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Abstract

Liposomes have frequently been used as models of biomembranes or vehicles for drug delivery. However, the systematic
characterization of lipid vesicles by right angle light scattering and turbidity has not been carried out despite the usefulness of
such studies for size estimation. In this study, liposomes of various sizes were prepared by sonication and extrusion. The
mean cumulant radii of the vesicles were determined by dynamic light scattering. The lamellarities were estimated based on
fluorescence quenching of N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)dipalmitoyl-L-oi-phosphatidylethanolamine by sodium
dithionite. Right angle light scattering intensity and optical density at 436 nm per unit lipid concentration were measured
as a function of vesicle radius. With a vesicle radius =100 nm, the optical parameters could be well explained by the
Rayleigh—-Gans-Debye theory in which the liposomes were modeled as homogenous spheres with mean refractive indices

determined by the volume fractions of lipids in vesicles. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Liposomes have widely been used as models of

Abbreviations: DLS, dynamic light scattering; egg PC, egg
yolk vr-a-phosphatidylcholine; LEV, large extruded vesicles;
LUV, large unilamellar vesicles; MLV, multilamellar vesicles;
NBD, N-7-nitrobenz-2-oxa-1,3-diazol-4-yl; NBD-PE, N-(7-nitro-
benz-2-oxa-1,3-diazol-4-yl)dipalmitoyl-L-a-phosphatidylethanol-
amine; NBD-PC, 1-palmitoyl-2-[6-((7-nitrobenz-2-oxa-1,3-diazol-
4-yl)amino)caproyl]-L-o-phosphatidylcholine; RGD, Rayleigh—
Gans-Debye; SUV, small unilamellar vesicles
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biomembranes or vehicles for drug delivery [1,2]. The
determination and control of vesicle size are critically
important for several reasons. The liposome radius
or curvature is known to significantly affect the phys-
icochemical properties of lipid bilayers. For example,
small unilamellar vesicles (SUV) suffering from large
curvature strains show a broader gel to liquid crys-
talline phase transition [3] and stronger interactions
with peptides compared with liposomes of larger rad-
ii [4,5]. In pharmaceutical applications, drug encap-
sulation efficiency and in vivo behavior are highly
dependent on vesicle size [6,7].

The size distribution of liposomes is commonly
determined by dynamic light scattering (DLS) and
electron microscopy. These techniques are, however,
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time-consuming and therefore not appropriate for
systems in which the particle size changes rapidly.
Good examples are the aggregation, fusion and mi-
cellization of liposomes induced by peptides and
other agents, e.g. polyethyleneglycol. In these cases,
right angle light scattering [8—11] or turbidity [11-13]
have often been continuously monitored using
conventional spectrofluorimetry or spectrophotome-
try, respectively, as a measure of vesicle size. How-
ever, the interpretation of the results is not straight-
forward [8,11], even if liposomes are assumed to
be ideal monodispersed spheres. First, light scatter-
ing and turbidity per se are known to be
complicated oscillating functions dependent on both
the particle size and wavelength of incident light.
Second, liposomes are not optically homogenous
particles.

As summarized by Kerker [14], Rayleigh scattering
is a theory to explain light scattering by particles
much smaller than the wavelength of incident light.
The rigorous light scattering theory for spheres of
arbitrary size was later developed by Mie. The sim-
pler Rayleigh—-Gans—Debye (RGD) approximation
can be used under certain conditions (see Section 2).

