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ABSTRACT: Electrostatic interactions (EIs) play important
roles in the structure and stability of inverse bicontinuous
cubic (QII) phases of lipid membranes. We examined the effect
of pH on the phase of dioleoylphosphatidylserine (DOPS)/
monoolein (MO) membranes at low ionic strengths using
small-angle X-ray scattering (SAXS). We found that the phase
transitions from lamellar liquid-crystalline (Lα) to primitive
cubic (QII

P) phases in DOPS/MO (2/8 molar ratio)
membranes occurred in buffers containing 50 mM NaCl at
and below the final pH of 2.75 as the pH of the membrane
suspension was decreased from a neutral value. The kinetic
pathway of this transition was revealed using time-resolved
SAXS with a stopped-flow apparatus. The first step is a rapid
transition from the Lα phase to the hexagonal II (HII) phase, and the second step is a slow transition from the HII phase to the
QII

P phase. We determined the rate constants of the first step, k1, and of the second step, k2, by analyzing the time course of
SAXS intensities quantitatively. The k1 value increased with temperature. The analysis of this result provided the values of its
apparent activation energy, which were constant over temperature but increased with pH. This can be explained by an EI effect
on the free energy of the transition state. In contrast, the k2 value decreased with temperature, indicating that the true activation
energy increased with temperature. These experimental results were analyzed using the theory of the activation energy of phase
transitions of lipid membranes when the free energy of the transition state depends on temperature. On the basis of these results,
we discussed the mechanism of this phase transition.

1. INTRODUCTION

Electrostatic interaction is one of the most important physical
interactions in biological molecular systems, especially bio-
membranes such as plasma membranes and lipid mem-
branes.1−5 Typically, biomembranes and lipid membranes are
planar, lamellar membranes, which are in the liquid-crystalline
(Lα) phase, but under certain conditions, they form regular
three-dimensional (3D) structure membranes in inverse
bicontinuous cubic (QII) phases, in which water channels
with nanometer diameters were connected to each other.6−10

Recently, it has been well established that electrostatic
interactions (EIs) due to surface charges of lipid membranes
play various important roles in the structures and phase
stabilities of the QII phases of biological lipid membranes. One
of the EI effects on the QII phases is that the lattice constants
and the size of water channels of the QII phase increase with an
increase in the level of EI.11−15 The other EI effect is that the
modulation of EI due to surface charges of membranes induces
transitions between the Lα and QII phases and transitions
between different QII phases in various lipids.11,12,16−34 As the
surface charges, not only charged groups of hydrophilic
segments of lipids but also charged side chains of amino

acids of peptides18,34 are used. Interactions of ions (such as H+

and Ca2+) and positively charged peptides also induced these
phase transitions by changing the surface charge density of the
membranes due to their binding to the charged
groups.11,19,20,22,26,32

Generally, to understand the characteristics of various phase
transitions of lipid membranes and their mechanisms,
information about their kinetic pathways is indispensable.35−41

The first experimental evidence of the kinetic pathway of the
EI-induced transition between the Lα and QII phase in lipid
membranes has been revealed recently using time-resolved
small-angle X-ray scattering (TR-SAXS); for the Lα to double-
diamond QII

D (or Q224) phase transition in a dioleoylphospha-
tidylserine (DOPS)/monoolein (MO) membrane induced by a
decrease in pH, the first step is the direct transition from the Lα

phase to a transient intermediate, an inverse hexagonal II (HII)
phase, and the second step is the slow transition from the HII to
QII

D phase.42,43 The rate constants of the two steps were
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determined by the analysis of the time course of SAXS peak
intensities.43 The temperature dependence of the rate constants
of this transition was also reported;44 the rate constants of the
first step and those of the second step at pH 2.7 and 2.8
increased with temperature, their analysis provided the
apparent activation energies, but the rate constant at the
second step at pH 2.6 decreased with temperature, suggesting
its activation energy varies with temperature. These results were
analyzed using the quantitative theory of the activation energy
of phase transitions of lipid membranes, which was obtained by
modification of the theory of Squires et al.,45 including the
effect of monolayer curvature. This new theory indicates that
the free energy of the transition state depends on temperature
and hence explains the results reasonably.44

Generally, the activation energy of structural changes can
provide valuable information about their elementary processes
and mechanisms. One of the determinants of the activation
energy is the free energy of the transition state. The
temperature can change the free energy of the transition state
of the phase transitions involved in the QII phases in lipid
membranes.44,45 Currently, we have a hypothesis that the EI
may control the free energy of the transition state.44 In this
report, to elucidate the EI effects on elementary processes of
the Lα to QII phase transition in a DOPS/MO (2/8 molar
ratio) membrane induced by a decrease in pH, we investigated
this phase transition in the buffer containing 50 mM NaCl and
also the temperature dependence of this phase transition.
Debye lengths, measures of the effective length of electrostatic
interaction, in a solution containing 50 and 100 mM NaCl are
1.4 and 0.96 nm, respectively.3 Therefore, we can reasonably
expect that the EI in 50 mM NaCl is stronger than that in 100
mM NaCl, which was used in our previous investigation of the
Lα to QII phase transition in a DOPS/MO (2/8) membrane
induced by a decrease in pH.42−44 On the other hand, we
demonstrated that the EI-induced transition between the Lα

and QII phase in lipid membranes occurs mainly due to the
change in the spontaneous curvature of monolayer lipid
membranes.12,20,21,42,44 It is generally recognized that short-
range forces such as interactions between headgroups of
neighboring lipids strongly affect the spontaneous curvature of
monolayers, which was verified by experimental results.18,19,46,47

