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Abstract ii

Abstract

A mixture of Chlorhexidine digluconate (CHG) with glycerophospholipid 1,2-dimyristoyl-

<^54-glycero-3-phospocholine (DMPC-rf54) was analysed using ^H nuclear magnetic reso-

nance. To analyze powder spectra, the de-Pake-ing technique was used. The method

is able to extract simultaneously both the orientation distribution function and the

anisotropy distribution function. The spectral moments, average order parameter pro-

files, and longitudinal and transverse relaxation times were used to explore the structural

phase behaviour of various DMPC/CHG mixtures in the temperature range 5-60°C.
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Chapter 1 . Introduction to lipids, membranes and drug delivery

Chapter 1

Introduction to lipids, membranes

and drug delivery

1.1 Lipids and membranes

The cell is the basic unit of live organisms. Its content is protected by a membrane

consisting of lipids, proteins and sacharides. To focus on the essential properties of

biological membranes, model membrane systems are often used. These systems have the

same basic structure and properties as biological membranes but are made up of only

lipid and water mixtures. It has been well established that many of the fundamental

physical properties of biomembranes are shared with the model membrane systems [1].

1.1.1 Lipids

Lipids are nonpolar, mostly hydrophobic compounds consisting mainly of a carbon skele-

ton with hydrogens attached. They typically dissolve in non-polar organic solvents (chlo-

roform, benzene, ether, etc.) but tend to dissolve poorly, if at all, in water. This solubility

characteristic is of extreme importance in cells because lipids tend to associate into non-

polar groups and barriers, as in the cell membranes that form boundaries between and

within cells. Lipids rarely exist in an organism in the 'free' state but are more usually

combined with proteins or carbohydrates.

This group of molecules includes fats and oils, waxes, phosphoHpids, steroids and
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some other related compounds.

Phospholipids are the major group of lipids in a plasma membrane. They are divided

into two large groups - Glycerophospholipids and Sphingophospholipids.

1.1.2 Glycerophospholipids

Glycerophospholipids are the most abundant group and this type of lipid occurs in every

living cell. The structure of glycerophospholipids consists of a backbone glycerol molecule

to which fatty acids are acylated to carbon- 1 and carbon-2 of the glycerol and a phosphate

group is esterified to the carbon-3 position (Fig. 1.1).

Molecular species of phosphatidic acid differ in the position, length and extent of

unsaturation of the fatty acids acylated at the 1 and 2 positions of the glycerol. Different

classes of phospholipids are characterized by the substituent esterified to the phosphate

group of phosphatidic acid.

These substituents can be negatively, neutral {e.g., serine) or positively {e.g., choline)

charged. In the case of phosphocholine, a negatively charged phosphate group is compen-

sated by a positively charged substituent at neutral pH, so that the charge on the polar

head region of the lipid is zero. If the substituent has no charge, the glycerophospholipid

is negatively charged due to the phosphate. The same happens with a negatively charged

substituent. This net negative charge contributes significantly to the surface properties

of membranes, as it affects the structure and fluidity of the membrane, as well as Hpid

mobility and distribution within a layer, etc.

1.1.3 Organization of lipids in water

Phospholipids are amphipathic^and self-organize in a polar solvent like water. To mini-

mize interactions of fatty acid chains (non-polar) with water, phospholipids form aggre-

^ Meaning they contain both hydrophilic and hydrophobic regions in the same molecule.
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Chapter 1. Introduction to lipids, membranes and drug delivery

gates and expose the polar head group to the water. This minimizes the free energy of

the system.

The shape of the aggregates depends on the type of Hpid, temperature, water con-

centration, pH, and some other factors. By changing these factors, the structural organi-

zation of phospholipid-water mixtures can be changed. Some of the common structures

are shown in Fig. 1.2: planar (a), cylindrical (d, e), spherical (b, c) and cubic (f).

A simple geometrical model due to IsraelashviH [3] accounts for the preferred packing

symmetries in terms of their molecular shape: cylinder (planar phase) , cone (micelle) or

inverted cone (inverted micelle or hexagonal phase), and can be refined by quantifying

the so-called natural monolayer curvature of each phospholipid [4].

Bilayers of phospholipids can further self-organize into liposomes (g) or multi-lamellar

vesicles (MLV) (h) and tubules (i).

Liposomes are vesicles composed of a bilayer enclosing an aqueous compartment with

a size of ~ 100 A. They are approximately spherical, and may exhibit surface waves

and undulations. The multilamellar vesicle (MLV) structure is onion-hke, with multiple

bilayers separated by water layers. The number of bilayers in an MLV typically is from

50 to 100. A tubule is a hollow microcylinder with one or more bilayers.

The bilayer, in which two single layers of lipids are sandwiched in a tail-to-tail planar

arrangement, is the most common structure of the lipid/water self-organizing aggregates.

This arrangement is commonly seen in lipids containing phosphocholine, phosphoserine

and phosphoglycerol head groups. Lipid bilayer structures are confirmed to exist in most

cell membranes, using electron and atomic-force microscopes, which are both able to

reveal surface structures with single-molecule resolution. Many of the characteristics of

biological membranes can be attributed to the properties of phospholipid bilayers, which

make up 15-50% by mass of the cell membrane.

Other structural arrangements, such as a so-called hexagonal phase are found, for
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Figure 1.2: Common structural arrangements of lipid/water aggregates:

(a) bilayer (b) micelle (c) inverted micelle (d) hexagonal (e) inverted hexagonal (f)

cubic phases; (g) a hposome, (h) a Multilamellar vesicle (MLV), (i) a tubule
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example, in phospholipids with phosphoethanolamine and phosphoserine head groups at

low pH and in micelles formed from lysophospholipids.

It has been shown that monolayer cm-vature can be changed by mixing lipids of

different natm^al monolayer cm'vatures [4]. In turn this often leads to a structural re-

arrangement of the entire lipid-water mixture.

1.1.4 Lipid bilayers

Lipid bilayers are a fundamental model system for understanding biological membranes.

At physiological temperatures, cell membranes are always in the liquid crystalline or liq-

uid disordered phase. This term refers to the temperature-dependent degree of molecular

reorientational motion accessible to the acyl chains of the phospholipid molecules. Below

low teiiipei (itiii e high teinpei atiii e

GxXxXxXO

gel phase liquid ciystiilline pluise

Figure 1.3: Transition from gel state to liquid crystalline state:

a certain temperature the Upids are found in a geHike ordered state. As the tempera-

ture is increased, lipids undergo a transition to the liquid-crystalline or disordered state

(Fig. 1.3). They are more loosely packed as indicated by an increase in the area per polar

headgroup and the acyl chains undergo a "melting" transition into a highly disordered

state. As the aie& per polar head increases, the hpid bilayer in the hquid-crystalline state
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gets thinner [5]. The gel-to-hquid-crystaUine transition temperature of a bilayer depends

on chain length, degree of unsaturation and the chemical composition of the headgroup.

It increases with length and decreases with the degree of unsaturation, so saturated chains

have the highest transition temperature. For example, this transition temperature for

DMPC (14:0) 2 is 23°C, and for DPPC (16:0) it is 4rC [6]. It is often said that the

lower the transition temperature, the more 'fluid' are the lipids, but it does not always

refer to the mechanical microfluidity of the bilayer, or an increase in the self-diffusion

coefficient of the hpids in the bilayer. The lipid bilayer is a two-dimensional fluid where

(a)

^^im^m^>^m^r4^^X H i^ )( JL iC ^j^ .X

Figure 1.4: Type of motions of lipid molecules.

