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ABSTRACT 

The in teract ion of lipid vesicles ( l iposomes)  of several  different  composi t ions  with 
e ry throcy tes  has been  invest igated.  Leci thin l iposomes ,  r ende red  posi t ively 
charged  with s tea ry lamine ,  exhibit  po ten t  hemagglu t ina t ion  activity in med ia  
conta ining low concent ra t ions  of e lec t ro lytes .  The  hemagglu t ina t ion  t i ter  is found 
to be a l inear  function of the zeta  potent ia l  of  the l ipid vesicles. Hemagg lu t ina t ion  
is r educed  when the surface potent ia l  of the cells is made  more  posi t ive by pH 
ad jus tmen t  or  enzyme t r ea tmen t .  Similarly,  hemagglu t ina t ion  is r educed  by in- 
creasing concent ra t ions  of  e lect rolytes .  Hemagg lu t ina t ion  is examined  theore t i -  
cally and is shown to be consis tent  with vesicle-cell  in teract ions  that  are due to 
only e lect ros ta t ic  forces.  Vesicles containing lysolecithin in addi t ion  to lecithin and 
s teary lamine  cause lysis of e ry throcytes ,  p rov ided  the lipids of the vesicles are 
above  the crystal- l iquid crystal phase  t ransi t ion t e mpe ra tu r e .  In add i t ion ,  hemoly-  
sis requi res  close jux tapos i t ion  of the vesicle to the cell m e m b r a n e ;  vesicles 
p recoa t ed  with an t ibodies  exhibi t  severely d iminished hemolyt ic  activit ies,  only a 
small fract ion of which can be a t t r ibu ted  to a reduct ion  in hemagglu t ina t ion  t i ter.  
Evidence  is p resen ted  indicat ing that  a single vesicle is sufficient to lyse one cell. 
With regard  to hemagglu t ina t ion  and hemolysis ,  l ipid vesicles of s imple composi-  
tion mimic paramyxovi ruses  such as Sendai  virus. 

Infection of cells by paramyxoviruses involves at- 
tachment of the virus membrane to the cell mem- 
brane and subsequent fusion of the two mem- 
branes (10). These membrane-associated events 
of viral infection may be taken as a paradigm of a 
large variety of cellular processes that follow a 
general adhesion-fusion sequence, such as synap- 
tic transmission, fertilization, and many secretory 
processes. For studying such phenomena, viruses 
have the advantage that the special properties of 
their membranes are manifest in several different 
ways, among which are agglutination of cells, lysis 

of erythrocytes, fusion of cultured cells, and incor- 
poration of antigen into host cell membranes. We 
have used the membrane-associated activities of 
the paramyxovirus Sendai as guides in developing 
lipid bilayer vesicles as a model system for adhe- 
sion and fusion processes of membranes. This pa- 
per describes the properties of lipid vesicles that 
mimic the hemagglutination (HA) and hemolytic 
behavior of Sendal virus. The two following pa- 
pers in this series deal with the use of lipid vesicles 
to effect cell fusion and antigen transfer. In addi- 
tion to providing basic information on membrane- 
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m e m b r a n e  in te rac t ions ,  lipid vesicles that  b e h a v e  
like pa ramyxov i rus  m e m b r a n e s ,  because  they  may  
be used to in t roduce  p ro te ins ,  nucleic acids,  and  
lipids into intact  cells,  of fer  the cell biologist  a new 

m e t h o d  for s tudying cell funct ion .  
Lipid vesicles or l i posomes  of  compos i t i ons  

o t h e r  than  those  we have  used  have b e e n  investi-  

ga ted  by o the r s  for  act ivi t ies that  are the  same or  
similar  to those  we have s tud ied  (5, 7, 8, 11, 12, 
15, 16, 2 3 - 2 7 ,  31,  32) .  In genera l ,  the  ob jec t ives  

of  those  inves t iga t ions  were  l imited to accompl i sh-  
ing one  or  two ope ra t i ons  with l iposomes ,  and ,  
i ndeed ,  in most  ins tances  significant p rogress  was 
r e p o r t e d .  The  m a j o r  d i f fe rence  b e t w e e n  our  work  
and  that  o f  o the r s  is that  our  ob jec t ive  has been  to 
mimic ,  with vesicles of  the  s ame  compos i t i on ,  the 
en t i re  range of  m e m b r a n e - a s s o c i a t e d  activit ies o f  a 
par t icular  natural  m e m b r a n e .  A descr ip t ion  of  the 
initial research  in this d i rec t ion  has a p p e a r e d  else- 
where  (18).  

