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PHASE BEHAVIOR OF DODAB AQUEOUS SOLUTION
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Phase behavior of DODAB aqueous solution, prepared without sonication, was studied by adiabatic scanning
calorimetry. Measurements revealed four phase transitions with the temperatures 35.2, 39.6, 44.6, and 52.4°C
at heating and one transition at the temperature 40.4°C at cooling. The first three transitions at heating
occur in unilamellar vesicles. The first and third transitions correspond to the subgel-gel and gel-liquid phase
transitions, corresponding enthalpy jumps are equal to 33 and 49 kJ/mol. The second transition appears after
some aging and is similar to gel-ripple phase transition in a DPPC solution, with the enthalpy jump under the
transition exceeding 7.4 kJ/mol. The transition occurs in unilamellar vesicles. The transition at the temperature
52.4°C occurs in another subsystem of the solution, which we believe to be multilamellar vesicles. The enthalpy
jump at this transition is equal to 97 kJ/mol, and data analysis suggests that this is a subgel-liquid transition.
The phase transition at cooling is the liquid—gel transition in unilamellar vesicles. During the measurements, a
slow evolution of the solution occurs, consisting in a change of concentrations of unilamellar and multilamellar
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vesicles. This transformation mainly occurs at low temperatures.

1. INTRODUCTION

Phase behavior of bilayer lipid membranes in wa-
ter has been attracting significant attention in the last
decades. The best studied systems are solutions of
DPPC, DMPC, DOPC, and DODAB [1, 2]. Dioctade-
cyldimethylammonium bromide (DODAB) is a syn-
thetic lipid having a polar head group and two tails
consisting of 18 chains. In the concentration range
1-10 mM/L, it forms vesicular solution in water, which
can be prepared by dissolving DODAB powder in hot
A vesicle is a closed membrane consisting of
one or several bilayers that surround a volume of sol-
vent. Small vesicles are almost spherical due to the
elastic energy. Various information about the bilayer
structure was obtained experimentally by X-ray and
neutron scattering, nuclear magnetic resonance, spec-
troscopy, and volumetry [1]. Although the details of
transitions in various lipids are different, the behavior
is largely similar for substances having close lengths of
lipid tails. Despite a large number of papers, impor-
tant questions concerning the phase behavior remain
unclear.

water.

Several phase transitions occur in the bilayer in the
temperature range 0-55°C. For example, four transi-
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tions can be observed at heating, they are referred to
as sub- , pre-, main, and post-transitions. Such be-
havior is typical of the well-studied solution of DPPC,
and we call the bilayer phases the same they are called
in this solution. DPPC has two lipid tails with 16
chains and DODAB tails have 18 chains, and there-
fore temperatures of transitions in these substances are
slightly different. In most experiments, two transitions
with the temperatures 35° and 45 °C were observed in
DODAB solution, a subgel-gel transition and a gel-
liquid transition, which is called as main transition [2].
Bilayer phases have different ordering of molecules. In
the high-temperature phase, the membrane is liquid; in
gel, the phase membrane has a crystalline order close to
hexagonal, and the low-temperature phase is a denser
crystalline phase. We note that the structure of an
isolated DODAB bilayer is not well studied.

In several experiments, an additional phase tran-
sition was observed at the temperature 52°C [3-6] or
only one transition at the temperature 45°C was reg-
istered [7] (the main transition). The discrepancies
in the experimental results appear because the state
of the bilayer depends not only on the DODAB con-
centration and temperature but also on the solution
preparation procedure and aging time at a given tem-
perature. Recent measurements [8] demonstrated that
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there is no transition at 52°C in the DODAB solu-
tion prepared without sonication if its concentration is
less than 1 mM /L. This transition was observed in the
solution with the concentration 10 mM /L, but it disap-
peared after sonication during 5 minutes [5] or extru-
sion of the solution through the filter with the channel
size 400 nm [2,7].

