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Abstract: The morphologies of three dilute liquid crystalline phases, which are widely used for biological
NMR spectroscopy, are investigated by the study of tracer self-diffusion. The aqueous liquid crystalline media
investigated include the common phospholipid bicelle medium, a phase consisting of a mixture of
pentaethyleneglycol mono dodecyl ether and hexanol, and a medium containing cetylpyridinium bromide and
hexanol. Threonine and water were used as tracer molecules for probing the aqueous environment, and
tetramethylsilane (TMS) was for probing the lipophilic environment. Pulsed field gradient NMR was used to
measure tracer self-diffusion rates in three orthogonal directions. Although results for the water-soluble tracers
in bicelle media do not contradict the widely accepted disk-shaped bicelle model, the high TMS diffusion rate
observed in the bilayer plane requires extensive transient edge-to-edge contacts of such disks. This morphology
is essentially that of a heavily perforated lamellar bilayer phase and explains why this medium remains liquid
crystalline well below the Onsager limit for disk-shaped nematogens. Bel6& 25bicelle mixture consisting

of dimyristoyl phosphatidyl choline and dihexanoyl phosphatidyl choline remains isotropic, but tracer diffusion
obstruction indicates that the particles are significantly oblate. The diffusion anisotropy in the penta-
(ethyleneglycol) mono dodecyl ether liquid crystals confirms the previously propekedellar phase. However,

weak inhibition of aqueous-phase self-diffusion in thdirection points to the presence of bridge- or caplike
obstructions, and the bilayers appear slightly permeable to water. If the previously proposed concentric cylinder
superstructure of bilayers applies, the diffusion data indicate that the most outer cylinder must have a diameter
greater than 5&m. The tracer self-diffusion data for the cetylpyridinium bromide/hexanol medium is only
compatible with a planam-lamellar phase, with its local director orthogonal to the magnetic field, and a very
large domain size over which the director remains parallel.

Introduction tions1112Dipolar couplings also offer the possibility to search
for homologous structures or substructures in a structure
databas®“and potentially could replace the time-consuming
regular NOE data collection and analysis procdé€4§.Most
dipolar couplings used so far are of the one-bond type, although

Weak alignment of a macromolecule with an external
magnetic field either can occur as a result of its magnetic
susceptibility anisotropy? or may be induced by the use of a
weakly anisotropic mediurh.Provided the degree of solute o ; ; .
aIignrrzlent is suffilziently weak (typically:10-9), or?ly the largest the L_|t|I|ty of 1H—1H interactions has a,Iso been gstabllsh%d? -
dipolar interactions yield observable effects in the NMR  Alignment induced by a molecule’s magnetic susceptibility
spectrum, which then retains the simplicity of the regular anisotropy frgquently is msgfﬂment for measuring the reS|du§1I
isotropic high-resolution NMR spectrum. These dipolar cou- diPolar couplings at the required degree of accuracy. When using
plings have proven invaluable for improving the accuracy of & dilute aqueous liquid crystalline phase, the degree of order

macrom(_)Iec_uIar NMR structure determi_natmpr independ- (8) Drohat, A. C.; Tjandra, N.; Baldisseri, D. M.; Weber, D R¥otein
ently validating this accuracy,? for refining crude homology Sci. 1999 8, 800-809.
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induced on the solute macromolecule depends linearly on thein the liquid crystalline solutiod®45 This method not only
surface area of the liquid crystal. This makes it possible to tune provides information on short-range structure but also is an
the degree of solute alignment by adjusting the volume fraction invaluable tool for the study of macroscopic order in these

of liquid crystal in wateg%-22

The first such liquid crystalline phase used for this purpose
is the phospholipid bicelle mediutBicelles are commonly

media.
The most common bicelle medium consists of a mixture of

the long-chain phospholipid 1,2-di-tetradecansiglycero-3-

described as disk-shaped phospholipid bilayers, with the edgesphosphocholine (DMPC) and the detergent 1,2-di-hexasoy!-

of these disks covered by detergéht?® but this monodisperse
disk model has been questiordAfter bicelles, a range of

glycero-3-phosphocholine (DHPC), but a range of slightly
different long-chain phospholipids and detergents has also been

other liquid crystalline media has been demonstrated to achieveqsed to exteqd the temperature and pH range over V\(hich the
the desired weak degree of macromolecular alignment. Theseliquid crystalline phase remains staBi€:4¢4° In the disk-

include rodlike virus particles (phage®)?” cetylpyridinium-
halideh-hexanol mixtureg&2°cellulose particle? andn-alkyl-
poly(ethyleneglycol)i-hexanol (PEGi-hexanol$3! Purple mem-
brane fragments have sufficiently large individual magnetic
susceptibility anisotropy to align with the strong fields used in
biological NMR and can be used as an alignment medium
without requiring a liquid crystalline phasé33 Another recent

shaped bicelle model, the detergent surrounds the disk in a
hemitoroidal manner and shields the hydrophobic DMPC alkyl
chains from solvent. The phospholipid:detergent ratio is believed
to control the size of the disk8.The virtual absence of NOE
contacts between DMPC and DHPC under conditions where
the sample adopts liquid crystalline order confirms their
partitioning to separate regiof%>! Small amounts of charged

and potentially very useful alignment method uses strained amphiphiles such as cetyltrimethylammonium bromide (CTAB)

hydrogels containing anisotropic caviti&s®> The alignment of

or sodium dodecyl sulfate (SDS) can be adsorbed in the bicelles

water-soluble biomolecules in the above media results from the and can improve the stability of the nematic liquid crystalline

combined effect of steric and electrostatic interacti®ns.
The morphology and phase behavior of many dilute liquid

phase, presumably through repellant electrostatic interatfn.
The bicelle medium was originally developed to study lipophilic

crystals tends to be sensitive to parameters such as temperaturdolecules, anchored in the bilayer, by solid-state NIHR,>*

ionic strength, concentration, pH, and the addition of ionic and
nonionic cosurfactan.Although detailed phase diagrams and

and the medium was then used at quite high volume fractions
(20—30%). For NMR studies of macromolecules in the aqueous

scattering studies are available for many binary and ternary Phase, typically very low volume fractions are used-(3

water/surfactant system%pnly a few of these solutions have

10%)2%-2* Importantly, rotational diffusion rates of molecules

a liquid crystalline phase with a composition and temperature in the aqueous fraction of the liquid crystalline medium are not
range suitable for biomolecular NMR. Knowledge of the affected by the bicelle®, but transverse translational diffusion

morphology of lyotropic liquid crystals is essential to improve

is strongly impeded and, together with translational diffusion

our quantitative understanding of the biomolecular alignment of molecules adsorbed in the bilayers, provides information on
in such media. The present paper studies this morphology for Morphology.

