
Biochimica et Biophysica Act~ 978 (1989) 17-24 
Elsevier 

17 

BBA 74256 

The characterisation of liposomes with covalently 
attached proteins 

Fiona J. Hutchinson 1, Sheila E. Francis 1 Ian G. Lyle 2 and Malcolm N. Jones 1 
t Biomolecular Organisation & Membrane Technology Group, Department of Biochemistry & Molecular Biologo', 

University of Manchester, Manchester and 2 Unilever Research, Port Sunlight Laboratory, Bebington, IVirral, Merseyside (U. K.) 

(Received 2 August 1988) 

Key words: Proteoliposome; Photon correlation spectroscopy: Wheat germ agglutinin; Liposome size distribution 

The problem of characterising liposomes with covalently attached proteins has been analysed theoretically in terms of a 
normal weight distribution of iiposome diameters. The polydisper~:ty of protein conjugation is considered in terms of 
the width (standard deviation) of the liposome size distribution, it is shown that the weight-average number of proteins 
per liposome is a convenient parameter to use to define the protein content of proteoliposomes. Two types of 
proteoliposome have been prepared (small unUamellar vesicles and reverse phase evaporation vesicles) in which wheat 
germ agglutinin is covalently coupled to the liposoraal surface. The liposomes cover a range of weight average diameter 
from 65 to 240 nm and of polydispersity (weight to number average diameter (dw/dn) from 2.6 to 11.4. The liposomes 
have been characterised by chemical analysis and photon correlation spectroscopy and the results are discussed in terms 
of the theoretical consequences of an equivalent normal weight distribution of diameters. 

Introduction 

The use of liposomes as carriers of drugs, vaccines 
and other therapeutic agents [1-3] has led to numerous 
studies concerned with the covalent coupling of anti- 
bodies and other proteins to their surfaces [4-21]. The 
objective of many of these studies is to increase the 
affinity of the liposomes for specific target sites and 
hence to enhance the efficiency of liposomes as a de- 
livery system. Numerous factors might affect the ef- 
ficiency of targeting of such systems to a particular site; 
clearly the type of liposome, its size and lipid composi- 
tion and the liposomal surface density and nature of the 
covalently-linked site-directing macromolecule will all 
be of importance. However, it is clear from the litera- 
ture that there are very wide variations in the extents of 
protein coupling found by different workers. Table I 
summarises results from some of the recently reported 
studies. While different chemical methods and the na- 

Abbreviations: SUV, small unilamella~" vesicles; MLV, multilamellar 
vesicles; LUV, large unilamellar vesicles; REV, reverse phase evapora- 
tion vesicles. 
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ture of the protein might well lead to variations in the 
degree of coupling it is clear that in terms of the mass of 
protein coupled per mole of liposomai lipid the range is 
extremely wide (approximately four orders of magni- 
tude taking the extreme values and at least one order of 
magnitude taking more conservative limits). The con- 
version of the protein to lipid composition into a figure 
for the number of protein molecules per liposome is 
critically dependent on a detailed knowledge of the size 
of the liposome. Some authors have refrained from 
quoting a figure but as Table I shows the quoted figures 
for LUV a~ld REV of compaJ'able size cover two orders 
of magnitude. 

The difficulties of characterising such systems be- 
come apparent when consideration is given to the prob- 
lem of size and particularly size distribution in the 
context of defining the extent of protein coupling to 
liposomes. The object of this paper is to address this 
problem theoretically and to present some experimental 
characterisation data on the coupling of a lectin (wheat 
germ agglutinin) to phospholipid liposomes. W,." have 
used photon correlation spectroscopy for characterising 
the liposomes in terms of size and size distribution and 
while the theoretical analysis is directly appropriate to 
this technique it nevertheless illustrates some of the 
difficulties which will be encount,..~'ed using any method 
of size and size distribution analysis. 

