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Mechanistic control over morphology: self-assembly of
a discotic amphiphile in water

Isja de Feijter,abc Pol Besenius,d Lorenzo Albertazzi,ac E. W. Meijer,abc

Anja R. A. Palmansab and Ilja K. Voets*ab

We report on the self-assembly of discotic amphiphiles that contain chelated gadolinium(III) ions and are

based on the C3-symmetrical benzene-1,3,5-tricarboxamide motif. Fluorescence spectroscopy, SAXS and

cryo-TEM experiments demonstrate that a bimodal distribution of small and large aggregates is formed

in a ratio that is dependent on the ionic strength. The results correlate with the previously reported

degree of cooperativity of the polymerization mechanism, which increases with increasing NaCl

concentration. Hence, by tuning the electrostatic interactions between the ligands at the periphery we

can tune the cooperativity of the self-assembly. This tunability provides a versatile handle to adjust the

size and shape of the discotic amphiphiles, which have potential as supramolecular MRI contrast agents.
1 Introduction

In the past, a wide range of supramolecular self-assembling
motifs have been extensively studied in organic solvents.1–4

More recently, there has been increasing interest in the trans-
formation of these motifs to facilitate self-assembly in aqueous
media. A detailed understanding of the self-assembly mecha-
nism and morphology of these modied motifs is of major
importance as it renders them applicable for biologically rele-
vant applications. Recent examples include their use as hydro-
gels,5–8 cellular uptake carriers9 and imaging agents.10,11 The
translation from self-assembly in organic solvents into aqueous
media is, however, far from trivial.12 To create structures that
are water compatible, a multitude of strategies has been
applied: attachment of oligo(ethylene oxide) side chains,13–15

sugar moieties16–18 or other hydrophilic groups.19 We selected a
triply charged gadolinium(III) chelate to induce water compati-
bility, with use as a magnetic resonance imaging (MRI) contrast
agent in mind.

Self-assembling discotic amphiphiles based on the C3-
symmetrical benzene-1,3,5-tricarboxamide (BTA) motif that
contain gadolinium(III) ions chelated by diethylene triamine
pentaacetic acid (DTPA) (from now on referred to as Gd(III)-
DTPA-BTA) (Fig. 1) have been shown to signicantly enhance
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the contrast in magnetic resonance angiography of mouse
brains.10 The non-covalent interactions between the self-
assembling units on the one hand allow the formation of high
molecular weight supramolecular polymers which enhance MRI
contrast, and on the other hand provide reversibility and easy
excretion of the aggregates.

The properties and self-assembly characteristics of BTAs in
apolar solvents are well established in the literature,3,20 and
more recently the self-assembly of various BTAs in water has
also been studied.21–24 Gd(III)-DTPA-BTA self-assembly in water
occurs via a frustrated growth mechanism which results in a
markedly different morphology compared to BTA self-assembly
in apolar solvents.25 Instead of long rod-like structures, well-
dened particles of approximately 6 nm are obtained.25 The
frustrated growth is a result of the balance between attractive
hydrophobic interactions and hydrogen bonding between the
BTA amides, and repulsive interactions between the negatively
charged chelates at the periphery of the molecule. The inuence
of screening of the charges with NaCl on the cooperativity of
this system was evaluated by CD-spectroscopy as a function of
temperature and ionic strength. The cooperativity was found to
Fig. 1 Pentafluoro phenylalanine extended benzene-1,3,5-tricarboxamide that
contains gadolinium(III) ions chelated by diethylene triamine pentaacetic acid and
a schematic representation of the influence of NaCl on the self-assembly.
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increase from a nearly isodesmic polymerization to a coopera-
tive growth mechanism.26 Furthermore, long rods were
observed at high ionic strength (cNaCl ¼ 5 M).25

In this article we describe how changes in these external
conditions result in the coexistence of small oligomers and
elongated supramolecular polymers of Gd(III)-DTPA-BTA in the
cooperative polymerization regime. While the coexistence of
spherical and rod-like aggregates was previously observed in a
number of surfactant and block copolymer amphiphilic
systems,27–30 here, the coexistence of different types of helical
supramolecular aggregates induced by a change in the poly-
merization mechanism is observed. The morphology of the
supramolecular aggregates was studied using complementary
techniques: cryogenic-transmission electron microscopy (cryo-
TEM), small-angle X-ray scattering (SAXS), and uorescence
spectroscopy using Nile Red as a uorescent probe.
2 Experimental section
Synthesis of Gd(III)-DTPA-BTA

