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Abstract

The phase transitions of dipalmitoylphosphatidylcholine (DPPC)–water and DPPC–CaCl2 aqueous solution system were investigated in
t eter. The
p sample with
a the main
t
©

K

1

s
r
T
l
l
t
t
T
t
p
t
L
p

h

e
et
re-
e

eter
the
rably

that
ob-
y AC

the
cally
s at a

ad-

ing
tran-
os-
ms,
.

0
d

he both directions of heating and cooling process by means of a high resolution and high-sensitivity differential scanning calorim
eaks due to the transitions showed different features between heating and cooling runs, especially for the pre-transition and the
high Ca2+ concentration. A sub-main transition in multilamellar bilayers of DPPC was detected in addition to the pre-transition and

ransition. The addition of Ca2+ ion affected the pre-transition and the sub-main transition as well as the main transition.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In the dipalmitoylphosphatidylcholine (DPPC)–water
ystem, their multilamellar vesicles (MLV) undergo a va-
iety of thermotropic and lyotropic phase transitions[1–5].
he main-transition is the chain melting transition from a

ow temperature rippled-gel phase (P′
�) to a high temperature

iquid crystalline phase (L�) [1]. In addition to the main-
ransition, the multilamellar vesicles are known to undergo
he pre-transition and sub-transition at lower temperatures.
he pre-transition is a low enthalpy transition below the main

ransition from non-rippled gel-phase (L′
�) to the rippled-gel

hase P′� [6,7]. The sub-transition is a chain packing transi-
ion from the subgel phase (Lc) to the non-rippled gel-phase
′
� [8]. In addition to these phases, a metastable rippled gel-
hase (P′�(mst)) was reported to appear only in the cooling
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process from the liquid crystalline L� phase according to th
study using AC calorimeter and X-ray diffraction by Yao
al. [9–12]. The P′�(mst) phase was not observed in the
heating process after cooling to the L′

� phase through th
pre-transition. According to the study using AC calorim
by Tenchov et al.[10], the excess heat capacity due to
main transition in the cooling process became conside
smaller than that in the heating process. They explained
the transition in the cooling direction was too slow to
tain the excess heat capacity as the equilibrium value b
calorimetry. Therefore, it would be desirable to measure
phase transitions of the DPPC–water system calorimetri
in the cooling process as well as in the heating proces
reasonably slow scan rate with an enough sensitivity. In
dition to these transitions, Jørgensen et al.[13–16]reported a
sub-main transition for the diacylphosphatidylcholine hav
fatty acyl chains of 17–20 carbon atoms near the main
sition. However, the sub-main transition for the diacylph
phatidylcholine having fatty acyl chains of 16 carbon ato
which corresponds to DPPC, has not been reported yet
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2005.04.020
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The additive effect of salt on the phase transitions in
DPPC–water system has also been reported by many in-
vestigators[13,14,17–24]. In these investigations, divalent
cations, particularly Ca2+, were reported to have an effect on
both the enthalpy change and the temperature of the transi-
tions. These effects are due to the interaction of cations with
the lipids, which changes interbilayer force[25,26] and the
arrangement of the multilamellar structure[19,20,27]. There-
fore, to study the additive effect of salt on the phase transitions
in DPPC–water system is also very interesting.

In this paper, we would like to present the detailed feature
of the phase transitions of DPPC–water and DPPC–CaCl2
aqueous solution system in the both directions of heating and
cooling by means of a high resolution and high-sensitivity
DSC.

2. Experimental

Synthetic 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) with the purity higher than 99% was purchased from
Sigma Chemical Co. and used without further purification.
Calcium chloride used was an analytical grade, which was
purchased from Wako Pure Chemicals Japan. Water was pu-
rified using a Milli-Q-plus system (Millipore) and distilled in
all-quartz apparatus before use.
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Fig. 1. Schematic drawing of the present DSC.

semiconducting thermoelectric elements connected in series
and have an electromotive force of 7.4 mV K−1. The temper-
ature control was made using a Pt temperature sensor, TS2,
by adjusting the current of the thermomodule, TM3. TM3
is made of semiconducting thermoelectric elements and can
pump heat in either direction to heat or cool the copper block
by changing the magnitude and the direction of the current
through it, so that the measurements can be made in either di-
rection of heating and cooling in this DSC. We calibrated the
temperature of TS1 by measuring the resistance of TS1 as a
function of the melting temperature of the standard materials,
such as docosane (SRM 1973; NIST in USA), biphenyl (LGC
2610: LGC in UK) and water. Then, we know the temperature
of the sample by measuring the resistance of TS1.

