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Abstract 

The search for alternatives to Gd-containing magnetic resonance imaging (MRI) contrast 
agents addresses the field of Fe(III)-bearing species with the expectation that the use of an 
essential metal ion may avoid the issues raised by the exogenous Gd. Attention is currently 
devoted to highly stable Fe(III) complexes with hexacoordinating ligands, although they may 
lack any coordinated water molecule. We found that the hexacoordinated Fe(III) complex with 
two units of deferasirox, a largely used iron sequestering agent, owns properties that can 
make it a viable alternative to Gd-based agents. Fe(deferasirox)2 displays an outstanding 
thermodynamic stability, a high binding aƯinity to human serum albumin (three molecules of 
complex are simultaneously bound to the protein), and a good relaxivity that increases in the 
range 20–80 MHz. The relaxation enhancement is due to second sphere water molecules 
likely forming H-bonds with the coordinating phenoxide oxygens. A further enhancement was 
observed upon the formation of the supramolecular adduct with albumin. The binding sites of 
Fe(deferasirox)2 on albumin were characterized by relaxometric competitive assays. 
Preliminary in vivo imaging studies on a tumor-bearing mouse model indicate that, on a 3 T 
MRI scanner, the contrast ability of Fe(deferasirox)2 is comparable to the one shown by the 
commercial Gd(DTPA) agent. ICP-MS analyses on blood samples withdrawn from healthy 
mice administered with a dose of 0.1 mmol/kg of Fe(deferasirox)2 showed that the complex is 
completely removed in 24 h. 

 

 

 



Introduction 

Paramagnetic metal complexes were early identified as MRI contrast agents (CAs) for their 
ability to increase the relaxation rate of water protons in the regions where they distribute. 
(1−3) This property is assessed in vitro by measuring the relaxivity, i.e., the increase of the 
relaxation rate in the presence of 1 mM concentration of the metal complex. The 
paramagnetic ion of choice was the Gd3+ ion because of the high number of unpaired 
electrons (seven) and the relatively long electronic relaxation time. Therefore, Gd(III) 
complexes with linear and macrocyclic octadentate ligands were early selected, and 
nowadays about 40% of the clinical MRI scans make use of them. Their use is specifically 
recommended for the detection of small tumor lesions and for assessing liver abnormalities. 
The clinically used gadolinium-based contrast agents (GBCAs) are commonly administered 
intravenously at doses of 0.1 mmol/kg of patient weight. They were considered among the 
safest chemicals, but this statement has been recently challenged by two clinical 
observations, namely, (i) in the presence of renal impairment, a pathological condition 
(nephrogenic systemic fibrosis, NSF) was associated with the use of GBCAs, and (ii) tiny 
amounts of Gd-containing species were detected in the brain of patients, without evidence of 
renal excretion problems, undergone to the administration of one or more doses of GBCAs. 
(4−8) Although the latter observation has not been associated with any clinical consequence, 
it has nevertheless generated concern and prompted the probes’ developers to actively tackle 
research activities for seeking possible alternatives to GBCAs. (9−12) In the field of the 
relaxation enhancers, it has been rather straightforward to look at endogenous paramagnetic 
metal ions, such as Mn(II) or Fe(III), on the basis of the expectation that their homeostasis in 
living cells and organisms would allow avoidance of in vivo accumulation. (11) Actually, high 
kinetic and thermodynamic stabilities are still considered basic requisites for complexes 
based on endogenous metal ions. Regarding Fe(III) complexes, besides the request of stability 
(as the lack of any interference with the endogenous iron pool is considered an obvious 
advantage), one must avoid ROS-induced toxicity associated with iron redox cycling. This 
event normally occurs in systems with not suƯiciently negative Fe(III)/Fe(II) redox potentials 
(i.e., higher than −0.2 V). (13) Moreover, it was suggested that systems containing coordinated 
water molecules can facilitate redox chemistry processes at the metal center with the 
consequent formation of harmful oxygen-based radicals. (14) The latter condition is of course 
a limitation for the intended application as one cannot exploit the contribution to the relaxivity 
arising from water molecules in the inner coordination sphere that, on the basis of what 
known from the extensive studies carried out on GBCAs, represents an important source to 
the observed relaxation enhancement. In spite of the fact that most of the Fe(III) complexes 
can rely only on the contribution of water molecules in the second and outer coordination 
spheres, they are currently under intense scrutiny as potential MRI CAs. (13,15−19) 
Interesting systems based on biodegradable iron containing macromolecules, such as 
melanoidin and polycatechol nanoparticles, have been proposed. (20,21) Among several 
possibilities, much attention has been devoted to the Fe(III) complexes bearing ligands that 
are represented by clinically approved iron sequestering agents. (22−24) It is expected that 
the large array of information available on the good biocompatibility of the Fe(III) complexes 
formed in vivo upon the administration of these ligands may provide a good support for 
facilitating their clinical translation as MRI CAs. 



