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SUMMARY 

It is shown that  soni~ttion of  phospholipid-water disporsions b=~low tit= 
crystal l ine-* liquid crystalline phase transition temperature CF',) produces bUm.~.r 
vesicles with structural defects within the bilayer membrane, which pegn~  rapid 
permeation of  ions and. catalyze, vesicle-vesicle fusion. These structural defects 
annihilated sin~ply by. annealing the vesicle suspension above T.. The rate of  annealing 
w~$ found tob¢, slow, of.the order of  an hour for T = 3 °C above 7".. but mmeafing is 
completo withitt 10 rain for T =: 10 °C above T=. It is proposed that these 
defects:are far,  t-dislocations in the bilayer structure, which arise from a population 
defec~ in the distribution of  the lipid mokculos b e ~  t_he outer and inner moao- 
layers,, when small.:,:bilayer.:frasments reassemble to form the small bilayer 
durins.the:sonication.:.procedure. Such a popalation defect can only be remedied by 
lipid transport via tlg:insidc ~- outside flip-flop mechanism, which would account for 
the slow kinetics of annealing observed even at 3 °C above the phase transition. 

INTRODUCTION, 

Hydrated-. phosPholipids in their multilameHar state and souicated single- 
w a l l e d : ~  o f f~ :~d i f f e r=n t ,  albeit interrelated, model n~-mbrane systems, each 
w i t h : : : . s O m . : ~ m q U e ~ a n ~  in membrane studies. In terms of  bilayer stngtun:, 
t h e s e : ~ o : , ~ : s ~ ~ d i f f e r p r i m a r i l y  in their surface curvatures [1 ]. U ~  
meltilayorS;.:by ~ ~ : ~ : t h e i r  ~ r  size, bear with ~'spcct to  their s u r f a c e  

the..~r:: ,~mblauCo::toi) iO]osical cell membranes and .a~ficial ~ lipid films. 
H o ~ ; ~ : , : ~ i r  :onion~Hke "structure render them not suitabl~ for studies of transport 
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phenomena. On the other hand, since vesicle curvature can have a profound influence 
on the molecular packing of the phospholipid moh.~cules in a bilayer, small sonicated 
bilaycr vesicles 250-300 A in diameter may or may not be relevant with respect to 
biological membranes. In these small structures, the available volume for each 
phospholipid molecule deviates drastically from ideal hexagonal close packing due to 
the "'wedge" effect [2]. In fact, the inner and outer bilayer surfaces have quite different 
surface curvatures, both in magnitude and sign. Small sonicated bilayer vesicles arc, 
l:herefore, intrinsically asymmetric, and this membrane asymmetry between the two 
I~Mves of the bilayer is no doubt  responsible for the structural differences which have 
been observed b~tween the two monolayers and the asymmetric lipid distribution 
which have been reported for bilayer vesicles containing two lipid components [3, 4]. 
In s~iew of the large surface curvature, small bilayer vesicles are also expected to be 
intrinsically less stable thermodynamically than their unsonicated counterparts. In 
fact. there is now considerable experimental evidence indicating that small sonicated 
bilayer vesicles do tend to undergo vesicle-vesicle fusion [5-8] in order to dissipate 
this excess surface: frc.e energy. 

Despite the above disadvantages, single-walled bilayer vesicles offer the distinct 
advantage of  having a well-defined inside and outside [9] and are therefore particularly 
suitable for membrane transport and permeability studies [10]. For  this reason, we 
have devotee, some effort towards developing a procedure for obtaining single- 
walled bilayer ves.lcles which are of  the order of  approx. 100(I A or larger in diameter 
and acco:'dingly would F+e less perturbed by curvature effects. Larger bilayer vesicles 
can be prepared by mild ,+onication followed by size fractionation by column chroma- 
tography. However, this p.,-ocedure is quite time-consuming and we have found that 
the results are not always reproducible. An alternate method could conceivably be 
developed based on the controlled fusion of  small sonicated vesicles. Recently, we 
reported from t his laboratory that  small sonicated phospholipid bilayer vesicles which 
are prepared by intermittent sonication so that the local temperature of the solution 
remains g~ell below the thermal phase transition (T~) of  the lipid under consideration 
conlmn structural defects and exhibit a pronounced tendency to fuse near To [11 ]. 
These vesicles, which are also leaky to ions, can be rendered stable towards fusion 
and ion permeation merely by annealing the vesicle suspension above the phase 
transition temperature. Thus, larger single-walled bilayer vesicles can in principle be 
prepared by the fusion of small sonic~.ted bilayer vesicles which contain these defects 
at a temperature near but below T~, followed by rapid annealing of the remaining 
defects at temFeratures sufficiently well above the lipid phase transition temperature. 

The purpose of  the present work is to clarify the nature of  the structural defects 
in small bilayer vesicles which have been produced by sonication below To as well as 
the details of the vesicle-vesicle fusion and annealing process associated with these 
structural defects, so that a method for the prepare.,ion of  large single-walled bilayer 
vesicles can be developed and perfected based on ~!hese findings. 

E X P E  RI  M E l t 1  A L  

L-:~-Dimyristoyl phosphatidylcht,iine and L-0~-distearoyl phosphatidyicholine 
were purchased f ~m Calbiochem; cholc'.,terol and sodium cholate were from Grand 
Island. L-~-dipalmitoyl phosphatidylcl~,oline was obtained from Calbiochem and 
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Grand Island, and lipids from both sources, were shown to give the same results 
describ:.~t in the text. These compounds did not show detectable impurities by thin- 
layer chromatography, and were mostly used without further purification. For  some 
experiments, however, distearoyl phosphatidylcholine and dipalmitoyl phospha- 
tidylcholine were purified by column chromatography on silicic acid (Unisil. 200-323 
mesh) to remove possible traces of impurities. Reasonable candidates for these 
impurities are supposed to be fatty acids and lysophosphatidylcholine. These purified 
phospholipids also showed a single spot in their thin-layer chromatography, but 
behaved slightly differently from the lipids without purification. '&re shall refer to 
these purified compounds as purified dipalmitoyl phosphatidylcholine or distearoyl 
phosph~tidylcholine. 

The lanthanide and other inorganic salts were products of Reseaxch Organic/ 
Inorganic Chemical Corp., and F. T. Baker Chemical Co., respe~ive!y. Tris(tri(hydroxy- 
methyllaminomethane ) was purchased from Sigma. All salts were lyophiiized from 
deuterium oxide (Stohler Isotopic Chemicals 99.8 ~/o) to reduce the ~sidual water peak. 

