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Spread mixed monolayers at the air-water of cholesterol and phospholipids (dipalmitoyl 
lecithin and stearoyl-oleoyl lecithin) were investigated using the Goodrich method. It was 
found that a weak interaction occurred between cholesterol and dipalmitoyl lecithin, on 
the contrary a large interaction was observed for the system cholesterol, stearoyl-oleoyl 
lecithin. Recently a theory was developed concerning the ideal behaviour of mixed ad- 
sorbed films. Since at the oil-water interface mixed adsorbed monolayers of cholesterol 
and the above mentioned phospholipids show an ideal behaviour, the conclusion was 
drawn that the interaction at the air-water interface is mainly due to Van der Waals- 
London attraction forces. 

Introduction 

Recently one of  us 1) took up again the work of  De Bernard 2) concerning 

the interaction of  spread films of  cholesterol and phospholipids at the a i r -  
water interface, spending much attention to the purity of  the products  used. 

It was found that the interaction between cholesterol and phospholipids 

greatly depends on the nature of  the hydrocarbon  chains of  the phospho-  
lipids and it was put forward that  this interaction was mainly due to Van 

der W a a l s - L o n d o n  attraction forces between the hydrophil ic groups. This 
explanation is however not  widely accepted3). Most  experiments were 

hitherto performed at the air-water  interface, where the Van der Waa l s -  
London  attraction forces play a predominant  part, at the oil-water interface 

however, the oil molecules penetrate between the hydrophilic moiety of  the 
adsorbed or spread molecules, hence the Van der Waa l s -London  attraction 

forces are annihilated. Unfortunately mixed films of  cholesterol and phospho-  
lipids could not  be spread as stable films at the oil-water interface in view 
of  the solubility of  the cholesterol in the "oil-phase".  Recently, Joos 4) and 
also Arcuri11) made a rigorous thermodynamical  approach  concerning the 
ideal behavior of  adsorbed mixed films. The application of  this theory to 
mixed films of  cholesterol-phospholipid,  adsorbed at the oil-water interface, 
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should thus yield some indication about the nature of this interaction. 

Indeed, if the calculated values of the surface pressure as a function of the 
concentration of both components agree with the experimental ones, no 

interaction occurs, if however large discrepancies are found at the oil-water 

interface as for the system saponin-cholesterolle), the conclusion may be 
drawn that the interaction is not due to the Van der Waals-London attraction 

forces. 

At first we reexamined the interaction at the air-water interface, between 
cholesterol and stearoyl-oleoyl lecithin and between cholesterol and dipal- 

mitoyl lecithin, and an interaction was observed. In view of the just mentioned 

reasoning, this interaction was studied at the oil-water interface to point 

out if this interaction at the air-water interface, is due to Van der Waals- 
London attraction forces or not. 
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Fig. 1. Force-area (/7-,4) curves of cholesterol (1), dipalmitoy! lecithin (not purified 2, 
and purified 3) (dashed line according to eq. (2)) and stearoyl-oleoyl lecithin 4 (full line 

according to eq. (2)). 
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Materials and methods 

The stearoyl-oleoyl lecithin was a generous gift from the laboratory of 
Prof. L. L. M. Van Deenen. The dipalmitoyl lecithin was purchased from 
Sigma (grade II) and further purified by thin layer chromatography. From 
the difference of the force-area curves of the purified and unpurified product 
(see fig. 1), the great importance to perform such investigations with products 
of the highest purity is again emphasized. Cholesterol was purchased from 
Fluka (spreading experiments) and from U.C.B. (adsorption). Carbon tetra- 
chloride and heptane were of analar grade and distilled to remove traces 
surface active impurities (e.g. fatts), NaCl was heated in a furnace at _+ 600 °C 
during several hours. The water was distilled twice in a pyrex apparatus. 

For the spreading experiments a conventional Langmuir film balance was 
used. For the adsorption experiments at the oil-water interface the lecithin 
and cholesterol were dissolved in carbon tetrachloride or heptane. Interracial 
tensions between water and carbon tetrachloride solutions were measured 
with a Wilhelmy plate of special design 5), for the measurement of interfacial 
tensions between heptane solutions and water an ordinary Wilhelmy plate 
was usedS). All interfacial tensions reported are equilibrium values (the 
solutions were allowed to stand during 2-3 hours). 

