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Abstract

The phase transitions of dipalmitoylphosphatidylcholine (DPPC)—water and DPPG-#&p@bus solution system were investigated in
the both directions of heating and cooling process by means of a high resolution and high-sensitivity differential scanning calorimeter. The
peaks due to the transitions showed different features between heating and cooling runs, especially for the pre-transition and the sample with
a high C&* concentration. A sub-main transition in multilamellar bilayers of DPPC was detected in addition to the pre-transition and the main
transition. The addition of G4ion 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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1. Introduction process from the liquid crystalline,Lphase according to the
study using AC calorimeter and X-ray diffraction by Yao et
In the dipalmitoylphosphatidylcholine (DPPC)-water al. [9-12]. The Fé(mst) phase was not observed in the re-
system, their multilamellar vesicles (MLV) undergo a va- heating process after cooling to thg phase through the
riety of thermotropic and lyotropic phase transitidas5]. pre-transition. According to the study using AC calorimeter
The main-transition is the chain melting transition from a by Tenchov et al[10], the excess heat capacity due to the
low temperature rippled-gel phasejRo a high temperature  main transition in the cooling process became considerably
liquid crystalline phase (1) [1]. In addition to the main-  smaller than that in the heating process. They explained that
transition, the multilamellar vesicles are known to undergo the transition in the cooling direction was too slow to ob-
the pre-transition and sub-transition at lower temperatures.tain the excess heat capacity as the equilibrium value by AC
The pre-transition is a low enthalpy transition below the main calorimetry. Therefore, it would be desirable to measure the
transition from non-rippled gel-phaseg} to the rippled-gel  phase transitions of the DPPC—water system calorimetrically
phase g [6,7]. The sub-transition is a chain packing transi- in the cooling process as well as in the heating process at a
tion from the subgel phase {].to the non-rippled gel-phase reasonably slow scan rate with an enough sensitivity. In ad-
Lé [8]. In addition to these phases, a metastable rippled gel- dition to these transitions, Jargensen efl&d—16]reported a
phase (E’(mSt)) was reported to appear only in the cooling Sub-main transition for the diacylphosphatidylcholine having
fatty acyl chains of 17—20 carbon atoms near the main tran-
* Corresponding author. Tel.: +81 432902604; fax: +81 432002604, Sition. However, the sub-main transition for the diacylphos-
E-mail addressesnabah@faculty.chiba-u.jp, ph:?\tldylchollne having fatty acyl chains of 16 carbon atoms,
hayashi@faculty.chiba-u.jp (H. Hayashi). which corresponds to DPPC, has not been reported yet.
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The additive effect of salt on the phase transitions in TSI
DPPC—water system has also been reported by many in- Heat insulator -
vestigators[13,14,17-24]. In these investigations, divalent ‘ 4— Dewar vessel
cations, particularly C&, were reported to have an effect on
both the enthalpy change and the temperature of the transi- S
tions. These effects are due to the interaction of cations with e :
the lipids, which changes interbilayer forf2b,26]and the
arrangement of the multilamellar struct(it®,20,27]. There- x |
fore, to study the additive effect of salt on the phase transitions ™1~ |
in DPPC—water system is also very interesting. c block = [

In this paper, we would like to present the detailed feature opperbioc [ 1
of the phase transitions of DPPC—water and DPPC—£aCl O-ring =1
aqueous solution system in the both directions of heatingand  pagiaer—1 HT 1 BT 1 0T B3 B 3 ™3
cooling by means of a high resolution and high-sensitivity LR R HEEE