M A T E R I A L S  A N D  M E T H O D S  

Cells 

Erythrocytes from sheep or human whole blood 
drawn into Alsever's solution (equal volumes) were 
washed three times with phosphate-buffered saline 
(PBS). The erythrocytes were then suspended in 0.3 M 
sucrose containing 0.05 M phosphate buffer (pH 7.2) at 
a concentration of 10% (vol/vol) for hemolysis experi- 
ments and 0.5% (vol/vol) for HA assays. Hemolysis 
experiments and microscopy were carried out using fresh 
cells. Neuraminidase treatment involved incubating a 
10% suspension of cells in normal saline with 50 /zg/ml 
of the Clostridium perfringens enzyme (Sigma Chemical 
Co., St. Louis, Mo.) for between 5 min and 1 h at 37~ 
The treated ceils were then washed in PBS and fixed 
according to the procedure of Tenforde (30). Cells so 
fixed exhibit the same electrophoretic behavior as un- 
treated cells over the pH range from at least 4 to 10. 

Lipids 

Diisostearoylphosphatidylcholine (L)and dimyristoyl- 
phosphatidyleholine (DML) were prepared by reaction 
of the appropriate anhydride with glycerophosphoryl- 
choline in the presence of the triethylamine salt of the 
corresponding fatty acid (14). Lysophosphatidylcholine 
(LL) was prepared from L by hydrolysis with snake 
venom phospholipase. All the lipids were purified by 
silica gel chromatography and were free of contaminants 
by normal criteria of thin-layer analysis, The surfactants 
used in these studies were purchased from either K and 
K Laboratories, Inc., Plainview, N. Y. or Lachat Chemi- 
cals, Inc., Mequon, Wis. Stearylamine (SA) purity was 

99.5%. Stock solutions of lipids were made in chloro- 
form-methanol (4:1) at a concentration of 10 mg lipid/ml 
solvent. 

Zeta Potential Measurements 

The electrophoretic mobility of liposomes was deter- 
mined in a microelectrophoresis apparatus of the type 
described by Bangham et al.(1). The potential (~) at the 
plane of shear was calculated from the electrophoretic 
mobility (/z) according to: 

4~"0/z 
D 

where D is the dielectric constant and "O is the viscosity 
of the medium. Up to about 60 mV, zeta and surface 
potentials are essentially identical, but at higher poten- 
tials r progressively underestimates the surface poten- 
tial (4). 

Preparation o f  Liposomes 

Positively charged liposomes were prepared by dis- 
solving 5 mg of the desired mixture of SA, LL, and L in 
5 ml of chloroform containing a few percent methanol. 
The solution was placed in a 50-ml round bottom flask, 
and the solvent was removed under reduced pressure 
on a rotary evaporator at a water bath temperature of 
40~ The flask was flushed with nitrogen, and 1 ml of 
0.3 M sucrose plus 0.05 M phosphate buffer (pH 7.2) 
was added. The lipid film covering the glass was dis- 
persed by shaking. An aliquot of the dispersion was 
diluted, and zeta potentials were determined as de- 
scribed above. The liposomes were then subjected to 
ultrasonic irradiation (Biosonik IV, Bronwill Scientific, 
Rochester,  N. Y., 0.5 maximum output for 1 min at 
room temperature).  The resulting dispersion was used 
for HA experiments. For hemolysis experiments,  it was 
diluted to 2.5 mg/ml with an equal volume of buffered 
sucrose. Negatively charged liposomes were prepared 
in the same manner except that dicetylphosphate 
(DCP) was used in place of SA. Uncharged vesicles 
contained neither SA nor DCP. 

A variety of molecules were tested for their suitabil- 
ity for the preparation of charged liposomes. Among 
the long chain cations tested in addition to SA were 
eicosanyltrimethylammonium bromide, hexadecyltri- 
methylammonium bromide,  hexadecylamine, dioctyl- 
amine, and oleylamine. Based upon zeta potential 
measurements and calculations therefrom using diffuse 
double layer theory (6), only stearylamine and oleyl- 
amine were stoichiometrically incorporated into lipo- 
somes in amounts up to at least 5% (wt/wt). The zeta 
potential of oleylamine liposomes diminished over the 
course of several hours, presumably as a result of au- 
toxidation, whereas that of stearylamine liposomes re- 
mained constant for at least 12 h. Stearylamine was 

MARTIN AND MACDONALD Lipid Vesicle-Cell Interactions. 1 495 



hence the molecule of choice. By these same criteria, 
dicetylphosphate was found suitable for preparation of 
negative liposomes. Liposome composition is given in 
weight percent. 

Hemagglutination Measurements 
The HA titer of liposome dispersions was deter- 

mined by a modified Salk pattern method (29). Serial 
twofold dilutions of liposome dispersions (0.025 ml) 
were made in 0.3 M sucrose (buffered with 50 mM 
phosphate, pH 7.4). An equal volume of a 0.5% sus- 
pension of washed sheep erythrocytes was added to 
each tube. The lowest concentration of liposomes 
which produced agglutination, i.e., a positive pattern 
on the tube bottom after the cells had settled for 2 h at 
24~ was scored as 1 HA U/ml. Triplicate assays gave 
identical titers. 

