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Paramagnetic self-assembled nanoparticles as
supramolecular MRI contrast agents
Pol Beseniusa, Joeri L. M. Heynensb, Roel Straathofb,
Marko M. L. Nieuwenhuizena, Paul H. H. Bomansc, Enzo Terrenod,
Silvio Aimed, Gustav J. Strijkersb, Klaas Nicolayb* and E. W. Meijera*

Nanometer-sized materials offer a wide range of applications in biomedical technologies, particularly imaging and
diagnostics. Current scaffolds in the nanometer range predominantly make use of inorganic particles, organic polymers
or natural peptide-based macromolecules. In contrast we hereby report a supramolecular approach for the preparation of
self-assembled dendritic-like nanoparticles for applications asMRI contrast agents. This strategy combines the benefits from
lowmolecular weight imaging agents with the ones of high molecular weight. Their in vitro properties are confirmed by in
vivo measurements: post injection of well-defined and meta-stable nanoparticles allows for high-resolution blood-pool im-
aging, even at very low Gd(III) doses. These dynamic and modular imaging agents are an important addition to the young
field of supramolecular medicine using well-defined nanometer-sized assemblies. Copyright © 2012 JohnWiley & Sons, Ltd.
Supporting information may be found in the online version of this paper.
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1. INTRODUCTION

Much of the recent success of biomedical technologies in imaging,
diagnostics and therapeutics has heavily relied on the careful design
and preparation of well-defined nanoparticulatematerials (1–8). This
has led to significant advances in a variety of imaging modalities,
such as nuclear medicine techniques [single-photon emission
computed tomography (SPECT) and positron emission tomography
(PET)] (9), magnetic resonance imaging (MRI) (3,10–13) and optical
fluorescence imaging (14–16). For applications in noninvasive
diagnostics, improvements in the potency and efficacy of the
imaging and contrast agents have been based on their ligation onto
nanometer-sized scaffolds based on organic or biological polymers
and inorganic particles. Organic covalent macromolecules have
been very popular (17,18), particularly star polymers (19) and
dendrimers (11,20–26) because of their globular shape, high
functionality to volume ratio and well-defined size. Noncovalent
constructs (27), mainly micelles (3,28–30) and liposomes (3,31),
have received considerable interest because of their modular
preparation, potential for multimodal imaging and targeting. A
very elegant approach for the development of efficient self-
assembled imaging agents are functionalized viral capsids, as
recently reported by Francis, Raymond and coworkers (32).
Surprisingly, however, the strengths of covalent and noncovalent
architectures have not been combined into one genuinely viable
technology. Therefore, we aimed at the preparation of well-
defined nanometer-sized self-assembled contrast agents and
hereby report the application of these supramolecular
paramagnetic nanoparticles for applications as MRI contrast
agents. We have combined careful in vitro characterization with
in vivomeasurements, validating the use of these unique supramo-
lecular imaging agents in contrast-enhanced magnetic resonance
angiography (CE-MRA).

Considering the enormous interest in supramolecular chemistry
and the advances in the preparation of hierarchically ordered
systems (33,34) applications of self-assembled macromolecules in
biomedical technologies such as drug delivery or molecular
imaging remain scarce, except for synthetic carriers or containers
such as liposomes and micelles. We attribute this lack of impact
to mainly one weakness, that is, the inability to simultaneously
control the stability and size of a supramolecular nanostruc-
tured material in solution (35). We have recently reported a
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new class of C3-symmetric discotic amphiphiles based on the
benzene-1,3,5-tricarboxamide scaffold, which in water polymer-
ize into columnar aggregates via a combination of hydrogen
bonding, p–p interactions and solvophobic effects (Fig. 1) (35).
By balancing out these positive interactions with electrostatic
repulsive contributions from charged Gd(III)–DTPA chelates,
the self-assembly yielded supramolecular oligomers of
controlled shape and size, whereas the introduction of fluori-
nated aromatics increased the aggregate stability by about an
order of magnitude (35,36). Because of their high stability and
hydrodynamic radius (RH) in the nanometer range (<5 nm), this
unique system is predisposed to be evaluated as a macromolec-
ular Gd(III)-based MRI contrast agent, most suitable for blood
pool imaging applications. Before in vivo experiments are
performed, the new system is characterized in vitro first to confirm
the high stability of the self-assembled nanoparticles and hence
their low aggregation concentration, as well as to establish
characteristic physical properties of the paramagnetic materials.
These investigations are crucial for the understanding of the
potential, as well as the limitations, of these unique contrast agents.

