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ABSTRACT
lONENE-INDUCED INTERDIGITATION AND COMPLEXATION OF

ANIONIC

BILAYER MEMBRANES

FEBRUARY

1989

ROBYN ELIZABETH MCMILLAN, B.S., CARNEGIE-MELLON UNIVERSITY
Ph.D.,

UNIVERSITY OF MASSACHUSETTS

Directed by: Professor David A. Tirrell

The

interaction of ionene polymers with a series of negatively charged

phospholipids was investigated in order to determine the important factors that control the
relative stabilities of the interdigitated

and normal

Lp phases

of anionic phospholipids.

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. All of the ionenes, independent of their structure, induced the formation

of an interdigitated phase

Lp

in the phosphatidylglycerols but did not effect the formation of

bilayer phases in dipalmitoylphosphatidylchohne (DPPC), dipalmitoylphosphatidic acid

(DPPA) and

dipalmitoylphosphatidylserine (DPPS).

Ionene molecular weight dependences were investigated

(n= 2 and 3) and polymer

minimum molecular
perturbation of

(n

=

large) of ionene-6,6

and xylylionene

weight necessary for pertiu"bation of the

DPPG

in a series

DPPG

to

of ohgomers

determine the

bilayer

.

No

melting occurred with oUgomers with n<3; a systematic decrease in

bilayer thickness as the molecular weight of the ionene additive increased was observed.

A series of phosphatidylglycerols with different hydrocarbon chain lengths were
investigated: dimyristoylphosphatidylglycerol

(DPPG) and

(DMPG),

dipahnitoylphosphatidylglycerol

distearoylphosphatidylglycerol (DSPG). Chain length was varied in order to

van der Waals

examine differences

in

bilayer. In addition,

we

stabilization in the

hydrocarbon chain region of the

investigated a series of anionic phospholipids with the

V

i

same chain

length (16 carbons) but different headgroup structures:

DPPG, DPPC, DPPA and DPPS.

Differences in headgroup structure were investigated in
order to examine the influence of
structure, size

and ionic or hydrogen bonding interactions

in the

headgroup region on

bilayer phase stabiUzation.

All of the PG's, independent of their chain length, formed an
interdigitated phase

when ionenes were added

to the suspension. In contrast,

were observed with DPPG, DPPC,

DPPA and DPPS.

headgroup structure dependences

In

DPPG,

induced the formation of an interdigitated phase, however

none of the ionenes induced the formation of an

in

all

of the ionenes

DPPC, DPPA and DPPS,

interdigitated phase.

We conclude from our investigation that ionic interactions between the ionene and
phosphoUpid are a prerequisite

for interdigitated phase formation and that headgroup

structure (size and the presence of ionic or hydrogen bonding groups)
factor in determining the relative stabilities of the interdigitated and

phospholipids.

The

ability

sites

is

important

at

DMPG, DPPG

low molecular weights,

on the ionene chain

However, ionene spacer

is

the most important

Lp phases

in anionic

of the bilayer to form a stabile interdigitated phase was not

influenced by phospholipid chain length in

weight

is

or

DSPG. Ionene

indicating that connectivity of

molecular

ammonium

an important factor in stabilization of an interdigitated phase.

unit structure

had no apparent

V

*

•

I

I

affect

on bilayer phase

stabilization.
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CHAPTER I

INTRODUCTION

and coworkers(l) reported the

Tirrell

dipalmitoylphosphatidylglycerol

(DPPG)

first

observation of interdigitated gel phases in

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),

the unperturbed (Lp') phase of

DPPG. These

experiments to adopt an arrangement

monolayers are normal

in

in

comparison with

phases were shown by x-ray diffraction

which the hydrocarbon chains of opposed

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
(Figure 1.1).

The

bilayer thickness

interdigitated phase as

compared

to

is

reduced to approximately

42A

The approach of ionene polymers

in the

part

by strong

electrostatic forces

the surface and the

would place

ammonium

to the

30A

half).

in the ionene-treated

unperturbed Lp' phase.

DPPG

bilayer surface must be driven in

between the negatively charged phosphate headgroups of

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

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
polymers

into the formation of interdigitated phases

to anionic phospholipids focused

on two main

structure and investigation of phospholipid structure.

comprehensive review of the biological membrane

1

upon addition of ionene

areas: investigation of ionene

The introduction

field.

It is

is

not meant to be a

intended to highlight the

1®

,®

I®

42A
1

'v9

1®

I®

I

I

A

I®

N/WVNWV\N/V

o o o
I

I

I

30A

I

I

I

o'

d

d

Figure 1.1. Acyl chain interdigitation of ionene-6.6 treated DPPG bilayers. The normal,
LR' bilayer of DPPG has a bilayer thickness of 42 A 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).

2

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).

3

A. lonenes

lonene polymers are a unique class of
polyelectrolytes with cationic

groups

regular and specific sites along the
polymer backbone.

at

ammonium

lonene polymers are

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

chemical structure can be varied systematicaUy.
C.S. Marvel

first

ionenes from co-haloalkyl dialkylamines in
1933(6). The method

When

shown

amorphous soUds with reported molecular weights of 3350

Kern and Brenneisen(7)
a,co-ditertiary

later

in

Scheme

1.1.

reported by

shown

in

Rembaum(

Scheme

monomers

1.2.

8, 9, 10,

far the

most comprehensive investigation

1 1).

lonene formation via the Menschutkin reaction
that

when

and y) were greater than

3,

the

ammonium

salts

ionene polymers were obtained

were formed.

products as a function of x and y values are given in Table
Since the extensive work by
reports

Rembaum on

on functionalized ionenes have been found

is

number of methylene groups

with weight average molecular weights of 30,000 to 40,000.
a variety of cyclic or hnear

into

Menschutkin reaction and ionene characterization was

Rembaum determined

(integers x

to 28,000.

prepared ionenes via the Menschutkin reaction from

amines and a.co-dihalides. By

aliphatic ionene formation via the

3,

is

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

glasses or

in the

reported the synthesis of

When

A

x or y were less than

summary of the

reaction

1.1.

the aliphatic ionenes, a
in the literature.

number of

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

R X-

X-^CH^^NR^

X-<CH2tNHCH2>j^N)^(CH2^NR2
R

Scheme

1.1.

The

R X-

R

synthesis of ionenes from co-haloalkyl dialkylamines.

5

CH

CH3

CH
N —(CH,3N
2'x

CH

Scheme

I

\

Br

-(CH^^ Br

Br-

+

The

CH

synthesis of ionenes via the Menschutkin reaction.

6

I

Br

+

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

1.2.

CH3

CR

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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4

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

more hydroxyls attached
group

we

to^the spacer unit

investigated. Rigid groups

were expected

were included

to

unit.

The ionenes with one

or

be the most hydrophilic of the

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

which are

illustrated in

Table

1.3.

when

dispersed in water(4), some of

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

Our

(vesicles).

investigation concentrated on the interaction of ionene polymers with anionic,

double-chained, vesicle forming phospholipids.

and headgroup structure

in order to

of the interdigitated and

Lp

We have varied phospholipid chain length

determine the factors that control the relative

phases of these

lipids.

8

stabilities

.2.

Structure of the ionenes synthesized for this
investigation.
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1

-(N CH2CH2CH2CH2CH2CH2>n
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CH3

CH3
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+
1
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CH3

CH3

Br-

+
1

-(NCH^CH CH^hr
I
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I

CH3

OH

CH3

Br-

+
1

-(N CH-,CHCH Cliyh
^
1
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^11

CH3

CH3
-iN CH2

0»OH
Br-

Xylylionene

^ y CH2)n

CH3

Br-

Br-

Xylylviologen
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C. Interdigitated Bilayers

A.B. Turek(24) investigated four main
areas of concern with respect
formation of interdigitated phases in
ionene-treated

1)

The

2)

The dependence on ionene

3)

The

effect of ionene molecular weight.

4)

The

effect of divalent cations.

DPPG

to the

bilayers:

effect of aliphatic ionene spacer length.

A

group of ionenes

concentration.

(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

DPPG remained constant at
effect

of a

on

DPPG

new peak

at

melting.

mg/ml while

mg/ml. At a concentration of

At 0.15 mg/ml, phase

separation

0.1

the concentration of

mg/ml, the ionenes had no

was implied by

the appearance

an elevated temperature which corresponds to the melting of an

interdigitated bilayer.

peak was observed
concentration of

1

1

1

As polymer concentration was

at the elevated

mg/ml.

weight bisammonium

salt

When

increased to 0.25 mg/ml, a single

temperature and no further change occurred up to a

ionene molecular weight was varied, the low molecular

(N,N,N,N',N',N'-hexamethylhexamethylenediammonium

dibromide) had no effect on

DPPG

melting,

1

however samples of ionene-6,3 with

1

Tlinh
at

- 0.06 dVg and ionene-6,3 with ninh = 0.15 dVg

exhibited identical melting behavior

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
gel phase of Upids with

two fuUy saturated chains)

the interdigitated bilayer phase

(in the

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

B (PXB)

cationic polypeptide antibiotic, polymyxin

exhibit a decreased bilayer thickness (approximately

group

at the lipid- water interface

Interdigitated phases

(

26, 27). These interdigitated phases

37A) and an increased area per polar

(approximately twice the value for

were observed

in

DPPG alone).

dry DPPG/acetylcholine and dry

mixtures as well. Later work reported that polymyxin

B

nonapeptide

DPPG/PXB

(PXBN

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

-a derivative

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

although this effect could be reversed

if

a sufficient

DPPG

bilayers,

amount of sodium or potassium

ions

were added.
Molecules
in

common:

that cause interdigitation of the

DPPG

bilayer have several characteristics

a strong ionic attraction between the surface active agent and the negatively

charged surface of the bilayer, the abiUty of the molecules or ionenes
tiie

interfacial region

and dehydrate the bilayer

headgroup area which would be necessary

to displace water

surface, the abihty to increase the effective

to stabilize the interdigitated phase, and the

1

2

from

ability to shield the terminal

phase.

Any one

or

all

methyl group of an interdigitated bilayer from
the aqueous

of these characteristics appear

stabilization of an interdigitated

phase

in

to

be necessary for formation and

DPPG.

Interdigitated bilayer phases have been observed
in dipahnitoylphosphatidylcholine

(DPPC)

DPPC

as

weU. Mcintosh and coworkers(31, 32, 33) observed the

interdigitation of

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

and the bilayer surface

is

between the surface active agent

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 head group, as illustrated in Figure
to be energetically favorable for

Mcintosh suggests

1.2.

asymmetric chain hpids provided the long chain

this

is

phase

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

phospholipids by observation of interdigitated phases

in

asymmetric chain

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.

1

3

phosphocholine, n-octadecyl-

QOOO
oooo

Figure

A

schematic of the interdigitated phase of l-stearoyl-2-decoylphosphatidyl
choline. From Mcintosh et al., Biochemistry, 23, 4038-4044(1984).
1.2.
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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
Lp' bilayer of DPPC

at

64A. In

DHPC,

as

compared

the hydrocarbon chains are linked to the glycerol

backbone by an ether bond whereas the hydrocarbon chains of DPPC
backbone by an
in

normal

to the

are linked to the

ester bond. Siminovitch attributes the formation of the interdigitated
phase

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

linkage.

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

phosphate headgroup

is

attached to

the phosphate headgroup

phase

is

due

is

C2

of the glycerol backbone

DPPC

where

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

to an increased intramolecular chain separation in

accommodates

in contrast to

which the

a larger effective

headgroup

area, a

change

in

p-DPPC;

this lipid

backbone orientation

to the bilayer surface instead of perpendicular to the bilayer surface, as in

(parallel

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

headgroup hydration or a change

in glycerol

backbone orientation can

in

result in the

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

asymmetrical chain lengths or changes
interdigitated phase.

These

in intramolecular chain separation

can induce an

factors will be considered in the interpretation of results

obtained with the ionenes.

1

5

we

D. Bilayer Characterization by Differential
Scanning Calorimetry (DSC)

Two primary methods
bilayers are

and

used to characterize the phase behavior of
phosphohpid

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

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

Thermodynamic

factors that influence bilayer stability include;
van der

interactions and excluded

volume

Waals

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.

characteristic first order phase transitions;

where the hydrocarbon core of

changes from the gel

Phospholipid bilayers exhibit

state with chains in the extended, all trans

the bilayer

conformation (Lp)

to the

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

sample

is

retained, as

shown

in

Figure

1.3.

The

heat capacity of the

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

only in lipids with

tilted

transition is called the pre-transition(43),

hydrocarbon chains. The pre-transition

is

and

is

observed

accompanied by the

onset of a rippled surface texture, which signifies the transition from the lamellar phase,
Lp', to the periodic lamellar phase, Pp'.

generally less than one kcal/mole.

The change

Above

the

main

in enthalpy for this transition is

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

AHcal =

M

/

1

ACp dT

6

[1.1]

in

Equation

1.1:

the first
Figure 1.3. Phase transitions in phospholipid bilayers. The DSC scan shows
melts from the
order phase transition of the DPPC bilayer. The hydrocarbon core
conformation(La). From
extended, all-trans conformation(LB') to a disordered fluid-like
M.J. Janiak et al., Biochemistry, 15, 4579(1976).
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where

M

is

the molecular weight,

in temperature

ACp is the change in

(from the beginning to the end of the

to the transition enthalpy is the

change

hydrocarbon chain region, which

However,

is

in

is

the

change

in internal

estimated

estimated

at

relatively small

and

+

AUvdW

shown

in

is

is

+ AUother

the change

greatest contribution

DPPC),

Equation

in the

(44).

1.2.

[1.2]

energy associated with an increase

in

rotameric degrees of

the energy difference between the trans and gauche

Ang

0.5kcal/mole, and

at 5.6 for

The

dT

van der Waals interaction
(AUvdW)

there are several other contributing
factors

freedom. AUrot = eAng, (where e
states,

transition).

estimated at ~5.5kcaVmole (for

AH - I AUi = AUrot

AUrot

heat capacity and

is

the increase in the

number of gauche rotamers,

DPPC),(44). AUother, which includes headgroup interactions,
difficult to estimate

(Nagle estimates

it

to

is

be approximately

0.4kcal/mole, for DPPC),(44). Interbilayer forces can be ignored because of
the thickness

of the intercalated water layer (~20A);
bilayers will play anything

more than

it is

highly unlikely that the interactions between

a negligible part in the overall enthalpy value(44).

(peak-width-at-half-height)

is

a measure of the cooperativity of the melting

process which arises from the excluded volume interaction in the hydrocarbon chain
region.

The melting process

is

accomplished by the rotation of the chain around a carbon-

carbon bond from trans to gauche. Because of hydrocarbon chain proximity(4.8A), one
chain cannot undergo rotation without the neighboring chain also undergoing a rotation (2).

This

is

illustrated in Figure 1.4.

Notice the decreased bilayer thickness (-20%) and

increased area per headgroup (-25%) in the melted phase as compared to the gel phase(44).

These changes

in bilayer structure that

accompany

the melting transition are responsible for

the increased j)ermeability of the bilayer to water and solutes above the phase transition

temperature(2).

18

BELOW Tm

ABOVE

T.

Bilayer structure below and above the melting transition. Below the phase
transition the hydrocarbon chains are all-trans and extended and above the phase transition
the chains are disordered and fluid-like. A reduction in bilayer thickness and expansion in
the plane of the bilayer occurs above the phase transition. From J.F. Nagle, Ann. Rev.
Phys. Chem., 31, 159 (1980).

Figure

1.4.
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Although headgroup interactions
interactions,

hydrogen bonding

transition enthalpy, they

(electrostatic interactions,

excluded volume

interactions) account for a very small portion
of the

must be seriously considered

in

order to account for the high

transition temperatures of the phosphatidylethanolamines(PE)

and the phosphatidic

acids(PA),(44). Attractive headgroup interactions inhibit
lateral expansion of the bHayer,
thus stabilizing the gel phase relative to the melted phase. Forces
that influence the phase
transition temperature include: repulsive or attractive forces

molecular shape, ratio of headgroup volume

to

between headgroups,

hydrocarbon region(45) and hydration

These forces must also influence the formation and

forces(46).

stability

interdigitated phase because, the interdigitated phase, like the melted
lateral

to

expansion

approximately

in the bilayer plane.

65A2

for

of the

La phase, requires

Headgroup areas increase from approximately 40A2

DPPC upon

La phase(5);

melting to the

al.(33) calculate an increase in surface area to

78-79

like- wise

in interdigitated

Mcintosh

et

DPPC/glycerol

bilayers.

Although the

transition temperature of

anhydrous

hydrocarbon chains (longer and more saturated chain

lipids is

lipids

determined mainly by the

have higher phase

transition

temperatures), in solution, the headgroups and interfacial interactions substantially

influence phase behavior.
the

change

in free

energy

The

total contribution

at the

phase transition

of the headgroups and interfacial region to
is

represented in Equation 1.3(5).

AGt = AGh + AGel + AGbond + -

Where AGh

AGbond

is

frorn intermolecular bonding (the

hydration term
shift in

the contribution fipom hydration effects,

is

the

most dominant term

phase transition temperature

is

most

in

treated

by

AGel from

common

Equation

[1-3]

electrostatic effects

and

being hydrogen bonds). The

1.3(5).

The

electrostatically

induced

electrostatic double-layer theory(47).

Bilayer surface charge decreases the phase transition temperature by an estimated -5.5K;

20

calculated from the average area per headgroup
(~70A2) for a singly charged hpid(5).

Hydrogen bonding

effects

on the

shift in

phase transition temperature are

difficult to

estimate due to a lack of direct measurement
techniques. Cevc concludes, because the
entropic and enthalpic parts of the change in free
energy as a result of bond breakage cancel

each other(48), that the

shift in transition

temperature depends only on the weakening and

not the breaking of intermolecular bonds at the phase
transition temperanire(5). The

hydrogen bond induced

shift in

phase transition temperature

Cevc considers hydration

is

estimated at only 1-3K(5).

forces to be of primary importance to the thermodynamic

behavior of phospholipid bilayers; and outlines a theory on

how

bilayer surface hydration

and polarity control membrane chain melting properties(49). However, Boggs points
out
that the less hydrated lipids tend to

be those with hydrogen bond-donating and hydrogen

bond-accepting groups, and concludes that reduced hydration

is

caused by participation of

the headgroups in intermolecular hydrogen bonding with each other rather than with

water(45). Although there

is

no direct evidence

for

hydrogen bonding between headgroups

in the

presence of water, there

lipids

and the presence or absence of potential hydrogen bonding groups. For

is

a correlation between the physical properties of certain

dipalmitoylphosphatidylethanolamine(DPPE), with a primary

moiety on the headgroup, has a much higher phase

ammonium

instance,

(protonated)

transition temperature (63.5°C/pH8),

(49) than the corresponding dipalmitoylphosphatidylcholine(DPPC), with a quaternary

ammonium

(methylated) moiety on the headgroup, phase transition temperature

(42°C/pH8), (49). Cevc(49) attributes the differences

DPPE

and

DPPC to differences

in hydration

differences to hydrogen bonding effects.
to participate in

ammonium

It is

phase transiton temperature of

whereas Boggs(45)

attributes these

The primary ammonium group of DPPE

hydrogen bonds with neighboring

group of DPPC cannot.

in

interrelated,

21

able

lipid molecules, but the quaternary

difficult to distinguish hydration

bonding forces because they are obviously

is

however we

and hydrogen

will consider both of

these forces in rationaHzing our experimental
results to determine their relevance
to our

model.
In addition,

we wiU consider the importance of molecular geometry

the bilayer structure;

aggregate that
for

it

is

we have akeady mentioned

formed

in

the importance of

aqueous solution(4). Headgroup

can effect molecular geometry,

lipid

in

geometry

size will also

determining

in the type of

be considered

packing and hydration. Headgroup size can be

obtained from the published single crystal data for some phospholipids(23,50,51).