2. Experimental Fig. 1. Schematic drawing of the present DSC.

Copper cap |

| TM1-2

Synthetic 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) with the purity higher than 99% was purchased from semiconducting thermoelectric elements connected in series
Sigma Chemical Co. and used without further purification. and have an electromotive force of 7.4 mv K The temper-
Calcium chloride used was an analytical grade, which was ature control was made using a Pt temperature sensor, TS2,
purchased from Wako Pure Chemicals Japan. Water was puby adjusting the current of the thermomodule, TM3. TM3
rified using a Milli-Q-plus system (Millipore) and distilled in ~ is made of semiconducting thermoelectric elements and can
a”-quartz apparatus before use. pump heat in either direction to heat or cool the copper block
Multilamellar lipid vesicles (MLV) were prepared by dis- by changing the magnitude and the direction of the current
persing DPPC in water or aqueous solution of calcium chlo- through it, so that the measurements can be made in either di-
ride of 10 and 100 mM. DPPC concentrations were less thanrection of heating and cooling in this DSC. We calibrated the
55wt.% in all preparation, which is the condition of excess temperature of TS1 by measuring the resistance of TS1 as a
water according to Kodama and Grabielle-Madeln{drf]. function of the melting temperature of the standard materials,
The sample of DPPC—water system was prepared by addingsuch as docosane (SRM 1973; NIST in USA), biphenyl (LGC
5.93mg of pure water to 2.66 mg of DPPC. The sample of 2610: LGC in UK) and water. Then, we know the temperature
DPPC-aqueous solution of calcium chloride was prepared by Of the sample by measuring the resistance of TS1.
adding 2.88 mg of 10 mM Cagsolution to 3.11 mg of DPPC Since the thermal conductivity of the sample is usually
and adding 9.00 mg of 100 mM CaGlolution to 4.07mg of ~ low compared with that of metals, the sample container and
DPPC. The molar ratio of Ca/DPPC for these samples wasthe sample amount should be as small as possible in or-
0, 0.042 and 0.164, respectively. The dispersions were incu-der to increase the resolution of the calorimeter. The sam-
bated at 325K for 30 min and cooled to room temperature. Ple container used was made of aluminum with 3.8 mm in
This process for the dispersion was repeated several timegliameter and 1.8mm in depth. The total sample amount
using commercial DSC until measurements become repro-(DPPC +dispersing solution) used was about 10 mg and was
ducible. quite smaller than that in the MicroCal, which has been com-
The differential scanning calorimeter used was a high res- monly used to detect a small heat of the phase transitions
olution and high sensitivity DSC, which is a simple version ©0f phosphatidylcholinefl3-16,18,30,31]. The heating and
of the nW-stabilized DSE28,29]. This apparatus lacks of an ~ cooling rate chosen was 2mKs(7.2Kh™).
auxiliary heater to keep the central part of the calorimeterin a
nearly adiabatic condition and the pairs of Cu blocks and ther-
moelectric modules to reduce the temperature fluctuation at3. Results and discussion
the sample cell, which the nW-stabilized DSC has. Although
this DSC has a less baseline stability than the nW-stabilized Fig. 2 shows the DSC curve of DPPC—water system at
DSC, ithas still atleast one order of magnitude better baselinethe heating rate of 2mK#. In Fig. 2, a baseline is shown
stability than the commercial ones. The baseline stability of in a dotted line, which was determined so as to connect the
the present DSC was150 nW. The schematic drawing ofthe  low temperature data smoothly to the high temperature ones.
DSC is shown irFig. 1. The temperature difference between The first peak shows the pre-transition (non-rippled gel to
a sample and a reference material is measured by thermothe rippled gel) and the second large peak shows the main
electric modules, TM1-1 and TM1-2, which are made of 17 transition (rippled gel to liquid crystalline) of DPPC—water
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Fig. 2. DSC thermogram of DPPC—water system at the heating rate of Fig. 4. The magnified figure of the excess heat capacity of DPPC—water
2mKs 1 (7.2Kh). system at the heating/cooling rate of 2 mid 7.2 K h™1). The figure shown

in the inset is the magnified one around 314 K. A small peak marked by an

system. The excess heat flux of the peaks was obtained using'™" Shows the sub-main transition.
the baseline shown iRig. 2. Dividing the excess heat flux by
the heating rate and the number of moles of DPPC, the excess Fig. 4 shows the magnified excess heat capacity near the
heat capacity of DPPC—water system is obtained and shownpre-transition and the main transition of DPPC—water system
in the bottom ofFig. 3(a), where that including &4is also both in the heating and cooling runs. Almost the same val-
shown upwards in a shifted vertical scale as a function of the ues were obtained between the heating and cooling runs at
Ca/DPPC ratio. The excess heat capacity as a function of thethe temperatures near 293 and 320 K, indicating the excellent
Ca/DPPC ratio obtained in the cooling direction is shown in stability of the present DSC. The transitional peaks became
Fig. 3(b). broad in the cooling run as compared with the heating run.
The transition temperature of the main transition was Especially for the pre-transition in the cooling run, the peak
slightly increased by the increase of the?Caoncentration, ~ was very broad and seems to be composed of more than two
being in good agreement with that reported in the literatures peaks. Onset temperature of one peak is almost same for that
[21-23,32,33]. This behavior is considered to be due to the in the heating run, which is about 305 K. Another peak is very
interaction between Ga and choline head group. The pre- broad and takes place between 307 and 295K. It is consid-
transition is reported to merge the main transition at high ered that the metastable rippled gel-phase is not single state