three different liquid crystalline phases for which the literature

Prosser et & proposed the use of a cetylpyridinium chloride

models have been questioned_ These include dilute ||qu|d (CPCI)/heXanollsalt mixture as a ||qU|d Crysta"ine matrix for

crystalline phases of bicelles, cetylpyridinium bromigkéxanol
(CPBr), and PEG-hexanol mixtures. Our study relies on the

weakly orienting solute macromolecules. This mixture forms
ana-lamellar phase that is stabilized by electrostatic repulsion

measurement of diffusion anisotropy of tracer molecules presentand entropic effect>°Barrientos et at? proposed the use of
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medium is still a matter of debate, and evidence for formation
of long flexible cylinders at increasing salt concentrations has
been presented;*8and the possibility of a rodlike liquid crystal

J. Am. Chem. Soc., Vol. 123, No. 49, 202345

The Gg2Es sample contained 8 wt % liquid crystal {€s) plus
n-hexanol at a molar ratio of [GEs]/[n-hexanol]= 0.93, pH= 7.34,
25 mM threonine, 4.1 mM TMS. The CPBr sample contained 6%

matrix has been raised. In another recent NMR study, the system(W/V) liquid crystal (CPBr+ n-hexanol) at a relative weight fraction

is described as being a lamellar phase with its symmetry axis

parallel to the magnetic fielef.

The PEGAh-hexanol based liquid crystal has a number of
features that make it particularly attractive for biomolecular
NMR. The liquid crystalline medium is found to be quite robust
and easy to make by mixing commercially available materials.
The liquid crystal can simply be removed by dialysis, and

CPBrh-hexanol (w/w)= 1/1.35, pH= 6.88, 5 mM NaBr, 23 mM
threonine, 5.2 mM TMS. A small amount of excess hexanol, floating
on top of the liquid crystalline phase after equilibration of the sample,
was removed with a pipé2.A sample containing 39 mM threonine in
15 mM phosphate buffer was used as an isotropic reference sample
and will be further referred to as the isotropigdsolution.

To restrict the sample volume to the region over which the field
gradients are most linear, all experiments were carried out in Shigemi

affinity for biological macromolecules. PEG is believed to form
lamellar structures that orient with the normal of the plane

perpendicular to the magnetic field and have a superstructurey; |

of sets of concentric cylinde?$%similar to structures observed

carefully adjusted to 14 mm for all samples. To avoid the formation of
air bubbles, the samples were spun in the Shigemi microcells at 120 g
for ~5 min at room temperature before adjusting the plunger to its
al position in the sample tube and sealing the tube with Parafilm.
Our standard procedure of degassing Shigemi NMR samples by

in freeze fracture transmission electron micrographs of ternary exposing the unsealed tube to a low pressure (ca. 50 mbar) could not

tetradecyldimethylaminoxide/meptanol/water mixture¥.How-
ever, the dilute conditions used for NMR are close to the
transition to a sponge-type phase in the PEG phase digt@&m,
and the precise morphology therefore is still unclear.

be used, as the added TMS evaporates at reduced pressures—bp 26
28 °C).

NMR Experiments. All spectra were recorded on a Bruker DMX-
600 NMR spectrometer operating attd frequency of 600 MHz and

The present study measures the translational diffusion ratescontaining a triple resonance probehead with self-shielded pulsed field

of three different tracer molecules in the above liquid crystalline

phases in order to characterize their morphology. Water and

gradients in the, y, andz directions. The liquid crystalline nature of
the samples was confirmed by observing the quadrupolar splitting of
the deuterium signal of the J. Deuterium spectra were recorded

threonine diffusion rates are used to report on the aqueoUSyefore and after the self-diffusion experiments and did not change over
fraction of the suspensions, whereas tetramethylsilane (TMS) the course of the experiments.

partitions in the hydrophobic bilayers and complements the
aqueous phase data.

Experimental Section

Materials. DMPC and DHPC (Avanti Polar Lipids), Es (= 98%
purity, Fluka),n-hexanol (98% purity, Aldrich), TMS (99.9%, Aldrich),
cetylpyridinium bromide monohydrate (98%, Aldrich), NaBr (99t99,
Aldrich), L-threonine &llo free, A-grade, Calbiochem), D (99.9%,
Cambridge Isotope Laboratories), and NaOD u®Oolution 40% (w/
w) (Cambridge Isotope Laboratories) were all used as received.

NMR Sample Preparation. The dilute liquid crystal solutions were
prepared according to literature procediu#ed:3! All samples were
prepared in BO containing 15 mM phosphate buffer (pH 7.54);

Diffusion experiments in bicelles were carried out at temperatures
ranging from 10 to 35C. Measurements in CPBr and£s media
were carried out at 2%C, but the G;Es liquid crystal sample was briefly
heated to 40C, above its liquid crystal to isotropic phase transition
temperature, prior to diffusion measurements at’@5 This heating
cycle was found to increase the homogeneity and long-term stability
of the observed BD quadrupole splitting, leaving it constant to within
+4% over a 24 h period.

The pulsed field gradient (PFG) NMR experiment used here is a
modified version of the standard longitudinal encedecode se-
quencé*54 and includes an element for suppression of convection
artifacts®® After completion of all measurements, several of the rates
were remeasured with the standard sequence, yielding identical results
within the random measurement error, indicating that convection does

threonine was added, after which the pH was adjusted using a NaODnot play a role in the high-viscosity samples used in our study. The

in D,O solution. Finally, after TMS was added, the samples were

pulsed field gradients were calibrated on the residtiakignal in a

vortexed and transferred to NMR sample tubes. The final concentration sample of 99.9% D, using the recommended value of 1.992.002

of the volatile TMS was determined from the ratio of the integrated
IH NMR intensities of the methyl groups in threonine and TMS.
Bicelle samples were prepared at 5% (w/v) and 10% (Wdvy;
[DMPCJ/[DHPC] = 3.2, pH= 7.2, 39 mM threonine, 3.8 mM TMS.
Two bicelle samples were prepared at 10% (w/v) lipids, one without
addition of CTAB and one with the addition of CTAB in a 1:20 molar
ratio relative to DMPC. Comparison of the integrafé@ resonance
intensities for the liquid crystalline bicelle samples confirmed the

accuracy of their relative concentrations. At the low concentrations used,

addition of TMS to the bicelle samples was found to be nonperturbing
as judged by identical solveRH quadrupole splittings3!P spectra,

x 107 m? s7* for the self-diffusion coefficient of HDO at 25C.56-6°
The sample-averaged gradient strengths were found to be 49.1, 50.4,
and 66.8 G/cm at the maximum current for they, and z gradient
coils, respectively, with no discernible deviation from linearity relative
to programmed values over the entire gradient amplitude range. Square
gradients of increasing strength, from 2.5 to 65% of the maximum
current, were used and a duration of 3 ms each. For each sample, two
decay curves in each of they, andz directions were measured using
diffusion delays A) of 150 and 600 ms.

Fitting of Diffusion Decay Data. Decay curves of the diffusion
experiments were fit to the various models using the software package

and temperature ranges over which the sample remains liquid crystalline.Mathematica. For cases where the signal decay is visibly nonexpo-

However, at [TMS]/[DMPC]= 0.1, TMS clearly perturbs the liquid
crystalline ordering, and TMS concentrations well below this threshold
were therefore used throughout.

