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This communication addresses the state of aggregation of lipid-detergent mixed dispersions Analysis of 
recently published data suggest that for any given detergent-lipid mixture the most important factor m 
determining the type of aggregates (mixed vesicles or  mixed micelles) and the size of the aggregate is the 
detergent to lipid molar ratio in these aggregates, herein denoted the effective ratio, R e. For  mixed bilayers 
this effective ratio has been previously shown to be a function of the lipid and detergent concentrations and 
of  an equilibrium partition coefficient, K, which describes the distribution of  the detergent between the 
bilayers and the aqueous phase. We  show that, similar to mixed bilayers, the size of mixed micelles is also a 
function of the effective ratio, but for these dispersions the distribution of detergent between the mixed 
micelles and the aqueous medium obeys a much higher partition coefficient. In practical terms, the detergent 
concentration in the mixed micelles is equal to the difference between the total detergent concentration and 
the critical micelle concentration (cmc) Thus, the effective ratio is equal to this difference divided by the 
lipid concentration Transformation of mixed bilayers to mixed micelles, commonly denoted solubilization, 
occurs when the surfactant to lipid effective ratio reaches a critical value. Experimental evaluation of this 
critical ratio can be based on the linear dependence of detergent concentration, required for solubilization, on 
the lipid concentration. According to the 'equilibrium partition model' ,  the dependence of the 'solubilizing 
detergent concentrat ion'  on the lipid concentrat ion intersects with the lipid axis at - 1 / K ,  while the slope of 
this dependence is the critical effective ratio. On  the other hand, assuming that when solubilization occurs the 
detergent concentration in the aqueous phase is approximately equal to the critical micelle concentration, 
implies that the above dependence intersects with the detergent axis at the critical micelle concentration, 
while its slope, again, is equal to the critical effective ratio. Analysis of existing data suggests that within 
experimental error both these distinctively different approaches are valid, indicating that the critical effective 
ratio at which solubilization occurs is approximately equal to the product of the critical micelle concentration 
and the distribution coefficient K Since the nature of detergent affects K and the critical micelle 
concentration in opposite directions, the critical ( 'solubilizing') effective ratio depends upon the nature of 
detergent less than any of these two factors 

Abbreviations and symbols PC phosphatldvlchohne, L total 
hp~d concentration, D r, total detergent concentration, O h 
detergent concentration m bdayer, D~, detergent concentration 
tn dqueous medium, cmc, critical mlcelle concentratton, K = 
D b / L D ~  I, R~ = D b / L ,  D~- m` and D~, m~ the detergent con- 
centratlons (total and m the bdayer respechvely) when D,, = 

cmc, D~- and D~,, the detergent concentrations (total and Jn 
the bdayer, respectively) when solublhzatlon occurs R~ m'= 
D~rnt/L R ~ = D ~ / L ,  AD t AD W and AD h the detergent 
concentrations (total and m the water and bdayer, respecuvely) 
that should be added to dlsperstons m which Dw = cmc to 
solubfltze the hplds, K ' = A D b / L A D , ~ ,  RH mean hydrody- 
namic radius of vesicles or mlcelles 

0005-2736/85/$03 30 " 1985 Elsevier Science Pubhshers B V (Biomedical Dwlslon) 



471 

Introduction 

Biological membranes are complex lamellar as- 
sembhes of insoluble amphlphIles, including phos- 
phohpIds, neutral hplds and membrane proteins 
Surfactants (commonly denoted detergents) are 
soluble amphlphlles which above a critical con- 
centratlon (cmc) form mlcelles of various sizes and 
shapes Much of our present knowledge on the 
composition, structure and function of biological 
membranes is due to the formation of thermody- 
namically stable Isotropic (mixed mlcellar) solu- 
tions of the various components of biological 
membranes in the presence of detergents at suffi- 
ciently high concentrations [1] Nevertheless, in 
spite of the extensive use of this procedure for 
separation and characterization of the various 
water-insoluble membrane components, its de- 
tailed mechanism is not clear Moreover, even the 
mechanism of solubihzatlon of lipid bdayers is not 
understood [2] 