Since the thermal conductivity of the sample is usually
low compared with that of metals, the sample container and
the sample amount should be as small as possible in or-
der to increase the resolution of the calorimeter. The sam-
ple container used was made of aluminum with 3.8 mm in
diameter and 1.8 mm in depth. The total sample amount
(DPPC + dispersing solution) used was about 10 mg and was
quite smaller than that in the MicroCal, which has been com-
monly used to detect a small heat of the phase transitions
of phosphatidylcholines[13–16,18,30,31]. The heating and
cooling rate chosen was 2 mK s−1 (7.2 K h−1).

3
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i t the
l ones.
T l to
t main
t ter
Multilamellar lipid vesicles (MLV) were prepared by d
ersing DPPC in water or aqueous solution of calcium c
ide of 10 and 100 mM. DPPC concentrations were less
5 wt.% in all preparation, which is the condition of exc
ater according to Kodama and Grabielle-Madelmont[4,5].
he sample of DPPC–water system was prepared by a
.93 mg of pure water to 2.66 mg of DPPC. The samp
PPC-aqueous solution of calcium chloride was prepare
dding 2.88 mg of 10 mM CaCl2 solution to 3.11 mg of DPP
nd adding 9.00 mg of 100 mM CaCl2 solution to 4.07 mg o
PPC. The molar ratio of Ca/DPPC for these samples
, 0.042 and 0.164, respectively. The dispersions were
ated at 325 K for 30 min and cooled to room tempera
his process for the dispersion was repeated several
sing commercial DSC until measurements become re
ucible.

The differential scanning calorimeter used was a high
lution and high sensitivity DSC, which is a simple vers
f the nW-stabilized DSC[28,29]. This apparatus lacks of
uxiliary heater to keep the central part of the calorimete
early adiabatic condition and the pairs of Cu blocks and
oelectric modules to reduce the temperature fluctuati

he sample cell, which the nW-stabilized DSC has. Altho
his DSC has a less baseline stability than the nW-stabi
SC, it has still at least one order of magnitude better bas
tability than the commercial ones. The baseline stabili
he present DSC was±150 nW. The schematic drawing of t
SC is shown inFig. 1. The temperature difference betw
sample and a reference material is measured by th

lectric modules, TM1-1 and TM1-2, which are made o
. Results and discussion

Fig. 2 shows the DSC curve of DPPC–water system
he heating rate of 2 mK s−1. In Fig. 2, a baseline is show
n a dotted line, which was determined so as to connec
ow temperature data smoothly to the high temperature
he first peak shows the pre-transition (non-rippled ge

he rippled gel) and the second large peak shows the
ransition (rippled gel to liquid crystalline) of DPPC–wa
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Fig. 2. DSC thermogram of DPPC–water system at the heating rate of
2 mK s−1 (7.2 K h−1).

system. The excess heat flux of the peaks was obtained using
the baseline shown inFig. 2. Dividing the excess heat flux by
the heating rate and the number of moles of DPPC, the excess
heat capacity of DPPC–water system is obtained and shown
in the bottom ofFig. 3(a), where that including Ca2+ is also
shown upwards in a shifted vertical scale as a function of the
Ca/DPPC ratio. The excess heat capacity as a function of the
Ca/DPPC ratio obtained in the cooling direction is shown in
Fig. 3(b).

The transition temperature of the main transition was
slightly increased by the increase of the Ca2+ concentration,
being in good agreement with that reported in the literatures
[21–23,32,33]. This behavior is considered to be due to the
interaction between Ca2+ and choline head group. The pre-
transition is reported to merge the main transition at high
Ca2+ concentrations[33].

Fig. 4. The magnified figure of the excess heat capacity of DPPC–water
system at the heating/cooling rate of 2 mK s−1 (7.2 K h−1). The figure shown
in the inset is the magnified one around 314 K. A small peak marked by an
arrow shows the sub-main transition.