Therefore, we can reasonably consider that the electrostatic
interactions in the presence of 100 and 50 mM NaCl have
strong effects on the spontaneous curvature of the monolayer.
Furthermore, we consider that this stronger EI in 50 mM NaCl
may more strongly affect the transition states of this phase
transition. In this work, we first found that in the presence of 50
mM NaCl a transition from the Lα phase to the primitive QII

P

(or Q229) phase, not the QII
D phase, occurred as the pH of the

membrane suspension was decreased from a neutral value. Next
we investigated the kinetics of this transition using TR-SAXS
with a stopped-flow apparatus and found that the Lα phase was
directly transformed into the HII phase during the first step and
subsequently the HII phase slowly converted into the QII

P

phase. By analyzing these results, we determined the rate
constants of the two elementary steps. Finally, we investigated
the temperature dependence of this phase transition and
obtained information about the activation energy of the two
elementary steps.

2. MATERIALS AND METHODS
DOPS was purchased from Avanti Polar Lipids (Alabaster, AL). MO
was purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). To

prepare DOPS/MO multilamellar vesicles (MLVs), we added 100 μL
of 10 mM ammonium acetate buffer (pH 6.7) containing 50 mM
NaCl (buffer A) to a dry MO/DOPS lipid film (10 μmol)43 and then
mixed the suspension several times using a vortex mixer for ∼20 s at
room temperature (∼25 °C). To purify MLVs, we centrifuged the
MLV suspension at 13000g for 20 min at 25 °C and then resuspended
the pellet gently in new buffer A without using the vortex mixer. This
suspension was used as the purified MLV suspension. We used the
purified MLVs within 12 h of preparation. We determined the lipid
concentrations of the suspensions using the Bartlett method.48 To
measure the pH of DOPS/MO suspensions, a pH meter (HM-41X,
DKK-TOA Co., Tokyo, Japan) was used, and the standard deviations
of all the measured pH values were <0.03.

Data of temperature scanning SAXS were obtained at beamline BL-
6A of the Photon Factory at KEK (Tsukuba, Japan), and the
experimental methods have been described previously.44 Immediately
after the purified DOPS/MO MLV suspension in buffer A was mixed
with 20 mM citrate buffer at various pH values containing 50 mM
NaCl (buffer C) at a volume ratio of 1/9 in an Eppendorf tube, the
resulting suspension was transferred into a quartz capillary tube with a
diameter of 1.0 mm and a thickness of 0.01 mm (Hilgenberg GmbH,
Malsfeld, Germany) and the ends of the tubes were sealed with
silicone grease. This sample in the capillary was incubated for >5 h at
∼25 °C before the SAXS measurement. After incubation of the sample
in the capillary in the holder at 25 °C for 10 min, the temperature of
the sample was increased from 25 to 50 °C at a rate of 1 K/min.
During the temperature scan, the SAXS patterns were measured with a
time resolution of 5 s. Lattice constants were determined by fitting two
Gauss functions to (110) and (200) peaks of the QII

P phase and one to
the (10) peak of the HII phase. Peaks at larger angles were excluded
from the fitting because their peak intensities were low. The positions
of the peaks at larger angles were used in the phase determination of
the samples.

We used the same method of TR-SAXS in our previous paper44 to
monitor structural changes in DOPS/MO membranes after the pH
jump. TR-SAXS data were obtained at the BL40B2 beamline at
SPring-8 (Sayo, Japan). A stopped-flow apparatus (SFM-CD10,
UNISOKU, Osaka, Japan) was used to mix rapidly the purified
DOPS/MO MLV suspension in buffer A with 20 mM citrate buffer at
various pH values containing 50 mM NaCl (buffer C) at a volume
ratio of 1/9. Other experimental conditions were described
previously.44

The lattice constant, a, of the QII
P phase is determined by the

equation S = (1/a)(h2 + k2 + l2)1/2, and that of the HII phase, which
equals the center−center distance of adjacent cylinders in the HII
phase, is determined by the equation S = [2/(31/2a)](h2 + k2 + hk)1/2,
where S is the reciprocal spacing and h, k, and l are Miller indices. We
used the non-negative matrix factorization (NMF) method based on a
modified alternating least-squares (MALS) algorithm49,50 to obtain the
time course of each phase in the SAXS patterns. The detailed method
of analysis using the NMF method was described previously.44

