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CHAPTER I

INTRODUCTION

Tirrell and coworkers(l) reported the first observation of interdigitated gel phases in

dipalmitoylphosphatidylglycerol (DPPG) bilayers treated with aliphatic ionene polymers.

Characterization by differential scanning calorimetry (DSC) has shown that these

interdigitated (Lj) phases exhibit increased phase transition temperatures (Txn), narrowed

transition peaks (AT1/2) and increased enthalpies of transition (AHm), in comparison with

the unperturbed (Lp') phase of DPPG. These phases were shown by x-ray diffraction

experiments to adopt an arrangement in which the hydrocarbon chains of opposed

monolayers are normal to the bilayer plane and fully interdigitated (i.e. the terminal methyl

groups of one half of the bilayer are located near the polar headgroups of the opposite half).

(Figure 1.1). The bilayer thickness is reduced to approximately 30A in the ionene-treated

interdigitated phase as compared to 42A in the unperturbed Lp' phase.

The approach of ionene polymers to the DPPG bilayer surface must be driven in

part by strong electrostatic forces between the negatively charged phosphate headgroups of

the surface and the ammonium cations of the polymer chain(l). Effective ion pairing

would place the hydrophobic polymethylene spacer of the polymer in juxtaposition with the

polar, hydrated surface of the Lp' bilayer. This arrangement is energetically unfavorable

with respect to the interdigitated phase, which pairs the ionic and apolar portions of the

polymer and lipid, while reducing electrostatic repulsion in the headgroup region of the

bilayer.

Our investigation into the formation of interdigitated phases upon addition of ionene

polymers to anionic phospholipids focused on two main areas: investigation of ionene

structure and investigation of phospholipid structure. The introduction is not meant to be a

comprehensive review of the biological membrane field. It is intended to highlight the
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Figure 1.1. Acyl chain interdigitation of ionene-6.6 treated DPPG bilayers. The normal,

LR' bilayer of DPPG has a bilayer thickness of 42A and the hydrocarbon chains are tihed at

a 30° angle from the bilayer normal. Upon addition of ionene-6,6, the bilayer assumes an

interdigitated structure in which the hydrocarbon chains fully interpenetrate. The bilayer

thickness is reduced to 30A and the hydrocarbon chains are oriented perpendicular to the

plane of the bilayer. From A.B. Turek, Ph.D. Thesis, Carnegie-Mellon University,

45(1985).
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physical principles that govern the structure of bilayer membranes and are relevant to our

investigation or interpretation of experimental results. For an excellent general review of

liposome structure and applications consult, C.G. Knight(2). Additional information on

the physical principles of bilayer phase formation can be found in the works of:

C. Tanford(3), J.N. Israelachvili(4) and G. Cevc, D. Marsh(5).
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A. lonenes

lonene polymers are a unique class of polyelectrolytes with cationic ammonium

groups at regular and specific sites along the polymer backbone. lonene polymers are

particularly attractive for our investigation because their charge density, counterions and

chemical structure can be varied systematicaUy. C.S. Marvel first reported the synthesis of

ionenes from co-haloalkyl dialkylamines in 1933(6). The method is shown in Scheme 1.1.

When n = 7,8,9 or 10 a polymer was formed. The products were hygroscopic resins,

glasses or amorphous soUds with reported molecular weights of 3350 to 28,000.

Kern and Brenneisen(7) later prepared ionenes via the Menschutkin reaction from

a,co-ditertiary amines and a.co-dihalides. By far the most comprehensive investigation into

aliphatic ionene formation via the Menschutkin reaction and ionene characterization was

reported by Rembaum( 8, 9, 10, 1 1). lonene formation via the Menschutkin reaction is

shown in Scheme 1.2. Rembaum determined that when the number of methylene groups

in the monomers (integers x and y) were greater than 3, ionene polymers were obtained

with weight average molecular weights of 30,000 to 40,000. When x or y were less than

3, a variety of cyclic or hnear ammonium salts were formed. A summary of the reaction

products as a function of x and y values are given in Table 1.1.

