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from regular Gaussian rings.&" After multiplying of all  
three components, one obta ins  

( A l l )  

Averaging over all  s in  29 d29 and using v f rom eq 11 leads 
to 
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Normalization of eq A12 over d&kt d R k l  finally results 
i n  
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ABSTRACT: Quasi-elastic light scattering (QELS) and electrophoretic light scattering (ELS) measurements 
have been used to investigate the pH-dependent structural reorganization of phospholipid vesicles suspended 
in aqueous solutions of poly(2-ethylacrylic acid) (PEAA). The average radius of dioleoylphosphatidylcholine 
(DOPC) vesicles suspended in aqueous PEAA was reduced within 1 h from approximately 600 to 60 nm upon 
acidification. Size distribution analysis revealed narrow single peaks far from the pH at which the reorganization 
occurs but bimodal distributions in the transition region. The transition pH was shifted from 7.0 to 6.5 as 
the ionic strength of the sample solutions was increased from 50 to  500 mM. The conformational transition 
of PEAA from an expanded form at  high pH to a relatively compact coil in acidic solutions was also observed 
by QELS. ELS measurements showed that, as the pH is lowered from 8.0 to  5.5 in the presence of PEAA, 
the electrophoretic mobility of DOPC vesicles passes through a minimum at the transition pH. At  pH lower 
than that of the transition, vesicle mobility is greater in PEAA solutions than in simple buffers. We believe 
the increase in mobility is due to adsorption of PEAA on the vesicle surface. We infer that as the pH is lowered, 
the collapsed PEAA chain provides a hydrophobic site for solubilization of the phospholipid hydrocarbon 
tails and in so doing disrupts the structural organization characteristic of the pure phospholipid. 

Introduction 

entific interest for the last 2 decades, since Bangham'sl 
illustration of the analogy between such ~ l i ~ ~ ~ ~ ~ ~ l ~  
s t ruc tures  and the complex plasma membranes of cells. 

A n  essential  and intriguing characterist ic of the na tu ra l  

ious kinds; membrane signaling plays a critical role i n  
intercellular communication, in  the binding and processing 
of l igands and receptors,  i n  energy t ransduct ion ,  and i n  
m a n y  other vital  cellular processes. 

We have explored over the last several  years  a simple 
approach to the construction of synthe t ic  bilayer mem- 
branes  that share th i s  essential  capacity t o  respond to 

Sur fac t an t  bilayers have  been a subject of in tense  sei- membranes is  their  capacity to respond to signals of var- 
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(Amicon Corp.) was used j n  these experiments. The weight-av- 
erage molecular weight (M,) of the final product was estimated 
to be 3.6 X IO4 f 10% by gel permeation chromatography (GPC). 
The molecular weight was determined relative to poly(ethy1ene 
oxide) (PEO) by GPC with a set of two TSK columns (TSK 3000 
PW, TSK 5000 PW, Toyo Soda Mfg. Co.) and a differential 
refractometer. Calibration was based on a set of nine PEO samples 
of narrow molecular weight distribution, with average molecular 
weights in the range from monomer to lo6. The polymer con- 
centration was about 0.2 wt % in a phosphate buffer solution 
(0.034 M, pH 8) that contained 0.3 M NaC1. 

Sample Preparation. Samples were prepared in aqueous 
NazHPO4/NaH2PO4/NaC1 solutions (sodium phosphate buffers) 
of constant ionic strength (50 mM unless otherwise noted) or in 
50 mM Tris-HC1 buffers. All buffer solutions were prepared from 
doubly distilled, deionized water. Chloroform solutions of DOPC 
were air-dried and the lipid was then dispersed by vortex agitation 
in buffer a t  room temperature. Sample solutions were incubated 
for at least 1 h before filtration (Millex-HA fiiters, Millipore Corp., 
0.45-pm pore size) a t  room temperature. Samples were filtered 
directly into 10-mm-diameter cylindrical cuvettes for QELS 
measurements or into the sample chamber for ELS measurements. 
All sample containers were thoroughly cleaned with doubly dis- 
tilled water before use. 

