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Scattering efficiency and turbidity of multilameHar liposomes were calculated on the basis of the Mie theory 
using both muitishelled and homogeneous sphere models. A multishelled sphere model which is composed of 
alternate lipid and water layers can be well approximated by a homogeneous sphere model with the average 
refractive index of the two components. It is also shown that turbidity (¢) of liposomes is reciprocally 
proportional to the two-thirds power of the total volume (V) upon swelling and shrinking of Hposomes 
through a change in water content. The contribution of the size distribution was also taken into account in 
the estimation. Our calculation revised the empirical relationship (V cc 1 / ¢ )  proposed by Bangham, but gave 
theoretical support to his idea that the turbidimetric method is useful for measuring relative sizes of 
osmotically active liposomes. The relationship was checked for the real liposome systems of egg-yolk 
phusphatidylcholine and phosphatidic acid. The deviation from the theoretical curve under hypotonic 
conditions was explained by partial leakage of the contents from the inside through measuring radioactivity 
of 114Clgincose. 

Introduction 

Multilamellar liposomes of phospholipids in- 
cluding a small amount of charged lipids were 
shown to be osmotically active and the osmotic 
behaviors were investigated using turbidimetry by 
Bangham et al. [1] and Rendi [2]. They deduced an 
empirical relationship between the volume and the 
turbidity of liposomes. Namely, the total volume 
of liposomes is reciprocally proportional to the 
turbidity at 450 nm. The turbidimetric (optical) 
method is based on this relationship. Turbidity is 
easily measured and the sensitivity of the method 
is high enough to foUow a rapid volume change of 
liposomes without any perturbation of the system. 
Hence, it has also been used to investigate the 
permeability of water or solute through the lipo- 
somal membrane [1,3-6]. In spite of the promising 
possibilities of the method, it is not yet well used, 
since the theoretical background of the empirical 

relationship has not been elucidated. 
Koch investigated turbidity of intact mitochon- 

drial and bacterial suspensions given that the radius 
involved is very large and the refractive index is 
very small [7]. He concluded from the calculation 
based on the Jobst approximation [8] that the 
turbidity of the suspension is reciprocally propor- 
tional to the two-thirds power of the particle 
volume. It was further indicated that a change of 
turbidity upon swelling or shrinking of mitochon- 
dria should satisfy the relationship. 

The multilameUar liposome prepared by a 
hand-shaken method assumes an onion-like struc- 
ture with alternate phospholipid and water layers 
[9,10]. To explain the osmotically induced change 
of turbidity, fight-scattering of multishelled spheres 
as a model of multilamellar liposomes was ex- 
amined in this work. Calculation was carried out 
according to the Mie theory [11], which is appfica- 
ble to multisheUed spheres of arbitrary size [12]. 
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The results suggest that under certain conditions, 
the turbidity of a multishelled sphere suspension is 
approximately the same as that of homogeneous 
spheres of average refractive index. It is also shown 
that turbidity is reciprocally proportional to the 
two-thirds power of the volume of the sphere and 
the size distribution of a multishelled sphere does 
not affect this relationship. This was confirmed by 
an actual liposomal system of egg-yolk phos- 
phatidylcholine and phosphatidic acid. Our results 
provide a theoretical background to the turbidi- 
metric method in the investigation of the proper- 
ties of osmotically active liposomes. 

Theory 

The turbidity of a suspension of particles, z, is a 
measure of the reduction of the intensity of the 
beam due to scattering during the transmission 
and is defined by 

~" = 2.303A = ( 1 / d ) . l n ( I o / I )  (1) 

where A is absorbance, d is the length of the 
tight-path of the suspension and I 0 and I are the 
intensities of the incident and transmitted beams, 
respectively. For a dilute suspension of particles, 
the turbidity is given by 

