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ABSTRACT An analysis is presented of how the permeability coefficient/oc- 
tanol:water partition coefficient ratio for 33 different chemical substances crossing 
egg lecithin bilayers depends on the molecular volume of the substances. From 
this analysis we conclude that bilayers made from egg lecithin behave as soft 
polymers in their discrimination between permeants of  different sizes and shapes. 

I N T R O D U C T I O N  

In a recent  s tudy (Wolosin and  Ginsburg ,  1975) two o f  us, using a p ro ton  
ti tration me thod ,  measu red  the fluxes o f  aliphatic acids and  their  derivatives 
t h rough  black lipid m e m b r a n e s  made  o f  egg lecithin in decane.  Relative 
diffusion coefficients within the m e m b r a n e s  were es t imated by dividing the 
measured  permeabil i t ies  by the part i t ion coefficients obta ined  f rom model  
solvent systems. T h e  d e p e n d e n c e  o f  these relative diffusion coefficients on the 
size o f  the p e r m e a n t  molecules was very steep. It  was concluded that  dif fusion 
within these lipid bilayers resembles  diffusion in soft po lymers  (p-type diffusion) 
but  not diffusion in simple liquids (s-type diffusion).  

Finkelstein (1976) has now criticized the exper imen ta l  basis o f  the Wolosin- 
Ginsburg  s tudy and ,  using his new data,  has reached  an essentially oppos i te  
conclusion. We wish to show that his criticism is not just if ied,  that these data  
are consistent with those of  th ree  o ther  studies in the l i terature and  that  a 
considerat ion of  all the publ ished data,  taken toge ther ,  leads to the conclusion 
that diffusion within egg lecithin bilayers displays a steep mass d e p e n d e n c e  
typical o f  diffusion in soft po lymers .  

Finkelstein's only objection to o u r  expe r imen ta l  data  lay in his bel ief  that  the 
measured  fluxes were not adequate ly  corrected for  uns t i r red  layers o f  water.  
Using values for  decane:water  part i t ion coefficients publ ished in Table  I o f  ou r  
paper ,  he concluded that the rate o f  penet ra t ion  o f  the acids t h r o u g h  the 
bilayers must  be exceedingly fast, so that  the measured  fluxes were d e t e r m i n e d  
mainly by uns t i r red  layers. Unfor tuna te ly ,  a typographical  e r r o r '  in this Table  

i A f a c t o r  o f  10 -4 f o r  t h e  p a r t i t i o n  o f  t h e  a c i d s  b e t w e e n  n - d e c a n e  a n d  w a t e r  was  m i s s e d .  W e  h a v e  

a l r e a d y  s e n t  a n  e r r a t u m  n o t e  to  Biochimica et Biophysica Acta, b u t  f o r  c l a r i t y  w e  will s t a te  h e r e  t h a t  

t h e  p a r t i t i o n  c o e f f i c i e n t  o f ,  e . g . ,  ace t i c  ac id  is 5 .25 × 10 -4 a n d  n o t  5 .25 as p u b l i s h e d .  T h e  e r r o n e o u s  

v a l u e s  a p p e a r e d  o n l y  in T a b l e  I ,  a n d  t h e  c o r r e c t  va lue s  w e r e  i n d e e d  u s e d  t h r o u g h o u t  t h e  

r e m a i n d e r  o f  t h e  p a p e r .  
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T A B L E  I 

PERMEABILITY COEFFICIENTS OF NONELECTROLYTES IN EGG LECITHIN 
LIPID BILAYER MEMBRANES A N D  THEIR O C T A N O L - W A T E R  PARTITION 

COEFFICIENTS 

No. C o m p o u n d  P × 10 4 Ref. K~t Ref. 

cm/s 

0. Water  20-22 
1. Formic  acid 2.34 
2. Acetic acid 2.38 
3. Propionic  acid 6,1 

4. Butyric  acid 11.5 
5. isoButyric acid 9.25 
6. Valeric acid 18.0 

7. isoValeric  acid 13.3 
8. Chloroacet ic  acid 11.6 
9. Bromoacet ic  acid 12.3 

