
                                                 
 
 
 
 
 
 
 
Original 
 
 
 
 
 
 
 
Liu, J.; Harms, H.; Haramus, V.M.; Mueller-Goymann, C.C.: 
Reentrant structural phase transition in amphiphilic self-assembly 
In: Soft Matter  (2013)  Royal Society of Chemistry 
 
DOI: 10.1039/C3SM51239H 



Soft Matter

COMMUNICATION

Pu
bl

is
he

d 
on

 2
1 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 A
cc

es
s 

pr
ov

id
ed

 b
y 

H
Z

G
 L

ib
ra

ry
 o

n 
25

/0
8/

20
14

 0
9:

55
:1

3.
 

View Article Online
View Journal  | View Issue
aInstitut für Pharmazeutische Technologie

Mendelssohnstr. 1, D-38106 Braunschw

tu-braunschweig.de; c.mueller-goymann@tu

531-3915710
bHelmholtz-Zentrum Geesthacht, Zentrum f

Planck-str. 1, D-21502 Geesthacht, Germany

† Electronic supplementary information (
Quil A/Chol solution, small-angle X-ray
measurements. See DOI: 10.1039/c3sm51

Cite this: Soft Matter, 2013, 9, 6371

Received 3rd May 2013
Accepted 20th May 2013

DOI: 10.1039/c3sm51239h

www.rsc.org/softmatter

This journal is ª The Royal Society of
Reentrant structural phase transition in amphiphilic
self-assembly†

Jianing Liu,*a Meike Harms,a Vasil M. Garamusb and Christel C. Müller-Goymann*a
Amphiphilic molecules can self-assemble into a variety of aggregates

and mesophases. Yet, predictions of phase transitions are not always

met. In this communication,we demonstrate a novel structural phase

transition of amphiphilic molecules, quillaja saponin/cholesterol, and

discuss the relevance of precursors for forming hierarchical struc-

tures. In contrast to the standard sphero-cylinder model, we high-

light a three-stage dynamic process of reentrant phase transition

induced by cholesterol. It is expected that the obtained results would

be helpful to rationalize the rich phase behavior exhibited by

surfactant–cosurfactant systems, and to engineer complex nano-

architectures with tunable size and shape and well-defined biolog-

ical functions.
Phase transitions of colloids are ubiquitous in nature and have
been studied for decades. However, the predictions of phase
transitions are not always met.1 More unusual is the reentrant
phase transition, which usually results from a subtle interplay
between long-range and short-range interactions as well as
entropic contributions, and strongly depends on the balance of
the microscopic forces between the particles. Therefore,
controlling interparticle interactions, aggregation and the
resulting phase behavior in general, and inducing and tuning
reentrant phase transition in particular, is not only an impor-
tant fundamental but also a technological issue. Of particular
interest in colloidal suspensions is the phase transition in self-
assembly of amphiphilic molecules. This is due in part to their
unique physicochemical characteristics and potential applica-
tions in nanotechnology, experimental medicine and
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pharmaceutical science on the one hand, and to the fact that the
theoretical understanding of dynamics of phase transitions on
the other hand is relatively limited, as amphiphilic molecules in
solution present a more complicated case. Although the stan-
dard sphero-cylinder model – from a small spherical micelle to
an elongated cylindrical midsection capped by two approxi-
mately hemi-spherical micellar caps2 – is widely shared by a
number of investigations, two substantive issues remain: (1) in
most of these approaches, the rod is usually assumed to be
perfectly rigid, without considering high order effects of hier-
archy; (2) neither simulation nor experiment shows reentrant
phase transition of amphiphilic assembly with non-rigid hier-
archical structures in solution, no matter which way is used, by
increasing the surfactant concentration or taking into account
the effects of foreign cosurfactants. In the wake of spinodal
decomposition theory suggested by Flory3 and Huggins,4 it
would be expected that, by properly blending two different
amphiphilic molecules, inducing and tuning reentrant phase
transition in solution is sufficiently accessible.

From this perspective, we report a novel structural phase
transition in amphiphilic self-assembly of a surfactant quillaja
saponin (Quil A) mediated by a cosurfactant, cholesterol (Chol).
By a synergetic analysis of small angle X-ray scattering (SAXS)
and small angle neutron scattering (SANS) data in both recip-
rocal- and real-space, we highlight a three-stage dynamic reen-
trant phase transition in the Quil A/Chol system.