Results and discussion 

Experiments at the air-water interface 

The force-area curves of cholesterol and the lecithins are given in fig. 1. 
The type of films of lecithins are liquid expanded. Hedge 6) claimed that the 
I I -A  relationship of lecithin could be described by a Van der Waals equation: 

k T  a~ 
H = - (1) 

A - A 0 A 2 

using for A o (limiting area) a value of 40 A 2. However our curves indicate 
that till a certain area (115/~z for stearoyl oleoyl lecithin and 90 A 2 for 
dipalmitoyl lecithin) the surface pressure is nearly zero, this fact is not ex- 
plained by the Van der Waals equation using a constant value of as (Van 
der Waals constant). On the other hand Langmuir v) puts forward the 
following equation: 

(I1 + lie) (A - Ao) = k T  (2) 

where/ /c ,  the cohesive pressure, is a constant, this in opposition to eq. (1) 
used by Hedge where F/¢ = as/A z. 

Our curves are well described by eq. (2) till a surface pressure of 15-20 
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TABLE 1 

Parameters for lecithin monolayers (Langmuir equation). 

Lecithin A~,(/~2) He (dyne/cm) 

Stearoyl-oleoyl lecithin 55 ~ 6.7 
Dipalmitoyl lecithin 38 - 7.7 
Lecithin of Hedge 38 -~ 12.8 

dyne/cm, if the following appropriate  values o fA 0 and Hc were used (table l). 
Also the results of  Hedge could be well described by eq. (2), taking a value 
for A 0 of  38 A 2 instead o f  40 A 2. 

It is also noteworthy that with dipalmitoyl lecithin a transition point in 
the force-area curve is found at /7c~21 dyne/cm and A _~48.5 A 2. 

For  a mixed spread film the force-area curve can be calculated f rom the 
force-area curves of  the single componen t  in the following wayS): assume 

the surface, S, of  a surface balance between the float and the barrier covered 

with two distinct monolayers  of  area S1 and $2 (S=S~+S2) containing 

nt and n 2 molecules of  the two species respectively, separated by a thin 
thread in such a way that the surface pressure on both sides is equal. If  this 
thin thread is removed, after mixing, the surface pressure will remain un- 

affected if no interaction occurs. A mean molecular area (~)  can now be 

defined : 

SL + S2 n1AL + naA2 
= = (3) 

n !  + n 2 n~ + n 2 

$1 S 2 ) 
A 1 = ; A  2 ~- 

Hi n2 

From this relation the mean area ,4 can be calculated for a given surface 
pressure /7. 

In figs. 2 and 3 the results of  mixed films of  stearoyl-oleoyl lecithin and 

cholesterol are given. To avoid confusion only a few cases of  the expected 
force-area curves (dotted lines) are given in fig. 2. It is seen that  a strong 
interaction between stearoyl-oleoyl lecithin and cholesterol occurs, con- 
firming the previous results of  Demell).  

Mixed films of  dipalmitoyl lecithin and cholesterol show only a weak 
interaction especially at low pressures, as seen f rom fig. 4, while at higher 
pressures the interaction vanishes. 

Experiments at the oil-water interface 

It is well known that the surface (interracial) pressure (H)  concentrat ion 
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Fig. 2. Force-area (H-A) curves for mixed films of cholesterol and stearoyl-oleoyl 
lecithin. 1: cholesterol; 2: xl =0.07; 3: xl =0.24; 4: x~ =0.32; 5: xl =0.42; 6: x~ =0.53; 

7: x1=0.63; 8: x~ =0.75; 9: x1=0.87; 10: x l =  I. 

re la t ionship  for a so lu t ion  conta in ing  a single sur fac tant  can be descr ibed 

by the equa t ion  of  von Szyszkowskig):  

H = RTF~°ln(I + Xa ,) (4) 

wherein:  F ~ :  the sa tura t ion  adsorp t ion ,  

x :  the mola r  f rac t ion in the bulk (-~ concentra t ion) ,  

a ' :  a cons tan t  related to the free en tha lpy  of  adsorp t ion .  