10. lodoacet ic  acid 10.9 
11. Lactic acid 0.5 
12. ~x-Hydroxybutyric acid 1.24 

13, ~-Hydroxyvaler ic  acid 2,95 
14. a -Hydroxycapro ic  acid 2.14 
15. Pivallic acid 2.4 

16. ~-Hydroxybenzoic  acid 8.25 
17. 2 ,4-Dihydroxybenzoic  acid 4.7 
18. Phenylacetic acid 8.05 
19. VaniUic acid 2.60 
20. F o r m a m i d e  1.03 

20. F o r m a m i d e  0.78 
20. F o r m a m i d e  1.6 
21. Acetamide  1.6 
21. Ace tamide  0.24 
2t .  Ace tamide  1.43 
22. P ro p i o n ami d e  0.61 
23. Va le ramide  1,80 

24. Ethylene glycol 0.18 
25. Propylene  glycol 0.04 

26, Glycerol  0.057 
26. Glycerol  0.046 

27. Erythr i to l  0.0075 
28. Urea  0.036 

28. Urea  0.042 
28. U rea  0.041 
29. N-methy l  urea  0.39 
30. N ,N .Dime thy l  f o r m a m i d e  1.13 
31, 1,4-Butanediol  2.6 
32. T h i o u r e a  0.046 

1 ,2  0.04 1 
0.29 I 
0.49 I 

1,8 I 

6.2 1 
6,0 11 

18.1 1 
21.2 I 

1.3 I 
2.6 I 
4.5 I 
0.24 I 

0.83 1 
2.8 11 
6.4 II  

29 1 

21 1 
26 l 
15 I 
19 I 

• 0.062 II  

0.062 II  
0.062 II 
0.089 1 l 
0.089 II  
0.089 I1 
0.24 I 
2,40 111 
0.086 II  
0.13 l I  
0.011 11 

0.011 II  

0.0063 1 
0.026 II 
0.026 l I  
0.026 I I 
0,072 I 
O.56 II 
0.12 IV 
0.1 I1 

K hexadecane  

33. Pentanol  0.40 V 
34. Hexano l  1.28 V 
35. 1 ,6-Hexanediol  5.4 x 10 -4 VI 

1, Wolosin an d  Ginsburg ,  1975; 2, Finkels tein,  1976; 3, Poznansky et al., 1976; 4, Gallucci et al., 1971; 5, V r e e m a n ,  1966. 
I, Already pub l i shed  da ta  der ived  e i ther  f r o m direct  octanol-water  measu remen t s  (Conander ,  1951; Wolosin and  Ginsburg ,  1975) or  
f rom isobutanol-water  meas u remen t s  (Gol lander ,  1950), by us ing  Col lander ' s  fo rmula  (Go| lander ,  1951) 
I I ,  New data;  present  study; direct  meas u remen t s .  
I l l ,  C o m p u t e d  by us ing the ratio between the known par t i t ion coefficient for  p rop ion ic  and valeric acids and  the value for  
p r o p i o n a m i d e .  
IV,  T h i s  is the par t i t ion coefficient for  2 ,3-hutanediol  (Col lander ,  1951). 
V,  Aveyard and  Mitchell,  1969. 
VI,  Finkels tein,  1976. 
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made these decane:water  partition coefficients appear  to be 10,000 times larger 
than they actually are, thus unders tandably  leading Finkelstein to his incorrect 
conclusion. In fact, all permeability coefficients were carefully corrected for 
unst irred layers, which were measured by use of  a highly permeant  molecule 
(Gutknecht  and Tosteson,  1973). 

To  test whether  our  data were a good measure o f  the permeability of  egg 
lecithin bilayers, we decided to construct  a composite plot o f  data taken f rom 
all published studies on black films of  egg lecithin that we were able to locate. 
These  data consist o f  studies o f  the permeabilities o f  a wide variety of  different  
chemical substances. In o rde r  to put  all these together  on a single plot, it is 
necessary to relate each permeability measurement  to the partition coefficient 
for that substance by using one single representative solvent for the entire 
range o f  permeants .  For reasons that will become clear later, we decided to 
take octanol as the reference solvent. Thus  for each measurement  we needed  
the ratio of  the permeability coefficient to the octanol-water partition coefficient 
(i.e. the relative diffusion coefficient). Since these were not available in the 
literature, we had to measure some of  these octanol-water partition coefficients. 