3. RESULTS
3.1. Effect of pH on the Structure of DOPS/MO

Membranes in 50 mM NaCl. First, we examined the effect of
pH on the structure of preformed DOPS/MO MLVs (2/8) in
excess buffer containing 50 mM NaCl at 25 °C. The SAXS
pattern of 5.0 mM purified MLVs of this membrane in
ammonium acetate buffer (pH 6.7) showed a set of peaks with
a spacing of 12 nm in a ratio of 1:2 (Figure 1a), indicating that
it was in the Lα phase. We mixed various pH citrate buffers with
the purified MLV suspension, and then the suspensions were
incubated for 8−9 h before SAXS measurement. The final pH
values of the suspensions were measured and are indicated in
the texts and Figure 1. The structures of these samples greatly
depended on the final pH of the suspension. For example, at a
final pH of 2.55, the SAXS peaks that have a
√2:√4:√6:√10:√12:√14:√16:√18 spacing ratio were

Langmuir Article

DOI: 10.1021/acs.langmuir.7b02512
Langmuir 2017, 33, 12487−12496

12488

http://dx.doi.org/10.1021/acs.langmuir.7b02512


indexed as (110), (200), (211), (310), (222), (321), (400), and
(330) (411) peaks of the QII

P phase, a bicontinuous, body-
centered cubic phase;12 its lattice constant was 15.2 nm (Figure
1b). Figure 1c shows the pH dependence of the structure of
DOPS/MO (2/8) membranes. At and below pH 2.75, they
were in the QII

P phase, and its lattice constant increased with
pH.
We also examined the effect of NaCl concentration on the

phase and structure of DOPS/MO (2/8) membranes at a final
pH of 2.6. The membranes were in the QII

P phase in the
presence of low NaCl concentrations but in the QII

D phase at

higher NaCl concentrations, and a transition between the QII
P

and the QII
D phases occurred at 75 mM NaCl (Figure 1d).

3.2. Kinetics of the Lα to QII
P Phase Transition Induced

by Decreasing the pH. First, we examined the kinetic
pathway of the Lα to QII

P phase transition in DOPS/MO (2/8)
membranes in the presence of 50 mM NaCl at 25 °C, which
was induced by decreasing the pH of the suspension from
neutral pH to pH 2.55 (final pH). After mixing a purified MLV
suspension in buffer A with buffer C (pH 2.40) using the
stopped-flow apparatus, we continuously monitored the
structure of the membranes in the suspension (final lipid
concentration of 5.3 mM, final pH of 2.55). Figure 2a shows
the time course of its SAXS patterns. The SAXS patterns from
0.2 to 10 s corresponded to the Lα phase due to MLV structure

Figure 1. Dependence of the structure and phase of a DOPS/MO (2/
8) membrane on pH and salt concentration. SAXS patterns of a
DOPS/MO (2/8) membrane suspension (a) in buffer A (pH 6.7)
containing 50 mM NaCl and (b) in mixed buffer at pH 2.55
containing 50 mM NaCl after a long incubation time of 10 h. (c) pH
dependence of the lattice constant of the QII

P phase in a DOPS/MO
(2/8) membrane in low-pH buffer containing 50 mM NaCl. (d)
Dependence of the lattice constant and phase in a DOPS/MO (2/8)
membrane on NaCl concentration at pH 2.6: (●) QII

P phase and (■)
QII

D phase.

Figure 2. Changes in the structure and phase of DOPS/MO (2/8)
membranes in 50 mM NaCl after the change in pH from pH 6.7 to a
low pH at 25 °C. (a) SAXS contour plot of the time course at a final
pH of 2.55. (b) Averaged SAXS patterns of the data shown in panel a
from 0.2 to 9.2 s (bottom), from 50 to 89 s (middle), and from 2560
to 3629 s (top). (c) SAXS contour plot of the time course at a final pH
of 2.65.

Langmuir Article

DOI: 10.1021/acs.langmuir.7b02512
Langmuir 2017, 33, 12487−12496

12489

http://dx.doi.org/10.1021/acs.langmuir.7b02512


(Figure 2a,b). A new weak peak around S = 0.167 nm−1 was
detected at ∼10 s, and its intensity grew over time. At 70 s,
SAXS peaks with a spacing with a 1:√3:2 ratio appeared
(Figure 2a,b), corresponding to the HII phase. Hence, we can
consider that the peak at S = 0.167 nm−1 was the (10) peak of
the HII phase. The peak intensities of the HII phase grew over
time to ∼70 s and then decreased, while those of the Lα phase
became low at ∼70 s. At ∼200 s, three weak peaks at 0.089,
0.125, and 0.154 nm−1 appeared, and their intensities grew over
time (Figure 2a,b). The SAXS pattern of the same sample after
10 h was the same as that of Figure 1b, which corresponds to
the QII

P phase as the equilibrium structure. Hence, we assigned
the peaks at 0.089, 0.125, and 0.154 nm−1 in panels a and b of
Figure 2 as the (110), (200), and (211) peaks of the QII

P phase,
respectively. The analysis given above indicates that after the
change in pH from a neutral value to a low value, the Lα phase
converted into the HII phase rapidly and then the HII phase
converted slowly into the QII

P phase.
We also examined the pH dependence of the kinetics of this

transition. The qualitative kinetic pathways of the transitions at
all pH values were the same as that at pH 2.55. Figure 2c shows
that at a final pH of 2.65 a peak due to the HII phase appeared
∼20 s after mixing, and then the peaks due to the QII

P phase
appeared ∼200 s after mixing. The lattice parameters of the HII
and QII

D phases at pH 2.65 were larger than those at pH 2.55
(Table 1).

