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Supramolecular morphological transitions are of great impor-
tance in many processes in molecular biology. The Golgi
apparatus bilayer, for instance, constantly transforms into
cargo vesicles mediated by coaggregation with protein coats,!!
but also proteins fold and unfold by coaggregation with
chaperone proteins. In the latter case, chaperones selectively
switch off the self-assembly of parts of the protein, thereby
controlling their structure and function.” Such a strategy can
be of use for the development of smart materials, in which an
external trigger induces a morphological transition, altering
the macroscopic properties of the material.

The use of coaggregation to induce morphological tran-
sitions has indeed been applied successfully to artificial
systems, hence leading to the development of smart materials.
The main strategy so far is to alter the packing parameter of a
surfactant® leading to morphological changes following the
structure-shape concept. By this strategy, the transition of
vesicles to hexagonal phases by the addition of trimethylben-
zene,¥! the conversions of spheres into rods into tubes by
addition of ions® as well as other additives® have been
induced. Other strategies to induce morphological changes
have also been applied, for example, the use of two-
component gel systems!’! or photoisomerization of the build-
ing block.®! Although in all cases the mechanisms of these
morphological transitions are well understood, the outcome
can be hard to predict. Therefore, it remains a challenge to
program the outcome of such transitions within the initial
building block, which is necessary to use this approach for
smart materials.

Herein we demonstrate that morphological transitions
can easily be programmed by separately addressing the
complex aggregation behavior of a segmented self-assembling
molecule, using small molecule chaperone analogues, that is,
small molecules that selectively switch off self-assembly of
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another molecule through selective association. As a model
system, we use a previously described multisegment amphi-
phile that consists of two covalently linked but orthogonally
self-assembling building blocks, and which forms architec-
tures characterized by each individual segment.””) Through the
addition of a chaperone analogue we can selectively switch off
the self-assembly of each of these segments individually,
resulting in architectures of the other segment. Interestingly,
not only the morphologies of the other segment are retained,
but also its dynamics of self-assembly. By such an approach it
is possible to design the morphological transitions within the
multisegment amphiphile.

The multisegment amphiphile (MA 3) is constructed of a
gelator"”! segment reminiscent of gelator 1 and a surfactant
segment reminiscent of EO,Cy (surfactant 2), which assemble
orthogonally (Figure 1a).''? We have previously shown that
MA 3 in water assembles into architectures that display
properties of both parental segments.””’ The gelator segment
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Figure 1. a) Structures of gelator 1, surfactant 2, and multisegment
amphiphile 3. b) MA 3 assembles into architectures with properties of
both parental building blocks; tapes of hydrogen-bonded fibrils that
are held together by hydrophobic interactions. c) By selectively switch-
ing off one segment, a morphological transition is brought about,
resulting in morphologies of the other segment.

tape (*100 nm)

JMreeeeeeeeees
CUbbibbILLLAAN

micelle

SWILEY i

ONLINE LIBRARY


http://dx.doi.org/10.1002/anie.201102364

Communications

12286

forces these molecules to stack into fibrils because of
intermolecular hydrogen bonding and these fibrils assemble
into tapes caused by the hydrophobic interactions between
the surfactant segments (Figure 1b). These tapes form an
entangled network in the solvent leading to turbid gels above
a critical gelation concentration (cgc) of 5.0 mm.

We reasoned that, with the appropriate chaperone
analogue, the self-assembly properties of each individual
segment can selectively be switched off (Figure 1c). By doing
so, the properties of the other self-assembling segment
remain, hence giving rise to one of the parental architectures;
fibers formed by the gelator segment or surfactant architec-
tures formed by the surfactant segment. An agent that breaks
hydrophobic interactions such as a surfactant or cosolvent
can be used as a chaperone analogue to switch off the
surfactant segment. A hydrogen-bond-breaking agent, such
as urea or hexafluoroisopropyl alcohol (HFIP),'? can be
used as a chaperone analogue for the gelator segment.

