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ABSTRACT. We employed quasielastic and static light scattering to measure apparent values of the mean
hydrodynamic radii Rn)app, molecular weightsNlapp), and radii of gyrationRy)appin solutions containing

mixed micelles composed of bile salts (cholate and taurochenodeoxycholate, both cholanoyl derivatives)
and the glycoacyl chain detergent, octyl glucoside, with egg yolk phosphatidylcholine (EYPC) as functions
of total lipid concentration (0210 g/dL), EYPC/detergent molar ratio{Q.2), and ionic strength (0.15

0.4 M NaCl) at 20°C and 1 atm. As the mixed micellar phase boundaries were approached by dilution,
(Rn)app Mapp and Ry)appVvalues increased markedly by up to 20-fold. For each micellar system, the scaling
ratios Rn)apdMapp’? and Rg)apd(Rn)app remained essentially constant at 0.018 nm/(g/#fojnd 1.5
(dimensionless), respectively, despite large variations in total lipid concentration, detergent molecular
species, and ionic strength. Refined data analysis is inconsistent with a flat “mixed-disc” model for bile
sal—EYPC micelles [Mazer, N. A., Benedek, G. B., and Carey, M. C. (1#86¢hemistry 19601] and

octyl glucoside-EYPC micelles principally because the numerical valueRafapyMapp? corresponds to

a hypothetical disk thickness ef1 nm, which is 4-fold smaller than the bimolecular width of EYPC
molecules, and for a diskR§)apd(Rn)app ratios should be close to 1 at low total lipid concentrations.
Assuming disc-shaped micelles, we show that intermicellar excluded volume interactions would have
only a minor effect oMappand cannot account for the unrealistic disk thickness. Instead, locally cylindrical,
semiflexible wormlike micelles of diameter= 4 nm and persistence lengih = 17 nm in solution are
compatible with the observe®{)apdMapg-? and Rg)apd (Rn)app Values when intermicellar excluded-volume
interactions are considered. With EYPC/taurochenodeoxychsl&® and EYPC/cholate 1.0 in 0.15

M NacCl, independent micelles grow upon dilution and use of the second virial coefficient [Egelhaaf, S.
U., and Schurtenberger, P. (199%)Phys. Chem. 98560] is adequate for estimating micellar weights.
The systems EYPC/cholate 1.0 in 0.4 M NaCl, EYPC/cholate 1.2 in 0.15 M NaCl, and EYPC/octyl
glucoside= 0.13in 0.15 M NaCl all form highly overlapping, semidilute polymer solutions, which mimic
the observed scaling ratios. In such semidilute systems, use of the second virial coefficient alone to
account for intermicellar interactions is inadequate for estimating micellar weights. The results of the
present study, in combination with locations of known phase boundaries of the ternary bilesRIE—

water phase diagram at high dilution, suggest that elongation, as well as entanglement of wormlike mixed
micelles may occur at concentrations approaching the micellar phase limit.

Aqueous mixed micellar solutions of steroidal or straight- Detergent-PC micelles ensure the thermodynamic stability
chain detergents with long-chain phosphatidylcholine {PC) of vertebrate and invertebrate biles during solubilization and
are of considerable scientific and biomedical interest. transport of cholesteroll( 2) and have been employed to
reconstitute phospholipid vesicles for studies of membrane
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PC molecules are extremely low, approximating Qv determined as functions of total lipid concentration. These
(5). However, in the presence of physiological concentra- data extend our earlier determinations of mixed micdRar
tions of common bile salts (BS), which are the alkali salts sizes and relative scattered light intensity values of analogous
of hydroxyl-substituted cholanoic acids, or straight-chain bile salt-EYPC systems7). Moreover, the present data
analogues of crustacean bile salts such as octyl glucosideanalysis incorporates the effect of intermicellar interactions
(OG), a nonionic detergent, substantial concentrations (uponMap,to the level of the second virial coefficient and allows
to ~100 mM in the case of bile salts) of long-chain PC may us to exclude a dilute solution of mixed-disk structures. We
be solubilized as mixed micelle${3, 6). The macroscopic = demonstrate that the data are instead consistent with a
interactions between these very dissimilar soluble amphi- “locally cylindrical” model of mixed micelles which grow
philes (BS and OG) and insoluble swelling (PC) amphiphiles as flexible, wormlike objects. The earliB; values of Mazer
are governed by total and relative concentrations of the lipids et al. (/) are shown to be entirely consistent with this
in water at fixed temperature and pressure, and are embodiedlternative model. The wormlike structure provides a basis
in detergent PC—water phase diagram&+3, 6). Because for understanding phase transitions from mixed micelles to
monomeric solubilities of these detergents and long-chain a hexagonal (P liquid crystalline phase that occur upon
PC differ by at least 6 orders of magnitude, dilution of mixed dilution of EYPC-bile salt mixed micellar solutions, which
micellar solutions within their respective micellar zones is then followed by a separation of unilamellar vesiclés (
increases the relative PC content and decreases the relativé). This series of phase transitions is of fundamental
detergent content of the micellar particles, resulting in an relevance to the structure of bile, since it is essentially
altered lipid ratio that leads to mixed micellar growth 6, reversed during bile formatior2Q, 27).
7). This occurs because detergent molecules migrate from
mixed micelles to the water component to replenish the EXPERIMENTAL PROCEDURES
intermicellar detergent concentration, a process that was first
followed noninvasively by quasielastic light scattering
spectroscopy (QLS)7].

On the basis of earlier QLS studies, Mazer et &). (
proposed a mixed disk model for the bile sdting-chain
PC micelles of bile. This model was a minor modification
of the simple disk model proposed by Sma8) (and
Dervichian @) for bile salt-EYPC mixed micelles. These
authors postulated the disk structure on the basis of X-ray
diffraction analysis of bile salt-EYPC liquid crystalline
phasesg) as well as from examination of the hydrophitic
hydrophobic balance of the moleculés.( Mazer et al. 7)

Materials. Sodium salts of cholate (37a,120-trihy-
droxy-56-cholanoate), and taurochenodeoxycholate, the tau-
rine conjugate of &,7a-dihydroxy-53-cholanoate (Calbio-
chem, San Diego, CA) were purified to 98% and each gave
a single spot on thin-layer chromatography following a 200
ug sample application. Highest (Ultrol) grade octyl glucoside
(octyl -p-glucopyranoside) was obtained from Calbiochem
and used without further purification. Grade | EYPC (Lipid
Products, South Nutfield, Surrey, U.K.) wa®9% pure 22)
by high-performance liquid chromatography (HPLC) and
thin-layer chromatography (2Q@y sample application). All

found that the mixed disk model predicted the mixed micellar other chemicals and solvents were ACS- or reagent-grade
growth observed in model bile systems by QLS when this purity E,F'Sher SC|ent|f_|c_, Medford, MA). NaCI_W_as roz_a;ted
was achieved either by dilution or by varying the EYPC/ at 600°C for 4 h tooxidize and remove organic impurities.
bile salt ratio at constant concentration. However, more PYreéx-brand glassware was alkali-washed for 24 h (EtOH-
recent studies employing small-angle neutron scattefifig ( 2M KOH, 1:.1' v-v) followed by_24 h ‘f."?'d washing (1M
11), high-performance liquid chromatography?, cryo- HNOg_) and n_nsed thoroughly with pgrl_fled Water._ Water
transmission electron microscopyd, and light scattering was filtered, ion exchanged, glass distilled (Corning Glass

(14) have questioned growth of bile saPC mixed micelles ~ WOrks, Corning, NY) and further purified using a MilliQ
via the mixed disk model and have shown that they may Vater system (Millipore, Bedford, MA).
form locally cylindrical rodlike particles. In addition, octyl Mixed Micellar Solutions.Following coprecipitation from
glucoside-PC mixed micelles appear to grow with similar ~stock solutions in CHGIMeOH (1:1, v:v), dried detergent
morphology 8) despite the strikingly different molecular EYPC films were dissolved in aqueous solution (60540
structures of octyl glucoside and common bile salis) ( M NacCl, pH~7, or in the case of cholate, 0.01 M NaHgO
To elucidate the sizes, shapes, and possible moleculaN&CO; plus 0.14 M NaCl at pH 9.0) that included 3.0 mM
structure(s) of bile salt and octyl glucoside EYPC mixed ~ NaNs as an antimicrobial agen28) to achieve the desired
micelles, we reinvestigated these systems employing bothtotal lipid concentration. In all bile salt systems, the pH
QLS and static light scattering techniqud${19).2 Ap- values ensured complete bile salt ionizati@d)( Prior to
parent molecular weight{M,,,), radii of gyration Rg)app light scattering experiments, mixed micellar solutions were

and mean hydrodynamic radmoappof mixed micelles were equilibrated for 24 h at 26C under an atmosphere of argon
and then centrifuged in a model L preparative ultracentrifuge

2 Portions of this work were presented at the Materials Research (Beckman, Fullerton, CA) for 3 h at 1000 to sediment

Society Fall Meeting, Boston, MA, 1989, at the Third International ust.
Symposium on Complex Fluids in Santa Barbara, CA, 1989, and at | gger Light Scattering Spectroscopyuasielastic and

Falk Symposium 58Bile Acids as Therapeutic Agents, Freiburg, L . - .
Germany, 1990, and published in abstract fof8, (17, 20. static light scattering spectroscopy utilize temporal and spatial

3 Apparent molecular weightMapy is the molecular weight\() variations in intensity of scattered laser light for physieal

derived from the light scattering intensity measurements assuming nochemical analysis of particles in solution. By appropriate
interactions between micelles, as would be the case at high dilution. 5 5)ysis one can determine sizes, polydispersities, molecular
At semidilute (i.e., higher) lipid concentrations, intermicellar interactions ; . .

affect the light scattering intensity and therefdvi,, deviates from weights, and shapes of macromolecules with considerable

the trueM. precision. Because comprehensive reviews of laser light
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scattering theory and applications are availaBe-27), we
summarize herein only experimental and theoretical details
pertinent to the present investigation.