Hemolysis Measurements 
For hemolysis assays, 1 ml of the liposome disper- 

sion to be tested was added to an equal volume of a 
10% sheep erythrocyte suspension, and the cells were 
allowed to agglutinate in the cold for 15 min. The tubes 
were then transferred to a 37~ water bath. After a 30- 
min incubation, the cells were pelleted. The supernate 
was decanted and mixed with an equal volume of a 
solution of sodium dodecyl sulfate (SDS, final deter- 
gent concentration was 1%). The absorbance of this 
solution was determined at 540 nm against a blank 
containing 0.3 M sucrose and 1% SDS. 100% hemoly- 
sis was taken to be the absorbance of the solution 
obtained by adding the SDS solution directly to the cell 
suspension. 

Microscopy 
Phase microscopy and electron microscopy of nega- 

tively stained liposome-treated erythrocytes were car- 
ried out essentially as described previously (18). In 
brief, fresh human cells were lysed at the air-water 
interface and a glass rod which had been immersed in 
the desired liposome dispersion was then touched to 
this surface. For phase microscopy, the ghosts were 
picked up on glass coverslips and allowed to dry before 
examination under the microscope. For electron mi- 
croscopy, the ghosts were picked up on parlodion- 
coated grids, stained with phosphotungstate, and then 
examined. So that liposomes could be easily distin- 
guished from other membranous material under the 
electron microscope, they were specifically tagged with 
a ferritin-conjugated antibody. In that case, liposomes 
contained in addition to the usual lipids, a lipid antigen 
(the N-dinitrophenyl-6-aminocaproyl derivative of 
phosphatidylethanolamine, DNP-Cap-PE). Treatment 
of such liposomes with rabbit anti-dinitrophenyl serum 
(anti-DNP) followed by ferritin-conjugated goat anti- 
rabbit IgG produced specific labeling of liposome or 

liposome-derived membranes with ferritin. The details 
of this procedure are given in the third paper of this 
series (21). 

R E S U L T S  

Effect of  Liposome and Erythrocyte 
Surface Charge on HA 

Liposomes  conta in ing  only L and  suspended  in 
0.3 M sucrose con ta in ing  0.05 M tricine buffer  
(pH 7.5) exhibi t  no net  surface charge,  i .e. ,  are 
s ta t ionary in an electric field. W h e n  DCP  is in- 
cluded in such l iposomes ,  they acquire a negat ive 
zeta potent ia l  up to - 5 0  mV at 5% DCP.  Un-  
charged and negat ively charged  vesicles exhibi t  
no H A  activity as measu red  by the  Salk pa t te rn  
assay. L iposomes  conta in ing  varying amoun t s  of 
the long chain cat ion,  SA,  on the o ther  hand ,  
agglut inate  ery throcytes .  Fig. 1 (filled circles) 
shows the re la t ionship  be tween  H A  ti ter  and 
positive surface po ten t ia l  for l iposomes contain-  
ing from 0.2 to 5% SA.  From 22 mV upwards ,  
there  is a l inear  re la t ion be tween  the log H A  ti ter  
and the zeta potent ia l s  of the l iposomes.  ( H A  
titers less than  1 are not  measurab le  under  assay 
condi t ions . )  This re la t ion breaks  down at high 
potent ia ls  where  zeta and  surface potent ia ls  di- 
verge appreciably .  Positively charged  l iposomes 
also agglut inate  a n u m b e r  of o ther  cell types 
including E A T C ,  HeLa ,  KB,  rabb i t  kidney and  
V E R O  cells. 

Given the a p p a r e n t  e lectrostat ic  na ture  of in- 
te rac t ion of lipid vesicles and  cells, the surface 
potent ia l  of the cells would be expected to play a 
crucial role in the H A  react ion.  To test this 
hypothesis ,  we examined  the effect of varying the 
erythrocyte  zeta potent ia l  on agglut inat ion by 
l iposomes possessing a cons tan t  posit ive zeta po- 
tent ial .  In these  exper iments ,  e ry throcytes ,  bear-  
ing surface potent ia ls  ranging from - 4 5  to - 1 3  
mV,  were p r epa red  by t rea t ing  the cells with 
neuramin idase  for varying lengths  of t ime.  As 
shown in Fig. 1 (open  circles), there  is a l inear  
re la t ionship  be tween  the log H A  ti ter  and  the 
erythrocyte  potent ia l .  The  l iposomes con ta ined  
5% SA (zeta potent ia l  = 50 mV) .  

The  d e p e n d e n c e  of hemagg lu t ina t ion  on bo th  
0 

the sign and  magni tude  of the erythrocyte  surface 
charge was conf i rmed by a second m e t h o d  utiliz- 
ing the d e p e n d e n c e  of the ery throcyte  surface 
potent ia l  upon  pH.  As shown in Fig. 2 ( tr ian- 
gles),  the zeta potent ia l  of g lu tara ldehyde-f ixed  
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potential of liposomes or of erythrocytes. Vesicles were 
prepared by combining various proportions of L with SA 
(0.2-5% by weight of total lipid) in chloroform-metha- 
nol, removing the solvent under vacuum and dispersing 
the resulting lipid films in 0.3 M sucrose containing 10 -4 
M EDTA and 0.05 M phosphate buffer (pH 7.4) by mild 
ultrasonic irradiation. Erythrocytes with zeta potentials 
varying from - 13 to - 4 5  mV were prepared by treating 
erythrocytes with neuraminidase for various lengths of 
time. These cells, after washing in PBS, were resus- 
pended in sucrose-EDTA-phosphate buffer. HA titer 
(Salk pattern method) was determined for untreated 
erythrocytes as a function of liposome zeta potential 
(filled circles) and for neuraminidase-treated erythro- 
cytes as a function of their zeta potential using liposomes 
of constant composition, by weight, 95% L and 5% SA 
(open circles). 

