOESY is in the study of large biomolecules such as in protein NMR, 

which can often be assigned using sequential walking. 

 The NOESY experiment can also be performed in a one-dimensional fashion 

by preselecting individual resonances. The spectra are read with the preselected nuclei 

giving a large, negative signal while neighboring nuclei are identified by weaker, 

positive signals. This only reveals which peaks have measurable NOEs to the 

resonance of interest but takes much less time than the full 2D experiment. In 

addition, if a preselected nucleus changes environment within the time scale of the 

experiment, multiple negative signals may be observed.  

 

1.6  Probe molecules 

 Biguanide is the organic compound with the formula HN(C(NH)NH2)2. It is a 

colorless solid that dissolves in water to give highly basic solution. These solutions 

slowly hydrolyse to ammonia and urea. A variety of derivatives of biguanide are used 

as pharmaceutical drugs, including for treatment of hyperglycemia, malaria, and 
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microbial and viral infections. Biguanide is a strong organic base with pK1 = 12.8 and 

pK2 = 3.1 at 25 °C. 

a) Metformin is a biguanide derivative with two methyl groups substituted for 

the H atoms of one terminal NH2 group. Metformin has the strong basic character of 

a biguanide moiety; pK1 = 2.8 and pK2 = 11.5. 

 b) Proguanil  is of synthetic origin and is a biguanide derivative with a 

CH(CH3)2 group substituted for one H atom of one terminal NH2 group and a           

4-chlorophenyl group substituted for one H atom of the other terminal -NH2 group 

(see Figure 1.1). It is belongs to dihydrofolate reductase inhibitor pharmacological 

group on the basis of mechanism of action and is also classified in the antimalarial 

agent pharmacological group. When taken, it is converted to the active metabolite 

cycloguanil. The molecular weight of proguanil HCl is 290.20. It has pK1 = 2.3 and 

pK2 = 10.4. 

 c) Phenylbiguanide is a biguanide derivative with phenyl groups substituted for 

the H atoms of one terminal NH2 group (see Figure 1.1). It is a 5-HT3 (serotonin) 

receptor agonist, and has been used in many studies as a “selective” agonist to elicit 

reflex bradycardia and hypotension through activation of cardiac and pulmonary vagal 

afferents. Because have reported that endogenous 5-HT stimulates is chemically 

sensitive abdominal sympathetic afferents through 5-HT3 receptors. Phenylbiguanide 

has the strong basic character of a biguanide moiety; pK1 2.13 and pK2 = 10.76. 

 

1.7  Research goals 

(a)  Malaria is a problem in Thailand. Difficult illness to treat; a few 

 successful drugs.  
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(b)  Study how drugs is taken up and enter cells. Important to know how 

 effective it is. 

(c)  A better understanding will help develop new and more effective drug 

 delivery. 

 

1.8  Scope and limitations of the study 

(a)  To study the spectroscopy and interaction of antimalarial drug and 

 drug-like compounds in AOT and CTAB RMs.  

 (b)  Investigation parameters may include w0, pH, and concentration  

 system, additives or other parameters affecting the reverse micelle  

 system.  

(c)  Characterization of the systems will begin with 1D and 2D NMR and  

FTIR spectroscopies technique to elucidate parameters of the interaction 

of the drug or drug-like probe with the environment in the reverse micelle 

systems. 
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CHAPTER II 

EXPERIMENTAL  

 

2.1 Materials 

1-Phenylbiguanide, PBG (Aldrich, 98.0%), activated charcoal (carbon 6-12 

mesh, Fisher Scientific), sodium bis(2-ethylhexyl)sulfosuccinate, AOT (Sigma-

Aldrich, 98.0%), deuterated dimethyl sulfoxide, d6-DMSO, tetramethylsilane, TMS 

(Cambridge Isotope Laboratories), methanol (Sigma-Aldrich, 98.0%), isooctane 

(Sigma-Aldrich, 99.0%), deuterium oxide, D2O (Aldrich, 99.9% deuterium), sodium 

deuteroxide, NaOD (Aldrich, 99% deuterium), deuterium chloride, DCl (Aldrich, 

99% deuterium), cetyltrimethylammonium bromide CTAB (Sigma-Aldrich, 99%), 

cyclohexane (Sigma-Aldrich, 99%), 1-pentanol, (Sigma-Aldrich, 99%),  phosphorus 

pentoxide, (Aldrich, 95%) were used as received unless noted otherwise in the 

procedures.  

 

2.2 Preparation of samples for analysis 

 2.2.1   Anionic Reverse Micelles 

 Aerosol OT (sodium bis(2-ethylhexyl) sulfosuccinate) was the anionic 

surfactant that was used. The AOT was purified by dissolving a large amount (50-150 

g) in methanol. The amount of methanol is not important, just that there is enough 

methanol to dissolve all the AOT and the sample is nonviscous. After the AOT is 

dissolved, activated charcoal is placed in the bottom of the flask and stirred overnight. 
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After stirring, the AOT/methanol solution is vacuum filtered 3 times, to ensure that all 

the charcoal is removed. If this is not the case, the resultant purified AOT will be 

yellow in color and will need to be purified again. After filtration, the methanol was 

removed by evaporation under vacuum for at least 12 hrs, and this the AOT stored in 

a vacuum desiccator. Purified AOT was dissolved in d6-DMSO for 1H NMR and peak 

positions for the AOT protons were compared with those previously reported (Eastoe, 

Robinson, and Heenan, 1993; Stahla, Baruah, James, Johnson, Levinger, and Crans, 

2008). Figure 2.1 shows the NMR spectrum of AOT in d6-DMSO. The residual water 

content was found to be 0.3 water molecules per AOT molecule. When preparing 

reverse micelles the w0 ratios are calculated including the 0.3 water already present in 

AOT, the experiments conducted that AOT/isooctane concentration is 200 and 750 

mM. 
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Figure 2.1  1H NMR of NaAOT in d6-DMSO. (2.5 ppm is DMSO, and peak 

integration values are given below the spectrum). 