Herein, the in vitro and in vivo studies on Fe(deferasirox)2 are reported. Deferasirox (DFX) is 
one of the most used iron sequestering agents in thalassemic patients. (25,26) It is 
administered orally and easily passes to blood where it tightly binds to human serum albumin 
(HSA). Upon its long circulation lifetime, DFX is ready to eƯiciently chelate the Fe3+ ions in 
excess in the anatomical regions where it is distributed, by the formation of a 
hexacoordinated Fe(III) complex with two units of ligand (chemical structure in Chart 1). 

 

Interestingly, Fe(DFX)2 displays four negatively charged oxygens in the inner coordination 
sphere which may provide a corresponding number of sites for the setup of H-bonded water 
molecules in the second coordination sphere. It is worth noting that the Fe–H distance for 
such H-bonded second sphere water molecules is expected to be only slightly longer than the 
one shown by protons on an inner sphere water molecule. Analogous to the ligand, its metal 
complex strongly binds to HSA. (27,28) The latter property appeared interesting for the 
intended application, as the formation of a supramolecular adduct may allow the exploitation 
of the relatively long electronic relaxation time of the Fe3+ ion to generate a high relaxivity 
agent. The thermodynamic stability of the complex Fe(DFX)2 was reported to be extremely 
high (log B = 38.6), (29) and the excretion was shown to occur via the hepatobiliary and, to a 
lesser extent, the renal route. (30,31) As shown by previously reported speciation diagrams, at 
physiological pH, only the Fe(DFX)2 bis complex is present. (32) 

Results 

The three negatively charged [Fe(DFX)2]3– complex is easily formed by mixing 1:2 amounts of 
FeCl3 and deferasirox (4-[(3,5-bis(2-hydroxyphenyl)-1,2,4)triazol-1-yl]benzoic acid, DFX), as 
described in the Experimental Section. To improve the aqueous solubility, its salt with 
meglumine (N-methylglucamine, MGL) as counterion was prepared ([Fe(DFX)2] MGL3). In this 
paper, such compound was used for all the in vitro and in vivo experiments, and it is simply 
reported as Fe(deferasirox)2 or Fe(DFX)2. 

In Vitro Relaxometric Investigations 

The relaxivity (r1 and r2) values measured at 298 and 310 K, at 0.47 and 1 T, and in water and 
in human serum are reported in Table 1. The observed relaxivities remained unchanged over 
several days when the solutions were maintained at 310 K (Figure S6 of Supporting 
Information). The relaxivity of Fe(DFX)2 was constant over the pH range 6–10 (Figure S7). 
Furthermore, the observed relaxivities decreased upon increasing the temperature to show 
that their values were not “quenched” by the occurrence of a slow exchange of the involved 
protons. 

 

The absence of any contribution to the observed relaxivity arising from inner sphere water 
molecules coordinated to Fe(III) ion was assessed by carrying out the variable-temperature 
17O-T2-NMR experiment, in analogy to what was first proposed by Snyder et al. (13) As shown 
in Figure 1, when the 17O-T2-NMR data obtained at 14.1 T for a 20 mM solution Fe(DFX)2 are 
compared to those ones generated by two well-known complexes with q = 1 (Fe(CDTA)) and q 
= 0 (Fe(DTPA)), it is evident that Fe(DFX)2 behaves as a q = 0 system. 



 

More insights into the eƯect of the applied magnetic field strength on the observed 
longitudinal and transverse relaxivities were gained by measuring the NMRD profiles on a fast 
field cycling (FFC) relaxometer (Figure 2). 

 

In the cases of Gd(III) and Mn(II) based systems, NMRD profiles are commonly fitted to the 
values calculated on the basis of the Solomon–Bloembergen–Morgan (SBM) equations as, for 
these systems, it can be assumed that the Zeeman energy is much larger than the zero field 
splitting (ZFS) term. (33) Instead, for Fe(III)-based systems, SBM theory is likely not to be 
considered a valid approach given the high ZFS values reported for Fe(III) complexes. (34) 
Actually, not many examples of fitted NMRD profiles of iron-based systems have been 
reported in the literature. (35−38) Indeed, in a seminal paper from Bertini et al. the NMRD 
profiles of Fe(OH)63+ were fitted on the basis of the values calculated from the SBM theory, 
but that was the case of a highly symmetric system where ZFS is likely to be negligible. In the 
Fe(DFX)2 complex, the asymmetry introduced by substituting the six oxygens of coordinating 
waters with four oxygens and two nitrogens from the coordinating ligand is likely to lead to an 
increase in ZFS in analogy to what occurs with other iron-based compounds. 

