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Micelle-to-Vesicle Transition: A Time-Resolved Structural Study
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Amphiphilic molecules spontaneously self-assemble in solution into a variety of microstructures.
While their equilibrium properties are well understood, little is known about the kinetics of
structural transitions and the existence and properties of metastable states. We demonstrate for the
micelle-to-vesicle transition that the evolution of aggregate structures can be followed using time-
resolved light and neutron scattering. The polymerlike micelles are found to first transform into
nonequilibrium disks, which finally evolve into vesicles following an exponential time dependence.
[S0031-9007(99)08805-5]
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Surfactants in solution exhibit a complex aggregationtaneous micelle-to-vesicle transition. They are not only
behavior resulting from a delicate balance of opposingmportant and frequently used model systems for the in-
forces. The size and shape of the aggregates not only deestigation of self-assembly in mixed surfactant solutions
pend on the chemical composition, but also dramaticallyj6,7], but are also of considerable importance in biology,
change in response to variations in solution parameterghysiology, and pharmaceutical applications. Depending
such as temperature, concentratipfi, or ionic strength. on the bile salt-to-lecithin-ratio and the total lipid con-
While the knowledge on their behavior under equilibriumcentration, a variety of different structures form, and a
conditions has made significant progress [1], only limiteddetailed small-angle neutron scattering study of the
information is available on structural transitions concern-equilibrium structures resulted in the following picture
ing kinetics as well as existence, properties, and evolutiofFig. 1): Upon dilution of a micellar stock solution the
of nonequilibrium or metastable states. shape of the relatively monodisperse micelles changes

Transformations between aggregates of different moncfrom small spherical to elongated, flexible and locally
layer or bilayer membrane topologies represent a particweylindrical, polymerlike structures. This is caused by the
larly important topic [2], as they provide the basis different monomer solubilities, i.e., critical micellization
for processes ranging from technological to biological
systems. Typical examples include vesicle formation,
membrane reconstitution, digestion, or drug delivery. A
classical example of such a structural transition is the
micelle-to-vesicle transition. Although extensively stud-
ied [3-8], several aspects of its temporal and structura
evolution remain highly controversial. The exact se-
quence of structures and the existence of intermediate:
such as connected networks or perforated bilayers, is sti
not conclusively determined [4,5]. Moreover, not even
the question whether vesicles represent true equilibriun
structures is unambiguously solved.

Scattering methods have proven to be particularly pow- 6
erful techniques in order to investigate surfactant system %1 0
providing detailed structural information on a broad rangeg 104
of length scales down to almost molecular resolution. Re- ©
cent instrumental developments [9,10] now enable us t(— 102
follow the temporal evolution of aggregate structures us- 5
ing time-resolved static (SLS) and dynamic (DLS) light dilution
and small-angle neutron scattering (SANS). These experi-
ments thus not only advance our understanding of an inFIG. 1. Small-angle neutron scattering results for a dilution
portant surfactant phase transition, but also highlight thé&eries of equilibrated aqueous mixtures of egg yolk lecithin

new opportunities in time-resolved structural studies orfnd bile salt (taurochenodeoxycholic acid sodium salt). Nor-
. malized scattering intensity(q,¢) as a function of scattering
self-assembling systems.

. . . . vectorg. The observed aggregates and phase boundaries are
Aqueous mixtures of lecithin and bile salt are prime ex-represented schematically. The arrow indicates the dilution-
amples of mixed surfactant solutions that exhibit a sponinduced micelle-to-vesicle transition shown in Figs. 2 and 3.
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concentrations (cmc), resulting in a dilution-induced
decrease of the bile salt-to-lecithin ratio in the aggre- a
gates, which appears to lower the average spontaneous
curvature of the mixed micelles. The highly curved end
caps are therefore avoided, and the micelles are forced to
grow. At even higher dilutions the formation of locally
flat, lamellar structures is favored, and a spontaneous

transition from micelles to vesicles is induced. After By
passing through a coexistence region of polymerlike — 0.5 R AL AL UL LA Ot §“’%%*O
micelles and vesicles, one enters a single phase of 1q(10'32A'1) 3 7 T

relatively monodisperse vesicles, whose size decreases
with increasing dilution. This dependence of the vesicle
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size upon bilayer composition remains one of the most
puzzling questions since most theoretical models predict
an opposite behavior [11].