(a) Lateral diffusion (b) Flip-flop or transverse diffusion (c) Reorientation about the

long molecular axis (d) Kink formation

the individual phospholipid molecules diffuse laterally very quickly. They can exchange

places with their nearest neighbours (Fig. 1.4 a) ~ lO'^ times per second and can move

several micrometers per second at 37°C [7]. Transverse diffusion or flip-flop (Fig. 1.4 b),

i.e. the movement from one sheet of bilayer to the other, is an extremely rare event, be-

cause of a large activation energy barrier. In contrast, reorientations around the long axis

(Fig. 1.4 c) of the molecule require very little energy and are very fast, ~ 10"^ — 10~^s.

^See the list of abbreviations on p.viii
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Faster still, ^ 10"^s, are the intrachain motions (Fig. 1.4 d) — flexing, kink formation,

etc. often referred to as trans-gauche isomerizations. All these motions tend to occur

more rapidly at higher temperatures.

1.1.5 Biological membrane

Biological membranes are 5-8-nm-thick barrier structures, which are of fundamental im-

portance to all prokaryotes and eucaryotes, whether as plasma membranes that surround

the cell or the intracellular membrane that defines the organelles of eukaxyotic cells. It

is a selective barrier which controls the transport of molecules into and out of the cell.

It is also capable of receiving signals from the outside environment to which a cell can

respond.

Biological membranes contain proteins as well as lipids and carbohydrates (Fig. 1.5).

The protein-to-lipid ratio is specific to each species, cell type and organelle. Lipids in

Extracellular

ilmd

Cholesterol

FRamentsof

cytosfcelelon

Cytoplasm

Figure 1.5: Schematic biological membrane [8]

the membrane are asymmetrically distributed. Certain lipids are typically found primar-

ily in the outer monolayer and others in the inner monolayer. Membranes are flexible,
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self-sealing, and selectively permeable to polar solutes. Their flexibility permits shape

changes. With their ability to break and reseal, two membranes can fuse, as in exocytosis,

or a single membrane can undergo fission to yield two sealed compartments, as in endo-

cytosis or cell division. Water is the only polar substance able to diflPuse passively across

the bilayer. Other polar species cross biological membranes mostly by way of specific

membrane proteins. Biological membranes exhibit a wide range of chain-melting tran-

sition temperatures, 10-40°C [5]. This is a reflection of a wide variety of chain lengths,

unsaturation and headgroups, and in eucaryotes, the presence of cholesterol.

1.2 Drug delivery

Polymorphism of lipid bilayers makes them suitable for use as a drug carrier. The goal

is to trap a drug inside sealed lipid bilayer shells, tubules or liposomes. By carefully

controlling the composition of the lipids, slow-leaking drug carriers made from lipid

bilayers can be formed. Site-specific molecules such as antibodies can be incorporated

into the bilayer. These molecules can recognize particular antigens, and thus identify

the target cell and deliver the drugs near the attachment sites. In this way the drug is

delivered specifically at the desired site of action. This may maximize the therapeutic

effect and minimize the toxic effects elsewhere.

Drugs can enter the target cell in one of several ways. In the case of target cells

with phagocytic activity, the drug can be released during degradation of the liposomes

in the lysosomal compartment upon endocytosis (delivery of genetic material or anti-

sense nucleotides) (Fig. 1.6 a). Another potential pathway for drug entry is fusion of

the surface-bound vesicles with the plasma membrane if fusogenic proteins are present

in the liposomal bilayer (Fig. 1.6 b). The encapsulated drug may simply leak out of the

liposomes in close proximity to the target cell (Fig. 1.6 c). There are also several options

for triggered release (Fig. 1.6 d) of the drug from the cell-bound hposomes. Temperature-
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drug-containing

jl^ liposome

a) endocytosis of liposomes

b) fusion with target cell

/ \

PH,AT

d) drug release by
external triggering

c) drug release close

to the target cell

Figure 1.6: Possible ways for drug entry to the target cell [9]

sensitive liposomes that release their contents upon temperature increase, pH-sensitive

liposomes that release their contents upon lowering of the pH, and target-sensitive lipo-

somes that release their contents upon binding to the cell surface have been proposed [9].

At present, one of the main research directions of liposomes as drug carriers is the

encapsulation of anticancer drugs. Tumor vasculature is known to be leakier than the

normal vasculature, leading to preferential liposome accumulation at the tumor sites.

This is the so-called passive targeting. Liposomes must be small and have a long circu-

lation time to take effect. It has been shown, that using such a liposomal drug is more

effective than using a free drug solution [10], offering an important therapeutic advantage

over the existing methods of drug delivery.

Liposomes are also added to skin care products with the intent of delivering active

ingredients into the deepest layers of skin [11].

Slow release from liposomal encapsulation is interesting not only for the pharmaceu-
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tical or cosmetic industries, as the content need not be limited to drugs. A controlled

release of antifouling agents from lipid tubules can provide long service lifetimes for the

painted surfaces of ships [12]; slow release of flavouring and colouring agents is important

in the food industry [13]; and other applications are in different stages of research [11].

Using liposomes with an antibacterial agent inside as a long-lasting oral plaque in-

hibitor has been recently proposed [14]. One of such widely used antibacterial agents

is a chlorhexidine. Oral formulations of chlorhexidine with a variety of lipids have been

recently patented [15, 16]. Early clinical trials demonstrate that bacterial activity is sup-

pressed (by a factor of four) for much longer periods of time when chlorhexidine/lipid

formulations are used, as compared to aqueous solutions of chlorhexidine [17]. However,

little is known about the mechanism of this improved anti-bacterial action, or about

chlorhexidine/lipid interactions in these new formulations. It has been assumed that the

lipid-based formulations adhere to the tooth surface and that the chlorhexidine trapped

inside the lipid structure is then slowly released in the mouth.

This work is an investigation of the nature of chlorhexidine-lipid interactions and the

properties of these formulations using ^H NMR, in an attempt to explain the mechanism

of extended release of chlorhexidine.
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Chapter 2

Introduction to Nuclear Magnetic

Resonance

Nuclear magnetic resonance (NMR) arises when certain nuclei interact with an external

magnetic field, giving rise to a nuclear magnetic moment, /2, proportional to the intrinsic

spin angular momentum of the nucleus, /:

M = 7/ , (2.1)

where 7 is the gyromagnetic ratio, different for every nuclear species.

A nucleus of spin / will have 2/+ 1 possible states. For example, a nucleus with spin|

will have 2 possible states with magnetic quantum numbers m = 1,1 — 1,...,—/ = |,— |.

In the absence of an external magnetic field, these states are of equal energy. If an external

magnetic field Hq is applied, the degeneracy is lifted. This so-called Zeeman splitting

between adjacent energy levels is:

AE = jhHo = hu;o , . (2.2)

where luq is the Larmor frequency, in angular units.