3.3. Effect of Temperature on the Structure of the
DOPS/MO (2/8) Membrane in 50 mM NaCl. We examined
the temperature-induced transitions of DOPS/MO (2/8)
membranes in their suspension (5.5 mM lipid) at various
final pH values from 2.50 to 2.75. The contour plot shows the
SAXS patterns of DOPS/MO (2/8) membranes at pH 2.55
recorded during a temperature scan from 25 to 50 °C at a rate
of 1 K/min (Figure 3a). At 25 °C, the SAXS peaks that have a
spacing ratio of √2:√4:√6 were indexed as (110), (200), and
(211) peaks of the QII

P phase (Figure 3b). At 32 °C, a new
weak peak appeared around 0.170 nm−1, and its intensity grew
over time. At 50 °C, the peaks with a spacing ratio of 1:√3:2
appeared, which corresponds to the HII phase. Hence, the peak
at 0.180 nm−1 was the (10) peak of the HII phase. Thereby, this
result indicates that a QII

P to HII phase transition started to
occur at 32 °C. At 50 °C, the peak intensity of the HII phase
became strong, but weak peaks due to the QII

P remained
around 0.117, 0.166, and 0.203 nm−1. At a final pH of 2.65, we
obtained a similar result (Figure S1).
The lattice constant of the QII

P phase was almost constant at
low temperatures, but above 29 °C, it decreased with
temperature (Figure 3c). On the other hand, the lattice

Table 1. Temperature Dependence of the Lattice Constants
at Various pH Values

temperature
(°C)

Lα(initial)
(nm)

HII(intermediate)
(nm)

QII
P(1 h)
(nm)

Final pH of 2.55
25 12 7.0 15.9
28 12 6.9 15.3
31 12 6.9 14.9

Final pH of 2.65
25 12 7.1 17.3
28 12 7.0 16.4
31 12 6.9 15.7

Figure 3. Changes in the structure and phase of DOPS/MO (2/8)
membranes in 50 mM NaCl at low pH during a temperature scan from
25 to 50 °C at a rate of 1 °C/min. (a) SAXS contour plot of the
temperature scan at a final pH of 2.55. (b) Averaged SAXS patterns of
the data shown in panel a from 25.0 to 26.0 °C (bottom) and from
49.0 to 50.0 °C (top). (c) Temperature dependence of the lattice
constants of the QII

P phase (top) and the HII phase (bottom) at a final
pH of 2.55. (d) Temperature−pH phase diagram: (circles) QII

P phase
and (triangles) coexistence of the QII

P and HII phases.
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constant of the HII phase decreased from 6.79 nm with an
increase in temperature. This result agrees with the temperature
dependence of the lattice constant of the HII phase in other
lipid membranes.51,52 On the basis of these SAXS experiments,
we made the temperature−pH phase diagram (Figure 3d) after
correction of the pH of the solution using data on the
temperature dependence of the pH value (Figure S2). The QII

P

to HII phase transition occurred as the temperature increased,
which agrees with the findings of other researchers.40,53

3.4. Temperature Dependence of the Kinetics of the
Lα to QII

P Phase Transition of the DOPS/MO (2/8)
Membrane Induced by a Decrease in pH. Using the
same method described in section 3.2, we examined the kinetics
of the Lα to QII

P phase transition in a DOPS/MO (2/8)
membrane when the pH was changed from neutral pH to a
final pH of 2.65 at various temperatures. We already described
the result at 25 °C (Figure 2c). The result of the same
experiment at 31 °C (Figure 4a) shows that the peak of the HII

phase appeared earlier but the peaks of the QII
P phase appeared

later compared with those at 25 °C (Figure 2c). At 31 °C
(Figure 4a), the (10) peak of the HII phase started to appear at
∼10 s, but the (110) and (111) peaks of the QII

P phase started
to appear at ∼300 s. The lattice constant of the HII phase
decreased with temperature from 7.1 nm (at 25 °C) to 6.9 nm
(31 °C) (Table 1).
We performed the same TR-SAXS experiments at a final pH

of 2.55 at various temperatures and obtained similar results (see
the quantitative analysis in the Discussion).