Since the extensive work by Rembaum on the aliphatic ionenes, a number of

reports on functionalized ionenes have been found in the literature. Among them, ionenes

containing ether(12,13), ester(14), catechol(15), cyclohexyl(16) and bipyridyl and

xylyl(17) units in the spacer, pendent 1-menthyloxymethyl groups(18), (9-anthryl)methyl

groups(19), hydroquinone groups(15), and ionene copolymers of 1,4-diazabicyclo

[2.2.2]octane (DABCO) and aliphatic dihalides(20). Surfactant-like behavior has been

reported for ionenes with very long aliphatic spacers (n > 14), (21, 22). We have

synthesized and investigated ionenes with methylene, ether, hydroxyl, xylyl and

4
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5



CH

CH

N —(CH,3- N
CH CH3 Br- CH3 Br

I +

2'x \
CH

Br -(CH^^ Br
I
+

^-PN-CCH^)- N --(CH^^

CH^ CR

Scheme 1.2. The synthesis of ionenes via the Menschutkin reaction.

6



Table 1 . 1
.
A summary of Menschutkin reaction products as a function of the number of

methylene groups (integers x and y) in the monomers. From A. Rembaum, Appl. Polym
Symp.,22, 300(1973).
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pyridyl groups in the spacer unit. The structure of the ionenes are shown in Table 1.2.

lonenes with hydrophilic and rigid groups incorporated into the spacer unit were

synthesized and investigated in order to determine the influence of spacer unit structure on

bilayer structure. Hydrophilic groups were incorporated in an attempt to vary the degree of

hydration at the bilayer surface. We expect the ionene with an ether moiety in the spacer to

be more hydrophilic than the ionene with a methylene spacer unit. The ionenes with one or

more hydroxyls attached to^the spacer unit were expected to be the most hydrophilic of the

group we investigated. Rigid groups were included in the spacer to determine what effect

they might have on the formation of an interdigitated phase.

B. Bilayer Membranes

Phospholipid molecules are amphiphilic; with polar, hydrophilic phosphate

headgroups and non-polar, hydrophobic hydrocarbon tails. They are lyotropic and

thermotropic liquid crystalline compounds, sensitive to degree of hydration and

temperature. Phospholipids self-assemble to form bilayer structures in the absence of

water(23) and a multitude of complex structures when dispersed in water(4), some of

which are illustrated in Table 1.3. In each case the molecules assemble with the

hydrophilic headgroups in contact with the aqueous phase shielding the hydrophobic,

hydrocarbon core in the center of the bilayer. It is largely their molecular geometry that

determines what type of aggregate will be formed(4). For example, double-chain

phospholipids with large headgroup areas approximate a truncated cone shape geometry

and form flexible curved bilayers (vesicles).

Our investigation concentrated on the interaction of ionene polymers with anionic,

double-chained, vesicle forming phospholipids. We have varied phospholipid chain length

and headgroup structure in order to determine the factors that control the relative stabilities

of the interdigitated and Lp phases of these lipids.
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.2. Structure of the ionenes synthesized for this investigation.
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Table 13 Variation in aggregate structure with molecular geometry of the amohinhilp
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C. Interdigitated Bilayers

A.B. Turek(24) investigated four main areas of concern with respect to the

formation of interdigitated phases in ionene-treated DPPG bilayers:

1) The effect of aliphatic ionene spacer length.

2) The dependence on ionene concentration.

3) The effect of ionene molecular weight.

4) The effect of divalent cations.

A group of ionenes (3,3-, 4,4-, 6,3-, 6,6-, 6,10-, 8,8-, 10,10- and 12,12-) with

various aliphatic spacer lengths were investigated. Turek found the transition temperature

of the DPPG/ionene complex to increase as the charge density of the ionene decreased.

This trend parallels the ionenes' antimicrobial activity(25). In addition, the thickness of the

water layer between bilayers increased systematically with increases in the length of the

aliphatic spacer unit.

In an investigation of ionene concentration dependence, the concentration of

ionene-6,3 and ionene-6,10 was varied from 0 to 1 mg/ml while the concentration of

DPPG remained constant at 1 mg/ml. At a concentration of 0.1 mg/ml, the ionenes had no

effect on DPPG melting. At 0.15 mg/ml, phase separation was implied by the appearance

of a new peak at an elevated temperature which corresponds to the melting of an

interdigitated bilayer. As polymer concentration was increased to 0.25 mg/ml, a single

peak was observed at the elevated temperature and no further change occurred up to a

concentration of 1 mg/ml. When ionene molecular weight was varied, the low molecular

weight bisammonium salt (N,N,N,N',N',N'-hexamethylhexamethylenediammonium

dibromide) had no effect on DPPG melting, however samples of ionene-6,3 with

1 1



Tlinh - 0.06 dVg and ionene-6,3 with ninh = 0.15 dVg exhibited identical melting behavior

at an elevated temperature, indicating an interdigitated phase.