Controversy over the relative importance of each of these factors

that effect the polar

interfacial region will likely continue, at least until direct evidence
for or against

bonding

in

aqueous

lipid suspensions

is

hydrogen

can be obtained.

E. Bilayer Characterization by

X-ray diffraction

and

X-Ray

Diffraction

a useful technique to characterize bilayer phases. Small angle

x-ray diffraction data can be used to determine the bilayer thickness (phosphate to

phosphate headgroup separation across the bilayer) and the lamellar repeat period, D,
(bilayer thickness plus the thickness of the water layer associated with

ray diffraction data
detect chain

tilt

is

Wide

angle x-

used to determine the spacing between the hydrocarbon chains and

in the core of the bilayer.

from bilayer suspensions includes three

maxima, measuring

it).

Complete analysis of x-ray

steps:

to

diffraction patterns

measuring the position of the diffraction

the distribution of scattered intensity in the pattern and determination of

the distribution of scattering density in the sample from the intensities(2).

The lamellar

repeat period, D, and the hydrocarbon chain separation are determined from the Bragg law.

Equation

1.4.

n>.

= 2Dsine
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[1.4]

Where n
1

is

the order of the

.54A) and e

Equation

is

the

Bragg reflection, X

is

the wavelength of irradiation
(typically

Bragg angle of diffraction. The angle of
diffraction

s is

is

[1.5]

the distance of the diffraction ring from the center
of the diffraction pattern, and

the sample to film distance. Figure 1.5.

The next
intensities of

step requires a densitometer scan of the film to obtain the
relative

each Bragg reflection.

the phase angles (0 or

k

From

sample. This

is

done with Equation

p(o,o,z)

Where p

is

the relative intensities of the

map

1.6, (52).

a Z IFoOnI

cos

e^^l^n

the absolute value of the structure factor and

(27C

(j)

is

is

n z

/

IF00nl

=

D)

the phase angle.

[n2l(n)]l/2

[1.6]

the order of the reflection, IFoOnI

proportional to the intensity of the n^^ reflection. Equation

is

reflections,

of the actual scattering density within the

the electron density in the z direction, n

bilayer core

Bragg

for centrosymmetric structures) and the lamellar repeat period,
one

can calculate an electron density profile, a

The

given by

1.5.

tan-l(x/s) = e

Where x

is

The

structure factor

1.7, (34).

[ij]

the least dense part of the bilayer, and within the core, the terminal

methyl groups have the lowest density (due
electron density of the hydrocarbon region

to imperfect packing); an estimate of the

is

0.30 e/A^ (from nerve myelin),(53). The

average density of the core can be increased by lengthening the hydrocarbon chains or

23

is

is

Figure 1.5. Illustration of the x-ray diffraction experiment on a bilayer suspension. The
lamellar repeat period, D, is obtain from the Bragg law. From N.P. Franks and W.R.
Lieb, Chapter 8, in Liposomes: From Physical Structure to Therapeutic Applications C.G.
Knight, Ed., 250(1981).
.
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increasing the degree of chain unsaturation(53).

of the water layer

is

The average value

for the electron density

0.33 e/A3, (53). The polar headgroup region
has the highest average

density in the bilayer, in phospholipids this

is

due

to the

phosphate moiety located

in this

region; the polar region has an average density
between 0.47-0.65 e/A3, (53). These
relative electron densities are illustrated in
Figure 1.6.

the

components

that

make up various regions

With

of the bilayer in mind,

electron density profile and determine the bilayer
thickness.
profile to the polar

the relative scattering

headgroup region, and the minima

One

we

can interpret the

assigns the

to the terminal

power of

maxima

in the

methyl region of the

Both the water layer and the methylene region of the bilayer would
be expected

bilayer.

have a scattering density intermediate between the headgroups and the
terminal methyl

The reader

groups.

is

directed to a comprehensive review by A.E. Blaurock which

discusses the application of x-ray diffraction to the determination of bilayer
structure(53),

membrane

and an excellent treatment of electron density calculations and phase angle

determinations by C.R. Worthington and T.J. McIntosh(54).

F.

In order to understand
stability

we have

Summary

some of the complex

factors that govern bilayer phase

investigated a series of ionene polymers with anionic phospholipids of

varied chain length and headgroup structure. These bilayer phases were characterized
primarily by

DSC and x-ray diffraction.

which control the

Our primary

goal

relative stabilities of the interdigitated

experimental results and analysis are presented
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in

is

to

understand those factors

and normal

Chapter HI.

Lp phases. The

to

POLAR

X-RAYS

GROUPS
HYDROCARBON
CHAINS
METHYL
GROUPS

Figure

1.6.

The

o<

to

o
q:

relative electron density of bilayer

components. Clearly, the highest
scattering density of the sample is the polar, phosphate headgroup region. The lowest
scattering density is the region of terminal methyl groups. With these values in mind we
interpret the electron density profiles. From, N.P. Franks and W.R. Lieb, Chapter 8, in

Liposomes: From Physical Structure
257(1981).

to Therapeutic Applications.
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C.G. Knight, Ed.,

CHAPTER II

EXPERIMENTAL SECTION

A. Measurements

DSC measurements were made on a Microcal (Northampton, MA) MC-1
microcalorimeter

at

a scan rate of 15°C/hour. Transition enthalpies were determined
by

cutting and weighing the area of each melting endotherm three
times.
axis)

was

scanning

The power

axis (y-

calibrated by delivering a pulse of 2.21mcal/min. after completion of each
scan.

X-ray measurements were obtained on a pin-hole coUimated Statton x-ray camera

equipped with a

Cu-Ka

(1.54A) source.

A hotstage was

obtain experiments at elevated temperatures.

Kodak DEF-5

x-ray film

was used

distances were calibrated with
region).

Sample

varied from

1

to

A flat fdm cassette containing 2-3 pieces of

to record the diffraction pattern.

NaF (wide-angle

to film distances ranged

48 hours.

used with the Statton camera to

Sample

to film

region) and hexatriacontane (small-angle

from 51.6mm

to

313.3mm. Exposure times

A comparator and light box were used to measure the distance

of the reflections from the center of the diffraction pattern

in order to calculate the

Bragg

spacings. Relative film intensities were determined by a densitometer scan of the film in a

Beckman DU-7, UV-VIS spectrophotometer (^=400-500nm,

slit

width =0.2mm).

Integrated intensities were determined by cutting and weighing each peak in the intensity

scan three times. Electron density profiles were generated on a Perkin Elmer Series 7000

microcomputer.
Optical micrographs were taken with a

35mm camera on a Zeiss Ultraphot n optical

microscope (magnification of 150X).
Elemental analyses measurements were obtained from the Microanalysis Laboratory
at the

University of Massachusetts.
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Proton magnetic resonance spectra were
recorded

spectrophotometer or

at

300

at

200

MHz on a Varian XL-200

MHz on a Varian XL-300 spectrometer.

Chemical

shifts are

reported as parts per million downfield from
tetramethylsUane(TMS).
Inherent viscosity measurements were determined
with a Cannon-Ubbelohde semi-

micro viscometer (model 50 -717 and -718).

B. Materials

All reagents and their sources are reported below.

received unless otherwise indicated. Distillations

The

reagents were used as

reduced pressure were controlled by a

at

cartesian diver manostat and reported temperatures are uncorrected.

Acetone (EM)

spectral grade

Acetonitrile (F) spectral grade

Bis(2-bromoethyl) ether (EM)

distilled

72°C/9mm Hg

1,3-Butadiene diepoxide (A)

Deuterium oxide (A) gold

label

D,L-l,4-Dibromo-2,3-butanediol (A) sublimed
1

at

reduced pressure

,6-Dibromohexane

a,a'-Dibromo-p-xylene

Dimethylamine(40% aqueous

solution) (A)

2-Dimethylethanolamine (A)

2-Dimethylaminoethyl chloride hydrochloride

Dimethylformamide

salt

(A)

(F) spectral grade

Dimyristoyl-L-a-phosphatidyl-D,L-glycerol,

Dipalmitoyl-L-a-phosphatidic acid, sodium
Dipalmitoyl-L-a-phosphatidylcholine,

ammonium

salt

(S)

ammonium
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salt

salt

(S)

and sodium

salt

(S)

Dipalmitoyl-L-a-phosphatidyl-D,L-glycerol,

ammonium

salt

and sodium

salt (S)

Dipalmitoyl-D,L-a-phosphatidyl-L-serine, free acid (S)
Distearoyl-L-a-phosphatidyl-D,L-glycerol,

ammonium

salt

(S)

4,4'-Dipyridyl (A)

Ethyl acetate (A) spectral grade

Hexatriacontane (A)

2-Hydroxy-3,3-ionene bromide (H. Panzer, American Cyanamid)
Ionene-6,6 bromide and oligomers (T. Ikeda, Tokyo Institute
of Technology, Yokohama,

JAPAN)
Potassium bromide (EM)

Sodium (A)

Sodium

fluoride (F)

Sodium phosphate, monobasic
Sodium phosphate,

(F)

dibasic (F)

N,N,N',N'-Tetramethyl-l,6-hexanediamine (A)

Xylylionene bromide and oligomers

(T. Ikeda,

Tokyo

Institute

of Technology,

Yokohama, JAPAN)
Xylylviologen

(S.

Stupp, University of

Illinois,

Sources

(A) Aldrich

(EM)

EM Science

(F) Fisher
(S)

Sigma
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Urbana-Champaign)

C. Methods

lonene Synthesis.

1.

2,2-Oxyionene bromide. Bis(2-dimethylaiiiinoethyl)
ether was synthesized by

a.

the

method of T.

ether,

Tsutsui, R. Tanaka, and T. Tanaka(12).
Bis(2-dimethylaminoethyl)

5.0099g(31mmol), were added

A

opaque solution formed.
added
1

hr.

35ml of dimethylformamide(DMF), and

to

a slightly

7.2698g(31mmol) quantity of bis(2-bromoethyl) ether was

to the solution, via syringe.

The mixture was

stirred at

room

temperature, and after

a white precipitate formed. Stirring continued for approximately
14 days. The

precipitate

was added

to

250ml of ethyl

250ml of ethyl

additional

acetate, isolated

by

filtration

and washed with an

acetate before being dried in vacuo. Yield,

80%. Anal.

calc. for

2,2-oxyionene bromide: C, 36.74%; H, 7.21%; N, 7.14%; Br, 40.75%. Found:
C,

36.89%; H, 7.00%; N, 7.08%; Br, 40.49%. Ir
3.7(4H), 4.0(4H). r|inh (0.5g/dl in

(

300 MHz, D2O)

5:

3.2(6H),

0.4M KBr, 35°C), 0.12dVg.

Ionene-6,6 bromide. Ionene-6,6 bromide was synthesized by the method of A.

b.

Rembaum
in

NMR

and H. Noguchi(l 1)

in

DMF.

lOOOMW cut-off cellulose tubing).

Yield,

6.7%

(after dialysis against distilled

water

Anal. calc. for ionene-6,6 bromide: C, 46.16%; H,

8.73%; N, 6.73%; Br, 38.38%. Found: C, 45.54%; H, 8.93%; N, 6.47; Br, 38.12%.

1h

NMR (200 MHz, D2O)

0.4M KBr, 35°C),

c.

of

J.

1.4(4H), 1.8(4H), 3.0(6H), 3.3(4H). Tiinh (0.5g/dl in

0.39dl/g.

Xylylviologen bromide. Xylylviologen bromide was synthesized by the method

Moore and

1(XX)MW

5:

S. Stupp(17). Yield,

16%

(after dialysis against distilled

water in

cut-off cellulose tubing). Anal. calc. for xylylviologen bromide: C, 51.45%; H,

3.85%; N, 6.67%; Br, 38.03%. Found: C, 50.00%; H, 4.26%; N, 6.37%; Br, 38.46%.
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iH

NMR

(200

MHz, D2O)

5:

6.0(4H), 7.6(4H), 8.5(4H), 9.2(4H).
Tiinh (0.5g/dl in

0.4M KBr, 35°C), 0.14dVg.

d.

2,3-Dihydroxy-4,4-ionene bromide. l,4-Bis(dimethylamino)-2,3-butanediol

was synthesized by

the

method of M. Schmidt, R. Amstutz, G. Crass and D. Seebach(55).

A 4.2805g(24mmol) quantity of l,4-bis(dimethylamino)-2,3-butanediol was dissolved in
25ml of DMF. To

that mixture

6.0292g(24mmol) of 2,3-dihydroxy-l,4-dibromobutane

were added and dissolved. The mixture was
six

weeks. The precipitate was dissolved

lOOOMW cut-off cellulose tubing),
15%. Anal.

calc. for

stirred at

room temperature

for approximately

in water, dialyzed (against distilled

water

in

precipitated into acetone and dried in vacuo. Yield,

2,3-dihydroxy-4,4-ionene bromide: C, 33.97%; H, 6.67%; N,

6.60%; Br, 37.67%. Found: C, 33.72%; H, 6.70%; N, 6.67%; Br, 37.96%.
(300

MHz, D2O)

5:

3.3(6H), 3.7(4H), 4.4(2H). Tiinh (0.5g/dl in

NMR

0.4M KBr, 35°C),

0.07dl/g.

2.

DSC

sample preparation.

Phosphohpid suspensions were prepared

at a

concentration of Img/ml by a

heating/vortexing cycle above the phase transition temperature, of the dry lipid in 50

sodium phosphate

buffer,

pH 7.4.

lonene/phospholipid suspensions were prepared

ionene concentration of Img/ml by adding the previously hydrated

mM
at

an

lipid suspension to the

ionene followed by a heating/vortexing cycle above the phase transition of the

lipid.

Some

of the ionene/phospholipid suspensions required brief ultrasonication (bath-type, 3x5sec

50 Watts)

to obtain small particle size dispersions that could be reliably transferred to the

calorimeter.
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at

3.

X-ray sample preparation.

Samples were prepared by centrifugation of ionene/phospholipid
suspensions

1.0-1.5mm glass capillary tubes (Charles Supper Co.) and
flame

sealed. In

most cases the

suspension used for calorimetry was used to prepare the
x-ray sample. However

where

this

was not possible no

were loaded

in cases

deviation in experimental results between the two
methods

were observed. The phospholipid control samples were prepared
bottomed small sample

in

vials at

40-70 wt.%

50mM

in flat or conical

sodium phosphate

buffer, pH7.4, and

into 1.0- 1.5mm glass capillary tubes and flame sealed. Hydration
time and

temperature were the same as the

DSC

samples except for DPPS, where hydration

temperature was near 100°C. The optimum thickness for a biological sample containing

mostly water and limited

4. Optical

salts,

as reported by Blaurock,

is

lmm(53).

microscope sample preparation.

Samples were prepared

at

wt.

1

% of DPPG or DPPG and ionene-6,6 by a

heating/vortexing cycle above the phase transition temperature, of the dry lipid in 50

sodium phosphate

buffer,

covered with a cover

5.

pH 7.4.

Samples were transferred

mM

to a glass slide via pipette

and

slip.

Elemental analysis sample preparation.

Dry ionene/phospholipid complexes were prepared
ionene and phospholipid and hydrated above the
distilled water. After hydration, the

lipid

at the

phase transition temperature in

samples were centrifuged, the supernatant was

complex was washed with 2 ml of additional

removed and

tiie

was repeated

at total

desired concentration of

distilled water.

of three times. Samples were dried in vacuo
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at

This process

95°C. The control

samples of phospholipid alone were hydrated

in

approximately 2ml of

distilled water.

After hydration, the samples were centrifuged,
the supernatant was removed and
the

complex was washed with 2 ml of additional
total

distilled water.

of three times. Samples were dried in vacuo
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at

95°C.

This process was repeated a

CHAPTER m

RESULTS AND DISCUSSION

A. Goals and Accomplishments

Our investigation

into the formation of interdigitated phases

polymers

to anionic phospholipids focused

structure

and investigation of phospholipid

To

date, only interactions

areas: investigation of ionene

structure.

between ahphatic ionenes and

studied(24), therefore one of our goals

spacer units.

on two main

was

upon addition of ionene

DPPG

bilayers have been

to investigate ionenes with functionahzed

We synthesized and investigated ionenes with hydrophilic (ether and

hydroxyl) and rigid (xylyl and pyridyl) groups incorporated into the spacer

Hydrophilic groups were incorporated into the spacer unit

of hydration

molecules

at the bilayer surface.

at the bilayer surface are

Changes

in

in

unit.

an attempt to vary the degree

hydration and displacement of water

important factors in the formation of an interdigitated

phase by addition of surface active agents(l, 26,

27). Rigid groups

were included

in the

spacer to determine what effect they might have on the formation of an interdigitated phase.
In addition,

ohgomers

we

(n

investigated ionene molecular weight dependences by studying a series of

= 2 and

3)

and polymer

coworkers(24) have already shown
salts to

DPPG

(n

=

large) of ionene-6,6

that the addition of

and xylylionene.

Tirrell

and

low molecular weight diammonium

suspensions does not perturb the melting behavior. There must then be a

minimum molecular weight or number of connected ammonium sites necessary

before

perturbation of DPPG melting behavior and bilayer structure can occur.

All of the ionenes, independent of their structure, behaved in a similar manner
(either all of the ionenes induced an interdigitated phase or

all

did not).