Fig. 4shows the magnified excess heat capacity near the
pre-transition and the main transition of DPPC–water system
both in the heating and cooling runs. Almost the same val-
ues were obtained between the heating and cooling runs at
the temperatures near 293 and 320 K, indicating the excellent
stability of the present DSC. The transitional peaks became
broad in the cooling run as compared with the heating run.
Especially for the pre-transition in the cooling run, the peak
was very broad and seems to be composed of more than two
peaks. Onset temperature of one peak is almost same for that
in the heating run, which is about 305 K. Another peak is very
broad and takes place between 307 and 295 K. It is consid-
ered that the metastable rippled gel-phase is not single state
as considered in rippled gel-phase by Heimburg[6] and each

F /cooling ith
t ertical.
ig. 3. Excess heat capacity of DPPC–water–CaCl2 system at the heating
he different Ca/DPPC ratios of the sample are shown in the shifted v
rate of 2 mK s−1 (7.2 K h−1): (a) heating run, (b) cooling run, the results w
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sate transits to the gel-phase individually with the different
transition speed. Kato and Kubo[34] expected the existence
of three states during the transition from the metastable rip-
pled gel-phase to the gel-phase in the cooling process from
the measurement of the temperature dependence of the trans-
mitted light intensity. Yao et al.[9,11,12,35]reported that the
transition from the metastable rippled gel-phase to the gel-
phase in the cooling was considered to include a slow process.
These reports are quite compatible with the present results al-
though it is not apparent that broadening of low-temperature
part of pre-transition peak is due to the slow process or multi-
ple states which transited at different temperature in the peak.

The excess heat capacity of the rippled-gel phase P′
� was

larger than that of the gel phase and the liquid crystalline
phase both in the measurements of the heating and cooling
process as seen inFig. 4. The larger excess heat capacity of the
rippled-gel phase was also reported by Blume et al.[35–38].
The larger excess heat capacity in the rippled-gel phase is
considered to be due to the additional mode of molecular
motion concerning the acyl chain conformation, such as the
formation of fluid lipid line defects, as proposed by Heinberg
[6]. It would be also possible to think that the larger excess
heat capacity in the rippled-gel phase due to the additional
mode of molecular motion is the onset of the main transition.

The transitional enthalpy change from the gel phase to
the liquid crystalline phase is calculated using the baseline
s l
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In the inset ofFig. 4, we can see a small peak as marked
by an arrow in a low temperature part of the main transi-
tion both in the heating and cooling runs, which is consid-
ered to be due to the sub-main transition. Jørgensen et al.
[13–16]observed the sub-main transition just below the main
transition in the diacylphosphatidylcholines having fatty acyl
chains of 17–20 carbon atoms by means of X-ray diffraction
and the calorimetric measurement. From the fact that the en-
thalpy change of this transition became smaller as the num-
ber of carbon atoms 17–20 of the fatty acyl chains decreased,
Jørgensen thought that the sub-main transition for the dia-
cylphosphatidylcholine having fatty acyl chains of 16 carbon
atoms (which corresponds to DPPC) was not detected[16].
No sub-main transition for DPPC–water system reported so
far may be due to its very small peak. The detection of the
sub-main transition in DPPC–water system shows the high
resolution and high sensitivity of the present DSC. The sub-
main transition was also detected in the cooling direction as
seen inFig. 4, which means that the sub-main transition has
a reversible nature. Using the baseline shown in the inset in
Fig. 4, the enthalpy change due to the sub-main transition was
obtained to be 16 J mol−1. This value is considerably smaller
than that of diacylphosphatidylcholines with fatty acyl chains
of 17 carbon atoms, 32 J mol−1 [16]. The enthalpy of the sub-
main transition including DPPC-aqueous solution of calcium
chloride is also listed inTable 1.
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uch as that shown inFig. 2and is listed inTable 1as the tota
nthalpy change. The total enthalpy change obtained fro
eating run was 40.6 kJ mol−1 and that from the cooling ru
as 41.1 kJ mol−1, showing almost the same values. The t
nthalpy change, 39.26 kJ mol−1, obtained by Heimburg[39]

s close to the present values. The enthalpy change of the
ransition obtained from the cooling process, 36.3 kJ mo−1,
s slightly larger than that obtained from the heating proc
4.0 kJ mol−1. Koynova et al.[35] obtained a similar valu

or the enthalpy change of the main transition obtained
he heating process, 33.3 kJ mol−1. However, they estimate

smaller value in the cooling process, since they fou
maller value when the heating run of the DSC measure
tarted at 308 K after cooling from L� phase, which is i
he temperature region of the metastable rippled gel p
he present value of the enthalpy change obtained from
ooling process is larger than their estimation. However
eason is not known at present.