 

 The range of w0 values that can be achieved is dependent highly on the nonpolar 

solvent. In isooctane, AOT can form reverse micelles to an upwards of w0 = 6, 8, 10, 

14, 16, 20, 30. Preparation of AOT/isooctane stock solution and reverse micelle by 

using 200 and 750 mM AOT/isooctane stock solution by dissolving 2.223 g (5.0 

mmol), 8.340 g (18.8 mmol) of AOT in 25 mL isooctane, respectively together with 

vortex mixed until the solution cleared. Samples of various w0 sizes were prepared 

using different amounts of AOT and D2O. A range of RMs was prepared, with w0 

ranging from 6 to 20, by pipetting a specific volume of stock solution to aliquots of 

200 and 750 mM AOT/isooctane and vortexed until the solution was clear and 

suitable for 1H, 2D NMR, and FITR analysis.  
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Table 2.1  Component volumes in 1 mL samples of 200 mM and 750 mM AOT RMs 

 at various w0. (w0 = [H2O]/[AOT]). 

 

w0 

200 mM AOT/isooctane 750 mM AOT/isooctane 

Aqueous stock 

μL 

AOT/isooctane 

μL 

Aqueous stock 

μL 

AOT/isooctane 

μL 

6 

8 

10 

12 

14 

16 

20 

21 

28 

35 

42 

48 

55 

67 

979 

972 

965 

959 

952 

945 

933 

75 

98 

119 

140 

159 

178 

213 

925 

902 

881 

860 

841 

822 

787 

 

 

 2.1.2  Cationic reverse micelles 

 The cationic surfactant used was CTAB. To be used to make reverse micelles, 

CTAB must first be purified by double recrystallization from anhydrous ethanol, dried 

over phosphorus pentoxide for 48 h under reduced pressure, and stored over dried 

silica gel under vacuum (Giustini, Palazzo, Colafemmina, Della Monica, Giomini, 

and Ceglie, 1996). Unlike AOT, CTAB does not form reverse micelles as easily. 

CTAB requires a co-surfactant in order to form stable reverse micelles as well as 

having a narrower concentration range for forming stable emulsions. The cosurfactant 

is typically a straight chain alcohol and for the work reported herein we used 1-

pentanol. RM solutions are made by dissolving CTAB into the nonpolar solvent, 
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usually cyclohexane. Once dissolved, the co-surfactant is added in a ratio range of 5:1 

cosurfactant to surfactant ratio. Water is then added to make the appropriate w0. The 

CTAB/1-pentanol/cyclohexane system has a w0 range from 6 to about 30. 

Each sample was prepared separately by combining purified solid CTAB, 1-

pentanol, cyclohexane, and aqueous 50 mM PBG stock solution. CTAB and 1-

pentanol concentrations in cyclohexane before the addition of aqueous phase were 

150 and 750 mM, respectively, and the molar ratios [H2O]/[CTAB] (w0) were equal to 

6, 8, 10, 14, 16, 20, and 30. All experiments were carried out using transparent, 

single-phase solution sample (Gaidamauskas, Cleaver, Chatterjee, and Crans, 2010). 

 

Table 2.2  Component volumes in 1 mL samples of 150 mM CTAB/cyclohexane at 

 various w0 (w0 = [H2O]/[CTAB]), ratio Pentanol:CTAB (5:1).  

 

w0 

150 mM CTAB/cyclohexane 

CTAB (mg) Pentanol (L) Aqueous stock (μL) Cyclohexane (μL) 

6 

8 

10 

55 

55 

55 

82 

82 

82 

16 

22 

27 

902 

897 

891 

14 

16 

20 

30 

55 

55 

55 

55 

82 

82 

82 

82 

38 

43 

54 

81 

881 

875 

864 

837 
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2.2.3 Preparation of AOT/isooctane stock solution and reverse micelles. 

The 750 mM AOT/isooctane stock solution was prepared by dissolving 8.34 g (18.8 

mmol) of AOT in 25 mL isooctane and vortex mixed until the solution cleared. 

Samples of various w0 sizes were prepared using different amounts of AOT and D2O. 

A range of RMs was prepared, with w0 ranging from 6 to 20, by pipetting a specific 

volume of stock solution to aliquots of 750 mM AOT/isooctane and vortexed until the 

solution was clear and suitable for 1H, 2D NMR, and FITR analysis.  

2.2.4 Preparation of aqueous stock solutions of 1-Phenylbiguanide (PBG). 

The 500 mM PBG (0.886 g, 5.00 mmol) stock solution was prepared in deuterium 

oxide, D2O (10 mL) in a volumetric flask. The solution was stirred until clear and the 

pH of the suspension was adjusted using DCl and NaOD when needed. The pH of the 

solutions was measured at 25°C on a Orion 720A+ pH meter and these readings were 

converted to pD by the formula pD = pH + 0.4 (Glasoe, and Long, 1960) and adjusted 

values are reported in this thesis.  

2.2.5 Preparation of AOT/isooctane reverse micelle with PBG for 1D 1H 

NMR spectroscopic studies. The solution containing 50 mM PBG was acidified 

using DCl and NaOD for pH values ranging from 1.21 to 12.3, where pD = pH + 0.4, 

and were used to make AOT RMs. A range of RMs were prepared with w0 ranging 

from 6 to 20 by pipetting a specific volume of stock solution to aliquots of 750 mM 

AOT/isooctane. Upon mixing these solutions as prescribed, a cloudy solution 

resulted, which cleared after vigorous vortexing and then the solutions were suitable 

for 1H NMR analysis.  

2.2.6 Preparation of the 2D 1H NMR NOESY sample in AOT reverse 

micelle solution with PBG. The w0 = 10 sample of PBG in AOT/isooctane was 
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prepared with 100 mM PBG in D2O solution with a pD = 7.07 using NaOD and DCl 

to adjust pH, where pD = pH + 0.4. The samples were lightly heated in a water bath 

up to 60°C in order to dissolve precipitated PBG during the titration at this neutral 

pH. Purified AOT was used to make a 750 mM AOT solution in isooctane. Once the 

aqueous PBG and AOT in isooctane were mixed, the suspension was vortexed until 

the solution became transparent.  

