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Controlled self-assembly of stomatosomes by
use of single-component fluorinated dendritic
amphiphilest
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A series of novel non-ionic amphiphiles with dendritic oligoglycerol head groups of different generations
(IG1]-[G3]) and lipophilic/fluorophilic tail segments, comprising single or double tail alkyl chains,
CgF17-perfluoro rod segments as well as flexible spacer groups of different lengths were designed and
synthesized. We expected that the differences in the size of the dendritic head groups in combination
with perfluorinated segments would have an impact on the supramolecular structures formed in
aqueous solution if compared with the hydrogenated analogues. Investigating the self-assembly
behavior (cryo-TEM)
tomography (cryo-ET) we found as a new result the formation of perforated bilayer vesicles

mainly by cryogenic transmission electron microscopy and cryo-electron
(stomatosomes) and bicontinuous network structures. Surprisingly, we have observed stomatosome
formation by self-assembly of single component fluorinated dendritic amphiphiles. These assembly
structures turned out to be extremely robust against harsh conditions, although there are strong
indications that they represent non-equilibrium structures, which eventually transform into a
bicontinuous cubic network structure of double diamond symmetry. In general, the molecular
asymmetry of amphiphiles tuned by chemical design induced the expected trend from spherical

rsc.li/soft-matter-journal

Introduction

There is currently a growing interest in studying the self-
assembly of dendritic amphiphiles due to their unusual packing
behavior in supramolecular assemblies and the potential engi-
neering of defined nanostructures through a rational molecular
design." For potential applications in nanomedicine and nano-
biotechnology non-ionic systems are of particular interest as their
pH independence makes them useful e.g. in view of the efficient
drug delivery of hydrophobic agents.>

In previous studies we could demonstrate that amphiphiles
with dendritic oligoglycerol head groups, including chiral
derivatives, are promising for the construction of structurally

@ Forschungszentrum fiir Elektronenmikroskopie, Institut fiir Chemie und Biochemie,
Freie Universitdt Berlin, Fabeckstraf$e 36a, 14195 Berlin, Germany.
E-mail: christoph. boettcher@fzem.fu-berlin.de

b Core Facility BioSupraMol, Institut fiir Chemie und Biochemie,
Freie Universitdt Berlin, Fabeckstraf$e 36a, 14195 Berlin, Germany

¢ Institut fiir Chemie und Biochemie, Organische Chemie, Freie Universitdt Berlin,
TakustrafSe 3, 14195 Berlin, Germany. E-mail: haag@chemie.fu-berlin.de

4 Thermo Fisher Scientific, Achtseweg Noord 5, 5651 GG Eindhoven,
The Netherlands

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/c8sm00243f

5256 | Soft Matter, 2018, 14, 5256-5269

micelles through worm-like micelles to perforated bilayers and three-dimensional network structures.

defined supramolecular assemblies with low polydispersity.*™®
This type of molecule with extended multifunctional head
groups lies at the boundary of classical surfactants and amphi-
philic polymers. Their multifunctionality makes them advanta-
geous over classical amphiphiles with linear head groups
(e.g. comprised of ethoxylate units) as they were proven to
produce structurally persistent nanostructures.®’ ™

The dendritic amphiphiles studied so far’® combined
non-ionic dendritic oligoglycerol head groups of different
generations ([G1]-[G3]) with long alkyl chains as lipophilic tail
segments, comprising aromatic or non-aromatic linker groups.
On the other hand we knew from previous investigations of
amphiphilic block copolymers'® that amphiphiles with fluori-
nated segments tend to aggregate in aqueous solution into
structures of lower curvature as compared to their hydrocarbon
analogues. Another effect of fluorination is the tendency for
microphase separation within the hydrophobic area of certain
aggregates (multicompartment micelles of block copolymers)
due to the poor compatibility of the hydro- and fluorocarbon
segments."’ A positive side effect is that due to the high
electron density of fluorine supramolecular structures incor-
porating fluorine moieties can be imaged with improved
contrast by cryo-transmission electron microscopy compared

This journal is © The Royal Society of Chemistry 2018
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to its hydrogenated analogue.'' Taken all together this has set
the starting point to study novel variants of dendritic amphi-
philes combined with perfluorinated segments and to follow up
the question, whether these molecules follow the general trend
of assembly behavior of their hydrogenated analogues in terms
of their molecular asymmetry, or in other words the well-known
concept of packing parameter.'” Moreover, we were interested
to see if novel supramolecular assembly structures can be
generated by exploiting the specific structure inducing effects of
dendritic head groups and perfluorinated segments. Therefore, we
targeted the synthesis design regarding the selective variation of
head group size, chain length and number as well as spacer length
(Fig. 1). We investigated the assembly behavior and structure
mainly based on cryogenic transmission electron microscopy
(cryo-TEM) data including cryo-electron tomography (cryo-ET)
measurements.

Polyglycerol dendrimers that contain a perfluorinated shell
have previously been synthesized'® and analyzed with respect to
their aggregation behavior.'* These dendritic polymers have
been employed as a supramolecular, homogeneous support for
a perfluoro-tagged Pd catalyst in Suzuki coupling."® Also the
influence of perfluoroalkyl tails in the self-assembly of classical
surfactants is well documented in the literature." ™7 It is so far
not clear, however, how perfluoroalkyl tails affect the self-
assembly of the amphiphiles with dendritic oligoglycerol head
groups in water.

The reasons for the specific behavior of fluorinated segments
are the pronounced hydrophobicity (fluorophilicity) and the
stiffness of the fluorocarbon chains as well as their larger cross-
sectional area, which results in a different molecular packing
parameter as compared to the hydrocarbon analogues.'® Thus,
cylindrical micelles or planar structures instead of spherical
micelles have frequently been reported."®*® Besides cylindrical
micelles and planar bilayer structures more complex morpho-
logies such as branched cylindrical micelles, rings, perforated
bilayer vesicles, and mesh phases have been reported.*'”’
In particular, the morphologies with non-constant interfacial
curvatures (bicontinuous phases) are interesting at a funda-
mental level in order to understand why they form.>*?°

Fluorinated amphiphiles are also interesting for applications.
For example, fluorinated vesicles are expected to possess a high
drug encapsulation stability. For that reason, a great diversity of
fluorinated amphiphilic systems has been synthesized and
analysed with respect to the aggregation behavior.">"*° Among
them are single and double-chain fluorinated compounds,
amphiphiles with mixed chains, one fluorinated, the other
hydrogenated, or mixtures of hydrogenated and fluorinated
amphiphiles.'” However, most of these amphiphiles comprised
ionic head groups.