Sonication provides a simple way to obtain a repro-
ducible initial state of lipid dispersion. The drawback
of sonication is that the relation between the result-
ing state and the equilibrium state of dispersion is not
clear. Moreover, according to our results, the average
size of the DODARB vesicle after sonication at high tem-
peratures is about 30 nm. This makes finite-size effects
very important and, for example, prevents the study of
the phase transition type, the near-transitional behav-
ior, etc.

In this paper, phase behavior of a DODAB aque-
ous solution is studied by adiabatic scanning calorime-
try. Such kind of research is rare recently (see [9]).
In this method, unlike in popular differential scanning
calorimetry, the temperature scan rate can be much
lower, which allows studying the system near the equi-
librium. Since the enthalpy is a measurable value, it is
possible to determine the latent heat with a higher ac-
curacy. In this paper, a series of cooling—heating cycles
of the solution was done during 42 days. The solution
was cooled to 3°C and 25°C, aged at these tempera-
tures, and then heated to 55-60 °C. We classified phase
transitions, determined the transformation of the sys-
tem during our measurements, and estimated the en-
thalpy jumps at all transitions.

2. EXPERIMENT

The design of the adiabatic calorimeter setup and
the method of measurements were described in detail
in [10,11]. The volume of a titanium calorimetric cell
was about 6 mL, a steel magnetic stirrer was placed in
the cell. The solution temperature was measured by a
platinum resistor thermometer. The temperature scan
rate during the measurements was 1.5-2 K/h. The so-
lution was prepared by the “hot-water” method from
DODAB produced by Acros Organics, Belgium, with
the purity 99 %, and bidistillated water. DODAB was
placed in the calorimetric cell with water, having the
temperature about 60 °C, and was stirred slowly during
1.5 hours. Then the cell was placed in the calorimeter
at room temperature. The volume of the prepared so-
lution with the concentration 7.24 mM /L was 5.6 mL.
Neither sonication nor extrusion through micro chan-
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Fig.1. Heat capacity of DODAB solution for five scans
at heating from 3°C to 60°C

nels were used at the solution preparation. Before the
measurements, the solution was held at the tempera-
ture 3 °C for several hours.

The presence of several phase transitions in a nar-
row temperature range makes the extraction of the sin-
gular part of enthalpy rather complicated. To simplify
this procedure, the regular part of the enthalpy was cal-
culated from the regular part of heat capacity, which is
close to the heat capacity of water. The singular part
of the enthalpy was determined as the integral of the
difference between the complete heat capacity and its
regular part.

Figures 1 and 2 present the results of measuring
the heat capacity and the enthalpy of the DODAB so-
lution at heating from 3°C. For clarity, the heat ca-
pacity curves are shifted by 1 J/K with respect to each
other; they are numbered in the order of measurement.
The total measurement time was about 42 days, the
date of measurement is shown on right of the curves.

Three peaks in the heat capacity corresponding to
three phase transitions in the solution with the temper-
atures 35.2, 44.6, and 52.4°C are present in all curves
in Fig. 1. The values of transition temperatures were
determined from the maximums of the heat capacity.
Curve 1 was measured at permanent stirring of the so-
lution. Comparison of the measurement results demon-
strated that the stirring does not change the results,
but leads to an increase in the noise level, and there-
fore subsequent measurements were done without mix-
ing. Curves 2-5 in Fig. 1 present the heat capacity
at temperatures above 25°C. Phase transitions in the
solution were not observed in the temperature range
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Fig.2. Enthalpy of DODAB solution for scans at heat-
ing from 3°C to 60 °C

3-25°C (curve 1), where the heat capacity is close to
the heat capacity of water. Hence, this temperature
region was passed with the scan rate 10 K/h without
measurements at runs 2-5.

We can see from Figs. 1 and 2 that the solution
evolves during the 42 days of measurements. Anoma-
lies of the heat capacity in the region below 50 °C in-
crease, whereas the anomaly at 52.4°C decreases. In
addition, a new phase transition at the temperature
39.6 °C appears in curves 2-5.