C&"* concentrations[33]. as considered in rippled gel-phase by Heim{6igand each
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Fig. 3. Excess heat capacity of DPPC-water—Gag@$tem at the heating/cooling rate of 2 mid§7.2 K h~1): (a) heating run, (b) cooling run, the results with
the different Ca/DPPC ratios of the sample are shown in the shifted vertical.
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sate transits to the gel-phase individually with the different In the inset ofFig. 4, we can see a small peak as marked
transition speed. Kato and Kuli®4] expected the existence by an arrow in a low temperature part of the main transi-
of three states during the transition from the metastable rip- tion both in the heating and cooling runs, which is consid-
pled gel-phase to the gel-phase in the cooling process fromered to be due to the sub-main transition. Jargensen et al.
the measurement of the temperature dependence of the trang13-16]observed the sub-main transition just below the main
mitted light intensity. Yao et a]9,11,12,35feported thatthe  transition in the diacylphosphatidylcholines having fatty acyl
transition from the metastable rippled gel-phase to the gel- chains of 17-20 carbon atoms by means of X-ray diffraction
phase inthe cooling was considered to include a slow processand the calorimetric measurement. From the fact that the en-
These reports are quite compatible with the present results althalpy change of this transition became smaller as the num-
though it is not apparent that broadening of low-temperature ber of carbon atoms 17—20 of the fatty acyl chains decreased,
part of pre-transition peak is due to the slow process or multi- Jgrgensen thought that the sub-main transition for the dia-
ple states which transited at different temperature in the peak.cylphosphatidylcholine having fatty acyl chains of 16 carbon
The excess heat capacity of the rippled-gel ph%sw&s atoms (which corresponds to DPPC) was not detejdép
larger than that of the gel phase and the liquid crystalline No sub-main transition for DPPC—water system reported so
phase both in the measurements of the heating and coolingar may be due to its very small peak. The detection of the
process as seenliig. 4. The larger excess heat capacity of the sub-main transition in DPPC—water system shows the high
rippled-gel phase was also reported by Blume €3&--38]. resolution and high sensitivity of the present DSC. The sub-
The larger excess heat capacity in the rippled-gel phase ismain transition was also detected in the cooling direction as
considered to be due to the additional mode of molecular seen inFig. 4, which means that the sub-main transition has
motion concerning the acyl chain conformation, such as the a reversible nature. Using the baseline shown in the inset in
formation of fluid lipid line defects, as proposed by Heinberg Fig. 4, the enthalpy change due to the sub-main transition was
[6]. It would be also possible to think that the larger excess obtained to be 16 J mot. This value is considerably smaller
heat capacity in the rippled-gel phase due to the additional than that of diacylphosphatidylcholines with fatty acyl chains
mode of molecular motion is the onset of the main transition. of 17 carbon atoms, 32 J mdi[16]. The enthalpy of the sub-
The transitional enthalpy change from the gel phase to main transition including DPPC-aqueous solution of calcium
the liquid crystalline phase is calculated using the baseline chloride is also listed iffable 1.
such as that shown Fig. 2and is listed ifTable 1as the total Fig. 5 shows the excess heat capacity of the DPPC-
enthalpy change. The total enthalpy change obtained from thewater—Ca sample with Ca/DPPC =0.042. The excess heat ca-
heating run was 40.6 kJ mol and that from the cooling run  pacity of the sample with Ca/DPPC = 0.042 shows only slight
was 41.1 kJ molt, showing almost the same values. The total differences from that without Ca. The peak due to the sub-
enthalpy change, 39.26 kJ m@| obtained by Heimburfg9] main transition of the sample with Ca/DPPC =0.042 became
is close to the present values. The enthalpy change of the maimone in the heating run, but it became larger in the cooling run.
transition obtained from the cooling process, 36.3kJthol  The low-temperature part of the pre-transition in the cooling
is slightly larger than that obtained from the heating process, run of the sample with Ca/DPPC =0.042 became smaller than
34.0kdmot?!. Koynova et al[35] obtained a similar value  that without Ca.
for the enthalpy change of the main transition obtained from  Fig. 6 shows the excess heat capacity of the sample with
the heating process, 33.3 kJ mblHowever, they estimated  Ca/DPPC =0.164. The broadening of main peak in heating
a smaller value in the cooling process, since they found a and cooling run is observed as seenFig. 3. In addition
smaller value when the heating run of the DSC measurementto this, the interval between the pre-transition and the main
started at 308 K after cooling fromgLphase, which is in  transition became smaller as the increase of the Ca con-
the temperature region of the metastable rippled gel phasetent as seen frorkigs. 4—6, as also reported fy7,23,40].
The present value of the enthalpy change obtained from theln Ca/DPPC, Inoko et a[27] have carried out the struc-
cooling process is larger than their estimation. However, the tural studies using small angle X-ray diffraction. According