The spin state where the nuclear magnetic moment is aligned with the external field

has a lower energy. At a given temperature, the number of spins in this lower energy

state is sHghtly greater than the number of spins in the upper level, according to the

Boltzmann statistics:

^^ -AE/kT
^

'

(2.3)
. N+ ^ ^
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A static uniform magnetic field in the 2;-direction can be described by the Hamiltonian:

n = -jhl.Hc (2.4)

A nuclear spin / under the influence of such a Hamiltonian will precess around the

external magnetic field at an angular frequency uq = -jHq. For a spin / = i, a classical

analog of such precession is shown in Fig. 2.1. The net magnetization M is a sum of the

precession orbit

yU, -magnetic moment

Figure 2.1: A classiccJ view of a magnetic moment ft precessing around a static

magnetic field Hq

magnetic moments of all nuclei,

m=j: ft (2.5)

and the motion of this magnetization vector M in the field Hq can be described macro-

scopically as:

dM
~dr

= jM X Ho . (2.6)

— —

*

If in addition to i^o , a weak oscillating field Hi is applied in the direction perpen-

dicular to Hq, and the frequency of oscillations is matched to the Larmor frequency, a

resonant interaction takes place. Classically, in the reference frame rotating about Hq at
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the Laxmor frequency, the magnetization vector precesses about Hi. The net angle of

rotation 9 of the magnetization is proportional to the gyromagnetic ratio of the nucleus

and to the strength and duration of the applied Hi:

= lHit,i . (2.7)

It is common to employ an "rf-pulse" that rotates the magnetization by 90° or 180°.

Because of the resonant nature of the interaction, the field Hi can be much weaker than

Hq and thus the quantum states of the nuclear spin remain unperturbed. Quantum

mechanically the oscillating Hi field delivers a photon of energy which on-resonance

exactly matches A£^, causing a transition, or a spin flip.

2.1 Relaxation

Phenomenologically, relaxation is observed through the return of the spin system to

its equilibrium state after it is perturbed by an rf-pulse. This return to equilibrium is

necessarily achieved either through an exchange of energy with the surrounding molecular

environment, or "the lattice" (Ti or spin-lattice longitudinal relaxation). Another form

of relaxation is the loss of coherence due to irreversible spin-spin interactions (T2 or

spin-spin transverse relaxation).

Fig. 2.2 is a brief illustration of the relaxation phenomenon, as appropriate for a spin-

I system [18]. Initially, the magnetization vector is aligned with Hq (in the 2;-direction)

and precesses about Hq at the Larmor frequency cjq, as seen in Fig. 2.2 a. In the reference

frame rotating about Hq at this frequency. Mo is static and along the 2;-axis. An Hi field,

apphed at uq in the lab frame, also appears static in the rotating frame (shown along x),

and causes a rotation of Mq into the a:?/-plane, as seen in Fig. 2.2 b and c. In Fig. 2.2

d the magnetization vectors are shown fanning out, i.e., precessing at unequal rates, as

a result of inhomogenities in Hq. The decay of the transverse magnetization is termed a





Chapter 2. Introduction to Nuclear Magnetic Resonance 15

(a)
Ho:

H, =

(d)

H, = H, =

Figure 2.2: Schematic figure of relaxation mechanism [18]

Free Induction Decay or FID, referring to the absence of the rf field. In addition, local

microscopic magnetic fields fluctuate slightly. The resulting loss of phase coherence is

manifested as a decay in the net magnetization in the xy-plane and in the strength of

the observed signal, occurring with a time constant T2. At the same time, Mz, the

longitudinal component of Mq, is growing back with a time constant Ti as shown in

Figures 2.2 d through f.

The relaxation of the magnetization is described by the phenomenological Bloch Equa-

tions [19]:

^ = jiMyHo -mA smuot) -^at ±2

dMy ,. . - , . - - My

at ±2

dM, ,,.£?. ^ ^. ^ . M^-Mo—— = 7(MriJi smujot - MyHi cosuot)
at ±1

In the rotating frame of reference, the solutions are:

M,[t) = M,{0)e-'/'^'' + Mo(l - e-'/^^O

M,,y{t) = M,,y{0)e-'/^'

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)
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2.2 Spin-1 system

In a spin-1 system with m = —1,0, 1 the situation is more comphcated. Spins greater

than
I

possess an electric quadrupole moment which interacts with the electric field

gradients (EFG) generated by the surrounding electron clouds. This interaction is rela-

tively small, compared to the Zeeman interaction, but it shifts the Zeeman energy levels

(Fig. 2.3). The strength of the interaction depends upon the magnitude of the nuclear

quadrupole moment and the strength of the electric field gradient.

m = -1,0,1

AE = ft,Ur

AE = ^CJr

m = -1

AE = ^(cjo+1/2Aa;,)

m =
AE = ^(cjo-1/2Aa;.)

m = 1

Figure 2.3: Quadrupolar shifting of the Zeeman levels [18]

When the EFG tensor is expressed in its principal axis frame in which it is diagonal

{Vzz = e^), the quadrupolar Hamiltonian can be written as [20]:

e^qQ
^^ 4/(2/ - l)h

[3I^^-I^ + rj{I^^-I^)] (2.13)

where the eq is the electric field gradient at the nucleus, Q is the nuclear quadrupole mo-

^xx-Kment and rj = """y ^^ is known as the (quadrupolar) asymmetry parameter (0 < 77 < 1).

In cases of an axially symmetric electric field gradient (77 = 0) and for spin 1 = 1^,

the equation reduces to:

e^qQ
^' 4/(2/ - l)h

[342 - /(/ + 1)] ^(34^-2)^5(34^-2)

The quadrupolar frequency.

Se'^qQ

' 4 h

(2.14)

(2,15)

'The eigenvalue of P = 1(1 + 1)
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for a C-^H bond in saturated carbon chains is approximately 27rx 126 kHz [21].

Now we need to transform the quadrupolar hamiltonian Hq, defined by equation 2.13

to the laboratory frame where the direction of quantization is in the direction of the

external magnetic field Hq [22]. Using Wigner rotation matrices we can show [23] that

the quadrupolar anisotropy depends on orientation as

3 e'^aO
Auq = T—p[(3 cos^/? - 1) + 7/ COS 2a sin^/?]

, (2.16)

where a and P are the Euler angles specifying the orientation of the EFG tensor with

respect to magnetic field Hq.

In the axially symmetric case {rj = 0) the equation has the form:

Auq = ^^-^(3cos^P-l) (2.17)

and the anisotropy depends only on /?, which is the angle that a particular carbon-

deuterium bond direction makes with the external magnetic field Hq.

2.3 Order parameter

Molecular motions modulate /3 = p{t) and thus influence the NMR signal. However, the

anisotropy will be averaged out over those motions that are faster than the interaction

time frame (1/126 kHz in this case, or < 10~^s), appearing as a motional narrowing of

the signal.

To exploit the symmetry of the molecular motions it is often useful to transform from

the laboratory frame into the EFG reference frame in two steps. First we transform from

the laboratory frame to the frame associated with the symmetry axes of the rapid motion

described by the Euler angles 6 and (the molecule-bound frame) and then into the EFG

principal axis frame described by Euler angles a and /?'. For axially symmetric motions

there is dependence only on the angle 9, which is the angle between the axis of symmetry
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of the motion (molecular axis) and the external magnetic field. The angles a and P' can

be thought of as the instantaneous angles of the axis of symmetry in the time-varying

principal axis coordinate system [22] i.e. the angles between the principal components

of the EFG of the C-D bond, and the axis of symmetry of the reorientational motion.