Results

Stirring at ambient temperature was sufficient to solubilize
most of the compounds in water giving clear or slightly turbid
solutions within a concentration range of 0.5 and 1% (w/v),
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suitable for a complementary DLS and cryo-TEM analysis. Only
double-chained compounds with dendritic head groups of the
first generation ([G1]) were insoluble in water and were thus
excluded from this study. Alternative methods for the solubili-
zation of the compounds in water such as ultrasonication
or heat treatment were also used. Short sonication times (1-2
minutes) or heat treatments (1-2 hours at 60-70 °C) had
generally no strong effect on the micellar morphology, whereas
harsher treatments (ultrasonication for up to 45-60 minutes
and further annealing above the chain melting temperature)
affected the morphology of the assemblies as will be discussed
below.

Single-tailed amphiphiles [Gn]-C,-R¢

Generation 1 derivatives. The critical micelle concentration
of [G1] molecules (1 ([G1]-Cs-Ry), 2 ([G1]-Ce-Ry)) with single
chains was determined by surface tension measurements
(Fig. 2). The cmc values are in the concentration range of
107> M for the two compounds, ie. a clear dependency on
the chemical structure cannot be inferred from the obtained
data within the limits of error. A pronounced amphiphilicity of
these molecules can be noticed by the lowering of the surface
tension values above the cmc.

The cryo-TEM studies of amphiphiles 1 ([G1]-C5-R¢) and 2
([G1]-C¢-Ry) (Fig. 3) revealed the formation of worm-like assem-
blies for 1 and of perforated bilayer vesicles as well as planar
patches of network structures for 2. Following the contour of
the individual worm-like assemblies formed by amphiphile 1
([G1]-C5-Ry) (Fig. 3a and b) varying diameters and contrast can
be noted. Sections in face-on orientation give a well-defined
width of about 7 nm, whereas sections orientated in side-view
orientation reveal a thickness of about 2.6 nm. A similar
morphology was recently reported for another fluorinated
surfactant.”” In both cases narrow ribbons are formed instead
of the common cylindrical micelles.

The anisometric cross-section is a typical effect of the fluori-
nated chain segments. While the chains prefer a packing towards
bilayers, the bulky head groups favor a cylindrical curvature.
The formation of narrow ribbons seems to be a compromise.

The representative cryo-TEM micrograph of a solution of
amphiphile 2 ([G1]-C4-R¢) with a longer alkyl spacer reproduced
in Fig. 3c reveals vesicles and network structures. The vesicles
can be discriminated by a high-contrast rim and their overall
shape deviates from a perfect spherical geometry normally
found with lipid vesicles. However, the biggest difference with
respect to the lipid vesicle is the porous membrane, which
seems to consist of a loose irregular network of branched
cylindrical fibres. The mean diameter of the vesicles is about
200 nm in agreement with the corresponding DLS data. The
mesh-size in networks is about 20 nm. The DLS data for both
compounds are shown in Fig. 3d.

Another type of vesicle with more or less regularly arranged
perforations is found for the double-chained [G2] amphiphiles,
which will be discussed in detail below. Such perforated bilayer
vesicles have been systematically examined earlier by M. Almgren
and coworkers,*® who also coined the term “stomatosome” for
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Fig. 1 Schematic structural design of the new perfluoroalkyl non-ionic glycerol based amphiphiles.

this fascinating structure. So far stomatosomes have only been
identified in multicomponent surfactan
in narrow temperature and concentration regimes

systems**?*
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often coexisting with other structures. Before we provide detailed
results, some key aspects of the electron microscopic charac-
terization of stomatosomes have to be given first.

and block copolymer

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8sm00243f

Open Access Atrticle. Published on 11 June 2018. Downloaded on 1/12/2026 4:24:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

80 — Ty
70

60
50
40
30
20
10

surface tension [mN/m]

0 21l 21 aanl 1 a1 aaul

0.1 1 10 100
concentration [uM]

Fig. 2 Surface tension measurements of [G1] amphiphiles 1 ([G1]-C3z-R¢)
(red line) and 2 ([G1]-Cg-R¢) (blue line).

Computer model data of a stomatosome structure, which
can be perceived as a perforated vesicle, together with two
sections through a reconstructed 3D volume of experimental
data obtained from cryo-electron tomographic (cryo-ET) recon-
struction data (amphiphile 8 ([G2]-(Cs-R¢),)) are shown in Fig. 4.
For didactic reasons we anticipate the data for a double-
chained compound, as it shows nearly perfect stomatosomes.

It is noteworthy that a stomatosome presents a dotted outer
rim in projection images (see Fig. 4b), which is indicative of the
spherical geometry (high contrast) and perforations (dots)
in the membrane. Due to its perpendicular orientation to
the electron beam the rim appears darker than the rest of
membrane. The size and pattern of the perforations differ from
the surface view and reflect the superposition of densities from
the top and bottom layers. This finding renders the measurements
of mesh size, mesh width or mesh morphology (projection images
misleadingly suggest an ellipsoidal cross-section of the meshes)
from individual projection images (as obtained from individual
TEM images) difficult and requires information of the individual
layer pattern in three dimensions. By performing the cryo-electron
tomography of a real representative stomatosome preparation of
compound 8 ([G2]-(C¢-Ry)y), it can be seen (Fig. 4c and d) that the
membrane consists of a regular mesh with a nearly circular cross-
section of the branch points with a diameter of 5.5 nm. The
interior volume of the vesicle is hollow and filled with water. The
perforations are arranged in a hexagonal pattern with a center-to-
center distance of 18.2 nm and an individual diameter of 6.2 nm.