Therefore, only qualitative considerations on the observed relaxivity data at variable magnetic 
field can be made for Fe(DFX)2. 

A key determinant for paramagnetic relaxation is represented by the number of exchanging 
protons that transfer the relaxation enhancement to the bulk water protons. In the case of 
paramagnetic complexes with q = 0 this role is ascribed to mobile protons present in the 
ligand or, more commonly, to the water molecules in the second coordination sphere. In 
Fe(DFX)2 no labile protons are present on the ligand and, therefore, the observed relaxivity is 
determined by the occurrence of water molecules in the second coordination sphere. This 
assumption is certainly valid in water, but in the case of the experiment in serum, one may not 
rule out the occurrence of the contribution arising from exchanging protons on HSA at the 
binding interaction sites of Fe(DFX)2. 

The broad “hump” shown by Fe(DFX)2 in serum in the high field region is determined by a 
complex interplay between the elongated τR, the electronic relaxation time (which increases 
with the magnetic field strength), and the exchange lifetime of second sphere water 
molecules. The latter exchange process is still fast on the NMR time scale as the relaxivity 
decreases upon increasing the temperature. The marked increase in r1 from 0.5 to 2 T 
observed in serum appears consistent with the view that the occurrence of a tight interaction 
between Fe(DFX)2 and HSA yields T1e to become crucial in the determination of the observed 
relaxivity. 

The binding strength to human serum albumin was investigated by measuring the relaxation 
enhancement of a phosphate buƯer solution (PBS) of Fe(DFX)2 upon the addition of 
increasing amounts of protein (Figure 3A). The number of binding sites on HSA can be better 
determined by measuring the observed relaxation rate with a fixed concentration of HSA and 
an increasing concentration of the paramagnetic complex (Figure 3B). 



The inflection point in Figure 3B indicates the ratio between Fe(DFX)2 and HSA where the 
protein is saturated by the paramagnetic complex, and thus it provides direct evidence for the 
number of binding sites. Inspection into the experimental data indicates that three Fe(DFX)2 
units bind, with very high aƯinity, to one molecule of HSA as the inflection point is observed at 
[HSA] = 0.6 mM and [Fe(DFX)2] = 1.8 mM. 

The titration reported in Figure 3A shows that the first aliquots of HSA bind almost 
quantitatively to the complex. The further increase in R1 at higher concentrations of HSA 
reflects the protein diamagnetic contribution to relaxation and the increase in the overall 
viscosity. The fitting of the experimental data according to the proton relaxation enhancement 
equations (see Supporting Information) aƯorded, for the three binding sites, an average 
apparent binding constant (Ka) of 2.8 × 105 M–1 and a relaxivity of the HSA-bound complex 
(r1b) of 3.8 mM–1 s–1 at 0.47 T and 298 K. 

More insights into the characterization of the binding sites were acquired by carrying out 
relaxometric experiments (Figure 4) in the presence of competitive ligands whose recognition 
abilities for specific binding sites on HSA are well-known. (39−42) The typical inhibitors used 
for each binding site were ibuprofen for subdomain IIIA (Sudlow site II), warfarin and 
iodipamide for subdomain IIA (Sudlow site I), and methyl orange for subdomain IB, 
respectively. Two inhibitors were tested for subdomain IIA, as previous studies on a HSA-
binding Gd-complex have suggested that, due to the large size of the binding site, it is possible 
that warfarin and the paramagnetic complex can bind simultaneously, while the larger size of 
iodipamide can displace the Gd(III) complex. (43) 

 

From these experiments (Figure 4A) it is clear that all the used competitors are able to yield a 
partial displacement of Fe(DFX)2 from albumin. It follows that the binding sites are localized 
in the subdomains IB, IIA, and IIIA, following the well-established description of albumin 
recognition properties. However, from the data reported in Figure 4A, one may note that the 
asymptotic value at high concentration of the competing ligand is not the same for the three 
sites. R1 is the lowest for methyl orange (IB) whereas the replacement of Fe(DFX)2 at site IIA 
by warfarin or iodipamide and at site IIIA by ibuprofen yielded similar, higher R1 values. Next, 
supplemental titrations were carried out in order to estimate the association constant of 
Fe(DFX)2 for each albumin binding site. Three titrations of Fe(DFX)2 with increasing 
concentration of albumin were carried out in the simultaneous presence of two of the 
competing drugs specific for the diƯerent principal binding sites (in a ratio of 1.5:1 with HSA) 
and leaving only one site free for Fe(DFX)2 interaction (Figure 4B). Fitting each of these profiles 
with the same PRE equations used in Figure 3A allowed calculation of the association 
constant and the bound relaxivity (r1b) for the binding site not occupied by the competitors. It 
follows that addition of ibuprofen and iodipamide enabled the quantification of the apparent 
binding constant for site IB, ibuprofen and methyl orange for site IIA, and iodipamide and 
methyl orange for site IIIA. The following results were obtained: site IB, Ka = 7.1 × 104 M–1 and 
r1b = 3.8 mM–1 s–1; site IIA, Ka = 5.9 × 104 M–1 and r1b = 3.5 mM–1 s–1; site IIIA, Ka = 1.9 × 104 
M–1 and r1b = 3.2 mM–1 s–1. 