The quadrupolar splitting thus has the form:

{Aio,) =
Y-~-{3

cos^ e-l)ScD , (2.18)

where Sen is called the order parameter and is defined by the equation:

ScD = ^{{^ cos^/^' - 1) +7/ cos 2a' sin^/?') (2.19)

where, the brackets < ... > indicate an average over motions that are fast on the NMR

time scale. In the axially symmetric case, rj = 0, and therefore:

ScD = ^{^ cos^
0'
- I) (2.20)

Thus, a quadrupolar splitting observed for a fixed angle 9 gives us the information about

the order parameter Sen- The value of this order parameter is in the range from -|

to 1, and it describes how highly the system is oriented. For crystals (a highly ordered

state) ScD approaches one and for liquids (a highly disordered state) it is approaching

zero. In general, the smaller the value of the order parameter, the greater the number

of orientational degrees of freedom. Thus measuring the quadrupolar splitting can yield

valuable information both about the reorientational dynamics and about the alignment

of molecules in the sample.

2.4 The powder pattern

Rapid reorientational motion about the long molecular axis of the lipid molecule, which

is essentially the normal to the lipid water interface, provides an axially symmetric en-
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vironment. Motional averaging projects the quadrupolar interactions of the individual

C-D bonds onto the bilayer normal. Hence, the angle 6 is the same for all C-D bonds in

the lipid molecule, and is the angle between the bilayer normal and the external magnetic

field. The resulting spectrum consists of two peaks with a distance between them equal

to Aci;^, equally spaced around the zero frequency. Aujq scales with 9. In a macroscopic

sample, many different orientations are present, with their corresponding quadrupolar

splittings. The spectrum obtained from such a "powder" sample is a superposition of

many individual quadrupolar doublets (Fig. 2.4 a), weighted by the probability distribu-

40 -20 20
Frequency, kHz

40

Figure 2.4: Powder patterns [24]

a) Powder pattern of an idealized spin-1 system, assuming an isotropic p{6) = sm(6)

b) An experimental spectrum of a DMPC-d54:water mixture at 35°C

tion function p{6) that represents the probability of finding a particular orientation 9 in

a given powder sample. For an isotropic (randomly oriented) sample, p{9) = sin(^), and

the most C-D bonds are oriented at 90° where we can see sharp peaks. On the other

hand, the "shoulders" at 0° have a considerably decreased amplitude.
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Powder pattern or Pake pattern^ is a term used for the NMR spectrum with a random

distribution of angles 9 with respect to the magnetic field. In a "powder" sample of a

material with many inequivalent deuterated C-D bonds, each bond may contribute a

different powder pattern, with the differences arising from the different orientations of

the C-D bonds with respect to the bilayer normal, or from the differences in the effects

of motional averaging. The spectrum obtained from such a sample is a superposition

of several powder patterns, one for each of the unique molecular environments of each

C-D bond. In the case of DMPC-(i54 (Fig. 2.4 b) each pattern belongs to a different

carbon position along the chain. Since DMPC-c/54 has 54 deuterium atoms, it means

that the spectrum is a superposition of up to 54 Pake patterns, each with its own unique

quadrupolar splitting.

Measuring quadrupolar splitting allows us to aissign an order parameter to every car-

bon position along the fatty acid chain. The order parameter as a function of carbon

number is called the order parameter profile, S{n). It has been long established [25]

that S(n) is an monotonically decreasing towards the methyl endgroup of a phospholipid

molecule in a biomembrane sample. This property allows us to establish an order param-

eter profile even in those cases where individual quadrupolar doublets are not resolved,

using the so-called average order parameter [26]. Using this technique, the exact details

of S{n) are only measured in an approximate way, but the overall shape is a reliable

diagnostic tool in ^H NMR of biomembranes, as it strongly correllates with the struc-

tural phase content of the sample and can be used to establish an approximate phase

diagram [27]

^After G.E. Pake, who first described such lineshapes in 1948 [28]
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2.5 The distribution functions

The observed quadmpolar splitting is thus a function of both a generahzed anisotropy

parameter, x, and of the orientation of the local molecular axis with respect to the

magnetic field, 9. In the case of a quadrupolar interaction associated with the C-D

bonds of phospholipids in a biomembrane sample,

3 e'^qQ ^
- = -,^Scn (2.21)

and one can write:

/ /IN 7-, / /i\ 3 cos^ ^ — 1
, ^

u{x, 6) = xP^icos 9) = X (2.22)

In more general terms, the observable quadrupolar splitting is related to some generalized

time-averaged anisotropy parameter x, through a P2(cos^) scaling [29, 30].

The observed powder pattern spectrum S{uj) is described by either of the two expres-

sions:

9{x)\p(9)—\dx, 9 = 9{x,uj) (2.23)

r r dxi
= /p(^)[^(x)—JcJ^, x = x{9,u)

•

(2.24)

where g{x) and p{9) are two distribution functions.

g{x) is the anisotropy distribution function. Its shape depends on the number of

anisotropics (order parameters) of the sample. For a system described by a single

anisotropy g{x) is simply a (5-function. For a powder sample, a single anisotropy pa-

rameter X corresponds to a continuous lineshape function, Sx{to), which is the result of a

superposition of domains of different orientation.

p{9) is the orientational distribution function, which represents the probability of

encountering a domain oriented at an angle 9 with respect to the external magnetic field

in a given sample. For a truly random orientational distribution in a powder sample

p{9) oc sin 9. However, other forms of p{9) are possible. For example, in biomembranes
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the anisotropy of the magnetic susceptibiHty of the bilayer leads to considerable magnetic

alignment effects where the preferable alignment of lipid bilayers is with the normal to

the bilayer oriented perpendicular to the external magnetic field [29].

The orientation distribution function for a highly oriented sample (a single crystal)

reduces to p(6) = 6 {9 - 6o). For simplicity one can choose ^q = =^ p{9) = 6{9), and

the corresponding lineshape is then simply Sx(u) = S(uj - x). So, the position u of the

spectral line (observed spectrum) is a direct measure of the anisotropy. For ^H NMR

Sx{uj) = 6{\uj\- x) because of the presence of two symmetrical transitions and thus only

the magnitude of the anisotropy can be determined from the spectrum.

The equation 2.23 is a ^(a:)-weighted superposition of hneshape functions, one for each

anisotropy x and the equation 2.24 is a p(^)-weighted superposition of spectra from the

individual oriented domains that constitute the powder sample, one for each orientation

9. In both cases, to, x and 9 are related through the fundamental scaling relationship of

equation 2.22. Equation 2.23 implies 9 = 9{x,u) and equation 2.24 implies x = x{9,uj).

Various numerical methods have been developed to solve the integral equations 2.23,

2.24. There are three possible experimental situations.

If p{9) is known (for example, in the case of a random p{9) = sin 9) an appropriate

lineshape function can be calculated and then g{x) can be extracted from the spectrum.

For this case, a numerical method of de-Pake-ing has been developed [31]. This method

relies on the assumption of a random orientational distribution function, which is not the

case in partially aligned systems.

