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Abstract: The applicability of field-flow fractionation (FFF) to the characterization of liposomes is discussed and 
theoretically described. Because of fundamental differences in their driving forces, sedimentation FFF and flow FFF 
measure different vesicle properties. Sedimentation PFF, although used previously to measure vesicle sizes and size 
distributions, is fundamentally a technique that measures the effective mass and mass distribution of particles. It is 
sensitive to small changes in the effective mass of either the biomembrane or its encapsulated load and thus is likely to be 
useful in characterizing such properties as drug loading, bimembrane volumes and areas, and distributions of these 
properties. Size characterization by sedimentation FFF can only be done by deducing size from effective mass. Flow FFF, 
by contrast, provides a direct measurement of vesicle size and size distribution. After demonstrating the high resolution 
and relative accuracy of size measurement of flow FFP by the separation of polystyrene latex standards, flow FFF was 
applied to two preparations of DSPC-DSPA liposomes that were sonicated under different temperature conditions. 
Fractograms and size distributions are reported as a function of sonication time. The rapid elimination of a large diameter 
tail to the distribution is shown to constitute a major mechanism for distribution narrowing. Finally, results are provided 
bearing on the reproducibility of size distribution measurements by flow FFF. 

Keywords: Flow field-flow fractionation: field-flow fractionation; size distribution of liposomes; FFF characterization of 
lip&omes; liposome ciraracterization. _ _ _ 

Introduction 

Phospholipid liposomes have been extensively 
used as a material for drug delivery [l, 21 and 
as a basic model for the study of biological 
membrane structure and function [3, 41. The 
size distribution of liposomes has an important 
bearing on their properties including vesicle 
stability, interaction with cells, entrapment 
efficiency and osmotic release, and ultimate 
drug delivery rates [5-121. Accordingly, many 
size distribution studies have been carried out 
on liposomes using methods such as the freeze- 
fracture technique of electron microscopy [6, 
9, 11-131, light scattering [6], and size ex- 
clusion chromatography [7]. While these 
approaches have been developed to a high 
level of sophistication and effectiveness, some 
important shortcomings remain. Thus the 
freeze-fracture method of electron microscopy 
consists of a rather lengthy experimental pro- 
cedure whose results are complicated by the 
nonequatorial fracture of vesicles [12]. Light 
scattering techniques are much more con- 
venient and they generally provide valid aver- 

age diameters (see, however, ref. 12) but they 
cannot readily distinguish subpopulations of 
various sizes in a polydisperse mixture and thus 
these techniques cannot provide detailed size 
distribution curves. Size exclusion chromatog- 
raphy, while theoretically capable of resolving 
size subpopulations, suffers from particle-pore 
wall interactions and the difficulty of working 
with pore structures sufficiently large and with 
adequately high mass transport rates to handle 
larger particles or polymers [14]. 

In recent years field-flow fractionation 
(FFF) has been increasingly applied to the 
measurement of the size and mass distributions 
of particles ranging in size from protein mol- 
ecules to biological cells [U-27]. These tech- 
niques are characterized by operational flexi- 
bility, high resolution, reasonably high speed, 
small sample requirements (a few microlitres), 
and the convenience typical of elution tech- 
niques such as chromatography. In addition, 
narrow fractions can be collected for further 
study. Despite such intrinsic advantages, the 
application of FFF to the characterization of 
liposomes has been very limited. 

*Author to whom correspondence should be addressed. 
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FFF is a family of techniques. The primary 
FFF technique used so far for liposome charac- 
terization is sedimentation FFF, a member of 
the FFF family that utilizes a sedimentation 
field [16, 191. Sedimentation FFF should be 
applicable to the characterization of a number 
of important properties of liposomes including 
membrane volume and area, density, drug 
loading, and size (see later). Most of these 
capabilities have not been exploited, with most 
previous studies focused on liposome size 
distributions. Caldwell et al. were able to show 
a bimodal size distribution with the larger 
mode having vesicles of mean diameter 
0.86 p.m; they also determined that these 
vesicles have a density of 0.9997 g ml-’ [28]. 
Kirkland et al. used sedimentation FFF to 
determine the size distribution of various lipo- 
some preparations with mean vesicle sizes 
ranging from 0.026 to 0.23 t.t.rn [29]. Further 
size distribution work was done by Dreyer et 
al. [30]. 

