
320 

Biochimica et Biophysica Acta, 511 (1978) 320--334 
© Elsevier/North-Holland Biomedical Press 

BBA 78103 

A MOLECULAR BASIS FOR AN IRREVERSIBLE THERMODYNAMIC 
DESCRIPTION ON NON-ELECTROLYTE PERMEATION THROUGH 
LIPID BILAYERS 

E.J.J. VAN ZOELEN, M.C. BLOK *, G.P. STAFLEU, A.M.W. LANCI~E-HERMKENS, 
C. HENRIQUES DE JESUS ** and J. DE GIER 

Laboratory of  Biochemistry, State University of  Utrecht, Transitorium IIl, Padualaan 8, 
De Uithof, Utrecht, (The Netherlands) 

(Received December 27th, 1977) 

Summary 

The non-electrolyte permeability of liposomal membranes has been investi- 
gated according to the concepts of irreversible thermodynamics. A strong inter- 
action between the permeation of solute and water was observed. This solute- 
solvent interaction can be fully described by assuming that a number of water 
molecules will copermeate with each molecule of solute. This number of coper- 
meating water molecules is independent of the nature of the permeant and of 
temperature, but depends on the osmotic concentration of impermeants inside 
the liposomes. 

Introduction 

Liposomes have been widely used for studying the permeability properties of 
lipid bilayers [ 1--3 ]. A method used frequently for determining the permeation 
rate of non-electrolytes through liposomal membranes is the measuring of the 
initial volume change of cells when suspended in an isotonic solution contain- 
ing the permeant [2,3]. The isotonic swelling rate proved to be dependent on 
the lipid composition of the cell membrane and showed an exponential increase 
with rising temperature. From this temperature dependence values were ob- 
tained for the activation energy involved in these processes [2,3]. This method 
of measuring permeabilities was criticized by Hill and Cohen [4], based on the 
irreversible thermodynamic description of non-electrolyte permeation of 
Kedem and Katchalsky [5]. Using this approach as a starting point, the simul- 
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taneous permeation of  a non-electrolyte and water through a lipid bilayer 
should be described by  a three parameter model.  A method for the determina- 
tion of  these three parameters is given in ref. 6. It will be shown in this paper 
that  measurement  of  the isotonic swelling rate is indeed insufficient for describ- 
ing non,electrolyte permeation through lipid bilayers, since interaction between 
solute and solvent permeation is not  taken into account.  The results obtained 
with the method  of  isotonic swelling will be reinvestigated in the light of this 
irreversible thermodynamic  approach. In addition, a molecular basis will be 
given for explaining this irreversible thermodynamic  description of  the system. 

Materials and Methods 

Materials. Egg phosphatidylcholine was purified from egg yolk by acetone 
precipitation and subsequent  chromatography over alumina oxide and silica 
gel. Egg phosphatidic acid was prepared from egg phosphatidylcholine accord- 
ing to Davidson and Long [7]. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine 
(14 : 0 /14 : 0-phosphatidylcholine),  1,2-dioleoyl~n-glycero-3-phosphocholine 
(18 : l c /18  : lc-phosphatidylcholine) and 1,2-dierucoyl-sn-glycero-3-phospho- 
choline (22 : l c /22  : lc-phosphat idylchol ine)  were synthesized as described 
previously [8]. All other  reagents were of  Analytical Reagent Grade and used 
wi thout  further purification. 

Permeability studies. Multilamellar liposomes, containing 4 mol% of egg 
phosphatidic acid were prepared [2] in 20 mM glucose (unless stated other- 
wise) up to a concentrat ion of  2 pmol lipid/ml; 1 ml of  this solution was 
injected in 9 ml of  the desired solution in a thermostated cuvette  equipped 
with a stirrer. Volume changes (dV/dt )  were measured from relative changes in 
absorbance at 450 nm (d A4so/dt), using the experimental relationship dV/d  t = 
k d 1/A4so/dt, in which k is a spectroscopic constant  [9]. Changes in absor- 
bance were measured on a Vitatron spec t rophotometer  (MPS type).  

Results 

Theory 
In the irreversible thermodynamic  considerations of  Kedem and Katchalsky 

[5], the net  f low of solute and water through the membrane of  a selectively 
permeable cell are described by the following equations: 

dV 
d----t = - -ALpRT( Aci + Acs) + ALpRT(1  - - o ) A c  s (1) 

Ac S 
dnSd_~ = Aa~RT Ae~ + (1 -- o) ~ In e~ (2) 

In these equations V stands for volume and A for the outer  area of  the cells, 
while n~ is the amount  of  permeant  t rapped in the cells, zXci is the osmotic 
concentrat ion difference over the membrane of  all solutes which are imper- 
meants and z~es the concentrat ion difference of  the single non-electrolyte 
which is a permeant.  