~" = v .~rRZ. Kt ( m,a)  = v" 
xz 

• a2Kt ( m ,a) (2)  
4~rn~ 

where v is the number concentration of the par- 
titles in the suspension, and R is the radius of the 
p a r t i c l e ,  g t is the scattering efficiency defined as 
the ratio of scattering cross-section to geometric 
cross-section, and is a function of the parameter 

radius, a(=2~rnwR/?~; nw, refractive index of 
water at the wavelength 2, of the beam), and the 
relative refractive index, m(= n/nw; n, refractive 
index of the particle at ~) [12]. From Eqn. 2, the 
specific turbidity is given by 

3~n w K t 

c 20)* a 
(3) 

where c is the concentration (mass per unit volume) 
of the particles and p is the density of the particle. 
The exact value of K t c a n  be evaluated according 
to the Mie theory of fight-scattering of spherical 
particles, and is given by the followingequation: 

2 ~ (2n+I).{IA.I2+IB,,I2) 
K t = ~ ' n _  1 

(4) 

+',,( ma)+. (  a ) -  m~b.( ma)+'.( a) 
An= +,n(ma)~n(a)_m+n(ma)~.(a  ) (5a) 

m+" ( ma)~n(  a ) - ~b,,( ma)+" ( a) 
B n -  m+, ( rna)~n(a)_+n(ma)~ . (a )  (5b) 

where 

+ . ( x ) = ~ ' J . + , / 2 ( x  ), + ' ( x ) = d + . ( x ) / d x  

X . ( x ) = - ( - 1 ) " + I ' ~ / - ~ ' J  . _ , / 2 ( x ) ,  

X ~ ( x ) = d x . ( x ) / d x  

~ n ( x ) = + . ( x ) + i ' x , , ( x ) ,  '~(x)=~b' , , (x)+i 'x ' , , (x ) (6) 

J,+l/2(x) is a half-integral-ordered Bessel func- 
tion. Kerker extended this theory to multishelled 
spheres [12]. For a multishelled sphere composed 
of alternate water and lipid layers as shown in Fig. 
1, A, is expressed by the following equation. 

A, = 

+~,(al) +'n(mal) X',,(mal) 0 0 ... 0 0 0 
~b.(al) m+n(mal) mxn(mal) 0 0 ... 0 0 0 
0 + ' ( m a 2 )  X'n(ma2) +~(a2) Xn(a2)  ... 0 0 0 
0 m+n(ma2) mxn(ma2) +n(a2)  Xn(Ot2) . . .  0 0 0 
0 o 0 q/(a 3) xL(a3) ... o 0 0 
0 0 0 +,,(a3) Xn(a3) ... 0 0 0 
0 0 0 0 0 ... 0 0 0 

0 0 0 0 0 ... +'(mat) X'n(mat) +'(at) 
0 0 0 0 0 ... m+,,(mal) mx , (mal )  +,(at) 

same as above except that + ' . ( a O  and +, , (a l )  are replaced by ~nt (al)  and ~'.(al) 

(7) 



Fig. 1. Geometry of a multishelled sphere. The thickness of 
each lipid and each water shell is assumed to be the same. a k is 
a parameter radius which is expressed as a k = 2¢rnwRk/~ ,  
using the real radius R k' 

The equation for B n can be obtained by raising 
'm '  terms from the even-numbered rows of the 
determinants to the odd-numbered rows im- 
mediately above; for example: 

~b" ( m a )  --* m~b'( ma)  and m~n(  ma  ) --* ~b n( ma  ) 

In the actual multilamellar liposomes, there is a 
wide distribution in particle size. The specific 
turbidity in such a case is given by: 

¢ 3~rn w f0 ~ c 2ah " r t (a) 'a- l" / (a)da (8) 

using the mass fraction f (a ) .  A log-normal distri- 
bution 'with two parameters was assumed in this 
work, since it seems more appropriate than a 
symmetrical size distribution in view of the size 
distribution of liposomes observed by electron mi- 
croscopy [25]. It leads to 

1 ( 1 ( in a - l n a s 0 ) 2 )  da  
f ( a ) d a =  2 ~ .  1~o exp - ' ~  Ino -a-  (9) 

where as0 is the geometric mean parameter radius 
and o is the geometric standard deviation [13]. 
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M a t e r i a l s  an d  M e t h o d s  