Many studies, both theoretical and experimental,
have been performed to clarify the relationships
among vesicle size, light wavelength and optical
properties. The total volume of liposomes was found
to be reciprocally proportional to turbidity at 450
nm [15]. Based on the Mie theory, Yoshikawa et
al. showed that turbidity is reciprocally proportional
to the two-thirds power of the volume by treating
multilamellar vesicles (MLV) as optically homoge-
nous spheres with an average refractive index esti-
mated by the volume fraction of lipid in the vesicle
[16]. In an earlier study, Chong and Colbow calcu-
lated the specific 90° light scattering intensity and
turbidity as a function of vesicle size and aqueous
radius in the framework of the RGD theory [17].
They not only explicitly took the multilamellar struc-
ture into account in the calculation, but also treated
it as a thick single lipid shell with an averaged re-
fractive index. They concluded that the latter ap-
proach could better explain experimental observa-
tions. Nir et al. reported theoretical considerations
on light scattering by unilamellar vesicles based on
the RGD theory [18].

For comparison between theories and experimen-

tal results, the characterization of lipid vesicles in
terms of size and lamellarity is essential. Over the
last several years, methods for these purposes have
been developed. In this study, liposomes of con-
trolled size distributions were prepared by the extru-
sion method [19]. The lamellarities of the vesicles
were estimated using the chemical quenching of N-
(7-nitrobenz-2-oxa-1,3-diazol-4-yl)dipalmitoyl-L-c-p-
hosphatidylethanolamine (NBD-PE) by membrane-
impermeable sodium dithionite [20]. The specific
right angle light scattering and turbidity could be
well explained by the RGD theory for vesicles small-
er than 100 nm in radius if the vesicles were treated
as optically homogenous spheres with average refrac-
tive indices.

2. Theory

The intensity of light scattered by a sphere is de-
pendent on the ratio of the particle radius, R, to the
wavelength of incident beam in the medium, A. The
size parameter, ¢, is defined by

o =2nR/A (1)
l Z)u()/nw (2)

The wavelength of the incident beam in vacuum and
the refractive index of the medium (water) are de-
noted by Ay and ny, respectively. Rayleigh scattering
occurs when << 1 [14]. In this study, we investigated
light scattering by liposomes with radii of 15-150 nm
at 436 nm where the refractive indices of both water
(1.340) and lipid (np =1.497) are known [17]. There-
fore, the « values ranged from 0.3 to 3, which is out
of the Rayleigh scattering regime. If the relative
refractive index, m =nparice/nw, is close to unity
and o/ =10, light scattering by particles of any size
and shape can be described by the RGD equation
[14,21].

1(0)xNpJ(6) (3)

10 = (5) (2 e (H ) re) @

1(6) and J(0) as functions of scattering angle, 6, rep-
resent scattering intensity and the Rayleigh ratio for
unpolarized incident light of unit intensity, respec-
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tively. The number of particles per cm? is denoted by
Np. P(0) is called the form factor.

The turbidity or the optical density (OD) X 2.303 is
expressed by

T
2.303 0D = 2an/ J(6)sin6 d6o (5)
0

2.1. Homogenous sphere model

Liposomes are treated as optically homogenous
spheres with the average refractive index, n,y, calcu-
lated according to [16]

ngy—1
ny +2

n2,—1 _ n—1
n2,+2 “nl+2

+ (=) (6)
The volume fraction of lipid in the vesicle, f, can be
estimated as follows.

Ntv
f _ 4T L (7)
ng:R3

vy (=1.3 nm?) is the volume occupied by a lipid
molecule [22]. Nt is the total number of lipid mole-
cules per vesicle, and can be determined by NBD-PE
experiments, which give the fraction of lipid mole-
cules exposed to the external aqueous phase, x.

x =4nR?/N1AL (8)

Ay (=0.68 nm?) denotes the area per lipid [23]. Com-
bining Egs. 7 and 8, we obtain

f = 3VL/RXAL (9)

The form factor for optically homogenous spheres is
[14]

sin u—ucos u)} ) (10)

3(
o) - [Fone
u=2asin (0/2) (11)
Np is calculated by
Np = 1073NA[L]/Nt = xA 10 3NA[L]/4nR>  (12)

The lipid concentration is denoted by [L] (M™!). Na
is the Avogadro number.