Herein, cetyl trimethyl ammonium bromide (CTAB) and
surfactant 2 were used as chaperones to deactivate the
surfactant segment of MA 3. CTAB and 2 are both spherical-
micelle-forming surfactants with critical micelle concentra-
tions (cmc) of 0.9 mm and 8.4 mm respectively.™

In pure water, MA 3 formed turbid gels above a
concentration of 5.0 mM. Addition of surfactant and a
heating-cooling cycle led to a gradual decrease of the cgc
of MA 3 if the concentration of the surfactant was above its
cmc. In the case of 5.0 mm CTAB, a minimum cgc of 2.5 mm
MA 3 was obtained and a minimum cgc of 1.4 mm MA 3 was
reached in the presence of 30 mM of 2. Under these
conditions, the formed gels were optically transparent
(Figure 2 and the Supporting Information). From this point,
the cgc increased in the presence of more surfactant. These
observations give strong indications that MA 3 coaggregates
with micelles of CTAB or surfactant 2. The most stable
coaggregates are obtained at surfactant concentrations for
which the cgc of MA 3 is minimal. At these minima, the
surfactant to MA 3 ratio is 1.6 and 13 for CTAB and
surfactant 2, respectively. It should be noted that the
surfactant concentrations at these points have been corrected
for free surfactant, because coassembly of MA 3 and
surfactant only occurred above the cmc of the surfactant.
This coaggregation results in a morphological change, hence
influencing the macroscopic properties of the gels. It should
be emphasized that, for both surfactants, the transitions
between turbid and transparent gels required a heating-
cooling cycle, thus indicating a significant energy barrier
between the two states. Nevertheless, the addition of
surfactant at room temperature did decrease the turbidity,
but on time scales that were in the range of days (see the
Supporting Information). This observation indicates that the
transition between the turbid and transparent state is
spontaneous, albeit very slow.

To investigate whether the observed changes were indeed
due to interactions of the surfactant with the surfactant
segment of MA 3, also the influence of the surfactant on gel
formation of gelator 1 without the surfactant segment was
studied. The cgc of 1 only changed marginally in the presence
of up to 100mM of CTAB or 2 (see the Supporting
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Figure 2. a) Photographs of gels formed by 5.0 mm MA 3 in the presence

of 0 mm (i), 2.0 mm (ii), 5.0 mm (i), and 10.0 mm (iv) CTAB. b) Cgc of

complexes formed by MA 3 against [CTAB]. The numbers i—iv refer to the

photographs in Figure 2a. c) Cgc of gels of complexes of MA 3 against
[2]. The error in the cgc determinations is 10% and is indicated by error
bars. Cryo-TEM images of: d) gel of MA 3 at 5.0 mm showing twisted
tapes with diameters up to 100 nm (i); ) gel of 5.0 mm MA 3 and

2.0 mm CTAB showing both bundles of fibers and smaller 6.6 1 nm
fibers (ii); f) gel of 5.0 mm MA 3 and 10.0 mm CTAB showing only
6.6+ 1 nm fibers (iv), increasing the CTAB concentration leads to the
formation of shorter fibers (white arrows); g) gel fibers of 5.0 mm 3 and
25 mm 2 showing 5.5+ 1 nm fibers (v). The numbers i-v refer to the

photographs and cgc data in Figure 2a,b, and c. The insets in Figure 2 f,g

show the statistical distribution of fiber diameters and the Gaussian fit.
All scale bars are 100 nm.

Information). Most likely 1 assembles orthogonally with
surfactants CTAB and 2, which is in agreement with previous
findings.[''®!