On the other hand, if ^(a:;) is known, p{9) can be determined. For example, it has been

demonstrated that the orientational distribution of a liquid crystal (mixture M5) trapped

in the channels of a microporous material (Anapore, AI2O3) can be extracted from the

NMR spectra. The g{x) distribution was specified as 18 chemical shift anisotropics

determined independently from high-resolution NMR and p{9) was then extracted using
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the Tikhonov regularization technique [32].

Finally, in some cases, Tikhonov regularization provides a sufficient stabilization of

the ill-posed inverse problem that both distribution functions may be determined from

the data simultaneously [29].

2.5.1 The Tikhonov regularization algorithm

Equation 2.23 can be rewritten as:

S{uj)=
I
g{x)C{x,uj)dx (2.25)

where C(a:, u) is the Kernel function,

(p(^)l^, ioT-xl2<uj<x
'
'^" ' -

(2.26)

0, otherwise

with

a^_ p[e{x,u)]

^^^duj [2(a;-a;)(x + 2cj]V2 *

^^'^^)

Here the scaling relationship of equation 2.22 has been put in expHcitly. In general,

calculating g{x) from the known S{u) is a mathematically ill-posed problem. However,

for a well-defined kernel function C(x,u) (i.e. p{6) is known in advance), inverse theory

methods can provide a reasonable estimate of the distribution function g{x). For noisy

data, the result is, strictly speaking, only an approximation, g{x). A discrete set of

experimental data,
5J, j = l...m, is always incomplete, z.e., is known at a limited number

of frequency samphng points Uj^ and is affected by the noise af

S; = 5, + <T,- (2.28)

where the exact data Sj = S{iOj) are completely determined by g{x) through equa-

tion 2.25. For any set of noisy data SJ, infinitely many approximations g{x) result in

equally good fits Sj[g{x)] to the input data in the least-squares or maximum error sense.
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Almost all of those approximations are in fact wrong, as can be demonstrated by using

the Riemann-Lebesque theorem [33]. Minimizing just the least-squares error with re-

spect to g{x) is not enough to provide solutions for such integral equations. Instead, the

so-called Tikhonov regularization technique [34] is used, where the minimization is done

under additional constraints {e.g. a certain degree of smoothness of g{x)). For m input

data points, the regularization algorithm minimizes the following expanded least-squares

expression with respect to g{x):

m

^b(^)l = E[^/-^il' + ^IMl' • (2-29)

subject to g{x) > 0. The first term in this equation is the usual least-squares term.

The Tikhonov regularization approach introduces the second term, which controls the

smoothness of the approximation. A is the regularization parameter and the quality of

the solution strongly depends on selecting an appropriate value for A. Too small a A

results in false, physically meaningless structures in g{x)^ whereas too large a A tends

to oversmooth the shape of g{x) and to suppress information. Fortunately, a reliable

method of estimating A from the experimentally measured noise was developed and is

called the self-consistency method [35].

Once the optimum value of the regularization parameter is determined from the self-

consistency method, minimizing ^[^'(x)] yields g{x).

2.5.2 Models of p(^) for partially aligned systems

The algorithm described above is suitable only for known orientational distributions, e.g.

p{9) oc sin(^). For systems that are partially aligned, p{6) is not known a priori, and both

distribution functions must be determined. Thus, a generalization of the regularization

method is required.

The general approach followed in this work was to select a physically reasonable model

for p{9) and then to attempt to determine a limited number of parameters of this model,
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simultaneously with g{x). In the simplest case, one uses just a single parameter k,. The

function Pk(^) approximates the true ordering function p(6>), if an appropriate value of k

is chosen. The Pk{0) is well-defined for each fixed value of k, and thus from the data S^

the function g{x) can be determined using the Tikhonov regularization algorithm. The

parameter k can be thought of as describing the degree of distortion of the original sin(^)

distribution. The equation 2.29 that describes the misfit functional ^(«:) then becomes:

*(/c) = *[s(x);«:] = |[5H''-5H(S(.),.)f + A|Mp , (2.30)

subject to g{x) > 0. By searching in an appropriate range of values for k we find the

minimum (with respect to k) of this function and so determine an optimum estimate k.

Then this optimum k gives us Pk{0) which is the closest one to the true p(^), leading to the

best approximation gk{x) within the limits of the model defined by Pk{0)- This approach

is not limited to a certain one-parameter model function Pk(^). By using different model

functions it is possible to determine the best one by selecting the lowest minimum of the

misfit functions of all models.

Three one-parameter models for p{6) have been used in this study:

Ellipsoidal Model:

Pe{0) (X sine x[l- (I -KE)cos^d]''^ (2.31)

This distribution function describes an ellipsoidal deformation of a sphere. Phys-

ically, this model would be appropriate for a continous sheet of a bilayer; as a

molecule migrates along the surface, its average orientation changes slowly, ke is

the square of the ratio of the semiaxes. ke = I returns spherical symmetry with

random distribution and k,e > 1 describes an ellipsoidal deformation, with the long

axis parallel to the magnetic field. The adjacent domains tend to have similar

orientations in this model.
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Legendre Model:

Pl{0) (xsine x(1 + kl cos^ 6') (2.32)

This distribution function arises from the truncation of the Legendre polynomial

expansion of p(9) to the first two even-numbered terms. Again, kl = returns

random orientation distribution.

Boltzmann Model:

Ps(^) oc sin^ X ea:p[ACBCOs^^] (2.33)

This distribution function corresponds to the extreme case of totally uncorrelated

orientation of adjacent domains. Physically, this model would be appropriate ofr a

large number of uncorrelated small patches of bilayer; each able to align in external

magnetic field independent of its neighbours. Again, k,b = ^ recovers the random

distribution of orientation, while |/cb| ^ 1 corresponds to a perfect alignment.

For small values of hb and (1 — i^e)^ the corresponding distributions Pb(^) and Pe{0)

coincide with Pl{0)- This can be seen if the terms in the square brackets in equa-

tions 2.31, 2.33, respectively, are expanded in cos^^ up to the first order and if one

assumes that k/, = ac^ = 2(1 — ke)- Thus , in the limit of a small deviation from the

random distribution of orientations, all three models should yield similar results.

The criterion for deciding whether a given model is adequate is the misfit function.

If a large or a systematic misfit is observed even at the minimum of ^(«:), the chosen

model for p{6) is not appropriate.
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Chapter 3

Materials and methods

3.1 Chlorhexidine

Chlorhexidine is an important antiseptic, pharmaceutical preservative and an antiplaque

agent. It is a white odorless powder with strong alkaline reaction, the melting point of

134°C, slightly soluble in water (0.08% w/v at 20°C), molecular weight of 505.45 and

made up of C 52.28%, H 5.98%, CI 14.03% and N 27.71% [36]. It is bacteriostatic in

H H H H H H

rr Y Y """ Y Y XIJL^ NH NH JNH NH \-J?:J^
cr ^""-^ CI

Figure 3.1: Structure of Chlorhexidine (C22H30CI2N10)

low concentrations, with higher concentrations being bactericidal. It kills bacteria by-

membrane damge followed by intracellular coagulation [37] . It is also sporostatic but not

sporocidal.

In addition to its pure form it is frequently used as the acetate, gluconate or hydrochlo-

ride salts. In aqueous solutions, these salts display a maximum of biological activity and

chemical stability within a pH range of 5-8.