All anomalies of the heat capacity below 50 °C rep-
resent a sequence of phase transitions in one statistical
subsystem. To prove this, it suffices to plot the rescaled
enthalpy AHs. = AH,,/AH,(T = 47°C), where AH,,
is the enthalpy in curve n (see Fig. 3). Curves in this
plot coincide below 50°C (except in the temperature
range 4045 °C; see below) and diverge above 52.4°C.
According to known results [2], this subsystem is unil-
amellar vesicles (ULV). This means that the transitions
at temperatures below 50 °C are successive transitions
in unilamellar vesicles. The enthalpy of unilamellar
vesicles varies proportionally to the amount of such
vesicles in the solution. Analogously to transitions in
DPPC, these transitions can be identified as subgel-gel
and gel-liquid transitions (see [1, 2]).

The heat capacity anomaly at 52.4°C corresponds
to a transition in another subsystem. It is known that
multilamellar vesicles (MLV) appear in DODAB solu-
tion as the concentration increases above 10 mM/L [6].
Most probably, the transition at 52.4 °C is a phase tran-
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Fig.3. Rescaled enthalpy AH,. from the previous
plot

sition in MLVs. It is not a transition of ULVs to MLVs,
as it was supposed in [6], because the curves in Fig. 3
should then coincide everywhere. We note that the
phase transition at 52.4 °C has not been observed or has
been strongly suppressed in solutions prepared with ul-
trasonic mixing or extrusion [5,7]. Apparently, intense
mixing destroys the MLVs present in bare solution.

The type of polymorphism analogous to the one ob-
served in DODAB was reported in [12]. In both cases,
the solution consisted of two subsystems with differ-
ent sequences of phase transitions. A transformation
of the solution from one state to another occurs during
annealing at low temperatures.

In our case, the bare solution contains both ULVs
and MLVs. During the measurements in the solution
with concentration 7.24 mM/L, the fraction of ULVs
increases and the fraction of MLVs decreases, which
results in the corresponding change of the solution en-
thalpy (see Fig. 4). Our experimental data can be suc-
cessfully described under the assumption that DODAB
is contained in solution in two subsystems. The fit of
enthalpy data allows determining the concentrations of
the ULV phase in solution and the values of the en-
thalpy jumps at all phase transitions. For five experi-
mental runs, these concentrations are equal to 60, 68,
78, 90, and 94 %; the mean-square error of these val-
ues is 2.2%. The enthalpy jumps at transitions with
the temperatures 35.2, 44.6 and 52.4 °C at heating are
equal to 33 £1.5,49 + 1.5, and 97 £ 4.4 kJ/mol.

A weak phase transition at the temperature 39.6 °C
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Fig.4. Evolution of sum of the enthalpy jumps at three

transitions in ULV and the jump at the transition in

MLV. Curves are presented to demonstrate the ten-
dency of variation

appears at heating in curves 2-5. This transition
strongly resembles the transition from gel to a ripple
phase in DPPC. As shown in Fig. 2, the enthalpy jump
at this transition increases with time, whereas the en-
thalpy jump at the temperature 52.4 °C decreases. In
the last run, the enthalpy jump on the gel-ripple phase
transition is equal to 0.3 J, whereas the enthalpy jump
at the transition at 52.4°C was 0.2 J, and therefore
transition at the temperature 39.6 °C occurs in ULV
subsystem. We can see that the enthalpy curves in
Fig. 3 do not coincide in the temperature range of the
ripple phase stability. This means that the gel-ripple
phase transition occurs only in a part of ULVs. Ac-
cording to our data, the ratio of the enthalpy jump at
this transition to the jump at the gel-liquid transition
is equal to 0.15, which is close to the value of the en-
thalpy jumps ratio at gel-ripple phase and gel-liquid
transitions for DPPC [9], equal to 0.14. If the observed
phase transition in DODAB is a gel-ripple phase tran-
sition, the theories of this transition, based on taking
the interaction between different bilayers into account
are not applicable in this case.