Based on the well established equilibrium phase behav-
ior, we started an investigation of the kinetics and the 250
possible existence and structure of intermediates during "< 2003
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the micelle-to-vesicle transition using time-resolved SLS, ff150§'° %

DLS, and SANS. This attempt to resolve some of the Ko Fer -

open questions has become possible due to a new generas 3 51 e

tion of instruments [9,10] ideally suited for the time scale q(107A")

of this transition [3,4]. FIG. 2. Dilution-induced micelle-to-vesicle transition as ob-

The transition was induced by rapidly diluting an served by time-resolved static and dynamic light scattering.
equilibrated micellar stock solution to a concentrationTemporal evolution of the normalized scattering intensity, )
where vesicles exist at equilibrium (Fig. 1, arrow). The(&) and hydrodynamic radiug,(¢.) (b) as a function of scat-

light scattering (LS) experiments were performed on g€"Ng Vectorg, respectively. The data obtained from the ini-
ial, equilibrated mixed micellar solution is represented by open

dedicated fiber-optics-based multiangle instrument, whiclyg ares. The fit to the kinetic model is shown as the solid lines
simultaneously collects the scattered light at nine angleand the values for the intermediate structures as obtained by
and allows for parallel dynamic and static measurementtis fit are represented by crosses. The observed aggregates are
[9]. SLS yields the time dependence of the normalizedepresented schematically.
scattered intensity(q, t) as a function of the magnitude
(0.1, corroaponds 1o the apparent weight average molaf! kot = 10° (SMOVL). | X amc (mol/L), which yields

4> P PP 9 g & . ~ 109 s! for the bile salt and,,; = 0.1 s~! for the

H u
;nas:re?]ft ?veergggrigztriz nyr:]eictlrr:o?}ug(ep?)ngg?;?\egf trTgcithin. If the intermediate formation is due to a release
PP ge ny y A of bile salt and a subsequent structural rearrangement with-

froﬁg I(_jit: iir:jci)(\:,\;r'[]elnthlzall?.dﬁl(ﬁi)dn induces a structural red ut any modification of the total number of aggregates,
o ) e . .. kour IMmediately sets the time scale for this process, which
organization of the micelles initially present in the equili-

is much faster than the measurement time, in agreement

E;aitgist%(;ktisrggjggglé%?'thzé ggegrisn?gr?tres\;vm];z;Sn\q’:gmith our findings. However, the formation of the vesicles
P b : ?equires substantial aggregate growth, i.e., a significant

S;;Ztetﬂgrtslggsdgorrg:gg;f:g);?f;?friggﬁt?”?rt(')?]? istgeﬁ]i'tsiaalll'decrease in the total number of particles, which from the
A 9 y micellar kinetics is known to be much slower than the

\{alue Ry = 225 A _(open Sq“a“?s) (&, ~ 150 A (first simple release of surfactant molecules and has often led
filled circles) obtained in the first kinetic measurement

L - to the observation of ultraslow relaxation processes.
: . could be described by the following scheme:

termediary structures with a more compact shape than thé
originally present polymerlike micelles. These interme-  micelles =2 intermediates—2"- vesicles
diates are then slowly transformed into the final vesicular
structures with much larger size and mass, which is re- Based on this hypothesis we can develop a simple ki-
flected by the increase dfig, r) and R, (g, t) with time.  netic model to quantitatively describe the temporal evo-
Equilibrium values are reached after approximately 4 h. lution of I(g,t) and R, (g,¢). Since the transition from

It is known [12] that the rate constant for surfac-the micelles to the intermediate structures appears to
tant exchange (“backward reaction” of a single surfacbe instantaneous on the time scale of the light scatter-
tant molecule leaving the micelld,,) is of the order ing experiment (first measurement after 25 s, duration
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of individual measurements 10 s), we assume that th
contribution of the micelles td(q, r) andR;(q, ) can be

neglected during the time course of the experiment. Fur
thermore, the above-mentioned increase in mass indicatt

72,

\l&qv,;;,

that the transformation from the intermediates to the equi 106 ; £
librium vesicles might involve a further short-lived in- = . K
termediate, which, however, cannot directly be observe( g 105 ® M ang, 7\@

by the present scattering experiments due to the Weigh'§>

ing by the scattering intensity. The transition is thus de-— 14 |
scribed by a conversion from intermediates, characterize 0.01 |
by I;(¢) andR;(q), at timer = 0 s to vesicles, charac- q A7

terlz_ed by]”(q.) andR;,(¢), at timer - % Thls implies FIG. 3. Dilution-induced micelle-to-vesicle transition as ob-
that intermediates of all shapes and sizes, if present, trangzped by time-resolved small-angle neutron scattering. Tem-
form according to the same time dependence. As the sinporal evolution of the normalized scattering intensity, 7) as
plest time dependence we assume an exponential decayaffunction of scattering vectog. In addition, every 30 min

the concentration of intermediates with time constant (¢.?) is highlighted as solid lines. Note that every second
The measured intensiti(q, 1) then consists of the time- measurement is shown only, and the data plotted only represent