Gd(III)-DTPA-BTA was synthesized as described previously by
Besenius et al.25 by coupling a hydrophobic spacer composed of
peruoro-L-phenylalanine and aminobenzoate to benzene-1,3,5-
tricarboxylic acid chloride. Subsequent coupling of lysine func-
tionalized DTPA and complexation of gadolinium ions yields the
desired discotic amphiphile. The product was lyophilized aer
extensive dialysis. ESI-MS conrmed the formation of the
desired product, and the Gd(III) content was determined with
ICP-AES to be 13.8 wt% (theoretically 14.8 wt%).
Nile Red

Photoluminescence spectra were recorded on a Varian Cary
Eclipse Fluorescence Spectrometer. Gd(III)-DTPA-BTA was dis-
solved in 100 mM citrate buffer (pH ¼ 6) to obtain a BTA
concentration of 5 mM. The NaCl concentration of the buffer
was varied between 0 and 5 M NaCl in 0.5 M steps. 2 ml Nile Red
(NR) stock solution in methanol was added to obtain a nal
concentration of 5 mM. The samples were excited at 550 nm and
emission spectra were collected from 580 to 700 nm.
Small-angle X-ray scattering

The small-angle X-ray scattering (SAXS) measurements were
performed at the Dutch-Belgian BM26B beamline at the ESRF in
Grenoble (France). Gd(III)-DTPA-BTA was dissolved in 100 mM
citrate buffer (pH¼ 6) with cNaCl¼ 0, 0.05, 0.1, 0.2, 0.4, 0.75, 1.0,
1.5 or 3.0 M to obtain a BTA concentration of 1 mM. A sample-
to-detector distance of 6.23 m was used together with an X-ray
photon wavelength of 1.24 Å. The observed q range was 7 �
10�3 Å�1 # q # 0.12 Å�1, where q is the magnitude of the
scattering vector q ¼ (4p/l)sin(q/2), and where l is the X-ray
wavelength and q is the scattering angle. SAXS images were
recorded on a 2D multiwire gas lled detector with 512 � 512
pixels of 260 mm2 in size. The 2D images were radially averaged
to obtain the intensity I(q) vs. q proles. Standard data reduc-
tion procedures, i.e. subtraction of the empty capillary and
buffer contribution and correction for the sample absorption,
10026 | Soft Matter, 2013, 9, 10025–10030
were applied. All scattering patterns were tted simultaneously
with SASt soware using either a form factor for homogeneous
spheres, or cylinders, or a linear combination of both. The radii
(R) of the spheres and the cross-sectional radii (Rcs) of the rods
were set as global parameters while the length (L) and scattering
contrast (h) were allowed to vary per curve.
Cryo-TEM

CryoTEM experiments were performed on Gd(III)-DTPA-BTA
samples dissolved in 100 mM citrate buffer (pH ¼ 6) with
cNaCl¼ 0, 0.2, 0.75, 1.5, 3.0 or 5.0M to obtain a BTA concentration
of 1mM.The experimentswere performedon theTU/eCryoTitan
(FEI), using a Gatan cryo-holder operating at �170 �C. The TU/e
CryoTitan is equipped with a eld emission gun (FEG) operating
at 300 kV. Images were recorded using a 2k � 2k Gatan CCD
camera equipped with a post column Gatan Energy Filter (GIF).
The sample vitrication procedure was carried out using an
automated vitrication robot (FEI Vitrobot�Mark III). CryoTEM
grids, R2/2 Quantifoil Jena grids, were purchased from Quanti-
foil Micro Tools GmbH. Prior to the vitrication procedure the
grids were surface plasma treated using a Cressington 208
carbon coater operating at 5 mA for 40 s.
3 Results
Inuence of the ionic strength on Gd(III)-DTPA-BTA aggregates

Two markedly different morphologies were observed for
supramolecular helical aggregates consisting of Gd(III)-DTPA-
BTAs. At low ionic strength 6 nm sized particles are formed
whereas at 5 M NaCl long rods are obtained.25 To investigate
how the transition proceeds, we added the solvatochromic dye
Nile Red (NR) to Gd(III)-DTPA-BTA solutions in citrate buffer (pH
¼ 6) with salt concentrations between 0 and 5 M NaCl. NR is a
uorescent probe which is oen used in biological systems31–34

and is also applied successfully to detect morphological tran-
sitions in supramolecular aggregates.35