e ry throcytes  increases  f rom - 4 0  mV to + 4 0  mV 
as the pH is lowered from 9 to 1. The  extent  of 
agglut inat ion by posit ive l iposomes (Fig. 2, cir- 
cles) falls with increas ing e ry throcyte  potent ia l ,  
becoming  negligible as the la t ter  reverses  charge 
a round  pH 2.5. 

Effect of  High Concentrations of  

Liposomes on HA 
The Salk agglut ina t ion  test  yields a l inear  and  

unambiguous  measure  of positively charged  lipo- 
somes up to a concen t r a t ion  of abou t  10 mg/ml  

for l iposomes conta in ing  5 %  SA. At  this concen-  
t ra t ion,  bu t tons  of agglut ina ted  cells do not  form 
in the first well. A t  20 mg/ml ,  they do not  form in 
the first two wells, and  fu r ther  doubl ing  of lipo- 
some concen t ra t ion  increases  by one the n u m b e r  
of wells in which the ery throcytes  do not  aggluti- 
nate .  (But tons  do,  of course,  form again when  
the l iposome concen t r a t ion  is reduced  to less 
than 10 mg/ml ,  so tha t  the end point  remains  a 
direct measure  of the l iposome concen t ra t ion  in 
the first well.) The  reason  for the lack of aggluti- 
na t ion at high concen t ra t ions  is tha t  the cells 
become  coated  with posit ive l iposomes and  elec- 
t rostat ic  repuls ion preven ts  the i r  adhes ion .  This  
is clearly revealed by e lec t rophores is  of erythro-  
cytes in the presence  of increasing number s  of 
l iposomes.  As shown in Fig. 3 (left axis, open  
circles), the zeta potent ia l  of the cells reverses  
sign from negat ive to posit ive as the  l iposome 
concen t ra t ion  is increased from 5 to 10 mg/ml.  
The max imum value of the posit ive potent ia l  (43 
mV)  is nearly as high as tha t  of the l iposomes 
before  sonicat ion (50 mV) ,  indicat ing tha t  the 
cells are nearly covered  with l iposomes.  Charge  
reversal  is also paral le led by a sharp  drop  in the 
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FIGURE 2 Erythrocyte zeta potential (right axis) and 
HA titer (left axis) as a function of pH. Washed sheep 
erythrocytes were fixed in PBS containing 2% glutaral- 
dehyde for 2 h at room temperature. The cells were 
washed repeatedly with PBS to remove excess glutaral- 
dehyde. The cells were resuspended in 0.3 M sucrose 
containing 10 -~ M EDTA, and the pH was adjusted with 
either HCI or NaOH. The extent of erythrocyte aggluti- 
nation by liposomes containing 5% SA was determined 
at pH's ranging from 1 to 9 U. In the pH range 2-9, the 
zeta potential of the liposomes remains essentially un- 
changed (about 50 mV). At pH's below 2, the vesicle 
surface charge becomes slightly more positive. 
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FIGURE 3 Zeta potential and sedimentation rate of 
erythrocytes as a function of concentration of positive 
liposomes. For electrophoresis (open circles), erythro- 
cytes were suspended in 0.3 M sucrose containing 10 4 
M EDTA, 0.05 M phosphate buffer (pH 7.4), and 
various concentrations of liposomes. Bars represent 
standard deviations of the potentials of 10 cells. For 
sedimentation rate (filled circles) determinations, 0.5 ml 
of a 0.5% suspension of washed erythrocytes was mixed 
with an equal volume of liposome dispersion in 0.3 M 
sucrose buffered (0.05 M phosphate) at pH 7.4, and the 
rate of cell settling at 1 g was measured. Sedimentation 
rates relative to that of untreated erythrocytes are given 
on the right axis. Liposomes for both sedimentation and 
electrophoresis experiments were 5% SA and 95% L. 

rate at which treated erythrocytes settle out of 
suspension. The filled circles in Fig. 3 represent  
sedimentation rates relative to untreated cells 
(right axis). This rate drops to unity as the cells 
become positively charged,  indicating that the 
cells become fully dispersed. The maximum sedi- 
mentation rate (maximum aggregate size) was at 
4 H A  U (0.04 mg/ml) ,  a concentrat ion too low to 
be included in the figure. 