(57) Porte, G.; Appell, J.; Poggl, Y. Phys. Chem198Q 84, 3105~
3110.

(58) Porte, G.; Gomati, R.; Elhaitamy, O.; Appell, J.; MarignanJ.J.
Phys. Chem1986 90, 5746-5751.

(59) Reddy, V. B.; Fung, B. MLangmuir2001, 17, 3563-3566.

(60) Burnell, E. E.; Capitani, D.; Casieri, C.; Segre, AJLPhys. Chem.
B 2000 104, 8782-8791.

(61) Strey, R.; Glatter, O.; Schubert, K. V.; Kaler, E. WChem. Phys.
1996 105 1175-1188.

(62) Freyssingeas, E.; Nallet, F.; Roux, Cangmuir1996 12, 6028-
6035.

nential, reported rates are the initial decay rates, obtained from fits of
data points that correspond to the first 40% of the decay.

Theoretical Section

This study aims to determine the morphology of various liquid
crystalline media by analysis of the translational diffusion

(63) Gibbs, S. J.; Johnson, C. $.Magn. Reson1991, 93, 395-402.

(64) Altieri, A. S.; Hinton, D. P.; Byrd, R. AJ. Am. Chem. Sod.995
117, 7566-7567.

(65) Jerschow, A.; Muller, NJ. Magn. Reson1997, 125 372-375.

(66) Mills, R. J. Phys. Cheml1973 77, 685-688.

(67) Holz, M.; Weingartner, HJ. Magn. Reson1991, 92, 115-125.

(68) Price, W. SConcepts Magn. Resoh997, 9, 299-336.

(69) Price, W. SConcepts Magn. Resot998 10, 197—237.
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anisotropy of tracer molecules dissolved in these media. The simply described by

obstruction inhibition of translational diffusion in ordered liquid

crystals is highly anisotropic and is a function of the shape and

orientation of the liquid crystal particles. PFG-NMR is a proven
tool for studying the morphology of liquid crystag41.43.68

1(9,0,A) = 1,e P (2e)

For the case of a perfectly ordered lamellar phase, with infinitely

However, none of these previous studies dealt with the dilute large lamellar planes, the value bf; for a water soluble tracer
liquid crystals investigated here. Various models have been will approach that of its isotropic diffusion constant.

derived which describe the apparent self-diffusion in lamellar
and capillary environments. In the case of uninhibited diffusion
the signal intensity decay is a function of the encoding and
decoding gradient duration, the gradient strengttg, and
the diffusion delayA between the encoding and decoding
gradients$8.70

1(9,0,A) = 1,672 1)
where, in the short gradient pulse limkt= (yndg)?A, with yy
the gyromagnetic ratio dH, D the translational self-diffusion
coefficient,lo the signal intensity at zero gradient, aifd,0,A)
the signal intensity as a function gf 6, andA. Each of these
parameters may be varied in a PFG-NMR diffusion experiment
to obtain the desired diffusion-dependent signal intensity
modulation. In practice, onlg is altered in a series of small
steps, which minimizes errors introduced by relaxation during
the gradient pulses and the diffusion delay.

For diffusion in a lamellar environmen), and D are the
self-diffusion coefficients in the directions parallel and perpen-
dicular to the normal of the bilayer plane, respectively. For
diffusion in a direction that makes an anglevith the bilayer
normal, the diffusion constant equals

D(#) = D, sir’ @ + D, cos 6 (2a)

In a system consisting of homogeneously distributed, aniso-
tropic impenetrable objects, the self-diffusion coefficient of a
tracer molecule will be reduced compared to a system without
obstructions. The obstruction is commonly expressed as the ratio
of a principal component of the macroscopic diffusion tensor
with and without obstruction,

Aaa = Daa/DO (3)

where Dy, is the self-diffusion coefficient in a medium
containing obstructions (with = X, y, 2) andDy is the isotropic
self-diffusion coefficient in the absence of obstruction. The
obstruction factor has been described in ordered macroffuids
and colloidal systent$éand is related to the particle shape and
its concentration.

The obstruction factor may be calculated using either the
effective medium approximation (EMA) or the effective cell
approximation (ECAY2 The EMA model describes a system
with obstructions of a given shape, taking the surrounding
obstructions into account in an average way. In the case of the
ECA model, the obstruction is replaced by an effective cell of
the same size as the true obstruction, adding a solvation shell
to account for the volume fraction of the system. Numerical
calculations indicate that at low obstruction volume fractions
(<25%, as applies in the present study) the ECA model is best
suited for predicting the obstruction factoés and An.”* The

In the magnetically ordered systems considered in this paper,obstruction factors for diffusion paralled\() and perpendicular

the bilayer normal is orthogonal to the magnetic field. If, on

(Ap) to the unique axis of oblate spheroid obstructions, as

average, this bilayer normal does not have a preferred directiondescribed by the ECA model, are giventhyt

(i.e., bilayers do not remain parallel across the entire sample),

the signal decay resulting from diffusion in a direction orthogo-
nal to the magnetic field is given by

1(9.0,A) = %fge—o(e)k 46 = ;Zf%e—[D]sin26+DH(1—sin20)]k 40

(2b)
_ %e—a..k f%e—[(DD—DH)sinZe]k 40
So, the observed signal intensity is given by
1(9,0,A) = 1,8 P f %efl(DrD")Si“Z(’]k do (2c)

where the factor 2/ has been absorbed i
In general,D, and Dy are quite different, and therefore the
decay of eq 2c is nonexponential. However, if the orientation

of the bilayer normal is random in the transverse plane on the
length scale over which the tracer molecule diffuses during the
delay between the encoding and decoding gradients, i.e., ca.

V(2DpA), averaging ofDy and D takes place, resulting in
exponential decay:
1(9,0,A) = 1,gCrPak2 -~

Diffusion in the direction parallel to the magnetic field occurs
at a rateDp, and when using gradients the signal decay is

(70) Stejskal, E. O.; Tanner, J. B. Chem. Physl965 42, 288-292.