Interdigitated bilayers are much more common than originally beheved, and

although most cases observed to date occur under unlikely physiological conditions (in the

gel phase of Upids with two fuUy saturated chains) the interdigitated bilayer phase may be

important in the regulation of ceU function. The following paragraphs highhght some

instances where bilayer interdigitation has been observed in systems other than the

ionene/DPPG suspensions.

Interdigitation of hydrated DPPG bilayers has been observed previously upon

addition of small molecules; e.g., the organic cations, choline and acetylcholine and the

cationic polypeptide antibiotic, polymyxin B (PXB) ( 26, 27). These interdigitated phases

exhibit a decreased bilayer thickness (approximately 37A) and an increased area per polar

group at the lipid-water interface (approximately twice the value for DPPG alone).

Interdigitated phases were observed in dry DPPG/acetylcholine and dry DPPG/PXB

mixtures as well. Later work reported that polymyxin B nonapeptide (PXBN -a derivative

of PXB) induces interdigitation of the hydrocarbon chains of DPPG and that both PXB and

PXBN bind to dipalmitoylphosphatidic acid(DPPA) but do not induce interdigitation(28).

Myelin basic protein is also believed to cause interdigitation in the DPPG bilayer, however

the x-ray data to confirm this is not yet available(29). Wilkinson and coworkers(30)

recendy reported that tris-HCl buffer induced acyl chain interdigitation of DPPG bilayers,

although this effect could be reversed if a sufficient amount of sodium or potassium ions

were added.

Molecules that cause interdigitation of the DPPG bilayer have several characteristics

in common: a strong ionic attraction between the surface active agent and the negatively

charged surface of the bilayer, the abiUty of the molecules or ionenes to displace water from

tiie interfacial region and dehydrate the bilayer surface, the abihty to increase the effective

headgroup area which would be necessary to stabilize the interdigitated phase, and the

1 2



ability to shield the terminal methyl group of an interdigitated bilayer from the aqueous

phase. Any one or all of these characteristics appear to be necessary for formation and

stabilization of an interdigitated phase in DPPG.

Interdigitated bilayer phases have been observed in dipahnitoylphosphatidylcholine

(DPPC) as weU. Mcintosh and coworkers(31, 32, 33) observed the interdigitation of

DPPC bUayers upon addition of high concentrations of ethanol, glycerol, ethylene glycol,

methanol, benzyl alcohol, phenyl ethanol, tetracaine and chlorpromazine. They have

shown that at least in this case, a formal ionic attraction between the surface active agent

and the bilayer surface is not necessary, but suggest that these smaU molecules are able to

displace water from the interfacial region without penetrating deeply into the bilayer

interior.

It has recently been shown that the addition of a surface active agent is not

necessary in order to form an interdigitated phase in some phosphatidylcholines.

McIntosh(34) reported the formation of an interdigitated phase in a hydrated mixed chain

phosphatidylcholine, l-stearoyl-2-decoylphosphatidylcholine. This novel bilayer phase

has three chains per headgroup, as illustrated in Figure 1.2. Mcintosh suggests this phase

to be energetically favorable for asymmetric chain hpids provided the long chain is nearly

twice the length of the short chain. In addition, Hui and Huang(35) have reported the

formation of an interdigitated bilayer phase in a single chain phosphatidylcholine, 1-

stearoyllysophosphatidylchoUne. Recent work by Shipley and coworkers(36) confirmed

Mcintosh's criteria for formation of an interdigitated phase in asymmetric chain

phospholipids by observation of interdigitated phases in hydrated phosphocholines with

asymmetric chain lengths [l-eicosyl-2-dodecyl-rac-glycero-3-phosphocholine and 1-

dodecyl-2-eicosyl-rac-glycero-3-phosphocholine]. Jain et al.(37) have also reported the

formation of an interdigitated bilayer phase in a single chain phosphocholine, n-octadecyl-

phosphocholine.