2.2.7 Preparation of the FTIR sample in AOT reverse micelle solution 

with PBG. For IR spectroscopy experiments, two sets of aqueous solutions for each 

10 mM and 100 mM of PBG with a pH range of 6.59 to 7.07 were prepared. One set 

of solutions for each concentration was prepared by using 5% HOD in H2O and a 

second set of solutions for each concentration was prepared using only 100% H2O. 

The pH was adjusted to be in this range by using DCl and NaOD in the sample 

containing D2O and HCl and NaOH for the samples containing only H2O. Purified 

AOT was used to make a 750 mM AOT solution in isooctane. The RM samples, 

having a w0 of 10, were prepared by mixing the aqueous PBG with the AOT in 

isooctane and vortexed until the solution was transparent. This RM preparation was 

carried out with 5% HOD and with 100% H2O solutions for each concentration. 

2.2.8 Preparation of CTAB reverse micelle solution with PBG. Each 

sample was prepared separately by combining purified solid CTAB, 1-pentanol, 

cyclohexane, and aqueous 50 mM PBG stock solution. CTAB and 1-pentanol 

concentrations in cyclohexane before the addition of aqueous phase were 150 and 750 

mM, respectively, and the molar ratios [H2O]/[CTAB] (w0) were equal to 8, 10, 16, 

20, and 30. All experiments were carried out using transparent and single-phase 

solution sample (Gaidamauskas, Cleaver, Chatterjee, and Crans, 2010). 
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2.3 Methods 

2.3.1 1D NMR spectroscopy The 1H NMR spectra of RM solutions were 

recorded using an Agilent Inova spectrometer operating at 400 MHz at ambient 

temperature (25 ± 0.2C) in the unlocked mode using routine parameters. Spectra 

were initially referenced against internal TMS (δ = 0.00 ppm) and then routinely 

against the isooctane resonance (δ = 0.904 ppm) for AOT RM as reported previously 

(Chatkon, Chatterjee, Sedgwick, Haller, and Crans, 2013; Crans, Rithner, Baruah, 

Gourley, and Levinger, 2006; Crans, Trujillo, Bonetti, Rithner, Baruah, and Levinger, 

2008; Sedgwick, Cole, Rithner, Crans, and Levinger, 2012). 

RM samples for NMR spectroscopy were prepared from 750 mM AOT stock 

solutions in isooctane, and 10, 50, and 100 mM PBG in D2O at the desired pH values. 

The PBG stock solutions were adjusted near the desired pH using DCl and NaOD 

before the final dilutions were made. The chemical shift was referenced against an 

external sample of 3-(trimethylsilyl)propanesulfonic acid (DSS). Data analysis was 

conducted using MestReC V.4.5.9.1 NMR spectroscopic data processing software and 

ACD/NMR Processor Academic Edition for Windows.  

2.3.2 2D NMR spectroscopy. 1H-1H NOESY NMR experiments were 

performed on a 400 MHz Agilent Inova NMR spectrometer. The NOESY data were 

acquired with a 4500 Hz window for protons in t2 and t1. The NOESY mixing time 

was 200 ms and 32 transients were acquired per increment. The total recycle time 

between transients was 1.85 s. The data set consisted of 1332 complex points in t2 by 

200 complex points in t1 using States-TPPI. Cosine-squared weighting functions were 

matched to the time domain in both t1 and t2, and the time domains were zero-filled 

prior to the Fourier transform. The final resolution was 3.2 Hz/pt in F2 and 8.8 Hz/pt 
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in F1. Data processing was done using the Agilent VNMRJ-3.2D software (Chen, 

Vanpraag, van Praag, and Gardner, 1991; Crans, Trujillo, Bonetti, Rithner, Baruah, 

and Levinger, 2008; Sedgwick, Cole, Rithner, Crans, and Levinger, 2012). 

2.3.3 FTIR Spectroscopy. Differential FTIR data were collected using a 

Thermo Scientific Nicolet iS50 attenuated total reflectance (ATR) FTIR. Spectra were 

obtained from samples with 5% HOD in H2O and with pure deionized water which 

allowed us to explore the OD (and OH, data not shown) stretching regions. Spectra 

that arose only from the OD stretching signal were obtained by subtracting the 

normalized spectra with RMs that contained only deionized water as the polar solvent 

from the normalized spectra of RMs that contained 5% HOD in H2O (Moilanen, 

Levinger, Spry, and Fayer, 2007). The highest peak positions are shown in the OD 

regions. A 100 µL aliquot of the freshly made RM suspension was directly added onto 

the IR beam transmitting through the diamond ATR crystal window of the ATR 

adaptor. Data were collected using the following parameters: 32 scans, 4 cm-1 

resolution, at 25C, while in absorbance mode. The diamond ATR crystal was cleaned 

after each data collection using a kimwipe wetted with ethanol. A minimum of three 

trials were run for all samples.   

The work up for the data was performed using OMNIC, Microsoft Excel, and/or 

Origin 7. Note, we observed no difference in the FTIR spectra obtained from a 20 min 

old solution or from a 1 week old sample. 

 

2.4 Research procedure 

 This research aimed at investigation how biguanide compounds such as 

Metformin 1-phenylbiguanide and proguanil drug interact with the model membrane 
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systems. We study the solution of sample products in AOT and CTAB reverse micelle 

(synthetic model membrane systems) and investigated how these compounds and 

affect with the water in water pool and water organization near interface, including 

the effect on vary pH, concentration and size of reverse micelle system by using 1H, 

2D NMR, and FTIR techniques.  
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CHAPTER III 

RESULTS 

 

3.1 Results 

3.1.1 NMR spectra and properties of 1-phenylbiguanide (PBG). For 

investigation of the interaction of biguanide compounds with model interfaces, firstly 

the spectroscopic properties of the different protonation states need to be determined 

in aqueous solution as the reference system at hand. 