At cooling of the solution starting from 60 °C, where
the bilayer is in liquid phase, the only phase transi-
tion at the temperature 40.4 °C was always observed
(Fig. 5). A close value of this transition temperature
was obtained by other authors [4,7], who used signifi-
cantly higher rates of temperature variation. Since the
ULV phase concentration was varying during the ex-
perimental cycle 3°C—57°C-3°C, another experimen-
tal run was done to study the state of the system below
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Fig.5. Heat capacity of the solution at heating and
cooling
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Fig.6. Heat capacity of the solution at the additional
scan with cooling to 25°C

40.4°C at cooling. This cycle included intermediate
cooling of the solution from 60°C to 25°C and sub-
sequent heating to the initial temperature (see Figs. 6
and 7).

Curve 1 in Fig. 6 coincides with curve 4 in Fig. 1.
After cooling to 25°C, the solution was aged at this
temperature for 6 days. According to our observa-
tions, the main change in fractions of the ULV and
MLV phases in the solution occurs at low temperatures.
At heating from 25°C to 60°C (curve 3), the only
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Fig.7. Enthalpy of the solution at the additional scan
with cooling to 25°C

phase transition at the temperature 44.6 °C, coinciding
with the temperature of ripple phase-liquid transition
in curve 1 was observed. The heat capacity anomaly at
52.4°C was not observed, and therefore the crystalline
phase did not appear in MLVs at the cooling of the so-
lution to 25°C. Most probably, the reason is that the
corresponding transition in the MLV phase has very
slow kinetics, analogously to the transition gel-subgel
in ULV at cooling [2,6,9].

The absolute value of the enthalpy jump at cooling
(curve 2 in Fig. 7) coincides with the enthalpy jump
at the subsequent heating of the solution from 25°C
(curve 3) and is equal to the sum of the enthalpy jumps
at the gel-ripple phase and ripple phase-liquid transi-
tions at heating from 3°C (curve 1). The temperature
remained above 25°C during the cycle and the ULV
phase concentration did not change. Thus, we see that
the transformation of the ULV to the MLV phase oc-
curs mainly at low temperatures.

We conclude that the transition at 40.4°C at cool-
ing is a phase transition in ULVs from a liquid phase
to gel. The value of the transition temperature was the
same and practically independent of the cooling rate,
and therefore this temperature is close to the tempera-
ture of stability loss of the bilayer liquid phase in ULVs.
Thus, the liquid phase in ULVs can be overcooled by
4.2°C. We note that the observed transition tempera-
ture 40.4 °C at cooling is close to the temperature of the
phase transition occurring at heating in ULVs, which is
equal to 39.6 °C. In all measurement, cycles, these tem-
peratures were constant.

3. LIGHT SCATTERING

To verify some of the above statements, an addi-
tional light scattering study of the DODAB aqueous
solution was fulfilled. The solution with the same con-
centration 7 mM /L was prepared in the same way as
for the calorimetric study. Before the measurements,
the solution was cooled to 0 degrees and aged at this
temperature for one hour.

Figure 8 presents the scattered light intensity of the
solution as a function of temperature at the heating
and subsequent cooling of the system. The measured
scattered light intensity jumps at the temperatures cor-
responding to phase transitions. In principle, inter-
preting the light scattering data is difficult because the
scattered intensity depends on numerous details. In
general, the intensity of scattered light is a decreas-
ing function of the temperature. We believe that this
behavior is a result of a decrease in the difference be-
tween the refractive indices of DODAB and water at
heating. The refractive index of water can be written
approximately as n,, &~ 1.332 —0.000167 (T" — 20) [13].
The DODAB refractive index is equal to 1.42 at 20°C
and its derivative with respect to the temperature is
~ —0.00055.