2. RESULTS AND DISCUSSION

The potency of a Gd(III)-basedMRI contrast agent to shorten the lon-
gitudinal (T1) relaxation times of water protons is referred to as
relaxivity, r1. Aggregates based on the Gd(III)–DTPA discotic have a
high ionic relaxivity [per Gd(III)] of 12mM

�1 s�1 in phosphate-
buffered saline (PBS) at 1.4 T (60MHz) and 37 �C (Fig. 2A) compared
with clinically approved Gd(III)–DTPA (r1 = 3.9mM

�1 s�1), and similar
relaxivities asmicelles (r1� 18mM

�1 s�1), liposomes (r1� 12mM
�1 s�1)

or dendrimers (e.g. Gadomer 17, r1 � 15mM
�1 s�1) (10–13,37).

Concentration-dependent relaxation rate (R1) measurements have
been shown to be a useful technique to study the aggregation
behavior of supramolecular systems, for example to determine the
critical aggregation of micelles, but also to study the self-assembly
of paramagnetic discotics (36). Upon dilution, the slope of the
profiles, defined as relaxivity r1, changes gradually, which is in line
with our previous investigations (36). Below 8mM discotic
concentrations [24mM Gd(III)], the presence of smaller oligomers
and monomers starts to dominate the self-assembly behavior and
the relaxivity values r1 drop below 8mM

�1 s�1 (Fig. 2B and Fig. S9

Figure 1. The self-assembly of fluorinated, paramagnetic Gd(III)–DTPA functionalized discotic amphiphiles into ordered supramolecular stacks of
controlled shape and size.

Figure 2. (A) The water proton longitudinal and transverse relaxation rates (R1 and R2) of the fluorinated Gd(III)–DTPA discotic plotted against the Gd(III) con-
centration, in phosphate-buffered saline (PBS) buffer (10mM, pH 7.4) at 1.4 T (60MHz) and 37 �C, and the relevant relaxivities r1 and r2 (the connecting lines are
only shown to guide the eye). (B) Zoom in of (A). (C) the NMRD profile fitted at higher proton Larmor frequencies (> 1MHz, see Supporting Information).
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in Supporting Information). It is important to note that no critical ag-
gregation concentration was observed, as expected for the self-
assembly mechanism dominated by an anti-cooperative effect (35).
Further insight into the most important parameters that deter-
mine the relaxivity of such self-assembled paramagnetic aggre-
gates was obtained from nuclear magnetic resonance dispersion
(NMRD) measurements. Fig. 2C shows a typical NMRD profile
expected for macromolecular Gd(III) chelates with a characteris-
tic peak at higher Larmor frequencies (corresponding to relevant
clinical field strengths between 20 and 60MHz), arising from the
restricted rotational motion of the self-assembled paramagnetic
metal complexes. The NMRD profile was fitted implementing the
Solomon–Bloembergen–Morgan theory with the Lipari–Szabo
model (13,37). The obtained parameters indicate that the inter-
nal flexibility of the macromolecular scaffold is high, which ham-
pers the overall relaxivity value (see Supporting Information).
This is in agreement with findings for covalent dendritic contrast
agents, but also paramagnetic micelles and liposomes (37).

We previously established that the stabilities of fluorinated
discotic amphiphile-based aggregates are exceptionally high:
even at micromolar concentrations, temperatures of more than
80 �C are needed to fully break up the ordered supramolecular
architectures. It is thereby obvious that the ordered noncovalent
scaffolds are much more thermodynamically stable than

conventional micelles and liposomes (35). Experiments in a
range of buffers, of different pH (5.5–9.0) and ionic strength
(<0.4 M) only showed marginal effects on the self-assembly be-
havior. In order to correlate these findings with in vivo results,
we expanded measurements into physiologically more relevant,
serum-like environments. Cryogenic Transmission Electron
Microscopy (Cryo-TEM) images of mixed solutions of Gd(III)–DTPA
discotic (1mM, 3mgml�1) and serum albumin (SA; 0.6mM,
40mgml�1) in PBS-buffered solutions (10mM, pH 7.4) showed
the presence of nanoparticles of very similar size as in buffered
solutions without SA (Fig. 3A and B). Furthermore, we have in
the past relied extensively on circular dichroism (CD) spectros-
copy to investigate the stability of and order in self-assembled
macromolecular objects. We have shown the formation of
ordered stacks (negative band at 269 nm) based on discotic
amphiphile (20 mM, 60 mgml�1) in buffered solutions of SA (up
to 7.5 mM, 0.5mgml�1; Fig. 3C) [The maximum of added protein
was limited by the interference of SA itself (negative CD band at
234 nm).]. Altogether both techniques confirm that, even in
presence of a large amount of SA, the nanometer-sized and
ordered noncovalent aggregates are still intact.
Further insight into potential interactions was obtained from

relaxation rate measurements in buffered SA and mouse blood
(Fig. 4A and B, see also Fig. S9). R1 measurements in both