Previously it has been suggested that for the 
phase transformation (micelhzation) to occur, the 
concentration of the free detergent (D,,) should 
exceed the critical micellar concentration (cmc) of 
the surfactant [3] This does not necessarily mean 
that pure micelles of the surfactant have to be 
formed, which can then form mixed mlcelles with 
the hplds Alternatively, the added surfactant can 
distribute between the bllayers and the aqueous 
medium and bring about spontaneous phase trans- 
formation when the ratio of detergent to lipid in 
the bllayer (R e = Db/L ) exceeds a critical ratio R~ 
[1-8] While there is no a priori reason why this 
ratio cannot be attained for D,~ < cmc, there are 
presently no suffioent data to support this possl- 
bihty (see below) 

Transformation of lamellar structures into 
mixed mlcelles is commonly denoted 'solubdlza- 
tion' ExphcIt definition of the latter term is not 
trivial because the disruption of the lamellar struc- 
tures by detergents may involve various stages 
However, for most membrane biochemists and 
biophysicists the term 'solublhzatlon'  is merely 
operational As such, it means that 'complete 
solubihzation' of a membrane preparation is de- 
fined as that point at which all the membranes 
were transformed into mixed mlcelles, yielding a 
transparent solution Accordingly, turbidity mea- 

surements of a membrane preparation as a func- 
tion of added detergent has been analyzed in terms 
of 'percent  solubihzatlon' [8] In such turbidity 
versus detergent curves, the turbidity is initially 
affected only slightly by additional detergent Fur- 
ther detergent addition results in a large decrease 
of turbidity until complete solublhzatlon' is ob- 
tained, at which point additional detergent has 
only slight effect on the turbidity of the dispersion, 
probably due to changes in the size and shape of 
the detergent-lipid (-protein) mixed mlcelles 

In terms of 'percent  solublhzatlon', the initial 
detergent added, up to a point at which the turbid- 
lty starts decreasing markedly, is denoted 'sub- 
solublhzmg detergent concentration' Throughout 
the range of detergent addition which causes large 
decrease of turbidity, it may be assumed that 
lamellar and mlcellar structures co-extst [4-13] 
This view is strongly supported by the agreement 
between turbidity measurements and N M R  stud- 
les [8-13] since the latter are especially sensittve to 
mlcelles while turbidity is mostly due to lamellar 
aggregates Analysis of 'solubdization curves', 
based on the dependence of either the turbidity or 
various N M R  parameters upon the added deter- 
gent concentration, demonstrates that this curve 
can be regarded as an integral of a normal distri- 
bution curve [14], indicating either a Gaussian 
distribution of the added detergent between lipid 
vesicles or a normal distribution of the vesicle 
sensitivity to the detergent In any event, the 
solublhzation can be characterized by the ratio at 
which 50% of the lipid is solubdized (R~) and the 
width of the Gaussian distribution curve repre- 
senting the solublhzatlon 

The crucial question which remains rather open 
is that of the value of the critical solubllizlng 
molar ratio in the bilayers, R~ This communica- 
tion addresses this problem 

Approaches for derivation of R~ 

Two approaches can be offered for the deriva- 
tion of the critical effective ratio, at which the 
lamellar to mlcellar transformation occurs Both 
approaches are based on the hnear dependence of 
D~-. the critical detergent concentration at which 
phase transformation occurs, on the hpld con- 
centration, L Such a linear dependency (sche- 
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mattcally presented by the sohd hne in the inset to 
Fig 1) can etther be described by 

D~ = h + . L  ( I )  

or  

D~v=a(a+ L ) (2) 

Both approaches for derivation of R~ share the 
following assumptions [4-8] 

(1) The lipid monomer concentration is neghgl- 
ble 

(2) When phase transformation occurs, the de- 
tergent is either monomerlc or else Included m 
hp,d-detergent mixed aggregates (1 e mixed vesicles 
a n d / o r  micelles) At this point, pure detergent 
micelles are not present 

(3) It is the molar ratm of detergent to hpid in 
the m~xed aggregates (Re) which determmes the 
aggregational state of the hpld (lamellar or mixed 
micellar) More speofically, ff the value of R~ m 
any given lipid detergent mixed aggregate Is higher 
than the crmcal ratio R ~ solublhzatlon will occur 

e ,  

However, the two approaches differ slgmfi- 
cantly in terms of one further assumption 

(1) D~ = cmc 
This approach assumes that when the bdayers 

are transformed into mixed micelles, the detergent 
concentration m the aqueous medium is about 
equal to the crmcal micelle concentraUon, hence 
the detergent concentration in the bllayers at this 
point (D~) is given by D~ = D) - cmc 
The effectwe detergent to hpld ratio at th~s point 
(R[)  is therefore given by R~ = ( D ~ - c m c ) / L  
Hence 