The system parameters Lp (filtration coefficient),  co (permeation coefficient) 
and o (reflection coefficient) are phenomenological  coefficients describing the 
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conductivi ty of  the membrane for water, the conductivity for the solute and 
the interaction between solute and solvent permeation, respectively. When a 
cell containing only impermeants is suspended in an isotonic solution contain- 
ing a non-electrolyte which is a permeant  with concentration c °, the initial 
permeation rates of  the solute and of  water can be derived from the above 
general equations, giving: 

dV 
d ~  = A L p R T ( 1 - - a ) c ~  (3) 

dns - AcoRTc  ° (4) 
dt 

Each change in cell volume will be the result of  a combinat ion of  the volume 
change produced by water transport and of  that  produced by solute transport.  
Since the latter can be found by mult iplying the rate of solute permeation 
(Eqn. 4) by the molar volume of  the solute (Vs), the volume change produced 
by water permeation under these isotonic conditions is given by:  

dVwdt - A L pR T c °  ((1 -- o) -- -~-!c°VJs] (5) 

In case water  and solute can permeate independently from each other  (1 -- o) = 
a)Vs/Lp (see ref. 5), and no initial water permeation will take place under 
these isotonic conditions. As will be shown, however, a high solute-solvent 
interaction takes place during non-electrolyte permeation through lipid 
bilayers, making (1 -- a) >> ¢~ Vs/Lp. 

It can be concluded that  a net  permeation of  water takes place in the isotonic 
medium, as given by Eqn. 5, which can not  be described by a process of  
osmosis. As will be shown in this paper, this net  permeation of  water can be 
fully described by assuming that for each molecule of  solute passing the mem- 
brane a number  (N) of  water molecules will copermeate.  The implication of  
this hypothesis  is that  each mole of  solute passing the membrane will give rise 
to a volume change given by ~ds + N~dw, in which Vw is the molar volume of 
water. The initial volume change taking place when a cell is suspended in an 
isotonic medium containing the permeant  is then given by: 

d VV = A ¢oR Tc°s(Y--~ + NV--~) (6) 
dt 

Since this process is also described by  eqn. 3, it follows 

co(V~ +YVdw) 
(1 - - o )  = (7) 

Lp 
and 

N = ~ ~ V s / L p  (8) 

Since both  a and ¢OVs/L p can be determined for liposomes, it is possible to 
calculate N. In this paper some of  the properties of  N will be analysed. 
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Fig. 1. Ini t ial  swelling r a t e  as a f u n c t i o n  of  p e r m e a n t  c o n c e n t r a t i o n  in the  ou ts ide  m e d i u m  for  p e r m e a t i o n  
of  d i f f e r e n t  so lu tes  t h r o u g h  b i l ayers  of  egg p h o s p h a t i d y l c h o l i n e ] 4  mol% egg p h o s p h a t i d i c  acid at  15°C.  
L i p o s o m e s  have  b e e n  m a d e  in 20  m M  glucose.  - . . . . .  , g lucose;  • e ,  e ry th r i t o l ;  u u g lycerol ;  
o o, u rea ;  • • ,  t h iou rea ;  X X, glycol ;  ~ ~, 1,3 p ropaned io l .  

m 
Measurement of o, COVs/Lp and N 

When a cell, containing only solutes which are impermeants, is suspended in 
a solution of  a permeant,  a linear relationship is found between the initial 
change in absorbance (450 nm) of the suspension and the concentration of the 
permeant in the outside medium (ref. 6, see also Fig. 1). From this linear rela- 
tionship o and kALpRT can be determined, in which k is a spectroscopic con- 
stant relating volume changes to changes in absorbance. When a cell is 
suspended in an isosmotic medium, defined by Aci + oAcs = O, the first phase 
with no change in volume is followed by a phase during which the cell volume 
increases linearly with time [6]. From this linear swelling rate kAcoRT can be 
determined (for more details see Appendix I). So, although Lp and co can only 
be determined as relative parameters since k and A are normally unknown,  the 
value of  coVs/Lp can be determined in an absolute way * 

Fig. 1 shows the initial change in absorbance as a function of permeant con- 
centration for liposomes of  egg phosphat idylchol ineat  15°C for different solutes. 
Table I shows the values for the parameters o, coVs/Lp and N for the different 
solutes under these conditions. The values of  o can be determined fairly accura- 
tely with a standard error of  about  0.03; since N and COVs/Lp are measured in a 
rather indirect way, the relative errors in these parameters were found to be in the 

* The  p a r a m e t e r  ~ V s / L p  gives the  ra t io  of  the  so lu te  and  w a t e r  p e r m e a t i o n  coe f f i c i en t  for  the  free d i f fu-  
s ion p rocess  co r r ec t ed  for  d i f f e rences  in m o l a r  v o l u m e  b e t w e e n  so lu te  and  so lvent .  Since L p  can  be  
visual ized by  t he  p r o d u c t  of  the  p e r m e a t i o n  coe f f i c i en t  for  w a t e r  and  t h e  m o l a r  v o l u m e  of  wa te r ,  t h e  
ra t io  of  t he  p e r m e a t i o n  coe f f i c i en t s  of  w a t e r  ( ~ w )  and solu te  ( ~ s )  is g i v e n  b y :  
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T A B L E  I 

I R R E V E R S I B L E  T H E R M O D Y N A M I C  P A R A M E T E R S ,  D E S C R I B I N G  T H E  P E R M E A T I O N  O F  D I F -  

F E R E N T  N O N - E L E C T R O L Y T E S  T H R O U G H  B I L A Y E R S  O F  E G G  P H O S P H A T I D Y L C H O L I N E  AT 

15°C 

L i p o s o m e s ,  c o n t a i n i n g  4 tool  % egg  p h o s p h a t i d i c  acid,  w e r e  p r e p a r e d  in 20 m M  g l u c o s e .  Molar  v o l u m e s  
(Vs)  w e r e  c a l c u l a t e d  f r o m  m o l e c u l a r  w e i g h t  and  d e n s i t y ,  and are e x p r e s s e d  in l / too l .  T h e  molar  v o l u m e s  
o f  w a t e r  V w = 0 . 0 1 8  l / tool  (data  t a k e n  f r o m  H a n d b o o k  o f  C h e m i s t r y  and Phys ics ;  T h e  C h e m i c a l  R u b b e r  
Co.,  4 9 t h  e d i t i o n  ( 1 9 6 8 ) ) .  Standard  errors in o are 0 . 0 1 - - - 0 . 0 3 ,  and in ¢OVs/L p and  N b e t w e e n  1 0  and 20% 
(un l e s s  s ta ted  o t h e r w i s e ) .  