Quasi-Elastic Light Scattering. The average hydrodynamic 
radii of polymers and phospholipid vesicles in solution were ob- 
tained from the autocorrelation functions (ACFs) of the intensity 
of scattered light measured in a quasi-elastic light scattering 
spectrometer of fairly standard design. The scattering cell, 
containing a sample solution, was situated in a vat in which the 
temperature was stabilized at  25 "C by a circulating water bath. 
Light scattered by the sample from an incident laser beam (Ar 
ion laser, X = 514.5 nm, power ca. 100 mW) was detected by a 
photomultiplier tube mounted on a movable arm usually set a t  
a scattering angle of 90". A pulse amplifier/discriminator 
transformed the photomultiplier output into standard logic pulses 
used by the digital correlator (Langley Ford Instruments division 
of Coulter Electronics, Inc., Model 1096,256 channels) to compute 
the photon count ACF. The ACF was approximately an expo- 
nentially decaying function as a result of diffusive motion of 
scatterers in the sample. The average decay rate, F, was deter- 
mined by a second cumulant fit to the correlation function.12 F 
is related to the diffusion coefficient, D, and the scattering vector, 
q 9  by 

F = 2Dq2 (1) 

and 

signals. The approach has used synthetic polyelectrolytes 
to modify the self-assembly of membrane-forming sur- 
factants and exploited changes in polyelectrolyte hydration 
and conformation to achieve controlled membrane reorg- 
anization.2-6 

Poly(2-ethylacrylic acid) (PEAA, 1) has proven partic- 
ularly useful in this regard. Acidification of aqueous 
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1 

solutions of PEAA is accompanied by dehydration of the 
chain and by a conformational transition from an ex- 
tended, hydrophilic form to a compact hydrophobic coil.'+ 
In suspensions of natural or synthetic phosphatidylcholines 
(21, the pH-dependent adsorption of PEAA drives rapid 
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membrane reorganization and release of vesicle  content^.^ 
In the case of dipalmitoylphosphatidylcholine (DPPC, 2a), 
the reorganization consists of a transition from a vesicular 
lipid aggregate at high pH to a mixed polymel-lipid micelle 
in acidic polymer solutions.1° Quasi-elastic light scattering 
reveals a decrease in the average hydrodynamic radius of 
the lipid aggregates from 90 to 5.5 nm upon acidification, 
and negative-stain electron microscopy shows only disklike 
micelles a t  low pH. 

In the present paper, we describe the application of 
quasi-elastic and electrophoretic light scattering techniques 
to the investigation of mixtures of PEAA with a second 
membrane-forming lipid, dioleoylphosphatidylcholine 
(DOPC, 2b). DOPC and DPPC differ in several important 
respects as a result of the presence of the cis double bond 
at C9 in each of the acyl chains of DOPC. The most readily 
apparent difference lies in the temperatures (T,) of the 
main bilayer phase transitions; T,  = 41 "C for DPPC 
versus -22 "C for DOPC." This difference in melting 
behavior brings with it the important practical conse- 
quence that DPPC exists in the highly ordered L', phase 
at  room temperature, whereas DOPC at  room temperature 
is in an L, phase characterized by nearly liquidlike acyl 
chain disorder. One might anticipate that such differences 
in acyl chain packing would be reflected in the nature of 
the membrane reorganization that accompanies polyelec- 
trolyte adsorption on DPPC or DOPC. We explore in the 
following sections the structural reorganization of DOPC 
vesicle membranes by PEAA. 

Experimental Section 
Materials. Dioleoylphosphatidylcholine (DOPC, 99% purity) 

was purchased from Sigma Chemical Co. and used without pu- 
rification. 2-Ethylacrylic acid was prepared by alkaline hydrolysis 
of methyl 2-ethylacrylate and fractionally distilled (bp 52 "C (1 
mm Hg)). Radical polymerization of 2-ethylacrylic acid was run 
in bulk in a sealed tube at  60 "C under N P ,  with 0.5 mol % AIBN 
as initiator. The polymer was dissolved in pyridine and precip- 
itated in aqueous HCl. After it stood overnight, the polymer was 
collected by filtration and dried in vacuo a t  55 "C. The polymer 
was further purified by ultrafiltration in water; that fraction 
retained on a membrane filter of molecular weight cutoff 3 X IO4 

4nn 
q = 1qI = - sin (0/2) 

X 

where n is the refractive index of solvent, h is the wavelength of 
incident light in vacuo, and 0 is the scattering angle between the 
incident and scattered light. An average hydrodynamic radius 
of the particles, RH, was calculated from the measured diffusion 
coefficient, D, by using the Stokes-Einstein equation: 

D = k T / 6 & ~  (3) 

where k is Boltzmann's constant, T i s  the absolute temperature, 
and 9 is the solvent viscosity. Information concerning the particle 
size distribution was obtained by a more detailed analysis; Pro- 
vencher's program CONTIN13,14 was used to perform the inverse 
Laplace transform of the ACF. 