Instrumentation. We employed a laser light scattering
spectrophotometer based on a design by Haller etl8), (
the details of which are presented elsewhd&@®.( Briefly,

a vertically polarized argon-ion laser (Coherent Innova,
model 90-5) operating at a waveleng#t) of 488 nm was

employed as a light source. Lipid samples were housed in
a circulating dust-free water bath designed for refractive
index matching 18) with a temperature maintained at 20

0.1°C employing a Neslab model RTE-8 apparatus (Ports-
mouth, NH). In the present configuration, scattered laser

Cohen et al.

functions ofC (data not shown),ddC was calculated from

the slope of each line fitted by linear least-squares analysis.

Experimental DesignConcentrated (5 or 10 g/dL) mixed
micellar solutions were prepared from EYPC and either
cholate (EYPC/cholate molar raties 0—1.2), taurocheno-
deoxycholate (EYPC/taurochenodeoxycholate molar ratio
0.6), or octyl glucoside (EYPC/octyl glucoside molar ratio
= 0.13). Following collection of each data set, the micellar
solutions were diluted with buffer at constant pH to a desired
total lipid concentration and then another laser light scattering
data set was collected and analyzed. To confirm the internal
consistency of dilution, a series of total lipid concentrations
for each detergentEYPC mixture, were prepared by direct

light was detected at 12 separate scattering angles rangingiilution from stock solutions to the desired concentration.

from 11.5 to 162.6. Since repositioning a photomultiplier
tube introduces the possibility of optical misalignments, we
avoided such experimental errors by positioning individual

All original and diluent compositions were designed to fall
within micellar zones of their respective detergeBlYPC—
water phase diagram8(@, 32. Precise dilution within the

lenses and computer-controlled shutter systems at eachmicellar phases was confirmed experimentally when serial

scattering angle. Light from each lens was transmitted via
individual optical fibers to a remote photomultiplier tube,
which was in turn interfaced with a 128-channel autocorre-
lator (Langley-Ford, model 1096, Amherst, MA). Control

or direct dilution to a desired total lipid concentration yielded
identical Rn)app vValues that did not display any appreciable
time dependence3p).

of the apparatus and data acquisition and analysis wereRESULTS

performed on-line employing a Digital MicroVax Il computer
(Digital Equipment, Maynard, MA).

Data Analysis Quasielastic Light Scattering.Particle
diffusion coefficientsD were measured at each scattering
angle by analyzing intensity autocorrelation functions ac-
cording to the method of cumulant®8). The mean
diffusion coefficient of the micellar solution was calculated
from a plot of mean diffusion coefficient versus scattering
angle (L8). (Rn)app values were calculated according to the
Stokes-Einstein relationship utilizing the viscosity of the
solvent.

Static Light Scattering Static light scattering employed

Laser Light Scattering Analysis of EYPOetergent
Micellar Solutions. Figure 1 shows representative data from
dynamic (A) and static (B) light scattering experiments
(EYPC/cholate molar ratie= 1.2 in mixed micellar solu-
tions at 20°C in 0.15 M NacCl). In Figure 1A, diffusion
coefficientD represents the slope of the line for each mixed
micellar concentration. The linearity 8fq(0)? indicates that
D values do not vary as functions of scattering angle. In
contrast, Figure 1B illustrates the substantial angular de-
pendence of scattered light intensity when plotted as
[Reampid0)/Ruare(0)] 7%, wherein Rayleigh ratio of mixed

the same configuration of the light scattering apparatus asMicelles,Rsampi{6), is normalized by the Rayleigh ratio of

above to measure mean apparent molecular weigagX
and radius of gyrationRg)app Of the mixed micelles. From
mean scattered light intensit{#) measured at each scattering
angle®, Rayleigh ratiosIR(9)] were determined by normal-
izing 1(0) values to light scattered by benzene and toluene
standards 18). The individual Ry)app @and Mapp values of
the mixed micelles were calculated according to the formula
(29

RO ™ =[1 + Y5(R)apr AO (M, KC) (1)

where q(0) = (4nn/A) sin (0/2) represents the magnitude
(nanometers') of the scattering vecton is the refractive
index of the solutionC is the micellar lipid concentration
(equal to the total lipid concentration minus the intermicellar
concentration of the monomer in mass/volurhepdK =
42r(dn/dC)%A*N,, whereN, is Avogadro’s number. Values
of R(f)! varied linearly as functions afi(6)?. By linear
least-squares analysidgp,was determined from the intercept
R(0)7%, and Ry)app Values were calculated from the slope of
the line. To determinerddC, refractive index i) values
were measured with an Abligpe refractometer (Bausch and
Lomb, model Abbe3L). The lipid samples of known
concentrations were prepared by serial dilutions of concen-
trated micellar solutions (10 g/dL) with buffer (see Experi-
mental Design). Because values varied linearly as

water, Ryae(f). The linear dependence oRLmpd0)/
Ruaed#)] 1 upon g(0)? validates the use of eq 1 for the
determination 0Mapp and Rg)app

Figure 2A plots Rn)app Values (nanometers) over a total
lipid concentration range of 1-810.0 g/dL for the EYPC/
cholate mixed micellar system depicted in Figure 1. As total
lipid concentration was decrease®,)ap, Values increased
curvilinearly from 4 nm to approximately 16 nm. Similar
apparent micellar growth patterns were observed upon
dilution for all EYPC-bile salt mixtures containing cholate,
and taurochenodeoxycholate, when EYPC/bile salt molar
ratios were 0.61.2 or in the case of octyl glucoside when

4To calculate micellar lipid concentrations, we subtracted the
intermicellar concentrations of cholate and octyl glucoside, which were
approximated by their critical micellar concentrations. Estimates of these
values for cholate are 0.3 g/dL (7 mM) in 0.15 M NaCl and 0.2 g/dL
(5 mM) in 0.4 M NacCl @4), respectively, and for octyl glucoside is
0.5 g/dL (20 mM) in 0.15 M NaCl 30). Because the relative
composition of EYPC/taurochenodeoxycholate systems in 0.15 M NaCl
plotted close to the phase limit at a total lipid concentration of 0.1
g/dL (= 0.6 mM), but within the micellar phase of this system (see
Table 1), we ignored the intermicellar concentration of taurochenode-
oxycholate in the micellar lipid calculation since it is likely to be
appreciably smaller than 0.6 mM24). A slight mismatch between
intermicellar and critical micellar concentrations for mixed bile -salt
EYPC micelles 81) may introduce a small systematic error in the
magnitudes oM and R, but does not change the overall conclusions
of the work.



Wormlike Mixed Micelles Biochemistry, Vol. 37, No. 42, 19984801

v A £ o e
o 3 ~S &
™~ s %’ [\
x 82 2r o
b .‘5 [+
:'.\ 3: 1 .g
Q 2 < T g ¢ ....
Q es 4t ® e o
® $3
N\— E m 0 1 1 1 1 1
S B
= o
<3 _g,,,b_ 8t
Q O X °
523 6l
s §E
aS3 *
< [y a o 41 ‘
2 28, ‘.
2 L
,.>< == .‘oo. e o
.'\' 0 ) I ! 1 b4
-_—
S § ¢
5 % .
§ € E E 20 ®e
« 206 5 )
= 8% & ‘e
& % 1] —a) 10+ L °
S -E s— * [}
| k<] o o
g ] ° L4
m"g t 0 1 1 1 1 1
— 2 4 6 8 10
0 ) 4 8 8 10 Total Lipid Concentration (g/dl)
. . Ficure 2: Influence of total lipid concentration on apparent mean
q(e)Z(cm 2) X10 10 p pp

?y)drodé/namic radiuSld%)app (fA), appar;nt molecular weight)app
FiGURE 1: Representative dynamic (A) and static (B) laser light (B). @nd apparent radius of gyratioRglap, (C) of cholate-EYPC
scattering datgsets employe):j for the(d)eterminatidVIE{gg (Ry)app ’ mixed m|c°elles (EYPClcholate molar rate 1.2,0.15 .M N‘”?‘CI.'
and R;)appValues. The produddg(6)? (A) and the ratio Reampd6)/ pH 9, 20.0°C). (Rn)appValues were determined by quasielastic light
Ruate(0)] 1 (B) are plotted as functions of6)? for cholate-EYPC scattering as shown in Figure 1A, wherddg,, and Rg)ap, Were
mixed micelles (EYPC/cholate molar ratie 1.2, 0.15 M NaCl, ~ determined by static light scattering (Figure 1B). ValuesRajp
pH 9, 20.0°C) in total lipid concentrations (g/dL) of 3.am, 2.9 Mapp and Ry)app €ach diverge with decreasing total lipid concentra-
(v), 2.4 @), 2.1 (a), and 1.8 #). Solid lines represent linear tion. Brackets denote that values &glapp < 10 nm could not be
regressions. Integer values on axes of this and subsequent figure§€termined with a high degree of certainfyg).
were calculated as products of actual values multiplied by factors
indicated in the axis’s label. concentration. Although with decreases in total lipid con-
centrations, bothRy)app and Mg Values increased 4- and
the EYPC/detergent ratio was 0.13 (data not displayed). As 20-fold, respectively, whileRy)apdMaps’? ratios remained
was anticipatedd), when stock solutions contained consider- constant with a mean valug=ED) of 0.0179%4 0.0013 nm/
ably higher relative micellar concentrations of cholate (gm/mol}’2 Mean Ry)ap/Maps’? x 107 values for each
(EYPC/cholate< 0.5), dilution over the same range of total EYPC-rich mixed micellar system are listed in Table 1. These
lipid concentrations did not induce any micellar growth from values were internally consistent and comparable in mag-
(Rn)app < 4 Nnm (data not displayed). nitude despite marked variations in molecular species, total
Following experimental determination ohdiC for sys- lipid concentration, and NaCl concentrations. Figure 3B
tems displaying strong micellar growth upon dilution (listed displays the scaling ratiof§)apd (Ry)app Calculated from data
in Table 1), we determinelll,p, and Rg)appaccording to eq  plotted in Figure 2A,C as functions of total lipid concentra-
1 (see Figure 1B). Panels B and C of Figure 2 show the tion in the case of the EYPC/cholate system with a molar
divergences oMapp and Rg)app Values, respectively, plotted ratio of 1.2. These values show considerably more data
as functions of total lipid concentration for the same dispersion. Points falling within the bracketed region
concentration range of micellar cholatEYPC solutions represented points calculated usifRy){y, values that fell
(conditions as in Figure 2A). Figure 2B shows that, with below the reliable detection limit (10 nm) of the light
dilution, Mg, values increase curvilinearly approximately 20-  scattering apparatus in Figure 2C. Excluding these data, the
fold as total lipid concentration decreases from 10 to 1.8 other Ry)apd(Rn)app Values average 1.5% 0.35.
g/dL. Figure 2C depicts thaR{)app values increase 4-fold Deduction of Micellar ShapeThe constancy ofRs)apy
over the same range of total lipid concentrations, but with M, "2 values (Figure 3A, Table 1) if taken alone would be
considerably more scatter (e.g., square bracketed) compare@onsistent with at least three plausible physical packing
with Figure 2A,B. Similar increases iMap, and Rg)app arrangements of the amphiphilic molecules (see Appendix
values were observed for all other EYPC-rich micellar A): (1) a dilute solution of disklike micelles as postulated
systems as functions of decreases in total lipid concentrationpreviously ), (2) a dilute (noninteracting) solution of
but not for cholate-EYPC systems when the initial EYPC/  random coil micelles, and (3) a semidilute (interacting)
cholate molar ratios were 0.5 (data not shown). solution of random coil micelles. However, on the basis of
Figure 3A plots the scaling ratioR)apdMaps? derived the experimentally determined values Bf)apdMapp’? (Table
from values plotted in Figure 2A,B as functions of total lipid 1), we calculate in Appendix A that the thickness of an
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Table 1: Conditions and Laser Light Scattering Data for DetergBhbsphatidylcholine Mixed Micellés