D~ r = cmc+ R~ L (3) 

In other words, the value of the slope (c~) in the 
mset of Fig 1 is that of R~ while the extrapolated 
intercept (b) equals the cmc 

(2) D ~ / L  -D.  = K (4) 
This approach, recently offered by Schurten- 

berger et al [4-7], assumes an equilibrium parti- 
tion of detergent between the bilayers and the 
aqueous medium From the definition of R e (R e 
- D h / L  ) it follows that D h = R e L In addition, 
K = RffD,~, hence D,~ = R J K  

Material balance requires that D T = D,, + D h 

and the equlhbrlum partition therefore requires 
that 

DI = R¢( L + I ) (5) 

This means that if a single distribution coeffi- 
cient can describe the distribution of detergent 
between the lipid aggregates and the aqueous 
medium, then the detergent concentration reaches 
a critical value D~ r when the molar ratio reaches a 
critical value R~ given by 

1 R~ = D~./( L + ~ )  (6) 

In other words, the value of the slope (a) in the 
inset of Fig 1 is that of R~ while the extrapolated 
intercept (a)  equals 1 / K  

This 'equlhbrlum partition model' [4-7] is not 
very sound thermodynamically because of the fol- 
lowing reasons 

(1) It ignores the kinetic barriers to thermody- 
namic equlhbratlon imposed on the system by the 
slow distribution of many detergents into the inner 
monolayers, due to their slow rate of trans-mem- 
brahe 'flip-flop' [15,16] 

(2) It ignores specific interactions between lipid 
and detergents, which has been demonstrated for a 
variety of amphiphlles [17,18] This indicates that 
the mixing of hpids and detergents is not ideal A 
single distribution coefficient can still describe the 
partition of detergent between the bilayer and the 
aqueous medium for a certain range of detergent 
to hpld rat,o, but rigorous thermodynam,c analysis 
of such a constant is complex 

(3) For ideal mixing of lipid and detergent, 
equilibrium can be expected when /~b = /a~ where 
/~h and #,, are the chemical potentials of the 
detergent-m-bllayer and detergent-in-water mix- 
tures, respectively Hence, 

tt°+/~Tln xh=/t°+hTln ~,~ (v) 

where x h and x,~ are the mole fractions of deter- 
gent in the bllayer and in the aqueous medium, 
respectively Thus, the ratio of mole fractions 
( ~%/x,~ ) is constant 

~Cb/.X, ~ =e I(~-;'~)~rl (8) 
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or 

[ D , / (  D, + L ) ] / [  O../(  D. + .. ) ]  = K (9) 

D,~ is always much  lower than the water  con- 
cen t ra tmn (w) Thus  

D , / ( L  + o,,) D,, ] = K ( ] 0 )  

Therefore  D b / L D ,  ~ is cons tan t  only  when D b << L ,  

that  is only  for low values of  R e 
U n d e r  these condi t ions ,  the mole  fract ion of  

de tergent  m the bflayers ( D 6 / ( L  + D b ) )  is abou t  
equal  to R~ and R c should  depend  hnear ly  on D,~ 
Otherwise  x~, (and not  R~) ts a hnear  funct ion of  

D,~ Hence  

L / D  b = ( 1 / K ' D . ) - I  (]1) 

which implies  that  a l inear  corre la t ion  should exist 

be tween the reciprocals  of  D h and D,, ra ther  than 

be tween D b and D,, 
In spite of the shor tcomings  of  the ' equ i l ib r ium 

par t i t ion  mode l '  of  Schur tenberger  and  his col- 
leagues [4-7], their  app roach  appears  to be con- 
sistent  with exper imenta l  da t a  over  wtde ranges of  
Re values (see ' C o m p a r i s o n  with avai lable  da ta '  
below) More  specifically,  add i t ion  of ' sub-so lub l -  
hzmg '  concent ra t ions  of various detergents  results 
m detergent  par t i t ion  between the b i layer  and  
water  such that  the detergent  concen t r auon  in the 
b l layer  ( D  b) is a l inear funct ion of the detergent  
concen t ra t ion  in the aqueous  med ium (D, , )  [4-8]  

