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SUMMARY 

In this paper experimental conditions are described to measure the three 
irreversible thermodynamic parameters for the nonelectrolyte permeation through 
liposomes. 

The values for the reflection coefficient a, measured by this method, differ 
significantly from those found previously. 

INTRODUCTION 

Attempts have been made to correlate the permeability properties of mem- 
branes with their chemical composition [14]. A method frequently used is measuring 
the initial swelling rate of cells suspended in an isotonic solution containing a perme- 
able nonelectrolyte [1-3]. This approach has been applied to both model membrane 
systems (liposomes; refs. 1 and 2) and biological membranes (Acholeplasma laidlawii; 
ref. 3). This initial swelling rate proved to be dependent on the lipid composition of 
the cell membrane and showed an exponential increase with rising temperature. From 
this behaviour a value for the energy barrier of polyalcohols was found that depended 
only on the nature of the permeant and not on the lipid composition or cholesterol 
content of the cell membrane [2, 3 ]. 

Hill and Cohen [5] criticized this way of measuring permeabilities by stating 
that the initial swelling rate will depend on both the permeability coefficient (~o) of 
the permeant and on the reflection coefficient (a) of the system, and hence that the 
values of the energy barriers will be an amalgam of the temperature dependencies of 
these two parameters. Based on the irreversible thermodynamic formulas of Kedem 
and Katchalsky [6] Hill and Cohen described a method for independent measurement 
of co and or, and in a recent paper Cohen [7] listed the corrected values of the energy 
barriers by measuring the temperature dependency of the permeability coefficient. 

This paper will show that the values of a as measured according to the method 
of Hill and Cohen, are incorrect because the equations used do not correspond to 
their experimental conditions. 
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A modified method will be described to determine o-for the non-electrolyte 
permeation through liposomes, and also to determine relative values for the other 
two irreversible thermodynamic parameters, 09 and Lp (filtration coefficient). 

M A T E R I A L S  A N D  M E T H O D S  

Liposomes of egg lecithin/egg phosphatidic acid 96 : 4 were prepared [1] in 
20 mM glucose (unless stated otherwise) and dialysed overnight at 4 °C against the 
same solution. Volume changes were measured spectrophotometrically, using the 
linear relationship between the volume change and the change in the reciprocal of the 
absorbance at 450 nm [8]. A thermostatted Vitatron MPS type equipped with a 
stirrer was used throughout the experiments. The final lipid concentration was 0.24).25 
pmol/ml. 

R E S U L T S  A N D  D I S C U S S I O N  

The irreversible thermodynamic considerations of Kedem and Katchalsky [6] 
describe the solute and water flow through the membrane of a selectively permeable 
cell by the following equations: 

dV 
- -  A L p R T ( A c i + a A c ~ )  (1) 

dt 

dn~ Acs (2) 
d t  - -  A o o R T A c s +  ( l --a)  A lncs 

in which V is the volume and A the outer area of the swelling cell, c s is the concentra- 
tion of the permeable species, and c i of the impermeable ones. A c  = c ° - - c  i, the 
difference between the outside and the inside concentration, while n~ is the number of 
permeant molecules inside the cell, and tr the "impermeable" fraction of the solute. 

Hill and Cohen [5] based their analysis on the experimental finding that 
liposomes, suspended in sufficiently hypertonic media containing a permeable solute, 
will first shrink, then pass through a minimum volume and subsequently start swelling 
with a linear volume change with time. Using the condition that d 2 V / d t  z = 0 they 
derived from Eqn. 1 that this linear volume change is given by 

dV dns 
- -  O " -  (¢ii~uO'Csi) - 1  ( 3 )  

dt dt 

Our criticism is directed against their interpretation of Eqn. 2. Hill and Cohen assumed 
that at the minimum volume the concentration of the permeant inside the liposomes 
is still so much smaller than the outside concentration that the second term in 
Eqn. 2 can be ignored. However, this assumption is not valid under the conditions 
used by Hill and Cohen [5]. This is illustrated by comparison of the osmotic behaviour 
of liposomes suspended in hypertonic solutions of glucose, glycerol and erythritol, as 
given in Fig. I. Both the size of the minimum volume and the time required to reach 
this volume largely depend on the velocity of passage of the permeant relative to that 
of water. An approximation of the concentration of the permeant inside the liposomes 
at the minimum volume can be made in the following way. 
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Fig. 1. Shrinkage of liposomes in hypertonic solutions of various nonelectrolytes. Liposomes, pre- 
pared in 20 mM glucose, were suspended in 20 mM glucose (1), 100 mM glucose (2), 100 mM glycerol 
(3) artd 100 mM erythritol (4) respectively. Temperature, 30 °C. The change in A4sonm was measured 
as described in Materials and Methods. 

Knowing the linear relationship between 1/A45 onm and I/c at equilibrium [8], 
where c is the glucose concentration in which the liposomes are treated osmotically, 
one cart relate the absorbance at the minimum volume to the inside concentration of  
glucose (ci i) at this point, neglecting small changes in the refraction indices. With a 
known value of a and using the condition that A c i + a A c  s = 0, now a value for the 
inside concentration of the permeant at the minimum volume can also be obtained. 
Doing this for the example given in Fig. 1 and using the a values found in this paper 
(see Table I) one can calculate that cs i at the minimum volume is about 40 mM for 
both glycerol and erythritol at 30 °C, whereas these values are 55 m M and 10 mM 
respectively at 15 °C. Using the a values obtained by Hill and Cohen, large negative 
values for the inside erythritol concentration at the minimum volume were found at 
both temperatures. 