__ 10 P
ATt 1o + @h(gg] (5a)
1 20
(I T T A Y |
with
h(§) = (& + 1)[1 — & arccot€)] (5¢)

and the; and&s values determined by the aspect ratio (r) and
volume fraction () of the obstructions:

1

e — (5d)
Voi—1
E(ES+1) = RE(E2+ 1) (5e)

Results and Discussion

For molecules diffusing in an axially symmetric liquid
crystalline medium, botlD, and Dy are experimentally acces-
sible. The bilayered liquid crystals used in this study align with
their bilayer normal perpendicular to the magnetic field.
Therefore, diffusion in the direction of the magnetic fieldH]
will be little affected by the presence of the obstructions,

(71) Johannesson, H.; Halle, B. Chem. Physl996 104, 6807-6817.
(72) Fricke, H.Phys. Re. 1924 24, 575-587.
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whereas diffusion in a direction orthogonal to the magnetic field Table 1. Self-Diffusion Coefficients and Obstruction Factors of

(D)) is affected much stronger. HOD, Thr, and TMS in Isotropic Bicelles at 2@

All NMR experiments were carried out in,D solution, bicelle concentratich
allowing the residuatH signal of HDO to be used as a tracer 5% 10% 10%+ CTABP
molecgle and circumventing the. need fpr suppression of.the HDO D.c 155401 1462 0.1 1594 01
H,O signal and problems associated with radiation damping. Awd 0.93+001  0.87+0.01 0.91+ 001
Threpnine_ was added as a second tracer molecule_tozt@fe D Thr D(:;c 514+ 0.05 4.74+ 0.03 5.00& 0.05
solutions in order to probe the aqueous part of the dilute liquid Awd 093+0.01 0.86+0.01 0.90+ 0.01

crystals and to identify potential problems related to slower TMS = Do®  0.25£0.01  0.14£0.01 0.26+ 0.01

water diffusion in the first hydration shell of the bilayer. Owing aBicelle concentrations are in w/v, with = [DMPCJ/[DHPC] =

to its hydrophilic amino and carboxyl groups, threonine cannot 3.2.° Bicelles included CTAB in a molar ratio [DMPC]/[CTAB¥

traverse the bilayers and shuttle exchangeable water protons20. © Self-diffusion coefficients in units of 16° m? s™%. Uncertainties

across. However, even if threonine, PEG, or hexanol were able}?omethseeg'(:gf:;iﬁg Cogﬁicéirétépwa% t:hex’ur%’c é)r’taai‘rr\‘ta ?ﬁtﬁ:ﬂﬂfedd

to do this, their cpncentranon relatl_ve to t_ha@ _of the ca. 100 M slopes Ok?structionxxfacgydrs/(zz =MDZJD0) calculated usymg isotropic

water hydrogens is too low for causing a significant effect. TMS  giffusion coefficients Do) of 16.7 x 10~ m? % for HDO and 5.55

was used as a tracer molecule to probe the interior of the apolarx 1071° m? st for threonine.

bilayers of the liquid crystals. As mentioned in the Experimental o

Section, at the low concentrations used, TMS has no measurabléliameter of about 200 A. However, the TMS diffusion rate

effect on the phase diagram or aligning properties of any of the increases slightly when lowering the temperature (data not

three liquid crystals studied. shown), despite the increase in water viscosity. Moreover, the
For each of the liquid crystals the self-diffusion coefficients diffusion rate is also a function of the charge of the phospholipid

of HDO, threonine, and TMS were determined in g, and particle, as evidenced by the effect of adding CTAB (Table 1).

z directions. The obstruction factors (eq 3) for HDO and This suggests that introduction of repellant electrostatic interac-

threonine in the liquid crystalline media were determined by tion between the particles increases their rate of diffusion. Both

comparison with the corresponding self-diffusion coefficients Observations argue against the inert, hard-sphere particle model

in isotropic DO solution. In all diffusion experiments the required for validity of eq 6. The effective particle size at low

gradient pulse width (3 ms) and interpulse duration (600 ms) temperature therefore cannot accurately be determined from the

are held constant, and the signal intensity is modulated only by TMS data reported in Table 1. Transient interaction between

the strength of the pulsed field gradient. Therefore, below we the phospholipid particles is supported by a steep increase in

simply refer to this intensity ag). Data derived from a second ~ the macroscopic viscosity of the bicelle phospholipid solution,

set of diffusion decay curves, recorded at 150 ms interpulse Py up to several orders of magnitude, when the temperature
duration, are provided as Supporting Information. approaches the melting temperature of the DMPC alkyl chins.

Isotropic Bicelles. The self-diffusion coefficients of HDO, The obstruction factor of water-soluble tracer molecules is
threonine, and TMS were determined in three different bicelle @0 @dditional parameter providing insight into the shape and
solutions, containing 5 and 10% (w/v) lipids, in the absence of Siz€ Of particles present in colloidal suspensions. An upper
the charged amphiphile CTAB, and also at 10% (w/v) in the bound for the average obgtructlon fa.ctor' in a macroscopically
presence of CTAB. At 20C the samples are isotropic and the homogeneous and isotropic system is giver'by
self-diffusion coefficients along the, y, and z axes are 1
indistinguishable. Signal decay as a function of gradient strength [Al= 1T a0 @)
is exponential (Supporting Information Figure 1). The experi-

mental self-diffusion coefficients and obstruction factors are | hered is the volume fraction of the colloid particles. Equation
reported in Table 1. B _ 7 applies for spherical particles and yielt&= 0.95 for a
TMS is insoluble in water and partitions almost exclusively 1oy (wiv) suspension (using a density of 1.04 g/mL for the
in the bicelles. The TMS diffusion rate therefore provides an pogpholipids). The HDO obstruction factors observed in the
upper limit for the diffusion rate of the phospholipid particle. 100 (w/v) isotropic bicelle solutions are 0.870.01 and 0.91
The translational self-diffusion rate of a particle, with a volume 1 g 01 in the absence and presence of CTAB (Table 1). Using
equivalent to that of a sphere with radRéthe effective radius),  the ECA model (eq 5), and for simplicity assuming oblate

is given by spheroidal shapes, these obstruction factors correspond to aspect
ratios,p, of 7+ 1 and 5+ 1 in the absence and presence of
D= ke T ©) CTAB. Assuming a thickness of 40 A, this yields particle
6mnRF diameters of 280Gt 40 and 200+ 40 A in the absence and

presence of CTAB, respectively. Clearly, these numbers are only

wherekg is the Boltzmann constarf, is the absolute temper-  Very approximate because, as argued above, the assumption of
ature,F is the Perrin shape factor which is larger than one for noninteracting, fixed shape particles is not valid. Nevertheless,
nonspherical particles, ands the solvent viscosit{® The TMS these data indicate a smaller and less oblate particle size in the
diffusion rate at a 5% bicelle concentration and ‘Zyields presence of CTAB, in agreement with the above-noted faster
an effective radius of ca. 70 A for the phospholipid particle. diffusion rates observed for the signal of TMS, encapsulated in
Considering that the length of the fatty acid DMPC chains is the lipid particles. The low values observed ffalso exclude

only about 14 A, a spherical phospholipid particle is not realistic prolate or wormlike morphologies, for which a much higher
and presumably the bicelle is disk shaped below the DMPC value of [Allis predicted’*

melting temperature of 25C. If the particle is assumed to be Liquid Crystalline Bicelles. The DMPC/DHPC bicelle

an oblate spheroid, with a thickness of 40 A, eq 6 yields a suspension forms a nematic liquid crystalline phase over the
range from 27 to 44°C, but in the absence of charged

(73) Cantor, C. R.; Schimmel, P. Biophysical ChemistryFreeman:
San Francisco, 1980; Vol. Part 2. (74) Struppe, J.; Vold, R. Rl. Magn. Reson1998 135 541-546.
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A)

k x 10710 m?s™

Figure 1. Tracer signal decay as a function of gradient strength in
liquid crystalline bicelles at 35C, using a 600 ms diffusion delay.
(A) Signal decay for HDO (O), threoninet), and TMS ) when
using z gradients. (B) TMS signal decay when applyingradients.