2.2. Hollow sphere model

Lipid vesicles can also be viewed as hollow spheres
with shells of refractive index n;. The form factor
was described by [24]

3(sin u—sin ul—ucos u + ulcos ul)|, (13)
B (1=D5)

PO =

= (R—Ig)/R (14)

The bilayer thickness is expressed as /g (=4 nm). The
samples could be considered as mixtures of unilamel-
lar and bilamellar vesicles (see Section 4). A bilamel-
lar vesicle is considered to be composed of two
vesicles with larger radius, R, and smaller radius,
R—Ig—ly. lw (=3 nm) is the thickness of the inter-
lamellar aqueous phase. The numbers of the larger
vesicles including the unilamellar vesicles, Ny, and
the smaller vesicles, Ns, per cm® are related to x by

X =

NLR?

NL{R?> + (R—Ig)?} + Ns{R—Ig—Ilw)> + (R—2Ig—Iw)?*}
(15)
The lipid concentration, [L] (M™!), is also connected
to Np and Ns.
4n[R* + (R—Ip)?]
AL

[L]I1I073Nay = N

4ﬁ[(R—lB—lw)2 + (R—le—lw)z]
AL
Egs. 15 and 16 yield the values of Ny and Ng for

known x, [L] and R values. The light scattering in-
tensity and the turbidity are calculated by

1(6)xNLJL(0) + NLJL(O) (17)

Ng

(16)

T
2.303 0D = Zn[NL/ JL(6)sin 0O+
0

Ns/Oan(e)sin 0do] (18)

J1L(60) and Js(6) are J(6) for the larger and the smaller
vesicles, respectively. The above treatment is essen-
tially the same as that described by Chong and Col-
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bow [17], who explicitly calculated the form factor of
the multishell structure.

3. Materials and methods
3.1. Materials

Egg yolk r-o-phosphatidylcholine (egg PC) was
purchased from Sigma (St. Louis, MO, USA).
NBD-PE and 1-palmitoyl-2-[6-((7-nitrobenz-2-oxa-
1,3-diazol-4-yl)amino)caproyl]-L-o-phosphatidylcho-
line (NBD-PC) were obtained from Molecular
Probes (Eugene, OR, USA) and Avanti Polar Lipids
(Alabaster, AL, USA). Tris—HCI buffer (10 mM Tris/
150 mM NaCl/ mM EDTA, pH 7.0) was prepared
from water distilled twice in a glass still.

3.2. Vesicle preparation

Egg PC containing 0.5 mol% NBD-PE was dis-
solved in chloroform and placed in a round-bot-
tomed flask. The solvent was removed in a rotary
evaporator. After drying under vacuum overnight,
the residual lipid film was hydrated with Tris buffer
and vortex-mixed. The suspension was subjected to
five freeze-thaw cycles to produce MLV. The freeze-
thaw procedure reduces the lamellarity of the vesicles
[19]. SUV were obtained by sonicating the MLV for
20 min to clarity on ice under an atmosphere of N,.
Metal debris was removed by centrifugation. Large
extruded vesicles (LEV) were prepared by extruding
the MLVs five times through polycarbonate filters
(0.6 um pore size, LEV600). The vesicles were further
extruded 10 times through two stacked filters with

pore sizes of 0.05, 0.1, 0.2 or 0.4 um (LEVS50,
LEV100, LEV200 and LEV400, respectively). The
particle size was determined with a Photal laser par-
ticle analyzer LPA-3100 connected to a photon cor-
relator LPA-3000. The vesicle radii were calculated
by the cumulant method program provided by the
manufacturer. The averages of at least three mea-
surements are listed. The lipid concentration was de-
termined in triplicate by phosphorus analysis.