Calculation 
Calculations were carried out on an ACOS-900 

NEAC computer system in double-precision arith- 
metic. Bessel functions were calculated using the 
recurrence formula, namely 

J x 2P '~+~( ) = T ' J P ( x ) - J P - ~ ( x )  (10) 

J1 /2(x )  = 2/V/2~'s in(x)  ( l l a )  

J- l /2(x)  = 2/~7~ .~os(x) ( l l b )  

where P is an integer or half-integer. Derivatives 
were obtained according to the relationship 

dJe 1 x 
d---~ = i ( Je_l  ( ) -  J e + l ( x ) )  (12) 

Preparation of multilamellar liposomes 
Egg-yolk phosphatidylcholine was purchased 

from Merck and purified by alumina column chro- 
matography. Phosphatidic acid was obtained by 
enzymatic hydrolysis of egg-yolk phosphatidyl- 
choline with phospholipase D extracted from Savoy 
cabbage [14]. All other reagents are commercial 
and of analytical grade. Stock dispersions for 
turbidimetric measurements were prepared as fol- 
lows. An aliquot of a stock solution of lipids 
(phosphatidylcholine : phosphatidic acid -- 96 : 4 
w/w)  in chloroform was put into a round-bot- 
tomed flask. The solvent was removed by a rotary 
evaporator to dryness and further under high 
vacuum for overnight. The lipid on the surface of 
the flask was suspended in an aqueous solution 
comprising 100 mM glucose/2 mM EDTA/10 
mM "Iris at pH 7.5 by a vortex mixer. 

Optical measurement 
0.2 ml of stock dispersion was mixed with 3.0 

ml of the same buffer containing glucose at vari- 
ous concentrations. The absorbance of the disper- 
sion was measured at 436 nm on a Hitachi 330 
photospectrometer at room temperature. To avoid 
any effect of multiple scattering, the linearity be- 
tween the absorbance and the liposome concentra- 
tion was checked for the whole absorbance range 
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observed. The measurements were carried out 1 h 
after the mixing. 

Determination of trapped volume 
Liposomes were prepared in the same way ex- 

cept for the presence of [14C]glucose. Extraneous 
radioactive glucose was removed by passing 
through a Sephadex G-25 column. The total 
volume of water trapped in the liposomes was 
determined from the retained radioactivity on the 
assumption that there was no change in glucose 
concentration within the liposomes during the 
whole process [15]. The molar concentration of 
phospholipid was determined by phosphorus assay 
according to the method of Bartlett [16]. 

Measurements of released [ 14C]glucose during swell- 
ing and shrinking 

The condensed dispersion was prepared in the 
presence of [14C]glucose, and the external radioac- 
tivity was removed by passing through a Sephadex 
G-25 column. 0.3 ml of this stock solution was 
then pipetted into a test-tube containing 1.2 ml of 
475, 100, 37.5, 16.25 or 3.15 mM tracer-free glu- 
cose solution in the buffer mentioned above. 1.0 

ml was taken from each tube and was dialysed 
against 10.0 ml of 400, 100, 50, 33.3 or 25 mM (the 
same concentrations as those in the test-tubes) 
isotope-free glucose for 4 h by shaking the test- 
tubes. The radioactivity released was determined 
by measuring the radioactivity in the external solu- 
tion. 

Results 

Scattering efficiency of layered sphere 
As can be seen in Eqn. 2, the major factor in 

turbidity is the scattering efficiency, K t. To in- 
vestigate the scattering properties of,a multilamel- 
lar liposome, scattering efficiency was calculated 
for a model system according to Eqns 4 and 7. A 
multishelled sphere composed of alternate lipid 
and water shells was used as a model of a multi- 
lamellar liposome. The geometry of the model is 
shown in Fig. 1. Refractive indices of lipid (n j) 
and water (nw) were assumed to be 1.497 and 
1.340, respectively, and were determined at 20°C 
for egg-yolk phosphatidylcholine bilayers by using 
light at 436 nm [17]. 