From this set of experiments, it can be concluded that sites IB and IIA are the strongest ones 
for Fe(DFX)2 binding on albumin, while a slightly lower aƯinity has been observed for site IIIA. 
It must be noted that the Ka determined in the absence of any competing drug (Figure 3A) is 
approximately 4–5 times higher than the averaged Ka determined from the individual 
measurements for each binding site. This discrepancy can be likely ascribed to the fact that 
the competitors were added in excess (1.5 times) with respect to albumin. Whereas the latter 
choice was deemed necessary to push for a complete occupation of the given relative binding 
site, nevertheless it might give raise to unwanted eƯects in the determination of the respective 
Ka value. 

The values obtained for the relaxivity of Fe(DFX)2 bound to each of the three binding sites 
confirmed the qualitative trend reported in Figure 4A, as the highest r1b was observed for 
Fe(DFX)2 bound to site IB followed by those relative to sites IIA and IIIA, respectively. 

In Vivo Imaging Studies 

T1-weighted MR images were acquired on a 3 T scanner. To get a reliable picture of the overall 
performance of Fe(DFX)2 as MRI CA, the in vivo experiments were compared with the results 
obtained by administering Gd(DTPA) (Magnevist, gadopentetate dimeglumine) on the same 
mouse models at the same dose of 0.1 mmol/kg. At 3 T, Gd(DTPA) displays an in vitro relaxivity 
value, in water, not much diƯerent from Fe(DFX)2. (15) 

The in vivo experiments were carried out on mice (n = 6) bearing a TS/A breast tumor 
xenograft. In Figure 5 representative MR T1-weighted images of the TS/A-inoculated mouse 
pre- and postcontrast (Fe(DFX)2 and Gd(DTPA) are reported. Details on the changes in the 
signal intensities (SI) for the tumor regions and for selected organs are reported in Figure 6. 

 

 

In general, one may state that the contrast enhancement behaviors shown by Fe(DFX)2 and 
Gd(DTPA) were rather similar. Also, the wash-out kinetics as assessed by the return of the SI at 
the precontrast values were shown to be rather similar. 

Assessment of the Elimination of Fe(DFX)2 Complex from Blood 

The rates of elimination of Fe(DFX)2 or Gd(DTPA) from blood of healthy mice intravenously 
administered with 0.1 mmol/kg of contrast agent were determined through the ICP-MS 
analyses of Fe or Gd in blood samples collected from mice at diƯerent time points (Figure 7). 

 

 

The plasma specimens were extracted from blood and mineralized following the procedure 
described in the Experimental Section. The amount of residual heme iron present in the 
plasma (because of an unavoidable occurring slight RBCs lysis) was calculated by acquiring 
UV–vis absorption spectra (λ = 413 nm, Soret band) and subtracted from the overall iron 
amount measured by ICP-MS. The decrease of Fe(DFX)2 concentration in blood appeared to 
follow a slower kinetic with respect to that of Gd(DTPA). 



The concentrations of total Fe and Gd in plasma were 16% and 1.6% of the initial blood metal 
concentrations (1.25 mM at t0, calculated as 0.0025 administered mmol in 2 mL of mouse 
blood volume) at 1 h and 10% and 0.2% at 2 h after the administration, respectively. These 
values are fully consistent with those reported in a pharmacokinetic study carried out on 
Fe(DFX)2 where 12% of the injected dose was determined 1 h after injection. (31) The slower 
elimination rate of Fe(DFX)2 is indeed related to its blood-pool characteristics as albumin-
binding agent. 

Discussion 

The herein reported relaxation enhancement and the overall biodistribution/excretion 
properties of Fe(DFX)2 make this system a potential alternative to the currently used GBCAs. 
On a 3 T scanner, the observed SI enhancements in the tumor region, and in other body 
organs, were comparable to those brought about by Gd(DTPA), one of the most clinically used 
GBCAs. By considering that the NMRD profiles showed a marked increase of the relaxivity in 
the 1–2 T range of magnetic field strength, Fe(DFX)2 is expected to perform better than the 
current GBCAs at the most currently used field of 1.5 T available on clinical scanners. 