Effect o f  Monovalent Salts on HA 
Because of the double layer screening effect 

(6), increasing concentrat ions of electrolytes re- 
duce the overall surface potential of membranes.  
With a view to using this effect to control l ipo- 
some-cell interactions, we examined the effect of 
monovalent  salt concentrat ion on H A .  Fig. 4 
shows that as the difference in absolute value of 
erythrocyte and l iposome zeta potentials de- 
creases from 60 to 40 mV by the addition of 
increasing amounts  of NaCI, the HA titer drops 
1,000-fold. The increase in electrolyte concen- 
tration necessary to effect this large reduction in 
H A  titer is, as shown in the inset, quite small. 

Effect of  Lipid Composition 
on Hemolysis 

Lysolecithin (LL) is a potent lytic agent in 
aqueous solution. Since, according to the data 

presented above,  the interactions of liposomes 
with cell membranes  can be controlled by SA 
content,  electrolyte concentrat ion,  and pH,  it 
appeared likely that if LL were incorporated into 
l iposomes, their lytic activity would be subject to 
the same controls and would, in addition, be 
directed to the specific area of contact between 
liposome and cell membrane .  As shown in Fig. 5, 
the hemolytic activity of L-LL-SA liposomes is 
indeed a function, specifically, a linear function, 
of both LL content  and zeta potential.  Adhesion 
and lysis are clearly independent  events, for lipo- 
somes without LL are not lytic even though they 
may possess a very large positive charge. Lipo- 
somes that are uncharged or negatively charged 
(with up to 7 .5% dicetylphosphate,  not shown) 
are hemolytically inactive in spite of large lyso- 
lecithin contents.  

The time-course of hemolysis has also been 
investigated, and it was found that, at 1.25 rag/ 
ml, L-LL-SA liposomes produced lysis of 100% 
of the sheep erythrocytes in a 10% suspension 
within 2 h. 

A series of control experiments was carried out 
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FIGURE 4 HA titer plotted vs. the absolute value of 
the difference between erythrocyte and liposome zeta 
potentials. HA titer for liposomes containing 5% SA was 
determined in the presence of varying concentrations of 
NaC1 (inset). The zeta potentials of both liposomes and 
cells was calculated for each NaCI concentration. The 
absolute value of the difference between erythrocyte and 
liposome zeta potentials at each NaCI concentration is 
plotted against the HA titer of the liposomes at the 
corresponding NaCI concentration. 
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FIGURE 5 Percent hemolysis as a function of liposome 
zeta potential and percent LL contained in the liposome 
membrane. Sheep erythrocytes were treated with lipo- 
somes containing either 0, 6.7, 13.3 or 20% LL, and 
bearing surface potentials ranging from 0 to about 60 
inV. Hemoglobin released from the cells during a 30-rain 
incubation at 37~ in the presence of the liposomes was 
used as a measure of hemolysis (see text). 

to assure that agglutination and hemolytic effects 
exhibited by lipid dispersions were not due to 
free or micellar SA or LL. Liposomes consisting 
by weight of L:SA = 10:1 and L :LL:SA = 
75:15:10 were prepared.  These l iposomes were 
sonicated for 5 min (five times longer than nor- 
mal to maximize the amount  of lipid that became 
exposed to the aqueous  phase [2]) and centri- 
fuged at 60,000 rpm for 2 h. In both cases, over  
95% of the lipid was sedimented.  (Micelles of SA 
and LL do not sediment under these conditions.)  
Pellets were resuspended in buffer to the original 
volume and tested along with supernates for ac- 
tivity. The pellet contained over  95% of the H A  
activity in both cases, and 95% of the hemolytic 
activity in the case of the ternary mixture.  Fur- 
thermore,  by thin-layer chromatography,  the 
proport ions of the components  exhibited no ob- 
vious differences between supernate and pellet. 
Finally, as noted in Materials and Methods,  the 
calculated surface charge density of SA-L lipo- 
somes indicates stoichiometric incorporat ion of 
SA.  

Effect of  Liposome Concentration 

on Hemolysis 

The relationship between percent hemolysis 
and l iposome concentrat ion (as measured by H A  
titer) is shown in Fig. 6. A linear correlation 

exists between log of the number  of nonhemo-  
lyzed cells and the concentrat ion of l iposomes. 
This correlation conforms with the Poisson distri- 
bution for n = 0 and suggests that a single lipo- 
some is sufficient to lyse an erythrocyte.  This is 
the same test that indicates that a single Sendai 
virus particle is sufficient to lyse an erythrocyte 
(22). 

Dependence of Hemolysis on Liposome 

Membrane Fluidity 

Lipids in natural and artificial membranes  of- 
ten undergo a thermal phase change from a crys- 
talline to a liquid-crystalline ( two-dimensional  
fluid) state at a tempera ture  (To) characteristic of 
the lipid composing the membrane .  Since recent 
experimental  evidence suggests that the fluidity 
of membranes  is an important  factor in several 
in termembrane phenomena  (5, 11, 24, 26), it 
was of interest to de termine  the effectiveness of 
hemolysis by l iposomes above and below their 
phase transition tempera ture .  