To check the a values given by Hill and Cohen we used a modification of the 

TABLE I 

VALUES FOR ~ AND co FOUND ACCORDING TO EQN. 4 (METHOD l) AND EQNS. 8 
AND 9 (METHOD II). LIPOSOMES WERE PREPARED IN 20, 40 OR 100 mM GLUCOSE 

Temperature 30 °C Temperature 15 °C 

a glycerol a erythritol co glycerol a glycerol 

co erythritol 

cr erythritol co glycerol 

co erythritoi 

MethodI  0.48±0.03 0.96±0.03 0.73i0.03 0.98±0.04 
MethodI I  0.53~0.03 0.96±0.04 11.3±0.3 0.68~0.08 - 
H i l l a n d C o h e n  - 0.38±0.06 - 0.66±0.2 

(reL5) 

26.1±1.5 
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Fig. 2. The initial swelling rate of liposomes as a function of the concentration of the permeable 
nonelectrolyte in the outside medium. Liposomes, prepared in 20 mM glucose, were suspended in 
glycerol (Q-O) and erythritol ( × - × ). Temperature, 30 °C. The swelling was measured by following 
the changes in A45o nm. 

so-called "zero time method"  [9]. Liposomes, made in 20 m M  glucose (ct), were sus- 
pended in solutions of  the permeable solute of  different concentrations (cs°), and the 
initial swelling rate (dV /d t ) t  =0 was measured. 
Eqn. 1 shows that under these conditions: 

( d l , )  = ALpRT(c t - - t rCs  °) (4) ~ 
- t = 0  

By plotting ( d V / d t ) t =  o against different values for cs °, (Method I), a linearity is 
obtained yielding a value for a (see Fig. 2). 

Since in general the value of  A is unknown and an additional light-scattering 
parameter  is involved, only a relative value for the filtration coefficient Lp is found. 
The values of  a obtained in this way differ significantly from the values obtained by 
Hill and Cohen (see values listed in Table I). 

Knowing the reflection coefficient of  the system, the experimental conditions 
for measuring ~o were chosen as follows: Liposomes were suspended in several hyper- 
tonic solutions containing such concentrations of  the permeable non-electrolyte that 

c iO [-O'Cs O : Ci  i ( :  C , ) .  

In this way it was arranged that the minimum volume with d V / d t  : 0 is reached at 
zero time. Since under these conditions cs i << c, ° now the second term in Eqn. 2 can 
be ignored. Furthermore, it was found that as long as the applied gradient of  the 
permeant is steep enough, there is still a linear increase of  volume with time, so Eqn. 
3 remains valid. Combining Eqns. 2 and 3, and using the condition that c~ i << cs° , 
this linear volume change v is given by 

v : A~oRTac~°(ci i+ac~i)  -1  (5) 

From Eqn. 1 it can be seen that c l i+ac~ i -~ c i ° + a c ~ ° + ( v / A L p R T ) ,  so 

/) C i ° - ~ O ' C s ° ~ -  A L ~  = A~oRTac~ ° (6) 
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Since ALpRT(ci°-+-acf l )  would be the swelling rate  when the l iposomes are suspended 
in pure  water  (see Eqn. 4), v << A L p R T ( e i ° + a e f l ) .  We can, therefore,  make  the 
approx imat ion  tha t  

/( ,) 1+ ALpRr(c?+a¢:) ~ 1 1-- ALpRr(c?+a¢: 

Combin ing  with c f l -Fac f l  = c t, it follows: 

V( Ci°-F O'¢s° 1 ) 
\ A o R T a e s  ° + ALpR~tct : 1 (7) 

F r o m  Eqn. 7 we can derive: 

1 
1 __ 1 ci° + A o R T  + - -  (8) 
v A o R T a  cfl 

and: 

1 1 ct 

A L p R T c  t 

1 

v A o R T a  Cs ° A L p R T c  t (9) 

Thus,  by plot t ing f rom the same set o f  da ta  1/v against  ci°/cs ° and 1/v against  ct/c fl 
(Me thod  II) ,  two straight lines are obta ined  yielding a value for  a and  relative values 
for  Lp and  o .  This is i l lustrated graphically in Fig. 3. Values for  a and  o found  accord-  
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Fig. 3. Graphical illustration of the method for determining the three irreversible thermodynamic 
parasneters or, co and Lp. Liposomes were prepared in 100 mM glucose and suspended in glycerol 
solutions such that cfl+ac~ ° = ct. Temperature, 15 °C. Volume changes were measured by follow- 
ing the changes in A,son=. 
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ing to this method are listed in Table I. From these two linearities another set of  
values for a and Lp can be obtained, which gives an internal check of the values 
found by the two methods. The approximation in the above derivation is such, that 
for solutes with a a value down to 0.5, the error in the values for the three parameters 
is within 5 ~.  

Furthermore, it can be seen that the swelling rate of liposomes, suspended in a 
solution of the permeable nonelectrolyte with a concentration cs ° ~ c t / a ,  gives a 
good (relative) value for the permeability coefficient co, provided that a correction is 
made for the term 1 / A L p R T c  t (found according to Method I). 

Finally it was checked that the value of o-found by Method II, was indepen- 
dent of the inside concentration of the impermeable solute, by doing experiments with 
liposomes prepared in 20, 40 or 100 mM glucose, respectively. 

Since the linearity of the volume changes with time is best with steep gradients 
of  the permeable solute, most reliable results were obtained with liposomes prepared 
in 100 mM glucose. 

The above method will make it possible to describe the temperature depen- 
dency of the nonelectrolyte permeation through liposomes in a much better way than 
those used previously. 
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