4. DISCUSSION

In this report, we found that an Lα to QII
P phase transition

occurred in DOPS/MO (2/8) membranes in buffers containing
50 mM NaCl at and below the final pH of 2.75 when the pH of
the MLV suspension decreased from neutral pH (Figure 1c).
As we reported previously,22,43 in the same buffer containing
100 mM NaCl, a different phase transition, i.e., an Lα to QII

D

phase transition, occurred in DOPS/MO (2/8) membranes.
This difference can be explained as follows. The results of the
salt concentration dependence of the membrane at pH 2.6
(Figure 1d) indicate that at <75 mM NaCl the QII

P phase is
more stable than the QII

D phase. It is well-known that the level
of EI in buffer increases with a decrease in salt concentration
because the electric potential due to the membrane surface
charges is screened by counterions and its degree of screening
decreases with a decrease in salt concentration (i.e., the Debye
length increases).3 Therefore, the result of Figure 1d indicates
that the QII

P phase becomes more stable than the QII
D phase

with an increase in the extent of EI. This is consistent with the
general principle that as the EI due to surface charges increases
the most stable phase of lipid membranes changes as follows:
QII

D → QII
P → Lα.

11,12,18

We also revealed the kinetic pathway of the Lα to QII
P phase

transition in this membrane system induced by decreasing the
pH to a low value. The first step is the rapid transition from the
Lα phase to the HII phase, and the second step is the slow
transition from the HII phase to the QII

P phase. To analyze the
kinetics of this transition quantitatively, the NMF method49,50

was applied to obtain the time course of each phase.43 The
results of the analysis of the Lα to QII

P phase transition [final
pH 2.55 at 25 °C (the result in Figure 2a)] are shown in Figure
5. Panels a−c of Figure 5 indicate three components in the
data, i.e., the Lα, HII, and QII

P phases, respectively. Panels d−f

Figure 4. Changes in the structure and phase of DOPS/MO (2/8)
membranes in 50 mM NaCl after the change in pH from pH 6.7 to a
final pH of 2.65 at 31 °C. (a) SAXS contour plot of the time course.
(b) Averaged SAXS patterns of the data shown in panel a from 0.2 to 9
s (bottom), from 50 to 89 s (middle), and from 2560 to 3629 s (top).

Figure 5. Results from the MALS calculations of the SAXS pattern of a
DOPS/MO (2/8) membrane suspension in 50 mM NaCl from 0.2 to
3629 s after the change in pH from pH 6.7 to a final pH of 2.55 at 25
°C (Figure 2a). Restored SAXS profiles of matrix A corresponding to
the Lα, HII, and QII

P phases are shown in panels a−c, respectively. The
time courses of the SAXS intensities of matrix B corresponding to the
Lα, HII, and QII

P phases are shown in panels d−f, respectively.
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of Figure 5 show the changes in the SAXS intensities of each
component, i.e., each phase, over time. There are two stages in
the change. In the first step (0 s ≤ t ≤ 70 s), the concentration
of the Lα phase decreased, that of the HII phases increased, and
that of the QII

P phase remained almost zero, indicating that
most of the membranes in the Lα phase converted to the HII
phase. In the second stage (70 s ≤ t ≤ 2000 s), the
concentration of the HII phase decreased, that of the QII

P phase
increased, and that of the Lα phase remained constant,
indicating that the HII phase converted to the QII

P phase.
Therefore, we can reasonably consider the kinetic pathway of
the transition as Lα → HII → QII

P. If we express that k1 and k2
are the rate constants of the Lα to HII phase transition and of
the HII to QII

P phase transition, respectively, we can obtain the
time courses of the concentration of each phase as follows
according to our previous paper.43

= − +

= − − − +

= − − − +

α A k t B

A k t k t B

A k k t k k t B

[L ] exp( )

[H ] [exp( ) exp( )]

[Q ] [ exp( ) exp( )]

0 1 0

II 1 1 2 1

II
P

2 1 2 2 1 2 (1)

The change in the SAXS intensities of the three phases over
time (Figure 5d−f) was fit well by eq 1, providing a k1 of 0.038
s−1 and a k2 of 0.0029 s−1. These results verify that the kinetic
pathway of these phase transitions is Lα → HII → QII

P. Rate
constant k1 increased with a decrease in pH (Table 2),
suggesting that the activation energy for the Lα to HII phase
transition decreases with a decrease in pH.

Next we consider the temperature dependence of the rate
constants of both steps. The k1 values greatly increased with
temperature for all pH values. Figure 6a shows the graphs of
log10 k1 versus 1/T (where T is the absolute temperature) at
various pH values. Because k = A exp(−Ea/RT), where Ea is the
apparent activation energy that does not depend on temper-
ature, R is the gas constant, and A is a constant called the pre-
exponential factor, the value of Ea can be determined using the
relation −2.30R × (slope of the curve of log10 k versus 1/T). As
temperature was increased from 25 to 31 °C, the pH of the
suspension changed by <0.04 unit (Figure S3), and therefore,
we approximated the constant pH from 25 to 31 °C. At all pH
values, the data were well fit by a linear line, indicating that the
apparent activation energy of the Lα to HII phase transition,
Ea(Lα→HII), does not depend on temperature (i.e., is
constant). Thereby, we were able to obtain the values of
Ea(Lα→HII) by the slope of the curves. The value of Ea(Lα→
HII) increased greatly with an increase in pH from 70 ± 20 kJ/
mol at pH 2.55 to 150 ± 20 kJ/mol at pH 2.65 (Figure 6a,
inset). The appearance of the intermediate HII phase in the