Of course, one of the main advantages of Fe(DFX)2 relies on its proven biocompatibility. The 
DFX ligand is daily used by a large number of thalassemic patients for its ability to extract iron 
ions that accumulate in their tissues upon the blood transfusions they need to undergo for 
their survival. Upon its action as a sequestering agent, DFX forms a highly stable complex with 
the metal ions provided by the iron pool. In the herein intended use, Fe(DFX)2 is synthesized in 
vitro and administered intravenously. When circulating in the body, it behaves as the complex 
formed in the case of the use of DFX as therapeutic agent, i.e., without any risk of interference 
with the homeostasis of iron or other metal ions as its remarkably high stability warrants 
against any metal release. If the choice of using the clinically employed deferasirox as ligand 
to chelate Fe(III) can be seen as a forerunner of good biocompatibility properties, one has to 
consider the relevant diƯerences from the clinical application of DFX and the herein 
suggested exploitation of Fe(DFX)2 as relaxation enhancer. The iron chelator DFX is in fact 
administered orally with a daily dose of 5–40 mg/kg (0.013–0.1 mmol/kg) corresponding to a 
maximum plasma concentration (Cmax) of 0.02–0.12 mM. (30) This range of values is well 
below the maximum concentration reached by GBCAs immediately after their intravenous 
injection. On the other hand, while the plasma concentration of GBCAs rapidly decreases 
after the injection, the prolonged retention in the bloodstream of Fe(DFX)2, due to its high 
plasma protein binding, allows for maintaining its contrast eƯect for longer times. It follows 
that the use of Fe(DFX)2 as MRI CA will have to be tailored to its peculiar properties. 

In plasma, three units of Fe(DFX)2 bind to one albumin. The involved sites on the protein were 
those classified as IB, IIA, and IIIA in the commonly accepted description of the HSA binding 
sites. (39−42) The competitive assays showed that the decrease of relaxation enhancement 
observed when Fe(DFX)2 is replaced by the competing ligand is site-specific. In each 
experiment the attained relaxivity is, of course, the sum of the relaxation enhancement 
brought by the paramagnetic agent in the two noninvolved sites plus the contribution from the 
released Fe(DFX)2. The observation that when the complex is displaced from the site IB, R1 is 
the lowest implies that this site provides a large contribution to the overall r1 of Fe(DFX)2 
bound to HSA. This conclusion is also supported by the values of r1b calculated when 



Fe(DFX)2 is bound to each of the three binding sites, with IB > IIA > IIIA being the order of 
bound-relaxivities. This caveat may guide the design of site-specific binders to HSA for 
attaining higher relaxivities. 

Furthermore, Fe(DFX)2 is highly robust to any redox chemistry at the iron center. It is a very 
weak oxidizing agent (above pH 6, E1/2 = −0.58 V), and reduction to Fe(II)(DFX)2 is not 
anticipated under physiological conditions. (32) 

Moreover, its stability further supports the view that it will not generate any toxicological 
issues. This property was also at the basis of the proposal of analogous approaches done by 
other groups in the use of highly stable metal complexes (including other sequestering agents 
such as deferoxamine). (22−24) The obvious advantage of Fe(DFX)2 is its good relaxivity that 
is, in serum, the highest ever reported for a q = 0 Fe(III)-complex. 

Fe(DFX)2 binds very tightly to HSA to form a 3:1 supramolecular adduct. The binding to 
albumin appears to cause the structuring in the second coordination sphere proton network. 
Likely, the second sphere water molecules are H-bonded at the negatively charged, 
coordinating phenoxide oxygens and their correlation time is aƯected by the lifetime of the 
undergoing H-bonds. In this context, it appears quite reasonable that the water molecules 
trapped in the supramolecular adduct with HSA are much less mobile than the water 
molecules in the free complex. It follows that the reorientational motion of the second sphere 
water molecules becomes relevant to determine the relaxivity enhancement when the 
magnetic field strength is increased. The exploitation of the lengthening of T1e was a common 
practice in the case of slowly moving GBCAs displaying relaxivity peaks at around 1 T where 
the correlation times for the electronic relaxation of Gd(III) ions approach the value of the 
molecular reorientational time (for HSA bound complexes, τR is the range of 3–20 ns). (44,45) 
Very recently, a system based on a Fe(III) ion coordinated to three catecholate ligands bearing 
a rhodamine moiety on their surface was reported to display, through the binding to HSA, 
relaxometric enhancement properties similar to the ones herein reported for Fe(DFX)2. (46) 