Long dashes correspond to exponential decay, with the rate derivedthat Dz,

Gaemers and Bax

Table 2. Self-Diffusion Coefficients and Obstruction Factors in
Liquid Crystalline Bicelle Suspensions at 36

bicelle concentratich

5% 10% 10%+ CTABP

HDO £  23.4+03 21.7+£0.2 22.740.2
Dy, 21.0+£0.1 18.5+ 0.1 19.4+ 0.2

4 0.9940.02 0.92£0.02 0.96+ 0.02

Ayt 0.89+0.01  0.78:0.01 0.82+ 0.01

Thr £ 801+0.05  7.33+0.05 7.70+ 0.05

Dy,* 6.97+0.05 5.99+0.05 6.34+ 0.05

4 0.984+001 0.90+0.01 0.94+ 0.01

A 0.86+0.01  0.74+0.01 0.78+ 0.01

T™S .F  1.2940.03  1.24+0.04 1.26+ 0.03

Dy, 0.62+0.03  0.58+0.03 0.61+ 0.03

aBicelle concentration in w/v, witlg = [DMPC]/[DHPC] = 3.2.
b Bicelles included CTAB in a molar ratio [DMPCJ/[CTAB¥ 20¢ Self-
diffusion coefficients in units of 13°m? s™*. Errors in the self-diffusion
coefficients are determined from the uncertainties in théfjy refers
to the Dy + Dyy)/2. ¢ Obstruction factorsA,, = D./Do; Axy = Dxy
Do) calculated using isotropic diffusion coefficienfof of 23.6 x 10710
m? s71 for HDO and 8.15x 1071° m2 s71 for Thr, measured in the
same buffer at 35C.

result in nonzer®), suggests that the exchange occurs through
(transient) fusion of the bicelles in an edge-on manner.

The conclusion thab, ~ 0 for TMS is based on the initial
rate of the transverse gradient decay curve and the assumption
= Dp. If the full transverse decay curve is sampled

from a best fit of the initial decay. Short dashes correspond to the and fitted to eq 2c, a nonzero value Oy is found Oy ~ D¢/

lamellar model withD; = 0 andDg = 1.1 x 107°m? s71, The solid
line corresponds to the lamellar model with = 0.116 x 1070 n?
standDp=1.1x 100 m? s,

10). If the domain size over which the bicelle bilayer normals
remain parallel with one another were much smaller than the
distance over which TMS diffuses-(LO um) during the time

of the experiment (600 ms), a monoexponential decay would

amphiphiles it can turn unstable near the lower end of this have been observed (cf. eq 2d). If the domain size were much

temperature rang@:52 At 35 °C the order imposed by the
bicelles on the solvent resulted in stablel quadrupolar
splittings of 7.2 and 16.6 Hz for the 5 and 10% (w/v) samples
in the absence of CTAB and 18.4 Hz for the 10% CTAB-bicelle
sample. The slightly highéH splitting for the CTAB-containing

larger than 10um, a stronger nonexponentiality would be
observed in fitting the decay data of Figure 1B, widh~ O.

So, these data indicate that the domain size over which the
bilayer normal remains correlated is on the order of 10 mm.
For threonine and HDO, the difference betwdgnandDp is

sample appears largely due to a higher degree of order for thetoo small to permit observation of such nonexponential decay

bicelles and is also reflected in a 0.5 ppm upfield shift of the

DMPC 3P resonance, which as a result of its chemical shielding

anisotropy is shifted upfield of its isotropic valé&e??

(see below).
Remarkably, the data presented in Table 2 indicate that the
obstruction for threonine is consistently slightly stronger (lower

For all three tracer molecules, signal decay resulting from A,, and A,) than for HDO. This is a counterintuitive result,

self-diffusion in thez direction is exponential (Figure 1A).

since both are in the aqueous phase. A likely explanation for

However, for TMS, signal decay resulting from transverse self- the stronger obstruction of threonine by the bicelles is a very

diffusion is highly nonexponential (Figure 1B). Such multi-

weak attractive interaction between threonine and the bicelle

exponential behavior is expected when the tracer is confined to surface. Other evidence, supporting such a very weak interaction

a bilayer with its normal randomly oriented in the transverse

is found in unusually largéJCH dipolar couplings, in the-8

plane (cf. eq 2c). The self-diffusion rates derived from these Hz range, which is much larger than predicted for such a small
data are summarized in Table 2. For TMS, the transverse self-molecule on the basis of shaffepr compared to what is

diffusion rate is derived from the initial slope at low gradient

measured in the PEG medium. Therefore, for interpretation of

strengths. Also included in this table are the obstruction factors, the obstruction factors in terms of bicelle morphology, we will

obtained from eq 3 and the isotropic diffusion coefficients
reported in the footnote to Table 1.

The initial slope of the TMS diffusion decay curve indicates
an approximately 2-fold slowebd,, than D, For a perfectly
ordered planar structure, with its norm orthogonal to the
magnetic field,D,, = Dp, andDxy = (Dy + Dp)/2. Therefore,
the data reported in Table 2 indicate tHat ~ O, i.e., that
diffusion of TMS in a direction parallel to the bilayer normal
is extremely slow. In contrast, TMS diffusion in tkelirection

only focus on the HDO data.

For water, the transverse and longitudinal self-diffusion rates
in bicelles are more similar to one another than for TMS,
indicating thatD; is nonzero. Assuming again thBt, = Dp,
andDyy = (D + D)/2, Dy = (15.3+ 0.3) x 10 and (16.1
+ 0.3) x 10 m? st in the 10% bicelle solutions without
and with CTAB, respectively, corresponding £g values of
0.65+ 0.02 and 0.68+ 0.02. Although, as argued above on
the basis of the TM®,, diffusion, the model of noninteracting

occurs at an appreciable rate, which far exceeds the rate of selfdisk shaped particles is an oversimplification for the liquid

diffusion expected for a model bicelle disk of 400 A diameter

crystalline bicelle solution, it is interesting to see what disk

and 40 A thickness. This therefore suggests that TMS can diameter the transverse diffusion obstruction predicts in this
exchange between bicelles. The absence of interbicelle TMSstandard model. There are no analytical expressions relating the

exchange in the direction of the bilayer normal, which would

obstruction factor to the diameter of a hemitoroidal bicelle (i.e.,
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1.00 Table 3. Self-Diffusion Coefficients and Obstruction Factors of
A) HDO, Thr, and TMS in CPBr Liquid Crystal Solution at 2682