EYPC/D [total lipid] [NaCl] dn/dC (Ri)apdMapg!?
detergent (D) species (molar ratio) (g/dL) (M) (mL/g) [nm/(g/mol}2 x 17 (Rg)apd (R)app
cholate 1.0 1.35.0 0.15 0.167 1.66- 0.06 1.65+ 0.16
cholate 1.0 1.65.0 0.40 0.157 1.820.06 1.68+ 0.25
cholate 1.2 1.810.0 0.15 0.153 1.7%0.13 1.51+ 0.35
taurochenodeoxycholate 0.6 ©6:10.0 0.15 0.157 1.73%0.33 1.66+ 0.40
octyl glucoside 0.13 1:210.0 0.15 0.147 1.8%0.13 1.63+ 0.50

@ Abbreviations: D, detergent; EYPC, egg yolk phosphatidylcholimél@, refractive index incrementR{)ap, apparent mean hydrodynamic

radius; Mapp, apparent molecular weightiRf)app apparent radius of gyration.

A

w

N

..S"o eee® o *

(Rh)app/(Mapp) 2

(Rg)app/(Rn)app nm/[g/mol]"2x10?
(=]

N
T

_.
T
.
«®
°
%
.
—
0
.
°
.
.
.
%

Il i 1 Il 1
0 2 4 6 8 10

Total Lipid Concentration (g/dl)

FiGUre 3: Influence of total lipid concentration oR{M)apg/? (A)
and Ry)apd(Rn)app (B) ratios. Values are replotted from Figure 2.
(Rn)apd(M)apg”? and Rg)apd(Rn)app Values remain constant despite
marked increases ifR{)app Mapp and Ry)appvalues with decreases
in total lipid concentration (Figure 2). Brackets dend®g/Rn)app
values calculated from measure®y)spp values< 10 nm (Figure
2C), which could not be precisely determined);

Table 2: Relationship between Apparent and Actual Values of the
Overlap Parameter WheB_ > &,, According to Equation AZY

Xo O(Xo) = M/Magp Xapp.o
0.10 1.12 0.095
0.50 1.63 0.39
1.0 2.35 0.65
2.0 4.0 1.0
5.0 9.8 1.6
10.0 21.5 2.2

a Abbreviations: C., contour length;&, persistence lengthM,
molecular weightMap, apparent molecular weight.

first that a noninteracting solution of such micelles, with
reasonable diameter df= 4 nm 34) and persistence length
of & = 17 nm, would be compatible with the observed values
of (Rn)apdMapg”? and Rg)apd(Rn)app  We then examine the
effects of intermicellar interactions under two different
conditions: near-dilute solutions in which individual worm-
like micelles interact in a crowded environmerdi) and
semidilute solutions in which wormlike micelles become
entangled with each othe8%—37). For near-dilute solutions
(see Near-Dilute Solution Analysis in Appendix A and Table
2), the effects of excluded-volume interactions between
micelles are assessed by incorporating the second virial
coefficient. We show that for two of the systems studied,
EYPC/TCDC= 0.6 and EYPC/C= 1.0 (both in 0.15 M
NacCl), a wormlike coil model ol = 4 nm and5, = 17 nm
remains consistent with our light scattering measurements
because the correction introduced using the virial coefficient
is sufficiently small that values d¥l are accurately repre-
sented by measurements Mf,, This is not the case for
the remaining systems listed in Table 1, which instead behave
as semidilute solutions (see Semidilute Solution Analysis in
Appendix A) in which the light scattering dat®l}ps (Rg)app
and R»)apd are consistent with overlapping wormlike coils.
Our analysis reveals that a range of values&pandd are
possible for wormlike coils in semidilute solutions. Specif-
ically, we illustrate in Appendix A that wormlike micelles
with two plausible combinations df, andd (§, = 17 nm,
d=4nm,&/d =4 and5, = 38,d = 4.7 nm,&,/d = 8) may
be both consistent with the light scattering data and yet
correspond to contrasting sizes of micelles in semidilute
solutions.

In Table 3, we show for the EYPC/cholate1.2 system
and an assumed ratio @f/d = 4 that extensive micellar
growth (increasingM) is required upon dilution to produce

assumed disk would be close to 1 nm. This analysis takesthe observed values 8.,, Upon dilution near the micellar
into account the effect of excluded volume interactions Phase limit, these mixed micelles grow and become increas-
between hypothetical disks, insofar as they may affect the ingly entangled to form a semidilute solution. Consistent
second virial coefficient contributing t,,, Therefore, a ~ With this reasoning, the inferre®{)ap/d and Ry)ap/d (Table
dilute solution of disklike micelles is not consistent with the 3) are in excellent agreement with experiment at high
(Ry)apdMapi2 values (Table 1) since the bimolecular thick- dilution. _
ness of liquid crystalline EYPC in water is at least 4 nm _ In Table 4, we show the results of an analysis of the
(34). Similarly as listed in Table 1, théR{)a,d(Ry)appratios ~ EYPC/cholate= 1.2 system with an assumed valgd =
(Figure 3B) cluster in the vicinity of 1:51.7 for all 8 instead of/d = 4. In this case, extremely long micelles
compositions and not 1.1 as would be expected for disks at high detergent concentrations could be quite compatible
(See Appendix A and references therein)_ with the r6|at|YE|y small ValL-les Observeq fﬁgIapin and

We examined next the hypothesis that EYPC-rich mixed (Roapd/d. Inthis case, a considerable portion of the apparent
micelles form locally cylindrical wormlike coils. This  micellar growth with dilution would be due to disentangle-
analysis is detailed in Appendix A (and references therein) : : : : :
and considers whether the model applies if the micelles "~ The micellar shape most consistent with our light scattering data
formed either dilute (noninteracting) or semidilute (interact- is a locally cylindrical wormlike coil. As depicted in Figure 6, the

! : ) _ ' wormlike micelle is characterized by diametelr, persistence length
ing) solutions of wormlike coils. In Appendix A, we show between turns,, and an overall contour lengtig, .
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Table 3: Analysis of the EYPC/& 1.2, 0.15 M NaCl System under the Assumption Té#tl = 4 andy = y* ab

(Rg)apy/d (Ro)apy/d
¢~ Cr—IMC MapdMc M/M¢ Ry°/d R.°/d X predicted measured predicted measured
0.097 1.2 1.4 0.5 0.6 0.14 0.5 0.6 1.2
0.059 2.5 3.1 1.0 0.9 0.29 0.9 0.9 1.0
0.045 3.8 5.3 1.4 12 0.31 1.3 11 15
0.033 55 9.2 2.2 2.6 0.52 1.9 1.4 1.8
0.026 8.3 245 4.6 2.9 1.40 3.2 3.3 2.0 2.2
0.021 11.5 49.0 7.2 4.3 2.2 4.1 4.2 2.7 2.8
0.018 15.6 88.0 10.1 6.0 2.9 5.0 5.0 3.0 3.0
0.015 23.0 150.0 13.6 8.0 3.4 6.0 5.8 4.0 4.0

aUsingd = 4 nm and the correspondimg. = 3.03 x 10* g/mol. The micellar phase limit corresponds to 0.0x3 < 0.0148.° Abbreviations:
EYPC, egg yolk phosphatidylcholine; C, cholatg; persistence lengthd, diameter;M., molecular weight of reference cylindep, volume
fraction of amphiphiles in micelles; IMC, intermicellar concentratibhj, apparent molecular weigh®y®, dilute solution value foR;; R°, dilute

solution value forR,; X, overlap parameteN,,, apparent molecular weight{)a,p apparent radius of gyratiorR{)app apparent mean hydrodynamic
radius.