1 3
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Figure 1.2. A schematic of the interdigitated phase of l-stearoyl-2-decoylphosphatidyl

choline. From Mcintosh et al., Biochemistry, 23, 4038-4044(1984).

14



Siminovitch(38, 39) has also reported interdigitated phases without the addition of

surface active agents; in hydrated suspensions of l,2-dihexadecyl-glycero-3-

phosphochoUne (DHPC) with lamellar repeat periods of 46A as compared to the normal

Lp' bilayer of DPPC at 64A. In DHPC, the hydrocarbon chains are linked to the glycerol

backbone by an ether bond whereas the hydrocarbon chains of DPPC are linked to the

backbone by an ester bond. Siminovitch attributes the formation of the interdigitated phase

in DHPC to the conformational differences at the glycerol backbone as a result of this ether

linkage. They also report that the addition of 50 mol% cholesterol causes the DHPC

bilayer to form a non-interdigitated phase. Serrallach and coworkers(40) have observed an

interdigitated phase in l,3-dipalmitoyl-glycero-2-phosphocholine(p-DPPC), in which the

phosphate headgroup is attached to C2 of the glycerol backbone in contrast to DPPC where

the phosphate headgroup is attached to C3. In this case the formation of an interdigitated

phase is due to an increased intramolecular chain separation in p-DPPC; this lipid

accommodates a larger effective headgroup area, a change in backbone orientation (parallel

to the bilayer surface instead of perpendicular to the bilayer surface, as in DPPC) and the

increased intrachain separation by adopting an interdigitated hydrocarbon phase.

It appears, from the studies outlined above that changes in both the polar region and

the hydrocarbon region can induce the formation of an interdigitated phase in

phospholipids. In the polar region, an increase in effective headgroup area, a change in

headgroup hydration or a change in glycerol backbone orientation can result in the

formation of an interdigitated phase. In the hydrocarbon core, the introduction of

asymmetrical chain lengths or changes in intramolecular chain separation can induce an

interdigitated phase. These factors will be considered in the interpretation of results we

obtained with the ionenes.

1 5



D. Bilayer Characterization by Differential Scanning Calorimetry (DSC)

Two primary methods used to characterize the phase behavior of phosphohpid

bilayers are DSC and x-ray diffraction. We have relied heavily on these two techniques,

and will highlight the pertinent aspects of the techniques with respect to our investigation.

Thermodynamic factors that influence bilayer stability include; van der Waals

interactions and excluded volume interactions in the hydrocarbon chain region and

headgroup interactions (excluded volume, van der Waals, ionic and hydrogen bonding

effects),(2). These thermodynamic factors can be investigated by DSC(2, 41 , 42), which

allows one to study phospholipid thermal stability. Phospholipid bilayers exhibit

characteristic first order phase transitions; where the hydrocarbon core of the bilayer

changes from the gel state with chains in the extended, all trans conformation (Lp) to the

melted phase where the hydrocarbon core becomes disordered and fluid-like (La) but the

long range lamellar order is retained, as shown in Figure 1.3. The heat capacity of the

sample relative to a reference is followed as function of temperature; this gives one a direct

measure of the energy change associated with a phospholipid melting transition.

A minor broad transition, below the temperature of the main transition is observed

in some phospholipids. This transition is called the pre-transition(43), and is observed

only in lipids with tilted hydrocarbon chains. The pre-transition is accompanied by the

onset of a rippled surface texture, which signifies the transition from the lamellar phase,

Lp', to the periodic lamellar phase, Pp'. The change in enthalpy for this transition is

generally less than one kcal/mole. Above the main transition, the bilayer melts to a lamellar

phase, L(x.

The calorimetrically determined enthalpy of the transition can be calculated from the

area under the transition curve and the molecular weight of the lipid in Equation 1.1:

AHcal = M / ACp dT [1.1]

1 6



Figure 1.3. Phase transitions in phospholipid bilayers. The DSC scan shows the first

order phase transition of the DPPC bilayer. The hydrocarbon core melts from the

extended, all-trans conformation(LB') to a disordered fluid-like conformation(La). From

M.J. Janiak et al., Biochemistry, 15, 4579(1976).
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