Tn HDO Thr T™MS

2 15.8+ 0.2 5.2+0.1 3.78£ 0.1

0.10 Dyy° 7.7£0.2 25+0.1 184+ 0.1
2z 0.85+0.02 0.82+0.01

Axy® 0.41+0.02 0.3%+ 0.02

aFor a 6% (w/v) CPBr liquid crystal, measured using a 600 ms
0.01 - diffusion interval.” Self-diffusion coefficients in units of 16°m? s%.
0 2 4 o 2_1 8 Errors in the self-diffusion coefficients are determined from the
k x 107 m%s uncertainties in the fitDy, refers to the Py + Dyy)/2. ¢ Obstruction
factors &\;;= D./Do; Ay = Dyy/Do) calculated using isotropic diffusion
10 B) coefficients Do) of 18.6 x 10719 m2 571 for HDO and 6.33x 1070
m? s7* for threonine, measured in the same buffer af@5

lo X 25

\
0.1} \\\ 20
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k x 1019 m%s"

Figure 2. Tracer signal decay as a function of gradient strength in the 0.5
(CP)Br liquid crystal, using a 600 ms diffusion delay. (A) Signal decay
for HDO (O), threonine ), and TMS () when using z gradients.
(B) HDO signal decay as a function of gradient strength in xhe
direction @) and in they direction (O). The dashed lines correspond
to the initial decay rates; solid lines are shown to guide the eye.

[0l 45° 90° 135° 180°

0
Figure 3. Transverse diffusion of TMS in CPBr liquid crystal. Plotted
is the signal attenuation ratiQ = 1(g(0))/1(gy), for a fixed gradient
strength of 25 G/cm, as a function of the anglbetween the gradient
and thex axis (after first rotating the sample such that diffusion is

a disk with its rim covered by the outer half of a tor&id). slowest in thex direction).

However, at large aspect ratids, for a hemitoroidal disk will
be very similar to that of an oblate spheroid of the same aspect
ratio. At large aspect ratios, the volume of an oblate spheroid
of diameter, R, and thicknessRs, is smaller by a factor® %
[6(R. — Re)? + 37R_Rg] than a hemitoroidal disk of diameter
2R_ and thickness Rs. Lowering the oblate spheroid volume
fraction, ®, by this factor relative to the 9.6% (v/v) fraction of
bicelles, eq 5a yields aspect ratios of &7.7 and 8.8+ 0.6
for the bicelles in the absence and presence of CTAB. Assuming
a bilayer thickness of 40 A, this corresponds to a bicelle diameter
of 390+ 30 A for 10% w(/v) sample in the absence of CTAB
and a slightly smaller value of 358 25 A in the presence of
CTAB. Note, however, that this diameter is nearly 3-fold smaller
than the minimum size needed for nematic liquid crystalline
ordering of rigid disks of 40 A thickness at 9.6% (V/¥).

Cetylpyridinium Bromide Liquid Crystal. The second
medium for which we report diffusion anisotropy data concerns
a mixture of cetylpyridinium bromidej-hexanol and NaBr in
water2® At 25 °C, after overnight equilibration in a 600 MHz
magnet, a solvenfH quadrupole splitting of 17.5 Hz was
observed, in good agreement with the previously reported value
of 17.9 Hz?° confirming the formation of a liquid crystalline
phase.

Tracer signal decay resulting from diffusion in thdirection
was again perfectly exponential (Figure 2A), and diffusion rates
and obstruction factors are listed in Table 3. Considering that
the volume fraction of the CPBr is smaller than that of the bicelle
sample, the stronger obstruction for diffusion in #hdirection
(Azz =~ 0.85 for CPBr andA,; ~ 0.95 for bicelles) is perhaps
surprising. Obstruction in thedirection may either result from
the presence of defects, such as bridges between bilayers, o
from imperfect alignment of the bilayers. However, considering
that the transverse diffusion is indicative of a perfect lamellar
phase withD; = 0 (see below), we believe imperfect alignment

or long-range undulations to be the dominant cause of the
obstruction. Alignment of the CPBr liquid crystal relative to
the magnetic field is a very slow process, and it is likely that
even after the overnight equilibration used in the present
experiments alignment remains imperfect. If the bilayer normal
orientation is static and, on average, deviates from the transverse
plane by an angle of 25this reduce®, by cog(25°), i.e. by

15%.

For signal decay resulting from self-diffusion in the transverse
direction, an unexpected dependence of the decay rate on the
direction of the transverse gradient is found. Figure 2B shows
the HDO signal decay as a function of gradient strength in the
x and y directions, with the sample aligned relative to the
gradients such that thegradient yields the slowest diffusion
rate. Analogously, Figure 3 plots the TMS signal attenuafon
= I(g = 1.25 G/cm)i(g = 25 G/cm) as a function of the
direction in which the gradient is applied. The dependence of
Q on the gradient direction has the same shape and nearly the
same amplitude for all three tracers (data not shown), indicating
that their relative decay rates have the same dependence on
gradient orientation.

The dependence of the diffusion rate on the direction of the
transverse gradient indicates that the bilayer normal orientation
remains correlated in they plane for a significant fraction of
the NMR sample. Diffusion in the direction that is, on average,
most orthogonal to the bilayer planes is slowest and highly
nonexponential. The initial rate of the corresponding decay curve
(Figure 2B) corresponds to the sample volume fraction that has
bilayer planes mostly parallel to the gradient direction, whereas
Ehe majority of the signal decays much more slowly, at rates

hat depend on the angle between the bilayer normal and the
gradient direction (cf. egs 2a,c). For a gradient direction that
is, on average, more parallel to the bilayer planes, the opposite
is observed, with a larger fraction of the signal decaying rapidly
(75) Veerman, J. A. C.; Frenkel, Phys. Re. A 1992 45, 5632-5648. and a smaller fraction exhibiting much slower decay. The
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Table 4. Self-Diffusion Coefficients and Obstruction Factors of
HDO, Thr, and TMS in GEs Liquid Crystal at 25°C?

HDO Thr ™S
P 14.7+£0.1 49+ 0.1 22+0.1
Dy’ 7.2+0.3 24+0.1 1.05+0.05
2z 0.79+0.01 0.77+0.01
Axy’ 0.39+0.02 0.38+ 0.02

aFor a 8% (w/w) G2Es liquid crystal, measured using a 600 ms
diffusion interval.® Self-diffusion coefficients in units of T0°m? s,
Errors in the self-diffusion coefficients are determined from the
uncertainties in the fitDy, refers to the Dy + Dyy)/2. ¢ Obstruction
factors @;;= D,/Do; Ay = Dx,y/Do) calculated using isotropic diffusion
coefficients Do) of 18.6 x 1071° m? s7* for HDO and 6.33x 1071°
m? s7* for threonine.

transverse diffusion rates reported in Table 3 correspond to
[(Dx? + DyA)I2]2, as measured from the initial slopes of the
nonexponential decays.