As mentioned above, the assignment of the observed relaxation enhancement for Fe(DFX)2 in 
serum to the closest protons on second sphere water molecules may represent an 
oversimplification as likely other mobile protons on the protein in the proximity of the 
interaction site may contribute. The involved protons (whatever is their origin) are in fast 
exchange with the bulk solvent as demonstrated by the decrease of the observed relaxivity 
upon the increase of the temperature. At 298 K, the relaxivity of the Fe(DFX)2/HSA adduct is 
3.8 mM–1 s–1 at 0.47 T, but it becomes 5.7 mM–1 s–1 at 2 T. It was reported that the tumor 
extracellular matrix (ECM) may be particularly rich in albumin as this protein is the main 
energy and nutrition source for tumor growth and it has been proposed as biomarker of 
cancer. (47) This may explain the good SI (and relatively long wash-out) shown by Fe(DFX)2 in 
the tumor region. 

Currently, the idea of using iron-based MRI CAs is actively pursued by radiologists through the 
oƯ-label applications of ferumoxytol, a drug designed for supplying iron to anemia-patients. 
Ferumoxytol consists of ultrasmall superparamagnetic iron oxide nanoparticles (USPIONs) 
whose mediated proton relaxation rate enhancement is strongly dependent on 
compartmentalization of the agent. (48) There is an obvious analogy between the use of 



ferumoxytol and the herein proposed Fe(DFX)2 approach as both aim to exploit systems that 
are already part of the clinical practice. Although the relaxation enhancement eƯect of 
ferumoxytol is definitively good, its intravascular confinement related to higher size makes 
ferumoxytol a poor choice as replacement for GBCAs because it could take hours to days for 
lesion enhancements. 

Conclusions 

Fe(DFX)2 appears as a good candidate to be considered as an alternative to the currently 
used GBCAs because of its high biocompatibility profile shown upon its in vivo formation 
when DFX is used as an iron-sequestering agent. Our work added Fe(DFX)2 with important 
relaxometric and imaging properties that are at least equivalent but, at the magnetic field 
strength of 1.5 T, possibly even superior to those shown by the clinically used GBCAs. 
Furthermore, one may think of designing other systems based on the coordination cage of 
DFX with the introduction of substituents that may allow an improved control of the mobility 
of the second sphere water molecules, thus maintaining the interesting field-dependent 
properties shown by Fe(DFX)2. 

Experimental Section 

General 

Deferasirox was purchased from Advanced Chemblocks Inc. Magnevist (gadopentetate 
dimeglumine, Gd(DTPA)) was purchased from Bayer S.p.A. All the other chemicals were 
purchased from Sigma-Aldrich Co. and were used without further purification. pH 
measurements were made using an AS pH meter equipped with a glass electrode. 
Chromatographic purification was performed using an AKTA purifier equipped with a UV-900 
system, P-900 pump, frac-920 fraction collector, and a Sephadex G-10 resin column. Mass 
spectra were recorded on a Waters 3100 mass detector (direct infusion with H2O/CH3OH 
2:1). HPLC analyses were carried out on a HPLC-Waters Alliance separation module with a 
2998 PDA detector. 

Synthesis of Iron Complexes 

[Fe(deferasirox)2]3– 

An amount of 75 mg (0.2 mmol, MW = 373.73) of 4-(3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-1-
yl)benzoic acid (deferasirox, DFX) was suspended in water (100 mL), basified to pH 9 with a 5 
M aqueous solution of N-methyl-d-glucamine (meglumine, MGL), and heated at 60 °C under 
magnetic stirring until complete dissolution. An amount of 3.04 mL of a 25 mM aqueous 
solution of FeCl3 (0.076 mmol) was added dropwise while maintaining pH 8 with MGL 5 M. 
The mixture was heated at 60 °C for 1 h under magnetic stirring. The product was purified by 
chromatography on Sephadex G-10 resin using water as eluent. The fraction containing the 
pure product was evaporated and freeze-dried. An amount of 75 mg of a red solid was 
obtained. Anal. Calcd for C63H77FeN9O23·5H2O: C, 51.33; H, 5.95; N, 8.55. Found: C, 51.47; 
H, 5.72; N, 8.59. 

The product was also analyzed by adjusting a method reported in literature (43) on a HPLC-
Waters Alliance separation module with a 2998 PDA detector and using an Atlantis RP-C18 



column. Eluent: 35% buƯer (ammonium acetate 50 mM, tetrabutylammonium hydrogen 
sulfate 10 mM), 45% methanol, 20% acetonitrile. Wavelengths: 225 and 467 nm. Retention 
time: 2.7 min (Figures S2 and S3). 

Mass spectra in direct infusion yielded C42H27FeN6O8 ESI-MS (−): m/z calcd 798.13 [M – H]−, 
found 798.34; m/z calcd 398.58 [M – 2H]2–, found 398.76 (Figure S1). 