While sedimentation FFF is a versatile tech- 
nique for particle characterization and has the 
potential to measure a variety of properties of 
liposomes of interest, it is not the most 
straightforward technique for measuring lipo- 
some size and size distributions. Another 
technique, flow FFF, provides a more direct 
measurement of the size and size distribution 
of colloidal materials [20, 311, but has not until 
now been applied to liposomes. Sedimentation 
FFF and flow FFF are complementary tech- 
niques that have the capability of providing a 
broad base of information on liposomes includ- 
ing not only size and size distribution but, as 
noted above, density and drug loading. The 
reasons for this complementarity are related to 
the fundamental nature of FFF, which is 
summarized below. 

FFF is an elution technique in which par- 
ticles and macromolecules are separated in a 
thin ribbonlike channel and then eluted into a 
detector and, if desired, a fraction collector 
[32, 331. Separation is achieved by the appli- 
cation of a field in a direction perpendicular to 

the channel flow axis and thus perpendicular to 
the axis of separation. (The right-angle orien- 
tation of the field relative to the axis of 
separation distinguishes FFF from the more 
conventional techniques of sedimentation and 
electrophoresis.) The principles of FFF are 
illustrated in Fig. 1. Here an external field is 
used to drive vesicles (or other particles) 
toward one wall of the ribbonlike channel 
termed the accumulation wall. Generally the 
larger the particle, the stronger the force 
exerted on it by the field and the closer it is 
driven to the accumulation wall at equilibrium. 
The laminar flow in the channel assumes a 
parabolic flow profile between the major 
channel walls. This flow sweeps the vesicles 
downstream toward the channel exit and a 
detector. However, because of the parabolic 
flow profile, subpopulations of different sizes 
are driven downstream at different velocities 
according to their proximity to the accumu- 
lation wall. The smallest vesicles are driven at 
the highest mean velocity and thus elute first. 
Larger vesicles, which are driven closer to the 
accumulation wall by the field-based forces, 
are caught up in slower lamina and thus elute 
later. Because of the uniformity of the channel 
and the even application of the field, the 
retention times of particles of different size and 
mass can be calculated theoretically. More 
importantly for particle characterization work, 
size and mass can be deduced from measured 
retention times, making it possible to obtain 
size and mass distributions from the observed 

\ 
parabolic 

flow profile 

ACCUMULATION WALL 

Figure 1 
Section of FFF channel showing mechanism of separation. Channel thickness w, typically only a few hundred pm, is 
exaggerated here for purposes of illustration. 
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distribution in retention time, that is, the 
detector response versus time curve. 

A number of different fields have been used 
in conjunction with FFF, giving a variety of 
techniques that include sedimentation FFF, 
flow FFF, thermal FFF, and electrical FFF [32, 
331. Each different field exerts a different kind 
of driving force on the vesicles, causing them to 
be differentially retained and separated on the 
basis of different properties. Sedimentation 
FFF achieves separation that depends on dif- 
ferences in the effective mass (true mass less 
buoyant mass) of particles. For particles con- 
sisting of homogeneous masses of solid or 
liquid material (the latter being emulsions), the 
effective mass is directly related to the particle 
size, in which case the detector response curve 
(fractogram) can provide a size distribution 
curve. However, for shell-like structures the 
relationship between mass and size is not 
always so straightforward as will be further 
discussed in the Theory section. (Because 
effective mass is density-dependent, particle 
densities can also be measured [34].) 

In flow FFF the driving force on particles is 
generated by a cross flow of liquid directed 
perpendicular to the channel flow axis. This 
requires that a second stream of liquid be 
driven through the channel, but the second 
(cross flow) stream enters and exits across the 
major walls of the channel, which accordingly 
must be permeable. These walls are generally 

Channel flow in 
(sample injection) 

t 
Crossflow in 

n 
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made up of membrane and frit elements as 
illustrated in Fig. 2. 