Ci2Es-Based Liquid Crystal. For the GJEs-based liquid
crystal, a lamellar phase with a superstructure in which the
bilayers bend into sets of concentric cylinders has been
proposed, similar to structures observed in fredzacture
transmission electron micrographs of ternary tetradecyldi-
methylaminoxydei-heptanol/water mixture¥.These cylinders
are believed to align with their common axis parallel to the
magnetic field160Although diffusion in thez direction in such
a concentric cylindea.-lamellar phase is indistinguishable from
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Figure 4. Schematic morphology representation for the three different
types of lamellar liquid crystalline media studied, as determined by
tracer diffusion anisotropy: (A) ordered bicelles; (B) PE®Exanol;

(C) CPBr. The top views in AC depict slices orthogonal to the NMR
sample tube, which has its axis parallel to the magnetic field. Lower
panels illustrate (A) the pores in the DMPC bilayer with the rims
covered by detergent and (B) a bridge-type structure between bilayers
in the PEGh-hexanol medium, inferred from relatively high HDO
diffusion obstruction in the direction and nonzero TMS diffusion in

the direction parallel to the bilayer normal. The flattened concentric

that in a planar lamellar phase, transverse diffusion is predictedcylinder model for PEGrhexanol is compatible with the NMR
to be different. This difference becomes more pronounced when diffusion data, but cannot be distinguished from a planar lamellar phase,

the diameter of the most outer cylinder is smaller than the
distance over which a tracer molecule can diffuse during the
NMR experiment. A model for NMR signal decay resulting
from transverse diffusion of a tracer molecule, confined between
concentric cylinders, is presented in the Appendix. To test the
validity of this proposed morphology, the self-diffusion data
obtained in the GEs liquid crystal are fitted to the concentric
cylinder diffusion model described in the Appendix and also to
the regular model for diffusion in an ordered lamellar phase
(eq 2c).

The experimental self-diffusion data in tlzedirection for
the three tracer molecules present in theBEg liquid crystal
are all monoexponential (Supporting Information Figure 2), and
the derived rates are summarized in Table 4. Diffusion obstruc-
tion in thez direction is significant and even slightly stronger

than in the CPBr medium. This indicates the presence of rather

substantial deviations from 9®etween the bilayer normal and
the magnetic field direction, or the presence of obstructions, or
both. These obstructions could be visualized as either “caps”
on the concentric cylinders, “bridges” between adjacent bilayers
(Figure 4B) or small globular structures such as micelles or
vesicles present in the system. In the phase diagram &6 C

such as shown in the top panel of A.

k x 1071 m%s"!
Figure 5. The threonine signal intensity decay as a function of
transverse gradient strength in liquid crystallingEg/hexanol medium
at 25°C. Long dashes correspond to an exponential fit to the initial
slope of the decay curve. Short dashes correspond to the lamellar model
(eq 2c) withDg = Dz, = 4.88 x 107 m? st and D, = 0; the solid
line corresponds to the lamellar model with = 4.88 x 1071 m2 st
andD; = 6.5 x 10712 m? s7%; the dotted line is the cylindrical model
with D= 4.88 x 1071 m? st andD; = 0, for Rynin = 1 um andRmax
=40 um.

direction (Table 4). The optimal fit to the lamellar model

the NMR conditions are very close to where the system switchesrequires a nonzero value & (D; = 6.54 x 10712 m? s,

from the a-lamellar phase, 4, to a mixed L, + L3 phase, a

Do/Dy = 75), indicating that threonine can traverse theEs

state (referred to as a “sponge” phase) that is closely related tobilayer, albeit at a very slow rate.

the L, phase, and the partial presence of which cannot be fully
excluded??

As was the case for the CPBr liquid crystal, the transverse
self-diffusion of none of the three tracer molecules in theeg:
based liquid crystal is monoexponential (Supporting Information
Figure 3). Figure 5 compares the various models for self-
diffusion of threonine in the direction. The curves in Figure
5 represent fits of various models to the first 40% of the decay

When comparing the threonine transverse diffusion decay data
to those predicted for a medium of oriented concentric cylinders
(see Appendix), the value f@, is assumed to be zero. So the
diffusion rate itself is not optimized and simply taken fr@y,
but the radius of the outer cylindeRyay affects the shape of
the transverse decay curve. Clearly, for very large values of
Rmax the concentric cylinder model becomes indistinguishable
from the planar lamellar model with,, = 0. For values 0Rnax

curve, such as to emphasize the discrepancy between the modelthat are small relative to the distance over which the molecule

and the experimental data. For both tthdamellar and the
concentric cylinder models, the value fbr; = D, is taken
from the fit to the monoexponential decay observed in zhe

can diffuse in the 600 ms between pulsed field gradients, the
decay at stronger gradients will be strongly inhibited. The dotted
line in Figure 5 corresponds to the predicted decay curve for a
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Rmax value of 40um, and even at this relatively large value the
planar lamellar model (short dashes f@r = 0, solid line for

Dy = 0) fits the diffusion decay data better than the concentric
cylinder model. These data do neither exclude nor confirm a
superstructure of concentric cylinders, made up of lamelgE{L
bilayers. However, if the superstructure of concentric cylinders
indeed applies, the minimum value fBfax is on the order of

50 um. At Rnax > 50 um the planar lamellar and concentric
cylinder lamellar models become indistinguishable by PFG
NMR; at Rmax < 50 um the fit to the experimental data,
including the initial slope, becomes progressively worse.

For HDO diffusion, the best fit is also obtained for the planar
lamellar model, withDg = D, = 14.7 x 107 m? s71 (again
obtained from independent measuremerDgf andD; = 0.88
x 10719 m2 s71 (Dy/Dy = 17). Fits to the concentric cylinder

J. Am. Chem. Soc., Vol. 123, No. 49, 202351

as applies for the idealized bicelle, only marginally change this
condition toBc, > 3.97°

The picture emerging from the TMS and HOD diffusion data
is intermediate between a regular a-lamellar phase and the
common discotic nematic suspension. Edge-to-edge interactions
between the disks make it equivalent to a strongly perforated
bilayer, in which the bilayer rims surrounding the holes consist
of DHPC (Figure 4A). This picture of a highly dynamic,
perforated bilayer is consistent with the tracer diffusion data
reported here and resolves the question of why the bicelle
solution remains liquid crystalline at such low volume fractions.
Sanders and Prosser have also questioned the inert-bicelle model
and reported that polarizing microscope data indicate that the
bicelles may be interconnectét A very recent small-angle
neutron scattering study on Pmdoped bicelles, oriented with

model and the planar lamellar model are compared in Supportingtheir normal parallel to the magnetic field provides inde-

Information Figure 3. The permeability of the s bilayers
to water, as evidenced by the smaller valueefD,, appears
somewhat higher than for threonine.