The speciation diagrams for Fe(HnDFX)n at three diƯerent metal/ligand concentrations (20 
μM/40 μM; 200 μM/400 μM; 1 mM/2 mM) reported in Figure S4 were made by HYDRA and 
MEDUSA programs. (49) 

[Fe(DTPA)]2– and [Fe(CDTA)]− 

The meglumine salts of the complexes were prepared following the procedures reported in 
literature and dissolved in neat water for the 17O-R2-NMR experiments. (15) 

Relaxometric Measurements 

Observed longitudinal relaxation rates (R1obs = 1/T1obs) values were determined by inversion 
recovery at 21.5 MHz and 25 °C using a Stelar SpinMaster spectrometer (Stelar s.r.l, Mede 
(PV), Italy). Temperature was controlled with a Stelar VTC-91 airflow heater and the 
temperature inside the probe checked with a calibrated RS PRO RS55-11 digital thermometer. 
Data were acquired using a recovery time of ≥5 × T1 and with 2 scans per data point. The 
absolute error in R1obs measurements was less than 1%. 

R2 values were measured by using the Carr–Purcell–Meiboom–Gill (CPMG) sequence on a 
Bruker WP80 NMR electromagnet (21.5–80 MHz). Data were acquired using echo delay of 
8000 ms and with 4 scans per data point. 

The iron concentration of the investigated solutions of the Fe(DFX)2 complex was determined 
by the procedure reported in literature. (50) The iron complex containing solutions were mixed 
in a 1:10 ratio with 69% HNO3 and heated in sealed vials at 120 °C overnight to yield a solution 
of Fe3+ aqua ion. The R1obs of the solution was measured at 298 K and 21.5 MHz and the 
concentration determined using the equation R1obs = R1d + r1pFe [Fe], where R1d is the 
diamagnetic contribution (0.48 s–1) and r1pFe is the Fe3+ aqua ion relaxivity (18.47 mM–1 s–1) 
under the same experimental conditions. The iron concentration of the complexes was 
confirmed by ICP-MS analysis. 

Longitudinal relaxivity (r1) values reported in Table 1 were calculated as slope of the lines 
correlating observed relaxation rates measured at pH = 7.4, 298 K, or 310 K (0.47 T or 1 T) as a 
function of Fe(DFX)2 concentration. An example (298 K, 0.47 T) of these plots is reported in 
Supporting Information (Figure S5). 

Stability experiments were performed measuring the R1obs values at 25 °C and 21.5 MHz over 
several days, while the phosphate buƯer and human serum solutions of the complex were 
stored in sealed tubes at 37 °C. 

The interaction of the iron complex to human serum albumin (HSA) was studied using the 
proton relaxation enhancement (PRE) method (equations in Supporting Information). Namely, 
the apparent binding constant (Ka) and the relaxivity of the adduct (r1b) were determined by 



measuring R1 values of Fe(DFX)2 (0.56 mM) as a function of increasing HSA concentration 
(0.05–2 mM) in PBS at 298 K, 21.5 MHz, pH 7.4 (Figure 3A). On the other hand, the number of 
binding sites was identified through the relaxometric titration of albumin solutions, at a fixed 
concentration of 0.6 mM, with increasing Fe(DFX)2 concentrations (0.02–4.5 mM), Figure 3B. 

Two sets of competitive experiments were carried out for the identification and 
characterization of the binding sites on human serum albumin. For the experimental data 
reported in Figure 4A, the R1 values of solutions containing Fe(DFX)2 (0.6 mM) and HSA (0.2 
mM) as a function of increasing concentration of the added competitors were measured in 
PBS at pH 7.4, 298 K, 21.5 MHz. For the titrations reported in Figure 4B, R1 values were 
measured for solutions of Fe(DFX)2 (0.56 mM) as a function of increasing HSA concentration 
(0.05–2 mM) in the presence of pairs of competitors in a ratio 1.5:1 toward HSA in PBS at pH 
7.4, 298 K, 21.5 MHz. 

NMRD Profiles 

NMRD profiles were obtained using a Stelar SpinMaster FFC NMR relaxometer from 0.01 to 20 
MHz. Additional data in the 20–120 MHz frequency range were obtained with a high field 
relaxometer (Stelar) equipped with the HTS-110 3 T metrology cryogen-free superconducting 
magnet and a Bruker WP80 NMR electromagnet (21.5–80 MHz), both equipped with a Stelar 
VTC-91 for temperature control; the temperature inside the probe was checked with a 
calibrated RS PRO RS55-11 digital thermometer. Aqueous and human serum solutions of the 
complex were measured at 25 and 37 °C. 

