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Using time-resolved small-angle neutron scattering, we have studied the kinetics of the recently observed
bilayered-micellgor so-called “bicelle”) to perforated-lamellar transition in phospholipid mixtures. The data
suggest that phase-ordering occurs via the early-time coalescence of bicelles into stacks of lamellae that then
swell. Our measurements on this biomimetic system highlight the ubiquitous role of transient metastable states
in the phase ordering of complex fluids.
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Lipids are amphiphilic molecules and are one of the prin-microstructures are schematically illustrated in Fig. 1. At
cipal components of biological membranes forming a selechigh lipid concentrationg>0.025 g/ml), the bicellar phase
tively permeable barrier between the cell's inner and outeforms at lower temperaturest€23°C) with DHPC pre-
environments. For the most part, lipids are composed of twgumably decorating the rim of the micelle, whereas for the
hydrophobic hydrocarbon chains and a hydrophilic headperforated lamellar phase at high temperatures, DHPC mol-
group which can either be charged, as in the case of phogcules line the holes perforating the lamellad]. This ob-
phatidylglycerols, or possess no net charge, as exemplifiegervation was is in contrast to the general view that smecti-
by the commonly studied phosphatidylcholines. Dependingally ordered bilayered micelles populate the higiphase
on the nature of their headgroup and fatty acid chains, whehl2,16. The gray regions in Fig. 1 depict areas of two-phase
dispersed in water, lipid molecules self-assemble into a varicoexistence.
ety of ordered and disordered phagés4]. These mesos- ~ The nature of the newly found bilayered micelle-to-
tructures, many of which are also observed in liquid crystaldlamellar transition [14,15 is intricate. Initiated by
line [5] and block copolymer melt§6], have spatial hydrocarbon-chain melting and increased lipid mobility
symmetry that is intermediate to the short-range positionafvithin the bilayers, it is otherwise analogous to the isotropic-
order of a fluid and the long-range positional and rotationato-smectic transition in liquid crystals and the order-disorder
order of a crystalline solid. Although a great deal of work hastransition in block copolymers. It can be characterized as a
been done to quantify the rich phase behavior and morphoBlobal first-order transition that is kinetically limited by a
ogy of such surfactant systems, phase transition kinetics folocal first-order transition at the molecular scale. In this
lowing a quench have, for the most part, received limitedstudy, we investigate the phase-ordering kinetics of the bi-
attention[7—9]. Such nonequilibrium studies are of funda- layered micelle-to-lamellar transition using time-resolved
mental importance, as they illuminate the kinetic pathwaysSANS. Smectic ordering is observed to occur via a two-step
that complex fluids use to relax to inherently more stableprocess, and we extract both a “local” time scale character-
structureg7-10). izing the coalescence of bicelles into stacks of lamellae and a

In recent years, bilayered micell¢Big. 1), or so-called “global” time scale characterizing the subsequent swelling
“bicelles” composed of short-tail and long-tail phospholip- of those stacks. The measurements highlight the important
ids, have received considerable attention as potentially im-

portant magnetically alignable substrates for solid-state T“ Unilamellar .
nuclear magnetic resonance and neutron scattering studies vesicolar phase la‘;;;::e s
membrane-associated peptides and profdihs15. Despite e — R

this widespread interest, there has been much debate regar N —
ing the nature of the structural phases formed by such mix- <""-._..-__‘> T —
tures. Recently, small-angle neutron scattei®@gNS) stud- e et
ies carried out by Nielet al. [14,15 on mixtures of long- 53 ocfe — I

chain [e.g., the zwitterionic lipid dimyristoyl

phosphatidylcholine(DMPC) and the negatively charged Bicellar phase

lipid dimyristoyl phophatidylglycero DMPG)] and short-

chain[e.g., dihexanoyl phosphatidylcholit®HPC)] phos- 5

>

pholipids, demonstrated that in addition to vesicles, the lipid 0.025 g/ml (:,l
mixture formed bilayered micelles and ordered stacks of per-
forated lamellae. The phase diagram and the corresponding FiG. 1. Schematic of the phase diagram determined by Nieh
et al. [14] showing the of vesicular, bicellar, and lamellar phases.
The arrow indicates the lipid concentration at which the tempera-
*Corresponding author. Email address: wangh@mtu.edu ture studies were carried out.
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FIG. 2. The evolution, as a function of time, of a typical SANS “
spectrum following a quench from 0 to 30.0 °C. The solid curves . ~-i=n-n-u NEnt——
are Gaussian fits. The characteristic length scale of the lipid mixture 100 1000
is given by the peak position. t (S)