In the system, Quil A, a particular subgroup of amphiphilic
molecules, consists of various sugar groups linked by a glyco-
sidic bond to a hydrophobic triterpene ring, and is chosen to
build micelles, due to its pharmaceutical potential as an effi-
cient adjuvant,5 for example, in vaccines against cancer6 or viral
infections.7 Chol as an essential component (10–50 mol%) of
biological membranes, by varying its concentration ratio a, is
used to induce and tune structural phase transitions and the
resulting hierarchy of Quil A/Chol in virtue of its local organi-
zation – ordering, condensing and phase separation – at both
low and high concentration,8,9 as well as its unusual ip-op
motion that maintains the asymmetric distribution.10,11
Soft Matter, 2013, 9, 6371–6375 | 6371
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Using SAXS and SANS, we rst investigate structural phase
behavior and morphology of Quil A/Chol at different a values in
reciprocal space. Fig. 1a presents the SAXS and SANS scattering
intensities I(q) at scattering vector q, respectively. A difference
between two scattering curves actually reects their different
sensitivities to the electrostatic interactions,12 hydrogen
isotopes13 and smear effect.14 Commonly, X-rays as electro-
magnetic waves interact with electrons. Therefore, the spatial
variation of electron density has a stronger impact on the SAXS
experiment. Comparatively, neutrons essentially interact only
with atomic nuclei, SANS is then sensitive to the isotope effect,
and so the structural information provided by SANS is oen
thought to be more similar or closer to the real sample
morphology than SAXS.13,15

Fig. 1b displays two very different scattering proles of I(q),
this points out, as described by the Derjaguin–Landau–Verwey–
Overbeek (DLVO) theory, that Quil A/Chol systems with an
increase in a undergo an interplay between a long-range
repulsion arising from the surface charges of the glucuronic
acid of Quil A16 and the surrounding counterions, and a
short-range attraction induced by a Chol-mediated “depletion
effect” – reduced hydration forces and increased hydrophobic
forces17 – not just in the way that part of Quil A molecules in the
system are locally replaced by Chol, resulting in a loss of the
charged groups on the sugar chains of Quil A, but also because
parts of Chol molecules attach themselves to the Quil A surface,
Fig. 1 Plots from SAXS/SANS at different a values in reciprocal space. (a) Logarithm
SAXS. (c) Holtzer plots from SANS. (d) b � a and V � a plots.

6372 | Soft Matter, 2013, 9, 6371–6375
making the surface less charged and more hydrophobic. In line
with that, at a very low a (<5%), the I(q) shows a at forward
scattering intensity, the systems are characterized by weakly
screened long-range repulsion, which does not allow Quil A/
Chol systems to come close to each other, leading to the
formation of small equilibrium associates. Whereas, when a $

5%, an upward movement of the I(q) at small q clearly embodies
that the short-range attractions are dominant18 due to the
stronger depletion effects, and hence, bring the systems into
elongated associates. Apparently, such a shi in the balance
between the repulsions and attractions means that the spatial
variations of electron density in the formation of equilibrium
associates are quite different. The same scenario is portrayed in
the Holtzer plots q � I(q) (Fig. 1c). In the small q region, q � I(q)
always bends downwards when a < 5%, and rst downwards
and then mostly upwards at q � 0.3 nm�1 when a $ 5%. This
situation, indeed, implies that the Quil A/Chol system evolves
from a single phase of small associates at lower a into a
biphasic system of elongated associates at higher a, that is
precisely the way suggested by the standard sphero-cylinder
model.