Generation 2 and 3 derivatives. To study how the geometry
of the dendritic head group affects the aggregation behavior of
the single-chained compounds we investigated [G2] and [G3]
homologues (Fig. 1). All the aggregates were characterized by
DLS and cryo-TEM. The DLS data predicted small micelles with
mean hydrodynamic diameters of about 6.2 nm for compounds
3 ([G2]-Cy-R¢) and of about 9 and 8 nm for compounds 4 ([G2]-
C11-R¢) and 5 ([G3]-Cy;-Ry), respectively. The narrow size dis-
tribution in all cases point to the formation of monodisperse
spherical micelles. These results were well confirmed by the
respective cryo-TEM data (Fig. 5). The completely expanded
length of molecule 4 ([G2]-Cy-Ry) is about 4.5 nm and deter-
mines the maximum micelle radius. The bulky head groups

This journal is © The Royal Society of Chemistry 2018

View Article Online

Soft Matter

d 15 T T llIlIIl T E | IIIIII| L] T IIIIII| T rrrrnm
2 10 4
c 5 J
_g I ]
X 5t s
1 10 100 1000 10000
diameter [nm]
Fig. 3 (aand b) Cryo-TEM images of compound 1 ([G1]-Csz-Ry) reveal ribbon-

like structures. Scale bars are 50 nm (a) and 20 hm (b). (c) Cryo-TEM images of
compound 2 ([G1]-Cg-Ry) show vesicle-like structures with high contrasts
rims, which consist of irregularly arranged branched micellar fibers. Scale bar is
100 nm. Amphiphile concentrations: 1% (w/v). (d) Size distributions obtained by
DLS from dilute agueous solutions of amphiphiles 1 (red line) and 2 (blue line).
While the distribution function for the entangled network of worm-like
micelles (@mphiphile 1) allows no straightforward interpretation in terms of
aggregate size determination, a mean hydrodynamic diameter of ~200 nm is
obtained for the perforated vesicles formed by amphiphile 2 in agreement
with the cryo-TEM data. Amphiphile concentrations: 0.1% (w/v).

induce a strong asymmetry of the molecules, which even for
a larger hydrophobic spacer (compounds 4 ([G2]-Cy;-R¢) and

Soft Matter, 2018, 14, 5256-5269 | 5259
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Fig. 4 (a) 3D-Model illustrating the structural organization of a regular
stomatosome and (b) corresponding projection image simulating the
appearance in a TEM image (more details in Fig. 8). Note that the pattern
of the perforations on the surface (number and size) and the projection
pattern differ due to the superposition effects in the latter. (c) Transections
through the central volume and (d) the outer membrane of a 3D-
reconstructed stomatosome obtained by cryo-ET of compound 8
([G2]-(Ce-R¢)2). The regular perforated pattern of the outer membrane
and the hollow inner volume is unambiguously proven. Scale bar in panel
(d) is 10 nm.

5 ([G3]-C11-Ry)) enforces the formation of solely spherical micelles.
Particularly striking is the homogeneous particle density (Fig. 5e),
i.e. the hydrophobic core is indistinguishable from the outer head
group shell, which is different from micelle preparations of amphi-
philes with alkyl chains, where we observe significantly less density
for the hydrophobic core (Fig. 5d). The effect is obviously related to
the perfluorinated chain segments due to their higher scattering
contrast compared to alkyl chains."

Double-tailed amphiphiles [Gn]-(C,-Rg),

Due to their predominant hydrophobic character double-chained
amphiphiles with [G1] heads are insoluble in water. Therefore,
we have focused on the reasonably water soluble [G2] and [G3]
homologues. By analogy to the single-tailed amphiphiles the
length of the hydrocarbon spacer was additionally varied. To
prepare solutions at a standard concentration of 0.5 wt%, sui-
table for DLS as well as for cryo-TEM measurements, different
methods for the solubilization of [G2] compounds were employed
in order to study their impact on the assembly structures, namely
short time ultrasonication (1-2 minutes), heat treatment (up to
70 °C) or simple stirring in water. No morphological differences
could be detected dependent on the method used. Likewise,
a tenfold dilution of aggregated solutions had no effect on the
aggregate morphology. We will show below, however, that
harsher conditions affect the aggregate morphology.
Generation 2 derivatives. The aggregation behavior of [G2]
amphiphiles (6-8) ([G2]-(Co-Re)s, [G2]-(C3-Re)z, [G2]-(Ce-Re)a)

5260 | Soft Matter, 2018, 14, 5256-5269
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differing mainly in the spacer length was initially studied by
surface tension and DLS measurements. Even at the highest
concentration (0.5 wt%) no considerable decrease in the surface
tension was observed, indicating slow dynamics. The size dis-
tributions of aggregates obtained by DLS are depicted in Fig. 6.
The broadened curves point to a certain degree of polydispersity
at mean hydrodynamic diameters ranging between 70 and
300 nm.

Cryo-TEM revealed the stomatosomes to be the dominant
morphology for all samples irrespective of the hydrocarbon
spacer length, C,. A typical micrograph showing several
stomatosomes of ~200 nm diameter is presented in Fig. 7a
(see also Fig. 4c and d) for compound 8 ([G2]-(Ce-Ry),). Besides
stomatosomes with high contrast outer rim mesh-like objects
of low and uniform contrast are identified for all the compounds.
A typical example of the latter type of structures for compound 7
([G2]HC3-Ry¢),) can be seen in the top area of Fig. 7b. The Fourier
transformation of this object shows a clear hexagonal pattern of
spots confirming its highly ordered architecture, comparable to
the pattern of the stomatosomal membrane shown in Fig. 4d.