Table 4: Analysis of the EYPC/& 1.2, 0.15 M NaCl System under the Assumption th#t' = 8 andy = y* aP

(Rg)apdd (R)apdd
¢~ Cr—IMC Mapdexp)M¢' M/M¢' Mapdpred)M¢' X predicted measured predicted measured

0.097 0.7 100 0.9 41 1.0 0.7 1.0

200 0.9 68 0.6 1.0 1.0
0.059 15 100 1.6 25 15 11 0.9

200 1.7 41 16 15 0.9
0.045 2.3 100 2.2 19 1.8 1.7 1.3

200 2.3 32 1.9 1.8 1.3
0.033 3.4 200 34 23 25 2.2 15
0.026 5.0 300 5.0 24 3.0 2.8 2.8 1.9
0.021 7.0 400 7.0 23 3.5 35 3.2 2.4
0.018 9.5 600 9.5 25 3.9 4.3 3.6 2.6
0.015 14.0 1000 14.0 27 4.8 49 4.4 34

aUsing d = 4.7 nm and the correspondind. = 5 x 10* g/mol in eq A26 together with the stipulation that the micelles at high volume
fractions¢ are very large compared to 1Abbreviations: exp, experimental value; pred, predicted value; other abbreviations are as described in

Table 3, except where the prime denotes assignment of a different numericalv@haleulated with the use &.°/d’" = 3/g(z/3)Y(M/Mc)(E/d')] Y2
together with the compilations noted in the text.

ment of long micelles, even though Table 4 does show that linked polymers. These could in turn affect the diffusivities
individual micelles would still be expected to grow them- of the light scattering fluctuations that we have measured.
selves upon dilution. Although theoretically possible, ancil- Evaluation of each of these considerations will require
lary information argues against the presence of long, additional experimental and theoretical work.
entangled mixed micelles at high lipid concentrations (see
below). DISCUSSION

We note that there are caveats of potential importance with
respect to the application of polymer solution properties The results of this work suggest that mixed micelles
directly to the micellar systems as we have just described. composed of EYPC and two detergents of distinct molecular
First, in addition to the micellar size and interactions Structure (i.e., anionic bile salts with rigid steroid backbones
considered here, changes in the micellar size distribution with @nd nonionic octyl glucoside with a highly flexible acyl
concentration and composition can contribud®)(to the  chain) may take the form of elongated locally cylindrical
magnitude of the light scattering fluctuation89( 40. but flexible micelles near the micellar phase limit of the
Evaluation of this contribution awaits a self-consistent systems. This finding challenges the proposal in our earlier
thermodynamic treatment of these mixed micellar systems mixed disk model {), which was based on the premis (
that incorporates intermicellar interactions. Second, because?) that bile salt molecules would most efficiently solubilize
of the changing micellar size distribution, we have no PC molecules by coating the perimeters of circular PC bilayer
straightforward means of determining solvent quality, as disks. We will first reconsider the earlier laser light
could be done for polymer solutions by evaluating virial scattering data and proposals of Mazer etAlir( the context
coefficients. We have chosen to use polymer solution results of the currently suggested wormlike structure for detergent
corresponding to a good solvent regindd{43), keeping EYPC mixed micelles. On the basis of the ternary detergent
in mind that the headgroups of all except one (octyl EYPC—water phase diagram3Z, 44, 43 we will address
glucoside) of the detergents we have used are charged, anthe theoretical likelihood that a wormlike mixed micellar
that isotropic liquid-isotropic liquid phase separations have structure presages the appearance of an intervening hexagonal
not been reported for these systems. Third, because of thgH,) liquid crystalline phase in the transition from mixed
delicate noncovalent attractions that join amphiphiles into micelles to vesicles upon dilutioi (6). We will then relate
micelles, entanglements of wormlike micelles may display these concepts to the physiology of bile formation, which in
very different kinetic interactions from those of covalently its earliest stages involves a reversal of the serial dilution
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Ficure 4: Influence of mean hydrodynamic radid, of mixed 1'0(;

micelles on the ratio of mean scattered light intensity &t @0
micellar lipid concentrationl[90°)/C]. Solid circles represent data Rp/d

replotted from Mazer et al7]. Micellar solutions were composed £ - - 5. predicted values andR/d for wormlike mixed
of taurocholate and EYPC (0.15 M NaCl, pH7) with total lipid oo 2, Predicted valies diy/R, an dRFh{ini ety e

concentrations ranging from 0.625 to 2.5 g/dL at temperatures of b : ; .
20-60 °C. The solid curve represents the theoretical dependenceg;‘éa;%ei‘;gfs;ﬁgg‘l‘tﬁl)(&e;ggﬁpégllellgsgggﬁmego?lﬁﬁ:‘re?;ﬁ”ng

th|.§:?10°)I!§ 'cc)ir:aRhafr?:eac\{evl(ljérr?tli‘l'(tetorm(:gaﬂigfggtgelfo?ﬁg?mng:x aBt?(’)n and persistence length, of wormlike mixed micelles in solution
which provides an ex ! ' ' 1zalion, 3y be estimated graphically (see text for details).

we chosed = 90° anda. = 5 nm as did Mazer et al7]. Inset is
a reproduction of the original Figure 7 of Mazer et al), (where ) i . L i .
I, 11, 11", and Il are the theoretical dependences for micellar growth increasing EYPC/bile salt ratio in micelles induced by
as spheres, disks, polydisperse disks, and stiff rods, respectively.decreasing total lipid concentratiod@). In the absence of
Inset reprinted with permission from ref 7. Copyright 1980 static light scattering data, which demonstrates herein that
American Chemical Society. any disk model would be unrealistically thin, these two
operation on bile salt/PC (plus cholesterol) mixed micelles groups did not consider the option to makel é)/C versus

(20, 22. R, prediction for a flexible rod or wormlike structure (see
Reinterpretation of Pra@ous Light Scattering DataMazer inset, Figure 4). It is salutory to find, as demonstrated by
et al. (/) deduced the most likely bile salEYPC mixed the main graph in Figure 4, that there is, in fact, excellent
micellar shape by plotting mean scattered light inten${®)[ agreement between the origirdl data of Mazer et al.7),
divided by micellar lipid concentration(P)/C] as functions plotted as solid circles, and the theoretical dependency of
of Ry values obtained by QLS & = 90° (data from ref7 1(0)IC versusR;, for a wormlike mixed micelle, plotted as a
insetted in Figure 4). As demonstrated by the inset (Figure solid line (see details of derivation in Appendix B).
4), the theoretical dependency I§90°)/C on R, is distinct Figure 5 demonstrates graphically the relationships be-

for spheres, disks, polydisperse disks, and stiff rods (seetween light scattering measuremeni®, and R,, and the
roman numerals in figure legend). Although Mazer et al. physical dimensions of wormlike micelle§_ and &, (41,

(7) noted that none of these shapes individually provided a 47). When ancillary data provide a reasonable estimate for
perfect fit to their experimental data, polydisperse disks the value ofd (e.g.,d = 4 nm for detergertPC micelles;
provided the closest approximation (Figure 4 inset, curve see above), values & andR, may be employed to estimate
II"). Because of an earlier suggestion in the literature that corresponding values o€_ and &,. For detergentPC

bile salt and EYPC molecules packed as disklike bilayers solutions at high dilution [i.e Ry ~ (Rg)appandRy ~ (Rn)apd,

(8), a comparison of micellar sizes predicted by the model experimental values from light scattering measurements may
of Small @) and Dervichian §) with the R, values experi- be applied directly. However, at higher lipid concentrations
mentally derived by dynamic light scattering) (revealed at which intermicellar interactions become importaRy) {,p

that the simple disk structure was too small to account for and Ry)app Values must first be corrected to yield corre-
the apparent growth. The structural and mathematical modelsponding values foRy andR, as described in Appendix A.

of Mazer and colleaguesr was based on the proposed Molecular Model for Bile SaltLong-Chain PC Mixed
equilibrium packing of the molecules in the lamellar liquid Micelles. Figure 6 proposes a schematic model for a
crystalline phase of bile satEYPC—H,0 systems34, 45 wormlike and a globular bile satEYPC mixed micelle (the
where bile salts were believed to be inserted as reverselatter represented by a bile salt-rich fragment) and highlights
micelles into the EYPC bilayers. In the modification of the their essential features. This model is consistent with
simple model, it was assumed that PC bilayers were saturatecaccumulating evidence in the literature, which argues strongly
with bile salts before being cut up to form mixed micelles that mixed detergertPC micelles at low PC content are
by extra bile salts that formed a bilayered ribbon on the locally cylindrical objects. Employing small-angle neutron
perimeter of the disks. This mixed disk structure, i.e., scattering (SANS), which is sensitive to short-range order,
expanded simple disk model, predicted that in addition to Hjelm et al. (LO) provided evidence that EYPC-rich mixed
bile salt molecules coating the disk’s perimeter, they were micelles containing glycocholate (the common aminoacyl
also incorporated into the micellar bilayers as reverse dimersconjugate of cholate) are elongated structures with constant
with their long axes parallel to the EYPC bilayer. Interest- radii of ~2.7 nm, and subsequently these authafy (ised
ingly, the model accurately predicted mixed micellar growth SANS to suggest that the long axes of PC molecules pack
determined by QLS as functions of increasing EYPC/bile normally (i.e., perpendicular to long axes) in rodlike mixed
salt ratio at constant total lipid concentratiof) &s well as micelles. Due to its model dependency, this radial dimension
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Bile Salt

FiIGUrRe 6: Schematic model of wormlike mixed micelles. The

dimensions of the wormlike micelle are characterized by diameter,

d, persistence length between turds, and an overall contour
length,C.. The proposed molecular packing of PC is radial with
their acyl chains oriented toward the center of the wormlike mixed

micelle and zwitterionic headgroups facing outward at the aqueous

interface. Consequently, the micellar diameter (4 nm) is ap-
proximately twice the molecular length of a long-chain PC. Bile
salt molecules both “cap” the hydrophobic ends of the mixed micelle

and are dispersed randomly on the surface of the micelles (area of

detail A) with their hydrophobic surfaces interacting with acyl

chains of PC and their hydrophilic surfaces and ionic side chains
oriented toward the aqueous continuum. Area of detail B demon-

strates the globular shape of a mixed micelle at high total lipid

concentrations and high bile salt-to-PC ratios, such as would occur

in native bile. This particle is quasispherical wigh~ 4 nm. Upon
dilution, mixed micelles grow by elongating (increasi@g) but
maintaining constant diameter to form flexible wormlike structures.
Dilution induces bile salts to migrate to the intermicellar water;
hence the mixed micellar PC-to-bile salt ratio increases. This
wormlike particle would likely occur only at high dilution, i.e., in
the intrahepatic biliary tree, especially bile canaliculi, during bile
formation. (See text for further details).