However .  when the l ipid is so lublhzed the con- 
cen t ra t ion  of  monomers  m the solut ion (D, , )  might  
be larger than the cmc of  the pure  detergent  [19] 
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Fig 1 The total detergent concentration is plotted as a funcuon of the lipid concentraUon for various condtttons (data from 
Schurtenberger et al [4-7]) D~r is the phase boundary D~ -5° and D~ -°° represent vesicles of hydrodynamic radn (R H) of 250 A and 
500 A, respectively, D~ ° (11) D~ °° (e) and D~ 5° (×)  present the composmon of m~xed m~celles of RH of 50 100 and 150 A 
respectively A D ~c° , A D ~ °° and A D~r 5° are the differences m dependences ( D ~ -() - D ~ r) (D~v°%D~.) and ( D ~ -5° - D ~ r ) respecUvely The 
reset is a schematic representation of a phase diagram of hpld-detergent systems (with L mM hpJd and D TmM detergent), presented 
for the clarity of discussion m the text, where the various factors are also defined 
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In this case, the assumpt ion  of d i s t r ibu t ion  accord-  
mg to a cons tant  pa r t i t ion  coefficient  [4-8]  implies  
that  even af ter  the concen t ra t ion  of de tergent  m 
the aqueous med ium exceeds the cri t ical  mlcelle 
concen t ra t ion  of the pure  detergent ,  the d is t r ibu-  
t ion of the de tergent  obeys  the same K I find this 
impl ica t ion  to be very unlikely 

When the hmlt  D~ = cmc is reached,  Eqn 4 
requires that  the detergent  concent ra t ion  m the 
bfiayer (D~ ' '~) will be equal  to 

D~'n~ =~mlc & L (12) 

which means  that  

R: m~ = cmc h (13) 

The total  de tergent  concent ra t ion  required to 
reach the cri t ical  micelle  concen t ra t ion  m the pres- 
ence of hpids  is therefore  given by 

D? . . . .  ~ . m c ( l + K  L)  (14) 

and since cmc = R[m~/K (from Eqn 13) then 

1 + L )  (15) 

It can therefore be conc luded  that  when a = - 1/K 
and b = cmc, the solid line in the Inset of F ig  1 
represents  the dependence  of D~ m~ on the l ipid 
concent ra t ion  Thus,  only  If so lublhza t ion  occurs  
when the total  de tergent  concen t ra t ion  is jus t  suf- 
ficmnt to result  in a m o n o m e r  concen t ra t ion  which 
is equal  to the cri t ical  mlcelle concen t ra tmn,  the 
dependence  of D~ on L intersects  with the l ipid 
axis at 1/K and with the detergent  axis at the 
de tergent ' s  cri t ical  micelle concen t ra t ion  In all 
o ther  cases a ~ 1 / K  a n d / o r  b 4: cmc 

If  so lublhza t lon  occurs when D,, < cmc, the 
value of  (b )  in Eqn 1 is lower than the cri t ical  
mlcelle concen t ra t ion  and the cri t ical  ra t io  R~ 
(which may then be app rop r i a t e ly  descr ibed  by 
Eqn 6) is higher  than would  have been pred ic ted  
on the basis of the assumpt ion  that  when solubih-  
za t ion  occurs  D,~ ~ cmc On the other  hand,  if the 
total  de tergent  concen t ra t ion  required for solubilI- 
za t ion is higher  than  that  required for reaching a 
m o n o m e r  concen t ra t ion  equal  to the cri t ical  micelle  
concent ra t ion ,  that  is if D~- > cmc (1 + KL), then 
for a system in which D,, = cmc but  R~ < R~ ( that  

IS D b < D~b), addi t iona l  de tergent  is l ikely to dis- 
t r ibute  between the bl layer  and  the aqueous  
med ium according to a different  d is t r ibut ion  coef- 
ficient K '  ( K '  >> K, see below) and ( a )  is likely to 
be larger than 1/K More  specifically,  if at poin t  
O in the Inset of F ig  1 D~ -- cmc (that  is a = 1/K 
and b = cmc) and yet at this po in t  the cri t ical  ra t io  
for so lubIhzauon (R~)  has not been reached,  then 
the detergent  concent ra t ion ,  which has to be added  
for so lubihzat lon  to occur ( A D r ) ,  depends  upon  
the d is t r ibu t ion  of the add i t iona l  detergent  The 
minimal  requi rement  for added  detergent  ~s 
expected  if all the add i t iona l  detergent  IS incorpo-  
ra ted  into the membranes  ( K '  --* ~ ) ,  In which case 
AD~,--AD l and D~ is descr ibed by the b roken  
line in the inset to Fig 1, and by Eqn 16 