Electrophoretic Light Scattering. The surface charge 
densities of vesicles and vesicle-polymer particles were derived 
from measurements of the electrophoretic mobility in solution. 
By Henry's law,15 the observed electrophoretic mobility of a 
spherical particle of total charge Ze and radius r immersed in a 
solution containing small counterions can be expressed as 

(4) 

where e is the elementary electron charge (4.8 X lo-'' esu) and 
9 is the solvent viscosity (poise). Henry's function X(Kr) is sig- 
moidal in shape, increasing monotonically from unity for KT 5 1 
to a maximum of 1.5 for Kr >> 1. The distribution of counterions 
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Figure 1. Conformational transition of PEAA upon pH variation. 
(0) Hydrodynamic radius of PEAA (RH); 0.5 mg/mL PEAA in 
50 mM Tris-HC1 buffer (pH 7.8); pH varied by 1 N HC1. (0) 
Fluorescence intensity (If) (arbitrary units); PEAA 1 mg/mL + 
pyrene 5 pM in 50 mM Tris-HC1 buffer. 

about a central charged particle is characterized by the Debye- 
Huckel parameter, K (cm-'): 

K = (8~N~e~1/lOOOdkT)'/~ (5) 

where NA is Avogadro's number, Z is the ionic strength of the 
solution (molar), d is the low-frequency dielectric constant of the 
solvent (dwater = 81), k is Boltzmann's constant, and T is the 
absolute temperature. For large particles (Kr >> l), Henry's law 
may be written in the form used in our analysis: 

c1 = 'J/V (6) 

where u is the average charge density on the surface of the particle 
(esu/cm2). Note that particle radius does not appear in eq 6. 

Mobility measurements in vesicle-polymer systems were made 
by using a Doppler electrophoretic light scattering apparatus 
(DELSA) from Langley Ford Instruments division of Coulter 
Electronics, Inc. The DELSA instrument combines the techniques 
of electrophoresis in solution and laser Doppler velocimetrylelB 
to obtain the velocity of particles moving under the influence of 
an applied electric field and thus the mobility. Simultaneous 
analysis at four light scattering angles provided by the instrument 
was useful for removing ambiguities which might otherwise have 
occurred due to the different scattering and diffusive properties 
associated with particles of different size contained within each 
sample. 

The sample preparation procedure was the same as for QELS 
measurements. The inner surface of the DELSA sample chamber 
was coated with methylcellulose to minimize surface charge and 
electroosmosis1e by a procedure adapted from Smith and Ware.20 
About 30 min were allowed for the solution to reach equilibrium, 
which was determined by observing the constancy of the con- 
ductivity. Directional flow in the chamber was avoided by al- 
ternating the sign of the applied electric field and pausing between 
data collection periods to dissipate joule heating.16 

Results and Discussion 
Conformational Transi t ion of PEAA. Evidence for 

the pH-dependent conformational transition of poly(2- 
ethylacrylic acid) has been provided by titrimetric's8 and 
s p e c t r o s c ~ p i c ~ ~ ~  techniques. For example, acidification of 
PEAA solutions that contain micromolar amounts of 
pyrene-either codissolved or bound to the polymer 
chain-causes a large increase in the intensity of the 
pyrene fluore~cence.~ The rise in fluorescence intensity 
occurs a t  ca. pH 6.1, although its precise position and shape 
depend on ionic strength and polymer molecular weight.21 
Similar observations had been reported previously for 
poly(methacry1ic acid) (PMAA) by Chen and Thomas22 
and were interpreted as evidence for conformational col- 
lapse to a globular polymer coil in which pyrene is solu- 
bilized and in which pyrene-water contacts are reduced. 

The results shown in Figure 1 are consistent with such 
an interpretation for PEAA. The figure reports the pH- 
dependence of the pyrene emission intensity (If) a t  375 nm 
for solutions of 5 p M  pyrene in Tris-buffered aqueous 
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Figure 2. pH dependence of average vesicle size in the presence 
of PEAA in sodium phosphate buffer. DOPC (10 pg/mL) + 
PEAA (10 wg/mL) in 50 mM sodium phosphate buffer. Mea- 
surements were made after l h incubation at 25 "C. 

