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The one previously reported high pressure volumetric experiment on a phospholipid bilayer investigated a 
region of pressure between 0 and 25 MPa and obtained isothermal compressibility values for the liquid 
crystal and intermediate phases which differed by more than a factor of ten. We report new volumetric 
measurements around the main transition in dipalmitoylphosphatidylcholine (DPPC) from 0 to 100 MPa. 
The isothermal compressibility data for the two phases are of the same order of magnitude, and the 
experimentally determined coexistence curve, specific volume dependence, and volume discontinuity values 
are compared with the predictions of the phenomenological theory according to Sugar and Tarjan ((1982) 
Sov Phys. Crystaliogr. 27, 4-5). Significant discrepancies between this theory and experiment are found. 
Finally, the data indicate that steric interactions play a more dominant role in the main transition of 
phospholipid bilayers than in transitions in most thermotropic liquid crystals 

Introduction 

Phosphohpld bllayers in an aqueous dispersion 
have been studied intensively as a model system 
for biological membranes These bilayers undergo 
phase transitions as the temperature, pressure, and 
water content are varied, for example, L-a-dl- 
palmitoylphosphatldylchohne (DPPC) dxspersed m 
excess water possesses at least four phases at 
atmospheric pressure The 'subgel' phase occurs 
below 13°C, It is characterized by the rlgtd pack- 
mg of the hydrocarbon chains and is the most 
crystalline phase of the four The 'gel' or L B, 
phase exists between 13°C and 34°C and differs 
from the 'subgel' phase by a slightly different 
packing of the ngtd hydrocarbon chains Between 
the pretransition at 34°C and the mmn transmon 
at 42°C, the 'intermediate',  'ripple', or PC phase 
exists The rigid hydrocarbon chain packing of the 
L~, phase is still present, but the bdayers are now 

rippled The main transition separates this phase 
from the 'hquld crystal' or L~ phase, m which the 
hydrocarbon chains are no longer rigid 

By far, most mvestxgatIons of these transitions 
have been performed at atmospheric pressure w~th 
temperature change mducing the transition Much 
less work has been done In order to understand 
the effect of hydrostatic pressure on these transi- 
tions Early experiments determined the phase di- 
agram for DPPC using a variety of methods [1-6], 
while more recent work has Utdlzed admbauc 
compression [7], Raman spectroscopy [8], hght 
transmlssmn [9], and fluorescence depolarization 
[10] under pressure Examples of measurements of 
direct biological relevance obtained under pres- 
sure may be found m Refs 11 and 12 Theoretxcal 
attempts to understand pressure-Induced transl- 
nons include a specml lattice model [2,13], a phe- 
nomenologlcal theory [14], and an Ismg model 
formahsm [15] 
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The one prevmus volumetric measurement un- 
der pressure investigated a small region of pres- 
sure and contmned some questionable results, i e ,  
the P~ and L~ phases possessed extremely differ- 
ent compress~bdmes In addmon,  more recent h~gh 
pressure volumetric measurements in thermotroplc 
hqutd crystals have been extremely useful an char- 
actenzmg the different phase transItmns present 
[16,17] Finally, of the theoretacal models, Sugar 
and Tarjan's phenomenologacal theory [14] is the 
only one whach contains realistic pre&ctmns for 
high pressure volumetric experiments With these 
consaderat~ons in mmd, we performed such volu- 
metric measurements over a w i d e  range of pres- 
sure and compared the data to the predictions of 
this model The results indicate that major dis- 
agreement between this theory and experiment 
exast Our measurements furmsh new asothermal 
compressabfl~ty data and also ln&cate that the 
t ransmon between the L .  and Pa phases as strongly 
influenced by stenc anteractaons 

Materials and Methods 

The DPPC used m this experiment was ob- 
tained from Calbmchem and was not further 
purafled A 1 0 0 + 0 1 %  mixture by weight of 
phosphohpid in d~stilled water was made, whach 
was rapadly stirred whde cycling the temperature 
above and below the main t ransmon Such a pro- 
cedure should produce multdamellar vesicles of 
various sizes The mixture was stored at room 
temperature for a few days before being used m 
the experiment, and showed no evidence of con- 
taming any unhydrated DPPC 

This dIspersmn was confined an a stainless-steel 
bellows holding about 4 5 cm 3, which was part of 
a system capable of simultaneously measunng the 
pressure, volume, and temperature The experi- 
mental apparatus and instrumentatmn have been 
described previously [16] Although the speofic 
volume of the sample could be measured to an 
accuracy of 0 00015 cm3/g, the speofic volume of 
the water had to be subtracted using precise equa- 
tmn of state data for water [18] The resulting 
DPPC specific volume measurements were there- 
fore good to 0 0015 cm3/g This same equation of 
state data for water was Utlhzed with a sample of 
pure water in the anatml callbratmn of th~s ap- 
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paratus, so this subtraction procedure should not 
introduce a systematic error The mare t ransmon 
was mvestlgated by starting at a temperature and 
pressure in the L~ phase, and then increasing the 
pressure an steps of about 0 7 MPa, recording the 
volume each tame This process was performed 
slowly enough to keep the sample at the eqm- 
hbnum temperature, and was continued until the 
sample was well into the Pa phase The entire 
procedure was repeated at several points along the 
mare transmon 