Phase transition temperatures  for l iposomes 
used in hemolysis experiments  were determined 
by turbidity measurements  as described previ- 
ously (33). Liposomes composed of D M L  alone 
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exhibit a sharp phase transition at 24~ but, as 
would be expected from earlier results, were de- 
void of hemolytic activity above and below this 
temperature .  Liposomes composed of D M L  plus 
LL and SA exhibit a broader  but distinct transi- 
tion, beginning at 23~ and ending at 26~ Such 
transitions correspond to a smaller cooperat ive 
unit and indicate a per turbed bilayer structure. 
These liposomes do exhibit tempera ture-depend-  
ent hemolytic activity. As is shown in Fig. 7, little 
hemolysis is observed below the phase transition 
region. At an incubation temperature  of 26~ 
however,  the vesicles become highly hemolytic.  
It is evident from these results that the in termem- 
brane events that lead to hemolysis cannot,  at 
least in this system, occur if one of the mem- 
branes is in a highly ordered state. 

Observations of Liposome-Erythrocyte 
Adhesion by Light and 
Electron Microscopy 

Erythrocytes aggregated in the test tube by 
nonlytic, L-SA liposomes form rather dense ag- 
gregates within which little detail can be seen by 
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FIGURE 7 Time-course of hemolysis for D M L  + LL  + 
SA liposomes above (26~ and below (20~ the lipid 
phase transition temperature. Liposomes composed of 
15% LL, 2% SA, and 83% DML undergo a crystal to 
liquid-crystalline phase change in the temperature range 
23~176 Hemolysis of sheep erythrocytes in the pres- 
ence of such liposomes was measured at incubation tem- 
peratures of 26~ (filled circles), 20~ (open triangles), 
and 4~ (open circles). The filled triangles represent an 
experiment in which the cells were incubated with lipo- 
somes at 20~ for 1 h, and then the temperature was 
raised to 26~ for an additional 60 min. 

light microscopy. On the other  hand, when 
erythrocytes are spread at the air-water interface 
and the resulting ghosts treated with agglutinat- 
ing liposomes, evidence for strong adhesion is 
readily observed.  As shown in Fig. 8 A ,  the 
membranes  of such ghosts are tightly apposed 
and some of the larger l iposomes may be seen 
adhering to their surfaces. 

Electron microscopy reveals that the apposi- 
tion of l iposome and cell membrane  is very close. 
Fig. 8 B is an electron micrograph of erythrocytes 
with a number  of adhering liposomes. To make 
them identifiable, these l iposomes contained,  in 
addition to L and SA, a lipid antigen (DNP-Cap-  
PE) and were labeled with a ferri t in-conjugated 
antibody subsequent to their interaction with the 
erythrocytes (see Materials and Methods for de- 
tails). Liposomes of relatively low surface poten- 
tial produce only slight distortion of the erythro- 
cyte membrane as a result of a t tachment ,  al- 
though the larger vesicles sometimes flatten out 
on the cell membrane  surface. In contrast,  lipo- 
somes bearing a high surface potential (over 60 
mV) often cause indentat ion of the cell surface at 
the point of a t tachment ,  and sometimes the cell 
membrane partially wraps around the l iposome. 

Requirement of Liposome-Cell Contact 
for Hemolysis 

Previous experiments  suggested that close con- 
tact between liposomes and erythrocytes is re- 
quired for the hemolytic reaction. To test this 
hypothesis, l iposomes containing 15% LL, 10% 
SA, 10% DNP-Cap-PE,  and 65% L were treated 
with antibodies (rabbit ant i -DNP serum followed 
by ferri t in-conjugated goat anti-rabbit lgG,  see 
Materials and Methods) before their interaction 
with cells. Such t reatment  severely inhibited the 
hemolytic activity of these liposomes. Al though 
the antibody t reatment  caused a slight reduction 
in the l iposome zeta potential from 50 to 35 mV, 
this does not account for the observed loss of 
hemolytic potential;  control l iposomes which had 
not been pretreated with ferritin antibody, but 
which were prepared with slightly less SA to yield 
zeta potentials of 35 mV,  were at least 10 times 
more hemolytic than the treated liposomes. Elec- 
tron microscopy of cells treated with the ferritin- 
labeled liposomes revealed that, although such 
vesicles attach to cells, the layer of ferritin and 
antibody molecules prohibits the close juxtaposi- 
tion of the l iposome and erythrocyte membranes .  
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FIGURE 8 Microscope examination of liposome-erythrocyte interaction. (A) Phase micrograph of eryth- 
rocyte ghosts lysed at the air-water interface and treated with SA-containing liposomes. The liposomes 
appear as small bright spherules. Many of the largest of these may be seen adhering to cell surfaces. The 
smaller ones are obscured by the phase halo around the cells. Ghosts prepared in the same way except for 
the liposome treatment  are spherical and unaggregated. • 1600. (B) Electron micrograph of a thin section 
through erythrocytes treated with liposomes composed of 10% DNP-Cap-PE,  5% SA, and 85% L for 5 
min at 37~ in 0.3 M sucrose containing 0.01 M tricine buffer (pH 7.5). After liposome treatment,  the cells 
were treated with rabbit anti-DNP serum and ferritin-conjugated goat anti-rabbit IgG, washed, fixed in 
glutaraldehyde and osmium, and prepared for electron microscopy as described in reference 20. The 
erythrocyte plasma membrane  is labeled M, and liposomes are indicated by L.  • 110,000. 
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Aside from the layer of ferritin between the vesi- 
cle and the cell membrane, the appearance of 
these lytic vesicles is much the same as that of the 
nonlytic vesicles of Fig. 8 B. 

