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Abstract

The gel to liquid-crystal transition for vesicles in aqueous solution formed by dimethyldi-
n-octadecylammonium bromide {DOAB) occurs at 44.7°C. Moreover, the shapes of the scans
recorded by a sensitive DSC microcalorimeter are very similar when the vesicular solutions
are prepared starting with solid DOARB and comparable amounts of either #~lid urea or solid

alkylureas. Therefore, the DOAB vesicles in aqueous solution accommodate this class of sol-
utes without marked changes in the melting temperature and the enthalpy of the transilion, The
contrast with effects of added surfactants and simple organic solutes such as THE and ethanol
is particularly significant.
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Introduction

Inaqueous solutions, the synthetic amphipathic solute dimethyl-n-octadecyl-
ammonium bromide (DOAB) forms closed bilayer vesicles [ 1, 2]. These systems
are interesting in their own right and in terms of their link with natural lipid bi-
layer systems in, for example, cell membranes. The latter are often complex con-
taining several phospholipids and proteins. In principle, therefore, vesicles
formed by DOAB and similar dialkylphosphates [3, 4] offer simple, reasonably
well-characterised systems for probing the physical and chemical properties of
bilayers. An interesting feature is the gel to liquid-crystal transition [5] which oc-
curs at a temperature characteristic of the vesicular system. The transition
emerges as a strong feature in the scans recorded by ultra-sensiiive differential
scanning microcalorimeters [6, 7). An important consideration in these experi-
ments is the protocol for solution preparation. We have shown [6, 7] unequivo-
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cally that protocols which involve injection into water of a solution of the mono-
mer salt in an organic solvent (e.g. ethanol) produces vesicle solutions for which
the scans recorded by DSC are complicated and not reproducible. Therefore, we
have used a protoco! based [6, 7] on dissolving amphipathic salts directly into
hot water. The resulting scans are both simpler and reproducible. The transitions
are reversible, the sample pattern being obtained through several heat-cool-heat-
cool ... cycles. Moreover, this protocol allows the effects of added solutes on the
gel to liquid-crystal transition to be examined in terms of, for example, the
change in the melting temperature Ty, characterising this transition. We have
shown [8] in the case of vesicles formed by sodium di-n-dodecylphosphate that
added ethanol shifts T, to lower temperatures consistent with direct incorpora-
tion of ethanol molecules into the bilayer. In the case where THF was added, the
presence of two extrema in the DSC scan pointed to the presence of domains in
the bilayer containing different proportions of THF.

With reference to DOAB [aq; 2.107° (monomer mol) dm™] a set of repeat
scans for solutions containing rn-hexadecyltrimethylammonium bromide
(CTAB) showed [9] that 7,, shifted to lower temperature, implying that CTAB 15
more readily incorporated by vesicles in the liquid-crystal (high temperature)
state than in the gel (low temperature) state. However, when sodium dodecylsul-
phate (SDS) was added, T, shifted [10] to higher temperature. The contrast be-
tween the effects of added CTAB and SDS is understood in terms of attractive
charge-charge interactions involving SDS anionic head groups and trimethylam-
monium cationic head groups in CTAB. Otherwise, for both DDP and DOARB,
neutral hydrophobic solutes are incorporated into the bilayer, destabilising the
gel state, This possible generalisation prompted the experiments reported here
where we examined the impact on the gel to liquid-crystal transition for DOAB
of added urea and alkylureas. The changes in Ty, and enthalpy of fusion Anf{ are
surprisingly small.

We recall the suggestion by Finney and Soper [11] that urea molecules in
aqueous solutions are readily incorporated into the hydrogen-bonded water-as-
sociates. In these terms, direct influence of the urea on the DOAB vesicular prop-
erties is significantly moderated. Alternatively, the DOAB bilayer structure is
able to incorporate the urea molecules with little change in the structure of the bi-
layer, Unfortunately, thermodynamic information cannot discriminate between
these two explanations.

Experimental
Materials

Aqueous solutions containing DOAB vesicles were prepared using the hot-
water method described previously [6] using the DOAB monomer. Aqueous sys-
tems containing DOAB vesicles and either urea or an alkylurea were prepared
using one of two protocols. Weighed amounts of solid DOAB monomer salt and
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either solid urea or solid alkylurea were dissolved in hot water and held at 55°C
for approximately one half-hour.

Electron microscopy

An electron micrograph of DOAB [aq; 107" (monomer mol) dm™} was re-
corded at magnification 4.1-10*, The vesicles were stained with uranylacetate
and viewed using a Siemens transmission electron microscope.

