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Part of a phase diagram for the system 1-palmitoyl-sn-glycero-3-phosphocholine (PamGroPCho)/oleic 
acid/water has been constructed from mainly 31p-NMR data and a previous determination of the phase 
equilibria of the binary PamGroPCHo/water system. It was found that the appearance of the phase diagram 
is very similar to those found for several simple soap/fatty acid/water or soap/long-chain alcohol/water 
systems. The most striking features observed are: (1) the lamellar phase can swell towards very high water 
contents (2) vesicles are formed after sonication and (3) the cubic liquid crystalline phase disappears upon 
addition of very small amounts of oleic acid. The self-association of the amphiphiles and the shape of the 
aggregates are discussed in terms of existing first-order approximative theories. 

1-Acyl lysophosphatidylcholines are zwlt- 
teriomc lipids that are found in many biological 
membranes.  The concentration of these liplds m 
the membranes is usually very low and their cyto- 
lytic propemes  are well known [1]. Recently, the 
phase behaviour of several lysophosphatidylcho- 
l ine/water  systems has been pubhshed [2,3]. In 
the present commumcat ion we report a study of 
the phase equihbria m the ternary system 1- 
palrmtoyl-sn-glycero-3-phosphochohne/oleic acid- 
/ h e a v y  water at 30 o C. A tentative phase diagram 
has been constructed, mainly be means of 31p_ 
N M R  measurements. It is found that the lysohptd 
has physmochemical properties similar to ordinary 
detergents. Solubdization of a fatty acid or an 
alcohol leads to changes m the phase structures 
that can be understood by a consideratton of the 
packing properties of the lipids in the aggregate 
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Palmitlc and olelc acid of 99% + purity were 
obtained from Nu Chek Prep., Inc. (Elysian, MN, 
U.S.A.). 1-Palmitoyl-sn-glycero-3-phosphochohne, 

PamGroPCHo,  was prepared and purified by 
standard procedures as previously described [2]. 
Thin-layer chromatography showed that the con- 
tamlnatlon of the lysoPC by other hpids was 
< 1%. Potassium oleate was prepared by neutraliz- 
ing oleic acid with potassium hydroxide. The sam- 
ples were prepared by mixing appropriate amounts 
of vacuum-dned hpxds and heavy water (isotopic 
purity > 99.8 atom%, Ciba-Geigy) in glass tubes. 
Mixing was accomplished by sttrnng the contents 
of the tubes w~th a glass rod The tubes were 
flame-sealed and their contents packed at the bot- 
tom of the tubes by centrlfugation, Before N M R  
measurements the samples were allowed to eqm- 
librate for several days. 31p_ and 2H-NMR spectra 
were recorded at the resonance frequencies 101.27 
and 38.40 MHz, respectively, on a Bruker WM- 
250-NMR spectrometer operating in the pulsed 
Fourier transform mode. Inverse gated broad band 
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proton decouphng with an effect of about 5 W 
was used during the measurements of 31p. The 
sensitivity of the instrument was enchanced by 
using quadrature detection. The temperature of 
the NMR probe was regulated with a variable 
temperature control unit. Before the spectra were 
recorded the samples were thermally equihbrated 
at 30 + 1 °C for more than one hour The number 
of scans required for obtaining a spectrum which 
was reasonably easy to interpret varied between 
1000 and 18000 depending on the PamGroPCho 
content of the sample. 

The phase equilibria were determined by re- 
cording 31p_ and 2H-NMR spectra for a large 
number of samples with appropnate compositions 
as described previously [4]. In pamcular  31p-NMR 
~s convenient for such deterrmnatlons since the 
spectral appearence depends on the symmetry of 
the hqmd crystalline phase structure. Thus, in a 
lamellar phase the 31p-NMR spectrum shows a 
high-field peak and a low-field shoulder, while for 
a hexagonal phase at has a low-field peak and a 
high-field shoulder (Fig 1). Furthermore, for 
gemometrlcal reasons the magnitude of the chem- 
ical shift anasotropy for the lamellar phase is 
about twice as large as that of the hexagonal 
phase. For lsotroplc solutions (e.g. rmcellar phases) 
and xsotrop]c hquid crystals (e.g. cubic phases) the 
~IP-NMR spectrum usually exhibits a single nar- 
row peak, the line width of which is considerably 
larger for cubic phases than for rmcellar solutions. 
When two or more phases are present in the 
sample the resultant NMR spectrum is a super- 
posltton of spectra originating from each of all the 
different phases [4]. 