low-pH-induced Lα to QII
P phase transition can be explained by

the activation energy of the direct transition from the Lα phase
to the QII

P phase, Ea(Lα→QII
P), being greater than that of the

transition to the intermediate state, Ea(Lα→HII). As shown in
Table 2a, k1 increased greatly with a decrease in pH at the same
temperature, which can be explained by the decrease in Ea(Lα→
HII) with a decrease in pH (Figure 6a). Here we did not correct
the pH (i.e., the pH in Figure 6 is the pH at 25 °C) but
considered it as an experimental error in the values of Ea.
The result described above indicates that Ea(Lα→HII) at pH

2.65 is 2-fold larger than that at pH 2.55. In the process of the
Lα to HII phase transition, at first neighboring bilayers in the Lα

phase must contact each other at a local site because of their
thermal fluctuation (see Figure S8a in the Supporting
Information of ref 44), and then the apposed (cis) monolayers
fuse to form stalk structures (or the trans monolayer contact)
(Figure S8b in ref 44).54,55 We consider that the stalk structure
involves the transition state, which determines Ea(Lα→HII).
The surface charge density of the DOPS/MO membrane
increases with an increase in pH because the protonation of the
carboxylic acid of DOPS becomes smaller at higher pH values.
Therefore, we can reasonably consider that the level of EI
inside the membrane in the stalk structure increases with an
increase in pH, resulting in an increase in Ea(Lα→HII).
We can compare the results of the phase transitions in 50

mM NaCl in this report with those of the phase transitions in
100 mM NaCl reported previously.44 The Ea(Lα→HII) value in
50 mM NaCl at pH 2.55 (i.e., 70 ± 20 kJ/mol) is almost the
same as that in 100 mM NaCl (i.e., 60 ± 20 kJ/mol), but the
Ea(Lα→HII) value at pH 2.65 in 50 mM NaCl (i.e., 150 ± 20
kJ/mol) is slightly larger than that in 100 mM NaCl (i.e., 100 ±
50 kJ/mol) (Table 3). This comparison of Ea(Lα→HII) can
explain the results of k1; k1 (50 mM) (=0.038 s−1) was almost
the same as k1 (100 mM) (=0.041 s−1) at pH 2.55, and k1 (50
mM) (=0.013 s−1) was slightly smaller than k1 (100 mM)

Table 2. pH Dependence of the Rate Constants

temperature (°C) pH 2.55 pH 2.65

(a) k1 (s
−1) (rate constants for the transition from the Lα phase to the HII

phase)
25 0.038 ± 0.002 0.0134 ± 0.0008
28 0.058 ± 0.003 0.0285 ± 0.0015
31 0.068 ± 0.004 0.043 ± 0.002

(b) k2 (s
−1) (the rate constants of the transition from the HII phase to the QII

P

phase)
25 0.0029 ± 0.0002 0.0030 ± 0.0002
28 0.0027 ± 0.0002 0.0032 ± 0.0002
31 0.00087 ± 0.00006 0.0016 ± 0.0001

Figure 6. Temperature dependence of the rate constant. (a) Log10 k1
vs 1/T at a final pH of 2.55 (black) and at pH 2.65 (red). The inset
shows the pH dependence of apparent activation energy Ea(Lα→HII).
(b) Log10 k2 vs 1/T at a final pH of 2.55 (black) and at pH 2.65 (red).
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(=0.021 s−1) at pH 2.65. Therefore, we can conclude that the
EI effect due to the change in the NaCl concentration on
Ea(Lα→HII) is small, which is in contrast with the EI effect on
the phase of the DOPS/MO membrane at equilibrium (Figure
1d). At present, we cannot explain this different effect
reasonably.
In contrast, the value of k2 of the second step of the phase

transition decreased with temperature at pH 2.6 and 2.7
(Figure 6b and Table 2b). At both pH values, the k2 values at
31 °C were much smaller than those at lower temperatures. For
this reason, it may be considered the existence of a small
amount of the HII phase at equilibrium under the conditions
that were used (i.e., coexistence of the QII

P and HII phases).
However, the data of the temperature scan (Figure 3a,c)
indicate the absence of the HII phase at 31 °C, and also the
MALS data at 31 °C (Figure S2e) indicate that the SAXS
intensity of the HII phase decreased to the initial value at 3000
s. These results support the finding that the DOPS/MO (2/8)
membranes at 31 °C are completely in the QII

P phase (no
coexistence of the HII phase). Therefore, the results of the
decrease in k2 values with temperature indicate that Ea(HII→
QII