The driving force in flow FFF is a Stokes 
force that depends only on the size of the 
particle being retained [31]. Thus as will be 
shown in the Theory section, the measurement 
of retention provides a measurement of size 
with no assumptions required concerning 
particle structure, homogeneity, or density. 
The elution profile yields the size distribution 
in a similarly straightforward manner. 

The objectives of this paper are to (1) 
evaluate the general effectiveness of various 
FFF techniques, especially sedimentation FFF 
and flow FFF, in characterizing multiple prop- 
erties and distributions of liposomes, (2) estab- 
lish a distinction between the type of infor- 
mation gained from the application of sedi- 
mentation and flow FFF to liposomes, and (3) 
provide meaningful examples of the deter- 
mination of size distribution curves for lipo- 
somes using flow FFF. 

Theory 

According to the standard model of FFF, the 
retention time t, of any given particle sub- 
population relative to the void time to (the 
passage time of unretained material) is related 
to the retention parameter A by the following 
expression [16, 331 

Channel flow out 
(to detector) 

Figure ‘ 

Diagra m show ring the layered construction of a flow FFF channel. 
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4 1 

to = 6A[coth(l/2h) - 2A] * 0) 

This equation has the unique property that 
when A is small (i.e. A c 0.05), t$t” can be well 
approximated by the limiting equation 

tr 1 _-- 
to 6X’ 

We note that while the more rigorous form of 
equation (1) is used for all size calculations in 
this paper, equation (2) presents a much 
clearer picture of the FFF measurement pro- 
cess and its interpretation. 

In order to utilize equations (1) and (2), A 
must be related to the particle size or to other 
characteristics of the particle subset. Accord- 
ing to FFF theory, the retention parameter A is 
related to the force F exerted by the field on a 
single particle of the homogeneous subset by 

A= kT 

Fw ’ 
(3) 

approximately proportional to particle 
diameter d with a proportionality constant that 
can be readily varied by changes in the cross 
flow rate ?,. Thus the sequence of particles 
eluted from flow FFF, proceeding from the 
smallest to the largest, represents a nearly 
linear particle diameter spectrum. The linear 
relationship between tr and d ensures that 
small differences in d can be discerned and the 
relative amount of the close-lying subpopu- 
lations reported by the detector. Clearly, the 
particle diameter eluting at any given time tr 
can be calculated from equation (6). The actual 
conversion of the fractogram into a particle 
size distribution curve is accomplished by 
laboratory software based on equation (1). 

While the experimental results obtained 
here are based entirely on flow FFF, it is 
important to show how flow FFF compares 
with sedimentation FFF and to illustrate their 
possibility for playing complementary roles in 
liposome characterization. In sedimentation 
FFF, F is given by 

F = m’G, (7) 

where k is Boltzmann’s constant, T is absolute 
temperature, and w is channel thickness. 

where m’ is the effective mass (true mass less 

For flow FFF, F is equal to the Stokes force 
buoyant mass) of the particle and G is the field 

exerted by the carrier fluid flowing around the 
strength measured as acceleration. For a 

particle at the cross flow velocity U 
shelled structure such as a liposome, m’ is the 
sum of the effective shell mass and the effective 

F = 3mjUd, (4) 

where q is viscosity and d is the diameter of the 
particle (or the Stokes diameter if the particle 
is nonspherical). It is convenient to express U 
in terms of the experimentally realized cross 
flow rate pc of carrier liquid permeating across 
the channel 

where b is the breadth of the channel and L is 
its effective (volume-based) length. 