Part of the phase diagram of the three compo- 
nent system PamGroPCho/ole ic  acid/heavy water 
at 30°C is drawn in Fig 2. 31p-NMR spectra of 
more than 150 samples together with the ap- 
proximate phase boundaries from the binary sys- 
tem P a m G r o P C h o / 2 H 2 0  constitute the main ba- 
sis for the construction of the phase diagram. It is 
a very time-consuming and tedious work to find 
the exact location of the phase boundaries, and 
the lanes m the diagram are drawn with a relative 
error of approx +5%. The composition of the 
samples ranged from 1.0 to 87.7% (w/w)  
PamGroPCho, from 0 8 to 63 0% (w/w) oleic acid 
and from 9.8 to 95.0% (w/w) heavy water. 

a 

6ppm 

6ppm 

b 

/l  c 

9ppm 

12ppm 

9pprn 
gig 1 31p-NMR spectra of the ternary system 
PamGroPCho/olelc ac ld /2H20 (composluons in weight per- 
centage) (a) 41 1 0 8 58 1, cubic+hexagonal phases, (b) 
25 6 4 3 70 1, hexagonal phase, (c) 59 6 25 4 15 0, lame|lar 
phase, (d) 87 7 1.4 10 9, 'gel' phase, (e) 81 1 8 7 10 2. lamel- 

lar + 'gel' phases 

The clear lsotropic mlcellar solution extending 
up to about 37% (w/w) PamGroPCho of the 
bxnary system PamGroPCho/2  H 2 0  can solublhze 
at most about 2% (w/w) oleic acid (Fig. 2). The 
locations of the two- and three-phase areas have 
not been determined. The cubic liquid crystalhne 
phase located between the mlcellar solution and 



the hexagonal liquid crystalhne phase can hardly 
incorporate any oleic acid at all without breaking 
down. In the binary system P a m G r o P C h o / Z H 2 0  
the hexagonal phase, H 1 extends between roughly 
48 and 80% (w/w) PamGroPCho. This phase can 
take up at least 5% (w/w) oleic acid and it extends 
with a narrow tail as far as up to about 70% 
(w/w)  heavy water. 

The 31p-NMR spectrum from the phase area 
between 82 and 93% (w/w) PamGroPCho shows a 
band shape that is typical for a phase structure 
not having uniaxaal symmetry (cf. Fig. ld). How- 
ever, when a sample in this area is heated to about 
50 o C, the 31P-NMR spectrum shows a typical line 
shape of a lamellar phase. This indicates that this 
phase at a temperature below 50°C most prob- 
ably is a 'gel' phase. In the region between about 8 
and 13% (w/w) oleic acid and between about 10 
and 20% (w/w) heavy water there is a two-phase 
region consisting of a lamellar phase and this 'gel' 
phase (cf. Fig. le). At 50°C the two-phase area 
&sappears and only a lamellar liquid crystalline 
phase is obtained. 

Above the two-phase regxon there ~s an exten- 
swe lamellar hquid crystalhne phase area that can 
take up at least as much as 90% (w/w) heavy 
water. It is hkely that this lamellar phase extends 
even further towards the heavy water corner, but 
due to experimental difficultxes at these very high 
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water contents the exact limit cannot be firmly 
determined. 

The region above the lamellar phase area to- 
wards the oleic acid corner has not been investi- 
gated. However, the 31P-NMR spectrum from a 
liquid sample containing PamGroPCho, oleic acid, 
and heavy water in the ratio 27.0:63.0:10.0 (%, 
w/w)  shows a large narrow peak superimposed on 
an exceedingly small lamellar line shape. This 
indicates that an lsotropic rmcellar solution exists 
in a neighbourlng region, and because of the low 
water content this is most probably a reversed 
micellar solution. 

The aggregates of several different lysolecithms 
m the rmcellar solutions and cubic phases have 
been investigated in prevxous work [3] It was 
found that PamGroPCho formed small globular 
micelles m water and that the aggregates building 
up the cubxc phase were slightly elongated or 
rodlike [3]. 

A lamellar phase usually forms when a fatty 
acid or a long-chain alcohol is added to a micellar 
solution or a hexagonal phase in an aqueous sys- 
tem of a soap or other detergents (see e.g. a review 
by Ekwall [5]) The factors governing the forma- 
tion, shape and structure of different amphiphile 
aggregates have been discussed by several authors 
[6,7]. From a simple first-order approximation 
theory, provided by these authors, it appears that 