The preparation of  the vesicle suspension was carried out as .follows. At~ 
appropriate amoun~ of lecithin was weighed into small test tubes and after adctitiop. 
of usu:ally I or 2 ml of water (2H20) or an aqueous salt solution, the solution wa~. 
shakert by a Vortex mixer and heated above the phase transition temperature of t l~ 
lipids until a homogenous milky suspension was obtained. The test tube was then 
place¢~ into a Branson sonicator with Ti-microtip and cooled down by an ice-water 
bath to around 0 °C. Either a high power interval-sonication of ~ s sonication and 
30 s waiting for a *.oral duration of 30 rain, or a low power continuous sonication for 
15 min was used. In both cases the solution was extensively cooled and maintained 
below the thermal phase transition temperature of the lipid. As the loca~ microtip 
teml~rature is expected to be actually different from the cooling bath, and may 
reach quite high values during the sonication, special car~ was taken in the case of  
dimyristoyl phosphatidyleholine to prevent the solution from reaching .~ tem- 
perature higher than approx. 23 °C, the To for this lipid. After sonication, ,he solution 
was centrifuged to remove any Ti particles and filtered through a cotton layer. The 
remaining vesic!c dispersion was clear, typically bluish and .opalescent for trivalent 
cation salt solutions. The turbidity increase¢~ for solutior.s containing divalent cations 
and drastically for those with monovalent cations or in pure water. These observations 
may be. contrasted with the results obtained for sonication above T~, where a clear, 
bhdsh and waterlike solution is always obtained. 

F rom these stock v<sicle dispersions, usually of 1-5 ~o (w/v) lipid concen- 
tration in typically 5 m M  l,a(NO3)3, 0.2 ml were pipetted into 5 mm diameter 
nuclear mag~letic resonance sample tubes and then incubated for fixed times at vari- 
o~ts temperatures. After this i:ncubation period the samples were cooled down to 
room temperature (23 °C) or in the case of dimyristoyl phosphatidylcholine to 0 °C, 
avtd either 0.2 ml aqueous 5 mM Eu(NO3)3 or La(NO3)s  (in the control sample) 
were added. The samples were gently, but thoroughly, mixed, and kept at the tem- 
perature of  t~e nuclear magnetic resonance probe (usually above T, of the respective 
lipids) prior ~o the nuclear magnetic resonance measurements for reasons which will 
be discussed below. Unless otherwise stated, mixed lipids were weighed together, 
dissolved ;,n ,:hloroform to allow complete mixing, lyophilized, and then handled as 
described, above. 
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Proton ma~netic resonance spectra were obtained at  various temperatures 
using a Vaxian H R  ~ or XL-100 spe,~trometer operating in the F]" mode. The 
spectral width was 2.5 kHz for temperatures > T~ and. 5 kHz  for temperatures 
_< T~. Usually each set of  experiments included 5 to 8 samples and the nuclear 
magnedc resonance data accumulation, repetition rate, and spectral plotting param- 
eters ~ere kept constant for each set. 

Absorbance measurements at ~ - -  600 nm were performed on a Beckman D U  
spectrometer. For  these measurements, the stock solutions were diluted to obtain 
a convenient absorb~Lnce reading (approx. 0.1-0.5 absorbance units). The absorbance 
was measured as a function of  temperature by increasing or decreasing the tem- 
perature of  the cuvettes approx. 0.5 °C/rain and simukaneously monitoring the 
temperature with a Copper-Constantan therrnocouple. 

RESULTS AND DISCUSSION 

Formation and characterization o f  leaky dipa~'mitoyl phosphatidylcholine vesicles 
When dipalmitoyl phosphatidylcholine vesicles are prepared by sonication 

below T¢, we obtained rather surprising and partly irreproducible results. The proton 
magnetic resonance spectra of  these vesicles in the presence; of  Eu s+ (added isotonic- 
ally after sonication and below T¢) showed onI!y one choline methyl signal, which was 
shifted upfield comparett to a control sample which contained only I.a s + in both 
the intra- and extravesicular media (compare spectra A and B in Fig. 1). * Since the 
Eu 3+ was added to the dipalmitoyi phosphatidylcholine dispersion at room tem- 
perature in these experiments, a logical next s 'ep was to mix the Eu 3+ shift reagent 
with the vesicle solution at higher temperatu~:s (T > To). This resulted in two well 
separated choline methy! resonances for the inside and outside monolayers. Finally 
we introduced a preheating of  the vesicle solution at various temperatures both below 
and above T¢ prior to mixing with the Eu 3+ solution at room temperature. Typical 
results obtained in these experiments are summarized in Fig. 1 for dipalmitoyl 
phosphatidylcholine (purified) vesicles. T h e ~  spectra were recorded above T© 
[approx. 42 °C) and the vesicle solutions were incubated at the 7arious preheating 
t empe~tu res  indicated, vrior to the mixing with the shift reagent. 

Two phenomena can b~ observed. For  incubation lemperatures up to about  
42 ~C, the bilayer can be seen to remain p~rmeable t o  EU3+; as manifested in the 
spectra by a single signal upfield-shifted for both the inside and outside choline 
methyls. For  those samples preheated above To, the bilayer was no longer permeabl~ 
to Eu s +; only the signal which corresponds to the outside choline methyl proton:; is 
shifted to higher fields. It is obvious from Fig. 1 that  an annealing-type proces~ is 

Cerlain lanthanide ions, such as Eu 3 *, Pr 3 ÷ and Nd 3+, frequently referred to as shift reagents, 
ha,~ bc~n shown to result in a chemical shift dispersion of the inside- and outside-facing choline 
methyl signals in the proton magnetit resonance spectrum x "lout s,.:vere spectral broadening (see 
e.g. ref. 18), provided *~he paramagnetic shift reagent is added only either to the inner or outer compart- 
ment o~-the vesicles, but not to both, and the bilayer is impermeable to these ions. Such vesicles 
can be rendered isotonic, ira diamagnetic lanthanide ion, e.g., La 3+, is added to the other compart- 
menl. Phosphotipid bilayer vesicles are considered to be impermeable to these cations under usual 
conditions. Ho~,~¢r, should the bilaye~ membrane, be permeable to these cations, this ion perme- 
ability can be followed by monitoring the chemical shift difference between the two choline sisnaIs 
in Ihe presence of one of these shift reagents either in the. extra- or intravesicular medium. 
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÷ 
-N(CH3)= -|CH2] ~ -CH 3 