Calorimetry

A MicroCal DSC calorimeter was used to measure the differential isobaric
heat capacities of DOAB solutions containing urea over the range 15t090°C ata
scan rate of approx. 60°C h™'. The sample cell held 1.2112 cm” of solution; the
reference cell contained water. The solutions were degassed before loading into
the calorimeter and allowed to equilibrate at 15°C before a run was initiated. The
operation of the calorimeter was computer controlled. The data were analysed
using ORIGIN software supplied by MicroCal Ltd.,

Results and discussion

Confirmation that the protocol used in these studies produces closed spheri-
cal DOAB vesicles is shown by the electron micrograph in Fig. 1. The fact that
the protocol for preparing vesicles by us produces samples that are well-behaved
thermodynamically (DSC) and show uniform structure in the electron mi-
crographs is particularly pleasing.

Fig. 1 Electron micrograph of vesicles produced by DOAB [ag; 1-107* (monomer mal) dm™]

The DSC scans for DOAB [ag; 2-10™ {(monomer mol) dm™] vesicles showed
evidence for a gel to liquid-crystal transition [10] at 44.740.1°C where
Ak kcal mol™'=8.7240.51; the co-operative melting involving a patch of
21413 monomers.
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Fig. 2 Scans recorded by a differential scanning microcalorimeter for DOAB [aq; 2- 197
(monomer mol) dm_'i] and urea [aq; 1 107 mol dm"a}. The scans have been displaced
for clarity on the heat capacity axis

A typical set of scans for DOAB [aq; 2.107" (monomer mel) dm™] vesicular
system containing urea [aq; 1-1 07 mol dm™] is shown in Fig. 2. The set of scans
in this figure were recorded after the solution in the sample cell had been heated
to 90°C in the sample cell, allowed to cool for 3 h and then cycled to 90°C once
more. The three scans were recorded at a scan rate of 60°C h™', the solutions be-
ing allowed to stand for 3 h at 5°C between scans. The reproducibility of the
scans over a period of at least 12 h confirmed that a series of thermodynamic
equilibrium states were scanned and that no slow reorganisation took place in
these systems.

The original aim of this investigation was to compare the effects of added
salts and added ureas on the gel to liquid-crystal transitions in DOAB vesicles.
The intention was to contrast the effect of added solutes on this transition which,
on the one hand, are adsorbed into the bilayer and, on the other hand, might per-
turb water-water interactions in the solution surrounding the vesicles.

In the first series of experiments we planned to contrast the effects of adding
to DOAB(aq) approximately equimolar amounts of either sodium bromide or
tetramethylammonium bromide. In these two cases, the recorded scans were
complicated and not reproducible. Inspection of the solutions removed from the
sample cell of the DSC calorimeter showed that during the heating of the solu-
tions extensive precipitation had occurred. We conclude that both salts are prob-
ably fusogenic agents {2, 12] leading to extensive flocculation. If this phenome-
non represents one end of the range of effects of added solutes on DOAB vesicles
and if the impact of added CTAB (see above) represents the other extreme, we
speculated that a useful comparison could be drawn with the effects of added
urea and alkyl-ureas. The interest in these effects was prompted by two consid-
erations.

First, in aqueous DOAB systems vesicle formation, an example of supra-mo-
lecular self-assembly is driven, in part, by hydrophobic cohesion [13] between
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the alkyl chains. If 7%, is a measure of cohesion between the alkyl chains then, as
in the case of dialkylphosphates, [14] T\, should increase with increase in alkyl
chain length. The results show that this pattern is, in general, followed. Second
and following on from the above, the effect of added urea on the properties of
aqueous solutions is often described in terms of its effect on water-water interac-
tions [11, 15]. In terms of the stability of macromolecules in aqueous solutions,
added urea is often claimed to weaken hydrophobic interactions although in the
case of proteins, the importance of direct urea-protein interaction cannot be ruled
out [16]. Granted that urea does, in fact, perturb hydrophobic interactions, we
speculated that useful comparisons could be drawn with the effect of added urea
and alkyl-ureas where the concentrations of these ureas are comparable to the
concentration of DOAB monomers. Indeed, it turned out that the scans were re-
producible and the observed transitions are reversible. Nevertheless, a striking
feature of the scans was their relative insensitivity to the nature and concentra-
tion of added urea. In the case of, for example, added 1,3-dicthylurea, the char-
acteristic melting temperature for DOAB (see above) is unaffected (Fig. 3). A
similar pattern emerged for the other ureas (Table 1).
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Fig. 3 Scans recorded by a differential scanning calorimeter for solutions prepared using
DOAB [ag; 2-10™ (menomer mol) din™| and 1,3-diethylurea; {a) 0.0, (b) 1-107,
{c) 1.5-]0’3, (d) 2.0-107 and (e} 25107 mo! dm™. The curves have been displaced on
the heat capacity axis for clarity