is not exactly in agreement with the 2 nm length of a typical
long-chain PC experimentally determined from X-ray scat-
tering of EYPC bilayers34) and hexagonal (hiphase rods
(32). However, the model is in keeping with data demon-
strating that PC molecules are freely diffusible within rods
in the hexagonal48) as well as in the cubic phasé9) of

the ternary cholateEYPC—H,0 systems44, 45. Based

upon these observations, Figure 6 depicts PC molecules

oriented radially with their hydrophobic side chains oriented
toward the center of the cylinder and their zwitterionic
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FiIGURE 7: (A) Cholate (C}-egg yolk phosphatidylcholine (EYPE)
water phase diagramd4) with axes plotted in weights percent (pH
10.0, 20°C, 1 atm). Solid lines represent well-defined phase
boundaries, whereas dashed lines represent phase boundaries that
have not been precisely determined. Roman numerat$Vil
indicate one-phase zones, Arabic numerats3{lindicate two-phase
zones, and letters {ee) indicate three-phase zones. The dot at about
0.5% (w/w) on the cholate-water axis represents the critical micellar
concentration (cmc) of cholate in water10 mM). The interrupted

line (- —-) represents a coexistence boundary within the micellar
zone (see below). (B) Expanded “area of detail” from the triangle.
The base axis has been replotted to show weight percent (egg yolk)
PC increasing from left to right, rather than weight percent water
from right to left. The portions of the phase diagram represented
in the area of detail are region 1V, one phase (sympoWwhich is

headgroups facing the aqueous phase. To explain HPLCisotropic (micellar); next to this is a sliver of region 3, containing

measurements of mixed micellar growth that were also
consistent with a locally cylindrical mixed micellar structure,
Nichols and Ozarowskil@) proposed that bile salts capped

two phases, mixed micelles plus hexagonal phase; next to this is
region a, containing three phases, aqueous plus hexagonal plus
lamellar; and next to this is region 7, containing two phases, aqueous
plus lamellar. The micellar phase is divided by a coexistence

the ends of the cylinders as shown in Figure 6. Becauseboundary into a region containing mixed micelles plus simple
recent surface balance studies have clearly demonstrated thanicelles and a region containing mixed micelles only. The dashed

dihydroxy (and by inference, trinydroxy) bile salts partition
into PC monolayers with the long axis of their steroid nuclei
parallel to 60) and not normal to 45 the PC-water
interface, we have also introduced in Figure 6 horizontally
oriented bile salts inserted into the sides of the cylinders.

The light scattering measurements and analysis in our
study complement data on so-called short-range order by

suggesting an overall mixed micellar structure (Figure 6).
At high total lipid concentrations and mixed micellar bile
salt contents, small spherocylindrical or globular mixed

line connecting the cholate and (egg yolk) PC axes represents
compositions containing 10% total lipid concentrations. Arrowed
lines originating at 10% lipids and directed toward thgHertex
represent dilution pathways of lipid compositions studied by laser
light scattering in this work. The relatively low concentration of
NaCl (0.15 M) employed in most of our experimental mixed
micellar systems lowers the cmc of cholate~6.3 g/dL @4) and
therefore slightly alters the absolute locations of the phase
boundaries. [Modified from Small et al44), Cabral and Small

(6), and Carey 1) with permission.]

argue against this possibility: Viscosities of concentrated

micelles are consistent with our measurements. Although (10 g/dL) bile salt-EYPC mixed micelles with compositions
we demonstrate in Appendix A that the same data could alsothat plot close to the coexistence boundary (see Figure 7)
be obtained on systems containing elongated, entangleddo not differ substantially from water but rise dramatically
mixed micelles, independent observations on similar systemsnear the micellar phase limis{), consistent with growth of
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mixed micelles as interacting wormlike structures. More-
over, recent analysis by cryo-electron microscopy failed to

visualize elongated mixed micelles in concentrated bile salt-

rich model biles (D. L. Gantz, D. Q.-H. Wang, M. C. Carey,
and D. M. Small, unpublished observations). As total lipid
concentration or mixed micellar bile salt content is reduced,
our data indicate the “globular” bile salEYPC aggregates
elongate to from wormlike mixed micelles witb_ and &,
dimensions (Figure 5) that are consistent with the Ya-
makawa-Fujii theory @7).

Mixed Micelle-Liquid Crystalline Phase TransitionOur
proposed wormlike structure of mixed micelles near the

micellar phase limit provides a possible basis for understand-

ing the transition from mixed micelles to an intervening
hexagonal (k) phase and then to a unilamellar vesicle (liquid
crystalline) structure &), which apparently occurs upon
dilution of mixed bile sat-EYPC micellar systems7f as
reinterpreted by Cabral and Smail)( Figure 7A displays
the ternary cholateEYPC—water phase diagrand$) and
Figure 7B provides in detail the representation of the
aqueous-rich£10 g/dL total lipid concentration) fragment
of the phase diagrani(6) that is best supported by available
data 62). Compositions falling within the unshaded region
of Figure 7B are micellar and correspond to zone IV of

Cohen et al.

lamellar phase without traversing a three-phase region.
Additional experimental evidence will be needed to distin-
guish whether this possibility could be correct under certain
circumstances, bearing in mind that such phase relations
could occur in systems containing different molecular spe-
cies of detergents, phospholipids, and experimental condi-
tions.

In the present systems, it is also possible that the micellar
size increases sufficiently so as to facilitate a transition to a
partially ordered (i.e., dilute hexagonal)doexisting phase,
as suggesteds). In support of this possibility, statistical
mechanical models of semiflexible spherocylinders with
excluded-volume interactions show that the volume fractions
of coexisting isotropic and hexagonal phasé&s—(56)
decrease strongly with increasing contour length-to-diameter
or persistence length-to-diameter ratios. We note that in
solutions containing particles of fixed dimensions, a transition
to a partially ordered phase occurs upon increasing volume
fraction. Such a transition is also consistent with what is
observed for the phase equilibria system studied h&2g (
where at higher lipid volume fractions there is a phase
transition from zone IV (micellar) to zone Il (H(Figure
7A). In contrast, we have performed the present light
scattering measurements on micellar systems where growth

Figure 7A. The micellar zone is bisected by a dot-dashed also occurs, but upon decreasing the overall lipid volume

line (shown in Figure 7A,B), which represents the coexist-

fraction (Figure 7B). Arrowed lines in Figure 7B represent

ence boundary between simple micelles plus mixed micellesthe dilution paths studied in this work by QLS and static
and mixed micelles alone where a divergence in micellar light scattering. Clearly only the detergent is present with

size (Figure 2) commenced)( Due to their differing

EYPC/cholate= 0, and as anticipated, no micellar growth

symmetries, the isotropic phase (zone 1V), the hexagonaloccurs upon dilution, and in contrast only monomers are
phase (zone lIl), and the lamellar phase (zone 1) must all be present below the cmc (Figure 7B). Dilution paths contain-
joined pairwise by at least three regions of two-phase ing EYPC/cholate molar ratios of 0.33 fall almost entirely
coexistence, assuming that all single phase regions have nowvithin the region of the micellar zone in which simple and
been identified. In turn, these two-phase regions must form mixed micelles coexist and for which we observed no
the borders of at least one triangle, the vertexes of which micellar growth experimentally. No growth was anticipated
specify the compositions of three phases coexisting in because, as was noted earlier by Mazer et g, the

equilibrium (i.e., a triangle that joins zones I, lll, and V).

proportions of mixed micelles increase relative to simple

A number of geometries can satisfy these constraints. Onemicelles, and hence no change occurs in mixed micellar

possibility is depicted in Figure 7A: The isotropic vertex of

composition nor in size measured by QLS. When the EYPC/

the three-phase triangle corresponds to a very dilute solution,cholate molar ratic= 0.5, which plots close to the coexist-
as suggested on the basis of X-ray scattering data gathereence limit (Figure 7B) due to the relatively high cholate

at low total lipid concentrationsl( 6, 5J. Figure 7B shows

concentration, we were unable to discern significant micellar

a two-phase region (lightly shaded) in which the hexagonal growth with dilution prior to loss of the light scattering signal.

phase coexists with mixed micelles is directly adjacent to
the micellar zoneX, 6, 5. Under this scenario, this two-

In contrast, compositions containing EYPC/cholate molar
ratios> 0.5 (1.0-1.2) contained only mixed micelles (Figure

phase region would adjoin a three-phase region containing7B), and these grew upon dilution due to loss of bile salts
hexagonal phase, a lamellar liquid crystalline phase, andfrom the mixed micelles to maintain the intermicellar

aqueous cholate monomers (zone a in Figure 7A, intermedi-

monomer concentrationg)( This dilutional loss of bile salts

ate shading in Figure 7B). The heavily shaded two-phaserelative to EYPC molecules from mixed micelles at the

region in Figure 7B (zone 7 in Figure 7A) would contain
only a lamellar liquid crystalline phase in the metastable form

higher EYPC contents (EYPC/cholate molar ratios of 1.0
and 1.2) markedly reduces cholate content in the mixed

of unilamellar vesicles, aqueous cholate monomers in micelles and, as we observed, resulted in dramatic increases

concentrations below their critical micellar concentration

in R, values (Figure 2A). Indeed, cryo-transmission electron

(cmc, shown as a closed circle on the cholate axis in Figure microscopy of an cholatetEYPC—water system with a

7B), and extremely dilute PC monomers. Another less likely
possibility not pictured in Figure 7 is that the isotropic vertex
of the three-phase triangle is located at a higher total lipid
concentration (i.e., away from the,;@ vertex) as originally
proposed by Small et al4b) and which formed the basis of
the phase equilibria data available to Mazer et 3).pfior

to their revision by Smallg2). In this case, a dilution path
from the mixed micellar phase could directly enter the

composition (EYPC/cholate 1.1, total lipid concentration
= 1 g/dL), @3) that plots near the micellar zone (Figure
7B) demonstrated rodlike objects 200—-300 nm in length
and~5 nm in width.