When equations (3), (4) and (5) are sequen- 
tially substituted into equation (2) and the 
product bLw replaced by the channel void 
volume V’, we obtain 

Equation (6) shows that the retention time t, is 

mass of the internal liquid enclosed by the shell 

m’ = m’(shel1) + m’(interna1). (8) 

The retention time is sensitive to both of these 
masses as seen by substituting equations (3), 
(7) and (8) into equation (2) 

LL= -$$ [m’(shell) + m’(internal)]. (9) 

This equation shows that if the entrained liquid 
is neutrally buoyant, tr is proportional to 
m’(shell), which is in turn proportional to shell 
volume and area. Therefore for simple uni- 
lamellar shell structures, m’(shel1) and tr will 
increase with the square of liposome diameter. 
For multilamellar structures, t, should provide 
a measure of the total membrane area. How- 
ever, for this purpose m’(shel1) must be suf- 
ficiently large to induce measurable liposome 
retention, which requires that A 5 0.2. (This 
treatment of vesicle retention is analogous to 
that dealing with adsorbed films on particles. 
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In some cases it has been shown that the 
properties of adsorbed films can be measured 
with great sensitivity using sedimentation FFF 
135, 361.) 

If the fluid within the liposome has a 
different density from the surrounding liquid, 
then m’(interna1) [which will usually dominate 
over m’(shell)] will be proportional to the 
particle volume and tr will therefore provide a 
measure of that volume. Subsequently the 
volume distribution can be obtained. 

If drugs loaded into the liposome cause a 
proportionate change in internal liquid density, 
then m’(interna1) and thus tr will reflect the 
amount of drug loaded per vesicle. The fracto- 
gram will then represent the distribution of 
drug loading across the entire vesicle popu- 
lation. Thus while sedimentation FFF does not 
provide a direct measure of liposome size as 
does flow FFF, it is capable of probing other 
properties and distributions of importance in 
liposome science and technology. This capabil- 
ity has not been generally utilized nor even 
recognized. 

We observe that another FFF technique, 
electrical FFF, is theoretically capable of 
measuring the charge distribution among 
vesicles, thus providing a further complement 
of information about liposome properties. 
However, at the present time electrical FFF is 
a less mature technology than either sedi- 
mentation or flow FFF. 

Materials and Methods 

Preparation of liposomes 
The liposome samples used in this study 

were prepared in our laboratory by the solvent 
evaporation method [3, lo]. A mixture of 12 
micromoles of DSPC (distearoyl phosphatidyl 
choline) and 0.5 micromoles of DSPA (di- 
stearoyl phosphatidic acid) was dissolved in 
5 ml of CHC& in a round-bottom flask. The 
phospholipids were purchased from Sigma (St 
Louis, MO, USA). The rotary evaporator 
and the flask containing the lipid solution were 
purged with Nz. The solvent was evaporated 
under vacuum by rotating the flask at high 
speed in a water bath at 70°C and a thin bilayer 
film of lipid was formed on the flask wall. The 
vacuum was maintained for 1 h to evaporate all 
traces of the solvent. Then 5 ml of doubly 
distilled and deionized water preheated to 70°C 
was added to the flask. The flask was rotated 
for 10 min while held at 70°C with no vacuum. 

Large multilamellar vesicles (MLV) were 
formed during this process, visible as a milky 
suspension. This vesicle mixture was trans- 
ferred to a glass vial by using a prewarmed 
micropipette and subjected to sonication for 
the transformation of MLV into SUV (small 
unilamellar vesicles) utilizing a Model W-225R 
(microtip) Sonicator Cell Disruptor from Heat 
Systems-Ultrasonics (Plainview, NY, USA). 
The sonicator was operated at 50% duty cycle. 
During sonication, small amounts of the lipo- 
some suspension were removed for examin- 
ation at 5, 15 and 35 min. As the sonication 
proceeded, the liposome suspension became a 
clear solution. After sonication each vial was 
kept in a drawer overnight for stabilization. All 
flow FFF measurements of size distribution 
were made within a week of preparation. 

Two samples were prepared using the above 
steps but the procedure was varied slightly in 
the two cases. For preparation I the sonication 
vial was placed in a water bath held at 70°C. 
For preparation II no water bath was used and 
thus sonication began at 23°C. 