PEAA (1 mg/mL polymer). Also shown is the hydrody- 
namic radius (RH) of PEAA dissolved a t  a concentration 
of 0.5 mg/mL in similar buffers. Under these conditions, 
one observes a sharp decrease in R H  between pH 6.2 and 
5.9, nearly coincident with the rise in Ip We find R H  to 
be ca. 6 nm at high p H  versus ca. 4.4 nm below p H  5.9. 
Although we are unaware of previous measurements of R H  
for PEAA, these results appear to be reasonable in com- 
parison with two recent studies of PMAA. Sedldk e t  
report R H  = 3.3 nm for neutral PMAA of M,,, = 3.0 X lo4 
dissolved in salt-free aqueous solutions at a concentration 
of 36.6 mg/mL, and PleZjtil and co-workersu observed an 
increase in the radius of gyration from 4.0 to  7.5 nm upon 
half-ionization of PMAA of Mw = 2.1 X lo4 dissolved a t  
40 mg/mL in aqueous solutions in the absence of salt. 

QELS Studies of DOPC-PEAA Mixtures. Disper- 
sion of DOPC in phosphate-buffered solutions of PEAA 
gives rise to vesicular lipid aggregates a t  pH >7.0. Under 
our conditions (cf. Experimental Section) the average 
hydrodynamic radius of such aggregates is determined to  
be ca. 500 nm. Similar preparations in mildly acidic (pH 
6.4-6.9) buffers afford much smaller particles; R H  i= 40 nm 
a t  low pH (Figure 2). The change in particle size is re- 
markably abrupt, in that the transition is complete be- 
tween pH 7.0 and 7.1 under the conditions of Figure 2. 

The values of R H  plotted in Figure 2 were calculated by 
the application of eq 1 and 3 to  the observed autocorre- 
lation functions. Analysis of these same functions by 
Provencher's inverse Laplace transform method [by means 
of the computer program CONTIN'3] allows an estimate of 
the distr ibut ion of particle sizes in each sample. At pH 
7.27, the decay rate distribution is unimodal and consistent 
with an average particle radius of ca. 500 nm (Figure 3). 
At transition (pH 7.05), the distribution is bimodal with 
one peak at 470 nm and a second a t  31 nm; the number 
of particles in the population at 31 nm (larger l') is actually 
much greater. (This apparent contradiction arises because 
a larger particle scatters light much more strongly than 
a small one and the amplitudes in Figure 3 are based on 
scattered intensity.) At pH 6.81, the distribution is again 
unimodal and centered a t  RH = 37 nm. The pH depen- 
dence of the particle size distribution is strongly suggestive 
of a two-state process of vesicle reorganization; one finds 
in the sample a t  a given pH either large (ca. 500 nm) or 
small (ca. 40 nm) lipid particles. Within the pH range of 
the transition, both populations are present, but under no 
circumstances have we observed a continuous decrease in 
radius with decreasing pH. 

The average hydrodynamic radius observed in acidic 
aqueous DOPC/PEAA mixtures is dependent upon a 
number of experimental parameters, including incubation 



2758 Eum et al. 

: 3 ; ,+' , , ,IL , , , ,  - , , , , , , , ,  , , , , , ,~ 1 

2 3 4 5 
l og  [r (sec- ' ) ]  - 

pH 7 05 4 

i o 1  , , , , . , . . ,  , ,,,,-,A 
1 2 3 4 5 

log [r (sec-')I 

t ' " " ""  ' " " ""  ' " """  ' "" 

r 

t 

d o .  ,d, , , ,'-,,,j 
1 2 3 d 5 

log [r (sec-'>I 

Figure 3. Vesicle size distribution at different pH's. F is the 
autocorrelation function decay rate and is inversely proportional 
to particle radius (see eq 1 and 3). 

