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Summary 

A previously published rate law for the diffusion of  iodide from multilamellar 
egg phosphat idylcholine liposomes (Schullery, S.E. (1975) Chem. Phys. Lipids 
14, 49--58) is f i t ted to the relatively simple mathematical  model of  two com- 
partments  in series with a reservoir. All of  the inner liposome compartments  are 
assumed to behave as effectively one compar tment  in series with the liposome's 
outermost  compar tment .  Based on this model,  reasonable values are calculated 
for the fraction of  the total solution trapped by liposomes which is in the 
outermost  l iposome compar tment ,  17%, and the permeabili ty coefficient  of 
iodide against isotonic, mixed iodide-chloride solution, 2 • 10 -9 cm/s. 

In a previous paper [1] the experimental  rate law was determined for the 
diffusion of  iodide trapped in phosphatidylcholine (PC) liposomes (multilayers) 
into isotonic chloride solution surrounding the liposomes. The exper iment  was 
to prepare liposomes in 0.1 M KI, exchange the iodide external to the 
liposomes by passage over a Dowex l-C1- column, and then moni tor  the release 
of  iodide with an iodide specific electrode. The following rate law indicative of  
two distinct first-order processes was found to fit the data over a 90-min time 
period: 

(I-) = 4.9 • 10 -4 -- 4.2 • 10 -s e -¢°'°s>t- 4.1 • 10 -4 e -(°'°°31)t (1) 

where units of  molari ty and minutes are used. The infinite time iodide con- 
centration, 4.9 • 10 -4 M, was determined by addition of  Tri ton X-100 to the 
dispersion. The simplest mechanisms consistant with this rate law are, (a) par- 
allel paths for  iodide release from two classes of  liposomes, for instance normal 
versus structurally defective liposomes, (b) series paths for iodide release thru 
the successive concentric compartments  of  the liposomes. Since the faster 
process was shown to be sensitive to pH, cholesterol, and Tris buffer,  the series 
pathway mechanism seemed more likely. It was suggested that  the inner 
liposome compartments  were behaving in effect  as one compar tment  in series 
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with the outermost  l iposome compar tment  which in turn lost iodide irreversibly 
to the surrounding medium. 

In this paper boundary conditions and approximations appropriate to the 
liposome system are utilized to obtain the solution to the differential equation 
describing permeation from liposomes into a reservoir. A rate constant,  k, and 
the volume of the outermost  l iposome compartments ,  Vy, are among the 
parameters in the theoretical rate law. By comparing corresponding terms in 
the theoretical and experimental rate laws, k and Vy are evaluated. Since the 
total system of equations is overdetermined, independent  values of  V~ (or k) 
can be calculated, which, by virtue of  their reasonable magnitude and internal 
consistency, lend strong support  to the validity of  the model. A similar model 
for the tracer exchange upon 'soaking out '  of  the intra and extracellular fluids 
of  tissue has been treated by Huxley [2] ,  however, the constants in the rate 
law for appearance of permeant  in the reservoir were not  analyzed in terms of  
the parameters of  the system. Johnson and Bangham [3] also solved the 
equivalent model employing approximations based on the relative volumes of 
sonicated vesicles in a dialysis bag in a reservoir. The general solution for 
steady-state tracer exchange between two compartments  in series with a 
reservoir has been presented by Kotyk  and Janacek [4] .  

The model is illustrated in Fig. 1. X represents all of  the liposome compart-  
ments except  for the outermost  one; Y represents the outermost  l iposome 
compartment ;  Z is the solution surrounding the liposomes. Molar concentra- 
tions of  iodide in X, Y, and Z are represented by x, y, and z respectively. Axy 
and Ayz are the areas of  the inner and outer  membranes bounding the outer- 
most  l iposome compartment .  Due to the large concentration gradient (approx. 
104 M at t = 0) across Ayz, back diffusion from Z can be neglected. The 
differential equations describing the compartmental  concentrat ion changes 
then are: 

dx/d t  = --(kxyAxy / V~ )x + (ky~Axy / V~ )y (2a) 

dy /dt = (kxyAxy/Vv )x -- (kyxAxy/Vy )y -- (kyzAyz/Vy )y (2b) 

dz/dt  = (kyzAyz/Vz)y (2c) 

