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ABSTRACT

An amphiphilic gadolinium (1ll) chelate (GdL) was synthesized from commercially available stearic acid. Aqueous solutions of the complex at

different concentrations (from 1 mMto 1  uM) were prepared and adsorbed on multiwalled carbon nanotubes. The resulting suspensions were
stable for several days and have been characterized with regard to magnetic resonance imaging (MRI) contrast agent applications. Longitudinal

water proton relaxivities, r;, have been measured at 20, 300, and 500 MHz. The r, values show a strong dependence on the GdL concentration,
particularly at low field. The relaxivities decrease with increasing field as it is predicted by the Solomon —Bloembergen —Morgan theory. Transverse
water proton relaxation times, T, have also been measured and are practically independent of both the frequency and the GdL concentration.

An in vivo feasibility MRI study has been performed at 300 MHz in mice. A negative contrast could be well observed after injection of a
suspension of functionalized nanotubes into the muscle of the leg of the mouse.

Magnetic resonance imaging (MRI) is one of the most relaxation times of water protons. Positive contrast agents
powerful diagnostic techniques in clinical medicine for in are G&" complexes in majority and provide brighter images,
vivo assessment of anatomy and biological functiéRI whereas negative contrast agents are mainly superparamag-
is based on the property of mainly water hydrogen nuclei to netic iron-oxide nanoparticles and produce darker iméages.
precess around an applied magnetic field. By applying radio The efficiency of an MRI CA is expressed in terms of its
frequency pulses and magnetic field gradients, the relaxationrelaxivity (r12), defined as the paramagnetic relaxation rate
processes through which they return to their original aligned enhancement referred to 1 mM concentration of the agent.
state can be exploited to give an image. The contrast of theThe clinically used G# complexes have low relaxivities.
image is related to various physical parameters, such as thelo increase their efficacy, the number of &dons should
local differences in spin relaxation kinetics along the be increased. Relaxivity is strongly dependent on the
longitudinal (spin-lattice relaxation timeT,) and transverse ~ molecular motion, hence on the size and rigidity of thé'Gd
(spin—spin relaxation timeT>,) planes of the main magnetic  chelate. In the recent years, various macromolecular carriers
field applied to the specimen. Paramagnetic contrast agentshave been explored, involving proteihdendrimers, linear
(CA) are frequently used to enhance the image conirast. polymers water-soluble fullerenespr micellar structure¥’
They reducd; (positive agents) and/dr, (negative agents) Carbon nanotubes are ultrasmall cylinders of few mi-

" . . — — crometers in length and several nanometers in diameter,

e e EhmaC eI exclusively made of carbon atorisRecently, we have
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stable suspensions in water. We report herein the first
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Figure 1. Carbon nanotubes noncovalently functionalized by amphiphili&"@tielates.