Flow FFF 
The flow FFF channel system used in this 

study is similar to that used in previous studies 
[18] and is nearly identical in structure to that 
employed in the FlOOO Universal Fractionator 
from FFFractionation (Salt Lake City, UT, 
USA). As shown in Fig. 2, the channel system 
is constructed as a sandwich of multiple layers 
including the thin spacer from which the 
channel volume is cut, the membrane serving 
as the accumulation wall, and the symmetrical 
clamping blocks. Each block has a frit element 
incorporated in its structure to supply and 
receive the cross flowstream. The channel 
length L and breadth b of the channel are 26.5 
and 2.0 cm, respectively. (The tip-to-tip length 
L,, is 28.5 cm. This exceeds L because L = 
V’lbw is the effective length for a channel with 
the triangular endpieces squared off.) The 
thickness of the Teflon spacer used was 
254 km. The accumulation wall (shown in Fig. 
2) consists of a sheet of YM-10 membrane from 
Amicon (Beverly, MA, USA) which is made of 
regenerated cellulose. Due to the compression 
of the membrane when clamped between the 
two channel blocks, the actual channel thick- 
ness is reduced to 206 p,m. The modified 
channel thickness was calculated from the void 
volume (1.09 ml) which was measured by the 
rapid breakthrough method [37]. 
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Experimental procedure 
The flow FFF channel was orientated ver- 

tically to eliminate any possibility of sedimen- 
tation forces contributing to FFF retention. 
The flowing carrier liquid in the channel was 
doubly distilled and deionized water containing 
0.05% SDS and 0.02% NaN3 as a bactericide. 
This background liquid was delivered to the 
channel by two pulse-free syringe pumps con- 
structed in-house. The polystyrene latex beads 
used to evaluate resolution were obtained from 
Duke Scientific (Palo Alto, CA, USA). Five to 
10 p.1 volumes of each latex standard, diluted 
100 times, were injected into the channel 
flowstream using a microsyringe and a septum 
injector. Following entry of the sample into the 
channel, the channel flow was halted by divert- 
ing the carrier stream to an outside bypass. The 
stopflow period, which was slightly longer than 
the time necessary to drive one void volume 
across the channel by the cross flowstream, was 
60 s. Upon the completion of the stopflow 
procedure, the channel flow was resumed and 
the run started. The channel was operated at 
the ambient laboratory temperature of 
23 + 0.5”C. 

sizing across the size distribution range), mix- 
tures of monodisperse polystyrene latex beads 
were used as samples. Figure 3 shows the 
fractogram of a mixture of polystyrene beads 
of five different sizes (as specified in the figure) 
acquired at a channel flow rate of .V = 5.30 ml 
min-’ and a cross flow rate of V, = 1.45 ml 
min-‘. (The first sharp peak appearing in this 
and subsequent fractograms is a pressure tran- 
sient caused by injection. Because of its early 
appearance, around time tc, it does not inter- 
fere with size analysis.) 

The fractogram shown in Fig. 3 demon- 
strates that flow FFF is capable of resolving 
broad size distributions into narrow subpopu- 
lations of different particle size. The retention 
time of each size of latex is reasonably well 
represented by equation (1) with X expressed 
by equations (3), (4) and (5). This is shown by 
the comparison of experimental and theoret- 
ical retention times as shown in Table 1. The 

0.091 

0.220 

The liposome samples were injected into the 
channel and subjected to the same stopflow 
procedure as used for the polystyrene latex 
beads. The injection volumes were lo-20 ~1 of 
the undiluted liposome suspension. 

All eluted particles were monitored at 
254 nm by an Altex Model 153 UV detector 
from Beckman Instrument (Fullerton, CA, 
USA), which acts as a turbidity detector. The 
resulting fractograms (signal response versus 
time curve) were converted to particle size 
distribution curves based on equation (1) and 
laboratory software. However, no light scatter- 
ing correction was applied in obtaining the size 
distribution curves because existing software 
does not account properly for the shell-like 
vesicle structures. The absence of this cor- 
rection will mean that the smaller vesicle 
diameters are under represented in the size 
distribution curve because of their weaker 
scattering signals [22, 381. 

0.155 

1 

0.300pm 

K 
I I 1 I I I 

10 20 30 
TIME (min) 

Figure 3 
Separation of submicron polystyrene latex beads as an 
illustration of the resolving power of flow FFF. Flow 
conditions are P = 5.30 and vc = 1.45 ml min-‘. 