The presence of

hydrophilic and rigid groups in the spacer unit has Uttle effect on phase stabilization.
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We

observed the

minimum molecular weight for perturbation

degree of polymerization of three or greater

observed a systematic decrease
additive increased. Although
ionic strength

would

minimum molecular weight

molecular weight and the connectivity of ammonium

structure has

little

low ionene molecular weight.

at

effect

on

stabilization

molecular weight have to be met

in

it is

Our results suggest

sites

at

a

and

likely that

necessary to observe
that ionene

along the ionene chain are

We conclude that spacer unit

of the bilayer phase and

order to

occur

molecular weight of the ionene

did not investigate ionic strength effects,

perturbation of bilayer melting behavior and structure.

extremely important

to

50mM sodium phosphate buffer);

in bilayer thickness as the

we

affect the

(in

of DPPG melting

facilitate the

minimum

requirements of

fomiation of an interdigitated

phase.
In our investigation of phospholipid structure,

we

studied a series of

phosphatidylglycerols with different hydrocarbon chain lengths

DPPG,

chain length 16;

examine differences

in

bilayer. In addition,

we

DSPG,

(DMPG,

chain length 14;

chain length 18). Chain length was varied in order to

van der Waals

stabilization in the

hydrocarbon chain region of the

investigated a series of anionic phospholipids with the

same chain

length (16 carbons) but different headgroup structures (phosphatidylglycerol,

phosphatidylcholine, phosphatidylserine and phosphatidic acid). Differences in headgroup
structure

were investigated

in

order to examine the importance of size and ionic or

hydrogen bonding interactions

in the

headgroup region

in bilayer

phase

stabilization.

All of the phosphatidylglycerols, independent of their chain length, formed an
interdigitated phase

when ionenes were added

the changes in van der

Waals

to the suspension.

These

stabilization energies within this series

results indicate that

must be too small

to

observe differences in the stabilization of the interdigitated phase. In contrast, dependences

on headgroup

structure

were observed between

the phosphatidylglycerol,

phosphatidylcholine, phosphatidylserine and phosphatidic acid suspensions. In the
phosphatidylglycerols,

all

of the ionenes induced the formation of an interdigitated phase.
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However,

in dipalmitoylphosphatidylchoUne

(DPPS) and dipalmitoylphosphatidic

acid

(DPPC), dipalmitoylphosphatidylserine

(DPPA)

suspensions, none of the ionenes

induced the formation of an interdigitated phase.
The
structure of

DPPC

Although the
(in general,

DSC melting endotherms and bilayer

were completely unperturbed upon addition of ionene

DSC melting endotherms of DPPS

DPPA

and

to the suspension.

suspensions were perturbed,

phase transition temperatures were lowered and peaks were
broadened) the

lamellar repeat periods and bilayer thicknesses were
comparable to those of the

DPPS

DPPA and

suspensions without added ionene.

We conclude from our results and the fact that both DPPA and DPPS have
relatively high melting transition temperatures (67°C/pH6.5 and

54°C/pH6.8 respectively)

compared

DPPA

to

41°C/pH7.4

for

DPPG,

headgroup structures which favor the

(56, 57, 58, 59), that both
stabilization of the gel

melted phase or the interdigitated phase. This

is

due

phase and an interdigitated phase require expansion

and

DPPS have

phase as compared to the

to the fact that both the melted
in the

La

headgroup region and thus

disruption of intermolecular interactions between headgroups. In addition, phosphatidic
acid has an extremely small head group(50) which would tend to destabilize the
interdigitated phases relative to the gel phase.
transition behavior

The

lack of ionene affect

to

one charge pairing of ammonium

DPPG

dried, only

in a similar

DPPA indicates

manner to

the

DPPG

(1

wt.% each)

that

counterions, and

analysis. In the

DPPG

ionene/DPPG complexes,

control,

had

1-8%
which

the expected

of sodium counterions, as calculated from the molecular formula, were detected.
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nearly

to negatively charged

2-4% of the phospholipid

of the ionene counterions were detected by elemental

was washed and dried

and

on the ionene chain

sites

phospholipid headgroups. In suspensions of ionene-treated

been washed thoroughly and

attraction

surface.

In addition, investigation of ionene binding to

one

DPPC phase

on

and bilayer structure emphasizes the importance of ionic

between the ionene and the bilayer

La and

3%

We conclude that suspensions prepared at
almost entirely bound by ionene

1

wt.%

ammonium

DPPG

and ionene have a bilayer surface

sites.

B. Ionene Molecular Weight Effects

In order to determine

what

effect ionene molecular weight has

on the

stabilization of

an interdigitated phase of DPPG, oUgomers (n =
2 and 3) and polymers of ionene-6,6 and
xylylionene were investigated. Figure 3.1 shows
the
heating

DPPG

suspended

in

50

DSC thermograms obtained upon

mM sodium phosphate buffer, pH 7.4 and in the same

buffer containing ionene-6,6 oligomers (n=2 and
3) and polymer.

main melting

transition at 40.3°C, in

DPPG

alone exhibits a

agreement with previously reported values(l, 56,

60).

Addition of the n=2 oligomer of ionene-6,6 causes no apparent
aggregation of the
suspension, no increase in the transition temperature and only a slight
narrowing of the

phase transition peak. However, upon addition of the n=3 oligomer, the suspension
begins to aggregate and the transition temperature jumps to 42.6°C. Addition of
ionene-6,6

polymer causes marked aggregation of the suspension, an increase
to 43.5°C, a
transition.

narrowing of the phase transition peak and an increase

Table

3.1

summarizes the information obtained from

in transition

temperature

in the enthalpy

the

of

DSC measurements.

Figure 3.2 shows the electron density profiles calculated from x-ray scattering data
for the control and ionene-treated

DPPG bilayers;

interpretable resolution of approximately 15-16A.

all

electron density profiles have an

The

DPPG

suspension exhibits a bilayer

thickness of 47 A; addition of ionene oligomer reduces the bilayer thickness as the

molecular weight of the ionene additive increased. Polymer adsorption, as reported
previously(l)

,

induces

full interdigitation

of the hydrocarbon chains, with a bilayer

thickness of only 32A. Table 3.2 summarizes the data obtained from the x-ray diffraction

experiments. The bilayer thickness

is

the distance between the
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two maxima

in the electron

Figure 3.1.

DSC melting endotherms of DPPG

(n=2 and

and polymer (n=co).

3)

38

and complexes with ionene-6,6 oligomers

Table

3.1.

DSC Data on DPPG/Ionene-6,6 Complexes^

T

lonene

n

none
oligomer
oligomer

polymer

2
3
large

results reported as

TmfC)

ATl/lCn

AHmnccal/mol)

ASmfkcal/mnl°C)

40.3±0.3(10)

0.98±0.22(8)

8.83±0.54(10)

0.22+0.01(10)

0.58±0.12(5)

9.68±0.26(6)

0.24±0.01(6)

42.6±0.4(6)

0.65±0.08(6)

9.76±0.46(6)

0.23±0.01(6)

43.5±0.1(6)

0.31±0.03(6)

10.43+0.30(6)

0.24±0.01(6)

40.4±0.1(6)

mean ± one

siandard deviauon.
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Number of measurements

given in parentheses.

-J
-40

I

-20

\

I

0

20

DISTANCE

L
40

(A)

Figure 3.2. Relative electron density profiles of DPPG and complexes with
ionene-6,6 oligomers (n = 2 and 3) and polymer (n = <»). The number of
reflections used to calculate the electron density profile is given in parentheses.
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Table

3.2.

X-Ray Data on DPPG/Ionene-6,6 Complexes^

lonene

n

none(DPPG)

BILAYER
(k^

THICKNF.S.<;(A)

4.23+0 04 4 06+0 l?n^

47±2(2)

2

52.2±0.3(2)

4.17±0.02(2)

37±lC(2)

3

51.9±0.0(2)

4.15(1)

34±lC(2)

large

47.8±0.2(2)

4.13±0.00(2)

32±lC(2)

oligomer

^All results reported as

^^is

WAXS

(k)

64.8b±6.1(4)

oligomer

polymer

SAXS

mean ± one

standard deviation.

Number of measurements given

value varies with hydration.

'^The standard deviation in this case

was

actually less than

41

1.

in parentheses.

density profile, which coirespond to the
phosphate headgroup separation across the
bilayer.

The small angle x-ray (SAXS)

wide angle x-ray

(WAXS)

data indicates the lameUar repeat period
and the

data indicates the spacing between the
hydrocarbon chains

in the

core of the bilayer. All of the ionene-6,6 treated
suspensions have reduced lamellar repeat
periods (52.2-47.8A) compared to the

period of 64.8A.

The

DPPG

suspension which has a lamellar repeat

lamellar repeat period of

DPPG

treated with polymeric ionene-6,6

agrees with the previously published value by TirreU et

obtained for hydrated

al.(l);

and the lamellar repeat period

DPPG compares with values in the literature for DPPG(30,

All of the ionene-6,6 treated

61, 62).

WAXS patterns exhibit a single sharp reflection characteristic

of a bilayer with chains perpendicular to the bilayer plane(52, 63, 64), whereas the
suspension exhibits a sharp peak

at

4.23A and a broad shoulder

at

4.06A

DPPG

characteristic of a

bilayer with chains tilted with respect to the bilayer normal(52,63).

Figure 3.3 shows

DSC thermograms obtained upon heating DPPG

suspended

in

50

mM sodium phosphate buffer, pH 7.4 and in the same buffer containing xylylionene
bromide oligomers (n=2 and

3)

and polymer. With xylylionene we observe very small

increases in phase transition temperature as n increases;

Tm reaches a maximum of 41 .6°C

Although many of the lower oligomers sharpen the phase

for the polymer.

transition peak,

the polymeric additive actually broadens the transition. Table 3.3 summarizes the

information obtained from

DSC measurements.

Figure 3.4 shows the electron density profiles calculated for the control and
xylylionene-treated bilayers;

approximately 15-16A.
ionene-6,6 series.

n=3 oligomer in

all

electron density profiles have an interpretable resolution of

We see behavior that approximately parallels tiie results in the

A substantial reduction of the bilayer thickness is first observed with the

this series

and a

fully interdigitated

phase

is

observed

in the

polymer-

treated bilayer (bilayer thickness of 31 A). Table 3.4 summarizes the data obtained from the

x-ray diffraction experiments. In this case, the oligomer-treated bilayers exhibit more than
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_J

23

1

28

I

33

I

38

TEMPERATURE
Figure

3.3.

DSC melting endotherms of DPPG

(n=2 and 3) and polymer

(n=<»).

43

I

43

L

48

(°C)

and complexes with xylylionene oligomers

Table

3.3.

lonene

DSC Data on DPPG/Xylylionene Complexes^
n

Tm(T)

-

39.8±0.0(5)

2

oligomer

polymer

none
oligomer

AHm(kcal/m1

ASmfkcal/m°r^

0.53±0.05(4)

9.4210.11(5)

0.2410.00(5)

40.3±0.3(6)

0.3910.06(6)

7.8010.51(6)

0.1910.01(6)

3

40.8±0.3(6)

0.4510.04(6)

10.6911.17(6)

0.2610.03(6)

large

41.6±0.0(6)

0.6810.03(6)

8.9810.95(6)

0.2110.02(6)

^All results reported as

mean 1 one

standard deviation.

Number of measurements
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given in parentheses.

I

I

-40

\
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\
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Figure 3.4. Relative electron density profiles of DPPG and complexes
with xylylionene oligomers (n = 2 and 3) and polymer (n =

45

.

Table

3.4.

lonene

X-Ray Data on DPPG/Xylylionene Complexesa

none(T)PPG)
oligomer

BILAYER

SAXS (h

WAXS (k)

THICKNF.S.S(A)

64.8^16.1(4)

4.2310.04,4.0610.12(3)

4712(2)

68.4±0.4

4.0810.10,3.7810.10(2)

4611^(2)

51.0,44.4(1)

3.98,3.69(1)

36(1)

44.8(1)

4.15(1)

31(1)

n

2

50.910.7,4 1.910.7(3)

oligomer

polymer

3

large

^All results reported as

'^is

mean 1 one

standard deviation.

Number of measurements

value varies with hydration.

'^The standard deviation in this case

was

actually less than
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1

given in parentheses.

one

set

of reflections. This

may

indicate the presence of

more than one

bilayer phase;

perhaps the coexistence of the Lp' phase and
an interdigitated phase. However,
upon
treatment with the polymeric xylylionene, only
one set of reflections

is

observed

corresponding to an interdigitated bilayer phase
with a lameUar repeat period of 44.8A.

We conclude from these two experiments that the minimum molecular weight
necessary for perturbation of the

sodium phosphate

DPPG melting endotherm is n=3

50mM

or greater (in

buffer) and that a systematic reduction in bilayer
thickness occurs as the

molecular weight of the ionene
the oligomer-treated

DPPG

is

increased.

The decrease

bilayers is likely to be

due

in bilayer thickness

observed

to an increase in the degree of

tilt

in
i

in

the hydrocarbon chain region as opposed to partial
interpenetration of the hydrocarbon
chains. This demonstrates the importance of connected

ammonium

sites

chain in stabiUzation of an interdigitated phase. Adsorption of ionene
the bilayer surface
sites will

is

a

dynamic process;

at

adsorbed on the surface

ammonium

any one time a certain percentage of

be adsorbed and a certain percentage will

minimum molecular weight required

on the ionene

not.

As

to allow a sufficient

at all times, the bilayer structure

sites

on

ammonium

long as the ionene has the

number of ammonium

sites to

be

remains interdigitated despite the

dynamics of chain adsorption and desorption. One must consider

the effect of ionic

strength on the ability of the ionene to bind at the bilayer surface. Increases in ionic

strength will produce increased competition for binding sites at the bilayer surface between

ions and ionene

ammonium

polymerization of three

(in

sites.

50mM

Therefore,

we report

sodium phosphate

a

minimum degree of

buffer) in order to produce

perturbation of bilayer melting and structure; this value will be higher or lower
the ionic strength of the suspending

media were made.
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if

changes

in

C. Investigation of Phosphatidylglycerol Chain
Length

In order to determine the importance of van
der

Waals

stabilization in the

hydrocarbon chain region of ionene-treated interdigitated
bilayers
series of phosphatidylglycerols with chain lengths
of

eighteen(DSPG) carbons. The
Figure

The

3.5.

fourteen(DMPG), sixteen(DPPG) and

structure of the phosphatidylglycerols is

interdigitated phase is stabUized

a phospholipid with short hydrocarbon chains

shown

by van der Waals forces due

proximity of the hydrocarbon chains relative to the

in the interdigitated

we have investigated a

tilted

to the closer

Lp' phase of DPPG. In principle,

would have

less

van der Waals

phase as compared to longer chain lipids and

may

stabilization

not have as strong a

driving force to form an interdigitated phase in the presence of added ionene.
if this

in

chain length effect can be observed in the interdigitated bilayers

To determine

we examined

the

ionenes with various chain length phosphatidylglycerols.
Figures 3.6 and 3.7 show the

DSC

thermograms obtained by heating

DPPG

in

50

mM sodium phosphate buffer, pH 7.4 and in the same buffer with ionene polymers of
varied chemical structure. All of these ionenes cause marked aggregation of the

suspension.

The suspensions

exhibit increased phase transition temperatures, with the

exception of that containing 2-hydroxy-3,3-ionene bromide, which melts

compared
transition

to

39.8°C for the

DPPG

DPPG

at

39.1°C,

control. In general, these suspensions exhibit

narrowed

peaks and increased enthalpies of transition; however, as discussed above

xylylionene exhibits a broader phase transition and a lower melting enthalpy. The
data for these

ionene/DPPG suspensions

The ionene/DPPG suspensions

are

summarized

in Table 3.5.

exhibit at least three sharp reflections in the small

angle x-ray region. Figure 3.8 shows the fihn intensity scans for the
ionene-6,6 treated

DPPG

DSC

suspension. All of the ionene-treated

DPPG

DPPG

control and the

suspensions yielded

similar scattering pattems; intensity scans not presented in the text are included in the

appendix. Figures 3.9 and 3.10 show the relative electron density profiles for

48

DPPG

alone

OH
p
CH2-CH-CH20-f O-CHXH CHjOH
0_
0
0
CO CO
CH3 CH3

Figure

DPPG

Structure of phosphatidylglycerols with varied chain lengths,
(n=14) and DSPG (n=16).
3.5.
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DMPG (n=12),

-J

23

I

I

I

28

33

38

TEMPERATURE

I

43

L
48

(°C)

Figure 3.6. DSC melting endotherms of DPPG and complexes with ionene-6,6,
xylylionene and xylylviologen.

50

i

TEMPERATURE
Figure 3.7. DSC melting endotherms of
hydroxy-3,3-ionene.

DPPG

51

CO

and complexes with 2,2-oxyionene and

Table

3.5.

DSC Data on DPPG/Ionene Complexesa

lonene

none(DPPG

alone)

z-nyaroxy-3.3ionene

xylylviologen

xylylionene

2,2-oxyionene
ionene-6,6

^All results reported as

.

Tmf'Q

ATl/2^^^

AHmfkcal/mnl)

ASmfkcal/mnl°r)

39.8±0.0(5)

0.53±O.05(4)

9.42±0.11(5)

0.2410.00(5)

39.1±0.1(6)

0.43±0.01(6)

9.58±0.28(6)

0.2410.01(6)

40.6±0.0(8)

0.28±0.03(8)

11.26±0.37(6)

0.2810.01(6)

41.6±0.0(6)

0.68±0.03(6)

8.9810.95(6)

0.2110.02(6)

42.4±0.2(10)

0.28±0.02(9)

12.2910.71(6)

0.2910.02(6)

43.5±0.1(6)

0.3110.03(6)

10.4310.30(6)

0.2410.01(6)

mean 1 one

standard deviation.
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Number

of measurements given in parentheses.

DISTANCE ON

HLM

Figure 3.8. Film intensity scans of small and wide angle x-ray diffraction
patterns of DPPG and DPPG/ionene-6,6 complex.

53

DISTANCE (A)
Relative electron density profiles of DPPG and complexes with
ionene-6,6, xylylionene and xylylviologen. The number of reflections used
to calculate the electron density profile is given in parentheses.

Figure

3.9.

54

0

-20

DISTANCE

20

40

(A)

Figure 3.10. Relative electron density profiles of DPPG and complexes
with 2,2-oxyionene and 2-hydroxy-3,3-ionene. The number of reflections
used to calculate the electron density profile is given in parentheses.
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and upon addition of ionene polymers; aU electron density
resolution of approximately 15-16A.

41 A.

AU of the ionene-treated DPPG
DPPG

thickness as compared to

The

ionenes are summarized in Table
in

DPPG

3.6.

have an interpreiable

suspension exhibits a bilayer thickness of

suspensions exhibited a drastically reduced bilayer

was 29 A

alone; the bUayer thickness

x-ray diffraction data for

suspensions are reduced

The

profiles

to

32A

in

each case.