S o l u t e  Vs o co Vs/  Lp t ow/ tos  N 

G l u c o s e  0 . 1 1 5  1 .00 - -  - -  - -  
E r y t h r i t o l  0 . 0 8 4  0 .985  0 . 0 0 0 0 1 7  300  0 0 0  3 0 0 0 - - 5 0 0 0  

G l y c e r o l  0 . 0 7 3  0 .78  0 . 0 0 0 3 6 3  12 0 0 0  2 4 5 0  

Urea 0 . 0 4 5 5  0 .74  0 . 0 0 0 2 2 6  11 000  2 9 0 0  
T h i o u r e a  0 .054  0 .54  0 . 0 0 0 5 0 1  6 500  2 7 5 0  

G l y c o l  0 . 0 5 6  0 .08  n.d.  n.d.  n.d.  

1 , 3 -P ropan ed i o l  0 . 0 7 2  - -0 .4  ? ? ? 

order of  20%. Table I shows that for all solutes tested ( 1 -  o ) > >  coVs/Lp, 
which is illustrative for a high solute-solvent interaction [5] .  No significant 
variation in the value of  N was observed for those solutes which could be 
tested accurately under the conditions used. It is striking that the value of  N is 
very near to the ratio of  water and solute molecules inside the l iposomes (R). 
In order to test a possible correlation between these two parameters, the per- 
meability properties of  l iposomes prepared in different glucose concentrations 
were investigated, thus varying the value of  R. As is shown in Table II, the 
value o f  N indeed closely fol lows the value of  R. The values of  Lp and o0 can 
not  be compared directly for these different l iposomes,  since it is not  known 
whether A changes or not. It is remarkable, however, that the value of  coYs/L p 
changes with inside glucose concentration while the value of  o remains almost 
constant. Obviously the permeability properties of  l iposomes,  prepared in 
different glucose concentrations, are difficult to compare. 

Temperatu re dependence of  non-electroly te permeation 
The initial swelling rate of  l iposomes in isotonic media of  non-electrolytes 

was found to increase exponentially with rising temperature [3] .  This made it 

T A B L E  II  

C O M P A R I S O N  O F  L I P O S O M E S ,  P R E P A R E D  IN  D I F F E R E N T  G L U C O S E  M E D I A ,  W I T H  R E S P E C T  TO 

T H E I R  P E R M E A B I L I T Y  TO T H I O U R E A  A T  15°C 

L i p o s o m e s  o f  egg  p h o s p h a t i d y l c h o l i n e  c o n t a i n e d  4 tool  % p h o s p h a t i d i c  acid.  R is t h e  rat io  o f  t h e  n u m b e r  
of  w a t e r  and s o l u t e  m o l e c u l e s  in t h e  d i f f e r e n t  g l u c o s e  m e d i a .  

L i p o s o m e s  Lp o to to Vs /Lp  N R 
prepared  in 

10 m M  glucose  34 .5  * 0 .52  0 . 1 7 4  * 0 . 0 0 0 2 7 2  5 3 0 0  5 5 0 0  
20 m M  glucose  24.1 * 0 .54  0 . 2 2 4  * 0 . 0 0 0 5 0 1  2 7 0 0  2 7 5 0  
40  m M  glucose  20 .0  * 0 .59  0 . 3 4 9  * 0 . 0 0 0 9 4 1  1 3 0 0  1 3 7 5  

• Re la t ive  uni t s .  
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possible to express the temperature dependence of such processes as an activa- 
tion energy (normally given in kcal/mol). The value of the activation energy 
for isotonic non-electrolyte swelling was independent of the membrane lipid 
composition and depended only on the nature of the permeating non-electro- 
lyte. From the correlation between the value of the activation energy and the 
polarity of the permeant, as was observed for certain poly-alcohols, it was 
concluded that the penetration of the non-electrolyte into the lipid bilayer in 
a dehydrated form is the rate limiting step for this permeation process [3,10]. 
Also the temperature dependence of water permeation through phospholipid 
bilayers in the liquid-crystalline state was independent of the lipid composi- 
tion [11]. The values of the activation energies were reinvestigated by Blok et 
al. [12], showing that for certain cholesterol containing bilayers the activa- 
tion energy for both water permeation and isotonic non-electrolyte swelling 
was enhanced, making them functions of both the nature of the permeant 
and of the membrane lipid composition. The permeability properties of these 
cholesterol-containing bilayers and also of bilayers in the gel state will be 
described in the accompanying paper [14]. Using the irreversible thermo- 
dynamic approach of Hill and Cohen [4], Cohen [13] measured the tempera- 
ture dependence of the permeation coefficient for different solutes, finding 
values that differ significantly from those determined from isotonic swelling 
rates. However, their approach for measuring permeation coefficients turned 
out to be incorrect [6]. In this paper the temperature dependence of the 
irreversible thermodynamic parameters (o, co, Lp, ( .oVs/L p and N) are investi- 
gated. Although co and Lp can only be determined as relatively parameters, 
the temperature dependence of these parameters can be determined in an 
absolute way, assuming that the outer area and light-scattering parameters are 
independent of temperature. 