20- )  Hz 

Fig. I. Effect o f  anneal ing at ~arious temperature:; on the pro ton  magnetic resonar.ce spectra o f  
dip,almitoyl ~*hosphatidylcholino vesicles which c~3ntain structural  defects. Purified dipalmitoyl 
phosphat idyh holine vesicles in zi4zO were initially prepared b.v sonication below room temp~.ratare 
in the presence o f  5 m M  La{'lqC3)3. Various samples were then irLcubated for 30 min a t  differgnt 
temperatures.  Immediate ly  following the incubation,  the samples were cooled to r o c m  temperature,  
and. appropri : t te  amounts  o f  5 w.tvl Eu(NO3)3  solution (La(NO3)3  in the case o f  the control  sample 
A) were added to them so that  th.¢ final dipalmitoyl phosphatidylcholine concentrat ion was 0.75 ~.~ 
w/v and the ~ esicles were isoosmol'ic. The p ro ton  magnetic resonance spectra o f  these vesicles were 
tbeJa Te.cordec~. at  50 °C. The incubation temperatures  were: A and B, 23 °C, C, 38 °C; D,  40 ' C :  
E, 42 °C; F, ,g5.5 °C; G, 50 °C; and H,  55 °C. The spectral assignments indicated correspond to the 
choline: methyl protons ( - - N ( C t I 3 ) 3  TM ) and th,~ methylene and methyl protons  of  the hydrocarbon 
chains ( - . ( C l [ z ) ° ~ ,  - -CHa~.  The two choline signals, denoted by I and 2, refer to the headgroups 
]0cated on th,~ inner and outer  holve.~ o£ the bilayer respectively. 

taking plac,~, at high incubar.ing temperature:; (T > To) and that this annealing starts 
at th(~ phas~ ~ transition tempcrat~re. The second phenomenon demonstrated in Fig. 1 
is ,vesicle fi)sion. The high resolution signa) intensities for both the choline methyl 
as well as the fatty acid methylene and methyl protons show a pronounced minimum 
for in(rebating temperatures around "~. The m o s t  plausible explanation for this los~ 
in int(,'nsity in the high resolution nuclear magnetic resonance spectrum is vesicle 
fus':on [2, 8~1. A notable feature of  our obs(,~rvations is that the widths of  the lipid 
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resonances arc only affected ~o a minor degree even though a drastic intensity loss is 
being monitored. This very ot~servation has previously been reported by Pre~tegard 
and Fe!!meth [7] in their studies of the fusion of dimyristoyl phosphatidyleholine 
vesicles. S':nce a gradual incrc~se in the vesicle size results primarily in ,,~'adual 
broadening of the lipid resonances without pronounced reduction of the observable 
proton magnetic resonance intensity until v,~.sicles of a critical size (approx. 500 A) 
are re~:ched, these results indicate that the vesicle fusion process under study here is 
a multi~esicular one, producing mainly vesich:s which are larger than the critical size, 
at least under the conditions of the present experiments. The residual proton magnetic 
resonance intensity observed then, we surmise, ,arises from vesicles which have escaped 
the fusion. This conclusion is supported by ele,:tron microscopy studies. 

Interre!ationships between annealing and vesicle fttsion 
Fur the r  exper iments  revealed tha t  this vesicle fusion is funct ional ly  re la ted to  

the anr..ealing of  phosphol ip id  vesicles, i.e., while unannea led  vesicles t end  to  f~se a t  a 

In~u~ot|on 
tempe~olures 2 

-N(CH3) 3 -(CH2); -CH 3 

0.5:. 15.5h ~ j  

.50" 50 ° Eu 5,~ 

5 0  ~ Eu 3+  4~'* 

.50" 4 2  ° Eu 3 +  

La  5+ 

Eu3 ~ 

.~0 ° 4 2 *  

4 2 "  5 0 ¢  

23 ° 42 ° Eu 3+ . - - . - - ' ~ , - - - ~ . ~ +  - ~---.-_____ 

2:5" 2 3  ~ Eu 3 ÷  

t 2 0 0  HZ t 

Fig. 2. Dcpencicnc¢ of the proton magnetic resonance spectra of dipalmitoyl phosphatidylcholine 
vesicles which contain structural defects on tile duration and temperature of annealing. Experimental 
details are given m text. (From the top the spectra are from samples A throuih G sequence.) 
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rapid r re, which seems to have a m~Iximum around T¢, annealed vesicles are stable 
with respect to this fusi¢,n process. This re:~ult is demonstrated In F: , .  2. Here dipal- 
mito.vl phosphatidylcholine vesicles were first prepared by sonication below T~. We 
then ]ncubated different samples of  dipalmitoyi phosphatidylcholine vesicle solutions 
(all derived fr:~n the same stock solution) at ,different temperatures for 0.5 h. Samples 
A, B, C ~nd D, 50 °C, sample E, 42 °C; samples F and G, 23 °C..M'ter  this initial 
brief incubation, the samples were again incubated for ! 5.5 h, either at the same or 
some other temperature. Oi' the samples annealed at 50 °C, one (sample ~)  was left at 
50 °C (abo':,e To), while two samples (C and D) were incubated at 42 ~C. Eu 3+ was 
added to the remaining sample (sample B) prior to a second incubation at the phase 
transil:ion temperature (42 °C). Sample E, which was preheated at 42 ~C, was in- 
cubate'd at 50 °C (above T~), while of the two samples which were left below T¢ at 
23 °C, one was incubated at the same temperature but the other at T~. After this 
second heating, Eu a+ was added isotonically to the vesicle solutions (La :;+ to the 
cc,ntrol sample D), and the s~mples were then annealed at the nuclear magnetic 
resonance measuring tempere.ture (above T¢) in order to  stop any further fusion and 
to fix the state of  the vesicle dispe:rsion prior to the recording of  the proton magnetic 
resonance spectra. The final lipid concentration in ,~!1 the samples was 1.5 ~ w/v. 

It is obvious from the spectra presented in Fig. 2 that  vesicle fusion, as mani- 
fested by the loss of high resolmioa signal intensity, depends entirely on the history of  
the vesicle suspension. Even after incubation for 15.5 h at 42 °C (:t~ of  di l~lmitoyl  
phosphati~.ylcholine), the proton raagnetic resonance spectra did not  reve~d evident 
c[%anges for previously annealed samples (compare spectra for samples B, C and D 
with that  for sample A), whereas the spectrum of  a previously unannealed sample (F)  
suffered pronounced intensity loss during the second incubation period (compare 
samples A, B, C and D with sample F). The observed spectral differences between 
samples B, C and D vs. sample E reflect vesicle-vesici'e fusion ~n sample E during the 
first incubation period as a result of the lower temperature of  t|~e _;nitial annealing 
(42 °C instead of  50 °C). i t  is evident upon comparison between s~nples  A and B 
that the vesicles are annealed after an 0.5 h incubation at 50 °C. Neither sample F nor 
G was annealed during the first incul~ation because of the low temperature of  the 
incubation. Accordingly, extensive fusion of  the vesicles o~.curred in sample F during 
the second prolonged incubation at 42 °C. For  sample C,, which was kept at ~ °C 
l~roughout  these experiments, these vesicles stayed leak:¢ tc wards Eu s+ even 'after 16 h 
ot" incubation at this temperature. 