DPPG and for the lipid in the presence of added
The lameUar repeat periods of the

ionene-treated

comparison with the normal Lp' phase of DPPG and

all

of the

ionene-treated bilayers exhibit a single sharp reflection in the wide angle region. This
reflection is characteristic of chains perpendicular to the plane of the bilayer(52, 63); a

conformation

we would

expect

if

chains were interdigitated.

treated suspension has the shortest lamellar repeat period at

The 2-hydroxy-3,3-ionene

39.5A while the ionene-6,6

treated suspension has the longest at 47. SA. All of the suspensions had a bilayer thickness

of approximately 30A; therefore the differences in the lamellar repeat periods

due mainly

from lOA

to the

to

16A.

we

observe

is

ionene-dependent thickness of the intercalated water layer which varies

We can conclude that all of the ionene-treated DPPG

suspensions form

a stable interdigitated bilayer phase. Even the xylylionene-treated suspension which
exhibited an uncharacteristically broad melting endotherm
to

is

confirmed by x-ray diffraction

be an interdigitated phase.
In addition to our investigation of ionene interactions with

influence of ionenes on disrearo>'/phosphatidylglycerol
diffraction. Figures 3. 11

in

50

and 3.12 show the

DPPG, we examined

(DSPG) by

the

DSC and x-ray

DSC thermograms obtained by heating DSPG

mM sodium phosphate buffer, pH 7.4 and in the same buffer with ionene polymers

of varied chemical structure. In general the experimental
those obtained with

DPPG.

results in the

DSPG

series parallel

All of the suspensions exhibit increased phase transition

temperatures, marked aggregation and sUghtly narrowed transition peaks, with the

The
exception of xylylionene, which once again exhibits a broad phase transition peak.

DSC data for these ionene/DSPG

suspensions are summarized in Table 3.7.
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Table

3.6.

X-Ray Data on DPPG/Ionene Complexesa

ADDirrvF.

none(DPPG

SAXS
alone)

(k^

WAXS

64 8^+6

2-hydroxy-3,3-ionene

BILAYER
(

A)

4.z^±U.U4,4.06±0.12(3)

THICKNF.S9
47±2(2)

39.5+0 3(6)
29(1)

xvlvlvioloffen

/IT

2,2-oxyionene

4.12(1)

30(1)

43.110.2(4)

4.20(1)

30±1C(2)

44.8(1)

4.15(1)

31(1)

47.8±0.3(2)

4.13±0.00(2)

32±lC(2)

xylylionene

ionene-6,6

^All results reported as

*^is

0/1\

mean ± one

standard deviauon.

Number of measurements

value varies with hydration.

'^The standard deviation in this case

was

actually less than
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1.

given in parentheses.

(

A)

_J

45

I

I

50

55

L
60

TEMPERATURE,
Figure 3.1

1.

DSC

melting endotherms of DSPG and complexes with ionene-6,6, 2,2-

oxyionene and xylylviologen.
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,

xylylionene

2,3 - dihydroxy- 4,4 -ionene

2 -hyjroxy -3,3 -ionene

DSPG

45

50

55

60

TEMPERATURE
Figure 3.12. DSC melting endotherms of DSPG and complexes with xylylionene, 2,3
dihydroxy-4,4-ionene and 2-hydroxy-3,3-ionene.
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Table

3,7.

DSC Data on DSPG/Ionene Complexes^

lonene

none(DSPG

TmfC)
alone)

2-hydroxy-3.3ionene
xylylviologen

xylylionene

2,2-oxyionene

2,3-dihydroxy^,4-ionene

results reported as

52.8±0.2(18)

0.63+0 1607^

12.55±0.75(17)

53.0±0.3(10)

0.56-K)

06nn^

11.67± 1.02(10)

0 27+0 09nn\

54.3+0.1(10)

0 43+0 osno^

12.4811.13(10)

0 2'^+o 09 no^

54.4±0.2(8)

1.38+0 23(8)

7.7811.39(8)

U.4U±U.U/(1U)

13.1610.23(10)

7-1-0

ionene-6,6

AHmfkcal/mon

56.4±0.2(9)

0.48±0.12(9)

54.4±0.1(6)

0.41±0.03(6)

mean 1 one

standard deviation.

60

0 24+0 oono^
U.z 1+U.02(9)

13.1911.07(6)

Number of measurements

0.24±0.02(6)

given in parentheses.

The ionene/DSPG suspensions

yield at least three sharp reflections
in the small

angle x-ray region. Figure 3.13 shows
the film intensity scans for the
for the ionene-6,6 treated

DSPG

suspension. All of the ionene-treated

yielded similar scattering patterns; intensity
scans not presented
the appendix. Figures 3.14 and
3.15

DSPG

show

thickness of

DSPG

52A

for

DSPG

DSPG

suspensions

m the text are included in

DSPG

suspensions.

The

bilayer

thickness

we reponed

for ionene-treated

bilayers corresponds to the value reported by
McIntosh(34) for interdigitated

mixed chain phosphatidylcholines where one chain was

bilayers of

literature values

DPPG

between

and

DSPG

is

considering four additional carbons and a chain

summarizes the x-ray data obtained
periods of the ionene-treated

compared

for the

Although no

DSPG

close to the calculated increase

tilt

of approximately 30°. Table 3.8

DSPG/ionene suspensions. The

DSPG

control at 65.7A, and

treated suspensions exhibit a single sharp reflection in the

To complete

the investigation

and

DSPG

all

of the ionene-

wide angle region.

on the phosphatidylglycerol

interactions with dim>'mf<9}'/phosphatidylglycerol

DPPG

lamellar repeat

suspensions are drastically reduced(42.2-50.6A)

to the lamellar repeat period of the

extensively than

stearoyl.

were found for the bilayer thickness of DSPG, the 5 A increase
we observe

in bilayer thickness

with

DSPG

suspensions are 30-34A, as compared to a bilayer

The bUayer

alone.

control and

the calculated electron density
profiles for the

control and for each of the ionene-treated

thicknesses in the ionene-treated

DSPG

series,

ionene

(DMPG) were investigated

less

by x-ray diffraction only. Nevertheless, our results

DMPG, when compared with the results from DPPG and DSPG, prove unequivocally

that the

same behavior

is

observed in each of the phosphatidylglycerols. The x-ray

diffraction data for the phosphatidylglycerol series with increasing chain length

DPPG

and

DSPG

(DMPG,

suspensions) in the presence of ionene-6,6 and 2,2-oxyionene are

presented for comparison in Table

3.9.

As

the chain length of the phospholipid

is

increased, the lamellar repeat periods and the bilayer thicknesses increase by approximately
1

A for each

additional carbon

atom

in the chain.

61

This increase in bilayer thickness agrees

00

E

<

DISTANCE ON FILM
Figure 3.13. Film intensity scans of small and wide angle x-ray diffraction
patterns of DSPG and DSPG/ionene-6,6 complex.

62

-40

0

-20

DISTANCE

20

40

(A)

Figure 3.14. Relative electron density profiles of DSPG and complexes with
ionene-6,6, 2,2-oxyionene and xylylviologen. The number of reflections used
to calculate the electron density profile is given in parentheses.
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_l
-40
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-20
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L
40

(A)

Figure 3.15. Relative electron density profiles of DSPG and complexes with
2,3-dihydroxy-4,4-ionene, xylylionene and 2-hydroxy-3,3-ionene. The number
of reflections used to calculate the electron density profile is given in parentheses.
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Table

3.8.

X-Ray Data on DSPG/Ionene
Complexesa

ADDirrvF.

nonefDSPG

SAXS
alonp^

rA)

WAXS

65.7''(1)

2-hydroxy-3,3-ionene

(k)

4.35±0.01,4.09±0.02(3)

42.2+0.3(4)

BILAYER
IHICKNESSiA}
52±3(2)

4.13±0.02(3)
30(1)

xylylviologen

'+j.4±U.l)(2)

4.12(1)

45.3± 1.0(4)
xylylionene

47.4(1)

ionene-6,6

4.11(1)

50.6±0.5(2)

2,3-dihydroxy-4,4-ionene

^All results reported as

4.11(1)

4.13±0.01(2)

44.8(1)

mean ± one

4.11(1)

standard deviation.

Number

^is value varies with hydration.
^The standard deviation

in this

case was actually less than

65

1.

33±1(2)
33±1C(2)

33(1)

34(1)

33(1)

of measurements given in parentheses.

Table

3.9.

X-Ray Data on

^'P'^

Phosphatidylglycerol/Ionene Complexes^

Ionene-6,6

^ ^

^

.

Bilayer

DMPG
DPPG
DSPG

46.0±0.9(2)

47.8±0.3(2)

50.6+0.5(2)

^All results reported as

4.20(1)

4.13±0.00(2)
4.13±0.01(2)

mean + one

31(1)

40.8±0.2(3)

4.15±0.10(2)

28(1)

32(2)

43.1±0.2(4)

4.20(1)

30(2)

34(1)

45.3±1.0(4)

4.11(1)

33(2)

standard deviation.
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Number

of measurements given

in parentheses.

with a value of 1.25 for the projected length
of a carbon-carbon bond
A
calculated from standard carbon-carbon

periods of

DMPG, DPPG

and

bond

DSPG in

47.8A and 50.6A, respectively and

28A, 30A and 33A,

an

all

trans chain;

lengths(65). For example, the lamellar
repeat

the presence of added ionene-6,6 are
46.0A,

the bilayer thicknesses are 31 A,

respectively. In the 2,2-oxyionene treated

repeat periods are 40.8A. 43.1

in

DMPG, DPPG

and

32A and 34A,

DSPG

bilayers the lamellar

A and 45.3A, respectively, and the bHayer thicknesses are

respectively. All of the

wide angle x-ray

diffraction patterns exhibit a

single sharp reflection independent of phospholipid chain
length.

Acyl chain

interdigitation

was observed

in

each phosphatidylglycerol, independent

of chain length, upon addition of ionene polymer to the suspension. In general,
the
interdigitated phase of phosphatidylglycerols is characterized
transition temperature, a

narrowed

by increases

in

phase

transition peak, a decreased lamellar repeat period and a

decreased bilayer thickness as compared to those of the respective phosphatidylglycerol
alone.

A correlation betweeen increases in the lamellar repeat period and bilayer thickness

and the increasing phospholipid chain length was observed
series.

The

in the phosphatidylglycerol

lamellar repeat periods and bilayer thickness increased by approximately

each additional carbon atom
(chain length 16) and

DSPG

in the

phosphohpid

series;

(chain length 18). This

DMPG (chain length

lA

thickness (bilayer thickness also increased by approximately

The

close agreement between our observed

carbon atom

in the phophatidylglycerol series

atom(65) for fully interdigitated

DPPG

and

1

A

for

DPPG

increase, per additional carbon

atom, in lamellar repeat period can be accounted for entirely by the increase

atom).

14),

1

lA per

in bilayer

additional carbon

A increase in bilayer thickness per

and the calculated 1.25A increase per carbon

DSPG

bilayers suggest that in

bilayer fully interpenetrates as opposed to partial interpenetration.

all

cases the

The formation of the

interdigitated phase is very consistent in that the bilayer fully interdigitates to approximately

the

same extent each time

the phase

is

formed.
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We conclude from vaiying the hydrocarbon chain length in
glycerols, that the differences in van der

Waals

stabilization in the

the phosphatidyl-

hydrocarbon core were

not great enough to reverse the relative
stabiUties of the interdigitated and

of the phosphatidylglycerols investigated,
independent of
interdigitated phase with each ionene.
ability

their chain length,

phases. All

formed an

We observed no chain length dependence in the

of the bilayer to form an interdigitated phase

Shorter chain phosphatidylglycerols

Lj3'

may need

importance of van der Waals stabilization

to

in the

presence of added ionene.

be investigated

in order to

examine the

in this system.

D. Analysis of Dry Complexes

In order to determine the extent of ionene binding to the bilayer
surface

proceeded

to

examine the dry ionene/phospholipid complexes by elemental

have been able

to determine,

by analysis

for

we

analysis.

sodium and bromide, what percentage of the

anionic phospholipid headgroups on the bilayer surface are bound by ionene, and

many of the

ammonium

ionene

sites

surface. Elemental analysis data

3.10. Suspensions

at

how

present in the suspension are not bound to the bilayer

from dry DPPG/ionene complexes are presented

were prepared

We

one weight percent each of DPPG sodium

Table

in

salt

and

ionene bromide, the suspensions were then sedimented by centrifugation and washed with
distilled

water three times before drying

at

95°C

in

vacuo for two or three days. Our

results

indicate nearly one-to-one pairing of the negative headgroups of DPPG and the positive

ammonium

sites

along the ionene chain, with elimination of sodium bromide. Similar

behavior has been observed by

only trace amounts of sodium

Rembaum

(DPPG

with ionene/DNA complexes(25).

counterion) and bromide (ionene counterion) in the

elemental analysis of the washed and dried ionene/DPPG complexes.

4% of the

sodium counterions remain

counterions remain.

Any

We observed

in the

sample and

less than

On

average only 2-

1-8% of the bromide

excess ionene chain, not bound to the bilayer surface,

68

is

washed

Table 3.10. Sodium and Bromide Analyses of Dry

Complex

Trial No,

DPPG Compl exes

Sodium(wt.%)

Bromi(ie(wL%)

calculated

experimental

calculated

3.09

3.07

0.00

experimental

DPPG/Na+
3.08

2.97

0.13

DPPG/2,2-oxyionene
2.44a

0.79

8.49^

0.57

<0.10

0.37

<0.10

0.40
0.54

DPPG/2-hydroxy-3,3-ionene
7

2.48^

0.10

8.623

0.09

8

<0.10

0.28

9

<0.10

0.17

10

0.15

DPPG/ioncnc-6,6
11

2.41 a

<0.05

8.38^

0.63

12

<0.10

0.14

13

<0.10

0.23

14

0.49

^These calculations are for a mixture of the two components
polymer repeat units, with retention of both counterions.
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in a 1:1

molar

ratio

of

lipid

molecules

to

away during sample
sample.

preparation; any ionene even partially

Ammonium

complexed should remain

in the

not bound to the bilayer surface will
retain their bromide

sites

counterions despite the distUled water
washing; proven by the retention of
ionene bromide

counterions after extensive dialysis of the
polymer during purification procedures.
Therefore, the detected bromide must
represent
but attached to an ionene chain that

DPPG

sodium

salt,

partiaUy

bound

sites

at

95°C

in

headgroup

The

control,

distilled

sodium as calculated from the molecular formula. Therefore
we do not wash

posibility of adding external

sodium ions and other cations

the

to a

vacuo for two or three days, had the expected

ions during sample preparation, and

of the

bound

to the bilayer surface.

away bilayer-bound sodium

result

not

which was also sedimented by centrifugation and
washed with

water three times before drying
three percent

is

ammonium

distilled

rule out the

calcium) to the sample as a

We can conclude that the sodium ions lost from

water washings(66).

complex are due soley

(like

we can

to displacement

by an ionene

ammonium

site at

the headgroup,

and not by washing or displacement by ions other than the ionene; the sodium
ions
remain must be bound

to a

headgroup and represent

sites

that

on the bilayer surface not bound

to an ionene chain.

We conclude that suspensions prepared at

one weight percent each of DPPG and

ionene have a bilayer surface almost entirely bound by ionene

ammonium

us a very crowded picture of what the bilayer surface must look
3.16. Witii an intercalated water layer only

sites.

This gives

like, as illustrated in

10-16A thick the ionene chain

itself

Figure

must be

fairly confined.

In addition to elemental analysis of the dry ionene/DPPG complexes,

we obtained

small and wide angle x-ray diffraction patterns from the same samples. The lamellar repeat

periods and wide angle spacings of the dry complexes and the corresponding hydrated

complexes are shown for comparison

in

Table 3.1

1.

As

expected, the lamellar repeat

period of DPPG alone decreases from 64.8A to approximately

removal of the intercalated water layer. In

50A

after drying

due

to

contrast, the lamellar repeat periods of the dry

70

0 Ammonium

site

bound

O Unbound ammonium

Figure 3.16. Binding of ionene to

DPPG
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bilayer surface (1

to bilayer surface.

site.

wt.%

DPPG

and ionene).

1.

X-Ray Data on Dry and Hydrated DPPG/Ionene
Complexesa

ADDmVR
none(DPPG

SAXS

WAXS (\-)

SAXSfA^

50

4.15

64.8b±6.1(4)

53

4.19

39.5±0.3(6)

4.12±0.01(3)

53

4.20

42.9(1)

4.12(1)

50

4.19

43.1+0.2(4)

4.20(1)

51,35

4.11

44.8(1)

4.15(1)

50

4.14, 3.85

47.8±0.3(2)

4.13±0.00(2)

alone)

2-hydroxy-3,3-ionene

xylylviologen

2,2-oxyionene
xylylionene

ionene-6,6

All results reported as

^^is

mean ± one

(k)

standard deviauon.

value varies with hydration.
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Number

WAXSfA^
4.2310.04 ,4.06±0.1 2(3)

of measurements given in parentheses,

ionene/DPPG complexes

are unexpectedly larger than the
corresponding hydrated lamellar

repeat periods even though

all

of the intercalated water layer has
been removed.

This result was not anticipated and differs
from the behavior Ranck and

Tocanne(26, 27) observed

in acetylcholine

and

PXB

treated

DPPG

bilayers. In the

absence of water they observed the same interdigitated
lamellar repeat periods of 37A
hydrated samples.

we would

drying,

If the ionene-treated bilayer

we obtain

is

30A because

DPPG

alone

at

A lameUar repeat period of approximately 50A is consistent with what

expect from a crystalline

DPPG

bilayer with hydrocarbon chains tilted at 30°; this

based on a comparison of single crystal data for

period was 45.5A with hydrocarbon chains
bilayers,

the water layer has been removed.

lamellar repeat periods comparable to that of dry

approximately 50A.

we would

in the interdigitated structure after

expect to see lamellar repeat periods comparable
to or slightly greater

than the interdigitated bilayer thickness of
Instead,

remained

as in

even those complexed

DMPG(51) where

tilted at 29°.

the lamellar repeat

We conclude that all of the DPPG

to ionene, are in an Lp' structure after dehydration.

Apparently the bilayer pulls out of the interdigitated structure into an Lp' structure upon
drying even though the ionene
elemental analysis. This

is still

bound

is illustrated in

to the

DPPG bilayer surface as confumed

Figure 3.17.

by

We conclude that strong

intermolecular interactions between lipid headgroups in the crystalline state force the bilayer
to

assume the Lp'

stucture

upon drying

in

order to maximize interactions between

headgroups. The interdigitated bilayer would be unstable relative

to

an Lp' bilayer due to

the expansion in the headgroup region and minimization of any interactions between

headgroups

in the interdigitated phase.