0005-2736/89/$03.50 © 1989 Elsevier Science Publishers B.V. (Biomedical Division) 
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Theoretical background 

In photon correlation spectroscopy (PCS) or dy- 
namic light scattering, use is made of the Doppler shifts 
in frequency of scattered light arising from Brownian 
motion to determine the translational diffusion coeffi- 
cients of the scattering particles by autocorrelation tech- 
niques. For a monodisperse system the autocorrelation 
function is related to the diffusion coefficient by a 
single exponential term. However, for a polydisperse 
system there will be a distribution of diffusion coeffi- 
cients but unfortunately there is no reliable way of 
transforming the correlation function which for a poly- 
disperse system is a sum of exponentials into a distribu- 
tion of diffusion coefficients [22]. The correlation func- 
tion can be related to the z-average diffusion coefficient 
defined as 

~n, M,2D, 
D. Z,,,u? (1) 

where n,, M~ and D, are the number, mass and diffu- 
sion coefficient of a given species i. For spherical par- 
ticles obeying Stokes law the diffusion coefficient can 
be simply related to particle diameter (d) by the rela- 
tion D = kT/3cr~d where k, T and T/ are the Boltz- 
mann constant, absolute temperature and solvent 
viscosity, respectively. In the system we have used 
(Malvern Autosizer) the observed scattering is fitted to 
a normal weight distribution of particle sizes which 
would give equivalent scattering. The equivalent normal 
weight distribution gives a measure of the degree of 
polydispersity in the system. 

The normal weight distribution W(d) of particle 
diameters (d) can be written as follows [23]. 

W(d)=lexp(ow2¢~ ~ - ( d  - dw)2~a w ) (2) 

where dw is the median value of the distribution and Ow 
the standard deviation. The normal distribution is a 
bell-shaped curve identical with the Gaussian law of 
errors [24]. The corresponding number distribution of 
diameters N(d) is related to W(d) by the equation 

p~rd 3 
N ( d ) = W ( d ) /  6 (3) 

where p is the particle density. The number distribution 
is less symmetrical than a normal distribution and if the 
weight distribution only slightly overlaps the d = 0 axis 
then the distribution is very unsymmetrical with N(d) 
rising steeply as d--, 0. Tiffs behaviour is illustrated in 
Fig. 1 for two values of o w. 

For liposome dispersions, given an equivalent normal 
weight distribution and the related number distribution, 
the calculation of the number of coupled proteins per 
liposome is critically dependent on the type of averag- 
ing used unless the standard deviation o w of the weight 
distribution is very small. To a first approximation, if 
we assume that the molar ratio of protein to lipid (P/L) 
in the liposomes is not a function of liposome size, then 
the distribution of the number of proteins per liposome 
of diameter d can be calculated for both the equivalent 
normal weight and corresponding number size distribu- 
tions. From the distributions both the weight-average 
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Fig. 1. Theoretical normal weight (®) and corresponding number (o) size distribution curves calculated from Eqns. 2 and 3. (a) Mean particle 

diameter 100 nm, S.D. 5 nm. (b) Mean particle diameter 100 nm, S.D. 30 nm. 



TABLE I 

Characterisation of proteoliposomes 

SUV, small unilamellar vesicles; MLV, multilamellar vesicles; LUV, large unilamellar vesicles; REV, reverse phase evaporation vesicles. 
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Liposome Protein Liposome Protein/ l ipid No. of Ref. 
type size ratio (# g / #  mol) pro te ins /  

liposome 

SUV Monoclonal lgM - 340-675 - 4 
SUV IgG 44-80 20 - 5 
SUV Horse-radish peroxidase 25-50 200-250 - 6 
MLV Egg albumin - 39.7 + 7.5 - 7 
MLV Tetanus toxoid - 20-50 - 8 
LUV Bovine-y-globulin 400 300 - 9 
LUV Bovine serum albumin - 4 - 10 
LUV Monoclonal H2K k lgG 40-200 - 12-15 11 
LUV Pullulan-IgMs fragment 109 0.032 35 12 
LUV Monoclonal H-2 k IgG 90 - 67 13 
LUV G(IgG) 100 ~ 74 48 14 
REV IgG 200 100-200 200 15 
REV IgG - 290 - 16 
REV Fab I fragment 200 70-584 > 3000 17 
REV Rblg 200 180-200 - 18 
REV Horse-radish peroxidase - 65 - 6 
REV Fab 1 fragment 50-500 100-600 up to 6000 19 
Dialysis Asialofetuin 450-500 34-68 - 20 

number ( P . )  and the number-average number (P.)  of 
proteins per liposome can be defined by the equations 