Comparable to conventional lipid vesicle structures,®
different structural motifs of the stomatosomal organization
are observed. This heterogeneity in size and shape depends on
the particular sample preparation method and is reflected in the
DLS data. Thus, in addition to single-layered stomatosomes,
concentrically and non-concentrically multi-layered stomatosomes
are found. Non-concentrically multi-layered stomatosomes can be
unambiguously identified only by cryo-ET, because this technique
provides three-dimensional images of the samples that are free
of the inherent overlapping effects of projection images. This
question has not been adequately addressed, however, in the
present studies. Most likely, we are dealing with real multi-
layered stomatosome in those cases, where a smaller stomatosome
appears to be trapped inside a larger one (in the projection image),
while their walls don’t cross, but only touch each other (¢f the
transmission image shown in Fig. 7c).

Moreover, planar mesh-like assemblies can be detected,
which will be discussed below. A typical cryo-TEM micrograph
of compound 7 ([G2]-(C3-Ry),) is depicted in Fig. 7c. A particu-
larly well-ordered example of a concentrically multi-layered
stomatosome is shown in Fig. 7d for compound 6 ([G2]-(Cy-Ry),)-
The four-fold membrane layer and the regular perforations are well
distinguishable. In some areas the stacked layers are precisely
aligned, which creates a particularly well-defined hexagonal
pattern of high contrast. Besides the multiple stacking of the
membrane (four layers) the outer boundary reveals the typical
regular spot-like pattern expected from stomatosomes in projec-
tion view (compare Fig. 4).

In the tightly packed multi-layered stomatosomes (Fig. 7d)
the layer repeat spacing, D, is about 7 nm, whereas the
individual membrane layer thickness, Dy, is about 5 nm. Given
a typical water layer of about 2 nm these distances are compar-
able with those of classical multi-walled vesicles composed
In order to look for a possible
dependence of characteristic distances on the length of the
hydrocarbon spacer, we measured the membrane thickness in

of smooth membranes.®”

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Cryo-TEM images of the compounds 3 (IG2]-Cp-Ry) (a), 4 ([G2]-Cy1-Ry) (b) and 5 ([G3]-Cy1-Ry) (c) show spherical micelles of 4 nm (3) and 7 nm
(4, 5), respectively. Amphiphile concentrations: 1% (w/v). (d) Summing of ~100 centered individual images of micelles (diameter is ~5 nm) formed by
an [G2] amphiphile with an Cy; alkyl chain and a monoaromatic spacer reveals density differences between the corona (high density = white) and core
(low density = dark). (e) Summing of 100 centered micelles of compound 4 (with fluorinated hydrophobic tail) shows a homogeneous white particle
(diameter is ~7 nm) due to a similar electron density in corona and core volume. Note that the contrast in (d) and (e) is inverted (micelles are dark in the
original cryo-electron micrographs) due to image processing convenience. Scale bars are 50 nm (a—c) and 3 nm (d and e).
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Fig. 6 Diameter distributions obtained by DLS from diluted aqueous
solutions of amphiphiles 6 ([G2]-(Co-Ry),) (blue line), 7 ([G2]-(C3-Ry),)
(red line), and 8 ([G2]-(Cs-R¢)2) (black line). Amphiphile concentrations:
0.1% (w/v).

stacked arrangements of all three compounds and obtained the
dependencies plotted in Fig. 8C.

The membrane layer thickness, D;, increases with the mole-
cular spacer length, x. The estimated values roughly agree with
twice the fully extended molecular lengths of the molecule,
supporting the bilayer model for the constituent membranes.
The repeat spacing of concentrically multi-layered lamellae, D,
shows the same trend. Thus, the width of the interfacial water
layer: D — Dy, = Dw =~ 2 nm is constant. The mesh size
(hexagonal lattice constant), a, determined by Fourier Transform
with high accuracy, increases clearly with the spacer length. The
determination of the hole size, Dy, is, however, error-prone due to

This journal is © The Royal Society of Chemistry 2018

Fig. 7 (a) Cryo-TEM images of the compound 8 ([G2]-(Cs-R¢),) showing
single-layered stomatosomes. 3D data from this preparation are shown
above in Fig. 4c and d. Scale bar is 100 nm. (b) Stomatosomes and the
perforated layer with a regular hexagonal pattern of holes as indicated by the
corresponding FFT (inset) of compound 6 ([G2]-(Cp-R¢)2) without spacer.
Scale bar is 100 nm. (c) Single-layered, concentrically and non-concentrically
multi-layered stomatosomes of compound 7 ([G2]-(Cs-Ry),). Scale bar is
100 nm. (d) Four-fold stacked multi-layered stomatosome of compound 6.
Scale bar is 50 nm. Concentration of solutions: 1% (w/v).
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Fig. 8 (A) Model of a stomatosome with designation of its geometrical
parameters: membrane layer thickness: D;, mesh size: a, hole size: Dy,
mesh width (@ — Dy). (B) Model from (A) with top half removed and
interfacial water layer thickness designated as Dy. (C) Effect of the spacer
length, x, of compounds [G2]-(C,-Rf), (6—8) on the structural charac-
teristics of stomatosomes derived from cryo-TEM data.

the superposition effects in projection views and a clear trend
with respect to x cannot be derived (see also Fig. 4). From the
tomographic reconstruction presented in Fig. 4 we can however
conclude that the cross section of the mesh grids, or the mesh
width (@ — Dy), is circular and agrees roughly with the layer
thickness, D;.