D] = c m c +  R~ L (16) 

whereas  the maximal  required de tergent  is expected 
if the d is t r ibu t ion  of the a d d e d  detergent  is 
descr ibed  by  K, K' = K In this case, more  deter-  
gent has to be a d d e d  and if AD~ is needed at 
po in t  O, D~ r IS descr ibed  by the do t ted  line in the 
inset  of F ig  1, and  by  Eqn 17 

DYr= R~( L + 1)  (17) 

Therefore  the dependence  of  D~ on L should 
intersect  with the l ipid axis at - 1 / K  only if 
D~f < D ~  '~ or else, for a system in which D~f > 
D~f m~, when K '  = K In all o ther  cases, the value of 
( a )  IS not  equal  to - 1 / K  As a mat te r  of fact, for 
the two extremes descr ibed  above  (1 e A D v = A D h 
and ADb/(AD x - A T s ) =  KL), a IS equal  to the 
cri t ical  ra t io  R~ But if the new &s t r ibu t ion  coeffi- 
cient  K '  is larger than K but  not  infinite,  then 

1 
a ¢ -~ ,  b ¢ cmc and,  in fact, a 4: R~ 

Comparison with available data 

As stated above,  ' sub-so lubl l lz ing '  de tergent  
concent ra t ion  appea red  in several studies to be 
&s t r lbu ted  be tween bl layers  and  aqueous med ia  
accord ing  to Eqn 4 Thus, a pa r t i t ion  coefficmnt 
of  0 074 r a M - 1  descr ibed  the par t i t ion  of glyco- 
chola te  between egg PC vesicles and  the aqueous  
med ia  [7] while octyl glucoside obeyed  a par t i t ion  



coefficient of 0044 [8] * Analysis of the data 
points of both these studies in terms of (the more 
thermodynamically sound) Eqn 11 yield similar 
correlation coefficients to those obtained for the 
hnear dependence formulated by Eqn 4 and the 
corresponding values of K were only slightly dif- 
ferent from those based on the latter equation 
Furthermore, in both these studies there is no 
evidence for a difference between the accessibility 
of the inner and outer leaflets of the PC bllayer to 
the added detergent This may be due to deter- 
gent-induced increase in the rate of 'flip-flop' of 
detergent molecules, which may occur at total 
detergent concentrations at which the ratio of 
detergent t o  lipid in the bilayer is lower than the 
ratio which existed in the distribution studies of 
references [7] and [8] even for the lowest detergent 
concentration employed 

This was not the case for solublhzatlon of PC 
bilayers by the non-ionic detergent C 1 2 E 8  In the 
study describing the solublhzatlon and reconstl- 
tlon of PC vesicles by this detergent [9], the ratio 
of detergent to phosphohpid in vesicles ( R )  was 
described as a function of the detergent concentra- 
tion in the aqueous medium (D,,) For R~ < 0 15, 
D w depended very strongly upon the method of 
preparation of the detergent-containing vesicles 
Thus addition of detergent to preformed vesicles 
to a point where D w = 0 012 mM was accompa- 
nied by incorporation of detergent into the vesicle 
membranes yielding R~ --- 0 05, whereas upon for- 
mation of vesicles through detergent-removal an 
R e value of approx 0 10 was observed for D,, < 
0 012 mM Furthermore, the permeability of deter- 
gent-containing vesicles to Na + and C1- was quite 
different at any level of R~ < 0 15 but becomes 
essentmlly equal at high Re values However, for 

* In this paper [8], the d ls tnbuuon was analyzed m terms of a 
concentration-independent dls tnbutmn coefficient R such 

that K = ( D h / V b ) / ( D w / V , , ¢  ) where V b and V w are the 
volumes of the hpld bdayer and the aqueous medium, respec- 

tively For a bdayer of a specific volume V made of hplds of 
an average molecular weight M and a total concentration L 
(expressed m mM), the ratio of volumes is given by V h / V  ~ 
= KVL 10 6 K is the re fo re  g iven by /~ = 