SJ'ruetural differences between unanneaied and annealed yes. cles 
We thus have evidence for some sort of structural defects within the bilayer 

st~.'ucture when lecithin vesicles are prepared by sonication below the phase transition 
temperature of  the lipid. These structural defects apparently can be annealed out 
simply by heating the vesicles above the tl~,~rmal phase tr~n:~ ition of the lipid. Although 
these defects have so far been inferred frc, m the high perv:~eabi!ity of  the unannealed 
bilayer vesicles towards ions and the strong tendency o1" these vesicles to undergo 
fusion, we have, in fact, evidence for sta'uctural differenl,es between annealed and 
unannealed bilayer samples below To. 

Fig. 3 shows proton magnetic reson~mce spectra of ", dipalmitoyl phosphatidyl- 
choline sample before and after annealing (10 rain at 52 ~C)and  recorded at  36.5 °C 
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I ~ 0  Hz 

Fig. 3. Fc urier t ransform ' H  nuclear magnetic resonance spectra (100 MHz} o f  the sonicate~t 
dipalmiz.~yl phosphatidylcholine solutions (2.5 w / v ~  in ~H20 containing 5 m M  La(NO~)a) .  
Sample £t was the same as A except that  it has been annealed for 10 rain at  52 °C. Nuclear  ntagneti¢ 
resonance measurements were made at 36.5 °C, which is below the phast) transition temperature  
ofdipaln~itoyl phosphatidylcholine (approx. 42 °C). Peak b is the aliphatic methyl and /or  m(:thylene 
signals. , ,  residual H D O  signal, which was partially saturated by the fast pulsing cycle. 

(below To). Between the unannealed and ~hc annealed sample we observed an approx- 
imate 50 % increase in the intensifies together with a spectral sharpening of the 
hydrocarbon chain signal. Identical observations have also been obtained for ~is- 
tearoyl phosphatidyleholin¢. These results indicate that the packiltg of the bulk of the 
lipid molecules in unannealcd bilayer vesicles is more regular or ordered than that in 
annealed vesicles below T©. We surmise then that the high permeability of  the un- 
annealed structure towards ions is caused by imperfect grain boundaries between 
otherwise homogeneous and ordered lipid domains. Unannealed bilaycr vesicles 
could also by permeable to Eu 3+ b~causv of a highly fluid, but homogeneous bilayer 
~t~acturv. This is in princ.~ple possible b~.cause the ideal hexagonal packing of the lipid 
molecules in multilayers must be modified to satisfy the "'pseudo" hexagonal packing 
in vesicles with high surface curvatures. However, this possibility seems unlikely in 
light of the nuclear magnetic resonance data presented here, since such a bilayer 
membrane would be expected to yield sharper resonances before, rather than after, 
ar~nvaling, just the reverse of  what is observed (Fig. 3). Electron microscopic studies 
also support the idea of  cracks in the bilayer structure between well-ordered lipid 
domains. It has not been possible so far to obtain electron micrographs for unannealed 
phospholipid vesicles by the :aegative staining method, presumably because the 
staiaing solution leaks through these regions in the bilaycr structure. 
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Or  the basis of these observations, we therefore conclude that the unannealed 
bilayer vesicle below T= consists of  a discontinuous arrangemem of highly ordered 
lipid domains, with domain boun~iades which are sufficiently structarally perturbed 
or disordered to serve as channels for rapid ion permeation. This conalusion, together 
with reasonable assumptions regarding the mechanism or lonxtation of single-walled 
bilayer vesicles via the process of sonication, should permit us to define the nature of  
these structural defects more fully, and we shall attempt to do so late~- on in this pag.er. 

Thermal stability o f  the structural defects 
In order to define the nature of  the structural defects more completely, we 

have measured the time-course of the thermal process by which these de i'ects become 
annealed out. The kinetics of  the annealing process are difficult to me,E, suze because at 
temperatures >> T~, the process is 1co rapid to be easily monitored by nuclear magne- 
tic resonance methods, while at temperatures just above To, it becomes impossible to 
separate annealing from fusion. To partly circumvent this problem, w.. = have, prior to 
the annealing measurements, allowed the vesicle solution to t~sc for a definite time 
just below To, where annealing does not  take place. Annealing stt~ditm were then 
conducted on the vesicle suspension after the vesicle fusion has subsided. Tim rationa- 
les behind this procedure are that (i) annealing of the structural defects is apparentl)l 
very slow below T,; and (ii) at a given temlmrature, the vesicle fusion rate slows dowr~ 
either with increasing vesicle size and/or with decreasing vesicle concer~,tration. In 
addition, we have found that the fusion process itse.tf does not automatically anneal 
previously unannealed vesicles. 

In the following annealing studies, a 1.5 ~ (w/v) dipalmitoyl phosphatidyl-. 
choline vesicle suspension was first prepared by sonication below T o and allowed to 
sit for 60 rain just below 7'=. Using this vesicle suspension, we then carried out the 
following annealing experiments. Samples were incubated for various times at 3 °C 
above T., then cooled back to room temperature, and Eu a + was added. After thor- 
ough mixing, the vesicles were annealed in order to fix their state. Spectra w~re then 
taken above T c, and the quantity 

{ IL ( t ) / [ l L ( t )+  IH(_t.)]} ,,. 
-{/L(OO)[[IL(oO)-t-I.(oO)]} × 100 --= R (%) 

was then plotted vs. the incubation time. IL(t) refers to the intensity of  low-field 
choline signal (not shifted by Eu ~'+) after annealing time t, and In(t),  the intensity of 
the high-field choline methyl signal (shifted upfield by EuZ+). Since [/L(/)+ArH(/)J 
should be independent of incubation time, the quantity R is equivalent to IL(t)/1 t (~o) 
x 100, which can be readily seen to be related to the ~crcentag¢ of  inward-facing 
phospholipid molecules in fully annealed vesicles, and hence may be taken zts a 
measure of  the extent of  annealing. 