This equa t ion  was ob ta ined  the rmodynamica l ly  by Lucassen -Reynde r s  

and Van den Tempe110). Arcur i  11) extended this equa t ion  for  a system con-  

ta in ing two or  more  surfactants ,  i f  the sa tu ra t ion  adso rp t ion  values are the 

same, yie lding:  

( x, ) H=RTF~°In 1 + , + . (5) 
a l  
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Fig. 3. Variat ion of  the mean  molecular  area as a funct ion  o f  the  compos i t ion  for mixed 
films o f  stearoyl-oleoyl lecithin and  cholesterol  at var ious  surface pressures.  1 : / 7  5 

dyne /cm;  2: 1 7 =  10 dyne /cm;  3: H = 15 dyne/cm.  

Fig. 4. 
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Var ia t i on  o f  the mean molecular  area as a func t ion  o f  the compos i t ion  for  mixed 
films of  dipalmitoyl  lecithin and  cholesterol  at var ious  surface pressures,  

l:H--5dyne/cm;2:/7 1 0 d y n e / c m ; 3 : / 7  15dyne /cm.  
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This equation was used for the system cholesterol-dipalmitoyl-lecithin 12), 

since in this case the two saturation adsorption values are equal. 
If  however, as in the case cholesterol stearoyl-oleoyl lecithin the two 

saturation adsorption values are not equal, eq. (7) should be used. The 
von Szyszkowski equation was thermodynamically obtained for a special 
choice of the Gibbs dividing surface: F ~ = F o + F I  (Fo: adsorption of the 
water, F l : adsorption of the surface active component).  

By the choice of the Gibbs dividing surface according to the monolayer 
model one obtains4): 

1 = x  0exp R T  + X ~ e x p  (6) 
a 1 

wherein: Xo: the molar fraction of the solvent in the bulk (-~ 1), 
F ~: the saturation adsorption of the solvent (1.70 x 10-9 mol/cm2), 

x~ : the molar fraction of the surfactant in the bulk, 
al  : a constant, 

F ~ : the saturation adsorption of the surfactant. 
For a system containing two surfactants one obtains: 

1 = x o exp + exp + exp (7) 
al a2 

The values of the parameters: aI ,  a2, F ~  and F f  are obtained from the 
surface pressure concentration relationship (eq. (6)) and summarized in 
table 2 for the different systems used. 

The interfacial pressure concentration curves for the various components 
are given in figs. 5 and 6. 

The molar fraction at the interface could be calculated from the extended 
Langmuir equations 12) (which are however inconsistent with thermo- 
dynamics) : 

rTC,la', r~C2/a'2 
F~ = , , , ; ; F 2 -  , , , (8) 

alaz + alC2 + azC~ ala2 + a'iC2 + aEC1 

TABLE 2 

Parameters of the H-conc. relationship. 

Component F ~ (10 -9 mol/cm 'z) a' a Remarks 

in Choles tero l  0.44 4.5 × 10 -4 mol / l  1.1 10 -3 mol / l  ) 
Dipalmi toyl  lecithin 0.44 2.5 × 10 -4 g/l - t C C h  
Stearoyl-oleoyl  lecithin 0.30 1.3 × 10 3 g/1 4 10 3 g/l t 
Choles tero l  0.44 l . l  × 10 -4 mol / l  2 10 -4 g/l ~ in 
Stearoyl-oleoyl  lecithin 0.30 4 × 10 a g/l 1.2 10 -3 g/1 ~ hep tane  
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Fig. 5. lnterfacial pressure/concentration relationship of cholesterol solutions in CCl4 
and heptane against aqueous NaC1 solutions, l: cholesterol in CCI4/0.1 N NaCI and 

1 N NaC1; 2: cholesterol in heptane/0.1 N NaC1 (solid lines: calculated curves). 

The values of  H f rom eq. (7) for mixed films were calculated by an 
electronic digital computer.  Results are summarized in figs. 7, 8 and 9. 
For  each run of  experiments the ratio of  the concentrat ion of  both com- 
ponents was kept constant,  in this way the ratio of  the adsorpt ion of  both 
components  was constant  too, this fact follows directly f rom eq. (8). 