In addition to the experiments above,

percent each of DPPG and ionene,

molar ratio of lipid headgroups
results for dry

to

we

where samples were prepared

investigated

ionene

in the

one weight

ionene/DPPG complexes where

ammonium

sites

complexes of DPPG and 2,2-oxyionene

amount of DPPG

at

the

were varied. Experimental

are presented in Table IE. 12.

The

sample was kept constant (approximately 30 mg) while the amount

73

p

I®

,®

AA NAA/VNWVAM

I®

.®

o o o

,0

,0

,®

30A

>42A

^ NAA^MWSAN /V"^
I

I

i

©'

d

d
DRY

HYDRATED COMPLEX

COMPLEX

Figure 3.17. Structural changes caused by dehydration of DPPG/ionene complexes.

74

Table 3.12. Sodium and Bromide Analyses
of Dry DPPG/2,2-Oxyionene
Complexes
DPPG;2,2-oxyionene

Trial

No

(«.epea.u„,.,
1:1

<:r^\..rr.r..n or\

^^^^^

'

1

0.21

1:1

2

0 23

1:1

3

0.26

0.35

4

0.73

0.57

5

0.58

0.46

6

0.53

0.47

2:1

7

1.13

0.74

2:1

8

0.97

0.47

2:1

9

1.08

0.40

4:1

10

1.80

0.63

4:1

11

0.98

0.46

4:1

12

1.05

0.48

4:3
4-3
4:3
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0.71

0.58

,

of 2,2-oxyionene was decreased
(DPPG/2,2-oxyionene molar ratios

As

4/1).

we observed

expected,

an increase

of:

1/1

,

4/3, 2/I

amount of detected sodium

in the

as the

amount of 2,2-oxyionene decreased. The detected
bromide remained approximately
constant at

remained

-10%

in the

as the

amount of 2,2-oxyionene decreased; a

experiments

what one might expect due

amount of 2,2-oxyionene
remains

at

one weight percent

DPPG

decreased;

it

amount of bromide

and ionene. This

to the increased availability of

is

similar

is

contrary to

unbound headgroups

as the

appears that an 'equilibrium' amount of bromide

sample independent of the amount of added ionene.

in the

At a one

to

one

sodium ions remain
weight percent of

as

ratio of

compared

DPPG

2 to

1

sodium

that

remains

is

2-4%

that

remain

amount of sodium ions

amount increases

ratio of

increase in the

to the

to

that

36-40% and

The corresponding

DSC scan

9-11% of the

sample prepared

ratio of

finally at a ratio of

to an

in

original

at

an equal

headgroups to repeat

remain increases

34-62%. This systematic increase

number of headgroups not bound

units,

in a

and ionene (Table 3.10). As the

units increases[4 to 3], the

the

headgroups to ionene repeat

to

4 to

21-28%,
1

the

at a

amount of

sodium ions corresponds

ammonium

site

to

on an ionene chain.

of the 2,2-oxyionene treated suspension, prepared

the headgroup to repeat unit ratio of 4/1,

is

shown

in

an

Figure 3.18. In the

first

scan,

at

two

peaks that are partially superimposed can be distinguished. The lower melting peak occurs
at

39.6°C and

is

due

to the unperturbed melting of

bottom endotherm of DPPG alone, which melts
occurs

Note

at

40.1°C and

is

at

DPPG;

this

may

the melting of the interdigitated, 2,2-oxyionene

bound

bilayer.

been suppressed

to the transition temperature of 42.4°C reported for an equal weight percent of

2,2-oxyionene and

bound

to the

39.8°C. The higher temperature peak

that the melting temperature of the interdigitated bilayer has

compared

be compared

DPPG

DPPG.

bilayer and

Theretz

unbound

et al.(67) also

observed independent melting of PXB

bilayers under non-saturating conditions of added

76

PXB.

30

40

35

TEMPERATURE (°C)
Figure 3.18. DSC melting endotherms of
(molar ratio of 4 to 1),
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DPPG

and complex with 2,2-oxyionene

Upon

repeat scanning of the sample,

and were barely distingtnshable.
of 4 to

1

the

unbound

DPPG

we observed

two peaks merged even more

the

We conclude that at a molar headgroup to repeat

bilayer and the ionene

bound

same sample,

the size of the

lipid

Upon

unbound melting endothemi decreases

the interdigitated endotherm increases
slighdy. This

may

repeat scanning of the

slightly as the size of

indicate a larger percentage of the

going into the interdigitated phase as the
heating cycle

E. Characterization of the

ratio

bilayer can be distinguished in

DSC scan but melt at only slightly different temperatures.

the

unu

extended.

is

High Temperature Phase of DPPG and Compl
exes

In addition to our investigation of the
interdigitated gel phase of ionene-treated

phosphatidylglycerol bilayers

we have

characterized the high temperature, melted
(La)

phase of these ionene-treated bilayers and compared them

DPPG

alone. Figure 3.19

shows the film

to the

intensity scans of

and the melted phase (bottom). The lamellar repeat period
gel phase to

the

53.5A

in the

in the

gel phase exhibits a characteristic sharp diffraction

shoulder

at

DPPG

is

in the gel

phase (top)

reduced from 64.6A for the

melted phase (T~80°C). The most drastic change can be seen

wide angle region, where we observe differences

The

melted (La) phase of

in

hydrocarbon chain spacing.

maxima

at

4.23A and a broad

4.06A(63). In contrast, the melted phase exhibits a diffuse halo centered

around 4.64A(63), similar

to diffraction patterns of melted long chain hydrocarbons(2).

The

electron density profiles calculated fi-om the intensity scans are

The

thickness of the gel phase

the melted phase

which

is

DPPG

bilayer

is

44A compared

shown

in Figure 3.20.

to the bilayer thickness in

only 37A. This reduction in bilayer thickness

is

a result of the

disorder in the hydrocarbon chain region which manifests itself by a decrease in bilayer

thickness and expansion in the headgroup region of the bilayer plane(2).

Figure 3.21 shows the film intensity scans for the interdigitated gel phase of the
ionene-6,6 treated bilayer (top) and the melted phase of the ionene-6,6 treated bilayer
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64.6

A
DPPG(T~25°C)

(1/2X)

4.23

A

So

V

W
Q
53.5

A
DPPG(T~80°C)

>

W
4.64

A

DISTANCE ON FILM
Figure 3.19. Film intensity scans of small and wide angle x-ray diffraction
patterns of the gel (top) and melted (bottom) phases of DPPG.
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DPPG
(T~25°C)
44 A(4)

DPPG
(T~80°C)
37 A(3)

-40

-20

0

DISTANCE

20

40

(A)

Figure 3.20. Relative electron density profiles of the gel (top) and melted (bottom)
phases of DPPG. The number of reflections used to calculate the electron density
profile is given in parentheses.
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47.8

A
DPPG/ionene-6,6(T~25°C)

A

4.13

W
Q
53.5

A

DPPG/ionene-6,6(T~60°C)

d
>
w

4.62

DISTANCE ON

A

HLM

Figure 3.21. Film intensity scans of small and wide angle x-ray diffraction
patterns of the interdigitated gel (top) and melted (bottom) phases of
DPPG/ionene-6,6 complexes.
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(bottom). In this case,

we observed

for the interdigitated gel phase to
treated bilayer.

lower

The melted

DPPG

DPPG

amount of buffer, -50 wt.%,

the greatest contrast

for the melted phase

is

(T~60°C) of the ionene-6,6

suspension due to differences in sample preparation

ionene/DPPG were prepared from

hydrated in excess buffer, the
limited

53.5A

La phase of the ionene/DPPG complex was reached 20°C

in temperature than the

(the x-ray samples of

an increase in the lamellar repeat
period from 47.8A

the

DSC

suspensions which were

suspension for the x-ray sample was hydrated in a
in order to obtain sharp diffraction
patterns).

Again,

noted in the wide angle region where the interdigitated
gel phase of

ionene-6,6/DPPG complex exhibits a single sharp

reflection at

of the same complex exhibits a diffuse halo centered
the hydrocarbon core of the bilayer

from the

at

4.13A and the melted phase

4.62A. This signifies the melting of

interdigitated structure to an

La phase(63).

In

Figure 3.22 the electron density profiles of the ionene-6,6/DPPG complexes are
presented.

The

gel phase of the

ionene-6,6/DPPG complex has a bilayer thickness of 32A, indicating

an interdigitated structure; the melted phase of

this

36A. This value

37A

is

comparable

to the value of

same complex has a

bilayer thickness of

obtained for the melted

DPPG bilayer

without added ionene. Similar results were obtained for the 2,2-oxyionene-treated

DPPG

suspension (see Appendix).

Our

results

repeat period of

45A

compare with those of Tocanne

56-57A

for the gel phase of

for the melted phase of

changes

DPPG

DPPG

et al.(26),

obtained a lamellar

(<80°C) and a lamellar repeat period of

(>80°C), and McDaniel

in lamellar repeat periods for mixtures of

who

et al.(33),

DPPC and

who obtained

similar

glycerol. In x-ray diffraction

experiments on the interdigitated gel phase of an acetylcholine-treated bilayer they observed
a lamellar repeat period of 45 A (<40°C) and an increase to

same

bilayer (>40°C).

Our experimental

the ionene-treated bilayer

two phases may not be

is

results lead us to

similar to that of the

for the melted phase of that

conclude that the

La phase of DPPG

identical energetically, analysis
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55A

La phase of

alone. Although these

by x-ray diffraction indicates they

DPPG/ionene-6,6
(T~25°C)

32 A(3)

O
PC
H
U

DPPG/ionene-6,6

36A(3)

-40

-20

0

DISTANCE

20

40

(A)

Figure 3.22. Relative electron density profiles of the interdigitated gel (top)
and melted (bottom) phases of the DPPG/ionene-6,6 complex. The number of
reflections used to calculate the electron density profile is given in parentheses.
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are comparable to one another
structurally.

The

x-ray diffraction data are
summarized in

Table 3.13.

F.

Morphological Characterization

Visual changes occur in the

DPPG

suspension immediately upon addition of
ionene

polymers; these changes include aggregation and
precipitation of the otherwise uniformly
turbid suspension. These visual changes are likely
to signify morphological changes that

occur

in the

sample; optical microscopy was used to characterize

micrograph obtained for
7.4

is

shown

in

1

wt.%

Figure 3.23.

A

DPPG

hydrated in 50

upon addition of

heating above the phase transition temperature) to the

1

were observed

The

in

all

suspension, (Figure 3.24),

areas of the sample.

sample hydration time and temperamre were reduced we observed
in or

A

wt.% ionene-6,6 (with thorough

DPPG

large aggregates of pooriy defined structure were seen in

imbedded

change.

mM sodium phosphate buffer, pH

variety of multi-lameUar vesicles

different shapes and sizes. In contrast,

this

on the periphery of the precipitated aggregate

When

vesicle-like structures

as in Figure 3.25.

optical micrographs indicate that addition of ionene-6,6 to the

DPPG

suspension causes the vesicles to disrupt and form large aggregates. Disruption and
aggregation are partially dependent on incubation time above the phase transition
temperature;

we observed

incomplete disruption when hydration time was decreased.

believe the precipitated aggregates are

composed of an

array of bilayer stacks.

The

We

bilayer

stacks are highly regular as indicated by the sharpness of the small angle x-ray diffraction
patterns obtained

aggregate

from these samples.

may include the

A possible mechanism for formation of such an

bridging of neighboring bilayers by the ionene chain, causing

precipitation and disruption of the vesicle; as illustrated in Figure 3.26.

The ionene may

cause aggregation of the intact vesicle before disruption by neutralization of the charged
bilayer surface or by actually bridging the water phase separating individual vesicles.
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Table 3.13. X-Ray Data on Melted Phases
of DPPGAonene Complexes^

lonene

none(DPPG

SAXS
alone)

ionene-6,6

2,2-oxyionene

^All results reported as

WAXS

(A)

BILAYER
cAi

THICKNF.SSfA)

53.5±6.4(3)

4.6410.04(3)

37±2(3)

53.5±0.2(2)

4.62±0.05(2)

36±lb(2)

49.7±0.4(2)

4.68±0.06(2)

35±lb(2)

mean ± one

''The standard deviation in this case

standard deviation.

was

Number of measurements

actually less than

85

1.

given in parentheses.

Figure 3.23. Optical micrograph of DPPG
phosphate buffer, pH7.4.

(1 wt.

86

%) suspended

in

50

mM sodium

Figure 3.24. Optical micrograph of DPPG and ionene-6,6
sodium phosphate buffer, pH7.4.

mM

87

(1 wt.

% each)

suspended

in

50

Figure 3.25. Optical micrograph of DPPG and ionene-6,6 (1 wt. % each) suspended
sodium phosphate buffer, pH7.4, with reduced hydration period.

mM

88

in

50

Figure 3.26. Bridging of successive

DPPG
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bilayers

by ionene.

S'-^-behaviorhasbeenobservedb^o*.™..
.be

cocMea. c,U„.e.

in

fonnabon of ,a.ge

pbospHabd„se.„e(6S) and
70, vesiCes

up.n ad..o„ Of Cciun,
.o„s and .be fo^abon
of
add„.on of calciu. ions

.o

a„es upon

a^o^Ho.

pbospbabdic acid vesic,es,60)
bave been

al.(28)

™.

Boggs

«

observed the disruption and
collapse of vesicles inu,
stacks of bilayers and
multUamellar coacerva.es upon
addidon of PXB .o anionic
phospbobp.ds incuba.ed above
40T for 20 .0 30 minu.es prior ,o ex^arion
by ,r.e« fracn^e elecron
™cK,scopy
TT..S las.

case

is

particularly relevan. because

acyl chain interdigitation in

DPPG

PXB.

like .he ionenes. is
reported .o

cause

bilayers(27).

G. Investigation of Headgroup
Structure

1.

The Zwitterionic Phospholipid,
DipalmitoylphosphatidylchoUne (DPPC).
In order to confimi the absence
of interaction between ionenes
and neutral

phospholipids and verify the importance
of ionic interactions between the
ionenes and
anionic phospholipids

we completed DSC and

dipalmitoylphosphatidylcholine (DPPC).

no

net charge; the structure

is

shown

x-ray diffraction experiments on

DPPC has a zwitterionic headgroup

in Figure 3.27.

The

and carries

DSC themiograms of DPPC

alone and upon addition of an equal
weight percent of 2,2-oxyionene are shown

Figure 3.28.

An

identical

DSC

in

scan was obtained for the ionene-6,6 treated
suspension

(Appendix). In contrast to behavior observed
with the anionic phospholipids no
perturbation of DPPC melting behavior was
observed

ionene-6,6 was added to the

DPPC

suspension.

thermogram, remains unperturbed. The

Even

when

either 2,2-oxyionene or

the pre-transition, visible in each

DSC data are summarized in Table 3.14.

ray data, summarized in Table 3.15, confirm that
no perturbation of the

occurs upon addition of either ionene to the suspension.
are between

63.3A and 64.3A.

In the

wide angle region,
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Thex-

DPPC bilayer

AU of the lameUar repeat periods
all

of the diffraction patterns

0
+
CH2-CH-CH2O-P-0-CH2CH2- ^^c\y^
0.
0
0
CO CO
II

1

I

(CH^)^ (CH^),

CH3

CH3

Figure 3.27. Structure of dipalmitoylphosphatidylcholine(n=14).

91

—

DPPC/2,2-oxyionene

-

ACp

)I

DPPC

V
1

I

1

35

.

_J

40

45

TEMPERATURE (°C)
Figure 3.28.

DSC melting endotherm of DPPC and DPPC with added
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2,2-oxyionene.

Table 3.14.

DSC Data on DPPC/Ionene Complexesa

tens
none(DPPC

alone)

ionene-6.6

2.2-cxyionene

Im(!Q

lm«!Q

mmxi

40.9±0.6(2)

32.9±0.8(2)

0.40±0.04(2)

8.8l±0.21(2)

1.2l±0.35(2)

32.5±0.6(2)

0.5610.10(4)

8.10±0.41(4)

0.77(1)

33.0±0.3(2)

0.39±0.01(2)

8.87±0.13(2)

1.32±0.13(2)

40.7±0.2(4)

40.8±0.1(2)

^All results reported as

mean ± one

standard deviation.
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mniMmm mnlmQ^cmm

Number of measurements

given in parentheses.

Table 3.15. X-Ray Data on DPPCAonene
Compl exes

(A)

none(DPPC

alone)

ionene-6,6

2,2-oxyionene

THICKNESS

63.7

4.26,4.16

42

63.3

4.26.4.14

41

64.3

4.26,4.17

42

>
»

I

I

I
I

I
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rA)

show

a sharp peak at 4.26A and a broad
shoulder at approximately
4.16A, characteristic of

a bilayer with tilted chains(63,
64).

42A.

The

bilayer thickness in each case

We conclude from these data that no interaction occurs

DPPC bilayer.

approximately

between the ionene and the

Theretz et al.(67) have also reported no
interaction between

phosphatidylcholine and
attraction

is

PXB. Our results reinforce

the importance of the role of ionic

between the ionene and the anionic bilayer surface

in the formation

and

stabihzation of the interdigitated phase.

2.

The Anionic Phospholipids, Dipalmitoylphosphatidic Acid
(DPP A) and

Dipalmitoylphosphatidylserine (DPPS).

In an effort to investigate what effect differences in headgroup
structure

on the formation of the

we have investigated two

interdigitated phase

phospholipids, dipalmitoylphosphatidic acid

(DPPS). The structures of DPPA and
respectively.

DPPS

Both of these phospholipids,

negative charge

at

pH 7.4(5,

phosphatidylglycerols.

71).

DPPA

(DPPA) and
are

DPPS

additional

dipalmitoylphosphatidylserine
in Figures 3.29

differ in structure

have additional

and behavior from the

titratable protons(5, 71, 75),

higher melting transition temperatures(56, 57, 58, 59, 75) and neither
exhibit substantial hydrocarbon chain

much

tilt

smaller headgroup moiety (50) than

major differences

in the

and 3.30,

like the phosphatidylglycerols, carry a net

However, they

and

shown

may have

at

pH 7.4(73,

DPPG(51)

behavior of DPPA and

or

DPPS

DPPA

74, 57). In addition

DPPS.

In fact

or

DPPS

DPPA

we have

has a

observed

suspensions with added ionene. Our

experimental results follow.
Figure 3.31 shows the
in

50

DSC thermograms obtained upon heating DPPA

suspended

mM sodium phosphate buffer, pH 7.4 and in the same buffer with ionene polymers

of varied chemical

structure.

AU of these ionenes caused aggregation

suspension, although not to the same extent as the highly aggregated

95

of the

DPPA

CH2-CH-CH20-P-OH

o

<p

CO

CO

o.

tCH)„(CH)„
(in.