Physiological Correlations.lIt is known now that long-
chain PCs are secreted as unilamellar vesicles into the
canalicular spaces between liver cells by mechanisms
independent of bile salt secretiod7j. We have suggested
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elsewhere Z0) that in the initial formation of bile from t = [(7%4)oN(R/MY?? ™1 = [(¥/4)pN,] {(MIR.2)
interaction of bile salt molecules with these vesicles, the first (A2)
micelles that are formed in such a bile saRC mixture

would be wormlike objects. From in vitro model studies,  For an initial estimate of, we assumé/l ~ M.y, andR,

this occurs only when the secreted bile salt concentration ~ (R.),,, Using Ry/(M)ap2 = 0.018 nm/(g/moB? from

attains its critical micellar concentration in the proximal Taple 1 and assuming = 1 g/mL for mixed micelles, we
biliary tree @0). On the basis of the similar findings for  cajculate that ~ 0.7 nm. As explained in the text, this value
octyl glucoside-EYPC mixed micelles in the present work, s not consistent with a PC bilayer that forms the basis of
it is anticipated that similar wormlike mixed micelles should the simple or mixed disk models for mixed bile satYPC
occur during bile formation in crustacea where medium- mjcelles 7—9).
length acyl chain detergents with dipeptidyl headgroups |n solutions that are not dilute, the presence of attractive
rather than steroid detergents with flexible side chains or repulsive intermicellar interactions such as those due to
solubilize long-chain PCZ). Itis important to note thatwe  yan der Waals forces, surface charges, or excluded volume
have not examined herein the influence of cholesterol affect the intensity of scattered light, so thdt,, = M. In
incorporation on mixed micellar structure and that solubi- particular, net repulsive intermicellar interactions leadto
lization of blllary cholesterol may alter or even prevent > Mapp We now consider whether such an effect could be
formation of wormlike structures depending upon its absolute |arge enough, in the current solutions, to increase the value
and relative concentrations. of M appropriate for use in eq A2, so thatould be>4
Although our light scattering data strongly suggest that nm. In this analysis, we defer consideration of intermicellar
biologically relevant wormlike mixed micelles may formin interactions onR,. For the marked growth of presumed
the presence of detergents with quite distinct (i.e., steroid mixed disk micelles near the phase limit, we assume
and acyl chain) molecular structures, “micellar” solubilization electrostatic repulsions to be effectively screened, since the
of long-chain PC is known to occur by other mechanisms. solvent Debye length of1 nm is at least 10 times smaller
An important example is recombinant high-density lipopro- than what the mean intermicellar (centeenter) spacing
tein particles, in which apolipoprotein Al complexes with would be if the micelles were disks. Accordingly, we restrict
long-chain PC (or other natural phospholipids), and apo- our analysis to the influence of excluded volume interactions
lipoprotein AI-EYPC recombinants have been shown by on the intensity of scattered light. We do so at the level of
several experimental methods to form bilayer PC disks the second virial coefficient A with the use of the
stabilized by apolipoprotein Al at their edges8). Most approximation
recently, van Antwerpen et al59) have employed cryo-
electron microscopy to demonstrate disks of thickness of 5.1 M/Mappz 1+2AcM+ .. (A3)
+ 0.1 nm and diameter 18& 3.5 nm upon reconstitution
of high-density lipoproteins with 1-palmitoyl,2-linoleoyl-PC, wherec is the micellar concentration (w/v).
cholesterol, and apolipoprotein Al. The use of eq A3 for the present case of micellar solutions
In summary, it appears that the solubilization of long-chain may be justified as follows: For a single-component solute
PCs in bile of both vertebrates and invertebrates most likely comprising particles of fixed sizéy would be the coefficient
involves packing of PC together with steroid (or straight- of the ¢® term in the near-dilute solution expansion of the
chain) bile salt molecules into globular rods or elongated osmotic pressurer = RT[(c/M) + Axc? + Asc® + ...]. For
wormlike particles depending upon the PC/detergent ratio. our present estimate, however, we égeand c in eq A3 in
In contrast, the apolipoproteifPC micelles of blood that  a hypothetical sense to describe the light scattered by micellar
form the basis of nascent high-density lipoprotein particles particles which are present at concentratipwhile regarding
are clearly disklike in structure. It remains to be determined bothA; andM to themselves be functions of In doing so,
whether physiological advantages accrue from these dis-we do not consider the following points, which fall beyond
similar modes of packaging PC into small soluble particles the scope of the current study: (i) From a thermodynamic

in the major biological fluids. standpoint, the present systems contain not one but two solute
components. Consequently, the relationship between the

APPENDIX A: ANALYSIS OF POSSIBLE MIXED intensity of the light scattered in the forward direction and

MICELLAR SHAPES chemical potential derivatives [e.gam{dc)r, = RTMgppin

eq A3] is more complex than that employed heré&8,(40.
(il) The present experimental systems contain a size distribu-
tion of micelles that varies with detergent and surfactant
concentration and composition. Whereas for a solution
containing just one solute amphiphile component, the
intensity of the forward scattered light can still be used to
N deduce §n/9c)rp, the quantity §z/oc)r, here implicitly

R, = (U2)((2/t)° — )" tan * [((2r)* — 1) (A1) incorporates the change in micellar size distribution as a

function ofc. In such a case it is not clear, a priori, that eq

Forr > t, this expression simplifies tB, = 2r/z. On the A3 is appropriate for analysis of the light scattering data.
other hand, the molecular weight of the fixed thickness disk Several groups have shown that interactions between micelles
is given byM = zir?tNqpo, wherep is the mass per unit volume  or other reversibly associating solute species can potentially
of lipid within the micelle. Clearly, the ratidR/M*? is influence the size distributior6(—66). (iii) Even if inter-
constant for a disk of a givef andt may be expressed as micellar interactions were to have a negligible effect on the

(1) Disk. Although we are not aware of a precise
expression foR, of a disk as a function of fixed overall
thickness ) and variable radiusr), R, may be estimated
by considering a disk a limiting case of an oblate ellipsoid
with semimajor axig and semiminor axi¥/2 (60):
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micellar size distribution, polydispersity is expected to
contribute terms of ordes® to eq A3 38), which we neglect.
For A,, we have used the expression given by Isihara and
Hayashida §7, 68 for a right circular cylinder:
A= 4VNa/M2{ l/4[1 + ((1 4+ X)(1 + 2x)/2X)]} (A4)
in which V is the micellar volume ang = a/2b, wherea is

the disk (i.e., cylinder) radius arixis the disk half-thickness.
Using eq A4, we can write

(2AcM) 4. = TdX[1 + (1X)(1 + 3/7) + 1/(x%)] (A5a)
~ qpx for largex (A5b)

where ¢ = cv is the volume fraction of amphiphiles in
micelles (i.e., excluding the intermicellar bile salt volume
fraction) andv = (VN/M) is the partial specific volume of

Cohen et al.

Boek et al. {1) reveals the change for solutions near the
dilution limit to be well below 1%.

In summary, the estimates given above suggest that neither
Mapp NOr (Rn)appWould be significantly affected by excluded
volume intermicellar interactions between disklike micelles.
In turn this supports our initial conclusion, i.e., that the
apparent disk thickneds= 2b, as calculated fromRp)apd
Maps? = 0.018 nm/(g/moh?, is too small to be consistent
with disklike micelles. Additional evidence derives from
the observation that the experimental values of R/
(Rn)app ratio are not compatible with those to be expected
for a disk. To determin®y/R; ratios for a disk, we derive
Ry according to the definitioR,? = /r2 dM//dM (29). For
a flat disk of circular cross-section having radiusand
uniform thicknesg, this gives

Ry =12+ t12 (A8)

the lipids, assumed to be the same as that of the micelleswhich simplifies toR; = r/v/2 for a disk withr > t. By

To evaluate eq A3 using eq A5 it is convenient to normalize
M using a quantity defined ad., the molecular weight of

a cylinder of lipid having diametert®and height B; M. =
(210%) N4/, so that fA/M¢)gisc = 4x? and

(MM, dise = 1 + ¢{ (W/2)(MIM)ged™ +
B+ m) + 2(MM)ys) 3 (AS)

Using 2 = 4 nm ando = 1 cn/g, we find M, = 3.0 x
10°%g/mol. Writing (M/Mappdise = (M/Mc)aisd Md/Mapp) and
solving for (M/M¢)dis, Neglecting virial coefficients beyond
the second and neglectingM(Mc)aisd 2, we obtain A/
Mc)dgisc = (MapdM){ (1 + (3 + 7)¢ + 2)¥2 + Z}, wherez =
(pl4)(MapdM)¥2. To linear order ing this gives

(M/M(‘)diSC: (Map;/Mr){ 1+ (P{ ((3 + 7[)/2) +
(@W4) M, IM)™?} + terms of orden?’} (A7)

Equation A7 is convenient for evaluatinl using the
experimental values oMy, We find for each system
studied that £¢/4)(MapdMc)¥2 is below 0.1 and is near or
below 0.05 in the region of apparent micellar growth. At
or near the micellar phase limit, the tegf{(3 + x)/2] ranges

up to about 0.05, although for the higher concentrations

combining the simplified forms of eqs A1 and A8, we obtain
RyR, = (7/2)v/2 = 1.11. In contrast, the experimentally
determined values oRy)apd (Rn)app Were near or above 1.5
(Table 1) and are not consistent WitRg{apd (Rn)app = 1.1
(neglecting weighting for micellar dispersity). In this
analysis, we note that the above considerations did not
address the influence of polydispersity or intermicellar
interactions ork; and R,

(2) Wormlike Coil. For illustrative purposes, a random
macromolecular wormlike coil72) can be represented as a
large numberl{) of small spherical segments connected by
their centers and oriented randomly. If interactions between
nonadjacent spheres are neglected,Rhef such a colil is
proportional toN'? (73). Since the molecular weighl is
proportional ta\, the ratioRy/M?is constant despite growth
in the coil by increasindN. Nevertheless, the numerical
value of theR/M¥? ratio will be quite different for a random
coil with cross-sectional diameter 4 nm than it would be
for a disk of thickness 4 nm. Our experimental finding
that R/MY?2 is approximately constant (Table 1) and has a
value that is not consistent with disklike micelles suggested,
as was discussed in abstracts of the present wik Z0),
that the micelles may take the form of random coils.
Concurrent and subsequent work utilizing neutron scattering
(10, 11, 74-76), electron microscopy3( 13, gel chroma-

studied it can be as high as 0.3. Therefore, under thetography (2), and light scatteringl4, 74-76) provide strong

hypotheses that (i) the micelles are disklike, and (ii) eq A3

evidence that locally cylindrical but flexible micelles are

can be applied, consideration of excluded volume interactionspresent in solutions similar to those studied here.

would not significantly increase the valueshffrom those
we infer by usingM ~ Mapp

From eq A2 and usinyl/Map, = 1.2 (which exceeds the
largest value calculated from eq A7 near the dilution limit),
we may conclude thaR, would have to be smaller than
(Ryappby a factor of 2.2 in order to be consistent with circular