The 1H NMR signals for PBG in aqueous solution are dependent on the pH of 

the solution as shown in Figure 3.1. The diprotonated, monoprotonated, and neutral 

forms of PBG can readily be distinguished based on the location of the 1H NMR 

signals. The signals for the deprotonated form are 0.05 to 0.15 ppm downfield from 

the monoprotonated form that exists in solutions with pH 2 through 11. At basic pH 

the shifts continue to move upfield as is generally observed upon deprotonation 

(Gaidamauskas, Cleaver, Chatterjee, and Crans, 2010). These observations are in 

agreement with the reported pKa values for this complex of 3.13 and 10.76 (Woo, 

Yuen, Thompson, McNeill, and Orvig, 1999). 
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Figure 3.1  Partial 1H NMR spectra were recorded in D2O of 100 mM PBG in   

aqueous solution at pH values between 1.9 to 12.2 measured at 400 MHz. Samples 

were referenced against a solution of DSS using external lack. 
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3.1.2 PBG in AOT/isooctane RMs: 1H NMR spectroscopic studies. The 

interaction of PBG with the anionic surfactant layer in AOT RMs was studied using 

1H NMR spectroscopy. In Figure 3.1 the 1H NMR spectra are shown for 50 mM PBG 

aqueous stock solution containing the double protonated form of the PBG (at pH 1.0) 

in 750 mM AOT/isooctane at w0 ratios from 6 to 16. The 1H NMR chemical shifts for 

the aqueous solution of the Ha proton is at 7.415 ppm (a doublet signal), the Hb 

proton at 7.576 ppm (the larger triplet signal), and the Hc protons are at 7.498 ppm 

(the small triplet signal). When comparing the spectra of the RMs systems with the 

spectra of the aqueous stock solution (Figure 3.1), an upfield shift is observed for all 

three protons. The Hb and Hc protons are most shifted by the addition into the RMs. 

Both these protons shift by 0.2-0.3 ppm upfield. A smaller but downfield shift is 

observed for Ha. Overall, these spectra show a change in the order of the signals 

because Ha is the most upfield proton in aqueous solution but the most downfield 

proton in the RM system. The observed shifts therefore do not correspond to 

deprotonation of the diprotonated species because none of the RM proton signals 

approach the spectra observed in aqueous solution at any pH values. The observed 

shifting is consistent with an environmental change upon placement of PBG into the 

RMs and a modest but observable change as the w0 decreases. 
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Figure 3.2 (above) Partial 1H NMR spectra of 100 mM PBG at pH 1.0 in 750 mM 

AOT/isooctane RMs recorded at 400 MHz and referenced against the isooctane 

resonance at 0.904 ppm. (below) A plot of the specific  chemical shift of PBG 

protons, Ha (), Hb () and Hc () as a function of w0 size. 
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In Figure 3.3 the 1H NMR spectra are shown for 50 mM PBG aqueous stock 

solution containing deprotonated PBG (at pH 12.2) added to 750 mM AOT/isooctane 

in w0 from 6 to 20. The 1H NMR chemical shifts for the aqueous solution of the Ha 

proton is at 7.023 ppm (doublet), the Hb proton at 7.385 ppm (triplet) and Hc protons 

is at 7.136 (triplet). When comparing the spectra of the RM systems with aqueous 

stock solution, an upfield shift is observed for two of the protons and one proton shifts 

downfield, although the amount by which each peak shifted varied. The Ha protons 

are most shifted by the addition into the RMs (by 0.4 ppm). These spectra show a 

change in the order of the signals; that is, Ha is the most upfield proton in aqueous 

solution but the most downfield proton in the RMs system. The observed shifts 

therefore do not correspond to a simple change in protonation state. The largest shifts 

are observed in the smaller w0 values; however, none of the RM proton spectra 

approached the spectra observed in aqueous solution at any pH value. This is 

consistent with a definite environmental change upon placement into the RMs and 

significant is found as the w0 decrease. 

Comparing the spectral series at low (Figure 3.2) and high pH (Figure 3.3), the 

shifting as the w0 size changes varies significantly. Perhaps most important, is the fact 

that all three protons shifted downfield as the w0 size decreased at low pH, whereas at 

higher pH only two out of the three protons shifted downfield, and the third proton, 

Ha, shifted upfield. Such patterns of some protons shifting one direction and the other 

protons a different direction has been attributed to the specific location at the interface 

in literature (Chen, Vanpraag, van Praag, and Gardner, 1991; Crans, Schoeberl, 

Gaidamauskas, Baruah, and Roess, 2011; Crans, Trujillo, Bonetti, Rithner, Baruah, 

and Levinger, 2008; Sedgwick, Cole, Rithner, Crans, and Levinger, 2012; Vermathen, 
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Stiles, Bachofer, and Simonis, 2002). The different multidirectional shifting patterns 

ruled out the possibility that the same protonation stage of the PBG is involved in 

these spectra and supports the variation in the environment consistent with changing 

location of the compound depending on the protonation state.  
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Figure 3.3 (above) Partial 1H NMR spectra of 50 mM PBG at pH 12.2 in 750 mM 

AOT/isooctane RMs recorded at 400 MHz and referenced against the isooctane 

resonance at 0.904 ppm. (below) A plot of the apparent specific chemical shifts of 

PBG, Ha (), Hb () and Hc () as a function of w0. 
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3.1.3 PBG in AOT RM: 2D NOESY study. To further characterize the 

interactions of PBG with AOT/isooctane in this model membrane system we 

employed 2D NMR NOESY to investigate the location of the drug in the RM system 

(Chen, Vanpraag, van Praag, and Gardner, 1991; Crans, Trujillo, Bonetti, Rithner, 

Baruah, and Levinger, 2008, Sedgwick, Cole, Rithner, Crans, and Levinger, 2012).  

Specifically, we characterized the interaction of the solution of 100 mM PBG at 

neutral pH (pD = 7.07) in 750 mM AOT using 2D 1H NOESY.  