CHj

Figure 3.29. Structure of dipalmitoylphosphatidic acid(n=14).
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0
CH^- CH 0

0

1

I

CO

CO

CH3

CH3

0 - f -O-CH^CH- COO
0-

Figure 3.30. Structure of dipalmitoylphosphatidylserine(n=14).
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)

DPPA (pH 7.4

xylylviologen

ACp
2,2-oxyionene

ionene-6,6

2-hydroxy-3,3-ionene

2,3-dihydroxy-4,4-ionene

40

45

50

55

60

TEMPERATURE (°C)
Figure 3.31.

DSC melting endotherms of DPPA and complexes with various

ionenes.
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ionene/phosphatidylglycerol suspensions. All
of the ionene-treated suspensions
exhibited

much lower phase

transition temperatures (at least

transitions than the

width of

1

DPPA

15°C lower) and much broader phase

control which melted at 61.9°C (pH7.4)
and has a transition half-

.3°C. This behavior differs substantially
from that of the ionene-treated

phosphatidylglycerol suspensions, where an increase
in phase transition temperature
and a

narrowing of the phase transition

is

phosphatidylglycerol alone.

DSC data is summarized in Table 3.16.

The

generally observed

when compared

with the

Figure 3.32 shows representative fihn intensity scans
of DPPA and of the

DPPA/ionene-6,6 complex. All of the ionene-treated suspensions
had
patterns; intensity scans not included in the text are in
the appendix.

similar scattering

The ionene/DPPA

suspensions exhibit four reflections in the small angle x-ray region
and

ionene/DPPA suspensions and

the control

reflection at approximately 4.15A.

(DPPA

Lp

The 2,2-oxyionene/DPPA complex

phase

in

DPPA

of the

alone) exhibit a single sharp wide angle

three reflections at 4.30, 4.08, and 3.80A were observed.

suggests the formation of an

all

The

single

is

an exception;

wide angle

reflection

and the DPPA/ionene complexes,

in

which

the hydrocarbon chains of the bilayer are perpendicular to the plane of the bilayer
but not
interdigitated(63, 64).

The x-ray data

are

summarized

in

Table 3.17. The lamellar repeat

periods of the ionene-treated suspensions vary from 59.4-66.1 A and are comparable to
those of the untreated

DPPA

suspension, which

of 6O.7A. This behavior contrasts

observed

is

characterized by a lamellar repeat period

to the significant reduction in lamellar repeat periods

in ionene/phosphatidylglycerol suspensions.

The

Figures 3.33 and 3.34 confirm that the bilayer thicknesses

suspensions are virtually unperturbed compared with
thickness of these samples ranges from

48A

for

that

electron density profiles in

in the ionene-treated

of DPPA alone. The bilayer

DPPA, down

to

43A

for the ionene-6,6

treated suspension.

In contrast to the phosphatidylglycerols,

DPPA is extremely

sensitive to changes in

pH(71). Papajadjopoulos(56) reports transition temperatures of 67°C
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at

pH

6.5 and

58°C

DSC Data on DPPA/Ionene Complexesa

Table 3.16.

lonene

none(DPPA

alone)

7.78±0.33(10)

0.13±0.00(10)

2.93±0.60(6)

8.21±0.52(6)

0.17±0.01(6)

3.64±0.46(6)

8.11±0.83(6)

0.16±0.02(6)

48.7±0.7(5)/51.1±0.3(6)

b

16.86±2.35(5)

0.35±0.04(5)

48.3±0.2(7)

2.00±0.19(6)

9.02±0.79(7)

0.19±0.02(7)

47.3±0.5(5)

4.11±0.75(5)

8.14±0.76(5)

0.17±0.02(5)

49.6±0.5(6)

2.2-oxyionene

ionene-6,6

2.3-dihydroxy-4 ,4 -ionene

is

1.27±0.10(10)

48.1±0.4(6)

xylylviologen

^No ATi/2

ASmaccal/mn1°r)

61.8±0.4(10)

2-hydroxy-3 ,3 -ionene

^All results reponed as

AHmfkcal/mnI)

mean ± one

standard deviation.

reported due to superimposed peaks.
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Number

of measurements given in parentheses.

I

W
Q

E
>
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DISTANCE ON FILM
Figure 3.32. Film intensity scans of small and wide angle x-ray diffraction
of DPPA and DPPAAionene-6,6 complex.
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Table 3.17. X-Ray Data on DPPAAonene
Complexesa

ADDirrvn
none(DPPA

SAXS
alone)

2^-oxyionene
xylylviologen

(k^

WAXS

BILAYER
(k^

60.7^11.3(6)

4.1410.04(5)

59.410.2(2)

4.30,4.08,3.8010.01(2)

59.910.3(3)
46(1)

2,3-dihydroxy^,4-ionene
ionene-6,6

2-hydroxy-3,3-ionene

AH

results reported as

mean ± one

62.410.1(2)

4.22±0.01(2)

4811^(2)

63.211.4(3)

4.10±0.02(2)

4312(3)

66.110.6(2)

4.18±0.01(2)

standard deviation.

Number of measurements

Wilis value varies with hydration.

^The standard deviation

in this

case was actually less than
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1.

given in parentheses.
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Figure 3.33. Relative electron density profiles of DPPA and complexes with
2,3-dihydroxy-4,4-ionene and xylylviologen. The number of reflections used
to calculate the electron density profile is given in parentheses.
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Figure 3.34. Relative electron density profiles of DPPA and complexes with
2,2-oxyionene and ionene-6,6. The number of reflections used to calculate the
electron density profile is given in parentheses.
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at

pH 9.1. Our reported transition

temperature of 61.8°C

between the values reported by Papahadjopoulos.
Our

kcaVmole

also agrees with their reported value of
7.8

pH 7.4

at

falls

appropriately

transition enthalpy value of 7.78

kcaVmole

at

pH

8.

Although the

lamellar repeat periods and electron density
profiles of the ionene/DPPA suspensions
are
relatively unperturbed

when compared

ionene/DPPA suspensions
alone.

are

much

The lowering of the phase

suspensions

may

to

DPPA

alone, the

broader and lower

in

temperature than for

transition temperature observed in the

ionene chain form ionic bonds with the

headgroups to participate

DPPA

in intermolecular

bound ionene

will displace

When

et al.(28)

ionene/DPPA

the

ammonium

sites

on the

surface they must affect the abiUty of the

hydrogen bonds with neighboring molecules.
water molecules from the bilayer surface.

Similar reductions in transition temperatures were reported for

Boggs

DPPA

be due to changes in hydration or disruption of intermolecular
hydrogen

bonding interactions between headgroups by the ionene.

In addition, the

DSC melting endotherms of the

PXB/DPPA

and are attributed to disruption of hydrogen bonds when

suspensions by

PXB

binds to the

hydrogen bond accepting phosphate of DPPA.
X-ray diffraction evidence for the formation of an Lp bilayer
perpendicular to the plane of the bilayer)
literature (72).

Harlos

(DHPA) and

DHPA and DPPA differ in

to the glycerol

phosphatidic acid suspensions

et al. (73) report a lamellar repeat period

of dihexadecylphosphatidic acid
angle region.

in

backbone

in

DPPA

DPPA

by an ether linkage

have induced bilayer
(tilted).

At

pH

7, the

as indicated

tilt

in

by the

in

DHPA.

is

ester linkage

Despite the structural

DHPA.

DPPA

single

and

DHPA do not exhibit

wide angle

reflections. Harlos et al.(73)

DHPA bilayers by increasing the pH from 7

headgroup

(no

tilt)

singly ionized (one negative charge) and at
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in the

A and single wide angle reflection at 4.i4A

In contrast to the phosphatidylglycerols,

tilt,

found

of 59.8A for suspensions

by the replacement of the

agrees closely with the values reported for

hydrocarbon chain

is

a single sharp reflection at 4.12A in the wide

structure

differences, our lamellar repeat period of 60.7
for

structure (with chains

to 12

pH

12

it is

doubly ionized(71). Harlos observed a decrease

pH 7
at

to

pH 7,

54.6A
but

at

pH

at

pH

12.

in the

lameUar repeat period from 59.8 A

In the wide angle region a single
reflection at 4.12A

12 a shaip reflection

is

observed

at

4.28A and a broad

at

observed

is

reflection at

4.10A. In addition to the x-ray diffraction data,
monolayer experiments indicate an
increase in area per molecule with increases in

changes with

pH at constant

surface pressure. These

pH led Harlos to conclude that increases in pH induced tilting of the

hydrocarbon chains

in these experiments. Increases in

headgroup repulsion as a

result of

going from a singly ionized headgroup to a doubly ionized headgroup
would increase the
effective headgroup area; as a result the hydrocarbon chains try
to maintain packing density

and maximize van der Waals interactions by
Harlos

et al.(74)

have also induced

tilt

tilting

in a similar

with respect to the bilayer normal.

phosphohpid,

1

,2-ditetradecyl-

phosphatidic acid (DTPA).

The differences
complexes may be
headgroup

size

in

behavior between DPPA/ionene complexes and DPPG/ionene

attributed to the differences in

headgroup

structure.

This includes

and differences in ionic or intermolecular hydrogen bonding character. The

phosphatidylglycerols have a relatively bulky, negatively charged headgroup which can
easily

accommodate

the lateral expansion in the headgroup region of the bilayer which

occurs upon interdigitation. Although
7.4(71),

it

has a

accommodate

much

the

DPPA

also carries a net negative charge at

smaller headgroup(50) and therefore

expanded headgroup area necessary

phase. In addition,

6.5) as

interactions

DPPA is a better candidate for intermolecular interactions (hydrogen

compared

to

DPPG

(41°C/pH

7.4) (56).

and the small headgroup moiety which tend

relative to the melted
stabilize the

not be able to

for stabilization of the interdigitated

bonding) than DPPG(45) as evidenced by the higher phase

(67°C/pH

may

pH

transition temperature of

The hydrogen bonding

to stabihze the gel

phase of DPPA

La phase (as evidenced by the high melting temperature),

Lp phase relative to the interdigitated phase due to the expansion in

headgroup region required upon

interdigitation of the bilayer. Intermolecular
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DPPA

would also
the

hydrogen

bonding

in

DPPA occurs through

the sharing of a hydrogen

bond between

the acid .oiety

of one molecule with the phosphate
moiety on the neighboring
molecule(45). Greater
intem^olecular hydrogen bonding

may

be related to or a result of the
small size of the

phosphatidic acid headgroup which allows
for closer proximity of
headgroups and thus
shorter, stronger

hydrogen bonds between headgroups.

The complexes formed between

sodium

the

salt

of DPPA and the ionene polymers

were characterized by elemental analysis of
the dried complexes. The samples
were
prepared in the same manner as the DPPG/ionene
samples for elemental analysis
experimental results are summarized

in

.

The

Table 3.18. The ionene- 6,6/DPP A complex

exhibits very nearly a one to one charge pairing
of phosphatidic acid headgroups to

ammonium

sites

on the ionene chain; similar to behavior as was
observed

ionene/DPPG cases (Tables 3.10 and
ionene-6,6/DPPA complex

in

3. 12).

The amount of sodium

most cases was

DPPA, however one sample did

contain as

less than

much

as

4%

19%

of that

that

in the

In the 2,2-oxyionene, xylylviologen

high as

82%

observed
to the

salt

ammonium

substantially

of

3%

sites

from sample

samples was as low as

and the amount of bromide also varied from

may

DPPG

in these

sodium

in the

and 2-hydroxy-3,3-ionene

complexes the amount of detected sodium and bromide varied
sample. The amount of sodium that remained

remains

of the original sodium. Only

of the bromide remains in the complex indicating very few
uncomplexed

on the ionene chains.

in the

3%

to

represent a lessened affinity of the ionene for the

to

4% or as

46%. The deviations

DPPA

bilayer as

compared

bilayer; or perhaps the negative charge of the phosphatidic acid head group

is

not as accessible to the ionene chain as in the phosphatidylglycerol bilayers.
In addition to the

DPPA investigation,

suspensions of DPPS in the presence of

ionene polymers were examined. Figure 3.35 shows the
heating

DPPS

suspended

in

50

DSC thermograms obtained

upon

mM sodium phosphate buffer, pH 7.4 and in the same

buffer with ionene polymers of varied chemical structure.
interaction in the melting of ionene complexes with
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We see a polymer dependent

DPPS. All of the ionenes caused

Table 3.18. Scxiium and Bromide
Analyses of Dry DPPA/lonene Compl
exes
Complex

Trial

No.

Sodium(wL%)
calculated

Bromide(wi.%)

experimental

calculated

experimental

3.00

0.00

0.21

DPPA/Na+
3.43

3.18

0.45

3.17

0.25

DPPA/2.2-oxyionene

4

2.47a

0.50

9.21a

4.26

5

1.80

4.04

6

<0.10

1.38

7

<0.10

0.99

DPPA/2-hydroxy-3,3-ionene
8

2.70^

0.30

9.37a

4.06

9

0.90

2.26

10

<0.10

1.02

11

0.42

0.32

DPPA/ioncnc-6,6
12

2.62a

0.50

9.09a

13

0.20

0.31

14

<0.10

0.27

15

<0.10

0.31

DPPA/xylylviologcn
16

2.11a

0.40

14.643

4.06

17

1.72

4.62

18

<0.10

0.66

19

<0.10

0.89

aihcsc calculations are for a mixture of the two components
polymer repeat units, with retention of both counterions.
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Figure 3.35.

DSC melting endotherms of DPPS
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and complexes with various ionenes.

aggregation of the

10°C lower) than
width of

1

DPPS

the

suspension and a

DPPS

shift to

lower phase transition temperatures

(5-

control which melts at 51.6°C
and has a phase transition half-

.8°C. This behavior

is

similar to that observed for

DPPA complexes where all of

the phase transition temperatures were
approximately 15°C lower than that of DPPA
alone.

However, unlike

ionene/DPPA complexes, not

the

more broadly than

all

of the ionene/DPPS complexes melt

the control. Addition of 2,2-oxyionene to
the

DPPS

sharpens the phase transition peak sUghtly and with
ionene-6,6 AT1/2

0.5°C compared

to

DPPS

alone

in

is

reduced to only

All of the other ionene/DPPS complexes exhibit

at 1.8°C.

broad phase Q-ansitions similar to that of the control. The

complexes are summarized

suspension

DSC data for the ionene/DPPS

Table 3.19.

Film intensity scans of DPPS alone and

in the

presence of ionene-6,6 are shown

in

Figure 3.36. All of the ionene/DPPS suspensions exhibited similar scattering patterns
and
the intensity scans not included in the text are in the appendix.

alone shows a strong

set

The

intensity scan of

DPPS

of reflections corresponding to a lamellar repeat of 60.1 A and

another weaker reflection that corresponds to a lamellar repeat of 44.6A. In the wide angle
region, reflections were observed at 4.37, 4.20 and 3.81 A.

The

ionene-ti-eated

suspensions exhibit a strong set of reflections corresponding to a lamellar repeat period

between 63.3A-70.5A and a weaker
period of approximately

The

47A

order reflection corresponding to a lamellar repeat

first

(though the

larger lamellar repeat period

is

latter

may

not be visible on the intensity scan).

the dominant reflection in both the

DPPS

and ionene-

treated suspensions. Electron density profiles calculated from the dominant set of

reflections are

shown

treated suspensions;

in

all

Figures 3.37 and 3.38, and indicate an

ionene/DPPS suspensions, compared
tiie

DPPS

structure for the ionene-

of the electron density profiles have an interpretable resolution of

approximately 15-16A. The bilayer thickness ranged from

of

Lp

49A

to

50A

for the

to a bilayer thickness of 48A for the 60.1

A reflection

bilayer. Elecfl-on density profiles could not be calculated for the shorter

lamellar repeat period (in either case,

DPPS

alone or the ionene-tt-eated bilayer) because of
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Table 3.19.

DSC Data on DPPS/Ionene Complexesa

lonene

none(DPPS alone)
2-hydroxy-3,3-ionene

xylylviologen

2,2-oxyionene
ionene-6,6

^All results reported as

TmCC)
51.6±0.4(9)

ASmOccal/mnlT)

9.0810.52(9)

0.1810.01(9)

7.8310.29(6)

0.1810.01(6)

8.9810.81(3)

0.2110.02(3)

1.28±0.15(6)

16.8611.39(6)

0.3710.03(6)

0.5410.08(6)

9.2311.00(6)

0.2210.02(6)

1.72±0.29(9)

44.1±0.4(6)

1.57±0.37(6)

41.Q±0.1(6)

4.03±1.10(2)

45.2±0.1(6)

42.2±0.2(6)

mean 1 one

AHmncr,al/mr.1)

standard deviation.

1

1 1

Number

of measurements given in parentheses.

CO

W
Q

w
>

DISTANCE ON FILM
Figure 3.36. Film intensity scans of small and wide angle x-ray diffraction patterns
of DPPS and DPPS/ionene-6,6 complex.
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Figure 3.37. Relative electron density profiles of DPPS and complexes with
xylylviologen and 2-hydroxy-33-ionene. The number of reflections used to
calculate the electron density profile is given in parentheses.
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Figure 3.38. Relative electron density profiles of DPPS and complexes with
ionene-6,6 and 2,2-oxyionene. The number of reflections used to calculate the
electron density profile is given in parentheses.

114

lack of intensity.

angle region

at

two reflections

When

sample.

AU of the ionene/DPPS

complexes exhibit one

reflection in the

wide

approximately 4.18A, with the exception
of 2,2-oxyionene which exhibits
at

4.23 and 4.04A. Table 3.20 summarizes
the x-ray data for each

the hydration temperature of the

DPPS

80°C, a single lamellar repeat period was observed

we reported above

at

suspension was reduced to less than

55.0A. This value

as a result of incomplete hydration of the

DPPS

preparation, and this compares to a completely dry
sample of
single lamellar repeat period of 54.5A.

When

DPPS

is

less than that

bilayer during sample

DPPS where we observed

a

hydration temperatures were increased to

near 100°C, lamellar repeat periods of 60.1 A and 44.6A
were obtained for DPPS.