These partition coefficients are repor ted  in the present paper.  An analysis is 
presented of  how the permeability coefficient/partition coefficient ratio depends  
on molecular volume for 33 different  chemical substances crossing egg lecithin 
bilayers. 

MATERIALS AND METHODS 

Aqueous solutions were prepared with double-distilled water. Chemicals were obtained 
from the following suppliers: from Sigma Chemical Co. (St. Louis, Mo.), a-hydroxy 
valeric acid and a-hydroxy caproic acid; from Riedel De Hahn (Seelze-Hannover, West 
Germany), formamide, acetamide, ethylene glycol, and n-octanol; from Frutarom 
(Haifa, Israel), propylene glycol and glycerol; from Hopkins and Williams (Chadwell 
Heath, Essex, England), urea and thiourea; from Merck AG (Darmstadt, W. Germany), 
isobutyric acid and N,N-dimethyl formamide. Radioactive materials were purchased 
from the Radiochemical Centre, Amersham, England. 

Measurement of  Partition Coefficients 

Partition measurements were performed with water-saturated n-octanol and n-octanol- 
saturated water. 

For the acids, a 20 mM aqueous solution was partitioned with an equal volume of 
octanol and after phase separation (2 h, 25°C) the organic phase was re-extracted with 
the same volume of water. The undissociated acid content in both aqueous solutions was 
assayed by titration with a 10 mM NaOH solution and the partition coefficient calculated 
from the relation 

NaOHr 
K p =  

NaOH0 - NaOHr'  

where NaOHo is the volume of base needed for the titration of the original solution and 
NaOH r is the volume of base needed for the titration of the recycling solution. 

For measuring the partition coefficients of amides and polyalcohols, a 0.5% (wt/vol) 
octanol solution of the substances was extracted with water using 0.1 or 0.2 of the 
volume of the octanol solution. After phase separation the water was evaporated (40°C, 
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20 mm Hg) and the residue weighed. From this weight, the percent of solute in both 
phases, and hence the partition coefficient, was derived. There was no systematic 
difference between the partition coefficients obtained using the 0.1 or 0.2 relative water 
volumes. The recorded value represents the mean between the two values obtained. 

For formamide and acetamide the concentration in the octanol phase was confirmed 
also by quantitative infrared spectroscopy (c = o stretch band). The organic phase 
concentration was determined by matching with octanoi solutions of  known concentra- 
tion of the studied substance. 

For urea and thiourea, radioactive tracer experiments were performed. A 100 mM 
aqueous solution was labeled to about 0.1 ~Ci/ml. After partition and phase separation, 
samples were taken from both phases and counted in a liquid scintillation spectrophotom- 
eter in scintillation liquor. 

Partition coefficients were calculated from the counts per minute/milliliter ratio in 
each phase after correction for quenching. 

R E S U L T S  

In Table  I we record  the new part i t ion coefficients which we have measu red ,  
together  with those that have been previously r epo r t ed  in the l i terature.  Table  
I also records  the permeabi l i ty  coefficients for  the substances listed. In  Fig. 1, 
for  each substance,  the ratio o f  permeabi l i ty  coefficient to octanol-water  
part i t ion coefficient is plot ted against  the ratio o f  the molecular  weight to the 
specific gravity of  the pure  substance (i.e. the molecular  volume).  T a k e n  
together ,  it can be seen f rom Fig. 1 that  most o f  the publ ished data are fairly 
consistent with one ano the r  and  indicate a very s teep size d e p e n d e n c e  for  
diffusion within these black films. T h e  aber ran t  behav iour  o f  pe rmean t s  25, 28, 
31, and  32 will be discussed later. When  one considers that  the data  come f rom 
five d i f ferent  laboratories  using pe rmean t s  which include alcohols, amides ,  
fatty acids, and  aromat ic  c o m p o u n d s ,  the coherence  o f  the data  is r emarkab ly  
good.  