900 
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Figure 4. Incubation time dependence of average vesicle size. 
(0) DOPC 10 wg/mL; (0) DOPC 10 wg/mL + PEAA 10 pg/mL; 
each phospholipid sample was dissolved in 50 mM sodium 
phosphate buffer (pH 6.4), incubated at room temperature for 
the time indicated, and then filtered (Millipore Millex-HA, 
0.45-pm pore size) directly into a cuvette for QELS size mea- 
surements. 

time, buffer composition, ionic strength, and polymer-lipid 
stoichiometry. Figure 4 shows the time dependence of the 
size of lipid aggregates incubated with PEAA at pH 6.4. 
The average hydrodynamic radius drops from ca. 560 to 
60-80 nm within 1 h at  room temperature; longer incu- 
bation leads to no further decrease in particle size. DOPC 
vesicles incubated in polymer-free phosphate buffer so- 
lutions, on the other hand, are stable with respect to size 
reduction under these conditions (Figure 4). 

Acidification of vesicle suspensions initially prepared at 
high pH leads to membrane reorganization and particle 
size reduction on a similar time scale. Figure 5 shows the 
average hydrodynamic radius of DOPC aggregates sus- 
pended initially in aqueous PEAA a t  pH 8.0 and then 
acidified to pH 6.2. RH drops from an initial value of about 
520 nm to a final value of 90-100 nm, with a characteristic 
"decay time" of approximately 30 min at pH 6.2. We have 
not explored the pH dependences of the rate of membrane 
reorganization or of the final particle size. 

Figure 6 illustrates the effect of ionic strength on the 
"critical" pH for membrane reorganization in phosphate- 
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Figure 5. Kinetics of vesicle disruption following a pH change. 
50 wg/mL of DOPC and 100 pg/mL of PEAA were dissolved in 
50 mM sodium phosphate buffer. At  t = 0, a small volume of 
50 mM monobasic sodium phosphate solution was added to induce 
a pH change from 8.0 to 6.2. 
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Figure 6. Effect of ionic strength, Z, on the pH dependence of 
the average vesicle size. DOPC (10 bg/mL) + PEAA (10 pg/mL) 
in sodium phosphate buffer: (0) I = 500 mM; (0) Z = 150 mM; 
(0) I = 50 mM. Because of sample-to-sample variation, any 
apparent systematic ionic strength dependence of average vesicle 
size far from the transition pH is not significant. 

buffered solutions of PEAA. Increasing the ionic strength 
from 50 to 500 mM depresses the pH of the midpoint of 
the structural transition from 7.1 to 6.5. This is consistent 
with our observations by potentiometric titrationz1 and 
fluorescence intensityz5 that the effect of added salt is to 
lower the conformational transition pH of PEAA. Similar 
effects of ionic strength on the conformational transition 
of poly(methacry1ic acid) have also been reported.z6 In- 
creasing ionic strength extends t o  lower pH the range of 
stability of the expanded coil of PEAA, probably by a 
mechanism which may be understood as follows. Poly- 
mer-bound carboxylic acid functions will deprotonate as 
pH increases. The increased charge repulsion on the po- 
lyion causes an expansion of the weakly acid PEAA chain, 
resulting in less Conformational entropy. The loss of en- 
tropy reduces acidity causing the pK, of the polyacid to 
be higher than that of the monomer, as is confirmed ex- 
perimentally.21 At high ionic strength, polyion charge is 
screened, decreasing the conformational entropy loss, with 
the result that deprotonation occurs at  a lower pH, closer 
to the pK, of the monomer. Thus in solutions of high ionic 
strength, the chain remains ionized and hydrated as the 
pH is depressed to below 7.1. Adsorbtion, dehydration and 
conformational collapse are then deferred until the pH is 
depressed further, with the result that the polyelectro- 
lyte-driven membrane reorganization is displaced to lower 
PH. 

Membrane reorganization in acidic mixtures of DOPC 
and PEAA requires a minimum concentration of the po- 
lyelectrolyte. Figure 7 shows the results of a series of 
experiments in which DOPC at a fixed concentration (100 
pg/mL) was treated with various amounts of PEAA at pH 
6.3. A t  a po1ymer:lipid ratio 10.1 by weight, the particle 
size is effectively reduced; RH < 100 nm. On the other 
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Figure 7. Dependence of average vesicle size on PEAA-DOPC 
ratio. DOPC (100 pg/mL) in 50 mM sodium phosphate buffer 
(pH 6.3). 
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Figure 8. pH dependence of phospholipid vesicle size in Tris-HC1 
buffer: (0) DOPC (10 pg/mL) + PEAA 50 (pg/mL) in 50 mM 
Tris-HC1 buffer; (0) DOPC (10 pg/mL) + PEAA (10 pg/mL) in 
the same buffer. Error bars represent only the variation (one 
standard deviation) within several runs on the same sample 
preparation. Sample to sample variations are somewhat larger. 
We are unable to  say whether the intact vesicles are increasing, 
decreasing, or constant in size in the high-pH region. 