Results of  the above anne-fling experiments are presented in Fig. 4, where a is 
plotted versus the annealing time. Initially, i.e., at t --  0, the vesicles are completely 
permeable to the add¢(t Et~ 3+, and the observed upfield shLrted choline signal includes 
both the inside and outside facing choline resonances so t |mt IL(0) ~ 0. During this 
initial period, the annealing is in tact too fast to raeasure. Those vesicle; which con- 
tain only a few defects no doubt  contAbute to  this rapid annealing. With increasing 
incabation time, the low-field (unshifted) choline methyl signal starts to grow, its 
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Fig. 4. The kinctic~ o f  annealing o f  dipalmitoyl  phosphat~dylcholine vesicles which contain s~r~xctural 
defc~t~. The quant i ty  used to measure th© extent o f  ~trmcaling is defined in the text. Anx,¢aling 
temperature.  45 °C; + ,  1.5 *//o w/v dipalmitoyl  phosphat idylchol ine;  C:), 0.5 % w/v dipahnitoyl  
pho$ghatia, ylchol in,.-. 

it~tensity reflecting the number of  bilayer vesicles which have become fully annealed. 
Note that by our :method of  determination, vesicles are either fully annealed and thus 
impermeable to E,a 3 + (also Nd ~ +), or they arc not totally annealed and are leaky to 
t.hese ions. As the data in Fig. 4 indicate, annealing is complete within ! h under these 
experimental conditions (3 °C above ~%). At higher temperatures, e.g., 10 °C abe, re 
T c, we have found that ~he annealing is completed within 10 rain. 

The rate of  annealing of phospholipid vesicles is independent of  the lipid 
concentration, so that the process is univesicular. This may b= contrasted to th,: 
fusion process, which exhibits a complex dependence on the lipid concentration [7] 

The fact that  the annealing process takes about  I h at 45 °C to be completed is 
somewhat surprising, because bilayer membranes of  dipalmitoyl phosphatidylcholine 
are known to be quite "fluid" at these conditions. Since the lateral diffus,.'on of  lipid 
molecules within each monolayer is rapid above T~ [12], we suspect that  the slower 
process associated with the annealing of the structural defects involved inside-outside 
migration ofphospholipid molecules. This point will be discussed further in this paper. 

The effect o f  salt 
When dipalmitoy~ phosphatidylcholine multilamellar dispersions are sonicated 

above To, one invariably obtains clear, bluish solutions of  single-walled vesicles, 
irrespective of  whether the solutions arc salt-free or contain mono-, di-, or trivalent 
cations, or Cl - ,  NO3- ,  H2PO4-,  C H s C O O -  as anions. When the sonication process 
was carri¢~l out b: low To, however, we found that th~ nature of  the solution depended 
in an important  way on the ionic environment, particularly on the charge of  the 
cation (at constant ionic strength), but there was a conspicuous lack of  dependence on 
the type of  anions present. Trivalent cations seemingly favor the formation of  single- 
walled vesicles; with decreasing cation charges there was a greater tendency for the 
formation of  multi-walled vesicles. Since it is generally assumed that during sonication 
large multilayer units arc broken down into small bilayer fragments which then 
reassemble to form single-walled or multi-walled vesicles of  various sizes [13], we 
surmise that electrostatic interactions between these bi~ayer fragn~nxs could suppress 
the formation of  multi-walled vesicles during the reassembly process, should these 
fragments become charged via the binding of  a small number  of  trivalent or divalent 
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cations. Aside from this fundamental difference between solutions containing trivalent 
cations and those with cations of  lower charge, all hilayer ves:icles prepared, by sonica- 
tion bellow T~ contain structural defects which could be annealed by heatin~ above T~, 
and wh~,~h could promote vesicle fusiol ~ near T~. Annealing experiments, where we 
replaced Eu(NOs)3  by K~Fe(CN)6 as the shift reagent, or Mn a+ to broaden the 
appropriate choline methyl signals sho~ed the same behavior as what we had de- 
scribed earlier, thus the phenomena are ~ ) t  peculiar to the use of  lanthanid~' ions, but 
are in fact general. 

Mixed l(pid systems 
Evidence for structural defects in bilayer vesicles prepared by sonicatiion below 

the lipid phase transition was not confined to single-component lipid systems. We 
summariTe llere some results which we ha:we obtained for a number of two-component 
lipid mixtures. 

(i) The dipalmitoyi phosphatidylc,~loline-distearoyl phosphatidylcholine system. 
Cosonication of mixtures of dipalmitoy, ~ phosphatidylcholine and distearoyl phos- 
phatidyk:holine at a dipalmitoyl phosphatidylcholine/distearoyl phosphatidylcholine 
weight ratio of  I : 1 or I : 2 below room temperature and in the presence of  La 3+ 
gave homogeneous vesicle suspensions which ~xhibit rando ~ mixing of  the two 
lipide, as indicated by the behavior of these vesictes towards annealing and annealing 
dependent fusion. The onset of annealing was found to start at-g9 and 51 °C for the 
1 : 1 and 1 : 2 mixtures, re:~pectively. These temperatures correspond to the weighted 
mean o f t h e  TQ values for ~'he pure lipids. Absorbance measurem~ents of  these vesicle 
suspensions also exhibit :m abrupt break in the absorbance at these same r.em- 
peratures. 

(ii) The dipalmitoyi phosphatidylcholine-cholesterol systen:. When a 4 : 1 molar 
mixture of dipalraitoyl phosphatidyicholine and cholesterol were cosonicated around 
room temperature, these vesicles also exhibit structural defects, which could be 
annealed. As the data summarized in Fig. 5 show, annealing starts and fusion seems to 
reach a maximum at a temperature of between 38.5 and 42 °C. Absorbance versus 
temperature measurements of  this sample also revealed a lipid phase boundary or  
"phase transition" in this temperature range. 

W~ have carried out preliminary experiments with higher cholesterol con~aen- 
trations. The question of  whether the onset of annealing at variou,.~ phosphoUpid;' 
cholesterol concentration ratios can b~ used to monitor lipki phase separation an~ 
to map out the phase diagram of this system is under current investig~ttion and these 
results wiU be reported in due course. 