D I S C U S S I O N  

It is pe rhaps  necessary first to just ify ou r  choice o f  octanol as a model  solvent,  
especially in view o f  Finkelstein's conviction that on a priori  g rounds  the model  
solvent should be a hyd roca rbon  (e.g., hexadecane) .  S imple  considerat ions 
suggest that  hydrocarbons  are not good model  solvents (cf. Table  I where  the 
necessary data are  recorded) .  T h e  addit ion o f  a CH2OH terminal  g r o u p  to a 
molecule ( compare  pentanol  and  hexanediol)  reduces  its hexadecane :wa te r  
part i t ion coefficient by a factor  o f  - 700 ,  but  reduces  its permeabi l i ty  coefficient 
by a factor  o f  <10 (compare  e thylene  glycol and  glycerol, or  glycerol and  
erythritol);  any size d e p e n d e n c e  of  diffusion coefficients would act so as to 
increase even fu r the r  this disparity.  T h e  analogous f igures for  the addi t ion o f  
an O H  g r o u p  are 2,000 and  <10 for  the hexadecane :wate r  part i t ion coefficients 
(compare  hexanol  and hexanediol)  and  the bilayer permeabi l i ty  coefficient 
(compare  p ropy lene  glycol and  glycerol or  aliphatic and  a -hyd roxy  acids), 
respectively. On the o ther  hand ,  the octanol :water  part i t ion coefficients (Collan- 
der ,  1951) decrease in roughly  the same fashion as black film permeabi l i ty  
coefficients upon  the addit ion o f  these groups.  

A more  r igorous  app roach  put  fo rward  a n u m b e r  o f  years ago (Lieb and  
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Stein, 1969, 1971 a, b) is to p e r fo rm  a rnultivariant regression analysis o f  
permeabili ty coefficients on part i t ion coefficients and size. One o f  the outputs  
o f  such an analysis is the validity index sk, which is a measure  of  the appropr i -  
ateness of  the organic solvent as a model  for  the permeat ion  process. For a 
perfect  match, the validity index is unity. Wolosin and Ginsburg (1975) found  
that for  octanol sk = 0.98, whereas for  decane sk = 0.16. This confirms the 
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FIGURE 1. Composite plot of all published data on permeability of nonelectrolytes 
across black films of egg lecithin. Ordinate, permeability coefficient (cm.s -~) 
divided by relevant octanol-water partition coefficient. Abscissa, molecular weight 
of permeant divided by the specific gravity. Numbering of points as in Table I. 0 ,  
Wolosin and Ginsburg, 1975; A, Finkelstein, 1975; Q, Poznansky eta]. ,  1976; x, 
Galluci et al., t971; &, Vreeman, 1966. 

result o f  the simple analysis ment ioned  above, that octanol is a good model  
solvent whereas hydrocarbons  are not.  O f  four  solvents t reated in this fashion 
by Wolosin and Ginsburg (1975), octanol was shown to be the best model  
solvent. 

It may seem strange that octanol proves to be a good model  solvent for  the 
permeat ion  process in lipid bilayers, as Finkelstein rightly points out ,  since 
such bilayers have an inter ior  composed  o f  hydroca rbon  chains. However ,  the 
permeat ion  exper iments  probe  those parts o f  the m em b ran e  which provide the 
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greatest resistance to passage of solutes (Diamond and Katz, 1974; Poznansky et 
al., 1976). There is no reason to assume that the hydrocarbon-like interior is 
the rate-limiting barrier. Indeed, it is well known that the fluidity of the bilayer 
interior is much greater than that near the glycerol backbone, and it may well 
be that this glycerol backbone region is the rate-limiting barrier for permeation. 
If  so, then the relevant partition coefficient is that for partitioning into this 
region, not for partitioning into the hydrocarbon-like interior. The fact that it 
is octanol and not hexadecane that mimics the permeation pattern supports 
this interpretation. On the other hand, if one calculates from the data in Table 
I absolute diffusion coefficients assuming 30 A thickness for the rate-limiting 
diffusion barrier, one obtains values ranging from 1.5 x 10 -s for water to 
around 2 x 10 -I2 for the bigger solutes. No direct measurement is available of 
the diffusion coefficient of any solute in the direction perpendicular to the 
membrane plane, but diffusion coefficients for phospholipids or hydrophobic 
probes in the plane of the membrane fall in the 10 -s range (Lee et al., 1974). 
Thus the values we obtain using Table I are rather low. There is, however, no 
reason to assume that the relevant partition coefficients for the lecithin bilayer 
have the same absolute values as those for the water:octanol system. It may be 
that octanol correctly represents the discriminatory power of the rate-limiting 
barrier but the absolute partition values between that region and the bulk water 
may well be lower. It is interesting to note that the partition coefficients of 
solutes in saturated lecithin liposomes (Katz and Diamond, 1974) are indeed 
close to the values for the octanol:water system. This suggests, if the above 
arguments are correct, that these workers determined partitioning into that 
region which is rate-limiting for permeation, namely the region near the 
glycerol backbones. It should be pointed out that the rate-limiting barrier may 
be different for different types of permeants (e.g., large vs. small, hydrophilic 
vs. hydrophobic) and that more than one barrier may be rate-determining 
(Diamond and Katz, 1974). 