reason is not known at present. to their results, the thickness of the water layer increases
Table 1
Phase transition temperatures and enthalpy changes of DPPC—-waters@s€in
Ca/DPPC ratio AHpotal (kIMOFY)  Tpe (K)  AHpre (kIMOFY)  Tsup-main(K)  AHsub-main(kImMoF)  Tmain (K)  AHmain (kI mof™)
0 Heating 40.6 306.2 6.6 313.8 0.016 314.3 34.0
Cooling 41.1 305.6 4.8 313.1 0.033 314.4 36.3
0.042  Heating 415 306.5 5.7 - - 314.8 35.7
Cooling 40.9 305.9 4.4 313.4 0.050 314.7 36.4
0.164  Heating 38.9 306.9 5.2 - - 315.5 33.7
Cooling 37.2 310.5 3.3 314.5 0.39 316.6 33.4

The sub-main transition temperature shown here is obtained from the peak temperature. The other transition temperatures are obtained from the intersection
the maximum slope of the peak and the baseline (onset temperature).
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Fig. 5. The magnified figure of the excess heat capacity of DPPC—
water—-CaCl system (Ca/DPPC=0.042) at the heating/cooling rate of
2mK st (7.2Kh1). 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 salf13,14,18]. The low temperature part of the
pre-transition became smaller and the sub-main peak aroun
315K became larger with the increase with Ca/DPPC in the
cooling run as seen frorkigs. 4—6. These behaviors sug-
gest that the pre-transition and the main transition are re-
lated with each other, as Heimbui§,39] reported that the
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Fig. 6. The magnified figure of the excess heat capacity of DPPC—
water—-CaCl system (Ca/DPPC=0.164) at the heating/cooling rate of
2mKs 1 (7.2KhD).
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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 JK! mol~! 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 Jkmol~! larger than that
of the rippled-gel phase for DPPC and ca. 953 Kol!
larger for distearoylphosphatidylcholine. As the Ca contentin
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
rippled-gel phase obtained in the cooling run was large when
the shoulder in low-temperature part of the pre-transition
was large and the sub-main peak was small, and it became
small when the shoulder in low-temperature part of the pre-
ransition was small and the sub-main peak became large.

hese behaviors are considered to be originated from the fact
that the pre-transition, the sub-main transition and the main
transition are the chain of the events and the addition éf Ca
ion affects all these evenf$9,24].

The binding of C&* ion to DPPC lamellar system has been
reported to change the surface poteniddl], to change the
repeat distance of the lamellar phase and deform the molec-
ular arrangement in the bilayef27], to reduce the motion
of phosphate region of polar head groj42], and to de-
crease the bulk compressional modul3]. At the micro-
scopic level, the interaction of €awith the O—P-O and
P=0 region has been reported to decrease the proportion of
thetrans-to-gauchéransition in hydrocarbon chaif$2,44],
to cause dehydration of lipid bilayer, and to induce structural
deformation in the membrane surface through changes in the
hydrogen bonding between water and phospholifdiéist 3].
Thus, its effects on the repulsive and attractive forces involved
in the bilayer—bilayer interaction are considered to affect the
stability of the non-rippled gel-phase, the rippled-gel phase
and the liquid crystalline phase. The interaction of Gaith
the lipids is sensitive to the phase state of the bilayer in the or-
der: the gel state >rippled-gel state > liquid crystalline state,
according to[19,25]. The change of the stability in these
phases due to the interaction ofavith the lipids affects
the chain of the transitional events.



210 H. Hayashi et al. / Thermochimica Acta 431 (2005) 205-211

Tr°C low temperature part of the pre-transition peak in the cool-
014 ing run, which is considered to be due to very slow process
of the transition from the metastable rippled-gel to the gel
phase.
o121 3. The pre-transition, the sub-main transition and the main
transition are considered to be the chain of the events and
z O1F the addition of C&" ion affected all these events. By the
§ addition of C&* ion, the shoulder of the pre-transition in
008 L the cooling run became smaller and the peak due to the
sub-main transition became larger.
0.06 [ 4. In the sonicated sample of DPPC—water system, the
exothermic effect was observed due to the coalescence
o4 ‘ . . ‘ of the small vesicles above 325K.
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