To ensure that the morphological transitions of the tapes
were not induced by the surfactant aggregates, also ethanol
was used as a chaperone analogue to selectively switch off the
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surfactant segment of MA 3. Similar to chaperone analogues
2 and CTAB, the turbidity of gels decreased drastically in the
presence of 500 mm ethanol (see the Supporting Informa-
tion). Moreover, in the presence of ethanol also the cgc
decreased, from 5 mm to 0.6 mm (Figure 3a).
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Figure 3. a) Cgc of gels of complexes of MA 3 against EtOH concen-
tration reveals the decrease of the cgc when up to 6 M ethanol is
added. EtOH has an inverted effect on the self-assembly of 1. The
error in the cgc determinations is 10%. The number vi refers to the
conditions of cryo-TEM image in Figure 3b; b) cryo-TEM image of

5 mm gel of MA 3 in the presence of 3™ ethanol shows fibrils with a
monodisperse diameter of 3.9+ 1 nm. The inset shows the statistical
distribution of fiber diameters and its Gaussian fit. Scale bar is

100 nm.

These results strongly indicate that the surfactant segment
indeed had been switched off by the chaperone analogues,
whereas the hydrogen-bonding interactions between the
gelator segments remained unchanged. An FTIR study
confirmed that in the presence of CTAB and 2, the C=O
vibrations appeared at wavenumbers characteristic for hydro-
gen-bonded amides" indeed indicating that the hydrogen-
bonding interactions were not affected (see the Supporting
Information). To confirm that the hydrophobic domains were
indeed switched off, fluorescence spectroscopy using the Nile
Red solvatochromic probe (NR) was performed.’”) NR in the
presence of 1.0 mm MA 3 in water typically showed a blue-
shift (Adpax = Amax—Amax Dackground) of AA,,,=—36nm as
compared to NR in pure water, which is due to the hydro-
phobic domains in MA 3 aggregates. In the presence of
chaperone analogue ethanol (3Mm), this Al,,, decreased to
—8 nm, thus indicating that the hydrophobic domains in MA 3
aggregates in the presence of ethanol had largely disappeared
(see the Supporting Information).

To gain more insight into the mechanism of coaggrega-
tion, aqueous systems that contain MA 3 (5.0 mM) and
varying concentrations of surfactant (CTAB or 2) were
subjected to a cryo-TEM study (Figure 2 d—f). With increasing
concentration of CTAB the tapes formed by MA 3 gradually
disappeared and instead monodisperse fibers with a diameter
of 6.6 =1 nm were observed. In the presence of 10 mm CTAB
the only observed structures were these thin fibers, which was
consistent with the observed change in opacity. It should be
noted that dissociation of the twisted tapes into a manyfold of
thinner fibers also increased the total number of individual
fibers per volume. The higher concentration of fibers explains
the observed decrease of the cgc upon addition of CTAB.
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When the concentration of CTAB was further increased, the
average length of these thin fibers decreased, which explains
the decrease of the cgc at higher concentrations of CTAB
(Figure 2 f, white arrows and the Supporting Information).

A similar cryo-TEM study was carried out for the
coassembly of MA 3 and surfactant 2. In the case of 5.0 mm
MA 3 and 2.0mm 2 (below its cmc), twisted tapes were
observed that were similar to the twisted tapes in the absence
of surfactant. However, at a concentration of 25 mm 2, the
only observed structures were thin 5.5+ 1 nm fibers, thus
indicating similar behavior as observed with CTAB, albeit at
higher surfactant concentrations (see Figure 2g). The trans-
parent gels formed in the presence of ethanol were also
investigated with cryo-TEM and revealed fibrils with a
monodisperse diameter of 3.9 + 1 nm, which is slightly thinner
than the fibers observed for MA 3 in the presence of
surfactants 2 and CTAB (Figure 3b).

For both surfactant-MA 3 coaggregates the diameter of
the fibril is related to the dimensions of its components. The
length of a molecule of MA 3 is approximately 3.5 nm and the
length of CTAB, 2, and ethanol is approximately 2.5 nm,
approximately 3 nm, and approximately 0.4 nm, respectively.
If MA 3 would stack to form fibrils and the surfactant
segment would coaggregate with molecules of CTAB or 2, the
diameter of such a fibril would be roughly 6 nm (Figure 1c),
which is consistent with the diameter found by cryo-TEM. For
coaggregation with ethanol, a diameter of roughly 4 nm is
expected, which is also in agreement with the observed
diameter.