Like

DPPA, DPPS

DPPS

the phase behavior of
the carboxyl group

hydrated).

is

sensitive to changes in

is

Above pH

1

1.5,

They

as a function of pH.

protonated,

DPPS

pH; Cevc

undergoes a phase transition

which corresponds

21.5°C.

pH

6.8

increase in phase transition temperature below

hydration effects. In

fact,

at

below pH

at

pH

DPPS

to

pH below

was previously reported

which agrees with our reported value of 51.6°C

at

pH

5.5,

where

62°C (when

fully

to deprotonation of the amine, they

A pre-transition is not observed in DPPS

transition temperature at

have characterized

report that below

reported a decrease in the phase transition temperature of
at

et al.(75)

32°C and
1

1.5.

a pre-transition

The phase

to be approximately

pH 7.4. Cevc

53°C(58)

et al.(75) attribute the

5.5 to charge neutralization and

5.5 the phosphatidylserines

become very

difficult to

hydrate. In contrast, they attribute the decrease in phase transition temperature above

pHl 1.5
chain

to disruption of intermolecular hydrogen bonds and the induction of hydrocarbon

tilt

as evidenced by the presence of a pre-transition.

moiety of the headgroup

is

deprotonated, and because the

bond donor removal of the proton

1

in

some phospholipids

(e.g.,

ammonium

11.5 the

group

disrupts the hydrogen bonding ability of

addition, the presence of a pre-transition

tilt

Above pH

DPPC)

is

known

(43).
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is

a

hydrogen

DPPS.

In

to be associated with hydrocarbon chain

The presence of a

1.5 suggests that the increase in repulsion in the

ammonium

pre-transition

above

pH

headgroup region upon deprotonation of

Table 3.20. X-Ray Data on DPPS/Ionene
Complexesa

ADDinVF.

SAXS

none(DPPS alone)

(k)

60.110.3(2

WAXS

BILAYER
(k)

4.37.4.20,3.86,3.4510.05(3)

4811^(2)

4.2510.13,4.0510.06(3)

50±\\2)

4.1710.05(2)

4911^(3)

4.0610.19(3)

5014(2)

4.2110.01(2)

4911(2)

44.6±0.4(2

2^-oxyionene

67.3±0.0(2

47.4±0.5(2
xylylviologen

THICKNF.SS

64.0±0.3(3

48.610.7(2
ionene-6,6

70.512.8(3

47.210.7(3
2-hy(iroxy-3 ,3 -ionene

63.310.4(3

48.811.5(3

^All results reported as

^e standard

mean 1 one

deviation in this case

standard deviation.

was

Number

actually less than

/
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1.

of measurements given in parentheses,

(A)

*e amine

increases the effective headgroup
area and induces hydrocarbon
chain

to maintain

til,

in order

packing density and maximize van
der Waals interactions between
the

hydrocarbon chains.

We are unsure why DPPS
lamellar repeat periods.

Lp

bilayer structure in

and the ionene-treated suspensions
exhibit two

The longer lameUar repeat,

DPPS and

as

we have shown,

the ionene-treated suspensions.

As

did not induce acyl chain interdigitation in
this portion of the bilayer.

this portion

of the bilayer.

corresponds to an

in

DPPA,

the lonene

An electron density

profile could not be calculated for the shorter
lameUar repeat period, so

or rule out an interdigitated phase for

distinct

It is

we cannot

confiirm

not likely that this

additional reflection corresponds to an ionene-induced
interdigitated phase because a similar
reflection

was observed

reflection

must be dependent on sample preparation because

in the

DPPS

suspension without added ionene. This additional

ray diffraction patterns of the anhydrous

hydrated

DPPS

phosphatidylserines. This

series

of

mono- and

is

little

it

is

in the x-

not reported in the literature for

on x-ray

was known about

the strucuire and properties of

probably a result of their limited commercial

in the last five years,

articles

and

was not observed

without the presence of added ions.

Until recently relatively

However,

DPPS

it

availibility.

Hauser and Shipley(57, 76, 77, 78) have pubhshed a

diffraction of well defined phosphatidylserines and the effect of

divalent cations on their suspensions.

They have shown

that synthetic

phosphatidylserines form swelling, continuously hydrated bilayers(57). The lamellar
repeat period of 50

wt.%

DMPS

was 107 A. The monovalent
structure but

do

hydrated in

ions,

5mM ammonium phosphate buffer, pH 6.8

sodium and potassium, do not perturb

shield the negatively charged bilayer surface

which

the bilayer

results in an ionic

strength dependent reduction in the intercalated water layer thickness with a subsequent

reduction in lamellar repeat period. At sodium chloride concentrations of 0.5M and higher
a limiting value of the lamellar repeat period of 62A was reported for DMPS(57);

compares with our lamellar repeat period of 60.1 A
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for

DPPS

suspended

in

this

50mM sodium

phosphate buffer,

pH 7.4.

In contrast, the divalent
cations calcium and

high melting, dehydrated, crystallized

DPPS

magnesium formed

bilayer structures with lameUar
repeat periods

of 47-48 A(57, 76). This lamellar repeat
period corresponds to that of the
anhydrous PS

fonn

11(77) reported

by Shipley

et al.

DPPS complexes with

strontium,

praseodymium exhibited lamellar repeat periods
of 57-58A(76,
lamellar repeat periods of the anhydrous

anhydrous PS form

I

anhydrous PS form

I,

and PS form

PS form

II differ in

banum and

78); corresponding to the

1(77), reported

by Shipley

el al.

The

hydrocarbon chain packing. In the

the hydrocarbon chains are aligned
approximately normal to the

plane of the bilayer with

or no chain

little

hydrocarbon chains appear

to

be

tilted

tilt(76, 77).

In the anhydrous

PS fomi

II,

the

with respect to the bilayer normal(76, 77).

We attribute the observation of two distinct lamellar repeat periods in the diffraction
patterns of

DPPS

and ionene/DPPS complexes

to differences in

hydrocarbon chain packing

and/or degree of hydration. The longer lamellar repeat periods
(60.1-70.5A),
already shown, correspond to fully hydrated

50A

in

DPPS

and

in the

Lp

we have

bilayers with a bilayer thickness of 48-

ionene/DPPS complexes. Although we cannot confirm

structure of the bilayer with the shorter lamellar repeat period,

we

believe

it

to

to a dehydrated bilayer with tilted hydrocarbon chains, similar to anhydrous

the

correspond

PS form

II.

We have not ascertained why this phase forms under our hydration conditions, but because
it is

observed

in

DPPS

without added ionene as well as in the ionene/DPPS complexes

can rule out the possibility of its being induced by the addition of ionene

Our conclusions

are supported by the wide angle diffraction data. In

to the suspension.

DPPS

alone

three reflections in the wide angle diffraction pattem (4.37, 4.20 and 3.81 A); this

represent two distinct superimposed diffracdon pattems. The 4.20A reflecdon

correspond to the dominant
the

4.37A and 3.81 A

Lp

we

report

may

may

bilayer observed for the longer lamellar repeat period and

reflections correspond to diffraction from a tilted bilayer structure of

the shorter lamellar repeat period.

weaker small angle

we

reflections is

The

difference in intensity between the dominant and

more pronounced
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in the

ionene/DPPS suspensions than

in

DPPS. This may

explain the presence of only a
single reHection in the wide
angle region

of most of the ionene/DPPS complexes
despite the two
percentage of the bilayer

distinct bilayer structures

m the tUted arrangement is much less than that in the

characteristic tilted diffraction pattern

may

If the

.

Lp phase,

the

not be observed in the wide angle
region.

H. Conclusions

The

interaction of ionene polymers with a series
of negatively charged

phospholipids was investigated in order to determine the
important factors
relative stabilities of the interdigitated

and normal

Lp

phases of anionic phosphohpids.

have made the following conclusions from our experimental

bilayer structure

was observed with

of the anionic phospholipids

we

ionene to the suspension, they

the zwitterionic phosphoHpid,

all

low molecular weights,

unit structure

an important factor

had no apparent

DPPC. Although

not

all

exhibited perturbed melting behavior suggesting

important

is

a prerequisite for

studied formed interdigitated phases upon addition of

between the ionene and the bilayer

ionene chain

is

No perturbation of melting behavior or

interactions

at

We

results.

Ionic attraction between the ionene and the phospholipid
interdigitated phase formation in this system.

that control the

surface. Ionene molecular weight

indicating that connectivity of

in stabilization

affect

ammonium

is

sites

on the

of an interdigitated phase. Ionene spacer

on bilayer phase

stabilization; all of the ionenes,

independent of their structure, induced the formation of an interdigitated phase

in the

phosphatidylglycerols and perturbed only the melting behavior of DPPA and DPPS.

The abihty of the

bilayer to form a stable interdigitated phase

phospholipid chain length in
in the

DMPG, DPPG or DSPG.

headgroup had a profound

interdigitated phase.

investigated.

The

DPPG

effect

formed a

interdigitated phase

not influenced by

In contrast, structural differences

on the formation and

stabilization of

fully interdigitated bilayer

was

was

an

phase with each ionene

characterized by an increased phase transition
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temperature, increased transition enthalpy,
a sharpened tmnsition peak
and a drastically

decreased bilayer thickness and lamellar
repeat period as compared to
failed to

form an

interdigitated phase in the presence
of ionene

due

DPPG

to small

alone.

headgroup

and strong intermolecular interactions between
headgroups. Likewise, DPPS

form an ionene-induced
interactions
size

interdigitated phase possibly

between headgroups. Our

due

DPPA
size

failed to

to strong intermolecular

results lead us to conclude that

and the presence of ionic or hydrogen bonding groups

determining the relative stabUities of the interdigitated
and

is

Lp

headgroup

structure,

the primary factor in
gel phases in ionene-treated

anionic phospholipid bilayers.

1.

Future

Work

Additional investigations could include several extensions of the results
presented
herein. Attempts to characterize the actual ionene configuration on the bilayer
surface (e.g

does the ionene
surface)

lie flat

on the surface and how random

would be of special

the deposition of ionene on the

is

interest in providing possible insight into understanding

how

the ionene binds such a large percentage of the headgroups at the bilayer surface. In
addition, these studies could lead to the ability to design ionenes to control interdigitated

phase formation.
Further characterization of the aggregate observed

ionene-6,6 treated

in the optical

DPPG is needed to determine the actual

could be done by electron microscopy to determine

if the

micrograph of

structure of the aggregate. This

aggregate

is

a composite of

bilayer stacks, intact aggregated vesicles or another type of lamellar structure.

It

would be

interesting to determine if bridging of the intercalated water layer actually occurs.

Characterization of the permeability properties of the interdigitated bilayer

is

could be accomplished through dye transport studies across a cast film of the
bilayer.

120

desirable; this

interdigitated

Additional attempts

though ionene structure
rather bulky groups

at controlling interdigitated

may

would

stabilization

be of interest. Perhaps incorporation of
pendent aliphatic or

effect the interaction of the ionene with
the bilayer surface.

effect of other potentially surface active
polymers
interest (for

phase formation and

on phospholipid bilayers may

example, the effect of poly vinyl alcohol on DPPC).
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The

also be of
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APPENDIX A

Phase Angle Determination

ji

I

I
%
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Electron density profiles can
be calculated from the
relative peak intensity
data and
Equation 1 .6 if the phase angle for
each reflection is determined.
Since bilayers are

centiosynunetiic structures, each phase
angle must be . or

0.

Blaurock and McIntosh(61)

have recently detennined die phase
angles for the gel and subgel
phases of hydrated

DPPG

bilayers.

A

series of swelling experiments

were performed

in

order to determine the phase

angle assignments for the subgel phase.
Figure A-1 shows the Blaurock and
Mcintosh

plo,

of the structure factor amplitudes versus
reciprocal space coordinate for
specimens with
repeat periods between 5 1.5

0.07 A- 1
1

.

A

and 75.2A. The plot shows three peaks

Each of these regions must have

a phase angle of either

at 0.023,

n or

0.047 and

0, therefore 8

possible phase combinations must be considered.

A

sampling theorem analysis (79, 80) was used

possible phase combinations best

fits

to

the structure factor

determine which of the 8

amphtudes

in

Figure A-1.

Continuous transforms were calculated for each possible phase
combination with
lamellar repeat periods, 51.8A and 75.2A, and are shown

combination which best matches the two

The curves

choice.

combination

is

in

a profile

two

Figure A-2. The phase

of data corresponds to the correct phase

A of Figure A-2 are quite similar, therefore the correct phase

either (0,

phase combination of

sets

in

the

(ti,

7C,

0) or

0, n)

0,

(tc,

7c)

for the three distinct regions in Figure A-1.

was chosen by Blaurock and Mcintosh

where the hydrocarbon core of the

DPPG

in order to generate

bilayer had a lower electron density than the

headgroup region. The same phase combination was used
profile of the gel phase (Lp')

The

to calculate the electron density

bilayer since the structure factors for the gel phase

fall

quite close to the continuous transform of the subgel phase(61).

The same phase assignments,
Lesslauer

et al.(81).

The

(ti,

0,

7t),

were reported for dipalmitoyl

sign of the structure factors for the

dipalmitoyl lecithin as reported by Luzzatti

et al.(82)

124

first

lecithin

by

four reflections of

and by Torbet and Wilkins(79) were

Figure A-1

.

Structure amplitudes of diffraction data for the subgel phase of hydrated

DPPG. From Blaurock and

McIntosh(1986).
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A

I

C

R

(A-)

Figure A-2. Continuous transforms calculated for each possible phase combination of the
lamellar repeat periods 5 1 .SA and 75.2A for the subgel phase of hydrated DPPG. From
Blaurock and McIntosh(1986).

I
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(-, -.

DPPC

for

Identical signs

-).

and

crystalline, gel

tnixtitres

were detemnned and used

to calculate electron
density profiles

of DPPC with
N-paln^,oylgalactosylsphingosine(83) and
for the

and melted

La phases of p-DPPC(40).

Mcintosh, Simon and McDaniel(33)
determined the phase angle
assignments for
interdigitated

40A

(at

7
1

DPPC/glycerol multilayers. TT.e continuous
^ansfom.

% DPPC / 29% glycerol) to 50A (at 55% DPPC / 45% glycerol)

Figure A-3. All of the data

falls

on the same node must have

the

on a smooth curve with two nodes.
The

same phase angle and

change of phase occurs

(0, 71)

can be selected for the two regions of the
transform

node (R~0.048A-1).

at the

chose the phase combination of

hydrocarbon core of the bilayer

between

bilayers.

The same

at a

(n, 0) in

combinations of

structure factor signs

were used

et al.(33) for

since they have been
al.(l).

were

(-, -,

+,

shown

to

work were

fluid space

et al.(38) to

calculated with the phase

DPPG

0, n),

bilayer.

determined by

The

first

four

and the signs of the structure

The phase assignments of (tt,

bilayers,

et

DHPC bilayers.

0),

determined by

were used for the ionene/DPPG bilayers

form similar interdigitated

Three reflections were used

Figure A-3. Mcintosh

were used by Ruocco

for the hydrated

-).

DPPC/glycerol

ionene/DPPG complexes and
(-, -,

in

to calculate the elecd-on density profile

factors in Equation 1.6

Mcintosh

A phase combination of (n, 0) o,

The phase combination of (k,

(k, 0, n) or (k, 0).

Mcintosh and Blaurock(61), was used
reflections

structure factors

lower electron density than the glycerol

electron density profiles in our

m

shown

order to generate a profile with the

calculate electron density profiles for interdigitated

The

is

penods of

the shape of the transform suggests

that a

al.(33)

for repeat

bilayer structures by Tinrell et

to calculate the electi-on density profile of the

the signs of the stiiicture factors in Equation 1.6 were

+).

No phase angle

assignments for

The phase combination of (ti,
gel states of

DPPA

and

DPPS

0, n)

DPPA or DPPS

was used

could be found

in the literature.

to calculate the electron density profiles of the

and the ionene- treated suspensions. This choice

127

is

based on

Figure A-3. Structure amplitudes of diffraction data for DPPC/glycerol multilayers. From
Mcintosh, Simon and McDaniel(1983).

128

the assumption

*a,

DPPG and DPPC.
diffraction, of

The

DPPA
TTie

DPPA

and

DPPS

should exhibit a bilayer
stmcure similar ,o that of

lameUar repeat periods, obtained
from small angle x-ray

and

DPPS

suspensions were comparable to
that of

electron density profiles obtained for
suspensions of DPPA and

assignments of

(n, 0.

DPPG

DPPS

with the phase

n) were consistent with the expected
bilayer structure.

129

and DPPC.

APPENDIX B

IhNMR Spectra
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APPENDIX C
Calorimetry and X-Ray Diffraction Data

136

>
pq

DISTANCE ON FILM
137

64.8

A
DPPG

4.23

A

^4X)6A

1

43.1A

DPPG / 2,2-oxyionene

4.20A

DISTANCE ON FILM

138

64.8

A

H

DPPG

4.23

A

4.06

39.5A

A

DPPG / 2-hydroxy-3,3-ionene

4.12A

DISTANCE ON FILM
139

64.8

A
j

DPPG

4.23

A

1

1

I

4.06

A

1
42.9A

DPPG / xylylviologen

4.12A

DISTANCE ON FILM
140

65.7

A

II

DSPG

DSPG / xylylionene

47.4A

4.IIA

DISTANCE ON FILM

141

DISTANCE ON FILM
142

65.7

A

DSPG

CO

H-1

42.2A

DSPG / 2-hydroxy-3,3-ionene

w
>
w

4.13A

7L_
DISTANCE ON FILM
143

II

65.7

A

DSPG

l-H

Q

44.8A

DSPG / 2,3-dihydroxy-4,4-ionene

>

4.IIA

DISTANCE ON FILM
144

DISTANCE ON FILM
145

43.1A

DPPG / 2,2-oxyionene

146

(T~25°C)

DPPG / 2,2 -oxyionene
(T~25°C)

30A

(3)

35A

(3)

DPPG / 2,2-oxyionene
(T~60°C)

40

-20

0

DISTANCE

147

20

(A)

40

148

60.7

A

DPPA

4.14

A

DISTANCE ON FILM

149

150

DISTANCE ON FILM
151

60.1

DPPS

A
(1/2X)

44.6

A
4.20

DISTANCE ON FILM

152

60.1

DPPS

A
(1/2X)

44.6

A
4.20

4.37

A

A

i
3.81

DPPS

63.3A

48.8A

/

A

2-hydroxy-3,3-ionene

4.21A

DISTANCE ON FILM

153

60.1

DPPS

A
(1/2X)

44.6

A

A

4.20

4.37

A

3.81

A

CO

Q
d

64.0A

DPPS / xylylviologen

4.17A

48.6A

DISTANCE ON FILM

154

REFERENCES AND NOTES
Mcintosh, Macromolecules.

''m'"SfMir5j9T5^

3) C. Tanford,

4)

The Hydrophobic

J. ^g^^p^^^h^^^^^^^

^'

M

wi oo!^^'^' Phospholipid

Rilayers, John

L^h"^^"' C-D- Thompson,

^^9^1^933)^-^-

7)

W. Kern,

8)

H. Noguchi, A. Rembaum, Polym.

E. Brenneisen,

Rembaum,

J.

12)

J.

Macromol.