3.3. Lamellarity

The fraction of the NBD-lipid exposed to the ex-
ternal aqueous phase was measured on the basis of
fluorescence quenching by sodium dithionite [20].
The NBD-labeled vesicles (2.0 ml) were incubated
for 10 min at 25°C. After 20 ul of 1 M sodium
dithionite/l M Tris had been added to the sample,
NBD fluorescence was monitored on a Shimadzu
RF-5000 spectrofluorometer with excitation and
emission wavelengths of 450 nm and 530 nm, respec-
tively. Fluorescence intensity, F, was normalized to
the intensity prior to dithionite addition, Fy. The
experiments were performed at least in duplicate.

3.4. Right angle light scattering and turbidity

The right angle light scattering intensities at vari-
ous wavelengths were determined on the spectro-
fluorometer by simultaneously scanning the excita-
tion and emission wavelengths (synchronous
spectra). The turbidity at 436 nm was measured on
a Shimadzu UV-265FW spectrophotometer using a
1 cm path length cuvette. During these optical ex-
periments, the temperature was maintained at 25°C.

Table 1

Characterization of liposomes

Liposome R (nm) X1 X2 X f Nay m
SUvV 14.9 0.651 - - 0.591 1.431 1.068
LEV50 35.9 0.559 0.343 0.470 0.340 1.392 1.038
LEV100 49.6 0.542 0.314 0.426 0.271 1.381 1.031
LEV200 76.5 0.527 0.289 0.354 0.212 1.372 1.024
LEV400 103.5 0.520 0.278 0.306 0.181 1.367 1.020
LEV600 142.4 0.514 0.270 0.260 0.155 1.363 1.017
LUV100 59.3 0.535 0.302 0.580 0.167 1.365 1.019
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Fig. 1. Lamellarities of liposomes. Twenty pl of 1 M sodium di-
thionite/l M Tris solution was injected into 2 ml of a suspen-
sion of egg PC vesicles doped with 0.5 mol% NBD-PE at 25°C
(indicated by the arrow). Fluorescence intensity at 530 nm (ex-
citation at 450 nm) was monitored. Traces: 1, LEV50; 2,
LEV100; 3, LEV200; 4, LEV400; 5, LEV600.

4. Results and discussion
4.1. Characterization of vesicles

Lipid vesicles were characterized in terms of size
and lamellarity. The cumulant radii, R, determined
by DLS are summarized in Table 1. As reported [19],
the average size of LEV100 was the same as that of
the filter pores. LEV50 showed a larger radius than
expected, whereas LEV200, LEV400 and LEV600
exhibited smaller sizes. The theoretical x values of
unilamellar (x;) and bilamellar (x,) vesicles are also
listed in Table 1.

R2
X =— 19
'T R+ (R—I) 19)
8
—_— 6 I
S
L3
=~ 4 1
[=]
()
Gl 4 4
02 oo —0—0F9
0 01 02 03 04 05
[L] (mM)

0.D. (cm™)

223
R2
2T R (R—1Ig)? + (R—Ig—Iw)? + (R—2lg—Iw)?
(20)

To estimate the x values, we carried out the NBD-
dithionite assay [20]. This method is based on the
chemical quenching (reduction) of the fluorophore
by the membrane-impermeable S,03” ion. Fig. 1
shows the time course of quenching, which was bi-
phasic. The fast reduction in fluorescence intensity
represents the reaction of the NBD groups in the
outermost leaflets with the reducing ions in the ex-
ternal aqueous phase. The slow phase reflects the
quenching of the fluorophores in the inner leaflets
by slowly permeating ions [20]. In the slower step,
fluorescence intensity decreased almost linearly with
time (Fig. 1). The x values were estimated by
F(t— 0)/Fy, where F(t— 0) represents the F value lin-
early extrapolated to r— 0, and summarized in Table
1. The x values of smaller vesicles were closer to the
corresponding x; values, whereas that of the largest
LEV600 was almost identical to x,. Accordingly, we
assumed that these were mixtures of unilamellar and
bilamellar vesicles. These results were comparable to
those in the original paper [19], although the x values
of LEV50 and LEVI100 in the present study were
somewhat smaller. More extensive extrusion (31
times) through a 0.1 um pore filter yielded large uni-
lamellar vesicles (LUV) 100 (Table 1). The observed
x value of SUV (0.31) was reproducibly much small-
er than the expected value (x; =0.65). The lamellarity
of SUV was also determined using another probe
NBD-PC, which gave an extremely large x value of