Conclusions 

(1) Monolayers  of  dipalmitoyl lecithin and of  stearoyl-oleoyl lecithin are 
of  the liquid expand type. The I1-A curves follow in a considerable range 
(up to 15 dyne/cm) eq. (2) (Langmuir).  
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Fig. 6. Interfacial pressure-concentration relationship of lecithin solutions in CCh and 
heptane against aqueous NaC1 solutions. 1: dipalmitoyl lecithin in CCIa/1 N NaCI; 

2: stearoyl-oleoyl lecithin in heptane/0.1 N NaCI; 3: stearoyl-oleoyl lecithin in 
CC14/0.1 N NaCI (solid lines: calculated curves). 

(2) A dipalmitoyl lecithin monolayer shows a transition point at a surface 
pressure of 21 dynes (A=48.5 A2). It appears also that a less pure sample 
of dipalmitoyl lecithin yields a completely different force area curve, and 
the transition point is not observed. In view of this it should be again 
emphasized to perform monolayers experiment with products of the highest 
purity. 

(3) Mixed monolayers of cholesterol and dipalmitoyl lecithin shows only 
a weak interaction at low surface pressures (5 dyne/cm), at higher surface 
pressures this interaction vanishes. 
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Fig. 7. Interfacial pressure-concentration relationship for mixed adsorbed films 
(CC14-O.1 N NaC1 interface) of dipalmitoyl lecithin and cholesterol (solid lines: calculated 

curves) as a function of the concentration of cholesterol. 1 : Fle~./F~hm 50; 
2: r ' l e e / F e h o l  ~- 16.1; 3:Flee/r'(,h,,1 1.61. 

(4) Mixed monolayers  of  cholesterol and stearoyl lecithin show a very 
marked interaction. The results are in agreement with the previous results 
of  Demel 1). 

(5) Adsorbed monolayers  of  cholesterol dipalmitoyl lecithin and stearoyl 
lecithin are ideal at the oil-water interface, since the equation of  yon 
Szyszkowski is followed. This equation was derived by Lucassen-Reynders  
and Van den Tempel 1°) on a purely thermodynamical  basis. 

(6) The interaction between cholesterol and phospholipids at the air-  
water interface results as a contract ion effect. Mixed adsorbed films at the 
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Fig. 8. Interracial pressure-concentration relationship for mixed adsorbed films 
(CC14q). 1 N NaCI interface) of  stearoyl-oleoyl lecithin and cholesterol (Fc.ol/Fiec = ] .50) 

as a function of the concentration of  cholesterol (solid lines: calculated curves). 
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Fig. 9. Interracial pressure-concentration relationship for mixed adsorbed films 
(heptane4). l N NaCI interface) of stearoyl-oleoyl lecithin and cholesterol (Fcho)/F~ee = l ) 

as a function of the concentration of lecithin (solid line: calculated curve). 
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oi l -wa te r  interface (carbon t e t r ach lo r ide -wa te r  and hep tane -wa te r )  show an 

ideal behav iour  indica t ing  that  in this case no interact ion occurs. In  view of  

this one may  conclude tha t  the interact ion observed at  the a i r -wa te r  inter-  

face is main ly  due to Van der  Waa l s  a t t rac t ion  forces, since at  the o i l -wa te r  

interface this a t t rac t ion  forces are annihi la ted.  Especial ly the system 

cho les t e ro l - s t ea roy l -o leoy l  lecithin is relevant.  It is possible tha t  at  the a i r -  

water  interface the lecithin and  cholesterol  molecules are  a r ranged  according  

to the models  of  Shah and Schulmana) ,  but  this Van der  Waals  a t t rac t ion  

forces are the dr iving forces which p romo te  this rear rangement .  

I t  seems to us tha t  the use of  both  methods  (spread mono laye r  at  the 

a i r -wa te r  interface and adsorbed  mono laye r  at  the o i l -wa te r  interface) 

should give useful in format ion  abou t  the nature  of  the interact ion.  
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