Cross-fus,~on between unannealed dipalmitoyl phosphatidylcholine and ,tlstearoyl p,h.os- 
phatidylct~oline ta'sicles 

A further question is whether fusion occurs only t~tween unannealed vesicles 
or occurs between unannealed and annealed vesicles as well. This question is some- 
wha~ intr!guing because, if vesicles with structural defects can fuse with annealed 
vesicles o~ biological membranes, the leaky or unannealed vesicles w:ll provide a 
useful toe'.hod to incorporate extracellular lipids into cell membranes and exogenous 
materials into cells. A convenient way to demonstrate the fusion between unmmealed 
and anne~Lled vesicles is to use two kinds of vesicles composed of differer~t lipids. We 
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Fig. 5. E f f~ t  o f  annealing on the proton magnetic resonance spectra o f  dipalmitoyl phosphatidyl- 
choline-cholesterol ve~icles which contain structural defects. Dipah-nitoyl phosphatidylcholine] 
cholesterol molar rutio: 4/I .  These vesicles were prel~re,:l by cosonication o f  a 4 :  I d i l~Imi toy l  
phosphatidylcholine/cholesterol  mixture a round  room tem,oerature in 5 mM La(NO.~)a, Equal  
volumes o f  a 5 m M  Eu(NOa)a  solut ion were added (at 23 °C) to a number  ofsamples  after they have 
been incubated for 0.5 h at  the following temperatures:  A,  23 °C; B, 38.5 °C; C, 42 °C; D, 46 °C; 
and E, 50 ~C. All p ro ton  magnetic resonance spectra were ~'ecorded at 60 °C. Lipid concentrat ion:  
2.5 ~ w/v dipalmitoyi phosphatidylcholine.  

used dipalmitoyl phosphatidylcholine and distearoyl phosphatidylcholine vesicles 
with and without structural defects for this purpose. Any cross-fusion between these 
dipalmitoyl phosphatidylcholine and distearoyl phosphatidyh:holine vesicles should 
lead to fused vesicles with the total range of lipid compositions, as long as the fusion 
is monitored eve- a sufficiently long period of time. This is so, because the fusion 
process is expected to be essentially random and non-specific, provided the incubation 
temperature of the sample is sufficiently below the T c values of the respective lipids, 
say around room temperature in the case of the present experinumts. This heterogenei- 
ty in the lipid composition of the fused vesicles can be ascertained by monitoring the 
lipid phase transition of the vesicles as distearoyl phosphafidylcholine and dipalmitoyl 
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phosphatidylcholine form essentially regular solutions over the whole range of c~m- 
po~!tion arLd the lipid phase transition for this system varies linear!y with thv coml~si- 
tion. 

Ir~ a series of experiments, separate suspensions ofdil~almitoyl phosphatidyl- 
choline ~,.n,2] distearoyl phosphatidylcholine vesicles were first prepared by :;onicat~on 
below their respective T= values. Part of these stock solutions (2.5 ~o w/v in lipid with 
5 mM 1~(NO3)3) were then annealed at appropriate temperatures. From the~  stock 
solutions, mixtures~f  dipalmitoyl phosph~tidylcholine and distearoyl pho.~phatidyl- 
choline ~esicles were prepared by mixing equal volumes of the two lipid ;olutions, 
either in their annealed or unannealed state. The four samples, corresponding to the 
four pos~;ible combinations of annealed and unanneated dipalmitoyl pho~p~tatidyl- 
choline ~m,~ distearoy! phosphatidylcholin~e vesicles, were then incubated at room 
temperature for 16 h. After this incubation period, all samples were annealed to fix 
their stat~: ~md to stop further fusion, and their absorbances were recorded as a fun~:- 
tion of temperature. These results are summarized in Fig, 6. 

In order to fully appreciate the significance of these results, we compare i3 
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} ; ig .  6. A b s o r b a n c e  at  A = 600 n m  vs. t empera tu re  curves  o b t a i n e d  fo r  f o u r  d i f fe ren t  ! : ! mi:~turcs o f  
d i p a l m i t o y l  p h o s p h a t i d y l c h o l i n e  a n d  d i s t ea roy l  p h o s p h a t i d y l c h o l i n o  vesicles i n  La~CNO3)a, alder ~ 6 h 
irtcubation ~kg 23 °C and a 0.5 h annealing at 72 °C.  Original state o f  the vesicle solutions w,;re: 
(A) d~almJteyl phosphatidylcholine (annealed) -F distearoyl phosphatidylcholine (an~eakd). 
(In) Dipalmitoyl phosphatidylcholino (unannealed)+distoaroyl phosphatidylchu!ine (annva~d). 
(C) Dipalmitoy! phosphatidylcholine (annealed)+distearoyl phosphatidylcholine (unann~:aled). 
(D) Di'.~almJitoi~'| phosphatidylcholine (unannealed)-Fdistearoyl phosphatidylcholine (unanneale ~). 
The total ,'ipid concentralion in each sample was 2.5 ~ w/v. 
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TABLE I 

ABSORBANCES AT ~ = 600 nm OF PURE AND MIXED DIPALMITOYL PHOSPHATIDYI~- 
CHOLINE/DISTEAROYL PHOSPHATIDYLCHOLINE VESICLES IMMF+D]ATELY AFTER 
PREPARATION AND AFTER A 15.5 h INCUBATION AT 23 °C 

a, refers to annealed vesicles and n, unannea~ed vesicles. 

t ;=0 t = 15.5h 

Dipalmitoyl phosphatidyicholine (a) 0.2 0.21 
Dipatmitoyl phosphatidylcholine (n) 0.16 0.235 
Distearoyl phosphatidylcholine (a) 0.5 ! 0.5 i 
Distearoyl phosphatidylcho[ine (n) 0.4 0.495 
Dipalrnitoyl phosphatidylcholine (a)+distearoyl phosphatidylcholine (a) 0.37 0,375 
Dipalmitoyl phosphatidylcholine {a)+distearoyl phosphatidyicho!ine (n) 0,324 0.36 
Dipaimitoyl phosphatidylcholine (n) + distearoyl phosphatidylcholine (a) 0 , 3 5 3  0,365 
Dipalmitoyl phosphatidylcholine (n)+distearoyl phosphatidylcholine (n) 0 . 2 9 5  0.367 