0.2

0.15 -

0.1

0.5 1

[L] (mM)
Fig. 2. Dependence of optical parameters on lipid concentration. (A) Right angle light scattering intensity (arbitrary unit) and (B) OD
at 436 nm are plotted as a function of lipid concentration. Symbols: O, SUV; @, LEV50; 00, LEV100; m, LEV200; A, LEV400; a,
LEV600. Linear regression lines are shown (72 >0.998).
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Fig. 3. Dependence of optical parameters on vesicle size. The slopes of the lines in Fig. 2A,B are shown by open and closed circles,
respectively, against the cumulant radii, R, of the vesicles determined by DLS. The solid and dotted lines are theoretical values calcu-
lated by the homogenous sphere model and the hollow sphere model, respectively. In (A), the values are normalized relative to those

for LEV100.

ca. 0.8. These strange results were probably due to
asymmetric transbilayer distribution of lipids in so-
nicated vesicles [25]. It is well known that packing
constraints do not allow SUV to have oligolamellar
structures. Therefore, we reasonably assumed x = xj.

4.2. Right angle light scattering

The right angle light scattering intensity, 1(90°), at
436 nm is plotted as a function of lipid concentration
in Fig. 2A. Signals could be obtained at lipid con-
centrations (~0.2 mM) lower than in the turbidity
measurement (Fig. 2B, ~1 mM). The intensity was
proportional to lipid concentration (r2=0.998), indi-
cating the absence of any effects due to multiple
scattering. The slope, which was normalized to the

3 . r \
—_ . A
) ”
2 A
T 20 ! ,
o P
T | in
o1\
o ; .
& i\
0 I \ AA\ 7=
0 100 200 300 400 500
R (nm)

0.D./[L] (cm™ M)

value for LEVI100, is plotted against R (Fig. 3A,
open circles). 1(90°)/[L] increased with R until
R=75 nm. At larger R values, this parameter was
slightly but significantly decreased and then increased
again (see also Fig. 5).

The position of the maximum was dependent on
the wavelength of the incident light. The maxima
appeared around 50 nm (open circles) and 120 nm
(closed circles) at light wavelengths of 250 and 600
nm, respectively (Fig. 5). That is, the maximum was
observed when R~ 0.24.

The theoretical relative 1(90°)/[L] values were cal-
culated based on the two models described in the
Section 2, and shown in solid and dotted lines in
Fig. 3A. Table 1 includes the n,, values used in the
homogenous sphere model (solid line). This model

600 ‘ —

400,

200 |

200 400 600 800 1000
R (nm)

0
0

Fig. 4. Simulation of optical properties. Specific light scattering (A) and specific OD (B) at 436 nm are simulated by the homogenous
sphere model. The solid and dotted curves are for unilamellar and bilamellar vesicles, respectively. In (A), the values are normalized
against that for unilamellar vesicles with R =350 nm. The observed OD/[L] value of LUV100 is shown in (B) (@).
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Fig. 5. Dependence of light scattering on the wavelength of in-
cident light. Specific 90° light scattering intensities at 250 nm
(open circles) and 600 nm (closed circles) are plotted as a func-
tion of R. The values are normalized relative to those for
LEV100.

described the 1(90°)/[L] vs. R relationship in the
range R=100 nm. The fit by the hollow sphere model
(dotted line) was poorer.

4.3. Turbidity

The OD value at 436 nm was also proportional to
[L] in the concentration range investigated (Fig. 2B).
The slope was plotted as a function of R in Fig. 3B
(closed circles). In contrast to 90° light scattering, the
slope increased monotonously with vesicle radius.
The theoretical values were also indicated by solid
and dotted lines in the figure. The integration in
Eq. 5 was performed numerically using Mathematica
software (Wolfram Research). The observed OD/[L]
values were again much better reproduced by the
homogenous sphere model (solid line).

