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Abstract

We report the design and synthesis of self-assembling dual-modality molecular probes containing
both a fluorophore for optical imaging and a metal ion chelator for imaging with MRI or
radionuclide methods. These molecular probes can spontaneously associate into spherical
nanoparticles under physiological conditions. We demonstrate the use of these supramolecular
nanoprobes for live-cell optical imaging, as well as their potential use as MRI contrast agents after
complexation with gadolinium. Our results suggest that self-assembly into supramolecular
nanoprobes presents an effective means to enhance and tune the relaxivities of molecular probes.

Self-assembly of a simple molecular building unit can yield complex supramolecular
architectures with new functions that the individual unit does not carry.! This strategy has
been used to create a plethora of interesting nanoscopic and microscopic morphologies from
block copolymers,2~4 small molecular amphiphiles, 126 peptides,”~12 proteins,13 and
DNA.14.15 The specific control over the size, shape, surface chemistry, and degradation
kinetics provides supramolecular nanostructures with the unique capacity for use as carriers
to deliver therapeutic or diagnostic agents.16-19 In this carrier—cargo approach, the self-
assembling units are typically biocompatible and biodegradable but biologically inert
molecules that do not possess any function beyond ensuring the specific delivery and
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controlled release of the functional units. On the other hand, the functional molecules to be
delivered, e.g. drugs, or molecular probes, are not expected to contribute to the self-
assembly process. Here we report the use of dual-modality molecular imaging probes to
directly create self-assembling supramolecular nanoprobes with the capacity for both optical
and magnetic resonance (MR) imaging.

Nanoparticles that have been used to image cancers have several advantages over individual
molecular probes.20-24 First, nanoparticles can be accumulated at tumor sites through the
enhanced permeability and retention (EPR) effect, 2549 which consequently increases the
signal-to-noise ratio.28 Second, nanoparticles can generate signal amplification and enhance
the sensitivity.2” Third, nanoparticles can be a platform for multiple functions, with
components either incorporated within or through surface modification, which could enable
superior pharmacokinetics and/or active targeting.28:29 Here we report the design and
synthesis of supramolecular dual-modality nanoprobes by self-assembly of amphiphilic
building blocks containing a fluorophore and a metal ion chelator. In the context of
molecular imaging, each imaging modality offers its own advantages and disadvantages in
terms of sensitivity, spatial resolution and depth of tissue penetration.30:31 Optical imaging
with the fluorescence aspect of the probe has high sensitivity, while MR is widely used
clinically for detection and therapeutic monitoring of cancer.32 Multi-modality probes could
provide complementary information, enabling both pre-operative staging and real-time,
image-guided surgery for the management of cancer.33-3% In this work, we demonstrated
live-cell fluorescence imaging of self-assembled nanoprobes in KB-3-1 human cervical
cancer cells and assessed their feasibility to serve as contrast agents for MR imaging.

The self-assembly illustration of two dual-modality amphiphilic probes, [Gd(I11)]-1 and
[Gd(111)]-2, and their molecular structures are shown in Scheme 1. The amphiphilic nature
of probes 1 and 2 stems from incorporation of both hydrophobic n-alkyl chains on the N-
termini and the hydrophilic domain on the C-termini. The fluorophore 5-carboxyfluorescein
(5-FAM) and MR contrast moiety — the gadolinium complex of 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (Gd-DOTA) — were introduced through a
reaction with a lysine residue present on the probe and the activated ester of the
corresponding imaging agent. The amphiphilicity of these two probes is expected to enable
them to spontaneously self-assemble into nanostructures in an aqueous environment,
forming core—shell micelles with a hydrophobic core and hydrophilic moieties outside. The
negatively charged dipeptide and the flexible linker on the C-terminal also improve the
solubility, preventing aggregation and non-specific association with proteins and cells.

Probes 1 and 2 were synthesized using a standard Fmoc-based solid phase peptide synthesis
protocol using selectively protected lysine residues for functional group incorporation
(details can be found in Fig. S1 in the ESIT). The chelation of probes 1 and 2 with Gd3* was
conducted in water at pH 10-11 and at 80 °C for 2 hours in the presence of an excess of
GdCl3.36:37 Gadolinium complexes were purified using reverse-phase HPLC to remove
excess gadolinium salt, and the products were characterized using mass spectrometry and
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analytical HPLC (Fig. S2T). Due to the coordination of Gd3* to carboxylic acid groups on
the chelator, DOTA, the negative charge on DOTA was partially neutralized to ensure
longer retention times on HPLC of the complexes compared to the un-complexed substrate.