DISCUSSION 

In general, the use of model systems in the study 
of complex physiological phenomena is predi- 
cated on the assumption that the interpretation 
of results is less ambiguous the fewer the varia- 
bles. The most successful model systems reduce 
the number of variables to the minimum number 
necessary to mimic the desired phenomenon. Ac- 
cordingly, the present study sought to modify the 
simplest analogue of a natural membrane, the 
lipid bilayer, by including in it the smallest num- 
ber of molecules of defined structure that would 
yield a particle competent to agglutinate and lyse 
erythrocytes. According to the tests we have ap- 
plied, the behavior of the model membrane is 
operationally identical to that of a typical parain- 
fluenza-type virus particle. 

The principal results of this study can be sum- 
marized as follows: (a) the agglutination of 
erythrocytes by liposomes requires that the vesi- 
cles be positively charged; neutral and negatively 
charged liposomes bind poorly to cell mem- 
branes. (b) Lysis of erythrocytes by liposomes 
requires that (i) the liposome and cell membrane 
be in close juxtaposition, (ii) both of the interact- 
ing membranes be in a fluid state, and (iii) the 
vesicle membrane contain a bilayer perturbing 
molecule. 

Cell  A g g l u t i n a t i o n :  L i p o s o m e  

A t t a c h m e n t  

That attachment of liposomes to cell surfaces is 
an electrostatic phenomenon is indicated by a 
number of observations: the HA titer of posi- 
tively charged liposomes increases with increas- 
ing magnitude of the algebraic difference in zeta 
potential between the liposome and cell mem- 
brane; uncharged and negatively charged lipo- 
somes exhibit no evidence of adhering to cell 
surfaces; increasing electrolyte concentration di- 
minishes the adhesion of positive liposomes to 
cells; positively charged erythrocytes are not ag- 
glutinated by positively charged liposomes. 

In a number of experiments, we have demon- 
strated a linear relationship between the log of 
the HA titer and zeta potential difference (lipo- 
some minus erythrocyte). When examined in 

terms of the electrostatic forces between sur- 
faces, this kind of relationship is predicted. The 
free energy change associated with the adhesion 
of liposomes to the surface of cells will consist of 
an electrostatic term (AG") and a concentration 
term (AG"). The former will represent the en- 
ergy change involved in bringing positive and 
negative charges together, and the latter the en- 
ergy change due to the change of concentration 
of liposomes as they become concentrated at the 
cell surface. The total free energy change may 
then be written as: 

AG r'r'a = AG" + AG". 

At equilibrium, 

AG ''''a = 0, 

SO, 

0 = AG"  + A  G". (1) 

Since AG ~' is the free energy to transport 1 mol of 
liposomes from the bulk solution at a concentra- 
tion Cb to the erythrocyte surface at a concentra- 
tion of C,, it is given by: 

AG ~ =  R T l n  C~. 
c,, 

The total concentration (C., + C0) at the end 
point in a Salk assay is the concentration in the 
first well (C,,) divided by the hemagglutination 
titer, i.e., C,, /HA,  and because the C, is negligi- 
ble with respect to the bulk concentration (the 
number of liposomes considerably exceeds the 
number of erythrocytes, even at the end point), 

AG" = R T I n  C~ (2) 
Co~HA" 

Parsegian and Gingell (28) have given an expres- 
sion for the electrostatic term which, under the 
conditions appropriate to our experiments, 
namely that the distance of separation of the two 
membranes is small compared to the Debye 
length, reduces to: 

AG '~ = k+lO2, (3) 

where k is a proportionality constant and the O's 
represent the potentials of the membrane sur- 
faces. If t~ = torn, is the surface potential of the 
erythrocytes and ~2 = tO,~ is the potential of the 
liposomes, then combination of equations 1-3 
yields, 
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C.~HA (4) 
kOrb,.~tiv = - R T  In C,, 

This can be rewritten in derivative form as: 

dtb,,, _ R T  R T  d(ln(C.ffC,,)) (5) 
d(In HA) kOrt,,, kOrb,, d(In HA) " 

Since C,, and ~lrb c a r e  constant for experiments 
represented by the closed circles of Fig. l ,  and 
since a HA end point is expected to represent a 
point where the ratio of the number of agglutin- 
ating species to erythrocytes is a particular value 
(probably near unity), the second term of equa- 
tion 5 vanishes and this simple treatment predicts 
the observed linear relationship between lipo- 
some zeta (~surface) potential and HA titer. If 
qlrh c is varied and tb,v held constant, equation 5 
(after exchanging tbrt,,, and th,v) describes the data 
represented by open circles of Fig. l as well. 