Urea, thiourea, 1,4-butanediol, and propylene glycol deviate markedly from 
the main pattern of points in Fig. 1. The permeability of urea has been 
independently determined three times with very consistent results, so that the 
low value of its relative diffusion coefficient must be real. It may be that the 
shape and rigidity of the urea molecule confer upon it a low diffusion 
coefficient, or else that a different region of the membrane is the rate-limiting 
barrier for urea permeation. The latter possibility is supported by the anoma- 
lously low values of enthalpy and entropy of partitioning into lecithin liposomes 
compared to other hydrophilic molecules (Katz and Diamond, 1974). Similar 
considerations may well apply to thiourea. The deviation of propylene glycol 
and 1,4-butanediol from the main pattern needs further substantiation. Propyl- 
ene glycol seems to have an abnormal measured permeability in comparison 
with the value for glycerol, which has been measured twice and does fit the 
main pattern of Fig. 1, since propylene glycol is smaller than glycerol by a 
single hydroxyl group, so that on any current model its permeability should be 
substantially higher, whereas in fact it is lower. 

The data in Fig. 1 refer to black films made of egg lecithin only, since most 
of the available data is on this system. Finkelstein (1976) also measured 
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permeability coefficients for membranes formed from initial mixtures of  about 
4:1 molar ratios of cholesterol to phospholipids. Such large quantities of 
cholesterol have not been reported in natural membranes and exceed the 
limiting concentrations that can be associated with lecithin in liposomes (Demel 
and de Kruyff, 1976). Indeed, membranes containing such high levels of  
cholesterol would be expected to have separate islands of  crystalline cholesterol 
(Ladbrooke et al., 1968; Lecuyer and Dervichian, 1969), providing additional 
pathways for solute permeation. The molar ratio of cholesterol in the black 
film need not be the same as that in the initial lipid mixtures (Cook et al., 
1968), but in view of these complications we refrain from analyzing these data 
further. 

A serious problem in the interpretation of Finkelstein's data is his choice of 
permeants and the small number used. His probe molecules were almost all 
extended chain molecules. To the extent that it is the least cross-sectional area 
of a permeant that determines its diffusion coefficient (Lieb and Stein, 1971 a, 
b), it is not surprising that little size dependence of diffusion coefficients was 
observed. In the Wolosin-Ginsburg study, valeric acid isomers of extreme 
shapes were deliberately chosen and the permeability coefficients given in 

T A B L E  I I 

P E R M E A B I L I T Y  A N D  P A R T I T I O N  C O E F F I C I E N T S  OF T H E  T H R E E  V A L E R I C  
A C I D  ISOMERS 

cmls 

Valeric acid 18.0 1,070 21 18.1 
Isovaleric acid 13.3 900 17 21.2 
t-Valeric acid (pivallic) 2.4 3,000 32 29.2 

Table II were obtained. In going from the straight chain n-valeric acid to the 
more globular t-valeric acid, the partition coefficient actually increases, yet the 
permeability coefficient decreases as expected for a soft polymer membrane. 
An actual increase in diffusion coefficient would be predicted for simple 
diffusion. 

Our conclusion is that bilayers made from egg lecithin behave as soft 
polymers in their discrimination between permeants of  different sizes and 
shapes. I f  this analysis were to be extended to the study of other membranes, 
we would recommend a study in which a large number of molecules of 
different sizes, shapes, hydrophilicities, and chemical character were carefully 
chosen and compared. 

Received for publication 20 April 1977. 
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