Table 1 
Comparison of experimental and theor- 
etical retention times of polystyrene latex 
standards 

d (pm) 
t, (min) 

Exp. * Theory 

Results and Discussion 

In order to examine both the retention time- 
diameter relationship and the resolving power 
of the flow FFF system, and thus to test its 
ability to discern and report small differences 
in particle diameter (a prerequisite for accurate 

0.040 3.33 3.02 
0.091 7.11 6.77 
0.155 12.71 11.48 
0.220 17.26 16.27 
0.300 22.41 22.16 

*Experimental t, less 0.02 min allowing 
for dead time. 
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agreement is better than expected for the 
larger particles since their retention time 
should be reduced by the onset of steric effects 
[33]. It appears that the latter effects are offset 
by some other factor such as a channel thick- 
ness somewhat greater than that measured. 
Accordingly, the software was modified to 
remove steric effects from the diameter 
calculations. 

Figure 4 shows three fractograms obtained 
for liposome preparation I subjected to differ- 
ent sonication times. The experimental con- 
ditions are identical to those reported for the 
separation of latex beads in Fig. 3 and thus 
particles eluting at the same time in the two 
cases should have virtually identical diameters. 
It is clear from the fractograms in Fig. 4 that an 
increase in sonication time shifts the liposome 
peak to the left (to smaller diameters) and 
causes a narrowing of the distribution. These 
changes are shown more explicitly in terms of 
vesicle diameter by the normalized size distri- 
bution curves derived from the three fracto- 
grams in Fig. 4 and presented in Fig. 5. The 
peak of the distribution shifts from 0.071 pm at 
5 min sonication time to 0.060 pm at 15 min 
and 0.049 p.rn for 35 min of sonication. (Since 
these peaks are relatively sharp, this con- 
clusion would not be significantly altered by 
applying a light scattering correction to the 
detector signal [38] .) 

The most important feature of Fig. 5 is that it 
provides a detailed picture of how the size 
distribution shifts with ongoing sonication. It is 

I h 35 min. sonication 
A in 70°C water bath 

Figure 4 
Fractograms of liposomes prepared by procedure 1 at 
different sonication times. Flow conditions are the same as 
reported for Fig. 3. 

35 min. sonication 

A’ 
in 70‘92 water bath 

DIAMETER (pm) 

Size distribution curves obtained from the fractograms of 
the three liposome samples reported in Fig. 4. 

clear that the larger vesicles (above -0.2 pm 
diameter) are most rapidly decimated by soni- 
cation, being virtually eliminated after 15 min 
sonication time. As the sonication time extends 
to 35 min, the relative population of vesicles 
between 0.1 and 0.2 pm is somewhat de- 
creased but not eliminated. Thus in the final 20 
min sonication period (extending from 15 to 35 
min), the distribution sharpens to only a 
modest degree and shifts slightly toward 
smaller diameters. 

Similar results are found for liposome prep- 
aration II, which was sonicated without a water 
bath and thus subjected to a rising temperature 
(due to the energy input of the sonicator) 
starting at 23°C rather than a near-constant 
temperature of 70°C. Fractograms acquired at 
5 and 35 min sonication times are shown in Fig. 
6(a). The conditions are the same as those 
employed in obtaining the fractograms of Figs 
3 and 4 and thus the diameters eluting at any 
given time are identical in the three cases. The 
corresponding size distributions are shown in 
Fig. 6(b). Also shown for comparison are 
the corresponding size distributions for prep- 
aration I as reported in Fig. 5. There are no 
major differences in the size distributions 
produced by the two methods of preparation, 
but some small differences are indicated. After 
5 min sonication time, the liposome population 
of preparation I appears to have shifted to 
slightly smaller diameters than those of prep- 
aration II but the large diameter tail remains 
virtually identical in the two cases. The final 
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a. Fractogram 

35 min. sonication 

to 10 20 
TIME (min) 
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b. Size distribution 

rl 35 min. sonication 

0 0.1 0.2 0.3 
DIAMETER (pm) 

Flow FFF of hposome preparation II (without water bath). The size distribution curves for these samples (labelled as II) 
are compared to the size distribution curves of liposome preparation I reported in Fig. 5. 