Table  ! the absorbances of  pure dipalmitoyl  phosphat idylchol ine and  distearoyl 
phosphat idylchol ine vesicles, both annealed and  unannealed,  as well as 2-component  
mixtures of  these vesicles~ taken immediately after prepara t ion  (t : - 0 )  and  after 
15.5 h incubat ion at 23 °C. As we had  ment ioned earlier, there is essentially no change 
in the turbidi ty of  the annealed samples over the 15.5 h period [1 ! ]. By contrast ,  the 
unannealed  samples have lower absorbance  values to start  with,  but the,j exhibited 
absorbance  increases of  approx.  0.07-0.1 units dur ing the incubation.  The observa- 
t ions for the mixed-lipid samples were part icularly striking. Fo r  t"~e mixtures where 
both  types of  lipid vesicles were annealed to begin with, there was hardly any change in 
the turbidity of  the samples. For  the two annea led-unannea led  combinat ions ,  there 
was a small,  but  real, turbidi ty  increase, and for the mixture  made  up of  unannea led  
dipalmitoyl  phosphat idylchol ine  and  distearoyl phosphat idylchol ine  vesicles, a 
p ronounced  increase iv. the turbidi ty was observed. Fo r  the system under  considera-  
tior,, the most  reasonable interpretat ion for the turbidi ty  increases is vesicle fusion. 
Thus,  we at t r ibute  the small increase in the turbidi ty of  the annea led-una~nealed  
mixtures to self-fusion of  the unannea led  dipalmitoyl  phosphat idylchol ine  or dis- 
tearoyl  phosphat idylchol ine  vesicles, and  the more  p ronounced  turbidi ty  increase for 
the unannea led-unannea led  sample to  self-fusion of the unannea led  dipalraitoyl 
phosphat idylchol ine  and  distearoyl phosphat idylchol ine  vesicles as well as to cross- 
fusion between them. This s t ra ightforward interpretat ion is suppor ted  by d'te tem- 
pera ture  dependence of  the absorbances  for the various samples presented in Fig. 6. 
F o r  three of  these samples,  namely,  the annealed-annealed mixture  and  the two 
annea led-unannea led  combinat ions ,  the absorbance  da ta  exhibit  two sigmoidal 
breaks,  at  temperatures  corresponding to the thermal  phase t ransi t ion of  the two 
individual  lipids (42 and  56 °C), togeCler with  a plateau in the absorbance  vs. "/'plots 
between these limiting temperatures .  The conclusion which one can d raw f rom these 
results is that  thera is no  detectable lipid transfer  between dipalmitoyl  phosphat idyl -  
choline and  distearoyl phosphat idylchol ine vesicles for these samples,  and  a l though  
vesicle fusion is indeed taking place in the case where one species of  the lipid vesicle is 
unannealed,  this vesicle fusion is confined to this one species. By contrast ,  when  bo th  
species of  lipid vesicles in the mixture were unannealed ,  cross-fusion between the two 
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vesicle species occurs, as is evident by the pronounced turbidity increase after the long 
incubation and the continuous variation in the absorbance of  the sample between the 
T¢ va)ues of  the pure lipids. 

~:usion between mixed lipid (unsaturated) vesicles [14] and heterofusion 
betw~ ~;'~ saturated and unsaturated Iecithin vesicles [5] have previously b~-en reported. 
It is ai.~:~ generally believed that unsatural:ed lipids favour cell fusion [15]. However, 
these earlier observations must be contrasted with our present results, where the 
activation energy towards vesicle fusion is obviously significantly lowered by the 
presence of structural defects in the lipid bilayer. This structural-defect driven vesicle 
fusion is readily terminated by the annealing of the vesicle suspension. 

Nature o f  structural defects and a model f o r  the annealing process 
tn this section, we look into the question of how structural defects are pr.~-xtuced 

withhl the bilayer structure by sonication below T c of  the lipid and propose a model 
for the annealing process. Any model which we propose for the unannealcd vesicles 
must take into account, in addition to the data already mentior, :d so far, the fact that 
there is seemingly no measurable difference in the partial specific volume of  the lipid 
between unannealcd and annealed states below T c, at least as determined for a 5 ?/o 
dipaln~toyl phosphatidylcholine dispersion. This very result suggests that there 
exists only mi~or structural differences between annealed and unannealed vesicles. 
The situation here is therefore quite distinct from the rather large structural diff¢,rences 
which have been noted between small sonicated vesicles and multilamellar d:spersions, 
where an apprc,ximate I ~o difference in the apparent molal volumes has been reported 
below T c [2]. 

On the other hand, the spectral intensity of  the acyl chain proton signals 
increased by approx. 50 ~ upon annealing of a vesicle suspension which has been 
prepared by sonication below T c (Fig. 3) [l l ]. This increase in spectral intensity can 
only be interpreted in terms of decreased motionai order and/or increased segmental 
raobility of the lipid hydrocarbon chains upon annealing of  the bilaycr vesicles, with 
possibly an increase as well in the rate of lateral diffusion of the lipid molecules 
within the bilayer halves. In our judgment,  then, we can rule out th~ possibility ~hat 
the unannealed vesicles are leaky because of a looser packing of the lipid molecules 
within the bilayer structure, as the nuclear magnetic resonance observations reveal 
just the opposite behavior with annealing of these vesicles. 

Fhe most likely explanation for the behavior of  unannealezl vesic!es is that they 
conta~,~ s eructural defects or dislocations between crystalline lipid domains, which 
permit ~apid permeation of ions across the bilayer membrane. We surmise that 
heating of  the vesicle solution to a temperature above the crystalline ~ liquid cryst~- 
line phase transition temperature leads to a sealing of  these imperfections, a process 
which is undoubtedly facilitated by the higher mobility of  the lipid molecules in t )-~ 
liquid crystalline state. I f  this is the case, the process of  annealing should be ~+~ 
irreversible one, and indeed, we found that, once the vesicles have been annealed, rapid 
cooling of  the vesicle suspension from temperatures weU abov,. ~ Tc to temperatures 
wvll below T~ does not recreate leaky vesicles. These dislocations should also catalyze 
the fusion of  small bilayer vesicles. Small sonicated vesicles are metastable because of  
their high excess surface frc¢ energy and tend to undergo vesicle-vesicle fusion once 
the opportunity is rendered. Al though the activation energy for this fusion process is 
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normally  high so that  the fusion is slow, we believe that  it can be significantly lowered 
in the presence of  these dislocations, particularly when the collision between two of  
these vesicle,~ can bring the structural defects to  meet. This simple picture thus not 
only accounls for the. high permeabili ty of  unannealed bilayer vesicles towards ions, 
but  also the high rate of  fusion which we have observed for the unannealedl vesicle 
suspensions. 

T h  ~. question remains as to  how these dislocations are created in the first 
place and how they become annihilated by the thermal anneal ing process. We i)ropcw~e 
that  dislo~'.ations within the bilayer structure are the result o f  a populat ion defect in 
the distr ibution of  the lipid molecules b~-tween the two monolayers, For  a giw~-n 
vesicle size. the distribution of  lipid molecules between the two sides of  the bilayer are 
determined by geometrical constraints. Thus  if the outer  monolayer  is somewhat 
deficient in lipid molecules or if the inside-facing monolayer  contains a slight over- 
populat ion,  the packing of  the lipid molecules can no longer be ur~iform ~hrougho,ut 
the bilayer structure and structural dislocations can  lesul t  f r o m  the stvatin c~-eat~d. 
Although lateral diffusion o f the  lipid molecules can take pla~-e within each monota~rr  
and  is sufficiently raj~id that one obtains, in the case of  mixed lip/d systems, a r andom 
distr ibution of  the lipid motet-ule~ within each half  of  th.- bila)~r, this prca.-¢~, le;tll~ 
the populat ion defect unperturbed.  A po~,tlation defect can only b~ vemoJted by the 
outside ~ inside lipid migration via the fl,p-~lop mechanl,-,,,m, which wc~uld account for 
the long tim~ constant which we have obtained for the a nJw~ltng p r ¢ ~  [ 16. I ? |. 