The influence of the inner structure of a sphere 
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Fig. 2. Relationship between scattering efficiency and the volume fraction of lipid layers for various radius parameters. L 
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on K t was examined by calculating K t for the 
sphere with the same radius but with different 
lipid shell numbers (1, 5 and 10) at a given lipid 
fraction. The K t value obtained is plotted in Fig. 2 
as a function of volume fraction of the lipid in the 
particle (fl) .  The relationship between K, and fl is 
insensitive to the number of the lipid layers, irre- 
spective of parameter radius within 1 < a < 20. It 
follows that the scattering efficiency is determined 
mainly by the volume ratio of two scattering media 
(lipid and water) and is scarcely affected by the 
inner structure of a multishelled sphere. The prop- 
erty of g t to be insensitive to the inner structure 
suggests that the contribution of the interfaces of 
the inner layers is not important. Therefore, K t of 
a homogeneous sphere with average refractive 
index of two components was examined. The aver- 
age refractive index was calculated according to 
the following equation, showing the sum rule of 
polarizability [26]: 

n~v-1 n~- l+( l_  n~-I 
n-2. +2 fln~+---- ~ fl)n=-~2 (13) 

where n~v is the average refractive index; nm the 
refractive index of lipid; nw the refractive index of 
water; f~ the volume fraction of lipid in the par- 
tide. We can use a simple average of refractive 
index 

".~ = f , ' " ,  + 0 -  f , ) ' " .  (14) 

if we can assume n, /n  w ~- 1. 
The broken lines in Fig. 2 represent the re- 

lationship between the K t value and the volume 
fraction of lipid. In the case of a = 10.0, the K t 
values calculated for single-shelled, multishelled 
and homogeneous spheres fall on the same curve. 
In the cases of a - -1 .0  and 20.0, they almost 
coincide for most fl values. Especially, K t values of 
the ten-shelled spheres are in good agreement with 
those of homogeneous spheres. It is reasonable 
that K t of the sphere with larger number shells 
shows a better agreement with that of the homoge- 
neous one, since an infinitely numbered shell 
sphere would be the same as the homogeneous 
one. The reason of the good agreement must be 
attributed to the fact that the K t value of the 
homogeneous sphere exceeds a little those of the 
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multishelled one at a = 20.0 with a cross-over at 
about a--10.0.  Even for a single-shell model, a 
good agreement with the homogeneous model is 
achieved at about a = 10.0. Consequently, it can 
be said that 

Kt(a, nl, nw, number and thickness of layers) - Kt(a, n.,,) 

(14) 

for multisheUed spheres with 1 ~< a ~< 20.0, nw = 
1.340 and n 1 = 1.497. The parameter radii, 1.0 and 
20.0 at 436 nm correspond to a diameter of 1036 
and 20 720 ,~, respectively. 

In summary, the turbidity of a liposome sus- 
pension can be calculated on the knowledge of the 
liposome radius and lipid fraction using a homoge- 
neous sphere model. The effect of the osmotically 
induced swelling or shrinking on the turbidity was 
investigated employing this method. 

Osmotically induced turbidity change 
The osmotically induced uptake or release of 

water affects not only the radius of the particle but 
also the volume fraction of lipid. Both of them 
affect turbidity of the liposome suspension. At a 
constant concentration of liposome, turbidity is 
proportional t o  a2Kt as shown in Eqn. 2. a2Kt was 
evaluated for a homogeneous sphere with different 
water volume. Calculated log(a2Kt) is plotted as a 
function of log(a/ai~i) in Fig. 3, where ain i is the 
parameter radius of the particle without water. 
Calculation was carried out for ain i --'-- 1.0, 2.0, 3.0, 
4.0, 5.0, 10.0 and 20.0. The radius was changed 
from ami to 3.0 × ai~ i in each case. Namely, the 
water content of the particle covers the range from 
zero to 96.3%. The plots can be fitted to a linear 
plot for 2 ~< ai~ i ~g 5. The slope which gives the 
power dependence of turbidity on radius, is also 
similar for those plots. It shows that turbidity is 
reciprocally proportional to a 2 or the two-thirds- 
power of the volume of a particle, not exactly, but 
practically. At high water content, however, the 
same relationship holds true for a wider range. 
The plots deviate from linearity in the vicinity of a 
and fl which give the maximum scattering ef- 
ficiency, as can be seen in Fig. 2. The maximum is 
achieved under a =  2 / ( m a v - 1 )  where may= 
n~v/n w [18]. Judging from Fig. 3, a simple rela- 
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Fig. 3. Calculated value of log(a2Kt) of sphere as a function of 
log(a/ai~a) , changing water content. The slope of a plot gives 
the power dependence of turbidity on radius. The initial 
parameter radius of the sphere, which corresponds to '  no-water' 
case, is presented to the right of each plot. 