35 min. sonication 

0 0.1 0.2 0.3 
DIAMETER (pm) 

IQf!We7 
Reproducibility of size distribution curves obtained for 
different flow FFF runs on liposome preparation II. 

distributions (after 35 min sonication time) are 
virtually identical except for a slightly elevated 
tail in the distribution for I between 0.15 and 
0.25 pm diameter. 

While we did not specifically pursue the 
question of the reality of the difference in the 
tails of the two distributions, we carried out 
further investigations on preparation II to 
examine the reproducibility of the size distri- 
bution curves. Figure 7 shows two sets of three 
curves, all based on the same conditions 
reported above. Two of the curves for the 35 
min sonication time were obtained from 
sequential runs whereas the solid line was 
obtained 1 day later. There is little difference 

in the curves except for a barely perceptible 
shift of the solid curve to the right, which could 
conceivably represent sample aging but may 
simply represent the small variations observed 
from run to run. These curves are in agreement 
with that shown in Fig. 6(b) for preparation II 
sonicated 35 min in showing that virtually no 
vesicles remain above 0.2 pm diameter. 

The agreement found between the three 
curves based on successive runs of samples 
subjected to 5 min sonication time display 
slightly larger variations than those corre- 
sponding to 35 min sonication. However, the 
agreement is still quite satisfactory. 

All of the curves in Fig. 7 show a slight 
shoulder on the left hand side. This is probably 
an artifact of the stopflow injection procedure. 
It is anticipated that this artifact, as well as the 
initial pressure transient, can be eliminated 
using the newer technique of frit inlet injection 

[391. 

Conclusions 

A combination of theoretical and exper- 
imental evidence, some of which is presented 
here, suggests that flow FFF should be an 
effective technique for resolving liposome 
populations into close-lying subpopulations 
differing only in size. The size distribution 
curves obtained here for liposome samples 
subjected to different sonication times is con- 
sistent with that evidence and is particularly 
revealing on the rate of disappearance of the 
large diameter tail of the distribution with 
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increasing sonication time. Flow FFF would 
likely be equally informative concerning 
aging-stability properties of liposomes and 
association complexes that might be formed 
with other particles. 

While flow FFF provides direct and rather 
unambiguous size distribution information, it is 
important to point out, as we have attempted 
here, that other FFF techniques are capable of 
yielding other forms of information about 
liposome preparations. In particular, sedi- 
mentation FFF provides effective mass distri- 
butions rather than size distributions. While 
effective mass can in some cases be converted 
to size, the measurement of this parameter and 
its distribution may be more useful in probing 
drug loading, bilayer volumes and areas, and 
their distributions. Sedimentation FFF also 
promises to be a useful tool for probing 
liposome complexes with other particulate 
matter. 

Finally we note that the serial combination 
of flow and sedimentation FFF, where frac- 
tions are collected from one system and sub- 
jected to another, would multiply the infor- 
mation obtainable from either technique 
alone. Fractions collected from flow FFF 
would contain vesicles all of the same size. Any 
significant broadening of this fraction when 
subjected to sedimentation FFF would rep- 
resent mass nonhomogeneity, perhaps due to 
variations in drug loading or in the con- 
comitant existence of vesicles of the same size 
having unilamellar and multilamellar struc- 
tures. A great deal more work is clearly needed 
to explore these possibilities and develop the 
appropriate methodology. 
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Appendfx - Glossary 

b 
d 
F 
G 
k 
L 

L,, 
m’ 
T 
to 

t, 

: 
3 

t’, 
W 

‘II 

x 

channel breadth 
particle diameter 
force exerted by field on a single particle 
field strength (acceleration) 
Boltzmann’s constant 
effective (volume-based) channel length 
channel length measured tip-to-tip 
effective particle mass 
absolute temperature 
void time 
retention time 
cross flow velocity 
channel void volume 
channel flow rate 
cross flow rate 
channel thickness 
viscosity 
retention parameter 