able 1
hase transition temperatures and enthalpy changes of DPPC–wate2

a/DPPC ratio �Htotal (kJ mol−1) Tpre (K) �Hpre (kJ mol−1

Heating 40.6 306.2 6.6
Cooling 41.1 305.6 4.8

.042 Heating 41.5 306.5 5.7
Cooling 40.9 305.9 4.4

.164 Heating 38.9 306.9 5.2
Cooling 37.2 310.5 3.3

he sub-main transition temperature shown here is obtained from the
he maximum slope of the peak and the baseline (onset temperature)
Fig. 5 shows the excess heat capacity of the DP
ater–Ca sample with Ca/DPPC = 0.042. The excess he
acity of the sample with Ca/DPPC = 0.042 shows only s
ifferences from that without Ca. The peak due to the
ain transition of the sample with Ca/DPPC = 0.042 bec
one in the heating run, but it became larger in the cooling
he low-temperature part of the pre-transition in the coo
un of the sample with Ca/DPPC = 0.042 became smaller
hat without Ca.

Fig. 6shows the excess heat capacity of the sample
a/DPPC = 0.164. The broadening of main peak in he
nd cooling run is observed as seen inFig. 3. In addition

o this, the interval between the pre-transition and the m
ransition became smaller as the increase of the Ca
ent as seen fromFigs. 4–6, as also reported by[17,23,40]
n Ca/DPPC, Inoko et al.[27] have carried out the stru
ural studies using small angle X-ray diffraction. Accord
o their results, the thickness of the water layer incre

ub-main(K) �Hsub-main(kJ mol−1) Tmain (K) �Hmain (kJ mol−1)

3.8 0.016 314.3 34.0
3.1 0.033 314.4 36.3

– 314.8 35.7
3.4 0.050 314.7 36.4

– 315.5 33.7
4.5 0.39 316.6 33.4

emperature. The other transition temperatures are obtained from the
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Fig. 5. The magnified figure of the excess heat capacity of DPPC–
water–CaCl2 system (Ca/DPPC = 0.042) at the heating/cooling rate of
2 mK s−1 (7.2 K h−1). The figure shown in the inset is the magnified one
around 315 K. A small peak marked by an arrow shows the sub-main tran-
sition.

significantly from pure DPPC. Then, the regular arrangement
of the multilamellar structure is deformed. The broadening of
the main transition and the interval between the pre-transition
and the main transition might be related to such a deforma-
tion. The sub-main peak in the cooling run for the sample
with Ca/DPPC = 0.164 was larger than that without Ca as
seen fromFigs. 3 and 6. This behavior is in agreement with
the report that the sub-main transition was enhanced by the
addition of salt[13,14,18]. The low temperature part of the
pre-transition became smaller and the sub-main peak around
315 K became larger with the increase with Ca/DPPC in the
cooling run as seen fromFigs. 4–6. These behaviors sug-
gest that the pre-transition and the main transition are re-
lated with each other, as Heimburg[6,39] reported that the

F PC–
w e of
2

pre-transition and the main transition were the chain of the
events.

At this point, we would like to compare the excess heat
capacity of the rippled-gel phase between the heating and
cooling run inFigs. 4–6. In DPPC–water system (Fig. 4),
the excess heat capacity of the rippled-gel phase in the cool-
ing run is ca. 30 J K−1 mol−1 larger than that in the heating
run, indicating that the metastable rippled-gel phase appeared
in the cooling run has a higher energy state. Koynova et al.
[35] reported that the excess heat capacity of the metastable
rippled-gel phase was ca. 20 J K−1 mol−1 larger than that
of the rippled-gel phase for DPPC and ca. 95 J K−1 mol−1