S . . _ the initial time dependence as the transition was followed for a
dependent contributions of the intermedia&$g)e /"] mich more extended period of time in order to ensure that the

and vesicle$l, (¢) (1 — e~*/7)], and the DLS experiment, equilibrium 7, (¢) required for the fits was reached. The data

T 1\0 §®i%h% > o
0.05Y =™

which measures the collective diffusion constBiy, 1) ~  obtained from the initial, equilibrated mixed micellar solution
R;(g,t)”!, yields the intensity weighted average of the in-aré kr]epresentt?]d by lep?_n Squargsih The fltlt_to thet kmﬁ%c@)model
; i =1 is shown as the solid lines, and the resulting intensifj
verse hydrodynamic radiu,(¢.1)™", for the intermediate structures using a model of polydisperse
1(q,1) = I,-(q)e_t/T + I(¢)(1 - e_’/T), disks are represented as crosses. The observed aggregates are

o ~ . represented schematically.
Ri(g.0)™" = [Li(q)e /" Ryi(q)

—t/T -1
L@ = e R @ V1.0, a single instrumental setting [10]. Figure 3 shows the

The experimental data are thus at all times characterize@mporal evolution off (¢, ) during the dilution-induced
by a single g-independent time constantand two sets of micelle-to-vesicle transition, which only approximately
time-independent scattering functions and hydrodynamicorresponds to the transition shown in Fig. 2 (for the
radii for the intermediate$/;(¢), Rn.i(¢)] and vesicles SANS experiment BO was used instead of,@® [7]). A
[1,(q), Rn.(g)] only. While the latter can be obtained measurement time of 60 s already results in astonishingly
from the equilibrated vesicular samplg(qg) andR;,;(g)  good statistics, although the total surfactant concentration
have to be determined by a fit to the measuredr) and is less than 1 mgml to avoid interparticle interaction
Ry(q, t) using the above equations. A fit according to thiseffects. SANS reveals the same qualitative behavior
model (Fig. 2, solid lines) shows very good agreementas LS. At low values ofg, which corresponds to
with the data. It yieldsr = 73 min, and the resulting similar length scales as SL&,q) increases reflecting the
values for I;(¢q) and R, ;(q) (Fig. 2, crosses) indicate formation of vesicles from smaller intermediate structures.
the existence of polydisperse aggregates with an averagée intermediate and higly part of the data exhibit
overall size of about 300 A. much more structural details than accessible by SLS. In

These experiments provide valuable information on thearticular, we observe the minima and maxima of the
time constantr and the overall sizes of the aggregates awesicle form factor, which provide information on the
all times. From a combination dfi(¢) and R, ;(¢) we  size and polydispersity of the vesicles, and from the high
can deduce that the intermediate structure has to be quite part of I(g) we can determine details of the bilayer
compact and possesses a certain degree of polydispersistructure such as its thickness or scattering length density
However, the indirect nature and the limited resolution ofdistribution across the bilayer. The positions of the
the SLS experiment, which is approximately bracketed byminima and maxima of (¢) remain constant throughout
300 = 1/g = 3000 A, is not sufficient to obtain detailed the experiment but become more pronounced with time.
insight into the structure of these intermediates, and variThis indicates that the vesicles already form with a narrow
ous structural models would be in agreement with the dataize distribution around their final equilibrium size, while

The spatial resolution can dramatically be improvedtheir number fraction increases during the course of the
by SANS, which covers & range that is ideal for micelle-to-vesicle transition.
such studies [7]. SANS experiments were performed A fit to I(g,r) with the same model used previously
on the instrument D22 (ILL, Grenoble), which offers to analyze the light scattering experiments results in
unique possibilities for time-resolved studies due to itsgood agreement with the data and therefore confirms
very high neutron flux and the large range covered in the conclusions drawn from LS (data not shown). An
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is, in particular, incompatible with small vesicles or a ggggg g&i%siolg ??3925 Wennerstrom, Adv. Colloid In-
B e M T e, TICSLES. 1) . Lipows Natre (Londanpa, 475 133 S i

. . . . . . et al., The Language of Shape—The Role of Curvature
tion of a polydisperse solution of bilayer disks [14] with

g - - = in Condensed Matter: Physics, Chemistry and Biology
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