As mentioned above, conventional cryo-TEM imaging results
in 2D projection images of a three-dimensional object and
hence the interpretation of images is particularly problematic
in terms of the assemblies’ spatial organization. The missing
three-dimensional information can in principle be retrieved by
a tomographic technique where an image series is recorded at
systematically varied tilt-angles.>®*° It was of particular interest
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Fig. 9
structed from a cryo-tomographic tilt series (+70° tilt range in 2° steps) of
compound 7 ([G2]-(C3-Ry),). (b—d) Reconstructed 3D volume segment in
voltex representation (AMIRA software)*! from the boxed area of the mesh
in three orientations reveals a bicontinuous cubic phase: (b) top view of the
reconstruction boxed from the area marked left. (c) In the [111] view

(a) Projection image of a central section of a 3D volume recon-

orientation a hexagonal mesh pattern becomes visible. (d) Reconstructed
volume oriented in [100] orientation reveals a cubic mesh pattern. The tilt
angle orientation with respect to the encircled area in (c) is indicated and
amounts to 45°.

to reveal the interior structure of the perforated layers and
concomitantly confirm the structural organization of the
stomatosomes. For compound 8 ([G2]-(C¢-R¢),) we had shown
sections of a tomographic reconstruction of a stomatosome in
Fig. 4, which proved its hollow morphology. Moreover, most of
the perforated mesh patches also present in the preparation
(Fig. 7b), turned out to be planar perforated sheets with a
thickness of the order of the molecular bilayer. In some cases,
however, the tomographic data revealed a surprisingly more
complex structure of such meshes although the individual
projection images gave no indication for significant differences
(Fig. 9).

The right column in Fig. 9(b-d) shows different orientations
of a reconstructed three-dimensional subvolume (voltex repre-
sentation in AMIRA software') taken from the indicated area
(Fig. 9a) of a mesh, which reveals a particularly well-defined
three-dimensional order and a dimension in the z-direction
exceeding the dimension of an individual flat bilayered
membrane as shown in Fig. 7b by a factor of 4 (~30 nm).

Though the morphology in top view orientation (Fig. 9b)
appears irregular, tilted views, however, reveal a hexagonal and a
corresponding cubic pattern upon further tilting of 45° (Fig. 10).
A skeletal representation of the three-dimensional branching
pattern, additionally included in the figure, facilitates the under-
standing of the overall organization. The structural unit is a
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Fig. 10 (a and b) Reconstructed volume as shown in Fig. 9(b—d) at
different view angles (~35° around a horizontal tilt axis) together with a
skeletal model (red) highlighting the connectivity of the pattern in its three-
dimensional organization. (c) Detail of the skeletal model accentuating the
tetrapod connectivity of the motif.

tetrapod, where each branching point connects four neighbors.
The opening angle slightly deviates from a tetrahedral geometry
(109.5° vs. 105.9°) if it were an ideal diamond structure.
However, tilting the reconstructed volume from the hexagonal
orientation by about 45° reveals a nearly cubic pattern, which
indicates the structural similarity to a double diamond geometry.
Ordered bicontinuous cubic phases are frequently observed in
complex fluids.** However, these ordered networks are mostly
characterized by three-fold coordinated network lattices (gyroid
phases). The present tetrapod organization is rare and has so
far only been identified for lipid-water systems,*® surfactants**
and quite recently for a thermotropic liquid -crystalline
bolaamphiphile.*® In the case of diblock copolymers the double
gyroid structure is energetically favored in general, but for
certain stereoregular and graft block copolymers a thermo-
dynamically stable double diamond has also been detected
recently.*®*’

One has to emphasize that the three-dimensional organization
of the reconstructed bicontinuous structure shows frequent
defects. Although the above ordered organization is clearly visible
in this particular volume, most areas lack or show only
incomplete branching connections. This finding might strengthen
the conclusion that this kind of structure represents a transitional
non-equilibrium structure (see below).

Interestingly, upon closer inspection of the more spherical
assemblies in Fig. 9a stomatosome-like assemblies with
partially high-contrast outer membrane and a similar three-
dimensional branching as found for the bicontinuous meshes
can be revealed in the interior volume of these vesicles. Also,
here the 3D network is far from being perfectly structured but it
is obvious that also this stomatosome-like structure is different
from that presented in Fig. 4, where a network-like structuring
is exclusively restricted to the outer membrane and the interior
volume is hollow. These observations shed new light on the
dynamics of these supramolecular assemblies, which obviously
indicate the coexistence of intermediate structures. This points
clearly to a non-equilibrium nature of stomatosomes and
requires an in-depth discussion (see below).

Stability of stomatosomes under harsh preparation conditions

In this section we will have a closer look on the effects of
harsher sample preparation methods in terms of their impact
on non-equilibrium structures. Under standard conditions
with short ultrasonication (1-2 minutes) and heating times
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(1-2 hours at 70 °C) the aggregate structures turned out to
be reproducible and highly robust as demonstrated above.
Nevertheless, changes in the morphology induced by extensive
sonication (several hours) and by annealing at 70 °C could be
proven in some cases.

Effects of ultrasonication. Studies comparing the morpho-
logies of solutions prepared with or without sonication
exemplified by compound 8 ([G2]-(Cs-R¢),) gave a clear effect.
Fragments of stomatosomes or perforated layers (those fragments
appear in edge-on orientation as contrast rich rods) were
observed, when sonication was applied for 2 hours at 45 °C
(Fig. 11). Shorter 45 to 60 minutes treatments showed no effect
at all. This result indicates the robustness of the assembly
structures. We will see below that significant changes in the
molecular organization can only be induced by annealing above
the melting temperature of the fluorinated chains. Ultrasonication
below the melting temperature causes only mechanical disruption
of structures.

Temperature effects. Temperature is another experimental
parameter, which was thought to have an impact on the
supramolecular aggregation process. Because the perfluori-
nated carbon chains are robust and inflexible the amphiphiles
have a high melting temperature."® In order to detect the
increase of chain motion with temperature we measured the
'F-NMR spectra. As the line width and intensity of the '°F
resonance at —83.7 ppm respond sensitively to the gel to liquid-
crystalline phase transition temperature, the induced changes
can be used to estimate the phase transition temperature.*®
A set of NMR spectra obtained for amphiphile 8 ([G2]-(C¢-Ry),)
is shown in Fig. 12, revealing that chain melting occurred over
a broad temperature range between 50 and 70 °C (¢f. peak
intensity vs. temperature plot in Fig. S1 in the ESIT). A similar
behavior has been observed, virtually independent of the length
of hydrocarbon spacer C,, for the amphiphiles 6 ([G2]-(Cy-Ry)s)
and 7 ([G2]-(C3-Ry),)-

Fig. 11 Cryo-TEM image of compound 8 ([G2]-(Ce-Ry),) after two hours
of ultrasonication at 45 °C. Besides intact stomatosomes bilayered
membrane fragments frequently occur, which appear as high contrast
rods in edge-on orientation (arrow heads). Scale bar is 100 nm. Amphiphile
concentration: 1% (w/v).
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Fig. 12 '°F-NMR spectra of amphiphile 8 ([G2]-(Cs-Ry),) taken at different
temperatures. The intensity increase of the *F resonance at —83.7 ppm
indicates chain melting above ~50 °C.