Orlando,

Wiley and Sons, N. Y.,

Am. Chem. Soc,

55, 1977-

Chem., 159, 194(1941).

Prakt.

Sci.,

J.

Inc.,

Letters, 7, 383-394(1969).

Chem.

Ed., A3(l), 87-99(1969).

Rembaum, Macromolecules,

5(3),

253-260(1972).

A. Rembaum, H. Noguchi, Macromolecules,

5(3),

261-269(1972).

T. Tsutsui, R. Tanaka, T. Tanaka,

Sci.,

Polym. Phys. Ed., 13, 2091

10) H. Noguchi, A.

1)

John Wiley and Sons, N.Y., N.Y.(1974).

and SnrfRce Force., Academic Press

^)

9) A.

1

Fffrrt,

J.

Polym.

2102(1975).

13) H. Noguchi, Y. Uchida, Macromolecules, 10(1), 219-220(1977).

14) H. Noguchi, Y. Uchida, F. Wakui, Macromolecules, 12(1), 167-168(1979),

15)

Y. Suzuki,

J.

Polym.

Sci.,

Polym. Letters Ed., 22, 129-133(1984).

155

16) T.

Kamiya.

Moore,

I.

Shinohara,

J.

Polym.

Sci.,

Polym. Letters Ed., H,
641-648(1979).

17)

J.

18)

Y. Suzuki, Makromol. Chem.,
18^, 521-529(1984).

S.

Stupp, Macromolecules,
19, 1815-1824(1986).

19) Y. Suzuki, S. Tazuke, Macromolecules,

20) J.C. Salamone, B. Snider,

J.

Polym.

21) V. Soldi, N. Erismann, F.H. Quina,

H,

25-30(1980).

Sci., part

J.

A-1,

Am. Chem.

c":-c'' io3^^s^

3495-3501(1970).

Soc.,

HO, 5137-5143(1988).

^-

23) H. Mauser I. Pascher, R.H. Pearson,
3 1 ( 1 yo 1 ),

S. Sundell,

>

^-

Biochim. Biophys. Acta, 650, 21-

24) A.B. Turek, Ph.D. Thesis, Carnegie-Mellon University(1985).

25)

R. Rajaraman, D.E. Rounds, S.P.S. Yen, A. Rembaum, "Effects of lonenes
on
Normal and Transformed Cells," pp. 163-174, in Charged and Reactive Polymers,
vol.2 of Polvelectrolvtes and Their Applications
.

Tocanne,

FEES

Letters, 143,

27) J.L. Ranck, J.F. Tocanne,

FEES

Letters, 143, 175-178(1982).

26) J.L. Ranck,

J.F.

171-174 (1982).

28) J.M. Boggs, R Kubesch, L. Luciano, G. Maass, E. Tummler, Biochemistry, 26,
139-2149(1987).

29) J.M. Boggs, G. Rangaraj, Biochim. Biophys. Acta, 81^, 221-233(1985),

30) D.A. Wilkinson, D.A. Tirrell, A.B. Turek, T.J. Mcintosh, Biochim. Biophys. Acta,
905 447-453(1988).
.

31) T.J. Mcintosh, S.A. Simon, Biochim. Biophys. Acta., 773, 169-172(1984),

156

''^

"
"

^(1983).'

^'-him. Biophys.

•

Acta.. 731, 109-

Biophys. Acta, 731, 97-

^080983)."''

^-^^

^iolfmt

Biochemistry, 23, 4038-

35) S.W. Hui, C. Huang, Biochemistry,
25, 1330-1335(1986).

36) G. Shipley,

J.

Mattai, N. Witzke, R. Bittman,
Biochemistry, 26, 623-633(1987).

''^

^^^^-^ ^-P^^^-

''m'68-'76(7985;''''''

38) D. Siminovitch,

M. Ruocco,

39) D. Siminovitch, P.

R. Griffin, Biochemistry, 24(10),
2406-2411(1985).

Wong, H. Mantsch, Biophysical

J.,

5i, 465-473(1987).

40) E.N. Serrallach, R. Dijkman, G.H. de Haas, G. Shipley,
174(1983).

41) D. Chapman,

42)

S.

Urbina, K. Keough,

J.

Biol.

J.

Mol.

Biol.,

170, 155-

Chem., 249(8), 2512-2521(1974).

Sci.

USA,

73(1

1),

3862-3866(1976).

Janiak, D. Small, G. Shipley, Biochemistry, 15(21), 4575-4580(1976).

44) J.F. Nagle, Ann. Rev. Phys. Chem.,

45)

J.

Mabrey, J.M. Sturtevant, Proc. Nat. Acad.

M.

43)

J.

Acta,

M. Boggs, Biochim. Biophys.

46) R.P. Rand,

S.

H,

157-195(1980).

Acta, 906, 353-404(1987),

Das, V.A. Parsegian, Chemica Scripta, 25, 15-21(1985).

47) H. Trauble, M. Teubner, P. Woolley, H. Eibl, Biophys. Chem.,

157

4,

319-342(1976).

48) H. Eibl, P. Woolley, Biophys.
Chem., 10, 261-271(1979).
49) G. Cevc, Biochemistry, 26,
6305-6310(1987).

""n^alli)"-

C^^-- Phys.

'

^'

''''''''''

J.,

1

15-

^i^Phy^- Acta, 896, 77-

^88(T^87)"-

52) T.J. Mcintosh, Biophysical

Lipids, 34,

29, 237-246(1980).

53) A.E. Blaurock, Biochim. Biophys. Acta,
650, 167-207(1982).

54) T.J. Mcintosh, C.R. Wonhington, Biophysical

55)

M

J.,

14, 363-386(1974).

Schmidt R. Amstutz, G. Crass, D. Seebach, Chem.
1

Ber.,

/u/ (lyoO).

m,

1691-

56) D. Papahadjopoulos, K. Jacobson, Biochemistry,
14(1), 152-161(1975).

57) H. Hauser, G. Shipley, Biochemistry, 22, 2171-2178(1983).

58) R.C. MacDonald, S.A. Simon, E. Baer, Biochemistry, 15(4), 885-891(1976).

59) A. Watts, K. Harlos,
74(1978).

W. Maschke,

60) D. Papahadjopoulos, G. Poste,

^

D. Marsh, Biochim. Biophys. Acta, 510 63

W.A. Pangbom, W.J.

Vail, Biochim. Biophys. Acta,

448 265-283(1976).
.

61) T.J. Mcintosh, A. Blaurock, Biochemistry, 25, 299-305(1986).

62) A. Watts, K. Harlos, D. Marsh, Biochim. Biophys. Acta, 645, 91-96(1981)

63) A. Tardieu, V. Luzzatti, F.C. Reman,

J.

158

Mol.

Biol., 75,

711-733(1973),

64) K. Harlos. Biochim. Biophys.
Acta,

'

ai,

348-355(19780).

^^'^^-^^^^^^

Inc^(t977r-^-

^ 508(r983);'^-

m

''^

W.A. Benjamin,

^i^Phy^- Acta, 732, 499-

^-J-

S-^h.m. Biophys. Acta,

483liT^^^^^^^^^^^

69) A.J. Verkleij, J.B. DeKruyff, P.H. Ververgaert, J.F.
Tocanne, L.L.M Van Deenen
i^eenen,
Biochim. Biophys. Acta, 339, 432-437(1974).

70) A.J. Verkleij, J.B. DeKruyff, P.H. Ververgaert,
Chem. Phys. Lipids, U, 201-219(1974).

71) H. Trauble, H. Eibl, Proc. Nat. Acad.

Sci.

USA,

J.F.

Tocanne, L.L.M. Van i^eenen,
Deenen

71(1), 214-219(1974).

72) J.L Ranck, L. Mateu, D.M. Sadler, A. Tardieu, T. Gulik-Krzywicki,
V. Luzzatti
Mol. Biol., 85, 249-277(1974).

73) F. Jahnig, K. Harlos, H. Vogel, H. Eibl, Biochemistry, 18(8), 1459-1468(1979).

74) K. Harlos,

J.

Stumpel, H. Eibl, Biochim. Biophys. Acta, 555, 409-416(1979).

75) G. Cevc, A. Watts, D. Marsh, Biochemistry, 20, 4955-4965(1981).

76) H. Hauser, G. Shipley, Biochim. Biophys. Acta,

SB,

343-346(1985).

77) H. Hauser, F. Paltauf, G. Shipley, Biochemistry, 21, 1061-1067(1982).

78) H. Hauser, G. Shipley, Biochemistry, 23, 34-41(1984).

79)

J.

Torbet, H.F. Wilkins,

J.

Theor. Biol., 62, 447-458(1976).

159

J
'

'

80) M.F. Perutz, Proc. R. Soc.,
A, 225, 264(1954).

''^

^oc. Nat. Acad.

""iS^Sar/^/-"82) V. Luzzatti, A. Tardieu,

83)

M. Ruocco, G.

J.

Mol.

Biol., 64,

Shipley, Biophysical

J.,

160

Sci.

269-286(1972).

43, 91-101(1983).

USA,

69(6), 1499-

'

BIBLIOGRAPHY

m
^

Blaurock, A.E.. Biochim.
Biophys. Acta,

Boggs,

J.

M., Biochim. Biophys.
Acta,

Boggs, J.M., Kubesch, P., Luciano
139-2149(1987).

167-207(1982).

353-404(1987).

L

Maa^^
^^^^s,

r
G., t
Tummler,
i

Boggs, J.M., Rangaraj, G., Biochim.
Biophys. Acta,

t.

t.-

B., Biochemistry,
2^,

m, 221-233(1985).

Cevc, G., Biochemistry, 2^,
6305-6310(1987).

^N.^^a987^:'

^^^^P^^^^P^^ ^^^^y^^^> John Wiley and Sons, N.Y.,

Cevc, G., Watts, A., Marsh, D., Biochemistry,
2Q, 4955-4965(1981).

Chapman,

D., Urbina,

J.,

Keough,

K.,

Harlos, K., Biochim. Biophys. Acta,

Harlos,

E^bl H., Pascher,

Harlos, K., Eibl, H., Pascher,
88(1987).

Harlos, K., Stumpel,

Hauser, H., Paltauf,

Hauser, H., Pascher,
51(1981).

J.,

P.,

I.,

I.,

I.,

Eibl, H.,

J.

5U,

Sundell,

Biol.

Chem., 24£(8), 2512-2521(1974).

348-355(19780).

S.,

Chem. Phys.

Lipids, 34, 115-

—

Sundell, S., Biochim. Biophys. Acta 896 77-

Biochim. Biophys. Acta, 555, 409-416(1979).

Shipley, G., Biochemistry, 21, 1061-1067(1982).

Pearson, R.H., Sundell,

S.,

Biochim. Biophys. Acta, 650, 21

Hauser, H., Shipley, G., Biochemistry, 22, 2171-2178(1983).

Hauser, H., Shipley, G., Biochemistry, 22, 34-41(1984).

161

'

Hauser, H., Shipley, G.,
Biochim. Biophys. Acta,
Hui, S.W., Huang,

^-e

C,

Ml,

W teo^^

343-346(1985).

Biochemistry, 25,
1330-1335(1986).

I,

Acadennc Press

Inc.,

Orlando,

Jahnig, F., Harlos, K., Vogel,
H., EibI, H., Biochemistry,
18(8), 1459-1468(1979).

^-Phys. Acta,

''m,?8"7%985T-'

Janiak, M., Small, D., Shipley, G.,
Biochemistry, 15(21), 4575-4580(1976).

Kamiya,

T., Shinohara,

I., J.

Kern, W., Brenneisen, E.,

J.

Polym.

Prakt.

Sci.,

Polym. Letters Ed.,

17, 641-648(1979).

Chem., 159, 194(1941).

Knight, C.G., Exl Liposomes From Physical Structure,
to ThPrppeutic Ap nhr.unn.
Research Monographs in Cell and Tissue Physiology,
Vol. 7, Elsevier/NonhHolland Biomedical Press( 1981).
:

Kunitake

Nakashima, N., Takarabe, K., Nagai, M., Tsuge,
Chem. Soc, 103, 5945-5947(1981).
T.,

Lesslauer, W., Cain, J.E., Blasie, J.K., Proc. Nat. Acad. Sci.

A., Yanagi,

USA,

&

69(6)

H

Am

J
•

1499-

1503(1972).

Luzzatti, v., Tardieu, A.,

Mabrey,

J.

Mol.

S., Sturtevant, J.M.,

MacDonald, R.C., Simon,

Biol., 64,

269-286(1972).

Proc. Nat. Acad. Sci.

USA,

73(11), 3862-3866(1976)

S.A., Baer, E., Biochemistry, 15(4), 885-891(1976).

Marvel, C.S., Lehman, M.R., Thompson, CD.,
1981(1933).

McDaniel, R.V., Mcintosh,

T.J.,

J.

Am. Chem. Soc,

55, 1977-

Simon, S.A., Biochim. Biophys. Acta, 731, 97

108(1983).

162

•

Mcintosh,

T.J.,

Biophysical

Mcintosh,

T.J.,

Blaurock, A., Biochemistry,
25, 299-305(1986).

J.,

29, 237-246(1980).

Mcintosh, TJ., Simon, S.A., Biochim.
Biophys. Acta., 773, 169-172(1984).

^''"''1140983^''""''

^-Phy^-

^"^''^

^''"''40'4l(! 98ir"'

Mclntosh,

T.J.,

Moore,

Stupp,

Nagle,

J.,

J.F.,

Worthington, C.R., Biophysical

S.,

Acta., 73i, 109-

Macromolecules,

19,

J.,

14,

23, 4038-

363-386(1974).

1815-1824(1986).

Ann. Rev. Phys. Chem., 31, 157-195(1980).

Noguchi, H., Rembaum, A., Macromolecules,

Noguchi, H., Rembaum, A., Polym.

Letters, 7, 383-394(1969).

Noguchi, H., Uchida, Y., Macromolecules,

Noguchi, H., Uchida, Y., Wakui,

F.,

5(3), 253-260(1972).

10(1), 219-220(1977).

Macromolecules, 12(1), 167-168(1979)

Papahadjopoulos, D., Jacobson, K., Biochemistry, 14(1), 152-161(1975).

Papahadjopoulos, D., Poste, G., Jacobson, K., Vail, W.J., Biochim. Biophys. Acta,
394 483-491(1975).
.

Papahadjopoulos, D., Poste, G., Pangbom, W.A., Vail, W.J., Biochim. Biophys. Acta,
448 265-283(1976).
.

Perutz, M.F., Proc. R. Soc., A, 225, 264(1954)

163

Rajaraman,

D E Yen p c d
Normal and T?^sfo™e^ &lk
cD ^ffl
Rounds

R.,

vol.2 of Polvele.,rnlv,

Ranck,

u

^
iT'
rf^^^f
Charged
and
",^f4l'2P^j|^|^"'
Reactive

DM

J.L.,

Mateu,

Mol.

Biol.,

Ranck,

J.L.,

Tocanne,

J.F.,

FEES

Letters, 143,

Ranck,

J.L.,

Tocanne,

J.F.,

FEBS

Letters, 143, 175-178(1982).

L., Sadler

k

'

249-277(1974)

'

^"^^-K^^y^^^cki, T., Luzzatti, V.,

171-174 (1982).

Rand, R.P., Das,

S.,

Rembaum,

A.,

Macromol.

Rembaum,

A., Noguchi, H., Macromolecules,
5(3), 261-269(1972).

J.

Parsegian, V.A.,

Sci.,

Chemica

Chem.

Polymers,

n

a

TaHip,,

°"

Scripta, 25, 15-21(1985).

Ed., A3(l), 87-99(1969).

Robens,^J.D., Caserio, M.C., Basic Principles of Organic rhPmktry
w.A. Benjamin,

Ruocco, M., Shipley, G., Biophysical

J.,

Salamone,

Sci., part

J.C., Snider, B.,

J.

Polym.

43, 91-101(1983).

A-1,

8,

3495-3501(1970).

Schmidt, M., Amstutz, R., Crass, G., Seebach, D., Chem. Ber., 113 16911707(1980).

Serrallach, E.N., Dijkman, R., de Haas, G.H., Shipley, G.,

J.

Mol.

Biol., 170,

155

174(1983).

Shipley, G., Mattai,

J.,

Witzke, N., Bittman, R., Biochemistry, 26, 623-633(1987)

Siminovitch, D., Ruocco, M., Griffin, R., Biochemistry, 24(10), 2406-2411(1985),

Siminovitch, D.,

Wong,

P.,

Mantsch, H., Biophysical

Soldi, v., Erismann, N., Quina, F.H.,

J.

J.,

5i, 465-473(1987),

Am. Chem. Soc, HO, 5137-5143(1988)

164

J.

Suzuki. Y.,

J.

Polym.

Sci.,

Polym. Letters Ed.,
22, 129-133(1984).

Suzuki, Y., Makromol. Chem.,
185, 521-529(1984).

Suzuki, Y., Tazuke,

Tanford,

S.,

Macromolecules,

C, The Hydrop hohir

Fff.rt,

13, 25-30(1980).

John Wiley and Sons, N.Y.,
N.Y.(1974).

Tardieu, A., Luzzatti, V., Reman,
F.C.,

J.

Mol.

Biol., 75, 71 1-733(1973).

'^^'''''508(1983?'

T-J-'

^'""'^'^^ys^fsi^^^^
Torbet,

J.,

Wilkins, H.F.,

499-

^^^P^y^-

J.

Macromolecules,

Theor. Biol., 62, 447-458(1976).

Trauble, H., Eibl, H., Proc. Nat. Acad. Sci.

USA,

Trauble, H., Teubner, M., Woolley,

P., Eibl, H.,

Tsutsui, T., Tanaka, R., Tanaka, T.,

J.

Polym.

7i(l), 214-219(1974).

Biophys. Chem., 4, 319-342(1976)

Sci.,

Polym. Phys Ed

2102(1975).

13
'~'

2091-

Turek, A.B., Ph.D. Thesis, Carnegie-Mellon University(1985).

Verkleij, A.J., DeKruyff, J.B., Ververgaert, P.H., Tocanne, J.F.,
L.L.M., Biochim. Biophys. Acta, 339, 432-437(1974).

Van Deenen,

Verkleij, A.J., DeKruyff, J.B., Ververgaert, P.H., Tocanne, J.F.,
Chem. Phys. Lipids, U, 201-219(1974).

Van Deenen, L.L.M.,

Watts, A., Harlos, K., Marsh, D., Biochim. Biophys. Acta, 645, 91-96(1981).

Watts, A., Harlos, K., Maschke, W., Marsh, D., Biochim. Biophys. Acta, 510 63
74(1978).
.

165

''''^"lk,%-45?[l'4?).^-'

^-S-^c-o^h.

166

T.J., Biochin,.

Biophys.

Aca,