E e ,  w, Y'P,W(a,) 
Pw i i ( 4 )  

F w, 7..,(d,) 

~"P,n, EP, N(d,) 
~. i i (5) 

i i 

where Pi, w~ and n, are the number of proteins per 
liposome, weight and number of liposomes of species, i, 
respectively. P; can be calculated from the molar ratio 
of protein to lipid (P /L)  and the number of lipid 
molecules per liposome (N L). For single-walled spheri- 
cal liposomes of radius R,, bilayer thickness h. in which 
the area per lipid molecule in the bilayer is a t, N, L is 
given by 

4~" -, 4 ~  )2 4~" N,L =--~R; + ~T( R, - h = -~-ch(2R, - h ) (6) 

la.= (a) io_=J (b) 
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Standard deviat ion(nm) 
Fig. 2. Theoretical weight average number, Pw (a), and number average number,  Pn (b), of proteins per liposome (diameter 100 nm) as a function 
of the standard deviation of the normal weight distribution of liposome diameters (Ow) and the molar ratio of protein to lipid. The protein to lipid 

molar ratios are as follows: A, 1 .10-4;  A, 5 .10-4 ;  r-I, 1-10-3; i ,  2 .5 .10-3;  o ,  5.10 -3 
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Fig, 3, Theoretical weight to number average number of proteins per 
liposome (diameter 100 nm), P./P., as a function of the standard 
deviation of the normal weight distribution of liposome diameters 

(o.), This curve is independent of the protein-to-lipid molar ratio. 

It has been assumed here that the area per lipid mole- 
cule ill the liposomal bilayer (a L) is 0.50 nm 2 [25] and 
the bilayer thickness is 7.5 nm [26]. Thus P~ = (P/L) 
N~ L. 

m 

The dependence of P.  and Pn on the standard 
deviation of the equivalent normal weight distribution 
of liposome diameters are shown in Fig. 2 for a range of 
values of (P/L). In Fig. 2a it is seen that P .  increases 
with o. particularly for hi_gh (P/L) values although not 
dramatically. In contrast P. not only decreases with Ow 
but is extremely sensitive to distribution width. The 

m 

dependence of the ratio of P/P. on ow is independent 
of (P/L) as shown in Fig. 3. The great sensitivity of P. 
to the distribution width is of course a consequence of 
the rise in N(d) at low d as Ow increases. 

These theoretical calculations illustrate the difficulty 
of characterising proteoliposomes in terms of the num- 
ber of proteins per liposome unless the size distribution 
is very narrow. The wide range of values of protein per 
liposome found in the literature might in part be related 
to the problems of obtaining protein conjugated lipo- 
somes with narrow size distributions. On the basis of 
Fig. 2 it would seem reasonable to suggest that the 
weight-average number of proteins per liposome (Pw) is 
a sensible parameter to use, firstly because photon 
correlation data can be used to derive the equivalent 
normal weight distribution of size and secondly because 
it is much less dependent on o. than is P.. 

Materials and Methods 

L-a-Dipalmitoylphosphatidylethanolamine (DPPE) 
product No. P-0890, L-a-dipalmitoylphosphatidylcho- 
line (DPPC) product No. P-0763 and wheat germ ag- 
glutinin (from Triticum oulgaris) product No. L-9640, 

were obtained from Sigma Chemical Company, Poole, 
Dorset, U.K. N-Succinimidyl-S-acetylthioacetate 
(SATA) was from Calbiochem, Cambridge, U.K. m- 
Maleimidobenzoyl-N-hydroxysuccinimide ester (MBS) 
was from Pierce Warriner Ltd., Chester, U.K. Phos- 
phatidylinositol (PI) Grade I was from Lipid Products, 
South Nutfield, Surrey, U.K. 3H-DPPC was from 
Amersham International, U.K. The organic solvents, 
chloroform and methanol were of Analar grade (BDH, 
Poole, Dorset, U.K.) and were distilled from sodium 
metabisulphite and stored over molecular sieves (type 
4A, Fisons plc, Loughborough, U.K.). All inorganic 
reagents were of analytical grade and aqueous solutions 
were made up with double distilled water. 