Table III shows the temperature dependence of the irreversible thermo- 
dynamic parameters, all expressed in kcal/mol, for the permeation of glycerol 
through liposomal membranes as a function of the lipid composition. The activa- 
tion energy for Lp, which is the activation energy for water permeation, and 
that for isotonic glycerol swelling were found to be constant and to be in 

T A B L E  I I I  

T E M P E R A T U R E  D E P E N D E N C E  O F  T H E  P E R M E A T I O N  O F  G L Y C E R O L  A S  A F U N C T I O N  O F  T H E  

M E M B R A N E  L I P I D  C O M P O S I T I O N  

A c t i v a t i o n  energies  are g iven i n  k c a l / m o l ,  m e a n  ± S .D.  

M e m b r a n e  lipid I so ton ic  L p  ~ 1 - - a  ~ Vs/Lp N 
c o m p o s i t i o n  * s w e l l i n g  

Egg p h o s p h a t i d y l c h o l i n e  1 8 . 7  ± 1 .5  1 1 . 3  -+ 1 .0  2 0 . 0  ± 1 .7  7 .0  ± 1 .3  8.6 ± 3 .2  - - 1 . 6  ± 3 .3  

( 1 8 )  [ 3 ]  ** ( 1 0 . 6 )  [ 1 2 ]  ( 1 1 . 0 )  [ 1 3 ]  

1 8  : l c / 1 8  : 1 c- 1 8 . 2  ± 1 .6  1 0 . 5  + 1 .3  1 6 . 6  ± 0 . 8  7.1 ± 0 . 8  6 .1  ± 1 .3  + 0 . 8  ± 1.1 

P h o s p h a t i d y l c h o l l n e  ( 1 7 )  [ 3 ]  ( 1 1 . 4 )  [ 1 2 ]  

2 2  : l c / 1 1  : 1 c- 1 6 . 0  ± 2 .0  8 .5  -+ 2 .1  1 6 . 4  ± 2 .0  7 .2  -+ 2 .4  7 .8  ± 4 .2  + 0 . 7  ± 2 .6  

P h o s p h a t i d y l c h o l i n e  ( 1 1 )  [ 1 2 ]  

* Bes ides  p h o s p h a t i d y l c h o l l n e  th e  l i p o s o m e s  a l w a y s  c o n t a i n e d  4 t o o l  % egg phosPhat id ic  acid. 
** Values  t a k e n  f r o m  l i terature.  R e f e r e n c e  no.  i s  i n  square brackets .  
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Fig. 2.  T e m p e r a t u r e  d e p e n d e n c e  o f  the  r e f l e c t i o n  c o e f f i c i e n t  (o )  for p e r m e a t i o n  o f  g lycero l  ( e  e )  

and th iourea  (X X) th r ou gh  bi layers  o f  egg p h o s p h a t i d y l c h o l i n e / 4  too l  % egg phosphat id i c  acid.  
L i p o s o m e s  have b e e n  m a d e  in 2 0  m M  glucose .  

agreement with previous data [3 ,12] .  According to Eqn. 3 the temperature 
dependence of  isotonic swelling is in fact a combination of  the temperature 
dependences o f  Lp and (1 - - a ) .  It can be concluded therefore that (1 - - a )  is 
strongly temperature dependent with an activation energy given by the differ- 
ence in activation energies found for isotonic swelling and for water permea- 
tion. From this it fol lows that the temperature dependence of  (1 - - a )  is also 
independent of  the membrane composit ion and is only a function of  the 
nature of  the permeating non-electrolyte. This is confirmed by the data pre- 
sented in Table III and Fig. 2. 

Measurements of  co as a function of  temperature show that, within the 
error of  determination, the activation energy of  co is not  different from the 
value found from isotonic swelling rates, making N independent of  temperature 
(see Eqn. 6). Table IV shows the temperature dependence of  the permeation 
of  different solutes through bilayers of  egg phosphatidylcholine. In agreement 
with previous results, the temperature dependence of  the isotonic swelling 
rate is a function of  the nature of  the permeating non-electrolyte, making the 
activation energy of  (1 --  a) also a function of  the permeant (see Fig. 2). Since 

T A B L E  I V  

T E M P E R A T U R E  D E P E N D E N C E  O F  T H E  P E R M E A T I O N  O F  N O N - E L E C T R O L Y T E S  T H R O U G H  

B I L A Y E R S  OF E G G  P H O S P H A T I D Y L C H O L I N E  

A c t i v a t i o n  energies  are g iven in k e a l / m o l ,  m e a n  -+ S . D .  

m 

P e r m e a n t  I so ton ic  L p  co 1 - - a  ¢,gVs/L p N 
swel l ing 

Th iourea  1 4 . 3  -+ 0 . 2  1 0 . 7  ± 1 .1  1 3 . 5  -+ 1 .6  3 . 0  -+ 1 . 2  2 .8  -+ 1 .2  + 1 . 8  -+ 2 . 0  
(10.6) (8.4) 

[12] * [13] 

Glycerol 18.7 + 1.5 11.3 -+ 1.0 20.0 ± 1.7 7.0 + 1.3 8.6 + 3.2 --1.6 + 3.3 

(18) (10.6) ( i i .0)  
[ 3 ]  [ 2 ]  [ 1 3 ]  