The transverse TMS diffusion data also exclude monoexpo-

pendent support for a perforated lamellar phase morphdfogy.
Below the DMPC melting temperature our diffusion data
indicate the bicelle particles to be disk-shaped, but their limited
aspect ratio (ca. 6) prohibits liquid crystalline ordering and

nential decay and fit much better to the nonexponential decay explains the absence of such order below’@5Another very

curves predicted by the planar lamellar and concentric cylinder
lamellar models (Supporting Information Figure 4). For the
planar lamellar model we find, = 0.037 x 1071 m? s,

with Dg again obtained from thB,, measurementd,; = 2.24

x 1071°m2 s~ D/D;, = 60). The nonzero value @, indicates
that TMS can diffuse, albeit at a very slow rate, in the direction
parallel to the bilayer normal.

Concluding Remarks

Measurement of tracer self-diffusion rates, and in particular
their diffusion anisotropy, is a very informative tool for studying
the morphology of dilute liquid crystalline medi&:*°> The tracer
diffusion data reported here are consistent with a disklike
morphology of the bicelles below the DMPC melting temper-
ature (25°C). This agrees with conclusions from a very recent
small-angle neutron scattering study on3fradoped bicelleg®
The obstruction and self-diffusion data indicate disk radii in
the 250 A range. Above the DMPC melting temperature the
solution becomes liquid crystalline. When the HOD transverse
obstruction factor in this liquid crystalline medium is interpreted
in terms of the common, inert bicellar disk suspension, a
diameter in the 350400 A range is obtained, in good agreement
with earlier model calculatior®. However, diffusion of the
lipid-soluble TMS in the direction of the magnetic field shows

recent small-angle neutron scattering study indicates that at
[DHPC]/[DMPC] ratios much higher than those used in our
study, where no liquid crystalline bicelle ordering occurs, the
disk-shaped morphology applies both below and above the
DMPC melting temperaturg.

In the liquid crystalline bicelle phase, the transverse TMS
diffusion decay is strongly nonexponential. This indicates that
the orientations of bilayer normals remain strongly correlated
over the distance that TMS diffuses between the encoding and
decoding pulsed field gradients and thereby puts a minimum
size limit of ca. 10um on the domain size (Figure 4A). TMS
diffusion in thez direction is nearly independent of the bicelle
concentration (Table 2), even at much higher concentrations
than shown. This indicates that the perforated bilayer morphol-
ogy applies to the entire region of the phase diagram where the
sample adopts liquid crystalline order.

The CPBr diffusion anisotropy data under the conditions used
for studying biological macromolecules are only compatible with
a lamellar phase, and exclude the possibility of wormlike
morphologies. The observation tHat = O for all three tracer
molecules indicates the virtual absence of holes in the bilayers
or bridges between them and suggests a picture of a very regular,
nearly defect freer-lamellar phase. The surprising finding that
the transverse diffusion rates are a function of the direction of

a rapid increase above the DMPC melting temperature and e ransverse gradient relative to the sample indicates that the

diffusion rate that is much faster than compatible with a 400 A
diameter bicelle. This indicates that TMS can rapidly exchange

distribution of the bilayer normals in the transverse plane is
not random (Figure 4C), and points to a large persistence length

between bicelles, which therefore must make (transient) contactsgyr the |amellar plane orientations, on the order of millimeters.

in an edge-on manner. This paints a different picture of the liquid
crystal bicelle suspension and may explain the so far puzzling

observation that bicelle suspensions can retain a stable nemati

liquid crystalline order down to as low as 2%, i.e., at concentra-

tions that are more than an order of magnitude lower than the

Onsager limit for liquid crystal formation of neutral 400 A
diameter disks. The Onsager theory predicts that liquid crystal-
line ordering of flat, infinitely thin disks of radiuR requires
B.c, > 4.2, where the second virial coefficieBi describes the
effective volume £?R%2) andc, the particle concentratioff.
Monte Carlo calculations for disks with an aspect ratio of 10,

(76) Nieh, M. P.; Glinka, C. J.; Krueger, S.; Prosser, R. S.; Katsaras, J.
Langmuir2001, 17, 2629-2638.

(77) Prosser, R. S.; Hunt, S. A.; DiNatale, J. A.; Vold, R. R.Am.
Chem. Soc1996 118 269-270.

(78) Onsager, LAnn. N. Y. Acad. Scll949 51, 627-659.

Tracer diffusion anisotropy of the;gEs/hexanol/water me-

(gium confirms it to be a lamellar phase. However, nonzero

diffusion rates in the direction orthogonal to the bilayers for all
three tracer molecules suggests the presence of a small fraction
of defects, i.e., holes in the bilayers and bridges between
bilayers. Considering the proximity of the sample preparation
studied to the b or sponge phase in the phase diagram of this
mixture$1.62 this is perhaps not surprising. The presence of a
superstructure of concentric cylinders could neither be confirmed
nor disproven on the basis of the tracer diffusion data. For the
case where the outer cylinder diameter of such a set of
concentric cylinders is much larger than the distance over which
the tracer molecules diffuse in the transverse direction between
encoding and decoding gradients, the simple lamellar model
and the concentric cylinder models predict identical results.
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However, if the concentric cylinder morphology indeed is

present, the diffusion data indicate a minimum diameter of ca.

50 um for the outer shell of such a set of concentric cylinders.
The absence of heterogeneity in the obserdidsplitting

Gaemers and Bax

and final angles relative to theaxis in which the gradient is
being applied.

The degree of dephasing caused by the applied gradients is
proportional to the displacement in the direction of the applied

indicates the absence of voids between adjacent sets of cylinderspulsed field gradients. In the short gradient pulse limit, the

and therefore requires significant distortion from the ideal
cylinder model, and a situation where the cylinders are signif-
icantly flattened in order to reduce void formation (Figure 4B).
The GEs/hexanol/water mixture presents a very convenient

and robust liquid crystalline medium that has low surface charge
density and therefore causes solute alignment primarily through

a steric mechanism.
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Appendix: Gradient Echo Decay for Diffusion in a Set of
Concentric Cylinders

The probability distribution for a particle exhibiting un-
inhibited diffusion in one dimension is given by
P(X) = (47DA) Y2 x074DA (A.1)
wherex — Xo describes the net displacement of a particle starting
at positionxy and diffusing tax with a self-diffusion coefficient
D during a time intervalA. For diffusion on the surface of a

cylinder with diameter R and its axis parallel to the axis of
the static magnetic field, eq A.1 transforms into

P(@) — Aé—RZ(H—HO)Z)MDA

whereA is a normalization constant aifig andé are the starting

(A.2)

SA) = 27R ;’;O [ P(6) cosgp) do d6, (A.4)

where ¢ is the degree of dephasing (eq A.3) aR(p) the
probability distribution of eq A.2. The prefactorzR reflects

the scaling of the number of particles as a function of cylinder
diameter. For a set of closely spaced concentric cylinders, with
radii ranging fromRy to Rnax the total signal intensity is given
by

SA) = o 2R [ [ P(O) cos) do deod(i )
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exponential tracer diffusion decay data for isotropic bicelles at
20 °C and in thez dimension for the ©Es medium, HDO
transverse diffusion decay in s, and TMS transverse
diffusion decay in GEs and tables detailing diffusion rates
derived from experiments with a 150 ms diffusion delay (PDF).
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