The insensitivity of transitions was apparent not only in T, but in two other
parameters characterising the transition. Thus the patch number refers to the
nomber of DOAB monomers involved in co-operative melting and the enthalpy
term AnH (kcal) refers to the calorimetric enthalpy change expressed in terms of
a mole of DOAB monomers. The insensitivity of the three important parameters
(Table 1) implies that none of these ureas are taken into the bilayer. This conclu-
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Table 1 Effect of added ureas on the gel to liquid-crystal transition for DOAB vesicles in aqueous
(a)

solutions

Solute T./°C A_H/cal mol”' Patch number n
(none} 44,8 8.9 133

Urea 43.8£0.8 9.10£0.42 137130
Ethylurea 44.220.1 8.40+1.0 188134
1,1-Diethylurea 44.2+0.1 9.13x0.40 137127
1,3-Diethylurea 44.14+0.1 10.0140.44 124+11
1,1-Dimethylurea 43.7+0.5 8.60+0.55 160+32
1,3-Dimethylurea 44.310.1 0.65+0.42 143£10

sion was confirmed by the titration calorimetric experiments [2] in which
aliquots of 1,3-diethylurea (aq; 0.018 mol dm_3) were mjected (5 107 mol dm ™)
into DOAB solutions. For systems both below (25°C) and above (50°C) the T,
the enthalpies of injection over 50 injections were zero after correction for the
simple dilution into water of the urea solution.

The relative insensitivity of the gel to liquid-crystal transitions in DOAB(aq)
to added ureas is particularly interesting when viewed in terms of the selectivity
of the bilayers to added solutes. If the added solute cannot be incorporated into
the bilayer, as in the case of CTAB, and if the added solute cannot interact with
the polar double layer, there is no affinity between the added solute and DOAB
vesicles. These observations prompt speculation concerning similar charac-
teristics of lipid bilayer systems.

* ok ok

We thank the EPSRC for their support through the Molecular Recognition Initiative and the
British Council for an award to AK.

References

1 J. H. Fendler, Chem. Rev., 87 (1987} 877,

2 M. J. Blandamer, B. Briggs, M. D. Butt, P. M. Cullis, M. Watcrs, J. B. F. N. Engberts and
D. Hockstra, J. Chem. Soc., Faraday Trans., 90 (1994) 727.

3 M. J. Blandamer, B. Briggs, P. M. Cullis and J. B. F. N. Engberts, Chem. Soc. Revs., 24
(1995) 251.

4 M. J. Blandamer, B. Briggs, P. M. Cullis, J. B. F. N. Engberts, A. Wagenaar, E. Smits, D.

Hoekstra and A. Kacperska, Langmuir, 10 (1994) 3507.

A. Kumano, T. Kajiyama, M. Takayanagi, T. Kunitake and Y. Okchata, Ber. Bunsenges.

Phys. Chem., 88 (1984) 1216,

6 M. J. Blandamer, B. Briggs, P. M. Cullis, J. A. Green, M. Waters, L. G. Soldi, J. B. F. N.
Engberts and D. Hoekstra, J. Chem. Soc., Faraday Trans., 88 (1992) 3431.

wn

A Therm. Anal. Cal, 55, 1999



BLANDAMER c¢t al.: LIQUID-CRYSTAL TRANSITIONS 35

7 M. J. Blandamer, B. Briggs, P. M. Cullis, J. B. F. N. Engberts and D. Hoekstra, J. Chem.
Scc., Faraday Trans., 90 (1994) 1903.

% M. J. Blandamer, B. Briggs, M. D, Butt, M. Waters, P. M. Cullis, J. B. F. N. Engberts, D.
Hoekstra and R. K. Mohanty, Langmuir, 10 {1994) 3488,

g M. J. Blandamer, B. Briggs, P. M. Cullis, A, Kacperska, J. B. F. N. Engberts and D. Hoek-
stra, J. Ind. Chem. Soc., 70 {1993) 347.

10 M. J. Blandamer, B. Briggs, P. M. Cullis, J. B. F. N. Engberts and A. Kacperska, J. Chem.
Soc., Faraday Trans., 91 (1995) 4275.

11 J. L. Finney and A. K. Soper, Chem. Soc. Rev., 25 (1994} 1.

12 D. Yogev, B. C. R. Guillaume and J, H, Fendler, Langmuir, 7 {1991) 623.

13 W. Blokzijl and J. B, F. N. Engberts, Angew. Chem., Int. Ed., 32 (1993) 1545,

14 M. J. Blandamer, B. Briggs, P. M. Cullis, J. B. F. N. Engberts, A. Wagenaar, E. Smifs, D.
Hoekstra and A. Kacperska, Langmuir, 10 (1994) 3507,

15 F. Franks, ‘Water — A Comprchensive Treatise’ {ed. F. Franks), Plenum Press, New York
1973, Vol. I, Chapter 1.

16 D. B. Volkin and A. M. Klibanov, ‘Protein Function — A Practical Approach’ (ed. T. E.
Creighton), IRL Press and Oxford University Press, Oxford 1990, Chapter 1.

J. Therm. Anal. Cal., 55, 1999