Erythr i to l  2 1 . 3  + 0 . 4  1 0 . 6  -+ 2 . 2  2 2 . 9  -+ 0 . 6  1 0 . 3  + 1 .0  1 2 . 3  + 1 .8  - - 2 . 0  -+ 1 .4  
( 2 1 )  ( 1 0 . 6 )  ( 1 6 . 1 )  
[ 3 ]  [ 1 2 ]  [ 1 3 ]  

* Values  t a k e n  f r o m  l i terature.  Re f .  no .  is in square brackets .  
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N is temperature independent  for all solutes tested, it can be concluded that 
the temperature dependence of  isotonic non-electrolyte swelling gives a good 
value for the temperature dependence of  the permeation coefficient.  In all 
cases significant differences were found between the values for the activation 
energies of  ¢~ presented here and those given by  Cohen [13].  

Discussion 

The initial swelling rate of  a cell suspended in an isotonic medium of  a non- 
electrolyte has been used for measuring the permeation rate of  small solutes 
which can cross the membrane in a way comparable with water. This is allowed 
if the permeation rate of  water is so much faster than that of  the permeant  that  
each disturbance of  isotonicity due to the permeation of  the solute will be 
restored immediately.  Since values are obtained in this paper for the ratio of  
water and solute permeation coefficients (¢Ow/W~), it is possible to check the 
above hypothesis  assuming that  a mechanism of free diffusion and osmosis 
takes place. It will be shown in Appendix II that  under the conditions used for 
the experiments in Table I, the ratio of  solute and water permeation coeffi- 
cients is such that a disturbance of  isotonicity due to the permeation of  the 
solute can not  be fully restored by an osmotic flow of water. Since the actual 
number  of  water  molecules that  can cross the membrane by  osmosis after the 
permeation of  a solute molecule depends on the value of  ~ V s / L p  (see Appen- 
dix II), it will be strongly temperature  dependent .  It can, therefore,  not  be 
expected that  under those conditions the temperature dependence of  the iso- 
tonic swelling rate will coincide with that  of  the solute permeation coefficient.  

From the following considerations, however,  it can be seen that  a mechanism 
of free diffusion and osmosis is not  very realistic for the description of  non- 
electrolyte permeation through lipid bilayers. When a cell is placed in an isos- 
motic medium of  the permeant,  the initial volume change of  the cell will be 
zero because the volume change produced by  the osmotic waterf low is exactly 
counterbalanced by the volume change produced by solute diffusion. The ob- 
servation that  for l iposomes of  egg phosphatidylcholine at 15°C the isosmotic 
concentrat ion of  thiourea is about  twice the inside glucose concentrat ion 
(o ~ 0.5) can only be explained by a mechanism of free diffusion and osmosis 
((1 - -  o) = t . , J V s / L  p = 3¢o,/¢~,) if the permeation coefficient of  water is only 
6 times that  of  thiourea. Besides the fact that  such a ratio of  water and solute 
permeation coefficient would not  be very realistic, it is also no t  in agreement 
with the observed linear swelling rate of  the cell in isosmotic media. 

Using the irreversible thermodynamic  description of  non-electrolyte permea- 
tion of  Kedem and Katchalsky [5],  the system is not  only described by a 
solute permeation coefficient (w) and an osmotic coefficient for water per- 
meat ion (Lp), bu t  also by a third independent  coefficient (o), introducing the 
possibility of  an interaction between the permeation of  solute and solvent. Eqs. 
1 and 2 can be interpreted in the following way. The first right-hand term of  
Egn. 1 describes the volume change of  the cell produced by  a net  water f low 
due to the presence of  a concentrat ion difference of  solutes over the membrane 
(osmosis). The second right-hand term of  this equation describes the volume 
change produced by  solute permeation and by  permeation of  water which is 
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driven by the solute gradient. This additional water f low is described in this 
paper by  a copermeation of  water molecules with the permeating solute mole- 
cules. The first right-hand term of Eqn. 2 describes the permeation of  the 
solute driven by the solute gradient (diffusion). The second right-hand term of 
this equation describes the solute permeation driven by an osmotic gradient, 
and is only relevant when the permeant  is present on both  sides of  the mem- 
brane. The amount  of  permeant  both  compartments  have in common will be 
in constant  exchange over the membrane including copermeating water. This 
fraction of  the solute can be used for a net transport  when a volume change of  
one of  the compar tments  is required due to a difference in osmotic pressure 
over the membrane.  Unless permeant  is present inside the liposomes during the 
preparation, this term can be ignored for describing initial processes. 

Since solute-solvent interaction ( ( 1 -  o ) > >  wVs/Lp)  is important  for the 
description of  non-electrolyte permeation through lipid bilayers, a molecular 
model  is required for explaining this interaction. The proposed model  imply- 
ing that  during solute permeation water molecules are copermeating, not  only 
explains the theoretically predicted initial water f low in the isotonic medium 
(see Eqn. 5), but  also the linearity of  the initial volume change of  the cells as 
function of  the permeant  concentrat ion in the outside medium (see Fig. 1). In 
addition, this model  is able to explain why such a high concentration of solute 
is required for obtaining an isosmotic medium. This model  also gives a clearer 
understanding of  previous descriptions [10],  stating that  a solution of  a per- 
meant  gives rise to a virtual osmotic pressure of  o R T  cs. Following this descrip- 
tion solutions with the same value for R T c  are called isotonic, and with the 
same value for oRTc  isosmotic. 