The most commonly used form is the salt chlorhexidine digluconate

(C22H30CI2N10.2C6H12O7) with molecular weight of 897.8. It is soluble in water to at

least 50% w/v. A solution of 0.5% in water can be used for general disinfection.
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Chlorhexidine is also used for dental disinfection where common mouthrinses contain

0.2% chlorhexidine. Another effective method used in oral care is a small chip which can

be placed subgingivially into pockets to deliver chlorhexidine to an area for an extended

period of time (7-10 days) [38]. Medicated chewing gums containing chlorhexidine salts

improve oral health in older patients [39].

3.2 Lipid

Glycerophospholipid used in this study l,2-dimyristoyl-c?54-glycero-3-phosphocholine

(DMPC-c?54, Fig. 3.2) belongs to the phosphochoHne group and is widely used as a model

system for biomembranes. Both hydrocarbon chains are identical, with the chain length

Dz D2 O2 Dz D2 D2

O i^
^ ^ D2 D2 D2 D2 D2 D2 D
^ D2 D2 D2 D2 D2 D2 ^

D2 D2 D2 D2 D2 t>2
D

fDAvHoti Polar lipids

Figure 3.2: l,2-diinyristoyl-c?54-glycero-3-phosphocholine (DMPC-(i54) [6]

of 14 carbons. In the deuterated form all hydrogens are replaced by deuterium atoms.

3.3 Sample preparation

Dry DMPC-(i54 and a calculated volume of 20% solution of chlorhexidine digluconate

(CHG) was weighed in a sample container to get the desired molar ratio according to the

relation:
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X =_
[DMPC - dr,^]mol

[CHG]mo/

Deuterium-depleted water was then added, to obtain the desired water content:

(3.1)

%H20
m(H20) m(H20)

(3.2)
mtotai m(CHG) + m(H20) + m(DMPC - d54)

After this, the sample was closed and frozen rapidly in hquid nitrogen, then slowly thawed

in a warm bath (50-60°C). The freeze-thaw process was repeated at least five times to

ensure mixing.

Then the container was sealed under argon gas to minimize the oxygen content.

After this procedure the sample did not appear uniform. A white pellet of T>MPC-d^^

was visible in the centre, surrounded by a more clear viscous solution. The sample was

kept at room temperature for at least 5 days. During this time, the content of the

sample becomes uniform and transparent. Its pH was measured to be 7.5. Thin-layer

chromatography (TLC) was used to monitor possible degradation of the sample during

the measurements; none was seen. The samples used in the experiments had 70% of

water by weight with different molar ratios of DMPC-<i54:CHG (Tab. 3.1).

sample
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design can be found in [40].

The temperature in the probe was set and maintained by an airflow temperature con-

troller, based on Omega CN76000. The temperature was maintained constant throughout

each experiment to within ±0.1°C. After changing the temperature to a new setting, the

samples were allowed to equilibrate for at least 30 minutes.

The ^H NMR experiments were performed at a frequency of 46.0612 MHz. The

spectra were collected as a sum of at least 1000 scans and were taken using a quadrupolar

echo sequence with a typical r^e value of 100/us with repetition time 1.5s and the dwell

time of 2/is. The length of the 90° pulse was 1.5/is.

For Tiz measurements, the T2 value was kept at lOO/xs and ri values were varied in

a pseudo-random order: 60, 300, 2, 130, 8, 100, 20, 160, 80, 230, 40, 200 ms. For T2

measurements, the Tqe values were : 60, 120, 800, 400, 80, 1000, 200, 600, 1500, 1100,

900, 250, 500 IIS.

3.5 Experimental methods of measuring relaxation

times Tiz and T2

A variety of pulse sequences exist which are used to manipulate the spins. For the

experiments in this study the modified inversion recovery sequence for determining Tu

and the quadrupolar echo sequence for measuring powder patterns and determining T2

were used, following [22].

Briefly, the transverse relaxation was measured by a series of quadrupolar echo (90° —

Tqe — 90° — Tqe — ccko) experiments. This pulse sequence allows one to get rid of spectral

distortions caused by the dead time of the receiver, if Tqe is long enough. Measuring the

amplitude of quadrupolar echo as a function of the pulse separation Tqe one obtains T2.

The standard inversion recovery pulse sequence 180° — r — 90° — r — echo is modified
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to use the quadrupolar echo instead of the second pulse. Therefore the modified pulse

sequence is 180° — ri — 90° — T2 — 90° — echo was used. During a series of modified

inversion recovery experiment, T2 = lOO/xs was constant, and the amplitude of the echo

was measured as a function of ri

.

Spin-lattice relaxation requires exchange of energy between the spins and the lattice,

so Tiz measurements are more sensitive to thermal (fast) motions. Spin-spin relaxation

does not requires any exchange of energy with the lattice, so T2 measurements are sen-

sitive to slower motions.

3.6 The method of moments

The method of moments is a valuable tool in the study of the changes in molecular

motion that occur, for example, as the temperature or the composition of the system is

varied. By definition, the n-th moment (unnormalized) about loq of the spectrum with

lineshape S{uj) is

MniuJo) = f(uj - UQfS{u)du . (3.3)

Mo is the area under the curve of S(u))\ it corresponds to the peak of the time-domain

signal. The M2 is the most important for ^H NMR, it is a measure of the spectral width.

Plotting M2 as a function of temperature is a reliable way of detecting thermodynamic

changes in the sample. For symmetric spectra all odd moments about the center of

symmetry vanish.
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Chapter 4

Experimental results

The focus of this work was on using NMR spectroscopy to elucidate the structure of

chlorhexidine in lipid/water dispersions. We explored influence of temperature and

changes in the molar ratio of lipid:CHG.

4.1 The effects of temperature

To determine the effect of temperature the following procedure was used to obtain a series

of NMR spectra. The samples were first equilibrated at 5°C and then the temperature

was raised and the NMR spectra taken at least every 5°C, until 60°C. After that, the

temperature was systematically reduced in a series of steps. At every temperature the

sample was equilibrated for at least 30 minutes.

As we can see, for the sample A (3:1 lipid:CHG, Fig. 4.1), the nature of the spectra

changed through the temperature range. The spectra obtained during the very first

run of increasing temperatures, were not reproducible. A significant and irreversible

change of spectral shape was observed at 54°C, and, when the temperature was decreased

to 5°C and then systematically increased again, a similar change was seen at a lower

temperature, 47°C. All subsequent thermal cycles faithfully reproduced the spectra of

the second thermal cycle (Fig. 4.2).

For the sample B (6:1, Fig. 4.3) the most visible changes are at low temperatures,

up to 15°C. Above this temperature, the shape of the spectra remains the same, but the

line width of the individual lines become smaller els the temperature is increased.
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Figure 4.1: Temperature history of sample A (3:1), first heating
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Figure 4.2: Temperature history of sample A (3:1), second lieating
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Figure 4.3: Temperature history of sample B (6:1)
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4.2 The moment analysis

The temperature dependence of the first and second moments of both samples A and

B is presented in Figs. 4.4 and 4.5. Quahtatively, both samples exhibit a temperature

range where the moments at heating or cooling remain approximately constant, and

another range where the second moment fluctuates. Also for both samples there is no

evidence of sharp transitions. However, at temperatures above 45°C both samples exhibit

reproducible oscillatory changes in moments, leading to a characteristic and reproducible

zig-zag line. Both samples show slight hysteresis between 20-40°C.