In citrate buffer, the emission (lmax,em) of NR is 654 nm, with
a very low uorescence intensity, irrespective of the salt
concentration. Upon addition of 5 mM BTA, lmax,em remains
approximately at 654 nm, but the uorescence intensity
increases, due to incorporation of the dye into an apolar
microenvironment.36 Increasing the BTA concentration to 1 mM
causes a further increase of the uorescence intensity as shown
for cNaCl¼ 5 M in Fig. 2A. In contrast, when the ionic strength of
the buffered solution is increased, a shi of lmax,em to 639 nm is
observed (Fig. 2B and C). This hypsochromic shi is indicative
of a reduced polarity of the microenvironment due to screening
of the charged ligands. Interestingly, the peak width also
increased, from 57 nm at 0 M NaCl to 87 nm at 5 M NaCl
(Fig. 2D). These results are consistent with the incorporation of
NR into the hydrophobic environment created by Gd(III)-DTPA-
BTA aggregates. Increasing the ionic strength further reduces
the apparent polarity of the microenvironment of the dye. The
broadening of the emission peak suggests that multiple species
coexist in solution, as narrow peaks are expected when only a
single species is present.36,37
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Fluorescence spectroscopy of Gd(III)-DTPA-BTA in citrate buffer with an
ionic strength between 0 and 5MNaCl in the presence of solvatochromic dye Nile
Red (measured in triplicate). (A) Increasing the Gd(III)-DTPA-BTA concentration at
a fixed cNaCl of 5 M shows an increase of the fluorescence intensity; (B) increasing
the NaCl concentration at a fixed Gd(III)-DTPA-BTA concentration causes a blue
shift of lmax,em as also shown in (C) and an increase of the peak width at half
maximum (FWHM) as shown in (D).
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Coexistence of two distinctive morphologies

SAXS experiments were performed to elucidate the size and
shape of the supramolecular helical aggregates formed by
Gd(III)-DTPA-BTAs as a function of the ionic strength. SAXS
patterns were collected for 1mMGd(III)-DTPA-BTA samples with
NaCl concentrations ranging from 0 to 3 M (Fig. 3).

Three structural regimes can be distinguished on the basis
of the obtained SAXS proles. In the rst regime, ranging from
0 M # cNaCl # 0.1 M, scattering proles are characteristic of
objects with a low aspect ratio. A power law regime of I f q�0

at low q-values is followed by a I f q�4 regime at high q-values.
Fitting the data to a form factor derived for homogeneous
spheres yields a radius of �2.9 nm, which is in excellent
Fig. 3 SAXS patterns for 1 mM BTA with cNaCl ranging from 0 to 3 M (symbols)
and best fits to the data (continuous lines). Regime 1: 0–0.1 M NaCl in red, regime
2: 0.2–1.5MNaCl in green and regime 3: 3MNaCl in blue (curves shifted vertically
by multiplication with 2 (green) and 7 (blue)).

This journal is ª The Royal Society of Chemistry 2013
agreement with the calculated radius of the monomers.25 By
contrast, at high salt concentrations (cNaCl ¼ 3 M), the proles
exhibit a regime with I f q�1 at low q which falls off to I f q�4

at high q values. This is a clear hallmark of rod-like objects
with a length L that is beyond the experimental resolution. The
experimental data are well described by a form factor for rigid,
homogeneous cylinders, which yields a cross-sectional radius
of �2.9 nm, again in good agreement with the molecular
dimensions of Gd(III)-DTPA-BTA. In the intermediate regime,
where 0.2 # cNaCl # 1.5 M, neither of the form factors
describes the data well. Instead, a linear combination of the
two form factors was found to accurately capture the features
of the scattering patters, such as the increase in forward
scattering upon an increase in cNaCl. We nd that the relative
contribution of spherical particles to the total scattering
intensity (q / 0) decreases linearly with increasing cNaCl, while
vice versa, the relative contribution of cylindrical particles
increases linearly (Fig. 4). We therefore conclude that an
increasing number of monomers are incorporated into rods at
the cost of monomers present in small oligomeric aggregates
as cNaCl increases.

Cryogenic transmission electron microscopy (cryo-TEM)
experiments were carried out to corroborate the existence of
three structural regimes in the salt induced transformation of
small oligomers into long Gd(III)-DTPA-BTA aggregates (Fig. 5).
Exclusively oligomers are observed at 0 M # cNaCl # 0.2 M. A
close examination of the images of 0.75 M and 1.5 M NaCl
reveals the presence of slightly elongated structures coexisting
with the spherical particles. A bimodal distribution of small
spherical aggregates and approximately 50 nm long rod-like
structures is obtained at 3 M NaCl. An increase of cNaCl to 5 M
results in the formation of rods of approximately 200 nm in
length.16 At this NaCl concentration, spherical aggregates are
not observed in the electron micrographs. Taking into account
that the scattering of polydisperse mixtures is strongly domi-
nated by the larger particles, we conclude that the SAXS and
cryo-TEM give concordant results. In summary, Gd(III)-DTPA-
BTAs self-assemble into exclusively globular objects at low cNaCl
and into cylindrical objects at high cNaCl. A bimodal distribution
of oligomers and long aggregates is observed in the inter-
mediate regime.
Fig. 4 Relative contribution of spherical (squares) and rod-like particles (dots) to
the total scattering intensity, I, (q / 0) in a.u.