To provade predlctaons which could easily be 
compared to our experamental data, the Landau 
phenomenologlcal theory of Sugar and Tarjan [14] 
was completely worked out, generating isothermal 
specaflc volume data for DPPC over a wide range 
of pressure As a check of these calculauons, we 
compared them to Sugar and Tar3an's results at 
atmospheric pressure and along the main transa- 
tmn curve, obtaaning excellent agreement 

Results 

Fig 1 presents the specific volume data on 
DPPC for a typical isothermal experimental run 
(320 4 K) Similar data were obtamed at 325 2 K, 
3304 K, 3354 K and 3403 K D u n n g e a c h  run, 
the temperature of the sa.mple was constant to 
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Fig 1 Typical isotherm in DPPC (320 4 K) The straight hnes 
represent hnear least-square fits to the two pure phase iso- 
therms and the one mixed phase tsotherm The midpoint  of the 
mixed phase isotherm serves to determine the pressure, specific 
volume, and temperature at the mare transition AV specific 
volume discontinuity at the mare transition 
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within 0 1 K as specific volume and pressure 
measurements were taken The obvious scatter in 
the data indicates the difficulty of obtaining such 
data when only 10% of the sample is DPPC 
Although the t ransmon appears to be quite wide 
m Fig 1, one must realize that the pressure scale 
ts expanded The entire transition is on the order 
of 5 MPa wide, whach ts consistent with the results 
of both specific volume [4] and m]crov]scos]ty [10] 
experiments One may convert this 5 MPa width 
to an estimate of the w~dth of the transition In 
temperature at constant pressure by mulnplymg 
by the slope of the coexistence curve, 0 23 K / M P a  
[12] Thas procedure results m a width estimate of 
a little over 1 K, whach is typical of some experi- 
ments on DPPC performed at atmospheric pres- 
sure. but significantly greater than other results 
[19] The shght asymmetry of the transition whach 
is evident at atmospheric pressure ~s also quite 
evident here To generate values for comparison to 
theory, the two pure phase isotherms and the 
mixed phase isotherm were obtained by least 
squares hnear fit, the midpoint of the mixed phase 
isotherm was used to deterrmne the specific volume 
and pressure at the transition, the two intersec- 
tions of isotherms gave the volume discontinuity 
at the transition, and the slopes of the two pure 
phase isotherms generated compressIbihty data 

The results of this procedure and the prediction 
of theory are shown m Fig 2 Sugar and Taoan ' s  
theory predicts that the coexistence curve should 
show postt]ve curvature, and this is in fact what 
occurs Other theoreucal models also predict thas 
effect correctly [2,13] At any temperature and 
pressure along this coexistence curve, (1) the main 
transition takes place at a particular value of the 
specific volume, and (2) the specific volume 
abruptly increases in going from the PC phase to 
the L~ phase The measured values for the specific 
volume at the transition and the specific volume 
change of the transition (volume discontInmty) are 
also shown in Fig 2 The specific volume and 
volume discontinuity are predicted to Increase as 
the pressure and temperature are increased along 
the coexistence curve, whale the data show that the 
specific volume deflmtely decreases while the 
volume d~scontinmty remains fairly constant, per- 
haps decreasing shghtly It should be pointed out 
that absolute specific volume measurements with 
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F~g 2 Pressure specific volume, and specthc volume d~scon- 
tmmty along the mare transition The c~rcles are experimental 
data points, the dashed hnes are the results of Sugar and 
Taqan's phenomenolog~cal theory To convert // or AV to 
ml/mol, multiply by 7351 g/mol 

thas apparatus are more difficult to do precisely 
than measurements of relatwe volume changes 
The fact that the specific volume data in F~g 2 fall 
below the theory curve is therefore not as im- 
portant  as the fact that the change with increasing 
temperature or pressure ~s m the wrong d]recnon 
The volume dIscontlnmty data does not have this 
problem, as the data extrapolate at low pressure to 
a value only shghtly less than both the theory and 
measurements done at atmospheric pressure [19] 

D i s c u s s i o n  

The theory predicts that the L~ phase should 
have an isothermal compresslbdity of about 3 3 
10 -4 MPa - t ,  whale the data support a value of 
(7 8 + 1 1) 10 -4 MPa -1, (average of five ~sother- 
mal measurements) The isothermal compressibil- 
ity for the Pa phase is (52+_08)  10 -4 MPa -1 
dernonstratmg that it is definitely less com- 
pressible than the L~ phase, but clearly of the 



same order of magnitude These values are repre- 
sentative of measurements in thermotropic hquid 
crystals comprised of molecules with fairly long 
hydrocarbon chains [17], but differ significantly 
from the results for DPPC for Ref 4 This incon- 
sistency IS difficult to reconcile, since the isother- 
mal compressiblhty for the L,~ phase from Ref 4 
is larger than our result, whereas the isothermal 
compresstblhty for the P/~ phase from Ref 4 is 
smaller than our result 