L i p o s o m e - l n d u c e d  C y t o l y s i s  

Our observation that neutral vesicles, even 
containing large proportions of L L ,  are hemolyti- 
cally inactive suggests that simple collision of 
liposomes with cells is insufficient to cause lysis. 
Furthermore, apposition of liposome and cell 
membranes must be close; intervention of a ferri- 
tin-conjugated antibody is sufficient to greatly 
inhibit hemolysis. Given appropriate characteris- 
tics of the liposome membrane, adsorption is 
followed by lysis. 

Experiments on the capacity of SA + E L  + 
DML liposomes to induce hemolysis indicate that 
membrane fluidity is a crucial factor in the lysis 
reaction, l_iposomes incubated with erythrocytes 
below T,. adsorb quite effectively to the cells, but 
do not cause hemolysis. As the temperature is 
raised through T,., however, the cells begin to 
lyse. 

In addition to a fluid membrane, hemolytic 
activity requires that liposomes contain a propor- 
tion of a bilayer perturbant species. In these 
experiments, we use L L  which, as Haydon and 
Taylor (9) pointed out, is wedge-shaped and, 
consequently, poorly accommodated by a lipid 
bilayer. As a consequence of this shape, E L  is a 
micelle-forming surfactant and bilayer mem- 
branes treated with high concentrations them- 
selves become micellar and disaggregate (3). 
This extreme effect would, of course, cause cell 
lysis, but L L  is lytic at concentrations much lower 
than those necessary to dissolve membranes, and 

it is probable that in most situations lysis is a 
result of increased permeability to small mole- 
cules and ions (17). In any case, the basis of lysis 
by liposomes must be osmotic, since, as shown in 
the following paper, when erythrocytes are 
treated with liposomes in the presence of dex- 
trans, the cells undergo fusion rather than lysis 
(20). Were it merely a question of the erythro- 
cyte membrane dissolving under the influence of 
LL, the presence of an osmotic stabilizer would 
have no such effect. 

Given that the integrity of the erythrocyte 
membrane is largely preserved during interaction 
of liposomes with cell membranes, there are still 
at least three possible mechanisms that could 
account for our results: (a) LL could diffuse from 
an attached liposome into the adjacent cell mem- 
brane. The resulting increase in ion and small 
molecule permeability would then produce col- 
loid osmotic swelling. (b) Fusion of liposomes 
with cell membranes could introduce a patch of 
liposome membrane that is leakier than the origi- 
nal cell membrane. Since liposomes containing 
up to the highest concentration of L L  we have 
used remain virtually impermeable to hemoglo- 
bin, such a patch would be leaky primarily to ions 
and small molecules, and the cell would burst 
from entry of water. (c) The liposome may fuse 
with the cell membrane, and the fusion process 
could itself generate a large enough permeability 
change to produce osmotic lysis. In this case, the 
requirement for E L  in active liposomes would 
relate to its being a prerequisite for fusion. 

Evidence is presented in a following paper that 
liposomes active in hemolysis do fuse with cell 
membranes (21). In addition, it is known that 
liposomes containing EL are rather leaky to small 
molecules and ions (13, 17). Given these prereq- 
uisites, then, it may be assumed that at least 
mechanism (b) is operative. Mechanism (a) ap- 
pears to be inconsistent with the inhibition of 
hemolysis by DNP liposomes caused by anti- 
DNP. If E L  exchanged readily between lipo- 
somes and cell membranes, it seems rather un- 
likely that the intervention of a water layer only a 
few nm thick would prevent it. Mechanism (a) 
cannot be entirely rejected, however, since there 
is evidence for transfer of phospholipids from 
liposomes to cell membranes (11, 24) and to 
other liposomes (19). Mechanism (c) would be 
very difficult to differentiate from mechanism (b) 
since the latter would also be transitory, the in- 
corporated patch of liposome becoming elimi. 
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n a t e d  t h r o u g h  i n t e r d i f f u s i o n  o f  t he  m e m b r a n e  

a n d  l i p o s o m e  l ipids .  

E l e c t r o n  m i c r o s c o p y  of  cel ls  t h a t  h a v e  b e e n  

ly sed  wi th  D N P - c o n t a i n i n g  l i p o s o m e s  a n d  t h e n  

t r e a t e d  with f e r r i t i n - c o n j u g a t e d  a n t i - D N P  re- 

vea l s  tha t  f e r r i t in  is o f t e n  a s s o c i a t e d  wi th  p a t c h e s  

o f  t he  cell m e m b r a n e  t h a t  a re  b r o k e n .  Such  ob-  

s e r v a t i o n s  s u g g e s t  t h a t ,  r e g a r d l e s s  of  the  m e c h a -  

n i s m  l e a d i n g  to lysis ,  t h o s e  a r e a s  o f  t he  cell m e m -  

b r a n e  t h a t  h a v e  a c q u i r e d  lipid f r o m  l i p o s o m e s  

a re  w e a k  p o i n t s  w h i c h ,  as t he  cell swel l s ,  r e n d  
f irst .  
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