As shown in Figure 3.4, the partial 2D spectrum in the F2-frame is a close up of 

the phenyl protons Ha (2H, 7.57 ppm), Hb (2H, 7.32 ppm), and Hc (1H, 7.06 ppm) 

along with a broad H peak, which is the N-H signal (6.82 ppm) in PBG. The F1 frame 

is the full spectrum including a HOD peak (1H, 4.60 ppm), a broad and large peak of 

isooctane at 1.01 ppm and especially the methylene  protons of AOT, which show at 

an overlapping signal in AOT (1.41 ppm, 9, 9’ as labeled in Figure 1.7). The diagonal 

(solid line) is present to emphasize the two different scales of the sides on the 2D 

spectrum. As expected, there are intense cross peaks between Ha and Hb as well as 

Hb and Hc from PBG and these signals demonstrate that the protons near each other. 

A weaker cross peak between Ha and Hc was also observed. The cross peak between 

Ha and Hc is weak in comparison to the cross peak with Ha and Hc indicating that 

these protons are not as close. 

The intense cross peaks of Ha and Hb as well as Hb and Hc show that these 

protons are close together, which is expected. The phenyl protons Ha, Hb, and Hc all 

have weak cross peaks with the methylene protons of AOT. Prominent cross peaks 

between the PBG and signals in AOT are indicated with dashed lines. The Hb and Ha 

protons can interact with the methylene protons in the backbone of the AOT tails, this 
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peak is at approximately 1.41 ppm, on AOT. As shown in Figure 3.4, the weak cross 

peak with the methylene AOT protons with Ha and Hb indicate the positioning of the 

molecule in the interface; Hc will interact less with these methylene protons. The lack 

of a cross peak of Ha, Hb, and Hc with the HOD signal at approximately 4.60 ppm 

shows that the phenyl group is less likely interacting with the water pool. Presumably, 

the phenyl group protons are mainly interacting with the AOT methylene protons 

because since there is a defined cross peak with AOT. Thus, this portion of the PBG is 

nestled high in the interface of the RMs. 

Finally, an intense cross peak to the NH signal was observed and traced to 

HOD. The PBG has multiple NH groups and their signal is very broad; which is an 

indication that the relaxation time (T1 and T2) is very short and different than that of 

the phenyl protons. However, in the 2D spectrum we see a very intense NH signal 

along the diagonal and an intense cross peak with HOD indicating the NH protons are 

very close to the HOD protons in the water pool. Although it is possible that some 

water molecules could penetrate the interface, the interaction observed between the 

NH and HOD protons is very strong suggesting that this interaction of HOD and NH 

protons is very close as is expected to occur only if these groups are in or very near 

the water pool. The lack of a NH cross peak with any AOT methylene protons also 

suggested that this part of PBG is nestled inside the water pool. 
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Figure 3.4  Partial 1H NMR NOESY spectrum of 100 mM PBG at pD 7.07 in 750 

mM AOT. The spectrum was recorded at 400 MHz using the parameters detailed in 

the experimental. The F2 or y-axis is zoomed in on the phenyl and nitrogen protons in 

PBG and the F1 or x-axis is the full spectrum. The diagonal is the solid line and 

prominent cross peaks are shown as dotted lines along with their respective hydrogen 

interactions. 

 In conclusion, the PBG interacts both with the hydrophobic and hydrophilic 

parts of the interface as well the HOD in the water pool. Combined, this study showed 

an example of a probe that extended into both the interface and the water pool. 
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 3.1.4 PBG in AOT/isooctane RMs: FTIR spectroscopic studies. Since the 

2D NOESY studies suggested that part of the PBG resided in the water pool, we were 

interested in confirming that PBG affects the H-bonding in the water pool of the RMs 

using differential FTIR spectroscopy (Moilanen, Levinger, Spry, and Fayer, 2007). 

These studies characterized AOT/isooctane RMs comparing spectra in the absence 

and presence of 5% HOD. Differential FTIR spectra were recorded for samples of the 

RM with 100% H2O and RMs containing 5% HOD. These spectra were then 

subtracted to produce the resultant spectrum of the OD stretching. Such differential 

FTIR spectra served as the benchmark for spectra of RM solutions containing PBG in 

H2O subtracted from spectra of RMs solutions with 5% HOD. The results are shown 

in Figure 3.5. 

In Figure 3.5 we show the FTIR spectra of RMs, w0 = 10, made from 

AOT/isooctane containing two different concentrations of PBG, 10 mM and 100 mM. 

Figure 3.5 shows the two spectra at different concentrations of PBG result in shifting; 

suggesting there are small but statistically distinct differences in the solvation of the 

PBG when the concentration of PBG changes. These data further more show that in 

the AOT/RM system the water pool is impacted by the presence of PBG because the 

OD signal shifts in its presence. These findings show that although the nature of the 

water pool changes as the RMs size changes, the presence of PBG also impacts the O-

D stretch. By comparing the RMs with and without probe we see that as the 

concentration of the PBG increases, changes occur in the H-bonding in the water pool 

reflecting the changes that increasing PBG concentration has on the water pool.  
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Figure 3.5 Absorbance spectra for the O–D stretch in AOT RMs containing PBG 

recorded at different molarities:0 mM PBG RMs w0 = 10 (--), pH ≈ 7.0,10 mM 

PBG RMs w0 = 10 (--) and 100 mM PBG RMs w0 = 10 (--) measured using 

differential FTIR spectroscopy. The spectra are obtained by subtraction of 

AOT/isooctane RMs containing DI water from the corresponding spectra recorded in 

AOT/isooctane RMs containing 5% HOD for each of the three different 

concentrations of PBG. 

NMR spectroscopic results show that the chemical shift for the phenyl proton in 

PBG changes, which is consistent with penetration into the interface. The NOESY 

experiments furthermore show that the NH-groups on the biguanide interact 

consistent with the PBG molecule residing at the interface and extending deep into the 
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hydrophobic part as well as in the water pool at the same time. The IR spectroscopic 

results show that biguanide group in PBG significantly affects the hydrogen-bonding 

present among the water molecules in the water pool. In summary, the results are 

consistent with the model illustrated in Figure 3.6. 