tionship 

1/'r  (x V 2/3 or V(x (1/~') 3/2 (15) 

is maintained in the range of 

1 
2~a~< (16) 

2 (m~ - 1 )  

As is well known, an actual liposome prepara- 
tion shows a wide distribution in size. The effect of 
the size distribution was examined assuming a 
log-normal distribution of the particle size (see 
Theory). Fig. 4 shows the relationship between 
relative turbidity and swelling factor. The initial 
value of the average particle size, where the par- 
ticle contains no water, was postulated as 1.0, 5.0 
and 10.0 with various standard deviations (1.0, 1.5 
and 3.0). The size distributions used are illustrated 
in Fig. 5. The size distribution of liposomes de- 
termined by negative-stain electron microscopy 
shows similar features [25]. 

The plots in Fig. 4 show that the volume is still 
reciprocally proportional to the 3/2 power of the 
turbidity for all distributions examined. The wider 
is the distribution, the smaller is the change of 
turbidity. 
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Fig. 4. The relationship between relative turbidity ( z /c~ , )  and swelling factor. O, homogeneous size; A, standard deviation in size 
distribution is 1.5; ¢, standard deviation in size distribution is 3.0. 
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Fig. 5. Typical log-normal size distribution curves. Each pair of 
numbers denotes the geometric mean radius (as0) and the 
standard deviation (o) in the fashion of (aso, o). 

Therefore, it can be said that the particle size 
distribution affects the extent of the turbidity 
change but not the power-dependence of turbidity 
on the volume. 

Osmotic behavior of egg.yolk phosphatidyicholine 
and phosphatidic acid 

The trapped water fraction of multilamellar 
liposomes of egg-yolk phosphatidylchohne and 

zc o.2 

< 

_ : _  ~a 0 
8 9 , 0 H  , 2 , 3 , 4 1 5 1 6 , 7  

Fraction Number 

Fi 8. 6. Elution pattern of multilameHar liposomes of e88-yolk 
phosphatidylcholine and phosphatidic acids (96 : 4) from a Sep- 
hadex G-25 column. O, absorbance at 630 nm in the phos- 
phorus assay; O, counts of [z4C]glucose. Multilamellar lipo- 
somes were prepared in the presence of 100 mM glucose 
containing [ z4 C]-ghicose. 
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phosphatidic acid (96:4) was determined using 
radioactive glucose. The elution pattern of the 
liposomes carrying [14C]glucose from a Sephadex 
G-25 column is illustrated in Fig. 6. 

Since the peak of phosphohpid coincides with 
that of radioactivity, the hposomes evidently con- 
tain glucose. The phosphohpid concentration of 
each fraction was determined by phosphorus as- 
say. The trapped water volume was 1.8 1/mol 
phosphohpid. The volume fraction of water in the 
liposomes can be estimated to be 0.69, using the 
average molecular weight, 780, and the density of 
the hpid bilayer, 1.056 [19] for egg-yolk phos- 
phatidylcholine. Assuming that the refractive in- 
dices of lipid bilayer and water are 1.497 and 
1.340, respectively, the average relative refractive 
index, m,v(= nav/nw) can be also estimated as 
1.033 according to Eqn. 13. This value is quite 
close to that reported for bacteria, 1.044 [7]. 