( D b / L D ~ ) . M - I ~  "-1 106 And m terms of J~, the value of K 
is given by K = K M V  10 -e' For the distribution of octyl 
glucostde between PC vesicles and the aqueous medmm we 
found K---60 t h a t l s l / K = 2 2 5  mM 
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R > 0 15, the dependence of R~ on D,, appears to 
be independent of the method of preparation of 
the detergent-containing vesicles Solubilizatlon 
appears to occur at R ~ - - 0 3 0  since as long as 
some of the vesicles remained non-solublhzed 
(probably over the range of co-existence of vesicles 
and mixed mlcelles) the ratio of detergent to PC in 
the vesicles phase is approx 0 30 The number of 
data points [15] in the range of 0 15 < R < 0 30 is 
insufficient to conclude whether over this range R~ 
(thus Dh) is a linear function of D,~ However. it is 
quite possible that this indeed is the case Further- 
more. the data points obtained upon addition of 
detergent to the preformed vesicles to R values 
lower than 0 15 also appear to represent a linear 
function of R~ on D,, but with a slope half of that 
obtained for the higher R~ values Moreover. the 
dependence of x~ on D,~ may also be analyzed in 
terms of two distribution coefficients Initially. for 
Re < 0 15. the distribution of detergent between 
the outer monolayer and the aqueous medium is 
described by one partition coefficient At that 
point where the overall R~ = 0 15. the molar ratio 
in the outer monolayer may In fact be twice as 
high. some lipid may be solublhzed and the rate of 
transmembrane 'flip-flop' of detergent may be- 
come sufficiently high to make the inner mono- 
layer accessible for the detergent At higher R~ 
values, the apparent partition coefficient will 
therefoie represent the partition of detergent be- 
tween the whole phosphohpld bilayer and the 
aqueous medium 

For other detergents [4.5]. this facilitated rate of 
'flip-flop' may occur at much lower R values, so 
as to obscure the 'biphaslc nature' of detergent 
partition In these (and other) cases, solublllzation 
experiments resulted in a value of (a) which is 
about equal to 1/K. and a value of (b) which is 
about equal to the critical mlcelle concentration. 
suggesting that at the phase boundary D,, = cmc 
As an example, the micel lar~  lamellar phase 
boundary in mixtures of phosphatldylchohne (PC) 
and glycocholate (GC). which has been recently 
studied in detail by Schurtenberger et al [7]. inter- 
sect with the bile salt concentration axis at a 
concentration close to the critical micelle con- 
centration of this surfactant [20]. while intersecting 
with the PC axis at a value close to the (indepen- 
dently determined)-  1/K (D~- in Fig 1) Further- 
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more,  these authors  demons t r a t ed  that  the stze of 
vestcles ob ta ined  upon  di lu t ion of  g lycochola te -PC 
mixed micelles is a funct ion of R~, as def ined  by 
Eqn 5 Thus,  for any  given size of  vesicles, the bde  
salt is a hnear  funct ion of  the l ipid concen t ra t ion  
as exemphf ied  in F~g 1 for PC-glycochola te  vesicles 

of  hyf l rodynamlc  radu R H of 250 A (DT >°) and  
500 A (D~ °°) These lines, again,  intersect  with the 
hpid  concen t ra t ion  axis at - 1 / K  but  their  inter-  
sect ions with the bile salt  axis is at values below 
the crit ical mIcelle concen t r a tmn  

The da ta  on g lycochola te -PC mixed micelles, 
given by these authors ,  are compa t ib l e  with the 
assumpt ion  that,  s imilar  to the PC-glycochola te  
mixed bdayers ,  the size of  the mixed mlcelles is 
also a funct ion of R e Thus the total  concen t ra t ion  
of  g lycocholate  in g lycochola te -PC mixed disper-  
stons conta in ing  mlcelles of any  given s~ze ~s a 
hnear  funct ion of  their  PC concent ra t ion  