A quantitative comparison of this hypothesis with the
present light scattering data, however, is significantly
complicated by the presence of intermicellar interactions.
Should the proposed wormlike micelles interact so as to
become entangled, they may cross over to become a
“semidilute” solution in whichMapp (Ry)app @nd Ry)appWould

disks having a thickness of at least 4 nm. Such a large effectno longer represent single particle characteristics but would

would be implausible on the basis of the following consid-
erations: An estimate of the collective diffusion coefficient
D(¢) of a colloidal or polymer suspension can be made using
De(#)/D(0) = Ru(0)/(Rn)app~ [17(0)n(#)][( 07t/ d)/ (37l 3)o]
where @n/d¢)o is the limiting value of {x/dp) as ¢
approaches 0 ang(¢) is the viscosity of the suspensiosd

70). Evaluation of {zz/d¢) to linear order ing using eqs
A3 and A5 andy(¢) for a suspension of disks according to

instead reflect the osmotic compressibility/dc = RTMapp

the static correlation rangg = (Ry)ap/+/3 and the hydro-
dynamic correlation rangéy = KT/(679Dapp) = (Rn)app
Indeed, the well-documented characteristics of solutions of
flexible polymers, when they cross over from independent
linear polymers to form semidilute solutions, exhibit qualita-
tive features similar to those shown by the present data. First,
om/ac shows a marked increase (i.8lapp decreases) for
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concentrations ¢ approaching and exceeding an overlapanalysis neglects correctionshypp,and Rn)app Which arise

concentratiorc*, while both &s and &, decrease concomi-
tantly. Second, foc > c*, the quantity €s%/RT)(dxz/dc) is
independent ofc and polymer size under a variety of
conditions 42). As noted above, the quantitg)(dz/dc)

from intermicellar interactions and from polydispersity.
Moreover, eqs A9 and A10 both need considerable correction
when C_ is comparable t&, and neglect the influence of
excluded volume and other intermolecular interactions on

is also expected to be only a weak function of concentration the size of the coil. Nevertheless, this estimate does suggest
in polymer solutions. SinceZ§/RT)(d7/9c) = Y3(Rg)api! that the present micelles may take the form of random
(Mapp), and we find Rn)ap/(Mapp) and Rg)apd (Rn)app to be wormlike coils.
approximately constant, these expectations indeed correspond (2) Near-Dilute Solution AnalysisTo consider the effects
to our findings. For the present, two-solute-component of intermicellar excluded volume interactions for near-dilute
micellar system, it should be noted that since the micelles solutions, our method is first to derive suitable expressions
appear to become larger upon dilution, it is not clear at the for M/M. as functions oMa,/Mc, consistent with a given
outset whetherc/c* will be found to increase or decrease assumed shape, whetd, = zd®NJ/4v is the molecular
with dilution. This is because the effective valueadfcan weight of a reference cylinder of lipid, having both diameter
itself decrease with dilution due to increasing micellar size. d and heighd for algebraic convenience. We can then use
We also note that over the past two decades, a number ofthe measuredi/,,, together with a reasonable value fo
other micellar solutions have also been found to exhibit the infer M/M.. Since we can express boRyd and Ry/d in
properties of dilute and semidilute solutions of linear terms ofM/Mc, we can thereby compare the measuRgd
polymers 65, 77-81). and R, with the predictions foM/M. so derived.

We therefore consider our data in terms of three alternative  Following Egelhaaf and Schurtenbergéd), we neglect

possibilities for locally cylindrical micelles that neglect
polydispersity: (1) dilute solutions of noninteracting micelles,
(2) near-dilute solutions in which use of the second virial
coefficient is sufficient to estimaté from Map, as analyzed
by Egelhaaf and Schurtenbergeid), and (3) semidilute

the influence of intermicellar interactions &) andRy, but

we again use eq A3 to evaluate the influence of excluded
volume interactions oM/Map, We first consider the case
of straight rods (i.e., spherocylinders with long persistence
length compared to the rod length) and then flexible, locally

solutions of entangled micelles. We point out that analysis cylindrical micelles.

of alternative (3) is similar to the analysis of semidilute

solutions of giant, polymer-like reverse micelles by Schurten-

berger and Cavaco3%—37) and by Jerke et al.8Q).

(a) Examination of the First-Order Effect of Intermicellar
Interactions on the Straight Rod Hypothesias a model
for an inflexible micelle § > C.), we use a rigid rod of

Whereas their analysis assumes a power-law dependence dengthL and diameted, for which
micellar size upon concentration, our analysis differs because

we have not assumed specific concentration dependence.

(1) Dilute Solution Analysis.We begin by showing that
the ratio ofR; to R, to be expected for noninteracting random

coils is near 1.5, close to the observed values (Table 1) in

the region of rapidly growing micellar sizes. This can be
outlined as follows: the dimensions of a wormlike coil are
characterized by radius persistence lengtf,, and contour
lengthC.. Inthese termayl = 7r?oC_N,. In the limit where
CL > &, (i.e., a tightly coiled “worm”), the Yamakawa and
Fujii theory @1, 47 relatesR, to C. and &, according to

R, = Yg(w/3)"(C &) (A9)

so that

&y = *pr N, (R/MY

The radius of gyration of a wormlike coil is given b¥1)

Ry= (CL&/3)™

Combining equations A9 and Al1l yield®/R, = 8/(37%?)
=1.5.

Equation A10 shows that for noninteracting random coils,
the experimental values dR{M?)? are directly proportional
to &, provided thatC, > &,. Using the experimental value
R/MY2 = 0.018 nm/(g/mohf?, p = 1 g/cn?®, andr = 2 nm,
we obtain the estimat&, = 17 nm. Such a value is
consistent with observations for other polymerlike micelles,
including those deduced by Egelhaaf and Schurtenbetdgr (
for bile salt-EYPC systems. As noted above, such an

(A10)

(A11)

(Ao)roa = (NAV/IM?)(L/d)

= (N,V/M?)(M/M
(NAVIMY)(M/M,) (A12)

Substitution of eq Al12 into eq A3 gives, neglecting third
and higher-order virial coefficients

(M/Mc)rod = (Map;!Mc)[l - 2¢(Map;!Mc)]7l

From eq A8 applied for constantand varyingt, one obtains
for a rod

(A13)

(RJ0)? g = 1/8+ (1/12)(M/M)? (A14)

For R, of a cylinder, we use
(Rroa = 2{(1 = X)YIn [(1 + (1 = X))} (A15)

wherex = d/t[1 + (0.37)¢ — d)/t] (83, 89. Itis noteworthy
that R/d from eq A15 can also be written in terms i
M) = t/d.

We have examined each of our experimental systems using
egs A13-A15. At the higher lipid concentrations assayed
(volume fractions 510%), the predictedR; andR, are, in
general, smaller than the observed vall&gappand Rn)app
Near the micellar phase limit, however, this comparison is
sensitive tod, the assumed micellar diameter. For the
TCDC—EYPC system, we find straight rods having diameter
d = 4 nm, with the associated. = 3.03 x 10* g/mol, yield
reasonable agreement between predicted and meaByred
and R, values. This suggests that this system, which
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demonstrated the lowest micellar phase limit of those (\M/M).. = (M. /M)_.. {1+ v+ terms of orde
examined (Table 1), may indeed contain rodlike micelles. (MMoit = (MapgMolcoi 11+ (Zzz}l

For each of the other four systems, reasonable values of
can be found that bring predicted and appafenand R, Consulting the definition off and eq A7, we note that the
into agreement for one or two of the measured concentra-functional dependencies B/M. on MapdM. are quite similar
tions, but not for the others. Thus the dilution dependencein the disk and the flexible coil cases. However, the
of (Rg)appand Rn)app does not seem to match that calculated deviation ofM from Map, is much larger under the flexible
in the above manner for rods. coil hypothesis, as can be seen by substituting typical values
The above-described calculations for rods did not consider of Mapd/Mc = 25 and¢ = 0.01 found for three of the five
the influence of intermicellar and hydrodynamic interactions systems we studied (EYPC/ 1.0, 0.4 M NaCl; EYPC/C
on Ry and R,. For the TCDCG-EYPC system, we expect = 1.2, 0.15 M NacCl; and OG) near the micellar phase limit,
such corrections to be small, sinkk¥M,,,ranges up to only  and using our previous estimaje= 17 nm together witld
1.12. For the other systems, howevblMap, calculated = 4 nm, we findy ~ 1 andM/Map, =~ 2. In the two other
from eq A13 is quite large near the micellar phase limit, systems, the quantity appearing in eq A21 is small
ranging from 1.4 for the EYPC/€ 1.0, 0.15 M NaCl system  compared with 1 (EYPC/G= 1.0, 0.15 M NacCl) or very
to 3.1 for the EYPC/G= 1.2, 0.15 M NaCl system. Given small (<0.1) (EYPC/TCDC= 0.6, 0.15 M NacCl). In the
these largeVl/Mapp values, one cannot reject the straight rod latter case, the micellar dilution limit occurs belagv=
hypothesis for the latter systems without significant further 0.0012, a factor of~10 lower than for the other systems.
analysis. Nevertheless, given recent light scattering andFor these two detergenEYPC systems, therefore, consid-
neutron scattering data consistent with flexible rodlike eration of intercoil excluded volume interactions does not
micelles (L0, 11, 14, 7§ we have focused our examination significantly alter the inferred value d¥, and presuming
on the influence of such interactions on the flexible coil thatR,also does not change significantly, the light scattering
hypothesis. data remain consistent with wormlike coils. In contrast,
(b) Examination of the First-Order Effect of Intermicellar is close to 1 for the other three systems, suggesting higher
Interactions on the Coil HypothesidWe first examine the  order terms cannot be neglected in eq A17. We therefore
second virial coefficien®, appropriate for flexible coils, by  consider the semidilute solution case.
using @1) (3) Semidilute Solution AnalysisTo address this pos-
sibility, following the work of Schurtenberger and co-
A= 4n3/2Na(Rg3/M2)1p (Al6) workers, we use evidence based upon theoretical and
experimental studies of light scattering from semidilute
wherey is defined as the interpenetration functiop.has  solutions of linear, flexible polymers of known molecular
been calculated to approach the vaipe = 0.27 @3, 83 weight 35—37, 86-94). In particular, we shall compare
for §/C. < 1 in a good solvent42). As before, we  our data to the work of Ohta, Oono, and co-workers, who
substitute the expression fés in eq A16 into eq A3 t0  express the degree of overlap or entanglement of such

obtain polymers in terms of the quantity = 1%5A,cM, where we
- 3 have neglected the polydispersity, which they include. We
(MIMgppcoil = 1+ 2(47™YP)(CNSM)RS™ + ... use eq A16 forA, to obtain
— 3/2 3
=1+ 87"P(R Vet dd + - (AL7) X = %18 2P (RN micend
where Vpicele denotes the volume of an individual micelle, X = Y2y (MIM)(R/)°p (A22)

and we have neglected polydispersity. When we ddflge

= (7d%4v)N, as a convenient reference molecular weight, Again, our strategy is to obtain a suitable relationship