Derioatisation of WGA with SA TA [27]. The SATA 
derivative of WGA was prepared by addition of SATA 
(0.69 to 6.9/~mol in 50 #l dimethylformamide) to WGA 
(0.28 #mol in 2.5 ml of phosphate (50 mM)-EDTA (1 
mM) buffer (pH 7.5)) at room temperature. The solu- 
tion always contained less than 10 #l of dimethylform- 
amide per ml. The reaction was complete in 15 min 
after which time derivatized WGA was separated from 
unreacted SATA by gel filtration on a Sephadex G-50 
column (15 × 2 cm). Fractions (2 ml) were collected and 
the WGA fractions (detected at A2s0, m) were pooled 
and stored at 4 ° C. The extent of derivatisation of the 
WGA was determined after deacetylation of the 
sulphydryl group of the SATA by reaction with a solu- 
tion of hydroxylamine (0.5 M plus 25 mM EDTA and 
solid Na2HPO 4 to pH 7.5). The sulphydryl content of 
the deprotected WGA derivative was determined using 
5,5'-dithiobis(2-nitrobenzoic acid) (DNTB) as described 
by Ellman [28]. Protein was assayed by a Lowry assay 
[29] using a WGA (0-200 #g/100 /~1) standard. The 
extent of derivatisation of WGA reached a limiting 
value of approx. 3 SATA per WGA dimer (mol. wt. 
36000 [30,31]), comparable to that found for other 
globular proteins [27]. Routinely a reaction mole ratio 
of 10:1 SATA to WGA was used, giving approximately 
two reactive sulphydryl groups per dimeric WGA. 

Synthesis of the MBS derioative of DPPE. DPPE (40 
mg) was dissolved in a mixture of dry chloroform (16 
ml), dry methanol (2 ml) and dry triethylamine (20 mg). 
MBS (20 mg) was added and the reaction mixture was 
stirred under nitrogen at room temperature for 24 h, 
after which time the organic phase was washed three 
times with phosphate-buffered saline (PBS) pH 7.3 to 
remove unreacted MBS. The DPPE-MBS derivative was 
recovered from the organic phase by rotary evaporation 
and analysed by TLC using a silica plate and a solvent 
mixture containing chloroform, methanol and glacial 
acetic acid, volume ratio 65:25:13. TLC confirmed 
that there was negligible contamination of DPPE-MBS 
(R f 0.78) with DPPE (R r 0.56). The DPPE-MBS was 
stored in a chloroform/methanol (9: 1, v/v) mixture at 
4°C. 



Vesicle preparation and WGA conjugation. For SUV, 
DPPC (9 rag), PI (1 mg) and variable amounts of 
DPPE-MBS (0.4-4.5 mg) plus 100/t l  of [3H]DPPC (4 
/~Ci/ml) were dissolved in chloroform (20 ml) and 
methanol (5 ml) in a 1 litre round-bottomed flask. The 
mixture was rotary evaporated at 60 °C to yield a thin 
lipid film. The lipid film was dispersed in 5 ml of 
nitrogen-saturated PBS at 60 ° C, vigorously shaken and 
transferred to a glass test-tube, purged with nitrogen, 
sealed with a suba-seal and sonicated in a bath sonica- 
tor (Decon FS100) at 60 °C until visibly clear (1 h). The 
liposome suspension was then applied to a Sephadex 
G-200 column (30 × 2 cm) previously equilibrated with 
PBS (pH 7.3) at a flow rate of 0.2 ml.  min- t .  Fractions 
(2 ml) were collected and aliquots (100 #1) of the 
fractions taken for scintillation counting. 