The refractive index of DODAB in crystalline
phases is larger than in the liquid phase. This results
in drops of the scattered light intensity at the temper-
atures corresponding to phase transitions. At cooling,
the phase transition at 40°C appears as an increase
in intensity. We note that the observed behavior at
heating is well reproducible, but the peculiarity at the
phase transition at cooling can look like a drop with
a subsequent increase in intensity. Thus, the subgel—-
gel and gel-liquid phase transitions in ULV and the
subgel-liquid transition in MLV at heating as well as
the phase transition at cooling are easily observed by
light scattering measurements. The transition at 40°C
at heating is weak and is not clearly seen. The value of
the intensity drop at 52.4°C is approximately equal to
70 % of the total intensity decrease in the relevant tem-
perature range. The fraction of the MLV subsystem in
the solution is therefore large.

Curve 3 in Fig. 8 presents the scattered light in-
tensity of the same sample, obtained after the ultra-
sonic stirring of the solution at the temperature 75°C
during 5 minutes. The total intensity is significantly
lower. The phase transition at 52.4°C is hardly visi-
ble because the corresponding (MLV) subsystem is de-
stroyed. We note that we did not observe the transi-
tion at 52.4°C in the dilute DODAB solution with the
concentration 0.7 mM/L, which means that the MLV
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Fig.9. Light scattering intensity and size of vesicles
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subsystem does not appear in the low-concentration so-
lution (see curve 4).

Dynamic light scattering of the solution was per-
formed on a photon correlation spectrometer Photocor-
Complex [14] at a scattering angle 90 degrees. The
measurement results are presented in Fig. 9. Typically,
the size distribution has two maximums, corresponding
to small and large vesicles. The size values at the max-
imums decrease as the temperature increases. We be-

lieve that small vesicles are unilamellar. Large vesicles
can be both ULV and MLV, they remain in the solution
after sonication, when the MLV subsystem practically
disappears. The scattered light intensity strongly de-
pends on the scattering angle, which proves that the
observed slow mode in the dynamic measurements is
indeed the diffusion of large vesicles.

We note that the evolution of the solution occurring
in calorimetric measurements was not observed in our
light scattering study. We suppose that this evolution
is a result of the change of ion concentration in solvent,
which takes place in calorimetric cell.

4. CONCLUSION

We have for the first time used the adiabatic scan-
ning calorimetry to study the phase behavior of a
DODAB aqueous solution prepared without sonication.
Measurements revealed four phase transitions at heat-
ing with the temperatures 35.2, 39.6, 44.6, and 52.4°C
and one phase transition at cooling at the tempera-
ture 40.4°C. In general, such behavior is analogous to
the behavior of the well-studied DPPC solution. The
first three transitions at heating occur in ULVs. The
first and third transitions correspond to the subgel—
gel and gel(ripple phase)-liquid transitions; the en-
thalpy jumps at these transitions are 33 + 1.5 and
49 + 1.5 kJ/mol. The second phase transition at the
temperature 39.6 °C was not observed in fresh solution,
but it appears later. The enthalpy jump at this transi-
tion exceeds 7.4 kJ/mol. The ratio of this jump to the
enthalpy jump at the gel-liquid transition is approxi-
mately equal to 0.15, which is close to the enthalpy
jump ratio at gel-ripple phase and gel-liquid transi-
tions for the DPPC solution, equal to 0.14 [9]. This
phase transition occurs in ULVs.