Scheme 1. Synthesis of the Amphiphilic ¥ from Stearic Acid.
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of carbon nanotubes by amphiphilic &cthelates and their  suspension. For MWNT/GdL solutions af0.05 mM GdL
effect on water proton relaxation in vitro and in vivo. The concentration, longitudinal and transverse relaxation rates
reagent (L) synthesized in this work is composed of (i) a were measured with inversion recovery and E#&urcell-
lipid chain capable of surface adsorption on the nanotubesMeiboom-Gill (CPMG) techniques, respectively, at proton
via van der Waals interactions and (ii) a DTP4oolar head Larmor frequencies of 20 MHz (Bruker Minispec), 300 MHz
to suspend multiwalled carbon nanotubes (MWNT) in (Varian NMR spectrometer Inova, Palo Alto, CA and Bruker
aqueous solution and chelate GdFigure 1). This system  Biospec spectrometer, Wissembourg, France), and 500 MHz
is water compatible, Gd ions are complexed to a strong (Bruker Avance NMR spectrometer, Wissembourg, France)
chelator (DTPA) preventing toxicity concerns, and they are and 25°C. The relaxation rate measurements were reproduc-
present on the entire surface of the nanotubes (and not onlyible with independent samples.
around side-wall defecf§)making it directly accessible to The longitudinal proton relaxivities,;, measured at the
water molecules and easily adjustable. different GdL concentrations and frequencies are presented
The bifunctional reagent L was prepared in three steps in Figure 2. The relaxities are calculated according;te
from commercially available stearic acid (Scheme 1) and a (1/Tiobs — 1/T14ia)/Cca, Where 1Tiops and 1Migia are the
DTPA-derivativé® (see Supporting Information). Solutions observed and the diamagnetic relaxation rates, Gagdis
of GdL (0.8 equiv of Gé&" per L) at different concentrations  the concentration of GdL in mM. The values show a strong
(from 1 mM to 1uM) were prepared in water at pH 7.8 dependence on the GdL concentration, particularly at low
using GdC4. One mL of each solution was added to 1 mg field. The relaxivities decrease with increasing field as it is
of MWNT (Aldrich, 0.5—2 um in length) and sonicated for  predicted by the SolomerBloembergen-Morgan theory of
3 min to obtain suspensions. Solutions of MWNT/GdL at paramagnetic relaxatioh.This decrease becomes more
GdL concentrations0.05 mM were found to be less stable; important as the concentration of GdL is decreasing, which
therefore, they were not further investigated. This result is indicates that the rotational motion becomes slower with
in accordance with previous observations that showed thatdecreasing GdL concentration. It should be noted that the
the presence of micelles is a key step for the formation of nanotubes solubilized with L but without &dhave no
stable supramolecular assemblies on the nanotube sitface. detectable influence on the longitudinal relaxation of water
For an amphiphilic G# chelate bearing a £hydrophobic protons. We can rationalize these observations in terms of
chain, a critical micelle concentration (cmc) of 0.06 MM has an aggregation phenomenon. This aggregation is more
been reporteéf and we can expect a value in the same range significant in solutions with lower GdL concentration where
for GdL. Concentrations around and above the cmc seem tothere are not enough negatively charged complexes adsorbed
be required for the surfactant to keep the nanotubes inon the nanotube surface to efficiently prevent aggregation.
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Figure 2. Longitudinal proton relaxivities of MWNT/GdL solutions at GdL concentrations of 1.0 (diamonds), 0.5 (squares), 0.1 (triangles),
and 0.05 mM (circles), 28C.

Similar aggregation phenomena were previously proved to Table 1. Transverse Relaxation Time$( ms) of MWNT/
exist in aqueous solutions of water soluble gadofullerenes GdL at Different Frequencies and GdL Concentrations

and were responsible for their elevated relaxivities. Frequency
The proton relaxivities are particularly high at 20 MHz [GdL] 20 MHz 300 MHz 500 MHz
with 0.1 and 0.05 mM GdL concentrations: 34.5 and 50.3
mM~1 s71, respectively, in comparison to 4.7 mi4 for 1 mM 13.8 ms 8.5 ms 10.8 ms
. . 0.5 mM 13.4 ms 9.8 ms 12.0 ms
GdDTPA (Magnevist), a clinically used Gdbased contrast 0.1 mM 114 ms 3.8 ms 18.7 ms

agent under the same conditions. On the other hand;;the 0.05 mM 12.7 ms 9.8 ms 13.5 ms
values measured at 0.5 and 1.0 mM GdL concentrations at

20 MHz are relatlvely_ IOW (12.9 and 11'8_ mms_l)' The Table 2. Transverse Relaxation Time$,( ms) of MWNT/L at
low r; values seem to indicate that the flexibility of the polar 3009 MHz and Different L Concentrations

head containing the Gdis very important for these systems

and seriously limits the relaxivities. It is interesting to note Frequency
that for an amphiphilic chelate also with as&hain that (L] 300 MHz
forms micelles in aqueous solution, a relaxivity of 20.8 MM 1mM 13.7 ms
st was measured at 20 MHz and 26.16 A similar value 0.5 mM 16.5 ms
could be expected for a micellar solution of GdL without 0.1 mM 21.2 ms
MWNT. The different relaxivity observed for GdL in the 0.05 mM 12.4 ms