D~9 = 0 87 k+4  7, for mtcelles of RH = 50 A 

D~r °° = 0 67 L +4 0, for mlcelles of RH = 100 A 

1 5 0  D T = 0 61 L + 3 9, for mlcelles of RH = 150 A 

All  these l inear  dependenc ies  (w~th cor re lauon  
coe f f ioen t s  > 0 996) intersect  with the hpld  axis at 
abou t  - 5  m M  This  may  be mte rp re ted  m terms 
of  a d i s t r ibu t ion  coe f f ioen t  ( K  m) between m~xed 
mlcelles and  aqueous  me&a,  which has a value of  
0 2 m M - ~  Al ternat ive ly ,  it may  be analyzed  on 
the basis  of  two d i s t r ibu t ion  coefficients  that  are K 
for systems in which D~ < cmc and K', for deter-  
gent concent ra t ions  in excess of D~ m~ ( ~ D T )  The 
la t ter  d i s t r ibu t ion  coefficient  K '  = ~Db/LAD,~)  
impl ies  that  AD T = ( A D b / L ) ( L  + 1 / K )  D x ~s of 
course  a sum of DYr m~ and A D T, and  since bo th  
these factors are a funct ion of  L,  the difference 
between the dependenc ies  of  D T and D~- "~ on L 
should  descr ibe  the dependence  of  A D. r on L 
Assuming  that  for g lycochola te -PC mixed mlcel lar  

( .  r n ~ .  _ _  ( .  systems D T - D -  r, results in the dependenc ies  
descr ibed  by the b roken  lines in F ig  1, deno ted  
A D ~ ,  ADJr °° and AD}r 5°, for mlcelles of  RH of  50, 
100 and 150 A, respect ively All  these hnes inter-  
sect with the hp ld  concen t ra t ion  axts at  - 0  8 to 
-0~2  raM, ind ica t ing  that  K ' =  1 25 -5  0 m M - ~ ,  
that" is K '  >> K Thus, while for bl layers  R~- -  
D T / ( L  + l / K ) ,  in the mlcel lar  range R~ = ( D  T - 

c m c ) / L  It 2s therefore not  surpr is ing that  phase 
t rans format ion  occurs when (D-  t - c m c ) / L  -- K 
cmc, which for D,, = cmc means  that  R e = K cmc 
This a rgument  again suppor t s  the hypothesis  that  
phase  t rans format ion  occurs when D,, = cmc 

This  conclusion ls also suppor t ed  by our previ- 
ously s tudy [8] of the so lublhza t ion  of PC vesicles 
by  the non- ionic  detergent  octyl glucoslde In th~s 
s tudy  we have shown that  over the whole range of 
coexis tence of  mlcelles and  vesicles, the r auo  of 
octyl  glucoslde to PC m the vesicles (R~)  is con- 
s tant  and  equals 1 29 + 0 21 The crit ical  micelle  
concent ra t ion  of  octyl  glucoslde ts about  22 m M  
whereas  tts d i s t r ibu t ion  between the bl layer  and 
the aqueous  phase  lq character ized by a d l s m -  
bu t ion  coefficient  * of K = 1 / 2 2  5 m M  - ~ Accord-  
ingly, R'~ m~ = cmc K =  2 2 / 2 2 5  = 0 9 8  The 
exper imenta l  errors in the de t e rmmat ion  of both  
K and cmc are qui te  large Therefore  the value of 
R~ m~ = 0 98 can be considered to be close enough 
to the exper imenta l  value of R~, to suppor t  the 
conclusion that  so lublhza t lon  occurs  when D,, = 
cmc, that  is when R e = K cmc 

The non- ionic  detergent  C12E s has a very low 
cri t ical  mtcelle concent ra t ion  (approx  0 09 m M  
[9]) On the other  hand,  ItS par t i t ion  be tween egg 
PC vesicles and  aqueous  media  follows a very high 
par t t t ion  coeffictent  (according to Eqn 11 K - -  5 7 
m M  -1 ) 

The  p roduc t  of these two pa ramete r s  is equal to 
abou t  0 5 This value ~s higher  than  the exper imen-  
tal ly observed R ;  of  approx  0 3 but  in view of  the 
p r o b a b l e  exper imenta l  errors m de te rmina t ion  of 
this de tergent ' s  low crit ical  mlcelle  concentra t ton .  
the app rox ima t ion  R;  -- K cmc can be cons idered  
to be quite satisfied This la t ter  a p p r o x l m a t m n  
should only be regarded as a rough es t imate  of  the 
effective ra t io  at which so lubihza t ion  is hkely to 
occur  However ,  as such, it may  serve as a va luable  
guide in designing so lublhza t ion  exper iments  

Implications 

In prac t ica l  terms, the above  conclusion is l ikely 
to be quite general  H y d r o p h o b l c  detergents  with 
low h y d r o p t u h c / h p h o p h y l i c  ba lance  can be  ex- 