 

 

 

Figure 3.6 A cartoon illustrating the suggested location of PBG in the AOT RM. 

 

3.1.5 PBG in CTAB/pentanol/cyclohexane RMs: 1H NMR spectroscopic 

studies. In the following we determined the differences in cell loading if the charge 

on the RM interface changed. The interaction of PBG with the cationic surfactant 

layer in CTAB RMs was studied using 1H NMR spectroscopy. In Figure 3.7 the 1H 

NMR spectra are shown for 50 mM PBG aqueous stock solution containing the 

double protonated form of PBG (at pH 1.9) in 150 mM CTAB/750 mM pentanol in 

cyclohexane at w0 ratios from 8 to 30. The 1H NMR chemical shifts for the aqueous 

solution of the Ha proton is at 7.415 ppm (a doublet signal), the Hb proton at 7.576 
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ppm (the larger triplet signal) and Hc protons is at 7.498 ppm (the small triplet 

signal). All three protons were observed to shift upfield when compared with the 

spectra of the RM system in the aqueous stock solution (Figure 1.7). The Ha proton is 

most shifted by the addition into the RM and the proton shifted by 1.0-1.5 ppm 

upfield. No shifting was observed for Hb and Hc. A little observed shifting is 

consistent with an environmental change upon placement of PBG into the RMs and a 

modest but observable change as the w0 decreased. 
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Figure 3.7 (left) Partial 1H NMR spectra of 50 mM PBG at pH 1 in 150 mM 

CTAB/750 mM pentanol in cyclohexane RMs recorded at 400 MHz and referenced 

against the cyclohexane resonance at 1.430 ppm. (right)  A plot of the specific 

chemical shift of PBG protons, Ha (), Hb ()  and Hc () as a function of w0 

size. 
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Figure 3.8 (above) Partial 1H NMR spectra of 50 mM PBG at pH 1 in 150 mM 

CTAB/750 mM pentanol in cyclohexane RMs recorded at 400 MHz and referenced 

against the cyclohexane resonance at 1.430 ppm. (below) A plot of the 

AOT/cyclohexane RMs in the absence of PBG probe. 
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The spectra in Figure 3.8. shows the shifts that were observed in the region of 

the CTAB head group and chains. The above panel contains a probe and is to be 

compared to the panel on the below that was run with no probe in it. As observed, the 

CTAB protons do not shift as a function of w0 size which suggested that there is no 

change in the environment of the surfactant. However, as seen from the comparison of 

the two panels, there is a small but distinct upfield shift in the water signal. This 

suggests that the H-bonding and properties of the water pool are changing in the 

presence of the probe. These results show that the observations made for the 

AOT/isooctane system and location of the probe at the interface is also observed 

when the charges on the interface changes. This is particularly interesting because the 

charge on the PBG is positive and so is the interface. These results suggest that the 

location of the PBG is not only determined by Columbic forces but that hydrophobic 

forces are likely to be important for determination of the probe location, as well. 
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CHAPTER IV 

DISCUSSION 

 

 Malaria and other infectious diseases represent a major health problem for 

impacted areas and since people frequently travel, it can impact other areas in the 

world as well.  The quest for development of new treatments and drugs remains a high 

priority because of the problems associated with resistance development. Many 

approaches (Biot, Nosten, Fraisse, Ter-Minassian, Khalife, and Dive, 2011; Krugliak, 

Deharo, Shalmiev, Sauvain, Moretti, and Ginsburg, 1995; Plowe, Djimde, Bouare, 

Doumbo, and Wellems, 1995) and new drugs (Loedige, Lewis, Paulsen, Esch, Pradel, 

Lehmann, Brun, Bringmann, and Mueller, 2013; Salas, Herrmann, Cawthray, 

Nimphius, Kenkel, Chen, de Kock, Smith, Patrick, Adam, and Orvig, 2013; Singh, 

Kaur, Smith, de Kock, Chibale, and Balzarini, 2014) are under various stages of 

development to combat malarial infections. The studies presented here investigated 

the interaction of PBG by model membrane interfaces using NMR spectroscopy. By 

choosing a simple model system for these studies we determined molecular details on 

the solute interaction with the interface. In these studies we used the AOT/isooctane 

system as the model interface, because this system is found to be an effective model 

system providing data that are in line with corresponding biological studies (Crans, 

Rithner, Baruah, Gourley, and Levinger, 2006). The  1H NMR studies are informative 

because they do provide molecular information describing the environment of each H-

atom which will identify the molecular positioning very precisely. Studies with more 
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complex systems require use of spectroscopic probes that provide changes in signals 

that report on environmental changes without the molecular detail whereas NMR 

spectroscopy is a powerful method for defining molecular probe positioning (Chen, 

Vanpraag, van Praag, and Gardner, 1991; Crans, Trujillo, Bonetti, Rithner, Baruah, 

and Levinger, 2008; Sedgwick, Cole, Rithner, Crans, and Levinger, 2012). The 

chemical shift changes are consistent with the PBG being located at the membrane 

interface and that it partially penetrates into the interface. This interpretation was 

supported by FTIR and 2D NOESY experiments which each confirm the location of 

the PBG with the water pool and the hydrophobic interface. That is, the phenyl ring 

interacted with the AOT in the interface of the RMs and biguanide NH groups 

interacted with the water molecules in the water pool. We illustrated the location of 

PBG in Figure 3.6. 

