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Single-walled carbon nanotubes as anisotropic
relaxation probes for magnetic resonance imaging†
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We report on the preparation and characterization of magnetically oriented single-walled carbon
nanotube arrangements as novel nanoprobes to enhance anisotropically water relaxation as detected
by magnetic resonance imaging methods. SWCNT suspensions immobilized in agarose gels showed
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evident magnetic anisotropy with signiﬁcantly longer T2 in the parallel than in the perpendicular
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orientations.

Magnetic Resonance Imaging (MRI) has become one of the
most powerful tools in modern medical diagnosis because of its
non-invasive character, high inherent spatial resolution and the
possibility to enhance locally and specically image intensity
using appropriate paramagnetic or superparamagnetic contrast
agents (CAs). Most of the MRI CAs currently available are
chelates of paramagnetic metals of the rare earth series or
superparamagnetic iron oxide nanoparticles, the Gd(III) chelates
being the most widely used.1 In all these cases, the induced
relaxation of the water molecules surrounding the probe is
isotropic precluding the encoding of directionality in many
fundamental biological processes already detectable by molecular imaging.2,3
On these grounds, it would entail considerable relevance to
develop CAs in which the predominant molecular orientation of
the probe with respect to the external magnetic eld can be
inferred from the non-invasive MRI measurement. We have
previously shown that SWCNT suspensions are excellent
candidates for this purpose, since they orient parallel to the
external magnetic eld and induce faster translational diﬀusion
of water molecules moving along their longitudinal axis.4 Here
we extend this approach to describe the preparation,
a
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physicochemical and toxicological characterization of magnetically and chemically active SWCNTs by inducing anisotropic
water relaxation detectable by MRI.
In order to obtain suﬃciently soluble and functionalized
SWCNT preparations,5 suitable for diagnostic or therapeutic
applications,6 both nanotube length and chemical inertness of
the surface need to be optimized. In particular, CNT preparations are known to contain signicant amounts of paramagnetic metals7 and amorphous carbon derived from their
process of synthesis. These crude preparations must be puried
to remove unwanted paramagnetic impurities and amorphous
carbon, while preserving the highly organized SWCNT structure. Four major methods have been proposed for this purpose:
acid oxidation, gas oxidation, ltration, and chromatography.8,9
It is widely accepted that the content of nanotubes can be
increased selectively by oxidation, since the etching rate of
amorphous carbons is faster than that of nanotubes. Purication through acid treatment oen provides a complementary
method to oxidation. Acid treatment causes the ends and
sidewalls of the oxidized nanotubes to become functionalized
with carboxylic groups useful for further processing. However,
the acid management may eventually cause extensive disruption of the CNT nanotubular structure10 and defects in sidewalls,11–13 hampering further utilization. Optimization of this
process then becomes mandatory to preserve adequate nanotubular structure and properties and minimize its deleterious
eﬀects.
In this work, we report on an optimized nitric acid oxidation
protocol14 using as starting materials commercial single-walled
carbon nanotubes (Aldrich, 40–60%, prepared by chemical
vapour deposition, CVD), having initially diameters of 2–10 nm
and lengths of 1–5 mm contaminated with residual 17% Ni and
4% Y. We investigated systematically 24 and 48 h oxidation
times. A suspension of SWCNTs (200 mg) in HNO3 (25 ml) was
heated under reux. The reaction mixture was cooled and
diluted with deionized water (100 ml). The resulting suspension
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was centrifuged at 3000 rpm for 10 min and the precipitate was
resuspended in deionized water and placed in a dialysis
membrane to be washed until the pH reaches ca. 5.5. The dialyzed suspension was centrifuged to isolate the NTs which were
dried in a desiccator. TXRF analysis of the oxidized CNTs
showed residual paramagnetic metals of 3.2% Ni and 0.64% Y
or 5.9% Ni and 1.17% Y aer 24 or 48 hours of oxidation,
respectively (see ESI†). This behaviour has been previously
reported.17 Increasing the oxidation times further to 72 and 96 h
was not investigated since extensive decomposition was detected. TEM analysis revealed the classical carbon nanotubular
structure and SWCNT bundles, as well as some amorphous
carbon residues and metallic nanoparticles from the catalyst
(Fig. 1A). Individual nanotubes can also be observed using
Atomic Force Microscopy (AFM, Fig. 1B), allowing the determination of nanotube shortening along the nitric acid oxidation process (Fig. 1C). While untreated SWCNTs showed lengths
from 1 to 5 mm, nanotube preparations oxidized for 24 h showed
a length distribution between 200 and 700 nm, with the most
numerous components sized ca. 300 nm (Fig. 1D).