presence of the nanotubes proves that the GdL complexes
are not present in the form of micelles but they are indeed These results led us to measure the transverse relaxation
adsorbed on the nanotubes. Unfortunately, the effectivetimes T, of suspensions containing MWNT and the am-
motion of the G@" chelates in these structures seems to be phiphilic ligand L at various concentrations without any
much faster than in the micelles, which results in the lower Gd**. The values obtained were in the same range as those
relaxivity. measured in the solutions containingGdTable 2).
Transverse relaxation timeg,, have also been measured Consequently, thd, effect is exclusively related to the
on these samples at three different proton Larmor frequen-presence of the suspension of carbon nanotubes and inde-
cies: 20, 300, and 500 MHz (Table 1). Thgvalues at all pendent of G&". Carbon nanotubes can be viewed as giant
frequencies and any GdL concentrations are remarkablyconjugated molecular wires with a conjugation length cor-
lower than that of pure water, and they are practically responding to the length of the tube that create strong
independent of both the frequency and the GdL concentra-inhomogeneities and potential magnetic susceptibility ef-
tion (8.5-13.8 ms for MWNT/GdL versus 2500 ms for fects!® The electronic states of a carbon nanotube form one-
water). dimensional electron and hole sub-bands, separated by an
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Figure 3. MRI images of the MWNT/GdL complex with different weightings and concentrations measured at 300 MHz. (a) Rho-weighted
SE TR/TE= 15 s/10 ms, (b)l;-weighted SE TR/IR/TE= 15 s/1 s/10 ms with hypersignal for the Gd concentrated complexT.c)
weighted SE TR/TE= 15 s/33 ms with hyposignal for the concentrated Gd complex, andfeveighted with relative signal intensity

as panel ¢ GE TR/TE= 15 s/9 ms, FOV= 5 cm, final 256x 256 matrix resolution.

Figure 4. T,*-weighted gradient echo sequence with breath triggering. Coronal in vivo MR image of the muscle of the mouse legs after
MWNT/L injection (left leg, white arrow) and lipid L injection (right leg, black arrow).

energy gap. States near the energy gap are predicted to haveeference proton density image, where all MWNT/GdL
an orbital magnetic moment, which is much more significant samples and the water reference sample have a high-intensity
than the Bohr magneton. This magnetic moment, generatedsignal. In the T;-weighted image, the nanotube samples
by the motion of electrons around the circumference of the containing higher GdL concentration are in hypersignal
tube, was proposed to be the origin of the magnetic compared to the water reference sample (Figure 3b). On the
susceptibility of carbon nanotub&s®In fact, carbon nano-  other hand, in th&,- andT,*-weighted images (Figure 3c,d,
tubes have a significantly larger orientation-averaged sus-respectively) the tubes with higher GdL concentrations
ceptibility on a per carbon basis than any other form of appear in hyposignal, as predicted by theand T, values
elemental carboff. The importantT, effect observed in the  previously measuredT,* values were too small to be
nanotube solutions can be likely related to these phenomenaguantified (suggesting a short value inferior te ) ms).
However, the exact mechanisms involved are not explored Clearly, theT, andT,* effects are predominant as compared
yet, and gaining such a mechanistic insight is far beyond to the T, effect. A sufficient T, contrast would require

the scope of the present study. considerably high GdL concentrations (her®.1 mM in
In the objective of assessing the potential of this nanotube/ vitro). ConsequentlyT, weighting was privileged for further
GdL assembly with respect to an applicationfasind/orT, in vivo experiments.

MRI contrast agent, in vitro MRI experiments were recorded  To evaluate the efficiency of this novel system for in vivo
on proton density,T;, T,, and T,* weighted contrast at  applications, preliminary experiments were performed by
300 MHz on an MRI spectrometer. Figure 3a displays a injecting 50uL of the less concentrated suspension (MWNT/L
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at L concentration of 0.05 mM) into the muscle of the leg References

of anesthetized mouse (BALB/c, 25 g, male, Janvier, France).
Five mice were intramuscularly injected. MRI studies were
performed in agreement with the French guidelines for
animal care. As it is clearly visible in Figure 4, a negative
contrast is easily detected as a dark area (white arrow) at
the site of injection. When 50L of a solution of the lipid

L alone (at identical concentration as above, but without
nanotubes) were injected, no contrast appeared (black arrow).
Similar results were obtained if a suspension of MWNT/L
was injected in the liver (image not shown). These nano-
materials were well tolerated by the mice. No apparent side
effects were observed during the injection, immediately or
days after the experiment. Indeed, 100% survival of the
animals was obtained after more than 1 month.

In summary, we report the first example of carbon
nanotubes noncovalently functionalized by amphiphilic GdL
chelates as potential MRI contrast agents. The functionalized
nanotubes proved to be simultaneously powerful positive and
negative CA. Experiments are in progress to evaluate the
influence of parameters like the concentration and the nature
of carbon nanotubes on thg and T, relaxation times.
Furthermore, their use as potential contrast agent for in vivo
applications is also under investigations.
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