Three approximations are now made in order to reduce these equations to a 
more tractable form. First we assume that the two membrane areas, Axy and 
Ayz, are approximately equal. This is reasonable for large, unsonicated 
liposomes. The second and third assumptions are that  the volumes, V~ and Vy, 
are constant,  and that the various rate constants are approximately the same. 
These last two assumptions are equivalent to the steady state or quasi-equilibri- 
um assumption commonly  made in tracer analysis [4] .  Since the ion exchange 
column exchanged iodide one-for-one with chloride, there was no osmotic flux 
to change the liposome volumes. In addition however,  the constant  volume 
assumption requires that  the net  transfer of  iodide out  of  the liposomes be 
countered by exchange uptake of  an anion of  similar partial molar volume, 
chloride or conceivably hydroxide.  (The solution was buffered at pH 8.0 with 
0.01 M Tris HC1.) The equality of the three rate constants is a non-trivial 
assumption since the mix of  chloride and iodide, against which iodide diffusion 
occurs, is different in each compartment .  A rigorous justification of  these 



2 4 0  

Z 

Fig. 1. The  m u l t i l a m e l l a r  l i p o s o m e  is m o d e l e d  as t w o  c o m p a r t m e n t s  in series  wi th  a reservoi r .  C o m p a r t -  
m e n t  X r ep r e sen t s  all o f  the  a q u e o u s  channe l s  ins ide  the  l i p o s o m e  e x c e p t  fo r  the  o u t e r m o s t  shell.  Y 
r e p r e s e n t s  the  o u t e r m o s t  l i p o s o m e  channe l .  Z is the  so lu t i on  s u r r o u n d i n g  the  l i posome s .  The  a reas  of  the 

b i l ayers  b o u n d i n g  the  o u t e r m o s t  channe l  are A x y  and  A y  z .  The ra te  c o n s t a n t s  k x y  , k y  x and k y  z are equal  
t o  the  p e r m e a b i l i t y  co e f f i c i en t s  t imes  the  areas  o f  the  sur faces .  

assumptions requires an understanding of  the mechanism(s) of halide ion 
permeation. Unfortunately this information is still unsettled. A series of  two 
recent papers by Toyoshima and Thompson provide an extensive discussion of 
the possibilities [5] .  They found that in both semispherical bilayers and 
sonicated vesicles chloride diffusion was markedly slower against nitrate than 
chloride and cite this as "strong evidence for the coupling of  inward and 
outward chloride fluxes." Nicholls and Miller also report  [6] that chloride is 
released from liposomes at a slower rate against iodide or nitrate than against 
chloride. On the other hand, Bangham et al. [7] found that chloride was 
exchanged from multilamellar liposomes more rapidly against iodide than 
chloride, and Hauser et al. [8] report  that chloride diffused from sonicated 
vesicles somewhat  faster against nitrate than chloride "indicating that exchange 
diffusion is not  important ."  It should be noted that in the work analyzed here 
an alkaline pH was maintained to eliminate the reported transport of  iodide as 
the I~ complex [9] .  A satisfactory justification of  the assumptions of  constant 
volume and identical rate constants clearly depends on future experimental 
work as well as on the predictive success of the model presented in this paper. 
Granting these approximations Eqns. 2a--c may be simplified as Eqns. 3a--c. 

d x / d t  = - - ( k / V x ) x  + ( k / V ~ ) y  (3a) 

dy  / d t  = ( k / V y  )x - -  ( 2 k / V y  )y (3b) 

d z / d t  = ( k / V z ) y  (3c) 

Such a system of linear homogeneous equations with constant  coefficients has 
as a general solution a set of  equations of  the following form [10] : 

x = A l e  ~' l  + A2e  ~2t + A3 e~3t (4a) 

y = B l e  ~'lt + B2e ~2t + B3 e~3t (4b) 

Z = C1e kit  + C2e k2t + C3 ek3t (4c) 

We desire to evaluate the constants in Eqn. 4c in terms of the parameters of the 
liposome system and then compare these theoretical quantities with their 
experimental counterparts in Eqn. 1. 



241 

roo ts :  

XI = 0 (6a)  

X2 = - - k [ 1 / 2 V ~  + 1 /Vy  + 1 / 2 ( 1 / V ~  + 4 /V~)  '/2 ] (6b)  

2 1/2 ~3 = - - k [ l / 2 V x  + 1IVy - -  1 /2 (1 /V~  + 4 /V~)  ] (6c) 

The  fac t  t h a t  the  m o d e l  pos tu l a t e s  no  z d e p e n d e n c e  in Eqns.  2a- -c  resul ts  in 
X1 = 0 and  thus  p r o d u c e s  the  doub l e  e x p o n e n t i a l  behav io r  cons i s t en t  wi th  
e x p e r i m e n t .  Bo th  e x p o n e n t s  are seen to  be  d i rec t ly  p r o p o r t i o n a l  to  k b u t  to  
have  a m o r e  c o m p l i c a t e d  d e p e n d e n c e  on  V,  and  Vy. 