It is t~ot difficult to unders tand why a populat ion defect tn the dist!~tbu:tion ~ff 
lipid molecules bctw,:en the tw~ monolayers is so readil~ formed b)  the ~,on,catl(~ll 
procedure. Finer [13] has previously argued t ha t  durinlg ~ntca t io~ .  lat:1¢¢ l~laycf 
structures, either multilayers or  single-walled ~'sicle% arc broken d~:~n tr,~t~, smai!l 
bilayer fragments, and these bilaycr fragments then r~as~mble  to f, wm ~mlftc-~allcd 
vesicles of  various sizes. This fragmentat ion and ~as,~mhly In~ cont~tnu~s until 
the vesicles finally reach a limiting size {usually 2 5 0 3 ~  .g in d,arnct~,L whe,'e pre. 
sumably the lateral tension inherent in t h e ~  highly c u r ~ d  b/l~yer~ i~¢¢s~nts them 
from further fragmentat ion by shear forces. That  this picture is substanu~lly ~.'o~"¢¢t i~, 
indicated by the following experiments. (i) A short re~mleati ,m ( 15 rain ~t F ~ i~ } of 
small annealed dipahnitoyl  phosphatidylcholine or distearo.~l pho~,ph.ttldylcholin¢' 
~ipid vesicles in the pre~nce  of  F.u s" in the extra:~'esicular medium sho~x that Eu )" 
became incorporated into the intravesicular compar tment  only for a small ~ u m b : f  ot' 
the vesicles. On the other hand, fi)r large, annealed vesicles, nearly' all the final ~-¢ucles 
(small) contain Eu s+ in their inner comra r tmen t  after the second sonicatien. Inuffar  
as we could determine, this corresl)onc~.s to an all-or-none process, and we have 
detected no intermediate states where only a few Eu ~* have permeated ~:~e bilayer 
membrane ,  as these vesicles will give r i ~  to a proton signal for the inner choline 
g roup  at intermediate spectral positions. (it) Rcsonicat~on of  a mixture of  ~eparately 
annealed small dipalmitoyl phosphatidylcholine and  distearoyl phosphatidytcholine 
vesicles gave no evidence for appreciable lip/d transfer between the two ~pecies of  
lipid vesicles. However. when solutions of  large anneal:ed dipalmitoy~ phe~sphatidyl- 
choline and  distearoyl phosphatidylcholine vesicles were n i x e d  the resultant 'vesicles 
after a second sonica~ion were essentially homogeneou~ and had the mime lipid 
composi t ion as the random mixture. 

Thus it appears that  single-walled vesicles are for, n zti by reassem:bly of  small 
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bilayer t'ragmen~.s. For  thermodynamic reasons, these bilayer fragments are expected 
to have rather similar numbers of  lipid molecules in the two monolayers. However, 
since a small son|cared vesicle 250-300 ~ in diameter contains in excess of twice as 
many lipid molecules in the external monolayer than in the inside-facing half, the 
geometrical constraints on the assembly of a single-walled vesicle are serious, ~nd it is 
not unreasonable ~hat the finally assembled unit is usually formed with a popt~lat':on 
defect. 

Finally. we point out that structural defects are not intrinsic of vesicle solutions 
which are produced by son|cation below T¢, but are also found in vesicles prepared by 
the dialysis method, provid~:d the dialysis is carried out b-~low the lipid phase transit ion 
temperatuc~e. To demonstrate thi;~, 2 % dipalmitoyl phosphatidylcholine (wlv) was 
dis,,olved in 2 ?o sodium cholale (w/v) and thoroughly mixed un:il a clear solution 
wa.. obtained. This solution ,,va~ then divided into two parts. One sample was dialyzed 
against a |0  mM Tris buffi:r (pH 7.4) at 50 ~C to remove the cholate, and  the other 
w:t,~ dialv~.ed at 23 ~:C. Eu{NO~)~ was then added to both samples at room tempera- 
lure and the proton magnetic re',,onance spectral taken at 50 °C. These nuclear magne- 
uc re~onanc~ measurements re~,~aled that the lipid dispersion obtained by dial)sis at 
23 C contains .~tructurat defect~ which could be annealed by heating of  the sample 
a b o ~  T0 of dlpalmitoy|  phosphattdylcholin¢, while the vesicle dispersion dialyzed at 
~!  ( "  w ~  d c , ~ d  of ~uch ,drtlctural dcfc~t~. 

In that p,tper, e,cu~cnc¢ i~ pre~ntct t  fi~r ~tructural defects in phospholipid 
bda)e¢ ~ ¢ t o  v, hich arc pccparo! by ~onicatton b,:low the crystalline ~:~ liquid 
~r~.~i~illii~¢ p h a ~  tt'an~.Itlon of :he lipid. T h e ~  .,.Iructur-,tl defects permit the rapid 
pcrmeatlot~, of ,ons atcft~ t i~ hped bi[ayer and catalyz.- the rapid fusion oi  ~hese 
~,t~t¢tc_~, }k'atinl! the ,,~icle suspension ~bo,,°e the lipid phase transition anneals out 
Ihg'~u~ ~Ituclur~i] dcf¢¢~ al~| t',:nde[~ the vesicles impermeable to ion~ and staU',: 
toward,, i'u,.ton. It i~ rwopo~d II[tat tl't¢~ structural def~-ts correspond to dislocations 
an the btl~t.~'¢r ~lruou¢~ credited by a population defect in the distribution of  lipid 
mokcule~ |~ t~een  inner a~d outer hal,.~.t of  the bilayer, which is formed during the 
tnlU~l a ~ m b l y  of a ~nh~dl btlaycf vc~icle. During the ~mne',ding process, presumably 
the population ,defect i5 ~.~rt'ec~cd by an inside ~=:~: outside lipid migration via the 
fl,p, flop mechanism 

The studh.'s reported here ~uggest a rather simple procedure for the preparation 
of large sinlgl¢-wallcd bilay~:r vesicles. In principle, the condi[ions of  fusion and 
annealing could I~ manipulated to optimize the production of  vesicles within a given 
~izc rang.:. The possibility of using the temperature corresponding to the onset of  
annealing a,~ a rr~eans of mapping the liquidus p ~hase boundary in the phase diagram 
for ~-component lipid n~ixtur©s also suggests i t~lf .  These potential applications of the 
p~'e~nt findings will b~ presented elsewhere in due course. 
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