At this stage, we wondered if it would be possible to
selectively switch off the gelator segment of MA 3 by
breaking the intermolecular hydrogen bonds that hold these
stacks together. Urea and hexafluoroisopropyl alcohol
(HFIP) are well known to disrupt hydrogen bonds in peptides
by competing hydrogen-bond formation.'” In the presence of
HFIP (between 0.1 and 0.3 M), MA 3 formed viscous solutions
rather than turbid gels and at higher HFIP concentrations,
these solutions were transparent (Figure 4a). The transition
from opaque to transparent samples indicates that the twisted
tapes dissociated into smaller aggregates or single molecules
in solution.

Moreover, these morphological transitions invoked by the
addition of HFIP took place at room temperature and on a
fast time scale; the addition of HFIP to a turbid gel of MA 3
(final concentration of 0.48M or 5 v/v%) led to the trans-
formation into a transparent solution within 30 seconds.
Similar observations were found for the chaperone analogue
urea. The addition of urea (final [urea] =6M) to a 5 mm gel of
MA 3 at room temperature led to the spontaneous transition
into a transparent solution within minutes (Figure 4b).

To see if the hydrophobic interactions between the
aliphatic tails of the surfactant segment of MA 3 were still
present, that is, if urea and HFIP specifically switched off
association of the gelator segment, fluorescence spectroscopy
using the solvatochromic probe Nile Red (NR) was per-
formed.' Solutions of NR in 0.48M HFIP typically emitted
with a A,,, of 656 nm, whereas solutions of NR in 6M urea
typically emitted at 660 nm. Increasing the concentration of
MA 3 to 0.02 mm led to a Ad,, of —16 nm in 0.48 M HFIP
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Figure 4. a,b) Normalized absorbance at 500 nm as a measure for
turbidity of 1.0 mm MA 3 in water as a function of the HFIP (a) or
urea concentration (b). Increasing the concentration of urea or HFIP
led to decreasing turbidity. ¢) Al,,,, of Nile Red fluorescence at
different concentrations of MA 3 in water (squares), 0.48 m HFIP
(triangles), or 6 M urea (circles). Cryo-TEM images of: d) solution of
1.0 mm in 0.48 M HFIP showing 8.3 =1 nm micellar aggregates;

e) solution of MA 3 at 1.0 mm in 6 M urea showing 3.9+1 nm micellar
aggregates. Inset: statistical distribution of fiber diameters and its
Gaussian fit. Scale bars are 100 nm.

solutions; the steady increase in the concentration of MA 3
from 6M urea to 0.2 mM induced a A4,,, of —44 nm. In both
cases the solutions of MA 3 in HFIP or urea indicate that
hydrophobic domains are still present (Figure 4c and the
Supporting Information). The abrupt change in NR emission
wavelength upon increasing the concentration of MA 3 in
0.48Mm HFIP or 6M urea is indicative of a highly cooperative
self-assembly process, which was less pronounced for MA 3 in
pure water (Figure 4c). Such a cooperative self-assembly
process into hydrophobic domains is typical for self-assembly
of amphiphiles, like surfactant 2.'! Solutions of gelator
segment 1 in urea or HFIP did not display a shift in 4, thus
indicating that 1 does not form hydrophobic domains (see the
Supporting Information).

These results point to the fact that the hydrophobic
domains remain intact upon addition of these chaperone
analogues. In addition, an FTIR study showed a clear shift of
the MA 3 C=O vibrations in the presence of HFIP as
compared to MA 3 in water. The C=O0 vibrations appeared at
wavenumbers characteristic for amides hydrogen bonded to
HFIP!"", thus indicating that HFIP forms competing hydro-
gen bonds with MA 3 amides and disrupts intermolecular
hydrogen bonding between the gelator segments (see the
Supporting Information).