For sample A the process of heating and cooling was performed two times for every

temperature. On first heating, the moments were much different from those of the next

heating and cooling cycles. It is likely that the sample was not in an equilibrium state.

All of the moments data for the cooling and the next heating and cooling cycles are

presented in Fig. B.l, Fig. 4.4 shows only their arithmetical average.

In an attempt to reach to equilibrium state, sample B w£ls heated to 60°C for 15 min-

utes before the beginning of the temperature-dependent measurement. For this sample,

the second heating/coohng cycle was performed only for temperatures at 36°C, 55°C and

60°C. From Fig. 4.5 we see that the moments match the values of the first coohng almost

perfectly. However, the moments observed during the first heating remained different. It

appears that a short heating at 60°C was not enough to eliminate the thermal hysteresis

associated with the first slow heating of the sample. At 36°C of the last cooling, the sam-

ple was equilibrated at this temperature for 48 hours to find out how a long equihbration

will affect the spectrum. No change was observed.

The errors are very small, well within the site of the plotting symbols. To establish

the error bars, the moments were re-calculated several times varying the limits of the

spectral range by up to ±7 kHz.
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4.3 Tiz and T2 measurements

Tiz and T2 were calculated using a least-squares fit to the echo amplitude as a function of

the interpulse delay. Weighted superpositions of two exponential decay rates were used

for most of the data (see Fig. A.l and Tab. A.l); occasionally, the data could not support

a two-rate decay and only a single relaxation rate was returned by the fit.

Longitudinal relaxation times increase with temperature for both short and long com-

ponents. A full set of data for sample A is reported in Fig. B.2, Fig. 4.6 reports the

average values over several heating/cooling cycles, as in the case of the spectral mo-

ments. The short Tu component for sample B in the temperature range 5-20°C exhibits

a shallow minimum near 20°C (Fig. 4.8 a). Both short and long values for the second

cooling/heating cycle match the values for the first one. All values, with the exception

of the point at 40°C, are within the error bars, and therefore there is no or little Ti^

dependence on the thermal history.

Transverse relaxation time for sample A (Fig. 4.7; also see Fig. B.3) on the first

heating cycle yielded a fit to a single exponential for 25-51°C, but a two-component fit

is required at all temperatures on all subsequent thermal cycles. Similarly for sample B

(Fig. 4.9) a single exponential fit was used for temperatures between 20-60°C, both for

the heating and for the cooling portion of the cycle. All other cases required a two-

exponential fit. Only for sample A a significant thermal hysteresis for T2 ^ is seen. In

all other cases, for both samples the hysteresis is slight, but well beyond the error bar.

For 25-60°C the T2 of the sample B is almost temperature independent (Fig 4.9 b),

while sample A shows a gradual increase in T2 with a sHght step between 45-50°C

(Fig. 4.7 b), approximately where the first heating curve exhibits a sharp jump.
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Figure 4.6: Tu of sample A (3:1) vs. temperature

a: T[f''^^'^ vs. temperature; b: T^^""^^^ vs. temperature;

"AVERAGE" refers to the arithmetic average, with the standard deviations reported as

the error bars. Full data set is shown in Fig. B.2
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"AVERAGE" refers to the arithmetic average, with the standard deviations reported as

the error bars. Full data set is shown in Fig. B.3
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4.4 DePaked spectra

The spectra for samples A and B were dePaked using the Tikhonov regularisation tech-

nique and three models (see sections 2.5.1, 2.5.2) were tested to allow us to choose the

best one using the minimum of ^(k). The minima were determined for temperatures 15,

36 and 60°C for both samples and Table 4.1 shows the corresponding best models.

sample A
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significantly from the random (spherical) p{d) = sin 6. The best fit corresponds to an

ellipsoidal model with «=1.5 or the semiaxis ratio of 1.22.

The sample A does not have a spherical distribution. The best fits were achieved using

an ellipsoidal model or a mixed model and the dePaked spectra for three representative

temperatures are presented in Fig 4.11. The mixed model was needed for spectrum at

36°C and the best fit was achieved using 70% ellipsoidal and 30% spherical components

to make up p{0). Since this ratio gives us the best fit (the lowest minimum of ^(k)),

it indicates that a 30/70 mix of two different components is present, with only one of

the two subject to partial alignment [30]. As the temperature increases the dePaked

4e-K)5

3e+05

2e+05

le-K)5

-40

15''Ck = 5.6

36°Ck = 9

60°Ck = 2.1

40
Frequency [kHz]

Figure 4.11: The depaked spectrum for sample A (3:1) at 15°C, 36°C, 60°C

spectra became more resolved, though their overall width does not change significantly,

in agreement with the moments data reported in the previous section.

An example of a dePaked spectrum for sample B at 36°C is presented in Fig 4.12.
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As we can see the fit is not perfect, confined mostly to the shoulders of the innermost

Pake pattern. This is likely caused by different isotropic chemical shifts of the terminal

methyls.

Interpretating the results of the dePakeing in terms of a specific structural model is

limited in our case. Unfortunately, a significant magneto-acoustic ringing is present in

our data, and this was not realized until the experiments were concluded.

20 -10 10 20
Frequency, kHz

Figure 4.12: Real, fitted and depaked spectrum for sample B (6:1) at 36°C

The measured (red line), fitted (green line) and depaked spectrum (blue line) at minimum

«£; = 1.1. On the bottom is misfit (x3.5), the difference between measured and calculated

spectra. The left inset plot is orientation function for certain k, dotted line shows the

random distribution function. The right inset plot is minimizing ^ function as a function

of K,.
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4.5 Orientational Order

Assuming a monotonic decrease in the order parameter along the fatty acid chain, the

dePaked spectra allow us to assign an order parameter to every carbon position^ along

the lipid chain and from that, the orientational order parameter profile, S{n) (Fig. 4.13).

The peaks associated with the CH3 group were assigned by inspection, the remaining

area (separately on the right-hand side and the left-hand side) was split into 12 equal

parts corresponding to the 12 CH2 groups in the chain.

40 30 -20 -10 10 20
Frequency, kHz

Figure 4.13: Depaked spectrum with assigned carbon positions for the Scimple

B (6:1) at 36°C

The average plots of S{n) values for the three temperatures (coohng cycle) for sample

A are shown in Fig. 4.14 a. A significant change in the order parameter profile is observed

^The carbon number 1 corresponds to the carbon nearest the headgroup, while number 14 belongs

to the terminal CH3 group at the end of the chain.





Chapter 4. Experimental results 49

C/3

0.15

0.12 -

0.09 -

0.06-

0.03 -

6 8 10 12

Carbon number, n

14

4 6 8 10 12

Carbon number, n

14

1





Chapter 4. Experimental results 50

at 36°C, yet similar order parameter values are seen at 15°C and 60°C. For 15°C between

the 3'''^ and 9*^^ carbons the values he almost on a straight line. The change of order

parameter value from one carbon position to the next one is smaller for 36°C with more

pronounced changes in the first and last carbon positions. At this temperature the first

half of the chain is more disordered than at 15°C and 60°C, but the second half shows

more ordering than at other temperatures.