The liposome fractions containing the highest 
[3H]DPPC counts were mixed with derivatised WGA in 
appropriate proportions and reacted overnight at 4 ° C. 
The reaction mixture was applied to a Sephadex G-200 
column to separate the conjugated liposomes from unre- 
acted WGA and fractions (2 ml) collected. The fractions 
were assayed for protein content [29] and lipid from the 
[3 HIDPPC count. 

REV were prepared by a modification of the method 
of Szoka and Papahadjopoulos [32]. A lipid film was 
prepared using 3 ml chloroform/methanol (4:1, v /v)  
as above in a 50 ml round-bottomed flask. The film was 
re-dispersed in 6 ml of 4 : 1 chloroform/methanol (4: 1, 
v/v),  3 ml of nitrogen-saturated 1 : 10 PBS was added at 
60 °C and the mixture gently shaken, followed by 3 min 
sonication under nitrogen at 50 o C. The resulting emul- 
sion was rotary evaporated at 60 ° C. After a viscous gel 
phase and 'frothing' an aqueous phase formed sponta- 
neously (2-4 min). The aqueous suspension was then 
purged with nitrogen for a further 15 min at 50°C to 
remove traces of organic solvent. The resulting liposome 
suspension was applied to a Sephadex G200 column 
and peak fractions coupled with derivatized WGA at 
4°C  for 2 h. 

Photon correlation spectroscopy. Liposome size and 
size distributions were determined using a Malvern au- 
tosizer at four stages during their preparation: as ini- 
tially prepared, after gel filtration (G-200), after reac- 
tion with derivatised WGA and after final gel filtration 
(G-200). Checks of the accuracy of the autosizer were 
made using monodisperse latex beads with nominal 
diameters of 50 nm, 150 nm and 244 nm supplied by 
Polysciences Inc., Warrington, PA, U.S.A. (Cat. Nos. 
8691, 8216 - - d  1 ~717 r~¢nee*;,,al,,~ Measurements were 
also made on filtered REV using MiUipore (type AAWP, 
pore size 0.8 ~m, Cat. No. AAWP 01300, 67120 
Molsheim, France) and Nuclepore (pore size 0.4 #m, 
Cat. No. 110607, 7035 Commerce Circle Pleasanton, Ca 
94566, U.S.A.) membranes and on SUV fractions fr~;~,n 
a Sepharose 4B column (30 cm x 1.5 cm diameter). All 
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these measurements were made on liposomes dispersed 
in PBS (pH 7.3). 

Results 

Liposome size distribution 
Fig. 4 shows some typical equivalent normal weight 

distributions of diameters of protein free SUV (panels 
(c) and (d)) and REV (panels (e) to (h)) in comparison 
with diameter distributions of latex dispersions of com- 
parable weight-average diameter. For the three commer- 
cial monodisperse dispersions analysed of nominal di- 
ameters 50 nm, 150 nm and 244 nm we obtained 
weight-average diameters of 50.9 + 1.4 nm, 163.5 + 4.4 
nm and 237.9 + 9.4 nm with weight to number diameter 
ratios (dw/d , )  of 1.23 + 0.09, 1.09 + 0.07 and 1.24 + 
0.18, respectively. Both SUV and REV have relatively 
wide size distributions as initially prepared. Gel filtra- 
tion of SUV on a Sephadex G-200 column slightly 
sharpens the distribution as panels (c) and (d) show. 
The size distributions of the REV were found to be 
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Fig. 4. Equivalent normal weight size distributions determined by 
photon correlation spectroscopy. The numbers in each panel are the 
weight-average diameter and the ratio of ~eight- to number-average 
diameter (dw/(dw/Jn)). (a) and (b) standard latex particles of 
nominal diameter 50 and 150 nm. (c) SU~V (composition DPPC/PI, 
9:1, by wt.) plus 7.4 mol% DPPE-MBS as initially prepared and (d) 
after elution from a Sephadex G-200 column. (e) REV (composition 
DPPC/PI, 9:1 by wt. plus 7.4% DPPE-MBS) as initially prepared 
and (f) after filtration through a 0.8 ~m pore size Millipore filter. (g) 
REV (composition DPPC/PI, 9:1 by wt. plus 24 moi% DPPE-MBS) 
as initially prepared and (h) after filtration through a 0.4/~m pol-e size 