Using 1D NMR studies (i.e. chemical shift changes) we found that the 

environment changed upon placement of the PBG in the RM environment. Since 1H 

NMR gives information with regard to all the different signals in the NMR spectrum 

of the complex, the shifting of the signals is a measure for how the environment is 

changing for the molecule. However, interpretation of the shifting is nontrivial 

because both upfield and downfield shifting can be due to penetration of PBG into the 

interface, (Crans, Rithner, Baruah, Gourley, and Levinger, 2006; Vermathen, 

Chodosh, Louie, and Simonis, 1999; Vermathen, Louie, Chodosh, Ried, and Simonis, 

2000; Vermathen, Stiles, Bachofer, and Simonis, 2002). For example, previously 

downfield shifting has been associated with [VO2dipic]- penetration into the interface, 

(Crans, Rithner, Baruah, Gourley, and Levinger, 2006) and similarly upfield shifting 

has been associated with penetration of fluoro-benzoates into the interface 
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(Vermathen, Stiles, Bachofer, and Simonis, 2002). We attribute these factors to the 

nature of the effects on shifting a complex matter involving environmental 

hydrophobicity, charge, solubility and in general complementary interaction between 

probe and interface. Additional information is therefore desirable and we have been 

obtaining such information using 2D NMR and FTIR experiments. 

 The changes observed upon placement into the RM and could potentially be 

attributed to changes in the pH of the solution. The 1H NMR spectrum of PBG 

reported on the pH and protonation state of the probe in addition to placement and 

environmental changes (Figures. 3.1-3.3). The changes of proton chemical shift of 

PBG by 1H-NMR spectroscopy were considered and spectra were run at different pH 

values (Figure 3.1). Since greater shifts are found for Ha at high pH when placed into 

the RMs (Figure 3.3), this would suggest that the Ha proton is found to move from 

H2O to a charged environment and thus experience the most dramatic environmental 

change. Ha is near the charged biguanide group and as the molecule penetrates into 

the hydrophobic interface, Ha will feel this difference in environment more than the 

Hb and Hc that are not penetrated as far up into the interface. At low pH the biguanide 

residue is doubly protonated and all three phenyl protons will feel the effect of the 

protonation when the probe is moved from an aqueous to a hydrophobic environment. 

In contrast, at high pH only Ha will be affected by this environmental change because 

it is closer to the polar interface. These observations are in line with what has been 

observed in the past (Chen, Vanpraag, van Praag, and Gardner, 1991; Crans, 

Schoeberl, Gaidamauskas, Baruah, and Roess, 2011; Sedgwick, Cole, Rithner, Crans, 

and Levinger, 2012).  
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 The spectrum in Figure 3.4 shows a 2D NOESY experiment where PBG is 

interacting with the surfactant AOT. The off-diagonal signals demonstrate interaction 

of the AOT protons with the PBG protons. In addition, the Ha, Hb and Hc on the 

phenyl group are associating with the CH2-groups high up in the hydrophobic part of 

the interface. This interaction is likely to be sensitive to the specific conditions of the 

system. The spectrum also showed the interaction of NH protons of PBG with HOD 

protons in the water pool. We carried out the studies using 0.10 M PBG and as a 

result of using constant PBG concentration, as the w0 increased the number of probes 

as the size of the RMs increased. In Table 4.1 we show how the number of probes 

increases as the w0 increase. The NOESY experiments were carried out with 1.8 

PBG’s in each reverse micelle (w0 = 10), documenting the fact that the interface can 

accommodate two such molecules per RM. In the systems that were investigated, 

about two layers of water molecules were solvating the RM (Maitra, 1984). The 

increasing number of probes as the w0 increase may be important for the specific 

distribution of the probes and particularly in the smaller w0 sizes that are barely large 

enough to hold the PBG (Dalpiaz, Ferrtti, Gilli, and Bertolasi, 1996) within the 

boundaries of the water pool. It is therefore to be expected that the interface may 

saturate as observed for other systems (unpublished data) and thus force some of the 

probes into the water pool.  

Table 4.1 Content of RMs investigated as determined by w0 and sizes. 

w0 n(agg) N(probes) N(AOT) N(RMs) probes/RMs Size (radius) 

6 50 4.52 x1018 4.18 x1020 8.35 x1018 0.54 28 

8 72 5.88 x1018 4.07 x1020 5.66 x1018 1.0 32 
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Table 4.1 (Continued). 

A. Maitra,  J. Phys. Chem. 88 (1984) 5122-5125. 

 

The studies with the CTAB/1-pentanol demonstrated that the biguanide favored 

bridging the membrane and having parts in the water pool and parts up high at the 

hydrophobic interfacial environment. Although other compounds could exhibit 

similar properties, we have not previously observed a molecule with such a clear cut 

2D NOESY spectrum bridging compartments.  With the dipic ligand, (Crans, Trujillo, 

Bonetti, Rithner, Baruah, and Levinger, 2008) we found that the probe could move 

but preferred to reside high up in the interface, however some cross peaks indicated 

that the ligand moved and that the compound also could be found at some times near 

the polar head groups of the interface. In the cases of the [Co(dipic)]2-, (Yang, Crans, 

Miller, la Cour, Anderson, Kaszynski, Godzala, Austin, and Willsky, 2002) the 

ascorbic acid, Cr(pic)3, and BMOV (Crans, Schoeberl, Gaidamauskas, Baruah, and 

Roess, 2011)  all were found near the interface. In contrast, the decavanadate (Samart, 

Saeger, Haller, Aureliano, and Crans, 2014) and HTPS (Sedgwick, Cole, Rithner, 

Crans, and Levinger, 2012) was found in the middle of the AOT/isooctane water pool 

as anticipated with their high charges. In the case of the V-dipic complexes 

([VO2dipic]-, [VOdipic(H2O)2] and [V(dipic)2]
-), the metal ion oxidation state and 

complex charge as well as the size of the complex determined the specific location of 

w0 n(agg) N(probes) N(AOT) N(RMs) probes/RMs Size (radius) 

10 98 7.17 x1018 3.98 x1020 4.06 x1018 1.8 34 

16 215 1.07 x1019 3.71 x1020 1.73 x1018 6.2 42 

20 302 1.28 x1019 3.55 x1020 1.18 x1018 11 44 
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the compound (Sostarecz, Gaidamauskas, Distin, Bonetti, Levinger, and Crans, 2014). 