* See footnote on p 475 



pec ted  to have low cri t ical  rmcelle concen t ra t ion  
but  high K values Therefore ,  when D w = cmc, 
much  of the de tergent  a l ready  resides in the bl- 
layer,  if tt still has not  been so lublhzed at this 
po in t  On the o ther  hand,  de tergents  with high 
cri t ical  mlcelle  concen t ra t ion  values are l ikely to 
have low K values Thus,  when D,~ = cmc, K '  can 
be expected to be so much higher  than  K that  
even if R~ is much  higher  than R~ me, the con-  

cen t ra t lon  of de tergent  that  has to be added  to the 
b l layer  to cause its soh ib lhza t lon  ( A D T )  IS much 
smal ler  than D~ mc and  in prac t tca l  terms, again 
D~- -~ D~ m~ 

Al together ,  in spite  of  the lack of  a sound 
theoret ical  basis  for the hypothes is  of  Dennts  and  
Owens  [3], that  the concen t ra t ion  of  free detergent  
has to rise to the cri t ical  micelle  concen t ra t ion  for 
so lub lhza t lon  to occur,  their  conclus ion appears  to 
be vahd Accord ingly ,  a l though the two ap- 
p roaches  to analyze  solubfl lzat ion of l ip id  bi layers  
by  de tergents  are based  on dif ferent  grounds,  in 
prac t ice  they might  be qui te  s imilar  To dis t inguish 
be tween the two approaches  would  require  a high 
degree  of accuracy  m the independen t  de te rmina-  
t ion of K and  the c n u c a l  nncelle concen t ra t ion  
The  var iabi l i ty  of  da t a  avai lable  to da te  on the 
cri t ical  mlcelle  concen t ra t ion  ts cer ta in ly  not  sufft- 
clent  to make  such a d is t inc t ion  We suggest that  
since the cri t ical  mlcelle  concen t ra t ion  values of 
most  de tergents  are  known,  the so lub lhza t lon  in 
general  will be descr tbed  by  Eqn 16 (Dt ~ = cmc + 
R~ L )  As suggested above,  empi r ica l ly  D~- obeys  
this equa t ion  as well as Eqn 17 Therefore,  the 
dependence  of  D~- on L results not  only  in the 
values  of the de te rgent ' s  cri t ical  mlcel le  concent ra-  
t ion and  of  R~ but  also in a close app rox ima t ion  
for K ( K =  R ~ / c m c )  

This  conclus ion  has several  o ther  in teres t ing 
impl ica t ions  First ,  the dependence  of  D~ r on L is 
such that  the ' so lub lhz lng '  cri t ical  raUo of deter-  
gent  to l ip id  m the b i layer  (R  c) is app rox ima te ly  
equal  to the p roduc t  of K and the cri t ical  mlcelle  
concen t ra t ion  As  the h y d r o p h o b l c i t y  of  a deter-  
gent  is expected to al ter  these two factors  in op-  
posi te  direct ions,  R~ should be affected by  the 
de te rgent ' s  h y d r o p h o b l c i t y  less than  ei ther  K or  
the cri t ical  mlcel le  concen t ra t ion  Second,  for a 
given detergent ,  a m e m b r a n e  will be solubfl ized 
when R~ reaches a value d i rec t ly  p ropo r t i ona l  to 

477 

K,  that  is as the aff ini ty  of a de tergent  to the 
m e m b r a n e  increases (higher K ) ,  more  detergent  
can be a c c o m m o d a t e d  in the m e m b r a n e  before  
so lublhza t ion  occurs  Fur the rmore ,  since K =  
KMF 10 - 6  (see foo tnote  on p 475) it also follows 
that  an increase in the membranes  specific volume 
( V )  would result  in a requi rement  for higher  deter-  
gent  concent ra t ions  for solublhzat lon,  p rov ided  
that  ~" and  M are cons tan t  A n d  last, bu t  not  
least,  while the d i s rup t ion  of  the b l layer  by  a 
de tergent  of  course depends  on the exact  na ture  of 
de tergent  and  b l layer  l ipid,  as it is a funct ion of 
the various ln te racuons  be tween  these two com- 
pounds ,  a measurement  of  the d is t r ibu t ion  coeffi-  
cient of  a sub-so lubihz lng  concen t ra t ion  of a de-  
tergent  of  a known cri t ical  micelle  concen t ra t ion  
be tween a given p repa ra t ion  of  membranes  and 
the aqueous  med ium is sufficient for a rough ap- 
p rox ima t ion  of the de te rgent ' s  concen t ra t ton  
needed  for so lubihza t lon  
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