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Abstract: Ultrashort single-walled carbon nanotubes loaded with gadolinium ions 

(gadonanotubes) have been previously shown to exhibit extremely high T1-weighted relaxivities 

(>100 mM
-1

s
-1

). To further examine the effect of nanoconfinement on the relaxivity of 

gadolinium based contrast agents for magnetic resonance imaging (MRI), a series of ultrashort 

single-walled carbon nanotube (US-tube) materials internally loaded with gadolinium chelates 

has been prepared and studied. US-tubes were loaded with Gd(acac)3·2H2O, Gd(hfac)3·2H2O, 

and Gd(thd)3. (acac = acetylacetone, hfac = hexafluoroacetylacetone, thd = 

tetramethylheptanedione) The longitudinal relaxivities of the prepared materials determined at 

25°C in a 1.5 T field were 103 mM
-1

s
-1

 for Gd(acac)3·2H2O@US-tubes, 105 mM
-1

s
-1

 for 

Gd(hfac)3·2H2O@US-tubes and 26 mM
-1

s
-1

 for Gd(thd)3@US-tubes. Compared to the 

relaxivities obtained for the unloaded chelates (<10 mM
-1

s
-1

) as well as accounting for the T1 

reduction observed for the empty US-tubes, the boost in relaxivity for chelate-loaded US-tubes is 

attributed to confinement within the nanotube and depends on the number of coordinated water 

molecules. 

 

  



Nanoparticle based contrast agents offer great potential for producing multimodal or 

theranostic agents capable of multiple imaging techniques and drug delivery.(1) One 

nanoparticle platform that has received considerable attention consists of ultra-short carbon 

nanotubes (US-tubes) which are 20-80 nm in length and contain sidewall defects along the length 

of the nanotube.(2–4) These US-tubes are readily internalized by cells and have been shown to 

be non-cytotoxic, showing potential for intracellular imaging.(5,6) When filled with Gd
3+

 ions, 

the resulting “gadonanotubes” (GNTs) exhibit extremely high relaxivities up to 40 times greater 

than current clinical Gd
3+

-ion based MRI contrast agents.(3,7) According to classical Solomon, 

Bloembergen, and Morgan (SBM) theory, relaxivity is influenced by a number of factors, 

including the number of coordinated water molecules (q), the water exchange rate, the rotational 

and diffusional correlation coefficients, and the Gd
3+

-proton distances.(8) However, the source of 

the uniquely high relaxivities associated with GNTs is still not completely understood. It is 

theorized that some combination of the changes in rotational and diffusion correlation 

coefficients resulting from association with the US-tubes, as well as effects resulting from 

nanoscale confinement of the Gd
3+

 ions within the nanotube is responsible for the high 

relaxivity. In this regard, a recent study has shown that the confinement of Gd
3+

 ions within the 

US-tubes results in shortened Gd
3+

-proton distances in the GNTs, which  helps to explain the 

high relaxivity.(9) However, it is still uncertain how many exchangeable water molecules are 

coordinated to the Gd
3+

 ion within the GNTs. In this work, we explore the role of the local 

coordination chemistry within the US-tube environment in boosting the relaxivity of a series of 

aquated tris(β-diketonate)gadolinium(III) metal chelates in order to gain better insight into the 

factors affecting the relaxivity of the GNTs. 



To accomplish this goal, a method was needed for filling the US-tubes with Gd
3+

 ions 

while bypassing the pH-dependent lanthanide-ion chemistry associated with producing the GNTs 

from aqueous solutions of gadolinium chloride.(7) Although techniques for filling single-walled 

nanotubes with metallic species are known, many involve incorporation of the metal during 

synthesis or through capillary action of molten metal salts.(10,11) These techniques proved 

problematic when applied to the US-tubes, due to their short length and large numbers of 

sidewall defects. For this reason, we chose to use a solvent-based loading procedure to 

incorporate simple Gd
3+

chelates within the US-tubes.  