Figure 3. Cryo-TEMmicrographs for self-assembled discotic amphiphile (1mM) vitrified at 25 �C in (A) phosphate-buffered saline (PBS) buffer (10mM, pH 7.4)
and (B) in a serum albumin PBS buffered solution (0.6mM, 40mgml�1); scale bar represents 50 nm; the dark, ill-defined spots, indicated by the black arrows,
are contamination from ice crystal formation. (C) Circular dichroism spectra for the discotics (20mM) in PBS buffer, and serum albumin-buffered solutions
(1.5 and 7.5mM).

Figure 4. (A) The longitudinal relaxation rates (R1) of the Gd(III)–DTPA discotic plotted against the Gd(III) concentration and the relevant relaxivties r1,
in mouse blood at 60MHz and 37 �C (the connecting lines are only shown to guide the eye). (B) Zoom in of (A). (C) Titration of Gd(III)–DTPA discotics
with serum albumin in phosphate-buffered saline (PBS) buffer at 60MHz and 37 �C (black triangles); titration of NaCl to a solution of Gd(III)–DTPA
discotics at a fixed concentration of SA (0.6mM) (red triangles; the connecting lines are only shown to guide the eye).
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solutions were nearly identical. The slight increase in relaxivity
measured over the whole concentration range compared with
the same measurements in PBS was surprising. We were able
to correlate this observation to a number of effects. First of all
the macromolecular content was increased significantly: control
experiments with poly(ethylene glycol) (PEG) as macromolecular
crowding agent in the same buffered conditions revealed that
excluded volume effects led to a shift towards lower aggregation
concentrations (Fig. S9), thereby enhancing the apparent stack
stability. Influences of the viscosity on the relaxivity were
excluded, since the addition of PEG to a fixed concentration of
discotic did not lead to any appreciable change in the relaxation
rate (Fig. S10). This was not the case for similar titrations using SA
(Fig. 4C). Via proton relaxation enhancement experiments, an
apparent complexation event was observed, which could be
screened electrostatically by increasing the ionic strength of
the buffered environment through the addition of NaCl (Fig. 4C)
(38). Combining the outcome of the latter set of experiments,
with the cryo-TEM and circular dichroism measurements, it was
clear that, at high concentrations of discotic, stable and

negatively charged stacks formed transient complexes with
positively charged residues on SA. At very low concentrations of
discotics, however, hydrophobic binding contributed to the
complexation as the fraction of free monomer increased. Knowing
the equilibrium constant for the supramolecular polymerization
process, and based on a discotic to SA affinity that was at least
an order of magnitude smaller, we constructed pseudo-phase
diagrams that depict the fraction of self-assembled material
against the fraction of discotic–protein complexes (Fig. S13). These
diagrams provide further evidence that, at low concentration of
Gd(III)–DTPA discotic, weak binding to SA leads to the unexpect-
edly high relaxivity values observed in blood or serum compared
with the same experiments in PBS buffer. This phenomenon in
turn ensures that the potency for contrast enhancement is
very high, even upon high dilution of the self-assembled imaging
agents. Altogether the in vitro characterization of the
supramolecular materials confirms the potential for in vivo
measurements.

In vivo experiments were carried out in mice, first of all to
determine blood circulation times. Macromolecular contrast

Figure 5. (A) Blood clearance kinetics of the supramolecular MRI contrast agents at two different concentrations of injected paramagnetic discotics.
Blood clearance kinetics of the discotics are represented by changes in ΔR1 compared with the baseline over time. For further details see Fig. S2. The
lines represent bi-exponential fits through the pooled data (n=3) for 1.2mmol Gd(III) and (n=2) for 0.6mmol Gd(III). (B)–(E) Maximum intensity projections of
3D head and neck angiograms acquired prior (B), 10, 20, 50min (C)–(E) after injection [1.2mmol Gd(III)]. (F) Normalized signal enhancement (NSE) plots for
three different concentrations of injected discotic [0.6, 0.9 and 1.2mmol Gd(III) per mouse in 200ml, n=3 for each dose; the connecting lines are only shown
to guide the eye; for clarity only the positive standard deviation is shown). (G) T1-weighted images of the abdominal region before (left) and 2h after (right)
injection [dose=0.9mmol Gd(III)].
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agents offer advantages with respect to low molecular weight
agents routinely used in clinics, not only owing to enhanced
relaxivities (or potency for contrast enhancement), but also
because of reduced clearance rates. This generally allows for
longer scanning times and higher resolution images, and avoids
the need for repeated injections of high doses of Gd(III).
Supramolecular contrast agents were injected at two different
concentrations in the same volume of 200ml [0.6 mmol and
1.2mmol Gd(III) per mouse, corresponding to 28.5 and 57mmolkg�1].
Blood clearance profiles revealed elimination half-lives of around 2
and 2.5h (Fig. 5A). Intriguingly, the injection at lower concentration
(1mM in discotic concentration, compared with 2mM) and the
resulting smaller size of self-assembled imaging agent (RH reduced
from 5nm to 3nm) (35) translated into faster clearance, a unique ad-
vantage over current technologies [e.g. covalent dendrimers (14)],
owing to the modular preparation of a supramolecular polymer.
These results strengthen our in vitro investigations and confirm the
high stability of the nanometer-sized noncovalent aggregates, now
also under in vivo conditions.