It is important  to realize that  copermeation of  water is a process which is 
directly correlated with the solute permeation itself, and is therefore also 
relevant for the description of  initial processes. An osmotic water permeation 
induced by  solute permeation during the process of  isotonic swelling, is not  
really an initial process and is, therefore,  not  described by the irreversible 
thermodynamic  equations when applied to the conditions of  zero t ime (see 
Eqns. 3 and 4). Whether induced osmotic water flows will interfere with the 
determination of  the parameters for solute permeation will depend on the 
speed of  the technique used for the measurements,  also on the value of  N (if 
N equals the water/solute ratio in the solution, no osmotic gradient is induced 
at all) and on the ratio of  solute and water permeation coefficients, which 
determines to what extent  an induced osmotic gradient can be levelled down. 
Computer  simulation of  the system has shown that interferences with non- 
initial processes could lead to deviations from the linearity observed in Fig. 1, 
resulting in an incorrect extrapolation towards the isosmotic medium. The real 
isosmotic medium with no initial volume change can always be found,  how- 
ever, by  using a trial and error method for testing media around the extra- 
polated value. Large differences between the two methods were never observed; 
in case of  discrepancies the experimentally measured isosmotic medium with an 
initial volume change of  zero was used for determination of  o and ¢o (in this 
medium all initial volume changes will counterbalance, thus excluding the 
possibility that  non-initial processes will interfere). The observed solute-solvent 
interaction during permeation of  non-electrolytes through l iposomal mem- 
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branes is no t  in agreement  with the considerations of  Lelievre and Rich [15] 
who assumed (1 -- a) = ¢ o V J L p  for these processes. However,  when no interac- 
tion occurs (N = 0), measurements of  isotonic swelling rates are sufficient for 
determining the permeation coefficient ¢~ (see Eqn. 6), also without  knowledge 
of  a (see ref. 15). 

In this paper some of the properties of  N are investigated. First of  all, the 
linearity observed in Fig. 1 indicates that  N is a parameter of  the system. This 
means that  independent  of  the outside concentrat ion of  the permeant  always 
the same number  of  water molecules will copermeate per molecule of  solute. 
Since N is very near to R,  the number  of  copermating water molecules almost 
coincides with the number  of  water molecules that  would have to cross the 
membrane by  osmosis after the permeation of  a solute molecule during isotonic 
swelling in order to restore isotonicity. This last equality does not  hold, how- 
ever, in media other  than isotonic. 

According to the principles of  irreversible thermodynamics  the driving force 
for permeation phenomena is a gain of  ent ropy of  the system. Therefore,  inter- 
action between the permeation of  solute and solvent is only possible if it 
results in a higher gain of  entropy per unit of time. It will be clear that  during 
isotonic swelling the gain of  ent ropy will be optimal when a number  of  water 
molecules will copermeate  with each molecule of solute that  equals the solute 
to water ratio in the solution. In this way it can be unders tood that the value 
of  N is independent  of  the nature of  the solute and of  temperature,  and in 
most  cases also of  the membrane lipid composi t ion [14],  but  that  it depends 
on the molarity of  the solution in which the l iposomes have been made. 

In order to understand the molecular mechanism underlying this solute- 
solvent interaction, the following considerations can be taken into account.  
From the high values of  the temperature dependence of  the isotonic swelling 
rate it was concluded [10] that  the rate limiting step during the permeation of  
this type  of  non-electrolytes is the penetrat ion of  the solute molecule into the 
lipid bilayer in a dehydrated form. Since the activation energy for ¢o closely 
correlates with the values obtained from isotonic swelling rates it can be 
assumed that  this hypothesis  still holds. No data can therefore be obtained in 
this way with respect to the rate of  permeation of these dehydrated molecules 
inside the hydrophobic  region of  the bilayer. According to the theory of  
Dainty and Ginzburg [16],  however,  solute-solvent interaction results from a 
difference in the permeation rate of  the non-electrolyte and of water inside 
the bilayer. It will be assumed therefore,  that  not  only the rate of  penetra- 
tion, but  also the rate of  permeation through the bilayer is lower for the 
solute than for water. 