As it turns out, the I(q) and the Holtzer plots also lead to
another observation that is of considerable relevance to reen-
trant phase transition. It can be shown that q� I(q), when a lies
between 12.5% and 20%, features an unstable phase, which
separates two metastable nucleation regions. Particularly when
ic representation of I(q) (SAXS: ,, SANS: �) and Porod relation (----). (b) I(q) from

This journal is ª The Royal Society of Chemistry 2013
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a ¼ 20%, the I(q) and the Holtzer plot seem to be similar to that
when a ¼ 0% or a ¼ 1%, respectively. It predicts, as expected,
that the Quil A/Chol system reenters into a single phase. The
onset of the reentrance can be attributed to the correlation
attraction between almost neutral structures.19 Thus, the elec-
trostatic shielding of Quil A facilitates close monomer–mono-
mer contacts. As a result, the systems collapse, drop out of
equilibrium and are driven from a metastable state into an
unstable spinodal region, and ultimately, form the small asso-
ciates by the favorable entropic contribution. From this, we
therefore arrive at an important point that the subtle balance
between these microscopic forces, tuned by Chol, will lead to a
controllable self-assembly and disassembly.

Further information about reentrant phase transition comes
from the Porod relation:20 I(q) � q�b, where b is a fractal
dimension exponent representing a particular shape of the
complex. Its logarithmic representation is shown in Fig. 1a. From
the derived b � a plot in Fig. 1d, the phase transition is precisely
the same as that described in the Holtzer plots. b ¼ 0.41 and b ¼
1.43 correspond to a sphere-like and a semi-exible elongated
rod-like morphology, respectively.21 When a ¼ 20%, b ¼ 0.86
exhibits a critical boundary of the reentrant phase transition with
a strong tendency of sphere-like reorganization that is more
energetically favorable than short cylindrical one in an unstable
phase. To support this result, one can also invoke the volume V of
Quil A/Chol irrespective of its special shape. According to Porod
(1951),22 V ¼ 2p2I(q ¼ 0)/Q, here, the invariant Q is given by
integral of the intensity q2� I(q) over reciprocal space. Change of
Fig. 2 Distance distribution function p(r) from SAXS/SANS. (a and c) p(r) distribution
p(r) distribution at a ¼ 20% is located in each of figures.

This journal is ª The Royal Society of Chemistry 2013
V with a is also depicted in Fig. 1d. Evidently, a decrease of V
characterizes the partial collapse or melting of associates, while
an increase of V, in particular the re-increase starting from a ¼
20%, indicates the (retrieved) nucleation and growth. It is in
agreement with the coarsening mechanisms of spinodal
decomposition, according to which within the initial single
phase a second phase spontaneously appears.23 In addition, both
b � a and V � a plots follow a non-linear relationship, which
should point to a complex structural phase transition.

In contrast to the highly abstract nature of reciprocal space,
an alternative way to straightforwardly analyze SAXS and SANS
is in real space. In essence, each scattering function I(q) in
reciprocal space corresponds to a pair distance distribution
function p(r) in real space. The connection between them is
described by indirect Fourier transformation introduced by
Glatter,22

pðrÞ ¼ r2

2p2

ðN

0

IðqÞ sin qr

qr
q2dq

where r denotes the distance of two scatters within a particle,
and the maximum of r is dened as the particle size D when p(r)
drops to zero. The p(r) distributions at different a values are
plotted in Fig. 2.

The p(r) in Fig. 2a and c, when a ¼ 0% or a ¼ 1%, shows an
approximately symmetric distribution around its single peak in
the range 0 < r < 7 nm. Such a distribution is usually taken as a
sphere-like morphology of a micellar associate. A difference
at lower a. (b and d) p(r) distribution at higher a. For an experimental comparison,

Soft Matter, 2013, 9, 6371–6375 | 6373
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Fig. 3 Left: the general chemical structure of Quil A, where R1 and R2 are various
sugar groups, and Chol. Right: sketch of an idealized spherohelix-like structure of
Quil A/Chol.
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between them is that p(r) from SANS exhibits a chain-like
oscillatory distribution in a wider range of r from 6 to 50 nm,
but in SAXS, no such effect is entailed, which, as already
mentioned, is nothing but there is yet no effective local elec-
tronic density contrast.