The transition at the temperature 52.4°C occurs
in another statistical subsystem of the solution, and
we believe that this is the MLVs. The enthalpy jump
at this transition is equal to 97 & 4.4 kJ/mol, and the
analysis of our observations suggests that it is most
probably a subgel-liquid phase transition. Both the
main transition in ULVs and the subgel-liquid transi-
tion in MLVs are first-order phase transitions; the first
of them can be overcooled by 4.2°C. Most probably,
the subgel-gel transition in the ULV phase is also a
first-order phase transition, because fitting of the heat
capacity for a critical behavior provides the exponent
value larger than unity. Since the gel-ripple phase tran-
sition in ULVs is weak, it is impossible to determine its
order from our data.
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Only one phase transition was observed at cooling of
the solution from 60 °C. This transition at 40.4°C is a
liquid—gel transition in ULVs. The absolute value of the
enthalpy jump at this transition is equal to the enthalpy
jump at the gel-liquid phase transition at heating if
the ULV concentration remains constant. Transitions
to the subgel phase in unilamellar and multilamellar
vesicles at cooling have a large relaxation time, which
does not allow observing them by adiabatic calorime-
try. These transitions can be observed at heating from
3°C, when the relaxation time is small. Slow evolu-
tion of the solution prepared without intense mixing
occurs during the measurements process. It consists in
a change of concentrations of unilamellar and multil-
amellar vesicles. The fraction of the unilamellar phase
in the DODAB solution with concentration 7.24 mM /L
increased from 60 to 94 % during the 42 days of mea-
surements.

In general, the phase state of DODAB solution re-
veals a strong hysteresis and depends not only on the
concentration and temperature but also on the sample
preparation protocol and the history of temperature
variation. It follows that the phase behavior depends
on the temperature range and the temperature change
rate at the measurement process. At cooling, the gel—
subgel transition in ULVs and the liquid-subgel tran-
sition in MLVs allow large overcooling and have slow
kinetics. To observe the complete phase behavior of
the solution with four phase transitions, it was neces-
sary to use runs with cooling to the temperature 3°C
and aging of the solution at low temperatures for hours.
For runs in the temperature range 20-60 °C, only the
transition between gel and the liquid phase in ULVs can
typically be observed.

The use of ultrasonic mixing or extrusion allows ob-
taining a reproducible uniform state of lipid solution,
but in general this state is far from equilibrium and re-
laxes very slowly. This fact and finite-size effects make
the study of near-transitional behavior in sonicated sys-
tems senseless.
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E. Kats and V. Lebedev for the helpful discussions.
This work was supported in part by the RFBR, (Grants
Ne10-08-01057-a (V. V.) and 09-02-01346-a (A. M.)).

REFERENCES

1. J. F. Nagle and S. Tristram-Nagle, Biochim. Biophys.
Acta 1469, 159 (2000).

2. P. Saveyn, P. Van der Meeren, M. Zackrisson et al.,
Soft Matter 5, 1735 (2009).

3. C. R. Benatti, M. J. Tiera, E. Feitosa et al., Ther-
mochem. Acta 328, 137 (1999).

4. J. Cocquyt, U. Olsson, G. Olofsson et al., Colloid
Polym. Sci. 283, 1376 (2005).

5. R. O. Brito and E. F. Marques, Chem. Phys. Lipids
137, 18 (2005).

6. L. Coppola, M. Youssry, I. Nicotera et al., J. Colloid
Interf. Sci. 338, 550 (2009).

7. E. Feitosa, P. C. A. Barreleiro, and G. Olofsson, Chem.
Phys. Lipids 105, 201 (2000).

8. E. Feitosa, F. R. Alves, E. M. S. Castanheira et al.,
Colloid Polym. Sci. 287, 591 (2009).

9. M. Kodama, H. Hashigami, and S. Seki, Biochim. Bio-
phys. Acta 814, 300 (1985).

10. E. E. Entov, V. A. Levchenko, and V. P. Voronov, Int.
J. Thermophys. 14, 221 (1993).

11. V. P. Voronov, Zh. Eksp. Teor. Fiz. 118, 163 (2000).

12. H. Aoki, T. Koto, and M. Kodama, J. of Thermal Anal-
ysis and Calorimetry 64, 299 (2001).

13. Handbook of Optical Materials, ed. by M. J. Weber,
CRC Press LLC (2003).

14. http://www.photocor.com.

1264