In the next figure (Fig. 4.14 b) we plot the same plot normalized to the value of

the order parameter at n = 3; we use the notation a = S{n)/S{3). n — 3 was chosen

because of the ambiguity associated with 5(2), which is only partially deuterated during

the synthesis of DMPC-d54. The order parameter profiles are similar at 15°C and 60°C,

but differ significantly from the profile at 36°C which exhibits a more rapid decrease of

S{n) towards the end of the chains, which is characteristic of a lamellar phase together

with the plateau formed by the first 5-6 carbon positions [25]. At other temperatures

the decrease of order is more rapid along the entire chain and is monotonic, without a

plateau. This is more characteristic of a hexagonal H// phase.

The plots of average S{n) values for the sample B are shown in Fig. 4.15 a. As can

be seen the order parameters along the lipid chain at different temperatures differ from

each other. At lower temperatures we see a more rapid decrease of the order toward the

end of the chain than at higher temperatures, which means the number of degrees of

freedom changes more rapidly than at higher temperatures. The values of S{n) decrease

with increasing temperature, which is in agreement with the expected increase in the

rate of molecular motions. It seems that order parameter profiles scale with increasing

temperature, approximately uniformly, with the exception of the carbons near the end of

the chains, especially the methyl and the nearest methylene groups which are not affected

as much.

The next figure (Fig. 4.15 b) contains the re-normalized plot. In contrast to sample
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A the normalized order parameter profiles are similar for 36°C and 60°C. At 15°C the

shape of a more readily exhibits a plateau characteristic of the lamellar phase, similar to

that exhibited by sample A at 36°C.

The next figure (Fig. 4.16) shows that the scaled order parameter profiles represented

by a at 36°C for both samples are almost the same, with the exception of the second

carbon position. This does not mean that the order parameters do not depend on the

hpidiCHG ratio, but that the shape of the order profile is universal. From the S{n)

profiles of Figs. 4.14 b and 4.15 b is obvious that the sample with a higher lipid:CHG

ratio has a higher degree of ordering.
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using the ratio

where (Jx{n) and cry{n) are the normahzed fractional order parameters at two different

temperatures (Fig. 4.17). This approach scales out the overall reduction in the order

associated with an increase in temperature.

In our case we used it to emphasize the differences between the two temperatures.

For a sample that may have more than one structural phase present, this ratio should be

determined from the two spectra obtained at a common temperature, right in the middle

of the phase transition. In our case, when the lipid:CHG ratio is 3:1 (sample A), plotting

R{n) makes it obvious that the change between 15°C and 60°C is very small, except for

the last carbon positions of the chain. The same is not true for 36°C. For the lipid:CHG

ratio of 6:1 (sample B), the differences are less pronounced, especially for temperatures

36°C and 60°C, as was seen directly from S{n).

For both samples the carbons nearest the head group show little or no change in the

overall shape of the order parameter profile represented by R{n) . A bilayer-to-hexagonal

phase transition has been shown to lead to a linear decrease in R{n) [26]. However, the

appearance of a hexagonal phase is also accompanied by an overall reduction in S{n) of

about |. This is not seen in the lipid:CHG mixtures. Nevertheless, the shape of R{n)

suggests that a significant structural change is taking place, with additional degrees of

freedom becoming available to the tail ends of the lipid chains. The exact nature of this

structural re-arrangement is not known at this time. One interesting aspect of Fig. 4.17 a

is that the value for the terminal methyl, i?(13), is close to 1. This is consistent with the

presence of a highly folded conformation, in which the terminal methyls are within a few

angstroms of the headgroup [41].
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4.5.1 The influence of T2 on S(n)

For long Tqe values a possibility exists of a systematic error in the depaked spectrum

because of the relaxation. To check for this, plots of the depaked spectra and the average

order parameter profiles S{n) for lipidiCHG ratio of 6:1 (sample B) calculated for two

different Tqe values are presented in Figs. 4.18 and 4.19. The order parameter profiles are

seen not to be affected. In addition, the T2 appears to be associated with the tail end

of the phospholipid chain, likely the terminal methyl group and possibly the methylene

nearest to it.
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Chapter 5

Conclusions

It was hoped that we would observe NMR spectra characteristic of a specific structural

phase, for example that of a micelle, where chlorhexidine is trapped inside a lipid com-

partment at physiological temperatures.

The order parameter profiles describe the variation of fiexibility of the molecule along

the chain. For 3:1 lipid:CHG ratio (sample A), a significant change is observed at 36°C.

At this temperature the change in order parameters is significantly slower along entire

chain than for the other temperatures, but with a rapid decrease towards the end of the

chains. The order parameter profile is close to a typical bilayer profile. For the other

temperatures the decrease is more rapid along entire chain, without a plateau. On the

other hand, for 6:1 lipid:CHG ratio (sample B), the order parameter profiles scale with

temperature, except for the last carbons, but no significant change in the shape of the

profile is observed. The shape of the order parameter profiles is similar to the bilayer

profile. At 36°C both samples exhibit almost the same order parameter profiles along

the chains, with a slightly higher degree of ordering for sample B.

The method of moment for both samples shows no evidence of a sharp transition.

Between 20-40°C, a shght hysteresis is observed. At temperatures above 45°C a rapid

change of the moments is seen, leading to a reproducible zig-zag line. This is a totally

unexpected result.

Both samples have approximately the same values of Tiz in the investigated temper-

ature range. Sample B exhibits a shallow minimum near 20°C in its T^l
°^ \ instead of a
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gradual increase with temperature. Little or no Tiz dependence on thermal history was

observed. Both short and long components of the T2 vary a great deal with changing

lipid:CHG ratio. For sample A there is also a change in T2 values between the first

and the subsequent heating/cooling cycles. For sample B T2 "^
is almost temperature-

independent above 25°C, while sample A exhibits a gradual increase in T2 with temper-

ature. A significant hysteresis between the first and the subsequent cycles is seen only

for the T^^"^^^ of sample A.

These results lead us to the suggestion that the sample is a system with at least two

structural phases. The samples have a significant thermal "memory", especially when

they are first prepared. It is possible that some of the effects we have seen are due to the

sample not being fully equilibrated, even after several days at the same temperature.

Further investigation is needed to determine the structure of the lipid:CHG aggre-

gates, including freeze-fracture microscopy and light scattering to determine the size of

the structures. Pulsed-field gradient NMR may also prove useful in differentiating be-

tween CHG trapped in lipid vesicles and bicontinuous sponge-like structural phases, both

of which have been suggested.
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Figure A.l: An example of a two-exponential fit for Tiz
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Appendix B

Raw data for sample A (3:1)

A complete data set obtained for the first cooling and the second heating /cooling cycles

of sample A is presented here: moments in Fig. B.l, Tiz in Fig. B.2 and T2 in Fig. B.3.

The arithmetic average was calculated only at temperatures with all three data points.

For the moments calculation the original error bars were very small, well within the size

of the plotting symbols. For Tiz and T2 plots, the error bars shown here are the errors

reported by the least-squares fits. For the average values (Fig. 4.4, 4.6, 4.7), the error

bars reflect the standard deviations of the averages from Figs B.l, Fig. B.2 and Fig. B.3,

respectively.
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