role of transient metastable states in the phase ordering of riG. 3. The evolution of (t) at various temperaturéswhere
complex fluids. the inset shows the relaxation rateas a function of quench depth
DMPC (zwitterionic, two 14:0 hydrocarbon chais e=(T-T,)/T,.
DHPC (zwitterionic, two 6:0 hydrocarbon chainsand
DMPG (negatively charged, two 14:0 hydrocarbon chains 10w T, L, is approximately the mean bicelle separation and
were purchased from Avanti Polar Lipidélabaster, Al at highT, the mean separation between the lamellae. More-
and used without further purificatiofL7]. The negatively —Over, as the peak intensity, increases, the peak full width at
charged lipid, DMPG, was used to stabilize the lamellarhalf maximumo, decreases. In the case of the perforated
phase and prevent phase separation of the short-chain DHR@nellar phase the broadening of the scattering peak can be
lipid from DMPC. Samples of DMPC:DHPC:DMPG in a attributed to a number of factors, such as limited number of
molar ratio of 5:1:0.25 were mixed in 80%,D by weight. lamellae in a stack, bilayer fluctuations, defects in bilayers
The mixtures were temperature cycled and agitated until hote.g., perforationsand at domain boundaries, and a broad
mogeneous. The samples were then transferred to a copp@istribution of lamellar spacings as a result of kinetically
sample cell with a path length of 1.5 mm and sealed. trapped stacks. In addition, we focus on the evolution of
Time-resolved SANS measurements were performed ugP€aks corresponding to the average bicelle separation and the
ing the 8m SANS instrument at the NIST Center for Neutronfirst-order diffraction peak of the lamellar stack, respectively.
Research. Incident neutrons of wavelength 10 A(AN/\ Coexistence of the two structures, as well as convolution
=0.15) vyielded a range of scattering wave vector,With the instrumental resolution, leads to a primary scattering
0.008 A 1<q<0.08 A~L. The resolution of the SANS mea- feature that we approximate by a Gaussian distribution,
surement is, for the most part, dictated by the neutron wave-(d) = | nexf —(d—0yn%205]. The solid curves in Fig. 2 are
length dispersion and is adequate to reveal the supramolecfits with a constant background arising from homogeneous
lar organization of lipids in the system studied. In quenchingfeatures and incoherent scattering.
the mixtures, samples were rapidly transferred from ice wa- The extent and quality of the lamellar stacking are mea-
ter (0°C) to a sample stage preequilibrated betwd@en sured by the peak intensity, and peak widthr, . Figures 3
=22.0 and 45.0£0.2) °C. For the deepest quenches, theand 4 show the evolution, for various quenches] gfand
sample reached thermal equilibrium in under 40 s, whichog, respectively. At 22.0 °Gstill within the disordered bi-
was independently measured. The two-dimensi¢2B) in-  cellar phasg |, and oy are similar to those at 0 °C. How-
tensity patterns were recorded for a 15 s period at intervals aver, for quenches into the ordered lamellar region of the
55 s and are consistent with a multidomain or “powder” phase diagraril4], |, varies inversely witho,, as can be
morphology. seen by comparing Figs. 3 and 4. Following a shallow
Typical time-resolved spectra, corresponding to the nongquench T<27°C), I, remains relatively constant for a
equilibrium structure factor of the ordering fluid, are shownshort period of time before growing to a plateau, whilg
in Fig. 2 for a quench at 30.0°C. Tineis chosen as the remains initially constant and then decays to a plateau at
mean of the measurement interval. The peak positign latert. The square of the final vaILtefLf as a function off 1
initially increases up to=98 s and from then on continually (inset to Fig. 4 exhibits a sharp increase &t=23°C, the
decreases, indicative of structural changes. The initial Tow- transition temperature.
phase is made up of disordered bicell&4], while the for- The first-order phase transitions typically occur via the
mation of the hight perforated lamellar phase is due to nucleation and growth of a final stable phase from an initial
bicelles coalescing as a result of increased hydrocarbon chametastable phase. The picture can be complicated by the
disorder and increased lipid mobility. The perforated bilayergpresence of local minima in the free energy in which the
then further associate into multilamellar stacks. The value ofystem resides temporarily or becomes kinetically trapped. If
gm corresponds to the characteristic length=2#/q,,. At  the initial state of the fluid is not far removed from the final
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15 value. ForT>27°C, L,, decreases initially to a minimum,
?:100 * oo, w—22°C and then increases to a plateau. The initial decrease occurs at
“ o —v—24:C an incregsing ratg ab increases. AbO\_/e. 35.0°C, the i_nitial
= Ii: E process is so rap|q that, reaches a minimum and beg!ns to
—~ :% seed® 1/T(K) | e 30°C increase monotonlc_:ally befort_e the first measurement |ntgryal
= 10} . ® o803 00033 000% | o—135°C is complete. The inset to Fig. 5 shows the characteristic
oq: o VS Ty v e d0c length of the system in the steady statg ¢(T) for both
en 4 \\ L a—45°C bicelle and lamellar phasek, ((T) has a minimum af .,
) .\ . \\ and increases away from the transition, resulting in an in-
N ' a \ V\v\ verted “\” shape. In the lamellar phase, the plateau might
bc- \ . vvvmyw % reflect a kinetically arrested multidomain structure. With in-
S5t o .\.A\A M VYR creased lipid mobility at larger values ef the lamellar do-
NeaBaga 2""‘,;;2: mains can grow larger before the energy barrier associated
. :O:TS'E@E%‘S?W ‘ with further swelling becomes too large to be overcome
100 1000 within the time scale in questiofiens of minutes Thus, at
{ (s) higherTs the volume fraction of interdomain regions, where

the excess water molecules reside, is smaller; stacks incor-

FIG. 4. The evolution ofry(t) for various quenches. The inset porate more water, resulting in a larger repeat spacing. On
shows the square of the final plateau value as a functionf 1/ much longer time scalethours to daygs the smectic do-
with the transition indicated by an arrow. mains slowly grow to macroscopic dimensions that are easily

resolved using polarized microscopy.