Oleac  a c , d  
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,N 

t?O~ ~ ' ~ ' ~ ' ~ ' ~ ' - -  
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Fig 2 Part of the phase diagram of the PamGroPCho/olelc acld/2HzO system The composition 1s gxven m % (w/w) Notauons 
L 1, lsotroplc aqueous soluuon, H 1, hexagonal hqmd crystalhne phase, 11, cubic hqmd crystalhne phase, L~, lamellar hqmd 

crystalhne phase; G, 'gel' phase 
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the effective geomet ry  of the a m p h i p h d e  of ten 
de termines  the shape of the aggregates.  Thus,  the 
packing  of the amphiphf ies  into different  aggre- 
gates depends  on the hyd rophob ic  volume,  the 
hydroca rbon-wa te r  interracia l  a rea  and  the hydro -  
ca rbon  chain length of the pa r t i c ipa t ing  mole-  
cules. An  amphlphl le  forming a g lobula r  or  
spherical  aggregate therefore  has a conical  shape 
with a large po la r  head group area  A fa t ty  acid  or  
an alcohol,  on the other  hand,  has a ra ther  small  
po la r  head group, but  occupies  a relat ively large 
hydrophob ic  volume The add i t ion  of  an alcohol  
or a fatty acid to a spherclal  aggregate  thus results  
m a relative increase in the hyd rophob ic  volume 
but  only a minor  change in the interfaclal  area. 
This eventual ly  leads to the fo rmat ion  of  a lamel-  
lar aggregate,  since the effective molecular  shape 
now becomes more  cyl indncal .  Accord ing  to these 
cons idera t ions  tt is not  surpr is ing to f ind that  the 
p h a s e  d i a g r a m  of  the  t e r n a r y  sys t em of  
P a m G r o P C h o / o l e l c  a c i d / w a t e r  is ra ther  s imilar  
to that  of sod ium o c t a n o a t e / o c t a n o i c  a c t d / w a t e r  
and  analogous  systems. It is also found that  the 
addi t ion  of av long-chain  a lcohol  to the hexagonal  
phase  in the P a m G r o P C h o / 2 H 2 0  system p r o m o -  
tes a t ransi t ion to a lamel lar  phase  F o r  example  
the 31P-NMR spect rum from a sample  conta in ing  
PamGroPCho ,  decanol ,  and heavy water  in the 
rat io  76 .0 .3  0 : 21.0 (%, w / w )  exhibi ts  a line shape,  
typical  for a lamel lar  phase.  However ,  the cubic  
phase  between the mlcel lar  solut ion and the 
hexagonal  phase  occurs only in the b ina ry  system 
P a m G r o P C h o / 2 H 2  O This is p r o b a b l y  due to the 
fact that the mlcel lar  aggregates bui ld ing  up this 
phase structure have a very cri t ical  size and shape 
as discussed in a previous pub l ica t ion  [8]. A fur- 
ther s trong ind ica t ion  of  the crucial  impor t ance  of 
the s~ze of the aggregates in this phase  is that  it 
can take up only minute  amount s  of  oleic acid, 
since add i t ion  of the fat ty acid will induce a 
growing of the aggregates 

The lamel lar  phase  extends to very high water  
contents .  This can be easily unders tood ,  tf it is 
assumed that  a small  percentage  of the fat ty  acid 
i~ ionized It has been shown previously  [9,10] that  
a lamel lar  phase  may  swell to an ext remely  high 
degree even by  a very small  increase an the surface 

charge density.  I t  has also been shown in a previ-  
ous Invest igat ion by  Jaln  and De  Haas  [11] that  a 
lamel lar  phase  could be ob ta ined  at high water  
conten t  with lysoPC and fat ty  acid. I t  was specu- 
la ted  that  vesicles might  form after  sonica t ion  
This has been venf led  in this work  by the a d d m o n  
of so called shift reagents  to the vesicular  solution.  
A d d i t i o n  of  0.01 M Eu 3+ to a somca ted  sample  
conta in ing  P a m G r o P C h o ,  olelc acid and heavy 
water  in the ra t io  3.2 : 1.8 : 95.0 (%, w / w )  shows a 
difference in the 31p chemical  shift  be tween the 
inner  and outer  phosphorus  of the vesicles of 
abou t  17 ppm.  Since a lamel lar  phase  was formed 
Jain  and De  Haas  [11] d raw the conclusion that  
lysoPC and fat ty  acid form a complex  that  looks  
s imilar  to o rd ina ry  PC due to a hydrogen  bond  
between the ca rboxyhc  acid and the hydroxyhc  
group of the glycerol  backbone .  However ,  our 
da t a  show that  the lamel lar  phase  forms for the 
same reasons as in o rd inary  soap systems as dis- 
cussed above  and It is thus not  necessary to invoke 
the fo rmat ion  of specific complexes• It is im- 
po r t an t  to realize that  this conclus ion also should 
app ly  to cell membranes  conta in ing  lysoPC and 
fat ty  acids. 

We thank A nna -Ca r ln  Ojteg for excellent  tech- 
nical  assistance• This work  was suppor t ed  by  the 
Swedish Na tu ra l  Science Research Council .  
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