Chain melting significantly affects the size of perforations.
Fig. 13 displays micrographs of compound 7 ([G2]-(Cs-Ry))
vitrified at 20 °C and at 70 °C, respectively (overview images
are shown in Fig. S2 and S3 in the ESI{). The stomatosomes
show a smaller mesh size when prepared at ~70 °C. The mesh
size, a, decreased in parallel with the hole size, Dy, from about
17 to 14 nm and 10 to 7 nm, respectively, which means that the
width of the meshes, (@ — Dy), remains almost constant
(~7 nm). Changes in the structural organization upon increase
of the temperature are known for lipids. Lipid vesicles adopting
a crystalline state show a facetted ultrastructure, which dis-
appears in the liquid-crystalline state above the gel-to-liquid-
crystalline phase-transition temperature.*” In the case of
classical lipid vesicles the bilayer membrane becomes more
flexible and their thickness (D;) decreases.’® Here we find a
significantly stronger effect on the morphology. The molten
perfluorinated chains can obviously adopt a higher degree of
molecular curvature, which leads to smaller perforations.
Facets were also observed with stomatosomes, in particular
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Fig. 13 Cryo-TEM images of compound 7 ([G2]-(Cs-Rf),) prepared at
20 °C (top) and at 70 °C (bottom), respectively, reveal changes in the
diameter of the perforations. The effect can be explained by an increase of
the spontaneous curvature by melting of the fluorocarbon chains.
Concentration of solutions: 1% (w/v). Scale bar is 25 nm. Respective
overview images are presented in the ESL¥

with those formed by amphiphile 6 ([G2]-(Cy-Ry),) (¢f Fig. 7b
and d), and they disappeared above 70 °C. The finding of a
reduced hole size induced upon chain melting renewed the
questions of thermal assembly stability and whether the high
temperature state can be frozen. Therefore, we carried out
additional annealing experiments.

The morphological changes on the supramolecular level
within two hours of annealing in the molten state of perfluori-
nated chains and subsequent cooling to ambient temperature
are demonstrated in Fig. 14. The figure shows image sections
from larger cryo-TEM micrographs (Fig. S4 and S5 in the ESIf)
of compound 7 ([G2]-(C3-Rg),) taken prior and after 2 h of
annealing at 60 °C (vitrification after cooling down to ambient
temperature), respectively. Before annealing the sample showed
prototypical stomatosomes and patches of perforated layers
(Fig. 14a). During annealing several stomatosomes lost their
high contrast rim or developed an asymmetric density profile
(Fig. 14a and b) characterized by a directional gradual fading
of the contrast. This structural pattern coincides with one of
those already described in the context of Fig. 9a (bottom). The
comparison of structures points to a structure rearrangement
after long-term equilibration in the state of the molten fluori-
nated chains. Obviously, the hollow stomatosomes show a
tendency to convert into three-dimensional bicontinuous networks
comparable to those shown in Fig. 9. The analysis of micrographs
also shows many stomatosomes remaining completely unchanged
compared to the original state. High temperature structures with
significantly smaller perforations could not be obtained. The
present amphiphile differs in this regard from a similar
capsule-forming amphiphile, which was reported®' to show a
temperature controlled opening of pores.

Generation 3 derivatives. The double-chained analogues
with [G3] head groups (9 ([G3]-(Cs-Ry),), 10 ([G3]-(Ce-Ry),)) are
readily soluble in water and showed the formation of micelles
with ~5.5 and ~7 nm diameter (estimated by TEM, whereas
the hydrodynamic diameter measured by DLS is again larger),
respectively (Fig. S6 in the ESIt). These results are in qualitative
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Fig. 14 Cryo-TEM images of compound 7 ([G2]-(C3-R¢),) prepared at
ambient temperature prior (a) and after (b) annealing for two hours at
60 °C. Concentration: 1% (w/v). Scale bar is 100 nm.

agreement with the corresponding investigations of single-
chained [G3] compounds. Despite the presence of a second
hydrophobic chain, the bulkier dendritic head group dictates
their self-assembly, resulting in small, most probably spherical
micelles, i.e. aggregates of the highest interfacial curvature.

Mixtures of amphiphiles

We showed before that the size of the dendritic head group
determines the molecular asymmetry and hence the morpho-
logy of assemblies. Amphiphiles with large [G3] head groups
form small micelles throughout, while those with [G1] and [G2]
head groups self-assemble into non-spherical, more extended
structures, which range from narrow ribbons over perforated
bilayers up to bicontinuous three-dimensional networks. From
these observations we expected that a finer tuning of molecular
asymmetry should be possible by the mixing of the compounds,
as has been extensively reported in the literature.”®>">?

In two variants we studied mixtures with identical genera-
tions of head groups and different hydrophobic tails and vice
versa. Furthermore, we were interested in the kinetics of
structure formation upon mixing both at ambient temperature
and upon annealing. Both procedures were expected to even-
tually reveal identical structures but on different time scales.

In the case of a 1:1 (v/v) mixture of amphiphiles 7 and 10
([G2HC3-Ry)o/[G3]-(Cs-Ry),) differing in the head group generation
(differences in the spacer length can be neglected as outlined
before) we followed the morphological changes at ambient
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temperature over a couple of weeks. 30 minutes after mixing
the morphologies known from the pure individual components,
i.e. stomatosomes (7 [G2]-(Cs-R¢),) and spherical micelles
(10 [G3]-(CeRy)y), coexist (not shown). Within three days of
storage, nearly all stomatosomes disappeared and became
replaced by populations of spherical and worm-like micelles.
The spherical micelles became disc-like over the following
three weeks (Fig. 15a—c). The findings illustrate a rather slow
molecular exchange process under ambient conditions. The
process can, however, be accelerated by an annealing process
(at 75 °C) performed over only a few hours and eventually yields
comparable results.