However, when the charges of the interface changed then the location of these 

systems changed. Specifically, the decavanadate (Samart, Saeger, Haller, Aureliano, 

and Crans, 2014) and the HPTS (Sedgwick, Cole, Rithner, Crans, and Levinger, 2012) 

molecules moved from the middle of the water pool to the interface of the RMs water 

pool. 

The antimalarial drug proguanil is on the market and the related derivatives 

PBG and metformin are anti-diabetic agents. These three compounds all are 

biguanides. The model studies presented here provide information documenting the 

ease by which these compounds can associate with and penetrate the membrane-like 

interface, which may be important for some of the biological responses. There is no 

doubt that the antimalarial drugs act in part by modifying the properties of the host 

membrane and therefore the findings that are reported here suggest that these 

compounds may be able to traverse the membrane much more readily than previously 

anticipated. It is known that PBG induces a response by associating with the 5-

hydroxytryptamine (5HT3) receptor, however, in addition these studies could be 

interpreted as PBG and proguanil may traverse membranes readily. The ability of this 

PBG to span the membrane interface is likely to be important to the metabolism. 

Perhaps such properties indicate a secondary effect of these compounds as 

protonophores, a mode of action already known for atovaquone which collapses of the 

mitochondrial membrane potential. 
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CHAPTER V 

CONCLUSION 

 

1H NMR studies showed that the 1-phenylbiguanide (PBG) undergoes changes 

as it is placed in a RM environment. Since biguanides form strong hydrogen bonds in 

water, we investigated the effect of the biguanide on the water organization as the size 

of the RMs changes. Since the biguanide is near the interface and less bulk water is 

available as the size of the RM decreases, we observed the greatest change at the 

smaller w0 sizes. The NOESY spectrum of PBG in AOT RM contains cross peaks 

between the PBG protons and AOT protons indicating that these protons are near each 

other, consistent with penetration of the hydrophobic part of the PBG into the 

interface. At the same time there is a cross peak between the biguanide NH moieties 

and the HOD signal placing the NH biguanide residues in the waterpool. Differential 

FTIR spectroscopy was used to demonstrate that the hydrogen-bonding properties in 

the waterpool changed in the presence of the biguanide. Since experiments carried out 

both in the inhomogeneous environment of AOT and CTAB RMs with similar results, 

suggesting that these findings are general and that PBG will reside at the interface and 

associate strongly both with the hydrophobic part of the interface and the waterpool at 

the same time. 

In summary, the ability of PBG to serve as a bridge of interfaces was 

demonstrated and considering the relationship of this compound with the antimalarial 

drug, proguanil, this may be relevant for the action of this compound. Since PBG is 
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amphiphilic it will be soluble in water and more hydrophobic environments at the 

same time, which may be important for association with and how the compound can 

transverse across membranes. 
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 APPENDIX A 

INTERACTION OF BIGUANIDE COMPOUND WITH 

MODEL MEMBRANE INTERFACE SYSTEM: PROBING 

PROPERTIES OF ANTIMALARIA AND ANTIDIABETIC 

COMPOUNDS 

 

 This research is mainly of work. The work presented in this addition has appeared 

as the journal article, "Interaction of biguanide compound with model membrane interface 

system: probing properties of antimalaria and antidiabetic compounds" by Nuttaporn 

Samart, Cheryle N. Beuning, Kenneth J. Haller, Chris D. Rithner, and Debbie C. Crans, 

prepared for submission to Langmuir, (2014). Miss Beuning and Dr. Rithner performed 

the 2D NOESY NMR experiment of 1-phenylbiguanide that is mentioned. All the other 

work presented and data analysis were preformed by Nuttaporn Samart.  

 In addition to the work on phenylbiguanide this thesis also contains work carried 

out on the related metformin system, which has now been reported in European Journal of 

Inorganic Chemistry by Chatkon, Chatterjee, Sedgwick, Haller, and Crans, 2013 and 

Inorganica Chemica Acta by Chatkon, Barres, Samart, Boyle, Haller, and Crans, 2014. All 

studies carried for the Ph.D. Thesis has been focus on the interaction of biguanide drug 

with model membrane systems. 
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APPENDIX B 

INTERACTION OF DECAVANADATE WITH 

INTERFACES AND BIOLOGICAL MODEL MEMBRANE 

SYSTEMS: CHARACTERIZATION OF SOFT 

OXOMETALATE SYSTEMS 

 

 My contribution to this work which was to assist in the preparation of the 

review. The manuscript by Samart, Saeger, Haller, Aureliano, and Crans. "Interaction 

of decavanadate with interfaces and biological model membrane systems: 

characterization of soft oxometalate systems" reported in Journal of Molecular and 

Engineering Materials, 2014. This including completing experiments by Ms. Jessica 

Saeger on the interaction of decavanadate with positively charged interfaces. In 

addition, studies with metformin in CTAB-pentanol RMs. These studies where the 

missing studies allowing comparison of decavanadate and metformin in all types of 

RMs, which was needed to establish the effects of decavanadate on interfaces. 
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 APPENDIX C 

GUANYLUREA METFORMIUM DOUBLE SALT OF 

DECAVANADATE, (HGU+)4(HMet+)2(V10O28
6-)2H2O 

 

 My contribution to this work was carried out to examine when guanyl urea 

form by hydrolysis of metformium. These studies were done while mentoring a CSU 

undergraduate student, Sarah Boyle and completing the studies by Ms. Alexa Barres, a 

summer intern of CSU. In addition, I assisted in the preparation of the manuscript.  

 The manuscript by Chatkon, Barres, Samart, Boyle, Haller, and Crans. 

"Guanylurea metformium double salt of decavanadate, (HGU+)4(HMet+)2(V10O28
6-) 

2H2O" describes an unusual X-ray structure formed from metformin and 

decavanadate with two cation metformin and guanylurea. This compound was 

prepared characterized and X-ray structure was determined by Dr. Aungkana Chatkon. 
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