Raman spectroscopy was implemented to determine the
structural changes that oxidation could induce in the nanotube
preparations. Raman spectra (Fig. 2) showed the typical features
of SWCNTs: tangential modes (or G bands), radial breathing
modes (RBMs) and a D band. For the untreated SWCNTs the
split G band (1578 and 1585 cm1) and the G0 band (2500–2800
cm1) depicted high intensity, a sign of well-organized graphene. An additional peak at 1315–1325 cm1 (D band)15 is
present with signicantly lower intensity, roughly proportional
to the amount of amorphous carbon in the sample. This band
has also been previously assigned to disordered or sp3-hybridized carbons in the hexagonal framework of the nanotube
walls.15 In addition, two bands corresponding to the radial
breathing mode (RBM, around 145 and 160 cm1) are further

Fig. 1 (A) TEM image of SWCNTs after 48 hours of nitric oxidation (scale bar
represents 200 nm) shows high density of nanoﬁlament entanglements, (B)
typical AFM image of SWCNTs before oxidation, (C) typical AFM image of SWCNTs
after oxidation for 24 hours, and (D) histogram of SWCNT lengths from SWCNTs
oxidized for 24 h as obtained from AFM measurements. Note that the nanotube
length is conveniently shortened under these conditions.
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Fig. 2 Raman (upper panel) and IR (lower panels) spectra of untreated
commercial nanotubes (black) and nanotubes resulting from 24 h (red) and 48 h
(blue) oxidation times.

observed. Aer 24 h of oxidation, the intensities of the G and G0
bands remained high, revealing the maintenance of an
adequately organized graphene structure.16 Due to the heterogeneity of the SWCNT preparations and the microscopic Raman
determinations used, longer oxidation times could not be
directly related with the intensity of the D and G bands as
previously stated.17 However, the nanotubular structure is
clearly established not only by the G bands but also by the radial
breathing bands (RBM) at around 145 and 160 cm1. Untreated
SWCNTs present 49% of RBM/G ratio, while aer 24 h and 48 h
oxidation times the RBM/G ratio decreases to 20% and 17%
respectively (Fig. 2, upper panel). These features suggest that
24 h can be considered as an optimum compromised oxidation
time which allows SWCNTs with both carboxylic groups and
nanotubular structure suitable in the study of magnetic resonance anisotropy.
The IR spectra of the oxidized preparations conrmed the
presence of carboxylic groups through the presence of characteristic C]O and O–H stretching bands at ca. 1700 and
3200 cm1, respectively (Fig. 2, lower panel).
We investigated then the magnetic relaxation properties of
water in the diﬀerent preparations of untreated and oxidized
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SWCNTs. We previously reported that SWCNT preparations
depict a superparamagnetic character, mainly reecting the
presence of residual metal contaminants.4 Here, we measured
the T1 and T2 relaxation times (Bruker Minispec, 1.5 Tesla,
22  C) of water (3196  21 and 2667  3.9 ms) and homogeneously suspended oxidized SWCNT preparations (1 mg ml1)
in an aqueous solution of 2% sodium dodecylbenzene sulphonate (SBDS). T1 and T2 values in SWCNT suspensions (0, 24,
48 h) were (1301  8, 2049  5, 1425  5 ms) and (63  0.0, 292
 0.1, 139  0.1 ms), respectively. These results agree with
previous reports indicating a stronger eﬀect of unoxidized
SWCNTs in T2 than in T1, consistent with their superparamagnetic character.18 Notably, increases in the oxidation
time lead to signicant increases in the T1 and T2 relaxation
times of water of the oxidized SWCNTs as compared to the
untreated preparations, reecting most probably the progressive removal of paramagnetic contaminants along the oxidation
process. Increases in the relaxation times observed at 48 h were
smaller than at 24 h, a circumstance probably related to the
damaged nanotubular structure characterized previously by
Raman spectroscopy.
To explore the directional dependence of the magnetic
relaxation properties of SWCNTs, untreated SWCNTs (0.5 mg)
were suspended in 200 ml fetal calf serum (14 kW, 1 h, Soniprep
150 MSE, London, UK), and thoroughly mixed with an equal
amount of hot, melted, agarose (60  C, 0.5%, A6013 SigmaAldrich, St. Louis, MO, USA). The melted SWCNT agarose
suspension was then layered in an Eppendorf tube, on top of a
bed of previously solidied agarose (to minimize the amount of
SWCNTs required), and the whole arrangement was allowed to
cool down to room temperature overnight, while being placed
in the isocenter of a 7 Tesla horizontal magnet (Bruker Biospin,
Ettlingen, DE).