A cryo-TEM study revealed that the morphology of the
twisted tapes of MA 3 in pure water is strongly affected by the

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

addition of hydrogen-bond-disrupting chaperone analogues.
1.0 mMm solutions of MA 3 in pure water displayed similar
twisted tapes as samples at 5.0mMm (see the Supporting
Information). In the presence of 0.48m HFIP, solutions of
1.0 mm MA 3 showed micellar aggregates with a diameter of
8.3+ 1 nm. Solutions of 1.0 mm MA 3 in 6 M urea revealed the
presence of micelles with a diameter of 3.9+ 1 nm. These
observations are in good agreement with the observed
decrease in opacity as well as the observed cooperative self-
assembly behavior (Figure 4d.e).

Dynamic light scattering (DLS) studies of 1.0 mm MA 3 in
HFIP revealed the presence of 10+ 3 nm objects in solution,
which is consistent with cryo-TEM (see the Supporting
Information). Samples of 1.0 mmM MA 3 in 6M urea did not
show a reliable DLS correlation curve, which might be due to
a lack of refractive index difference between the solution and
the aggregates.

From the results described above we conclude that MA 3
undergoes morphological transitions in the presence of
chaperone analogues that selectively switch off self-assembly
of one of the two segments. The addition of surfactant as
chaperone analogue led to a transition from twisted tapes to
thin fibrils, with an elongated morphology reminiscent of the
aggregates formed by the parent gelator group. These results
led to the conclusion that the surfactants do not affect the
hydrogen-bonding capability of the gelator segment, because
of the incompatibility of hydrogen bonding and hydrophobic
interactions.""™ However, the surfactants as hydrophobic
chaperones compete with the inter-fibril hydrophobic inter-
actions of MA 3. As a consequence the fibrils do not bundle
into twisted tapes, but instead, single fibrils with the surfactant
segment shielded by the surfactant molecules are formed
(Figure 1c¢). The elongated shape of these fibrils originates
from the strongly anisotropic hydrogen-bonding interactions
between the gelator segments.

In contrast, the addition of hydrogen-bond-disrupting
chaperone analogues HFIP and urea caused a transition from
twisted tapes to small spherical micelles, held together by
hydrophobic interactions, and with a morphology reminiscent
of spherical micelles formed by the parent surfactant. These
results strongly suggest that the urea and HFIP chaperone
analogues selectively switch off self-assembly of the gelator
segment of this multisegment amphiphile because of com-
peting hydrogen-bonding interactions while preserving the
self-assembly properties of the surfactant segment. The
directionality of self-assembly of MA 3 is lost because of
hydrogen-bond disruption, thus resulting in globular aggre-
gates held together by hydrophobic interactions between the
surfactant segments.

Interestingly, not only the morphology but also the time
scale of the transition is inherited from the parent segments.
In the case of the surfactant chaperones the gelator segment
interactions are not affected, and the transition from twisted
tapes to single fibrils has a high activation energy with
associated long time scales. This observation is nicely in line
with the generally slow exchange rates and dynamic proper-
ties of hydrogen-bonded hydrogels'® like 1. In contrast, HFIP
and urea as chaperones disrupt the hydrogen-bonding inter-
actions between the gelator segments, hence leading to a fast
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transition with associated low activation barrier from twisted
tapes to micelles. The relatively fast dynamics of this
transition compare very well with the dynamic behavior of
micellar assemblies that occurrs at millisecond-second time
scales.!

In conclusion, we have demonstrated that the morpho-
logical transitions of a multisegment amphiphile can be
programmed in the design of its segments. By addressing an
individual segment with a small molecular chaperone ana-
logue, it can be switched off resulting in the formation of
architectures associated with the other segment. Interestingly
the typical dynamics of self-assembly of each segment are also
retained, for example, slow morphological transition for the
gelator segment and fast dynamics for the surfactant segment.
Such an approach can also be applied to other segmented self-
assembling molecules!", which allows the design of respon-
sive materials in which the morphology of the material before
and after addition of chaperone analogues can be pro-
grammed; this is a critical aspect for their use as smart
materials. Moreover, the ability to program and control
morphological transitions and their dynamics by using
molecular chaperone analogues will offer new opportunities
for the design and construction of hierarchically structured
and metastable materials.
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