For this multilamellar hposome suspension, the 
osmotically induced turbidity change was ex- 
amined. When multilamellar hposomes act as per- 
fect osmometers, the total volume of hposomes, 
Vtot, l, changes according to the following equation 
[1 ,2 ] :  

Viola I = k / /Cout  -4- Vdcad (17) 

4.O 

3 

3.0 

0 

• 

/ 
I ! I I 

1.0 2.0 3.0 4.0 

(I/Cout) X Cin 
Fig. 7. The reciprocal 3 /2  s power of absorbance at 436 nm of 
liposomes of egg-yolk phosphatidylcholine and phosphatidic 
acids (96:4) as a function of the osmotic gradient across the 
membrane (O). 0.2 ml of dispersion, prepared in the presence of 
100 mM glucose, was diluted with 3.0 ml of glucose solution at 
appropriate concentration. D, corrected for the leakage of the 
glucose (see text). 
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TABLE I 

RELEASE OF GLUC OS E  F R O M  LIPOSOME U N D E R  
VARIOUS CONDITIONS  

Cin/Co, t: Hyper- Iso- Hypotonic 

tonic tonic 2.0 3.0 4.0 
0.25 1.0 

Released glucose 
(~ )  7.0 4.0 17.0 18.0 30.0 

where Cou t is the glucose concentration of the 
external solution, Vdead is the osmotically inactive 
volume of the liposomes and k is a constant. Since 
Vtoud is proportional to (1/I") 3/2, ( l /A)  3/2 is 
plotted as a function of 1//Cout in Fig. 7. Here, 
absorbance (A) is equal to ('r/2.303). A linear 
relationship can be seen under hypertonic (Cin / 
Cou t < 1.0) and hypotonic conditions up to 
CirJCo, t = 2.0, as expected from the model calcu- 
lations. The plots gradually deviate from the, linear 
relationship under more hypotonic conditions. In 
order to clarify the reason of the change of the 
slope, the release of []ac]glucose from the lipo- 
somes during the swelling and shrinking was ex- 
amined. The results are shown in Table I. 

The percentage of released glucose under hypo- 
tonic conditions is much higher than that under 
iso- and hypertonic conditions. Then, the actual 
osmotic gradient would be smaller due to the 
release of the trapped glucose. The effective Cin, 
C~ df, can be estimated by Ci,[1.0 - (released per- 
cent - 4.0)/100]. The value of ( l /A)  3/2 is plotted 
against (C~2f/Cout) in Fig. 7. These plots roughly 
satisfy the linear relationship. Therefore, this fact 
supports the idea that the liposomes become leaky 
under the osmotic pressure over a certain threshold. 

D i s c u s s i o n  

Some calculations have been performed on 
fight-scattering properties of bacterial cells and 
lipid vesicles [7,17,20,21]. Although there is a 
rigorous solution for a sphere given by Mie, none 
of the calculations has employed it because of 
complexity in numerical calculations. Under the 

condition of 

1 
1 , ~ a - ~  (18) 

may -- 1 

K t is written with Jobst approximation [8] as 

K t = 2 a 2 ( m , v - 1 )  2 (19) 

The approximation leads to a following equation 
for "r [12] 

9 ( ( d n a v / d c ) )  2 • r = ~¢r q2v (20) 
n w R2~. '2 

where q is anhydrous mass of lipid in a vesicle and 
A' = X/n,,,. It does give the (1/R 2) dependence of 
~-, as shown in Eqn. 15. This is natural, since the 
Jobst approximation is valid at a high water con- 
tent, which gives small ( m ~ -  1). The turbidity is 
expressed by the Rayleigh-Gans treatment [22-24] 
as follows: 

z =  ~'R x P ( O ) ( l + c o s 2 0 ) s i n O d O  (21) 

32 3[ (dn, /dc) 12q2v 
(22) 

where P(O) is the so-called scattering factor, a 
correction to normal Rayleigh scattering (~R) due 
to the interference of light scattered from different 
parts of the particles. The function P(O) depends 
on the shape of the particle. Though it is assumed 
that 2a(mav- 1)>> 1 in this derivation, the size 
and may of multilamellar liposomes do not meet 
this assumption. It was suggested, however, that as 
far as turbidity is concerned, the Rayleigh-Gans 
method would give precise results even for 2a(mav 
- 1) >/1 [12]. But no simple relationship between 
and R is seen any more. 