larger for distearoylphosphatidylcholine. As the Ca content in
DPPC–water–Ca system increases, the excess heat capacity
of the metastable rippled-gel phase considerably decreases
as compared with the stable rippled-gel phase. The excess
heat capacity of the metastable rippled-gel phase obtained in
the cooling run was larger than that of the stable rippled-
gel phase obtained in the heating run of Ca/DPPC = 0.0
(Fig. 4), became almost the same as that in the heating run
of Ca/DPPC = 0.042 (Fig. 5) and then became smaller in the
heating run of Ca/DPPC = 0.164 (Fig. 6). The excess heat ca-
pacity of the metastable rippled-gel phase obtained in the
cooling run is considered to be related with the shoulder
in low-temperature part of the pre-transition and the sub-
main transition. The excess heat capacity of the metastable
r hen
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w came
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ig. 6. The magnified figure of the excess heat capacity of DP
ater–CaCl2 system (Ca/DPPC = 0.164) at the heating/cooling rat
mK s−1 (7.2 K h−1).
ippled-gel phase obtained in the cooling run was large w
he shoulder in low-temperature part of the pre-trans
as large and the sub-main peak was small, and it be
mall when the shoulder in low-temperature part of the
ransition was small and the sub-main peak became l
hese behaviors are considered to be originated from th

hat the pre-transition, the sub-main transition and the
ransition are the chain of the events and the addition of2+

on affects all these events[19,24].
The binding of Ca2+ ion to DPPC lamellar system has be

eported to change the surface potential[41], to change th
epeat distance of the lamellar phase and deform the m
lar arrangement in the bilayers[27], to reduce the motio
f phosphate region of polar head group[42], and to de
rease the bulk compressional modulus[43]. At the micro-
copic level, the interaction of Ca2+ with the O–P–O an

O region has been reported to decrease the proporti
hetrans-to-gauchetransition in hydrocarbon chains[42,44],
o cause dehydration of lipid bilayer, and to induce struc
eformation in the membrane surface through changes
ydrogen bonding between water and phospholipids[19,43].
hus, its effects on the repulsive and attractive forces invo

n the bilayer–bilayer interaction are considered to affec
tability of the non-rippled gel-phase, the rippled-gel ph
nd the liquid crystalline phase. The interaction of Ca2+ with

he lipids is sensitive to the phase state of the bilayer in th
er: the gel state > rippled-gel state > liquid crystalline s
ccording to[19,25]. The change of the stability in the
hases due to the interaction of Ca2+ with the lipids affects

he chain of the transitional events.
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Fig. 7. DSC thermogram of the sonicated sample of DPPC–water system at
the heating rate of 2 mK s−1 (7.2 K h−1). The figure shown in the inset is the
magnified one around 315 K. A small peak marked by an arrow shows the
sub-main transition.

The DSC curve for the sonicated sample of DPPC–water
system is shown inFig. 7, where the temperature region mea-
sured was up to 338 K. The heat flux shifted to the exothermic
side from the temperature region around 325 K both in the
heating and cooling run. The heat flux shift to the exother-
mic side was not observed for the sample without sonica-
tion. The sonicated sample is considered to be composed of
small unilamellar vesicles (SUV) and the heat flux shift to
the exothermic side is due to the heat of coalescence of the
small vesicles above 325 K. After the sonicated sample was
left at room temperature for 1 month, the heat flux shift to
the exothermic side was not observed. This ensures that the
coalescence occurs even at room temperature very slowly.
In order to investigate the mechanism of the coalescence of
the small vesicles, the microscopic observation and the X-ray
diffraction study would be necessary. The sub-main transi-
tion was also observed in the sample composed of small unil-
amellar vesicles as shown in the inset inFig. 7, where it is
more clearly seen in the heating run than that of multilamel-
lar vesicles. Since the size and curvature and the interaction
with the neighboring bilayer are different between SUV and
MLV, these are considered to affect the sub-main transition.

4. Conclusion

and
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low temperature part of the pre-transition peak in the cool-
ing run, which is considered to be due to very slow process
of the transition from the metastable rippled-gel to the gel
phase.

3. The pre-transition, the sub-main transition and the main
transition are considered to be the chain of the events and
the addition of Ca2+ ion affected all these events. By the
addition of Ca2+ ion, the shoulder of the pre-transition in
the cooling run became smaller and the peak due to the
sub-main transition became larger.

4. In the sonicated sample of DPPC–water system, the
exothermic effect was observed due to the coalescence
of the small vesicles above 325 K.
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