Based on the established blood circulation times we were
confident that the supramolecular contrast agents would allow
for high-resolution MRI, and more specifically contrast-enhanced
angiography of the mouse brain on a 9.4 T MRI scanner (Fig. 5B–E).
After injections of three different concentrations [doses of 0.6, 0.9
and 1.2mmol Gd(III) per mouse] the head and neck vasculature
were clearly visualized, and the main common small arteries and
veins could be identified (Figs S5 and S6). Even at the lowest dose
of 28.5mmol kg�1 Gd(III), the supramolecular contrast agent clearly
outperformed the clinical low-molecular-weight contrast agent
Gd(III)–DTPA [59.5mmol kg�1 Gd(III)]. Furthermore biodistribution
studies were performed. The obtained profiles were representative
of covalent dendritic macromolecules with similar hydrodynamic
diameter and surface functionality (39,40). Some of the injected
material was excreted via the kidneys, as also shown in the
abdominal MRI scan of the mouse (Fig. 5G), whereas the majority
accumulated in the liver and spleen, indicative of preferential
hepatic uptake (Fig. S8). Altogether the performance properties
of these supramolecular nanoscopic imaging agents matched
those of their covalent dendritic counterparts, with the added
advantage of a modular synthetic preparation and their inherent
dynamic nature, leading to disassembly by dilution. Hence, they
combine the best of two worlds and provide us with knowledge-
that is crucial in order to design the next generation of
supramolecular imaging agents for multimodal imaging applica-
tions, complementing high-resolution MRI with highly sensitive
radionuclide-based imaging modalities (9,41). Additionally, in the
case of patients with severe renal failure, some acyclic chelating
ligands have recently been linked to the release of free Gd(III),
possibly causing nephrogenic systemic fibrosis (42). Because
of this safety concern, the need for macromolecular scaffolds that
are inherently degradable and undergo faster excretion is even
more important in the development of nanoparticulate imaging
agents.

3. CONCLUSION

The supramolecular oligomerization of discotic amphiphiles,
bearing Gd(III)–DTPA chelates, has yielded a unique approach
for the self-assembly of paramagnetic dendrimer mimics, with
sizes in the 6 nm range. The stability and potency for contrast-
enhanced MRI has been demonstrated both in vivo and in vitro.

Blood circulation times have allowed high-resolution angiogra-
phy of the mouse brain vasculature at Gd(III) doses far below
those of clinical contrast agents. The high stability and slow
clearance rates, combined with their ideal size in the nanometer
range, provide a powerful platform for further developments in
molecular imaging. Supramolecular engineering will allow for
the manipulation of the dynamic scaffolds’ disassembly. Their
modular synthetic approach will facilitate the preparation of
multimodal imaging agents, including strategies for receptor tar-
geting. We envision that this self-assembled nanoprobe could
have potential implications for molecular imaging and therapy.
Supramolecular imaging agents are the youngest addition to
the fast growing field of supramolecular medicine.

4. EXPERIMENTAL

The synthesis and characterization of the fluorinated Gd(III)DTPA
discotic (MW=3184 gmol�1) has been reported previously (35).
Contrast-enhanced MRI was performed on a 9.4 T horizontal-
bore animal scanner (Bruker BioSpin, Ettlingen, Germany).
Six- to eight-week-old male C57BL/6 mice with a body weight
between 20 and 22 g were used (Charles River Laboratories,
France); the experiment protocol was approved by the Animal
Care and Use Committee of Maastricht (The Netherlands).

5. SUPPORTING INFORMATION

Supporting information can be found in the online version of
this article.
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