We will n o t  a t t e m p t  to  eva lua te  the  c o n s t a n t  coef f ic ien ts  in Eqns.  4a  and  4b  
since t h e y  are e x p e r i m e n t a l l y  inaccessible  in the  l i p o s o m e  sys tem.  The  coeff i -  
c ients  C1, C2 and  C3 h o w e v e r  can  be  eva lua ted  using the  fo l lowing  e x p e r i m e n t a l  
b o u n d a r y  cond i t ions .  

At  t = o% z = 4.9 • 10 -4 M (7a) 

At  t = 0 , z  = 3.8 • 10 -s M (7b)  

At  t = 0 ,  d z / d t  = 5.5 • 10 -6 M / m i n  (7c) 

These  values furnish the  fo l lowing  i n d e p e n d e n t  re la t ionships  respect ive ly .  

C1 = 4.9 • 10 -4 M (8a) 

C1 + C2 + C3 = 3.8 • 10 -s M (8b)  

C2X2 + C3h3 = 5.5 • 10 -6 M/min  (8c} 

Eqns.  8a- -c  are solved fo r  the  values be low.  

C1 = 4.9 • 10 -4 M (9a) 

C2 = - -4 .47  • 10 -s M - -  Ca (9b)  

5.5 • 10 -6 M / m i n  + (4 .47 • 10 -4 M)X2 
C3 = X3 - -  X2 (9c)  

Eqns.  6b,  6c,  9b  and  9c give k2, X3, C2 and  C3 as func t ions  o f  k, Vx and Vy. If  
these  express ions  fo r  X2, X3, C2 and  C3 are each  e q u a t e d  to  the i r  e x p e r i m e n t a l  
c o u n t e r p a r t s  in Eqn.  1 we ob ta in  eqns.  10a- -c  express ing  k in t e r m s  o f  Vx and 

F r o m  X2, k = 0 . 0 8 [ 1 / 2 V x  + 1 /Vy  + 1 / 2 ( 1 / ~  + 4 / ~ )  1/2]-1 (10a)  

F r o m  ~,3, k = 0 . 0 0 3 1 [ 1 / 2 V ,  + 1 /Vy  - -  1 / 2 ( 1 / V ~  + 4/V~)1/2] -1 (10b)  

F r o m  C2 or  C3, 

k = 5.5 • 10-612.24  • l O - 4 / V ,  + 4.47  • 10-4/Vy - -  1 .85 • 10-4(1/V~ 

+ 4/V~) ' /2  ] -1 (10c)  

T h e  charac te r i s t ic  e q u a t i o n  assoc ia ted  wi th  Eqns.  3a- -c  is: 

- k lVx  - klYx 0 
k / V y  - - 2 k / V y  - -  ~ 0 = 0 (5) 
o klY  

Solu t ion  o f  the  c o r r e s p o n d i n g  cubic  e q u a t i o n  in k yie lds  the  fo l lowing  th ree  
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It is a credit to the validity of the model that  the equations for C2 and C3 (9b 
and 9c) lead to the same expression for k within experimental error. An 
equivalent demonstration of this agreement is the equality (within 1%) that  
obtains when the experimental C2 and C3 are substituted into Eqn. 9b. 

If Vx is treated to a first approximation as a known quantity,  Eqns. 10a, 
10b, 10c can be equated pair-wise and solved for three values of  Vy. For this 
purpose Vx was approximated by (Vx + Vy), which could be determined since 
the total iodide released at t = ~ was initially contained at a 0.10 M concentra- 
tion in Vx and Vy. (Vx + Vy) was calculated to be 3.5 • 10 -s I. Once an approxi- 
mate value of Vy was thus obtained, it was used to calculate an improved Vx, 
and the calculation was then reiterated until Vy converged. The following 
values for Vy were obtained. 

From 10a and 10b, Vy = 5 • 10 -6 l 

From 10b and 10c, V v = 3.5 • 10 -6 l 

From 10a and 10c, Vy = 9 • 10 -6 l 

The average value with estimated limits of error is Vy = (6 + 3)" 10 -61. Using the 
average value of Vy, k is calculated to be 2 • 10 -7 1/min under these experi- 
mental conditions [ 1 ]. 