The β-diketonate chelates of Gd
3+

 with acetylacetone (acac) and its analogs 

hexafluoroacetylacetone (hfac) and 2,2,6,6-tetramethyl-3,5-heptanedione (thd) are well-studied 

chemical vapor deposition precursors.(12) The Gd
3+

 ion is 8-coordinate and forms a monomeric 

complex with three acac or hfac ligands and two water molecules, as confirmed by X-ray 

crystallography.(13,14) The thd ligand, due to the steric demand of the tert-butyl groups, forms 

as an anhydrous dimer with bridging oxygen atoms.(15) The differences in inner-sphere water 

coordination among these chelates (q=2 for acac and hfac; q=0 for thd) makes them ideal 

candidates to study the effect of q on the relaxivity of Gd
3+

 confined within the US-tubes. Due to 

their small size and hydrophobic nature, these Gd
3+

 chelates were expected to be retained within 

the US-tubes. Previous studies have indicated encapsulation of similar metal chelates is possible 

with both multi- and single-walled carbon nanotubes.(16,17)  

Loading of the tris(β-diketonate)gadolinium(III) chelates into the US-tubes was achieved 

by ultrasonication in methanol for 1 h. The loaded material, GdL3·xH2O@US-tube (L = acac, 

hfac, or thd) was filtered and washed with methanol until the filtrate was free of Gd
3+

, as 

determined by inductively-coupled plasma optical emission spectroscopy (ICP-OES, Figure S1). 



Analysis of the dried US-tube materials by ICP-OES indicated loading of 7.91, 4.45, and 7.73 

wt. % Gd for the acac, hfac, and thd metal chelate loaded samples compared to 4.36 wt. % Gd 

for the GNTs produced by loading aqueous gadolinium chloride. 

In order to help validate the stability of the GdL3·xH2O@US-tubes in biological media, 

challenges with phosphate buffered saline (PBS) and fetal bovine serum (FBS) were performed. 

Samples of these materials were incubated at 37° C with either PBS or 100% FBS at a 

concentration of 1 mg/mL for 1 h and 24 h. The US-tubes were then removed by centrifuge 

filtration and the filtrate was analyzed for Gd
3+

 by ICP-OES. In all cases, the gadolinium 

concentration was below the detection limit (<0.01 ppm), indicating no leakage of Gd
3+

. 

X-ray photoelectron spectroscopy (XPS) was performed on the samples to verify the 

presence of the Gd
3+

 chelates in the prepared materials (Table SI). All three metal chelate filled 

US-tube samples, as well as the GNTs prepared from aqueous GdCl3, showed signals for C(1s) 

(284 eV), O(1s) (533 eV) and Gd(4d) (144 eV), confirming the presence of Gd
3+

. In addition, a 

F(1s) signal was observed at 688 eV for the sample filled with Gd(Hfac)3·2H2O, confirming the 

presence of the fluorinated ligand. Due to the mild loading conditions and absence of other 

strong chelators, it is unlikely that the gadolinium chelates degraded or transmetallated during 

the loading procedure. Furthermore, detection of the ligand within the material suggests the 

chelate is intact, as free ligand would be removed during filtration and washing. 

High resolution transmission electron microscopy (HR-TEM) was used to further validate 

that the metal chelates were encapsulated in the interior space of the US-tubes. It is difficult to 

unambiguously determine if the metal chelates are truly encapsulated within the nanotube, or 

merely trapped within a bundle or adsorbed onto the external surface. However, as can be seen in 

Figure 1, the darker spots attributed to the increased electron density for the Gd
3+

 chelates are 



distributed at regular intervals along the length of the US-tube and do not appear to cover the 

sidewalls. Energy dispersive X-ray (EDX) spectroscopy analysis of the samples revealed the 

presence of Gd. For empty US-tubes, these dark spots were not observed, and similarly, the EDX 

spectroscopy showed no signal for Gd. These images, combined with the previously described 

biological challenges and material characterizations strongly imply that the metal chelates are 

encapsulated within the US-tubes. 

 

Figure 1: TEM and EDX data for Gd(acac)3•2H2O@US-tubes 

Having obtained evidence that the metal chelates are intact and encapsulated within the 

US-tubes, single point relaxivity measurements were then performed on the prepared materials at 

1.5 T. Relaxation times were obtained by an inversion recovery sequence and the longitudinal 

relaxivities (r1) were calculated from the equation 
 

      
 

 

    
         , where T1,obs is the 

relaxation time of the sample, T1,d is the relaxation time of the aqueous surfactant solution 

(0.17% Pluronic F-108) without sample, and [Gd
3+

] is the gadolinium-ion concentration. In 

addition to measuring the relaxivities of the prepared materials, relaxivities of the respective free 

Gd
3+

 chelates before loading into US-tubes were also determined. Since the Gd
3+

 chelates used in 



this study are lipophilic and insoluble in aqueous solutions, they were also suspended in 

surfactant for determination of relaxivity. 