Transmission electron microscopy (TEM) was used to characterize the morphology of the
self-assembled nanostructures in PBS at pH 7.4. Representative TEM images of 1 and 2 and
their gadolinium complexes [Gd(I11)]-1 and [Gd(I11)]-2 at 500 uM in PBS are shown in
Fig. 1. The dominant features are uniformly distributed nanospheres with average diameters
of 7.8+1.2nm,8.2+1.0nm, 10.9+ 1.9 nmand 10.7 £ 1.4 nm for 1, 2, [Gd(II1)]-1 and
[Gd(111)]-2, respectively. The amphiphilic nature of these molecules suggests that the
nanospheres observed in the TEM images are likely core—shell micelles. The diameters of 1
and 2 are approximately twice those of their respective extended chain lengths, which are
4.7 and 5.0 nm, respectively. The diameter of nanospheres formed from 2 is slightly larger
than that of 1 possibly due to the extra lysine residue in 2. The difference of micelle sizes
after complexation likely results from a change in the ionic charge status. Upon
complexation, DOTA is partially neutralized and thus the repulsion between the headgroups
would be reduced, so that more amphiphilic molecules can pack to fit into a spherical
shape.38 It is possible that at much higher concentrations other morphologies such as
cylindrical micelles could be accessed as a result of minimizing system free energy to
achieve an optimal headgroup area.

Cellular uptake studies were carried out to evaluate the feasibility of live-cell fluorescence
imaging using KB-3-1 human cervical cancer cells incubated with probes 1 and 2. Flow
cytometry histograms indicate that cellular uptake of both probes was time and
concentration dependent (Fig. 2(A)—(D)). The geometric mean of the signal intensity of 1
increased with the sample concentration and incubation time, while for 2 the signal intensity
of cells reached a plateau after one hour and slightly decreased at longer incubation times
and at higher sample concentrations (Fig. S3 and S4T). That decrease in the fluorescence
intensity may be due to fluorescence quenching after signal saturation upon the highly
efficient cellular uptake of 2. Fluorescence images of KB-3-1 cells after 2 hours of
incubation with 1 (200 uM) and 2 (50 uM), with concentrations higher than their respective
critical micelle concentrations (CMC) (vide infra), are shown in Fig. 2(E) and (F). The
images indicate that the insertion of 2 into the cell membrane is much more efficient than
that of 1, which was quantified via flow cytometry (Fig. SST). Probe 2, although studied at a
lower concentration of 50 uM, showed approximately 25-fold higher cellular uptake than 1
when studied at the higher concentration of 200 uM. It should be noted that although the
concentrations of 1 and 2 used in these experiments were well above their respective CMC
values, the solutions actually comprised a mixture of monomers with assembled micelles
due to the dynamic nature of supramolecular assemblies. The dramatic difference in the
cellular uptake efficiency suggests that it is the chemical structure of the monomers (one
hydrocarbon vs. two hydrocarbons) that draws the contrast in cell membrane accumulation
and cellular internalization. Since both molecules are expected to be negatively charged
under physiological conditions, cellular uptake should occur primarily by virtue of
membrane insertion through the hydrophobic alkyl chains, which have previously been used
to modify the N-terminal of cell penetrating peptides in gene and drug delivery
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systems.39-42 Therefore, it is reasonable that, with two alkyl chains on the N-terminal, 2
demonstrated higher cellular uptake than 1. Confocal imaging (Fig. S6T) showed that 1 had
entered the cytosol, while 2 was mainly membrane-bound. Cytotoxicity studies of 1 and 2
were carried out using sulforhodamine B (SRB) staining.*3 As shown in Fig. s7,T almost no
effects on the cell viability were observed at concentrations up to 200 uM for 1 and 50 uM
for 2 after incubation for 20 hours.

Proton Ty relaxation times were measured to study the relaxivities of the metallated versions
of 1 and 2. MRI of different concentrated solutions of [Gd(I11)]-1 and [Gd(I11)]-2 in PBS at
pH 7.4 was performed on an Aspect M2 1T MRI scanner (Shoham, Israel) at room
temperature. A standard inversion recovery sequence was used for the Ty measurements.
MR images for 13 and 10 different values of TI (time of inversion), ranging from 15 to 4500
ms and 50 to 6000 ms, were acquired for [Gd(I11)]-1 and [Gd(I11)]-2, respectively. As
shown in Fig. 3(A) and (B), enhancement of relaxation rates (s™1) over PBS is plotted
against probe concentrations (mM). Relaxivities of the monomer () and self-assembled
nanoprobes ( 5) were determined from the slopes of linear fits. The CMCs were calculated
based on two relaxivities, as described in the ESI, giving rise to 125 and 14 uM for
[Gd(I11)]-1 and [Gd(I11)]-2, respectively. When the probe concentration fell below the
CMC, the contribution to enhancement of the relaxation rate was mainly from the non-
assembled, monomeric molecular contrast agent. As soluble molecules, the nature of
[Gd(I11)]-1and [Gd(II1)]-2 was similar, therefore the measured monomer relaxivities I of
4.3 and 4.2 mM~1s71 for [Gd(I11)]-1 and [Gd(l11)]-2 were comparable to those of other
single molecular Gd-DOTA contrast agents reported, ranging from 3.5 to 4.8 mM~1 57144