Equivalent results were obtained for mixtures of amphi-
philes with identical [G2] head groups but different numbers
of hydrophobic chains. For example we report the results of a
1:1 (v/v) mixture of the double tail compound 7 ([G2]-(C3-R¢),)
and the single chained compound 4 ([G2]-C;;-R¢). The latter
forms spherical micelles of ~7 nm diameter on its own (not
shown). After annealing for 1.5 hours at 75 °C the mixtures
morphology is dominated by small micelles, but few worm-like
micelles can also be seen (Fig. 16a). A closer inspection reveals
that the small micellar aggregates became disc-like. An average
diameter of ~8.5 nm and a thicknesses of ~5 nm have been
estimated from the top and side view orientations (Fig. 16b and
¢). The worm-like micelles prove to be narrow ribbons. Their
thickness agrees with that of the disc-like micelles. These data
are consistent with the obtained for the first (|G2]/[G3]) mixture
under ambient conditions after 40 days (Fig. 15c).

Discussion

The supramolecular behavior of the perfluorinated dendritic
amphiphiles is principally in good agreement with the well-
known concept of the molecular packing parameter.'” According
to this the preferred shape of aggregates is determined by
the asymmetry or spontaneous curvature of the amphiphilic
molecule, quantified by a specific ratio of v/ayl., where v is the
volume of the hydrophobic tail, a, is the effective area of the
molecule and /. is the (critical) length of the hydrophobic tail.
In dilute amphiphile solutions (~1%) one observes spherical
micelles followed by discoidal, cylindrical, and branched
micelles, perforated and smooth bilayers upon decreasing the
molecular asymmetry.>® At a higher concentration the assembly
structures interact in terms of dense packing towards cubic
micellar, hexagonally-packed cylindrical, and lamellar meso-
phases,”* wherein bicontinuous three-dimensionally periodic
structures have frequently been observed as intermediates
between the hexagonal and lamellar phases.”>™” These trends
are reproduced for the most part of the investigated amphiphiles,
but also some novel and highly intriguing aspects emerged.

All [G3] derivatives form spherical micelles irrespective of
the number of hydrophobic chains. The volume of the head
group and hence the molecular asymmetry is so large that it
dominates the assembly process in all cases including the
double-chained compounds. Also for the single-tailed [G2]
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Fig. 15 Cryo-TEM images of a 1:1 (v/v) mixture of compounds 7 and 10
([G2]-(C3-Rp)2, [G3]-(Cs-R¢)») taken (a) 3 d, (b) 18 d, and (c) 40 d after mixing
at 20 °C. Amphiphile concentration after mixing: 0.5%. Scale bars are
50 nm.

derivatives the molecular asymmetry is still sufficiently large to
favour spherical micelles. The morphology only changes when
the head group size continues to decrease as for [G1] derivatives
with a single tail. Ribbons instead of cylindrical micelles with
spherical cross-section are formed by 1 ([G1]-(C;-Ry)) and can be

5266 | Soft Matter, 2018, 14, 5256-5269

Fig. 16 (a) Cryo-TEM images of a 1:1 (v/v) mixture of compounds 7
([G2]-(C3-R¢),) and 4 ([G2]-Cy1-Ry) after annealing for 1.5 hours at 75 °C.
Amphiphile concentration after mixing: 0.5%. Scale bar is 50 nm. (b and c)
Magnified sections reveal a disc-like morphology of the small micelles and
a ribbon-like structure for the fibrous assemblies.

ascribed to the specific stiffness of the fluorinated chain
segments favoring a flat aggregate morphology.

Surprisingly, the [G1] compound 2 ([G1]-C¢-R¢) with a longer
spacer (Ce versus C;) for compound 1 ([G1]-Cs-Ry¢) forms highly
branched structures (the irregularly perforated vesicles and
networks shown in Fig. 3c) instead of the expected linear
worm-like micelles. They can be characterized as an intermediary
stage in a transition process to the structurally more perfect
stomatosomes (see below). The length of the alkyl spacer has
obviously a significant effect on the aggregate morphology of
compounds 1 and 2, although the ratio of hydrophobic volume
to chain length (i.e. the chain cross-section area) is a constant™®
and should not affect the packing parameter and aggregate
morphology.>® This finding indicates an implicit effect of chain
length on aggregate structure, which we already observed for
fully hydrogenated variants of the present dendritic amphiphiles,*
and which has recently been rationalized by thermodynamic
considerations.”

According to the packing concept disk-like micelles should
appear between spherical and worm-like micelles.?®*® They
have not been observed for the entire family of amphiphiles
investigated here, due to the inadequate spontaneous curvature
of molecules. However, they could be generated through the
fine tuning of mean spontaneous curvature in binary amphi-
phile mixtures. Our observation of a limited growth of the
disc-like micelles is in agreement with other studies®® and
recent theoretical considerations predicting conditions for
their formation.®® It is, however, not clear if the amphiphiles,
which form spherical micelles on its own, are accumulated at
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the high curvature edges of the discs,>°>® or if the two
amphiphiles mix homogenously over the entire assembly.

Although a reduction of the effective spontaneous curvature
by mixing compounds of different molecular asymmetry pro-
vides the possibility of a morphological fine-tuning, a marked
reduction to a value favoring extended bilayer structures was
not observed. Planar bilayer structures are only visible on the
local scale for the narrow ribbons and the discoidal aggregates.
In this way they have a local precursor in the branching points
of the network structures, which is a very typical phenomenon
observed with fluorinated amphiphiles.