USE Vmicelles = (7d?4)C., and note thaC /d = M/M,, we betweenM/M. and Mgp/M.. Ohta and Oono§7) have

obtain developed a theoretical expression for the osmotic pressure
sz of semidilute polymer solutions in terms of using

(MIM,p)eon = 1+ 327 %p(MIM)(R/d)’p + ... (A18) renormalization group techniques. The osmotic compress-

ibility (ds/dc)r corresponding to their expression faris

We employ the approximatiorR{/d)? = (C./d)(&y/d)(1/3) given by 86, 99

= (M/M()(§,/d)(1/3) appropriate foIC_. > &, neglecting

intracoil interactions, in eq A18 to obtain (MIN,KgT)(0/dc), = 1 + 1/8[9x — 2+ 2(1X)

(MM ) col = In (14 X)] exp{ 7,[(1/X) + (1 — (1/X?)) In (1 + X)]}

1+ 3273 y*(MIM) YA Jd)* % + ... (A19
( YHMIMPAE S + ... (A19) — 0 = (MM, (A23)
As before, we truncate eq A19 after the terms shown, write

M/Mapp = (MIM)(Mo/Mapp), and solve forMI/M, to obtain ~ Where we use the identity (1AKgT)(d72/dcC)r = (1/Mapg), and
in which we neglect polydispersity. Equation A23 has been

(MIM) o1 = (Mo /M) oy { (1 + (y/2)2)1/2 — (y/2)} -2 found to give an accurate representation of the intensity of
Jeal ap'! ceol (A20) scattered light [proportional t@{/oc) 1] over a broad range
of dilute and semidilute concentrations of solutions of linear
wherey = (327Y%3%2)y*(Mapd M) YA Ep/d)*2p giving polymers 86, 95.
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Evaluation of eq A23 requires determinationXfin eq
A22. For micellar systems, however, neittéy Ry, nor A,
can be obtained directly from the light scattering data in
semidilute solutions. Nevertheless, one can proceed a
follows: The dilute solution value oRy for semiflexible
coils, appropriate for evaluation & can be written in terms
of the contour lengtiC,, the persistence lengtf, and the
diameterd (41, 77, 81, 9%
R/ = C.A{(1/3w) — (1) +

MY[w — 1+ exp(w)]} + (d¥8) (A24)
wherew = C./&,. Using C./d = M/Mc, we obtain
[9(M/M,, &/d)]* = (R/d)?

=3 (MIM))(§,/d) —
(EJA? + 2(MIMY(E ) (MIM)(E /) " — 1+
exp[—(MIM)(E/d) ']} + Y5 (A25)

Note that the first term on the right side of eq A25 is the

expression used above to obtain eq A19. By using eqs A22,

A23, and A25, we have

(MapdM) = (MIMI{O(X)} =
(MIMI{ O[S(M/MI(I(M/M,, &JA))]} ™ (A26)

whered = »9g7V%p = 13.6 fory = y* = 0.27. In so
doing we neglect considerations of the radius of gyration
expansion due to intercoil interactions, together with the
corresponding effect oy (41, 43, and we neglect the
contour and persistence length dependence ébr short
polymer coils 87—99).

Equation A26 is the key expression we have used for
analysis of our light scattering data. For each valuéyf
and ¢, eq A26 provides an analytic, albeit cumbersome,
relationship betweeM/M. and Ma,dM.. For an assumed
value of §y/d, in combination with an estimate or ancillary
measurement af, and the corresponding.(d), eq A26 can
be used to infer values &fl that would be consistent with
measured values &) in semidilute solution. We then
calculate the dilute solution valuii®® expected folRg using
eq A25, and similarly, the dilute solution vall®°®, using
the Yamakawa and Fuijii theory?).

Having so obtainedV/M. and R,°/d consistent with the
assumed/d, we can further calculate the degree of overlap
X using eq A22. Using this value oK together with
experimental and theoretical results &w/&4° and §J/Ry°
vs X from the literature, we can further estimate the quantities
(Ry)apdRy” and Ry)apd Re° that would be expected at the given

S
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Xapp= XI(O(X))" (A27)
Table 2 shows selected valuesXyf ©(Xo), andXapp0and
demonstrates that &g, capproaches 1, the degree of overlap
estimated from the measurdtl,, may be substantially less
than the actual degree of overlZp For exampleXapp,o=

1.0 corresponds to a solution in which the actual molecular
weight M is already four times as large as the apparent
molecular weightMa,, This suggests that caution is needed
when attempting to usé.p,to help judge whether a micellar
solution that is thought to be polymerlike is in a dilute or
semidilute state.

We now illustrate the results using the full form of eq
A26, not in the flexible coil limit, for two choices ofy/d:
(1) &y/d = 4, which corresponds to a value &f near the
value 17 nm that we estimated above, and5(&) = 8, which
would correspond to stiffer micelles and serves to illustrate
a novel qualitative feature of the analysis. Because a full
discussion of the results as a function&gfd is beyond the
scope of this appendix, we have chosen two value§,of
close to or within the range of values that have been reported
for micellar systems including the recent work of Egelhaaf
and Schurtenberget4) and Pederson et alf§) on bile salt-
PC micellar systems. For these comparisons, we also chose
1 = y* corresponding to a good solvent regin&l{-43).
We note that independent confirmation of this choicepof
will require additional experimental and theoretical work.

For each value ofMadM: and ¢, eq A26 yields a
corresponding value d¥//M.. These values are shown in
Table 3 together with the consequédRf/d calculated by
using eq A25 andR,°/d calculated by using the Yamakawa
and Fuijii theory 47) for wormlike coils as plotted in Figure
5; note thatC,/d (Figure 5)= M/M.. We see from Table 3
that, under these assumptioM§M. would grow much more
dramatically with dilution thamM, since the solutions would
be inferred to exhibit an increasing degree of oveKappon
dilution (see Table 3).

It remains to use the inferred valuesR{/d, R,°/d, and
X to predict Ry)apdd and Rn)apd/d and compare with the
measured values. For this purpose, we have used the
compilations of Brown and Nicolai9@); see also ref85
and36 for experimental values 0R()apd/Ry” and Rn)apdRn®
= &u/Ry° that have been reported as functionsXof The
resulting predicted values dR{)ap/d and Rn)apdd are shown
in Table 3, together with our measured values. At the highest
concentrations, the dashes for the measuremerRf,{d
indicate that the measurement had a very large standard error;
these angular dependences of the scattered light were near
or below the detection limit. At the low concentrations near
the micellar dilution limit, the predicted and measured values
of (Ry)apdd and Ry)apdd are in very good agreement. At

degree of overlap. These then permit comparison betweenthe higher concentrations, however, the predicted values of

predicted and measured values Bf)ip and Rn)app Here
it is important to note that, in semidilute solutions, the

(Rn)apdd are somewhat below the measured values.
For §/d = 8, unlike the situation forfy/d = 4, the

measured angular dependence of the intensity of the scatteredelationshipMap,{M) becomes nonmonotonic M for the

light is no longer a direct measure 8§ but rather provides

a measure of the static correlation rage(Ry)app = £sv/3.
We now outline the results of an analysis of eq A26. First,

we find in the coil limitC, > &, thatX = (8/3%?)(M/M.)*?

(&/d)¥2p, and definingXapp = (/32 (MapgMo)4(&:/d)¥2,

one obtains

plotted volume fractionsp = 0.02 and higher. Fogp
corresponding to nonmonotonMa,dM), a given experi-
mental value oM,,, may clearly correspond to more than
one possible value &fl. Moreover, theMap{M) relationship
becomes nearly horizontal for larger volume fractions. This
indicates that there is a broad rangeMfwhich may be
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consistent with a giveMy; indeedMa,¢/Mc in such regions
is solely a function o€,/d and¢, as expected for polymer
solutions well beyond the cross over concentration. Finally, whereA is a normalization constant and the scattering form
for ¢ approaching 0.M,p,/M. can easily approach values factor P = [1 + Y3R?q(0)7 ! (25). It is convenient to
on the order of 1, as observed experimentally, even whenchoose a value ¢k that normalizes values f0)/C to unity
M/M. > 100. From eq A26, it can be shown that as a at an arbitrarily chosen value d®, = o. This is ac-
solution of long polymersNI/M. > 1) is diluted,Map/Mc complished by combining eqs A9 and A1l with the expres-
increases and takes on specific values that are séydy ~ sionM = zr?oC. N, (Appendix A) to yield

(and ). This raises the possibility that our results of
increasingMapp upon dilution may conceivably correspond
to simple dilution of very long, locally cylindrical micelles.
Indeed, such a possibility could provide the basis for a model where8 = 64q(0)%/27x. Substituting this value oA into
exploring the close proximity of a hexagonal ihase to eq B1 yields

the isotropic micellar solution at high volume fractions (see
1(0)/IC = (Lo + B)RA(L + SR (B3)

Figure 7).
In accordance with the possibility thit/M. is very large

compared to 1 at the higher volume fractigpstudied, if  This theoretical dependency KB)/C on R, for a wormlike
the micelles have a sufficiently long persistence length, we mixed micelle is plotted in Figure 4 (solid line) based on
have explored a set of such large, hypothetical molecular the choice of Mazer et al7} of & = 5 nm andd = 90°. For
weights and proceeded to compare the value®gtfand  simplicity here, we have only fit the theory of Yamakawa
(R)app that would be predicted in such a case with our and Fujii @1, 47 to the data of Mazer et al7) in the limit
experimental values, using the same procedure describedc, > £, However, we have shown elsewhet@)(that the

above for Table 3. The results of one such calculation are fy|| theory of Yamakawa and Fuijii4(, 47 can be fitted to
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