P), which is defined by the slope of a tangent of the curve ln
k2 versus 1/T, is negative and its absolute value increased with
temperature, although the number of data points is limited.
In our previous paper,44 we have constructed a quantitative

theory of the activation energy of phase transitions of lipid
membranes, which was obtained by modification of the theory
of Squires et al.,45 including the effect of monolayer curvature.
Using this new theory, we analyzed the experimental results of
the Lα to QII

D phase transition in a DOPS/MO (2/8)
membrane in 100 mM NaCl induced by a decrease in pH. The
main point of this theory is that the free energy of the transition
state, G⧧, depends on temperature; in particular in our case, G⧧

increases greatly with temperature because G⧧ is involved in
changes in monolayer curvature, and therefore, the (true)
activation energy, ΔG⧧ (=G⧧ − GA, where GA is the free energy
of initial phase A), of phase transitions of lipid membranes from
phase A to phase B depends on temperature. According to the
theory,44 for the first step of the Lα to QII

P phase transition in a
DOPS/MO (2/8) membrane (the Lα to HII transition), if the
mean curvature of the transition state, H⧧(Lα→HII), is constant
(i.e., independent of temperature), ΔG⧧(Lα→HII) = bT + c,
where b and c are constants (i.e., eq 10 in ref 44 for β = 0).
Because k = A exp[−ΔG⧧(T)/RT], the apparent activation
energy of the first step, Ea(Lα→HII), which was determined by
experimental results shown in Figure 6a, is determined as
follows

→ = − ∂
∂

= Δ − ∂Δ
∂

=α
⧧

⧧⎡
⎣⎢

⎤
⎦⎥

⎛
⎝⎜

⎞
⎠⎟E R

k
T

G T
G
T

c(L H )
ln

(1/ )a II
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Equation 2 indicates that Ea(Lα→HII) does not depend on
temperature, which agrees with the experimental results. On the
other hand, according to the theory,44 for the second step of

the Lα to QII
P phase transition in a DOPS/MO (2/8)

membrane (the HII to QII
P transition), ΔG⧧(HII→QII

P) =
a′T2 + b′T + c′, where a′, b′, and c′ are constants (i.e., eq 14 in
ref 44). Therefore, the apparent activation energy of the second
step, Ea(HII→QII

P), which was determined by experimental
results shown in Figure 6b, is determined as follows

κ α γ α β

→ = − ∂
∂

= − ′ + ′

′ = − − −

⎡
⎣⎢

⎤
⎦⎥E R

k
T

a T c

a N N A

(H Q )
ln

(1/ )

where 2 [( ) ( ) ]

II
P

a II
2

A coop n
2 2

(3)

where κ is the bending modulus of the monolayer, NA is
Avogadro’s number, Ncoop is the number of molecules in a
cooperative unit,45,56 An is the cross-sectional area per molecule
at the pivotal surface, and α, β, and γ are positive parameters
representing the temperature dependence of the spontaneous
curvature (H0), the mean curvature of the HII phase (HHII

), and

the transition state (H⧧), respectively (i.e., H0 = −C0 − αT, HHII

= −C2 − βT, and H⧧ = −C3 − γT, where C0, C2, and C3 are
positive constants). To agree with the experimental results
[Ea(HII→QII

P) < 0], a′ should be positive (a′ > 0), and hence
(α − β)2 < (α − γ)2. Generally, the absolute value of H0 is
larger than that of the mean curvature of the HII phase and the
transition state. Therefore, |α − β| < |α − γ|. This means that
the difference between the temperature dependence of the
curvature of the transition state and H0 is greater than that
between that of the curvature of the initial state (i.e., the HII
phase) and H0, indicating that G

⧧ increases more than the free
energy of the HII phase, GHII

, with an increase in temperature,

and hence ΔG⧧(HII→QII
P) (=G⧧ − GHII

) increases with
temperature. In the temperature region that satisfies the
relationship a′T2 > c′, Ea(HII→QII

P) < 0. Under these
conditions, ΔG⧧(HII→QII

P) increases greatly with temperature,
and as a result, the k2 value decreases with an increase in
temperature. Figure 6b indicates that Ea(HII→QII

P) < 0 and |
Ea(HII→QII

P)| increases with temperature, which agrees with
the prediction of eq 3.
As we discussed in our previous paper, ΔG⧧(Lα→HII) is

proportional to Ncoop (see eq 10 in ref 44). We have not yet
succeeded in determining the value of Ncoop in the process of
the Lα to HII transition, and thus, we represented the values of
Ea(Lα→HII) per mole. Therefore, the numerical values of
Ea(Lα→HII) in themselves are not important, but the
comparison of them can be used.
The temperature range used for the determination of the

apparent activation energy is very limited (i.e., from 25 to 31
°C), and therefore, the accuracy of their values is not so high
[the significant figures of the apparent activation energy are
only one or two; i.e., its relative error (fractional uncertainty) is
10−30% (Table 3)]. If we could increase the temperature range
of the measurement and hence the number of data points, its
significant figure would increase to two or three; i.e., its relative
error is 1−5%. However, for the conclusion of this report, one
or two significant figures is sufficient. The small temperature
range of the measurement of the rate constant of the low-pH-
induced phase transition is mainly due to the fact that the QII
phase existed in a limited temperature range (from 25 to 32
°C) (Figure 3). We tried to measure the rate constant of phase
transitions from 20 °C, but it turned out that the
reproducibility of the rate constants was not good. This is
likely due to hysteresis of the temperature change; in this