The reasonably close agreement among the values of Vy strongly supports 
the applicability of  the model for iodide diffusion from multilamellar 
liposomes. Furthermore, although an absolute check is impossible, the 
magnitude of Vy is quite reasonable. The ratio of Vy to the total trapped solu- 
t ion in the liposomes (Vx + Vy) is 17% which agrees with the values of 17--20% 
estimated by Bangham et al. [11]. Using literature values for the dimensions of 
the lipid bilayer [12],  the aqueous channel [13,14],  and an aqueous core 
presumed equivalent to a sonication-limit vesicle [12],  the average number of 
shells necessary to produce a ratio of Vy/(Vx + Vy) equal to 0.17 was 
calculated to be 15. This is quite a reasonable number based on numerous 
published electron microscopic studies of liposomes (e.g. ref. 15). The 
calculated dependence of Vy/(Vx + Vy) on the number of shells beyond the 
liposome core is shown in Fig. 2 for up to 25 shells. 

Only a very approximate comparison of the calculated k with literature 
values is possible. If the surface area of the dispersion is assumed to be 200 
cm2/pmol PC [11],  a total surface area of 2200 cm 2 is calculated for our 
system. Dividing this into k gives a permeability coefficient of 2 • 10 -9 cm/s. 
This number has a high uncertainty in light of recent ion-binding experiments 
(unpublished) in our laboratory which imply tremendous variation in the effec- 
tive surface area of liposome dispersions due to aggregation. The aggregation is 
sensitive to dilution, ion binding and incorporation of charged amphipaths into 
the bilayers. Unfortunately literature values for the iodide permeability coeffi- 
cient in PC liposomes are not  available, however, the value obtained is at least 
of a reasonable magnitude when compared to the range of chloride perme- 
ability coefficients reported for related systems. Hauser et al. [8] report a 
chloride permeability coefficient of 5.5 " 10 -'1 cm/s at pH 5.5 and room 
temperature from egg PC vesicles which had experienced about 8% chemical 
degradation during sonication. Under similar experimental~* conditions 
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Fig. 2. The  f r ac t ion  of  l i p o s o m e - t r a p p e d  so lu t ion  c o n t a i n e d  in the  o u t e r m o s t  ch an n e l  was  ca lcu la ted  for  
va ry ing  n u m b e r s  of  b i layers  using the  fo l lowing  e q u at ion :  

V y  ( 4 / 3 ) l r ( [ N ( a  + b )  + c] 3 _ [ N ( a  + b)  + c ~ a] 3) 

V x  + V y  N 

(4/3)7rc 3 + ( 4 / 3 ) / r  ~ ([n i (u  + b ) + c ]  3 - [ n i ( a + b ) + c - a ]  3) 
n i = l  

where  a is the  th ickness  of  the  a q u e o u s  channels ,  b is the  th ickness  of  the  bi layers ,  and  c is the  radius  of  
the  a q u e o u s  core  of  the  l iposomcs ,  n i is the  i ' t h  b i l ayer  b e y o n d  the  core  an d  N is the  o u t e r m o s t  b i layer .  
L i p o s o m e s  were  a s sume d  to be spher ical .  The  fo l lowing  values  f r o m  the  l i t e ra tu re  (see t ex t )  were  used:  
a = 30  A,  and  b = 40  A, and  c = 100  A. The  a r r o w  indica tes  the  average  n u m b e r  of  b i layers  ( b e y o n d  the  
b i l ayer  wh ich  b o u n d s  the  a q u e o u s  l i p o s o m e  core )  wh ich  co r r e sponds  to the  value of  0 .17  r e p o r t e d  for  
V y / ( V  x + Vy) in this  paper.  

Toyoshima and Thompson [ 5] found chloride's permeabili ty coefficient to be 
1.13 • 10 -~° cm/s. These workers also noted the presence of  oxidation products  
due to sonication. We should note  that  the sonication process has been 
reported to affect both  ionic permeabili ty [16] and osmotic permeabili ty 
[17] .  The chloride permeabili ty coefficient in single bilayer membrane systems 
has been found to be 6.8 • 10 -8 cm/s for diphytanoylphosphatidylcholine [5] 
and 2.4 • 10 -7 cm/s for an egg PC bilayer still containing some of the organic 
solvent from which it was formed [18] .  

In conclusion, the simple model  of  two compartments  in series with a 
reservoir seems to describe the diffusion of  iodide from multilamellar PC 
liposomes remarkably well. If additional experiments reveal that  the model  
applies to other  permeants as well, the long standing problem of presumed 
complex,  mult i -compartment  kinetics [19] will be largely eliminated as an 
obstacle to the use of  l iposomes in membrane permeabili ty studies. 
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