The most interesting phenomena is the formation of
stomatosomes that were observed in a regime of spontaneous
curvature approaching a more balanced head-to-tail ratio,
such as that present in double-tail [G2] dendritic amphiphiles
(Fig. 1). The observation of stomatosomes was so far limited to
very restricted experimental conditions and was never found
as a stable supramolecular assembly structure for a single-
component system. Because the ratio of the tail volume (v) and
the tail length (I.), is a constant (namely the tail cross-section)
the packing parameter and aggregate morphology should
not be influenced by the tail length. This is evident for the
[G2] compounds 6 ([G2]-(Co-Re)2), 7 ([G2]-(C3-Rg),), and 8
([G2]-(Cs-Rg),) with two tails but differing spacer lengths
(Co to Ce).

Stomatosomes can be considered as a special kind of vesicle
for which the membrane is not continuous but randomly or
hexagonally perforated. Particularly in multi-layered stomato-
somes also tightly packed layers were found (Fig. 7d), which
resemble lamellar structure elements of the hexagonally
perforated layer phase (PL) of block copolymers. As the PL
phase appeared as an unstable transition structure between the
lamellar and gyroid phases®*®° the aspect of stability arises.
Almgren and coworkers®® have already considered a non-
equilibrium nature of stomatosomes. In this respect our
annealing experiments suggest such a transition from stomato-
somes towards three-dimensional bicontinuous network structures
(Fig. 9 and 10) indicating a further step towards a final equilibrium
structure.

While the interfacial curvature of aggregates set by the
spontaneous curvature of molecules, optimizes the enthalpy
of the micellar system, end caps and branch junction points
increase the entropy by increasing the number of micelles or
the number of possible configurations. Thus, these topological
defects stabilize the micellar population. As has been discussed
by Safran et al,*® the type of defect, which dominates the
morphological behavior, depends to a certain degree on the
amphiphiles’ spontaneous curvature. Accordingly, amphiphiles
with low spontaneous curvature should favor branching and
network structures. This seems to be the case here. The stiffness
of frozen fluorinated chains favors a lower spontaneous curvature
and can thus rationalize the predominance of branched micellar
structures. We observed that heating to the molten state only led
to smaller perforations in the stomatosomes (high temperature
experiment, Fig. 14), i.e. increased mean interfacial curvature,
but not to a marked reduction in the degree of branching.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Soft Matter

Long-term annealing above the melting temperature and sub-
sequent cooling had no lasting effect on the structure, i.e. the
size of the perforations.

The 3D mesh structures required a more detailed investiga-
tion as we noticed differences in the structural organization,
which were not obvious at first sight, in particular by inspection
of two-dimensional projection images alone. Cryo-ET revealed
that the perforated layers as well as the stomatosomes can
significantly differ in their spatial organization.

The analysis of tomographic data of the networks revealed
a structural organization resembling the nanostructure of
bicontinuous intermediate phases (Fig. 9 and 10), which were
detected for several aqueous amphiphile systems at higher
concentrations or for block copolymers.?*?*%”~71 These struc-
tures can be mathematically best described by the concept
of minimal surfaces.*> Three essential types of bicontinuous
morphologies have been identified, namely an ordered
bicontinuous double diamond structure (D), a gyroid structure
(G) as well as a cubic structure (P), which are topologically
related. Since the discovery of intermediate phases for block
copolymers there was a long-lasting debate about the thermo-
dynamic stability of these structures. In the simplest case of
diblock copolymers D and G morphologies as well as a randomly
or hexagonally perforated layer structure (PL) were theoretically
predicted and experimentally observed.>” Today it is believed to be
proven that the PL morphology is a long-lived non-equilibrium
state, which converts towards the bicontinuous G phase.®*°® This
highly interesting result casts new light on the thermodynamic
stability of complex stomatosome structures.

In contrast to extended structures of intermediate liquid
crystalline phases the present meshes exist already at a very low
concentration (around 1%), i.e. their spatial extension is
restricted and they are dispersed in the continuous water
phase. Because the concentration dependence has not been
investigated in detail it remains unclear if they belong to a one-
phase region normally termed L, or to another liquid phase (for
example the lamellar phase L,). One could speculate that the
mesh fragments represent precursor structures of a respective
intermediate phase. In particular, the bicontinuous structures
shown in Fig. 9 and 10 show the best correlation with a
bicontinuous cubic phase of double diamond symmetry. This
behavior is related to reports on the aggregation behavior of
Gemini amphiphiles,*>® which also tend to form bicontinuous
cubic phases at moderate concentration (however, in this case a
double gyroid phase). Such a network formation is obviously
favored by double chain compounds.

Conclusions

We here interpret the supramolecular morphologies of
novel fluorinated non-ionic dendritic amphiphiles within the
framework of the well-known concept of molecular packing
parameter, which states that the geometry of self-assembled
structures is determined by the spontaneous curvature of the
molecule.
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In contrast to alkyl-tail amphiphiles, the fluorinated tail
segments introduce additional chain stiffness thus favoring
locally planar architectures. In addition, the bulky dendritic
head-groups prefer highly curved assemblies. The combination
of these two structural elements leads to the formation of
branched and perforated unique architectures. In fact, in the
absence of fluorinated tail segments, ie. for the related
dendritic amphiphiles with pure alkyl tails as investigated in
our former studies,* branched micelles or perforated vesicles
have never been observed.

The new and most important finding is, that with the
designed fluorinated dendritic amphiphiles a series of robust
non-equilibrium morphologies can be generated spontaneously
and reproducibly by simple dissolution of single-component
systems in water. So far stomatosomes have only been identified
in narrow temperature and concentration limits of multicompo-
nent surfactant and block copolymer systems. In most such
systems stomatosomes appear as intermediate structures in a
transition process between extended bilayers and cylindrical
micelles. Here, we demonstrate for the first time that stomato-
somes are metastable and transform into a bicontinuous cubic
phase facilitated by a longer annealing process. Another novel
aspect is that this phase was observed even in the dilute concen-
tration regime of only 1 wt%. By solely adopting the appropriate
molecular structure robust entities can be generated by a single-
component system.
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