Table 3. pH Dependence of the Apparent Activation Energy
of the Lα to HII Phase Transition, Ea(Lα→HII)

pH 2.55 pH 2.65 pH 2.75

50 mM
NaCl

70 ± 20 kJ/mol 150 ± 20 kJ/mol not determined

100 mM
NaCl44

60 ± 20 kJ/mol 100 ± 40 kJ/mol 160 ± 40 kJ/mol
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measurement, we prepared the samples at 25 °C and then
decreased the temperature to 20 °C to measure phase
transitions, but the involvement of the process in the decrease
in temperature may induce the hysteresis probably due to its
slow rate of transition.
When we started to investigate the low-pH-induced

transitions between different QII phases and between the QII
phase and other phases (the HII and Lα phases) many years
ago,11 we did not consider any applications. At that time, we
found that in oleic acid (OA)/MO (1/9) membranes as the pH
decreased from a neutral value, a QII

P to QII
D phase transition

occurred at pH 5.8 and then a QII
D to HII phase transition

occurred at pH 5.3.11 After that, we found that in DOPS/MO
(2/8) membranes as the pH decreased from a neutral value, an
Lα to QII

D phase transition occurred at pH 2.9.22 This phase
transition was reversible; i.e., as the pH increased from a low
value, a QII

D to Lα phase transition occurred.22 We also found
that DOPS/MO (2/8) large unilamellar vesicles (LUVs) were
transformed into the QII

D phase as well as DOPS/MO (2/8)
MLVs when the pH values of suspensions were decreased.22

Recently, several researchers found the applications of this
principle of the low-pH-induced transitions between the QII
and HII phases,

26,32 indicating that they are useful in targeted
drug delivery and in cancer treatment. In this report, we found
that in DOPS/MO (2/8) membranes low-pH-induced Lα to
QII phase transitions occurred at various ion concentrations
(QII

P phase at low ion concentrations and QII
D phase at higher

ion concentrations). The pH values inducing these phase
transitions were low (pH <3.0). Using these characteristics, we
can apply these transitions to delivery of substances. We can
prepare DOPS/MO (2/8) membrane LUVs or MLVs in the Lα

phase containing chemical substances in their membrane
hydrophobic core or bound to their membrane surface at
neutral pH and deliver them to a specific place whose aqueous
solution has a low pH. Then, the membranes can be
transformed into bulk cubic phase membranes, which will
float in an aqueous solution (due to their lower density) or be
bound strongly to a surface of the specific place because the
QII

D phase membranes are not soluble in water. Hence, they
can provide these substances slowly in a specific place. For
example, this pH-sensitive phase transition can be applied
efficiently in a controlled release drug delivery system. DOPS/
MO (2/8) membrane LUVs or MLVs containing drug
molecules in their hydrophobic core or bound to their
membrane interface at neutral pH can be transformed into
the QII

D phase at gastric pH (1−3) after oral administration.
This bulk cubic phase membrane has a density that is lower
than that of gastric juice and can act as a buoyant dosage form
or microbaloon from which slow release of drug molecules can
be achieved. This dosage form is useful in the treatment of
Helicobacter pylori where prolonged local action is necessary in
the gastroduodenal wall.57 Generally, for drug delivery systems,
nonbiological lipids have been used. However, DOPS, MO, and
OA that were used in our studies are important biological lipids
in mammals, including humans, that do not cause bodily harm.
Before we started the investigation of the phase transitions of
DOPS/MO membranes,22 we expected that a transition
between the Lα and QII phases would occur around pH 4−5,
but the results were different. We explained this reason by the
change in pK values of DOPS in the membrane interface
previously.22 If we could increase the pH values at which a low-
pH-induced Lα to QII phase transition occurs, the range of its
applications would be widened.

5. CONCLUSION

We found that an Lα to QII
P phase transition occurred in the

DOPS/MO (2/8) membrane in buffers containing 50 mM
NaCl at and below the final pH of 2.75 when the pH of the
MLV suspension decreased. The kinetic pathway of this phase
transition was revealed; the first step is the rapid transition from
the Lα phase to the HII phase, and the second step is the slow
transition from the HII phase to the QII

P phase. The rate
constants of the first step increased with temperature. By
analyzing this result, we obtained the values of its apparent
activation energy, which did not change with temperature but
increased with pH. This can be explained by an EI effect on the
free energy of the transition state. In contrast, the rate constant
of the second step decreased with temperature, indicating that
the true activation energy increased with temperature. We
analyzed these results using the theory of the activation energy
of phase transitions of lipid membranes when the free energy of
the transition state depends on temperature. The theory can
reasonably explain these results qualitatively.
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