We found that the self-assembly of molecular contrast agents into supramolecular
nanoprobes could significantly enhance the water proton relaxation rates. Micelle
relaxivities » of 7.8 and 14.3 mM~1 s™1 were obtained for [Gd(I11)]-1 and [Gd(111)]-2,
respectively. Given their supramolecular nature, these self-assembled nanoprobes are in a
dynamic equilibrium with the monomeric molecular contrast agents (monomers), but the
monomer concentration would remain constant at concentrations above the CMC.38 The
relaxivity of self-assembled micelles 5 measured above the CMC represents the relaxivity
of the self-assembled nanostructures.?> [Gd(I11)]-2 exhibited a greater increase in micelle
relaxivity over monomer relaxivity than that of [Gd(I11)]-1. This difference can be well
explained by the denser packing of [Gd(I11)]-2 in the micellar state because it contains two
hydrophobic alkyl tails, which led to a larger aggregation number and a higher total mass for
[Gd(I11)]-2 micelles than that of [Gd(I11)]-1 micelles. The higher molar mass of micelles of
[Gd(111)]-2 slows the micelle rotational correlation time greater than for [Gd(I11)]-1, which
is known to increase the relaxivity of contrast agents.#6-48 These results demonstrate that
higher relaxivity can be achieved via self-assembly of nanoprobes to serve as MR contrast
agents that are superior to the individual molecular probes. This increase in relaxivity can be
engineered through careful design of the components of the self-assembling nanostructures.

The CMCs of 1 and 2 were also determined through fluorescence measurements. For both 1
and 2, maximum emission fluorescence intensities increased approximately linearly with
increasing concentrations initially and then decreased when the concentrations increased
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further (Fig. S81). The transition of the emission maximum occurred at concentrations above
130 uM and 15 uM for 1 and 2, respectively, consistent with the CMC values measured
from the aforementioned MR studies. Those transitions can be attributed to the formation of
self-assembled nanostructures. When monomers self-assemble into micelles, the fluorophore
is packed within and partially quenched and the fluorescence signal plateaus with increasing
concentration. The decrease of the fluorescence signal was due to both the inner filter effects
at high concentrations and the scattering from the increased number of micelles. In addition,
peak positions of emission spectra of both probes exhibited red shifts with increasing
concentration, and the shifts occurred to a greater extent above the CMC, indicating the
local environmental change of the 5-FAM fluorophore. The CMC value of 2 was lower than
that of 1, simply because 2 is more hydrophobic, which can drive self-assembly at lower
concentrations and also yield more stable supramolecular structures in an aqueous
environment.

Conclusions

In summary, we report the synthesis of two amphiphilic dual-modality nanoprobes, each
containing a fluorophore and a Gd-DOTA complex, which self-assemble into
supramolecular nanostructures. Live-cell imaging studies suggest that these nanoprobes can
effectively label cells with the assistance of their incorporated alkyl chains. The negatively
charged surface of the resulting micelles causes no cytotoxicity at concentrations higher than
the CMC for either nanoprobe. Self-assembly of the probes into nanostructures increased the
probe relaxivity, potentially providing superior contrast agents to conventional,
unimolecular probes. All of these properties are controlled by design rules incorporated into
the component building blocks. Our results demonstrated that multi-modality probes can be
designed to self-assemble into supramolecular nanostructures that have imaging properties
superior to those of the independent components. Synthesis of nanoprobes with different
sizes, shapes and surface modifications as well as in vivo evaluation of the resulting
constructs are under way. And clearly, since supramolecular assemblies are a function of the
assembly conditions, their stability in circulation and responsiveness to environmental
changes would pose a great challenge in the fundamental design of supramolecular
nanoprobes.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
TEM images of self-assembled probes 1 (A), 2 (B), [Gd(I11)]-1 (C) and [Gd(I11)]-2 (D) at

500 uM in PBS at pH 7.4. TEM samples stained using a 2 wt% uranyl acetate aqueous
solution to enhance the imaging contrast. Scale bars are 50 nm.
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Fig. 2.
Representative flow cytometry histograms of KB-3-1 cells incubated with 1 and 2 to

demonstrate the concentration and time dependence. (A) Probe 1 (0-200 uM) and (B) probe
2 (0-50 uM) for 2 hour incubation. (C) Probe 1 (200 pM) and (D) probe 2 (50 pM) for 0.5,
1, 2 and 4 hour incubation. Representative fluorescence images of KB-3-1 cells after
incubation with probe 1 (200 uM) (E) and probe 2 (50 uM) (F) for 2 hours. Scale bars are 20
pm.
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Fig. 3.
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The plots of the reciprocals of the T, relaxation time versus concentrations of [Gd(I11)]-1
(A) and [Gd(I11)]-2 (B) in PBS at pH 7.4 (25 °C, 1 T). Longitudinal relaxivities rq were
determined from the slope of the linear fits. The CMC of each probe was calculated based
on relaxivities of the monomer ( 1) and self-assembled nanoprobes ( 75).
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Scheme 1.

(A) Rational design of self-assembling, dual-modality molecular probes containing four
essential elements: a hydrophobic domain to promote self-assembly in aqueous
environments, a fluorophore for optical imaging, a chelator to enable complexation with
metals, such as gadolinium (Gd) for MR contrast, and a hydrophilic headgroup. These
amphiphilic molecules are designed to self-assemble into spherical nanoparticles. (B)
Chemical structures of the two probes used in the study: [Gd(I11)]-1 and [Gd(I11)]-2.
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