hand, a t  PEAA:DOPC 50.03, one observes no reduction 
in RH. The implication is that the small (RH < 100 nm) 
aggregates must contain a minimum fraction-perhaps 
10% by weight-of PEAA. We are presently determining 
the compositions of a variety of mixed aggregates of 
phosphatidylcholine and PEAA.27 

The pH a t  which membrane reorganization occurs is 
sensitive not only to ionic strength but to the identity of 
the buffer ions as well. Figure 8 shows the variation of RH 
with pH in DOPC suspensions prepared in solutions of 
PEAA buffered with Tris-HC1, rather than sodium phos- 
phate. Comparison of Figures 6 and 8 reveals that the 
transition pH is depressed by ca. 0.4 units in the ammo- 
nium (Tris) buffer. The data also demonstrate the sen- 
sitivity of the critical pH to the polymer-lipid stoichiom- 
etry, in that a &fold increase in the concentration of PEAA 
raises the critical pH from 6.7 to 7.1 under otherwise 
constant conditions, This shift in critical pH with rising 
polymer concentration must reflect an increase in the 
amount of PEAA bound to the membrane a t  a fixed pH. 
ELS Studies of DOPC-PEAA Mixtures. Electro- 

phoretic light scattering yields a plot of the total intensity 
of light scattered by particles of a given mobility versus 
the mobility ( p ) .  In our samples, cc is proportional to the 
surface charge density (a) (cf. Experimental Section). 
Typical mobility spectra for DOPC vesicle suspensions are 
shown in Figure 9. The spectra imply a highly peaked 
distribution of mobilities; there is undoubtedly a wide 
range of particle sizes present, but one value of surface 
charge per unit area is dominant. 

Figure 10 shows the pH dependence of DOPC vesicle 
mobility in phosphate buffer and in phosphate-buffered 
PEAA. In the polymer-free suspension, mobility decreases 
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Figure 9. Typical mobility ( w )  spectra of a DOPC vesicle sus- 
pension. DOPC (10 pg/mL) + PEAA (10 pg/mL) in 50 mM 
sodium phosphate buffer (pH 7.0). The three spectra were 
measured simultaneously at the three scattering angles indicated. 
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Figure 10. pH dependence of phospholipid vesicle mobility (p): 
(0) DOPC (10 Ng/mL) + PEAA 10 (pg/mL) in 50 mM sodium 
phosphate buffer; (0) DOPC (10 pg/mL) in the same buffer. 
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Figure 11. pH dependence of phospholipid vesicle mobility (p): 
(0) DOPC 10 (pg/mL) + PEAA 30 (pg/mL) in 50 mM sodium 
phosphate buffer; (0) DOPC (10 pg/mL) in the same buffer. 

rather abruptly as the pH is depressed from 7.4 to 6.4 and 
remains relatively constant a t  higher and lower pH. These 
results are generally consistent with those of Schlieper and 
co-workers28 and reflect the development of increased 
negative surface charge a t  high pH through the adsorption 
of negative ions (either hydroxide or phosphate) from the 
basic solution. In the polymer solution, the mobility varies 
with pH in quite a different manner, in that the decline 
in p between pH 7.5 and 7.0 is followed by a rising mobility 
upon further acidification. Thus p reaches a minimum 
value of 1.5 X loW4 cm2/V-s a t  pH 7.0. When the polymer 
concentration is increased 3-fold (Figure ll), the pattern 
of mobility variation is similar, except that the local 
minimum in p is better defined and displaced by 0.1 unit 
to higher pH. 

For solution conditions of the mobility measurements, 
the Debye-Huckel parameter K is estimated from eq 5 to 
be 7.23 X lo6 cm-I, so that for vesicles of 600-nm radius, 
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conditions that convert DPPC to mixed micellar form 
would suggest a reluctance on the part of the unsaturated 
lipid to adopt the higher degree of surface curvature 
characteristic of micellar organization. This in turn is 
consistent with the larger cross-sectional area requirements 
of the unsaturated acyl chains of DOPC. 
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