Our calculation does not involve any assump- 
tion as to the size and refractive index of the 
particle, although a shape change was not taken 
into account. Our results show that turbidity is 
reciprocally proportional to the two-thirds power 
of the volume of multilamellar liposomes at a 
given concentration. It holds true even under a 
wide distribution in liposomal size. Such distribu- 
tion just decreases the extent of the turbidity 



change against volume. The range over which this 
relationship is valid is given by the condition of 
Eqn. 16. The upper limit is determined by the 
appearance of the maximum of K t. The lower limit 
is associated with the fact that the diameter of the 
particle is becoming smaller in comparison with 
the wavelength, which eventually leads to Rayleigh 
scattering. As can be seen in Eqn. 22, turbidity 
caused by Rayleigh scattering does not change any 
further upon swelling or shrinking of the particle. 
Therefore, the turbidimetric method is not useful 
for small vesicles, for example, sonicated vesicles. 
Since a is wavelength-dependent, the method can 
cover liposomes of 1700-30000 A diameter (mav 
= 1.033) by a change in the wavelength of the 
light from 350 to 800 rim. If the water content is 
larger than that in the liposomes used in this work, 
it can cover a wider range of liposomal size. Tak- 
ing the influence of size distribution of liposomes 
into account, the method can be used for practi- 
cally any multilamellar liposomes. The extent of 
the size distribution can be checked qualitatively 
by measuring the wavelength dependence of 
turbidity. The wavelength dependence can be ap- 
proximated to ?,-x in the region 350 to 900 nm. In 
general, the wider the size distribution becomes, 
the smaller is the value of x. Theoretically, the 
infinitely large standard deviation of the size dis- 
tribution predicts 1 as the value of x, provided 
that the refractive index does not depend on the 
wavelength [13]. For example, the multilamellar 
liposome sample used in this work gives x = 0.8, 
whereas in the case of an Escherichia coli cell 
suspension, x rises to 2.3. The size distribution of 
the latter should be much narrower. Actually, x 
becomes 1.5-1.8 when the multilamellar liposomes 
dispersion is treated with a membrane filter or a 
Sepharose 4B column. 

Another factor which could affect the turbidity 
of liposomes is the shape of the liposomes. A 
sphere was assumed in the calculation. It is impos- 
sible to compute turbidity of liposomes in a shape 
other than sphere by using the Mie theory. Koch 
calculated the turbidity for some ellipsoids with a 
given volume on the basis of the Rayleigh-Gans 
approximation. His result showed that their 
turbidities are smaller than that of a sphere. A 
change from a sphere to a deformed shape could 
take place during shrinking. Shrinking induces an 
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increase of turbidity, but it cannot be explained by 
a change in liposomal shape, since the change of 
shape from a sphere at a given volume would 
rather induce a decrease in turbidity. The contri- 
bution of a change in shape to turbidity would be 
small, even if it exists. 

The empirical rule proposed by Bangham was 
that the turbidity is reciprocally proportional to 
the volume of liposomes. As far as the osmotically 
induced turbidity change of liposomes is con- 
cerned, the extent of the change is so small that 
the plots can apparently accommodate ~-tx 1/v. 
For small change in turbidity, Bangham's rule can 
be used in practice to follow an osmotic change. 
Although the relationship deduced by him is not 
correct, his idea of using the turbidimetric method 
for the investigation of osmotically active lipo- 
somes is supported by our results. 

As can be seen in Fig. 7, the plots deviate from 
the linear relationship under extreme conditions. 
The physical meaning of this phenomenon was 
clarified by the radioisotope experiments; namely, 
the lipid bilayer is no longer a barrier to the solute 
under these conditions. The barrier function is one 
of the essential properties of a biomembrane. 
Therefore, the inflexion point corresponds to the 
limiting condition for the lipid bilayer to be able 
to function as a barrier in a biomembrane. 
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