Nuclepore filter. 
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Fig. 5. (a) Elution profile of SUV (composition DPPC/PI, 9: l by wt.) plus 7.5 molto DPPE-MBS) from a Sepharose 4B column, 3 cm 3 fractions 
were collected. The void (V o) and inner volume (V i) of the column are indicated. (b) Weight-average diameters (d w, o) and weight to number 

average diameters (dw/dn, ®) of liposomes in the fractions eluted from the Sepharose 4B column. 

wider than SUV and could be sharpened to some degree tive DPPE-MBS. The data cover a range of vesicle size 
by filtration through Millipore (0.8 #m) or Nuclepore and polydispersity; for the SUV the weight-average 
(0.4 /~m) membranes. We were unable to reduce the diameters were in the range 65-150 nm and for the 
polydispersity of REV further by filtration through 0.6 REV 160-240 nm, the polydispersities (dw/d , )  were in 
/~m Millipore or 0.2 p,m Nuclepore membranes. The the ranges 2.6-4.3 (SUV) and 6.6-11.4 (REV). For both 
latter observation is consistent with that of Huang et al. types of liposome there is a linear relationship between 
[33]. the extent of protein conjugation and the mol% of 

Fig. 5 shows the results of a fractionation of a sample DPPE-MBS. Regression analysis of the data gives a 
of SUV (initial weight-average diameter 59.9 rim, dw/d,  gradient of 4.87 _+ 0.39 (/zg protein/#mol lipid)/mol% 
2.95) using a Sepharose 4B column. The elution profile DPPE-MBS for the SUV and 4.45 + 0.27 (#g 
(Fig. 5a) shows a sharp peak at the void volume (Vo), a protein/#mol lipid)/mol% DPPE-MBS for the REV. 
broad peak within the inner volume (V i) which con- The data for the REV differed from that of the SUV in 
stitutes the bulk of the sample, and a very small peak showing evidence of some physically adsorbed WGA 
eluting at (V i + Vo) which probably represents small when experiments were done with liposomes with no 
lipid aggregates from liposome breakdown. Fig. 5b DPPE-MBS. Within experimental error the gradients of 
shows the size distribution analysis of the fractions the plots are the same. This observation confirms the 
from the major peak. The weight-average diameters assumption made in the above theoretical treatment 
show a si_gmoidal decrease from approx. 98 nm to 26 that the extent of protein conjugation is not a function 
nm and d w / d  n decreases from 2.95 to 1.57. The size of liposome size and hence that for a given mol% of 
distributions of the fraction were not significantly reactive lipid the average surface density of conjugated 
sharpened by reducing the fraction size from 3 cm 3 to 2 protein is constant. The efficiency of targeting of SUV 
cm 3. Similar experiments with REV showed that these of the type described here to a model biosurface has 
largely eluted in the void volume of the column and been described previously [34]. 
could not be satisfactorily fractionated using Sepharose Fig. 7 shows the weight-average number of protein 
4B. molecules per liposome (Pw) as a function of mol% 

These data demonstrate the difficulty of generating DPPE-MBS for SUV and REV with approximately 
liposom¢ dispersions with very narrow size distribu- constant weight-average diameters and polydispersities 
tions. It follows that due consideration must be given to of 83 + 4 nm (dw/d  n = 3.9 + 0.3) and 163 + 6 nm 
liposome size distribution when char~.~:terisi~g pro~o- (d-w/d- n = 7.5 + 0.4), respectively. Pw is seen to be lin- 
iiposomes, early related to the mol% of reactive lipid incorporation. 