In regard to the small humps when a ¼ 1%, it indicates, in
fact, that the sphere-like associate starts to distort even with
slightly rising a, i.e. the micelles mostly remain sphere-like but
also start to bring out locally disordered domains at low a. This
means that, once depletion effects come into play, the volume of
associate is re-adjusted, as shown in the V � a plot, so as to
achieve the balance between associate–associate and mono-
mer–monomer interactions.23 More special is the chain-like
oscillatory distribution, which offers more information about
initial nucleation and can be identied with a precursor, highly
viscoelastic non-equilibrium uid, due to monomer correlation
according to the monomer-addition model suggested by our
previous work.24 Moreover, the better matching for r between
Fig. 2c and d also implies the presence of these precursors,
which, in the sense of nucleation and initial microstructure
formation in colloidal suspension, is one of the most funda-
mental aspects of phase transition and crystal growth and has a
dramatic effect on the nucleation process such as epitaxial
growth, ripening, size distribution of crystals and poly-
morphism.25–27 This can be found out from Fig. 2b and d. The
rst peak is very similar to that in Fig. 2a and c, indicating the
sphere-like morphology. The second peak in Fig. 2b, corre-
sponding to that in Fig. 2d, and the multi-peak distribution in
Fig. 2d highlight an elongated rod-like morphology grown out
of precursors in the solution. And yet, one can, from two typical
features of the multi-peak distribution, further ascertain this
structure. First, the multi-peak distribution aer the second
peak is going to approximately linearly decrease as r increases.
Second, the multi-peaks exhibit a periodicity, which arises from
periodic local changes of deuterium-rich and -poor regimes
organized by Chol-rich and -poor microdomains, and an almost
symmetric distribution of each of the peaks. Clearly, it is not the
case reected by a perfectly rigid rod. Here, the elongated rod-
like morphology can then be re-specied as a non-rigid helix-
like morphology.28 Of course, such re-specication is merely
phenomenological. At a theoretical level, the helix-like structure
growing on the chain-like precursor actually is a common effect
of spinodal decomposition and heterogeneous nucleation, in
which the structural interface is packed, tilted and bent, driven
by the rigid hydrophobic property and self-perpetuation of the
ip-op motion of Chol, which should be comparable with the
screw-dislocation-driven growth of nanowires and nanotubes.29

From Fig. 2d it is convenient to get the sphere-like radius R, the
radius a and pitch D of helix-like, and the spherohelix-like
length D. For instance, in the case that a¼ 30%, R� 3 nm by the
position of the rst maximum in p(r), a � 16 nm estimated by
referring to the second maximum, D � 7 nm and stands for an
average distance between two neighbor maximums of p(r) in the
multi-peak distribution, and D � 56 nm. Notice that a given
difference of D between Fig. 2b and d arises only out of the
detection limit of SAXS and SANS. Such an idealized spher-
ohelix-like associate is visualized in Fig. 3.
6374 | Soft Matter, 2013, 9, 6371–6375
More importantly, the reentrant phase transition, in p(r)
representation, has become clearer as shown in Fig. 2. When
a¼ 20%, the rst peak and the p(r) distribution in the range of r
from 8 to 50 nm nearly go back to that at a¼ 0% or a¼ 1%. This
fact especially shows that the latter reappears in the form of
precursor-like and largely deviates from helix-like, and again
supports the case of reentrant structural phase transition
induced by Chol.

Finally, we have demonstrated the structural phase transi-
tion of the amphiphilic self-assembly brought about by Chol:
sphere-like / spherohelix-like / sphere-like / spherohelix-
like. Unlike in the standard sphero-cylinder model the reentrant
phase transition has been missing, we underlined the dynamic
process of reentrant phase transition. To summarize, this
process can be represented as three stages. (i) Induction:
formation of small sphere-like and chain-like precursors
through monomer correlation. (ii) Conversion: distortion of the
sphere-like and growth of helix-like precursors, in which the
rigid Chol molecules steer the lipid packing, and drive the rod-
like into helix-like by ip-op motion. (iii) Decomposition:
directly following collapse of the structures formed in (ii), they
are rearranged into sphere-like and uid-like precursors with an
original helix-like signature. As such, the link between precur-
sors and structural evolution, and the reentrant phase transi-
tion go far beyond the prole of the standard sphero-cylinder
model. We hope that the results presented here would be
helpful to rationalize the rich phase behavior exhibited by
surfactant–cosurfactant systems, and to engineer complex
nanoarchitectures with tunable size and shape and well-dened
biological functions.

The authors would like to thank T. Paepenmüller for his
technical contributions to the sample preparation.
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