Soft Matter, 2013, 9, 10025–10030 | 10027
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Fig. 5 Cryo-TEM images of aggregates composed of 1 mM Gd(III)-DTPA-BTA with 0, 0.2, 0,75, 1.5, 3 and 5 M NaCl in 100 mM citrate buffer (pH ¼ 6); scale bar
represents 50 nm.

Fig. 6 Comparison of the cooperativity (right axis) of the polymerization
mechanism of Gd(III)-DTPA-BTA at different NaCl concentrations (circles),25 with
the fraction of spherical particles of the total (left axis), as determined by
comparing the relative contribution to scattering intensity I, (q / 0) (squares).
The inset depicts the full range of acquired SAXS data while the main graph
exclusively shows the range where data for both measurements were acquired to
emphasize the resemblance of structural and mechanistic transitions.
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4 Discussion

Recently, the cooperativity (Ka) of the supramolecular poly-
merization of Gd(III)-DTPA-BTA was shown to be strongly
dependent on cNaCl.25 Fits of circular dichroism (CD) cooling
curves with a nucleation-elongation model for self-assembly
showed that the polymerization mechanism is nearly iso-
desmic (Ka ¼ 0.1) at 0.10 M NaCl, while it is highly cooperative
(Ka ¼ 4.6 � 10�4) at 0.83 M NaCl.38 Interestingly, a sharp
increase in the cooperativity, i.e. a decrease of Ka, was found
between 0 and 0.2 M NaCl (Fig. 6). This nearly coincides with
the strong decrease of Isp/(Isp + Icyl) as obtained by SAXS,
indicating a critical ionic strength at and above which long
cylindrical aggregates are formed. To the best of our knowl-
edge this is the rst time a cooperative polymerization mech-
anism was experimentally shown to give a bimodal
distribution of small oligomers and long one-dimensional
helical aggregates. The appearance of a bimodal distribution of
species is characteristic of cooperative self-assembly; therefore
we conclude that the morphological transition observed with
SAXS and cryo-TEM is driven by a salt induced increase in the
cooperativity of the polymerization.

Finally we note that a sphere-to-cylinder transition is well
known for block-copolymer and surfactant micelles. This tran-
sition is extensively studied as a function of concentration and/
10028 | Soft Matter, 2013, 9, 10025–10030
or ionic strength for several systems.39,40 In these systems
cylinders are only formed if the Israelachvili packing param-
eter41 ‘encodes’ for the formation of cylindrical micelles,
provided that translational entropy is sufficiently low to be
This journal is ª The Royal Society of Chemistry 2013
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overcome. The transition can then be triggered by an increase of
the amphiphile concentration, or by a signicant modication
of the packing parameter in response to changes in the ionic
strength, pH or solvent composition. The packing parameter of
Gd(III)-DTPA-BTAs, however, always encodes for cylindrical
objects by means of the triple hydrogen bonding motif of the
BTAs.42 At low ionic strength long cylindrical objects are not
observed because growth into long objects is inhibited by the
electrosteric crowding of the charged ligands; an increase in
cNaCl alleviates this impediment and long rods are formed.
5 Conclusions

In this study we performed uorescence, SAXS and cryo-TEM
experiments to gain insight into the morphological transition
from small objects at low ionic strength to long supramolecular
polymers at high ionic strength. We related the morphology of
the aggregates at various NaCl concentrations to the coopera-
tivity of the polymerization mechanism as obtained by ther-
modynamic modeling of experimental CD spectroscopy data. At
low NaCl concentrations, corresponding to a nearly isodesmic
growth, we observed a monomodal distribution of low aspect
ratio aggregates, whereas a bimodal distribution of small and
long one-dimensional helical aggregates was observed at high
NaCl concentrations. Furthermore we showed that there is a
critical salt concentration at, and above, which long polymers
begin to grow. At this same concentration the polymerization
mechanism was shown to change from nearly isodesmic to
cooperative. This gives us a handle to control the shape and size
of the aggregates and will ultimately allow us to modify the
pharmacokinetic, and contrast enhancing properties of Gd(III)-
DTPA-BTAs.
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Ferrenbach and F. Boué, J. Am. Chem. Soc., 2007, 129, 15601.
14 G. M. Pawar, M. Koenigs, Z. Fahimi, M. Cox, I. K. Voets,

H. M. Wyss and R. P. Sijbesma, Biomacromolecules, 2012,
13, 3966.

15 D. Görl, X. Zhang and F. Würthner, Angew. Chem., Int. Edit.,
2012, 51, 6328.

16 A. R. M. Soares, J. P. C. Tomé, M. G. P. M. S. Neves,
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