In this analysis the values of Pw for REV were corrected 
Proteoliposome composition for physically adsorbed protein using the regression line 

Fig. 6 shows the dependence of the extent of protein intercept from Fig. 6b. 
conjugation on the mol% of DPPE-MBS for SUV and In Fig. 8 the ratio of weight-average number of 
REV. The vesicle composition was DFPC/PI  (weight proteins per liposome to number-average number 
ratio 9- 1) plus variable amounts of the reactive deriva- (Pw/P n) is shown as a function of the standard devia- 
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Fig. 6. Relationship between the extent of conjugation of wheat germ agglutinin (/tg protein per # tool lipid) to DPPC/PI (9" 1, by wt.) liposomes 

as a function of DPPE-MBS incorporation. (a) SUV, (b) REV. 

tion of liposome diameter (ow). The data points corre- 
spond to those in Fig. 6 for SUV and REV. All the 
points lie on the same curve as expected from the 
theoretical calculations shown in Fig. 3. 

Discussion 

Although there are considerable theoretical difficul- 
ties in the application of photon correlation spec- 
troscopy to polydisperse systems [22] the fitting of the 
scattering data to an equivalent normal weight distribu- 
tion of size has been found to be a convenient method 
of analysing iiposome dispersions. The data obtained 
with monodisperse latex particles confirm the accuracy 
of the measurement of weight-average diameters and 
the assessment of polydispersity. It should be noted 
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Fig. 7. Weight-average number of proteins (WGA) per liposome 
(DPPC/PI 9:1, by wt.) as a function of DPPE-MBS incorporation, e, 

REV (dw = 163+6 nm); o, SUV (dw = 835:4 nm). 

however, that the low end of the distribution histograms 
obtained corresponds to particles of very small diame- 
ters (approx. 10 nm) which may not have physical 
significance in terms of a stable liposomal structure. 
This is a consequence of the use of the 'equivalent' 
normal weight distribution. 

The analysis of size distributions ol filtered lipo- 
somes and liposomes fractionated by gel filtration on a 
Sepharose 4B column suggests that it is very difficult to 
obtain liposome dispersions with very narrow size dis- 
tributions; the narrowest distributions obtained (dw/d  n 
--- 1.6) were found for the smaller liposomes eluted from 
a Sepharose 4B column (Fig. 5b). Given this problem 
the determination of the number of proteins conjugated 
to liposomal surfaces will be critically dependent on the 
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The data points correspond to those in Fig. 6. o, SUV; @, REV. 
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liposome size distribution and the nature of the type of 
averaging process used to characterise it. The data in 
Fig. 6 shows that the extent of protein conjugation 
increases in proportion to the mol% of reactive lipid 
incorporation in the liposomes at least up to 15 mol%. 
Above this level characterisation becomes difficult due 
to aggregation arising because of the high level of 
surface bound protein. The extent of conjugation when 
measured in mass or moles of protein per mol of lipid is 
independent of the size of the liposomes since this is a 
measure of the surface density of conjugated protein. A 
linear relationship between the wei_ght-average number 
of protein molecules per lipnsome (Pw) and the mol% of 
reactive lipid can only be obtained for liposomes of 
approximately constant size and polydispersity (Fig. 7). 

The fundamental problem of the characterisation of 
proteoliposomes can be seen from a consideration of 
Figs. 3 and 8: the polydispersity of liposome size leads 
directly to a polydispersity of protein content (Pw/P.) 
and unless the liposome size distribution is very narrow 
the extreme sensitivity of P. arising from the unsym- 
metrical number distribution of liposome sizes leads to 

m 

large values of Pw/Pn. While extrusion [35] or detergent 
dialysis methods [36] of liposome production can lead 
to relatively narrow size distributions the possibility 
always exists of a distribution widening on storage over 
relatively short time periods. Although it might be 
argued that the photon correlation spectroscopic method 
of size analysis can give only an 'equivalent' normal 
weight distribution of diameters the literature data (Ta- 
ble I) seem to suggest that there are major difficulties in 
characterising proteoliposomes which it is hoped the 
present analysis may clarify. 
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