Secondly, the amount  of  water that  crosses the membrane per unit of  t ime 
is very high. If, for example, an osmotic concentrat ion difference of  20 mM is 
applied over t h e  membrane,  the observed net  water transport  will, in fact, be 
the result of  an inward and outward flow which differ only 0.04%. The ratio 
of  the permeation coefficients of  water  and thiourea during their permeation 
through bilayers of  egg p.hosphatidylcholine at 15°C was found to be 6500 
(see Table I). Since in an osmotic medium of 20 mM the concentrat ion of  
water molecules is 2750 times that  of the solute molecules, this implies that  for 
each molecule of  thiourea 1 . 8 . 1 0 7  molecules of  water will enter the cell. In 
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addition an almost identical number of water molecules will leave the cell, 
because of  the isotonicity of the system. From these considerations it can be 
seen that  the "cavities" in the lipid bilayer through which these permeation 
processes take place, will constantly be used for water transport. The so-called 
kinks in the fa t ty  acid chains of  the lipid molecules are considered to be 
responsible for the formation of  these "cavities" [ 17]. In this respect it should 
be realized that  a water molecule has a diameter of 3.8/~ and a thiourea mole- 
cule of  5.5/~ (calculated from the molar volumes), while the average diameter 
of  a lipid molecule is 8.7/~ (assuming an area per lipid molecule of  60/~2). This 
indicates that  a "cavi ty"  in the bilayer large enough for carrying a thiourea 
molecule can only be formed by a cooperative action of a number of lipid 
molecules. So, when a thiourea molecule penetrates the bilayer from outside, 
the lipid molecules in the outer monolayer  will be compressed and the forma- 
tion as other "cavities" in the direct environment of the solute molecule will be 
disfavoured. Therefore, the permeation of water molecules in the same direc- 
tion of  the solute molecule will be blocked in the micro-environment of  the 
permeating solute until this molecule has reached the centre of the bilayer. At 
this state the outer  monolayer  will no longer be compressed and water mole- 
cules will now rapidly follow the permeating non-electrolyte. The permeation 
of  water molecules in the direction opposite to the solute molecule will be 
blocked in this micro-environment during the whole period of time it takes the 
solute molecule to cross the bilayer. As soon as the solute molecule leaves the 
inner monolayer,  water molecules can penetrate the bilayer again to move in 
the opposite direction, but  the water molecules moving in the same direction 
as the solute molecule have then already reached the centre of  the bilayer. In 
this way the water permeation opposite to the direction of  the solute mole- 
cule will be reduced more than that  in the same direction as the solute. The 
water molecules that  will follow the permeating solute molecule and also the 
water molecules coming from the opposite direction can form complexes with 
the initially dehydrated non-electrolyte in the hydrophobic environment. The 
formation of  these solute • water complexes will enlarge the size of the micro- 
environment and, thus, result in a reduction of water permeation in the direc- 
t ion opposite to the solute molecules over a larger area. The copermeation of 
water molecules during the permeation of  a solute molecule is therefore partly 
due to a solute-water interaction inside the bilayer and partly due to a reduc- 
t ion of  the water transport in the direction opposite to that  of the permeating 
solute molecule. 

From these considerations it can be imagined that  each membrane will have 
a certain N value, which depends on the concentration of "cavities" of the size 
of the non-electrolyte and on the compressibility of  the two monolayers. It 
will indeed be shown in the accompanying paper [ 14], that  there is a maximum 
value of  N for each membrane which can be correlated with membrane fluidity. 
The values for N observed in this study are less than this maximum value, 
which suggests that  the system can compensate for the copermeation of water, 
for example by osmosis in the direction opposite to the solute molecule, until 
the thermodynamical ly  favourable value of N will be reached. 

Finally, it should be realized that  the irreversible thermodynamic equations 
of Kedem and Katchalsky are based on an idealized description of membrane 
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permeability,  since only concentrat ion differences in the bulk of  the solutions 
are considered. In a more detailed description the effects of  unstirred layers at 
each side of  the membrane on solute and water permeation should also be 
taken into account.  

Appendix I 

Measurement of  the permeation coefficient co 
As has been shown by Hill and Cohen [4], the permeation coefficient co can 

be determined from measurements of  the changes in the cell volume if one is 
able to create a situation in which the cell volume changes linearly with time. 
From differentiation of  Eqn. 1, they showed that a linear change of  volume 
with time (v) is given by [1,4,6] : 

dns .  i 
V = 0 --d-[(Ci + OCD-' (I0) 

in which c i stands for inside concentration;  the outside concentrations (c °) are 
assumed to be constant  with time. However,  they were not  able to calculate the 
inside concentrat ions of  the permeants and impermeants during the linear part 
of  the swelling under the condit ions they were using [4]. 

When cells are suspended in an isosmotic medium, defined by Ac i + oAcs = 
0, the absorbance of  the suspension changes as a function of  time, as shown in 
Fig. 3. The first phase with no volume change is followed by  a second phase 
during which the volume changes linearly with time. The inside and outside 
concentrations of  the permeant  and impermeants present at the start of this 
linear phase can be calculated from the following considerations. When a cell 
is placed in an isosmotic medium no initial volume change will occur since 
the volume change produced by the inward solute flow and copermeation of  
water is exactly counterbalanced by  the osmotic outward flow of  water. This 
indicates that  during this first phase permeant  is entering the cell wi thout  
changing the cell volume, so there is no alteration of  the concentrations of  
the other  solutes present. 

' L 

.~l 018 ~ 1 ~ 2  ~ B 

0.16 

I I 
0 2O 40 6O 
TIME (sec) 

Fig. 3.  Change in absorbanee  ( 4 5 0  nrn) as a f u n c t i o n  of  t i m e  for  l i p o s o m e s ,  p r e p a r e d  in 20  m M  glucose,  
and s u s p e n d e d  at 15°C in w a t e r  (1) ,  20  mM t h i o u r e a  (2)  and  33.5  m M  t h i o u r e a  (3; i sosmot ic  m e d i u m ) .  1 
m l  o f  the  l i p o s o m e  s o l u t i o n  (2 m M  p h o s p h o l i p i d )  was  in jec ted  in 9 ml  o f  the  des ired so lut ion .  The  d o t t e d  
l ine represent s  the  l inear  swell ing ra te  of  the  l i p o s o m e s  in the  i s o s m o t i c  m e d i u m .  