This protocol resulted in solid agarose gels containing in the
upper phase the immobilized SWCNT suspension, oriented in
the direction of the applied static magnetic eld B0, and in the
lower phase the solid agarose bed only. The Eppendorf tube was
then accommodated in a homemade goniometer (Fig. 3A)
which allowed the manual rotation of the tube with respect to
the external magnetic eld. We then obtained T2 maps (CPMG
sequence, TR: 5000 ms, TE: 12–600 ms) with the nanotube
preparation oriented in two orthogonal directions, either
parallel or perpendicular to the magnetic eld (Fig. 3B).
Notably, T2 values were found to be signicantly longer in the
parallel than in the perpendicular orientations (Fig. 3C). We did
not observe any anisotropy eﬀects in relaxation when plain
agarose suspensions were investigated, indicating that the
anisotropic eﬀects observed arise from the SWCNTs. This may
probably reect the larger magnetic susceptibility and local
magnetic eld of the nanotubes along their longitudinal
direction, inducing a larger increase in the T2 of water molecules located in the extremes of the nanotube than in those
placed at the sidewalls. Interestingly, the observed rotational
variation of T2 is larger in magnitude than the one previously
detected for the Apparent Diﬀusion Coeﬃcient (ADC) of water
in these preparations,4 suggesting that directional relaxation
measurements may provide a more sensitive method than
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Fig. 3 (A) Homemade PVC goniometer for MRI measurements of the angular
dependence of water relaxation in Eppendorf tubes containing solid, magnetically oriented SWCNT gels in the upper phase and solid agarose in the lower
phase. (B) T2 maps of untreated nanotube suspensions oriented parallel or
perpendicular to B0. Note the longer T2 in the parallel orientation. (C) Bar graph
showing pixel values of T2 in the parallel (red) and perpendicular (blue) orientations. (D) TEM image (200 kV) illustrating the predominant alignment of nanotube bundles along the static magnetic ﬁeld.

translational diﬀusion to infer molecular orientation. It should
be mentioned here that anisotropic relaxation eﬀects with a
similar magnitude to that reported herein for SWCNTs have
been previously reported for oriented collagen ber preparations, both in vivo and in vitro.19,20 This suggests that the SWCNT
preparations reported here may become eﬃcient probes for
anisotropy even in vivo, reaching similar values to those previously observed in endogenously available collagen bers.
Moreover, the detected changes in T2 between the two orthogonal orientations of SWCNT suspensions may be further
augmented either by increasing the concentration of SWCNTs
in the gel, increasing their intrinsic paramagnetic properties
introducing lanthanide ions21 and chelates, or by reducing the
nanotube entanglements that prevent the completely parallel
alignment of individual SWCNT structures along the magnetic
eld. To investigate this aspect, we observed the orientation of
the nanotube preparations under these conditions, using TEM
measurements. Fig. 3D shows a representative TEM image from
magnetically oriented SWCNTs, showing a predominant
orientation of the nanotube bundles parallel to the magnetic
eld, but also the presence of residual, insuﬃciently oriented,
entangled bundles precluding a complete and homogeneous
alignment of all nanotubular structures along the B0 eld.
Finally, we investigated in vitro the toxicity of the SWCNT
preparations (1–1000 mg ml1) oxidized for 24 h, as prepared in
this study, using the MTT and LDH release methods22,23 and
cultures of C6 cells (see ESI†). Briey, the MTT assay showed
increased formazan production in this range, an eﬀect
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previously reported to be due to a direct chemical reaction of the
SWCNTs with MTT, rather than to a reduced cellular viability.23
In fact, we observed no signicant increase in LDH release in
this concentration range suggesting no appreciable cytotoxicity,
as described earlier.23
In conclusion, in this Communication we presented a
systematic study on the preparation, physicochemical and
toxicological properties of SWCNTs oxidized for increasing
times, as directional relaxivity probes for MRI. Shortening graphene structure and T2 enhancement properties are shown to
be better aer 24 h than aer 48 h of oxidation. SWCNT
suspensions prepared in melted agarose gels can be conveniently oriented in an external magnetic eld exhibiting, aer
solidication by cooling, signicant anisotropic MRI relaxivity
properties in T2 with longer values in the parallel than in the
perpendicular orientations.
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