4.4. Simulation

These results indicated that the homogenous
sphere model suitably describes both right angle light
scattering and turbidity of oligolamellar vesicles with
R =100 nm. Therefore, simulations were carried out
for homogenous spherical unilamellar vesicles (solid
lines) and bilamellar vesicles (dotted lines) using this
model in Fig. 4. Right angle light scattering (Fig. 4A)
is an oscillating function of R with progressively at-
tenuated amplitude. The first largest maximum
around 75 nm corresponded to the maximum shown
in Fig. 3A. Note that the maximal R value for the

bilamellar vesicles was slightly shifted to a larger
value than that for the unilamellar vesicles. The in-
tensity of the bilamellar vesicles was less than, but at
larger R close to, twice that of the unilamellar
vesicles. According to the simulation shown in Fig.
4A, light scattering should significantly decrease at R
values larger than 75 nm, even if size distribution is
taken into account. The observed intensity was, how-
ever, only slightly decreased, and then increased
again (Fig. 3A and Fig. 5). There seemed to be sev-
eral reasons for this. First, the RGD approximation
holds only when ot =10, which was fulfilled for
vesicles smaller than LEV200. Second, the coexis-
tence of MLV may also contribute to the large light
scattering. Indeed, the x value for LEV600 was
somewhat larger than x, (Table 1), indicating the
significant presence of vesicles with lamellarity larger
than two. Furthermore, larger flexible vesicles may
not be considered as spheres.

The OD/[L] ratio at 436 nm for unilamellar
vesicles is a saturating function of R, and sensitive
to R only below 200 nm. The value of the bilamellar
vesicles was again less than twice that of the unila-
mellar vesicles. The observed value of LUV100 ap-
proximately fell on the theoretical curve for unila-
mellar vesicles. The predicted OD/[L] value for
LUVI100 using the hollow sphere model was much
larger (> 2000).

5. Conclusion

We demonstrated that right angle light scattering
and turbidity of uni- and oligolamellar liposomes
with radii smaller than 100 nm can be reasonably
explained by the RGD theory assuming that the
vesicles are optically homogenous spheres with aver-
age refractive indices determined by the volume frac-
tion of lipid in the vesicle. It should be noted that the
hollow sphere model, which was not applicable, also
took oligolamellar structures into account explicitly.
These results suggest that the vesicles do not optical-
ly behave like solid particles because of thermal fluc-
tuations. The RGD theory is valid only when m=1,
which was fulfilled (Table 1). The fitting quality
might be improved if the size distribution of lipo-
somes was taken into consideration. However, its
precise determination is difficult. For example, the
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size distribution of a given sample by the DLS histo-
gram method differs between measurements. Size
measurement by electron microscopy is time-con-
suming and requires collection of huge numbers of
vesicles. In contrast, the cumulant radii used here
were reproducibly measurable and gave rough esti-
mates of optical parameters.

Turbidity, although less sensitive (Fig. 1), is supe-
rior to light scattering for several reasons. Right an-
gle light scattering presents more complication than
turbidity measurements, and all other things being
equal, may be less reliable (Fig. 3). This also limits
the usable R range. Light scattering intensity is a
monotonous function of R until R=100 even if a
wavelength of 600 nm is used (Fig. 5). That is, fusion
of only four LEV100 can be monitored as an in-
crease in light scattering. In contrast, turbidity can
follow fusion of up to 20 vesicles (R=200 nm). Fur-
thermore, light scattering could have artifacts not
only from multiple scattering but also from inner-
filter type effects. Finally, it should be stressed that
optical measurements provide a good estimate of
vesicle size only if the lamellarity is simultaneously
determined.
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