0.20 
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During the linear swelling phase the inside compar tment  will be constantly 
hyperosmotic when compared to the outside compartment ,  as can be seen 
from Eqn. 1: 

i + OC~ -- U 
ci A L ~  + co + °c °  (11) 

Since in the applied isosmotic medium and, therefore, also at the start of  the 
i o + o it follows that  at the start of the linear linear swelling phase ct = ci = c i ocs, 

swelling phase 

i _  V 
Cs (12) 

A L ,  R T a  

So, at the start of the linear swelling phase all inside and outside concentra- 
tions are known, including the rate of the linear swelling resulting from these 
conditions. Introduced in Eqn. 9 and using Eqn. 2, it follows 

c t + v / A L p R T  ( 1 - - o ) )  
-:0~-z_, (13) A w R T  = v o(c  ° - -  c~s) In cs /c  s 

i < <  o this equation is Under the conditions that  during the linear swelling cs Cs, 
identical with the one given in ref. 6. 

Appendix II 

According to the concepts of a mechanism of free diffusion and osmosis, the 
initial volume change of a cell suspended in an isotonic solution of a non-elec- 
t rolyte  will depend on the permeation rate of  the solute and on the number  of 
water molecules that  will follow each solute molecule by means of osmosis. If 
it is assumed that  for each molecule of  solute R water molecules can cross the 
membrane by osmosis which would result in a full restoration of  isotonicity, 
Eqn. 6 can be used to describe the initial volume change of  the cell using N = 
R. In this way a value for ¢J Vs/Lp for the free diffusion process can be found 
from the ratio of the isotonic swelling rate and the initial swelling rate of the 

T A B L E  V 

C A L C U L A T I O N  OF T H E  N U M B E R  OF W A T E R  M O L E C U L E S  T H A T  CAN P E R M E A T E  PER S O L U T E  
M O L E C U L E  BY M E A N S  OF OSMOSIS T H R O U G H  B I L A Y E R S  OF E G G  P H O S P H A T I D Y L C H O L I N E  

A T  15°C 

a Values  have  b e e n  t a k e n  f r o m  Tab le  I (R = 2750) .  For  deta i l s  see  t e x t .  

S o l u t e  a co V s / L p  Ogw/o3 s N d i f f  Ndiff/R 

1 ,3 -Propaned io l  ---0.4 0 . 0 0 2 0 1 4  1 986 1557  0 .561  
Glyco l  0 .08  0 . 0 0 1 0 3 0  3 0 2 2  1757  0 .633  
T h i o u r e a  0 .54  0 . 0 0 0 4 9 6  6 0 4 8  2069  0 ,7 4 5  
Urea 0 .74  0 . 0 0 0 2 3 7  10 666  2288  0 ,8 2 4  
Glyce ro l  0 .78  0 . 0 0 0 3 2 1  12 6 3 4  2343  0 .8 4 4  
E r y t h r i t o l  0 . 985  0 . 0 0 0 0 2 5  186 667  2 7 3 4  0 .9 8 4  
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cell when suspended in water (1 -- o). The values for ¢oVs/Lp and ¢~w/C0s found 
in this way (see Table V) closely correlate with the values found according to 
the irreversible thermodynamic  approach (see Table I), since the values of  N 
found according to this method,  although with a different interpretation, are 
also near to R. So assuming that  no interaction between permeation of  the 
solute and the solvent takes place, and assuming that  a full osmotic water 
response is possible during the process of  isotonic swelling, a value for the ratio 
of  solute and water permeation coefficients can be calculated. It will be shown 
now, however,  that  these values of  ¢oVs/L p are such that  a full osmotic 
response during isotonic swelling is not  possible. Let us consider a l iposome 
with volume Vo and outer  area A. prepared in a solution of  an impermeant  
with concentrat ion ct, which is suspended at zero time in an isotonic solution 
(ct) of  a permeant.  It will be assumed that  during the first part of  the swelling 

i remains much smaller than ct. Due to permeation of  the solute and of  water, Cs 
the cell will start to swell and reach a volume V after time t, while then 
A w R T c t t  mol of  solute has entered the cell. So the volume change of  the cell 
as a result of  osmosis at this time t will be given by:  

d V  - A L p R T ( c t  --  ctY°v - -  Ac°RTctt)v 

This differential equation can readily be solved if it is assumed that  during the 
initial part of  the swelling the volume change of  the cell per t ime will not  be 
far from linear, making V = Vo + ( d V / d t )  • t = Vo + aw • t,  in which aw is the 
volume change per time unit  and d a w / d t  = O. From this if follows 

aw = A L p R T c t ( A ~ R T "  t aw " 

or  

V - A L p R T c t  ( A w R T  - -  aw) t ,  
aw 

and differentiation to time gives 

d V A L p R  Tc t 
d t  - aw - ( A w R T  - -  aw) 

aw 

from which aw can be calculated. Since the volume change produced by  the 
solute permeation is given by  ( d V s / d t )  = as = A c o R T c t V s ,  it can be calculated 
that  

as ~ ~ l ~ / L p  + 2 + (ctPs) " ( ~ V J L p )  (14) 

Eqn.  14 shows that  the ratio of  the volume change produced by  solute per- 
meat ion and by  the induced osmotic water f low can be determined from the 
value of  ¢oVs]L p. We can now define the number  of  water molecules that  can 
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fol low each solute molecule by means of  osmosis as 

aw 
N d i f f  = - -  " ~ ( 1 5 )  

C/s Vw 

Table V shows that for the permeation process studies in Fig. 1 and Table I, 
the values of  Ndiff are less than R, indicating that only a partial restoration of  
isotonicity can be reached. 
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