equilibrium state(within the parameter space being mea- Foraphenomenologlcal.m.odel of the kinetics, we assume
sured, then it is reasonable to model the ordering process ad'at the average characteristic length measured by SANS is
a simple exponential relaxation, with the decay time arising-m(1)~Lbi%bi* Liam®lam, wWhereLy; andLay, are the bi-
from a combination of energetic and kinetic influences. Wece"f’M?”d lamellar length scales, respectively, afg(t)
have thus fitted the late-time growth exhibitediyt) tothe =€  anddiam(t)~1—¢y(t) are the volume fractions of
exponential relaxatior (t) =1()[ 1— exp(—at)], where the bicellar and Iqmgllqr phases,_ respe_cpvely. The bicellar
the fits in Fig. 3 assume an initial period of dormancy thatco@leéscence rat! is limited by lipid mobility. We assume
coincides with the rapid coalescence of bicelles. The effectn® System is under steady state conditions when the lamellae
tive relaxation ratex varies linearly with quench depth, de- ¢&ase to swell. This complex fbehawor can Pt/e modeled as-
fined ase=(T—T.)/T, (inset to Fig. 3, consistent with a Ymptotically asLjam(t)=Lo+ (Liam—Lo)(1—€""7), where
global transition that is weakly first order. Lo and Ly, are the initial and final lamellar periodicity,

The physical significance of the initial period of coales-respectively. The time constant characterizes the rate of
cence is better demonstrated in Fig. 5, which shawyét) lamellar swelling. Thus, the overall time dependence of the
for several quenches. At shallow quenché&<@7°C),L,, Measured characteristic length of the system can be written
decreases monotonically from around 180 A to a constar@S

180 - Lin(0)=Lpie ™ 4 Ligm(1)(1—€71). (1)

Equation(1) contains two time scales, NI/ and 7. The data
in Fig. 5 were fitted using Eq1) and measured values for
Lfam and Ly; (inset to Fig. 3. The resultant fit yieldedr
~80 s andLy~135 A. 7 andL, are both independent df,
while M, the only adjustable parameter,Tisdependent. The
solid lines represent the best fit to the défay. 5. From the
T dependence ofl, which varies from MM ~137 s for the
shallowest quench to W~0.36 s for the deepest quench, a
fit via M(T)=k,e"2¢ gives constantk; and k, of (5.5
+0.2)x10 % s ! and 84+ 2, respectively, suggesting that
with increased quench depth, local chain melting speeds up
considerably. Due to limited data and finite resolution at
early times (up to 100 $ M is approximate for deep
quenches. The assumption thais independent of quench
depth, and henceyl is unrealistic as more than a zeroth-
FIG. 5. The evolution ofL(t) for different quench depths, oOrder approximation, particularly since the “swelling” we
where the curves represent fits described in the text. The insétescribe here may be limited at the molecular scale by chain
shows theT-dependent, steady stalte, ;, where the transition is mobility and at the macroscale via the degree of defect pin-
indicated by a dashed line. The dashed curves are guides to the eydng of the final steady state.
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Kinetic models of the isotropic-smectic transition haveor concentration quend!8,9]. A somewhat similar multistep
focused on the nucleation of smectic droplets near @rdering was also observed in the depletion-driven crystalli-
fluctuation-induced first-order phase transitja8—20. Asa  zation exhibited by binary colloidal mixturg23]. The late
starting point, such models employ the phenomenologicaiiMme swelling of the lamellar spacing may be influenced by

free-energy of Brazovskij21]. Recent observations of en- ?rain[kzjz]undary pinning as a consequence of topological de-
ects[24].

e Insummany cur tta suggesta - sep orderng roces
L ! h : ; : E‘by which bilayered micelles coalesce into perforated multi-
nucleation of tactoidal nematic droplets, Wlth_smectlc Iayerso”ayer stacks, which then swell into perforated extended
then nucleating off of these metastable objects. Althoughameliae. This scenario suggests that an intermediate, meta-
more measurements are needed to further clarify the natugable bicelle-aggregate phase might play an important role
of the transient states observed here, it seems plausible thiat the kinetic pathway of the transition. Intermediate meta-
an analogous scenario might apply to the bicelle aggregatesable states may in fact be ubiquitous in the kinetics of
in question, as one can intuitively envision going from aphase transitions7—10]. We thus hope that the present ob-
disordered arrangement to a lamellar arrangement via an irservations offer further insight into the nature of these non-
termediate discotic nematic. Metastable intermediate strucequilibrium phenomena, particularly in the area of biomi-
tures were also observed in recent studies of the micelle-tanetic systems whose functionality is highly dependent on
vesicle transition in surfactant mixtures following a shigdr  the stability of complex phases.
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