There may be a simple reason why the isother- 
mal compressibility of these two phases are not 
more different given that one phase is composed 
of parttally molten hydrocarbon chains while m 
the other phase the hydrocarbon chains are rigidly 
packed Results of X-ray diffraction measure- 
ments under pressure have demonstrated that the 
bilayer thickness in the liquid crystalline phase 
actually mcreases as the pressure is increased 
rather than decreasing as in the intermediate and 
gel phases [6] This would seem to indicate that 
the compressibility of the hquld crystal phase is 
not as great as one might expect, since the 
stratghtenlng of the melted hydrocarbon chains 
brought on by a pressure increase also extends the 
chains, increasing the bllayer thickness The result- 
ing volume change is therefore less than would be 
expected if only lateral compressibility effects were 
considered 

A parameter  which is useful in characterizing 
translttons in condensed matter phases ts the ratio 
of the temperature change to the volume change 
along the coexistence curve This parameter  

O(ln T/ T~,) y= 
O(ln V/l.o ) 

where T o and V,, represent a point on the coexis- 
tence curve, IS extremely important theoretically. 
since tt is sensitive to the relative strength of steric 
repulsions (which are athermal) as compared to 
attractive mteractions (which are temperature de- 
pendent) [20] The higher the value of y, the more 
sterlc interactions play an important  role in the 
transition F~g 3 presents the data for DPPC, 
showing that a y value of about 34  is ap- 
propriate This value is typical of the isotropic- 
nemat]c transition in systems of rather short and 
inflexible molecules Steric repulsion is generally 
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Fig 3 Temperature and specific volume changes along the 
mare transmon The straight hne represents a least-~quare 
hnear fit constrained to pass through the origin the y value 
denotes the ~lope of this line 

thought to be important in th~s transition and our 
results seem to imply a similar conclusion for the 
main transition in phosphohpid bflayers Since 
this transition represents a change from a partially 
molten system of hydrocarbon chains to a phase 
of closely packed rigid chains, this finding IS not 
surprising 

The Importance of this parameter is evident 
from the fact that Sugar and Tarjan's theory pre- 
dicts a large negative value whereas the experi- 
ment produces a small positive value Although 
only positive values have been obtained expen- 
mentally in the case of thermotroplc ltqmd crystal 
systems, both positive and negative y-values have 
been produced by theories of the llqmd crystalhne 
phase [16] It would therefore seem that the com- 
petition between the effects of temperature and 
pressure on a transition is a difficult one to model 
theoretically 

Numerous studies have demonstrated that the 
water between phosphohpld bllayers is perturbed 
by the bllayers and therefore not identical to bulk 
water [21-23] Since this may imply a difference in 
specific volume, the often-used method of sub- 
tracting the volume of water using bulk water data 
may mtroduce error Although It has been argued 
that such an error is insignificant [21], it is useful 
to estimate its order of magnitude From experi- 
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ments  on phosphohpld  bllayers with varying 

amount~ of water between the bllayers, the chem- 

ical potentml difference of the water at the eqm- 

h b n u m  blla3er separat ion was found to be differ- 

ent for the PB and L .  phases, but  both were less 

than one calorie per mole Since our sample con- 

tamed two to three tmaes more water, the chemical 
po tenna l  difference ~s reduced m both  phases to 

something on the order of 0 1 calorie per mole 
Th~s free energy difference can be used to esnmate  
the amoun t  of ~anat~on in specific volume one 

could expect m our experiments The energy of 
compression can be represented b:y PAI~ where P 

is the h~drostatlc pressure and J V  ~s the molar  

volume change Using  a value for P typical of our  

experiments  and equat ing the compress~onal en- 
ergy per mole to the difference m chemical poten-  

tial per mole. results m an estimated change of 
specific volume for the v~ater of 0 03% compared 

to its bulk specific volume Th~s translates into an 
error of about  0 3% m our specific volume mea- 

surements  for DPPC Thus  the result ~s clear, the 
effect of the difference m the water between b~- 
layers when compared to bulk water whether xn 

the intermediate  phase or the hquld  crystal phase, 
is of httle consequence m th~s lnvest~gauon 

Conclusion 

The results presented here are ~mportant for 
both  the queshons  they answer and the quest ions 

they rinse Certainly the new ~sothermal com- 
pressibility data for DPPC are impor tan t  since 
they are so different from the one earher reported 
result It ~s also obwous  that no major  changes m 
the volume d~scontlnulty take place m the region 
stu&ed, m agreement  w~th the results of the first 

volumetric study [4], but  later quest ioned by the 
admbat~c compression data  [7] The lack of agree- 
ment  between Sugar's and Tar jan ' s  theory and this 
exper iment  rinses quest ions as to why the pressure 
and  temperature  dependences are incorrect,  when 
the theory seems to work well m d e s c n b m g  the 
dependence  on chain length Final ly,  these data 
po in t  out the ~mportance of s tenc interact ions m 
the mare trans~tlon Th~s quant~tatwe result serves 
as a cntxcal test for theoretical work and should be 

complemented  by measurements  m other phos- 

phohpld  systems and along other phosphohp~d 
phase transi t ions 
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