As can be seen from Figure 2, the relaxivities of the individual Gd
3+

 chelates is less than 

5 mM
-1

s
-1

, consistent with clinically-used Gd
3+

 based contrast agents such as Magnevist 

(gadopentetate dimeglumine), Multihance (gadobenate dimeglumine) and Prohance (gadoteridol) 

, which have relaxivities ranging from 3-4 mM
-1

s
-1

 at 37°C and1.5 T.(18) However, upon loading 

the Gd
3+

 chelates into US-tubes, the relaxivities are dramatically enhanced by over an order of 

magnitude. In order to rule out the US-tubes as the source of the increased relaxivity, we then 

measured the water proton relaxation time of US-tubes which had not been filled with a Gd
3+

 

chelate. Given the absence of Gd
3+

, a relaxivity value cannot be calculated, but the T1 was 

determined to be 2.714 s, compared to 3.864 s for pure water. This modest reduction in T1 is 

likely due to remnant catalyst particles or carbon-based free radicals on the surface of the US-

tube and does not contribute significantly to the relaxivity of the Gd
3+

 chelate filled tubes; if a T1 

reduction of this magnitude had been associated with a 0.1 mM Gd
3+

 concentration (the 

approximate concentration in the metal chelate filled samples), the resulting relaxivity would be 

approximately 1 mM
-1

s
-1

.  



 

Figure 2: Relaxivity of Gd3+ chelates before and after loading into US-tubes. All samples were suspended in 0.17% Pluronic F-
108 and the T1 relaxation times were measured at 25°C in a 1.5 T field. Error bars represent one standard deviation from the 
mean. 

Further analysis of the relaxivities allowed the determination of the effect of the local 

coordination environment on the overall relaxivity of the construct. As previously mentioned, 

crystal structures of the three Gd
3+

 chelates have shown that the thd ligand forms an anhydrous 

complex, whereas the acac and hfac ligands form complexes with two water molecules in the 

primary coordination sphere.(13–15) Based on SBM theory, inner-sphere relaxivity is directly 

proportional to q, the number of coordinated water molecules.(8) This dependence is reflected in 

the difference in relaxivities between the US-tubes loaded with Gd(thd)3, which have a relaxivity 

of 26 mM
-1

s
-1

, and those loaded with Gd(acac)3·2H2O and Gd(hfac)3·2H2O, which have 

relaxivities of 103 mM
-1

s
-1

 and 105 mM
-1

s
-1

 respectively. Extrapolating from the data in this 

study, it can be estimated that the GNTs, which were determined to have a relaxivity of 140 mM
-

1
s

-1
, are likely to have on average three exchangeable water molecules in the Gd

3+
-ion 

coordination sphere. 



In conclusion, we have shown that the high relaxivity associated with Gd
3+

 chelates  

contained within US-tubes is related to the number of water molecules coordinated to the Gd
3+

 

ion, consistent with SBM theory. In doing so, it has been estimated that the GNTs in this study 

have a q of approximately 3. We have also eliminated the US-tube itself as the source of the 

observed high relaxivities, suggesting that the order-of-magnitude increase in relaxivity as 

observed between the free and encapsulated Gd
3+

 chelates is due to other factors described by 

SBM theory, such as changes in molecular tumbling rates or decreased Gd
3+

-proton distances 

due to nanoscale confinement.(9) Furthermore, we have demonstrated a technique for 

successfully loading Gd
3+

 chelates into US-tubes, which allows the creation of high relaxivity 

nanoconstructs without the dependence on Gd
3+

-ion  pH-dependent chemistry for retention 

within the US-tube.(7) This presents the opportunity to create multimodal imaging probes by co-

loading simple metal chelate compounds of radionuclides along with the Gd
3+

 chelates in order 

to add SPECT or PET functionality. The simple chemistry involved makes this technique widely 

applicable to many elements commonly used in medical imaging and therapy. In addition, the 

external surface of the US-tube may be functionalized to allow targeted delivery of the probe. 

Thus, further work should lead to development of new advanced probes for multimodal imaging 

using any combination of clinically-relevant imaging modalities. 
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