17O-R2-NMR Measurements 

O17-NMR measurements were recorded at 14.1 T on a Bruker Avance 600 spectrometer at 
variable temperature, with a D2O capillary for sample locking. Samples contained 1% of 
H217O (Cambridge Isotope) and the Fe(III) complexes (20 mM Fe(DFX)2, 20 mM Fe(DTPA), 
and 4.5 mM Fe(CDTA)). The width at half-maximum (Δωdia) of the H217O signal in pure water 
was measured over the investigated temperature range and subtracted from the width at half-
maximum (ΔωFe) of the test solutions containing the Fe-complexes. Then, R2 was calculated 
as follows: R2 = π[ΔωFe – Δωdia]. To compare the diƯerent profiles, R2 values were 
normalized to 20 mM concentration of Fe(III)-complex. 

Cell Culture and Animals 

TS/A murine breast cancer cells were derived at the University of Torino from a spontaneous 
mammary adenocarcinoma which arose in a retired breeder BALB/c female. They were grown 
in RPMI (Roswell Park Memorial Institute) 1064 medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 2 mM glutamine, 100 U/mL penicillin, and 100 μg/mL 
streptomycin. Cells were seeded in 75 cm2 flasks at density of approximately 5 × 104 
cells/cm2 in a humidified 5% CO2 incubator at 37 °C. At confluence, they were detached by 
adding 1 mL of trypsin–EDTA solution (0.25% (w/v) trypsin-–0.53 mM EDTA). Cells were 
negative for mycoplasma as tested by using the MycoAlert mycoplasma detection kit. Cell 
media and supplements (RPMI, FBS, glutamine, pen/strep, MycoAlert mycoplasma detection 
kit) were purchased from Lonza Sales AG-EuroClone SpA, Milano (IT). In vivo experiments 
were carried out by using 10-week-old female Balb/C mice (Charles River Laboratories, 



Calco, Italy). Mice were kept in standard housing (12 h light/dark cycle) with rodent chow and 
water available ad libitum. Experiments were performed according to the Amsterdam 
Protocol on Animal Protection and in conformity with institutional guidelines that are in 
compliance with national laws (D.L.vo 116/92, D.L.vo 26/2014, and following additions) and 
international laws and policies (2010/63/EU, EEC Council Directive 86/609, OJL 358, Dec 
1987, NIH Guide for the Care and Use of Laboratory Animals, U.S. National Research Council, 
1996). This study was carried out in the framework of a protocol approved by the Italian 
Ministry of Health (authorization number 808/2017-PR). For tumor-model preparation, mice 
were anesthetized via an intramuscular injection of tiletamine/zolazepam (Zoletil 100; Virbac, 
Milan, Italy) 20 mg/kg plus xylazine (Rompun; Bayer, Milan, Italy) 5 mg/kg using a 27-gauge 
syringe. Approximately 3 × 105 TS/A cells were suspended in 0.1 mL of phosphate buƯer 
solution and subcutaneously injected into each leg of mice (n = 6). Two tumors were 
implanted into each mouse to double the number of analyzed tumors. Animals were weekly 
monitored by calipers for changes in tumor size. 

MRI Acquisition and Data Analysis 

MR images were acquired 15 days after the tumor inoculation, with tumor dimension in a 
range of 80–120 mm. (3) For administration of Gd(DTPA) (0.1 mmol/kg) or Fe(DFX)2 (0.1 
mmol/kg) an intravenous catheter was inserted in the tail vein of the animal under anesthesia, 
before positioning inside the MR scanner. MR images were acquired with a Bruker BioSpec 3T 
MRI GmbH scanner (Bruker Biospin, Ettlingen, Germany) equipped with a 30 mm 1H 
quadrature coil at room temperature (RT = 21 °C). T1W images were acquired using a standard 
multislice multiecho sequence with the following parameters: repetition time (TR) 200 ms; 
echo time (TE) 11 ms; flip angle = 180°, number of averages = 4, field of view (FOV) 30 mm × 30 
mm, slice thickness 1 mm; matrix size, 256 × 256. T2W images were acquired using a 
standard RARE (rapid acquisition with refocused echoes) sequence with the following 
parameters: TR 3000 ms; TE 12 ms; FOV 30 mm × 30 mm; slice thickness 1 mm, flip angle = 
180°, number of averages = 4, RARE factor 32; matrix size 256 × 256. A series of T1-weighted 
MSME scans were acquired before and after the intravenous administration of the contrast 
agents to follow the kinetics of biodistribution. 

The T1 contrast enhancement (T1 enh %) was calculated as follows: 

 

 

 

 



where SI(ROI)post and SI(ROI)pre are the signal intensities in the regions of interest (both 
normalized by dividing for signal intensity in muscle taken as reference) post- and preinjection 
of both contrast agents. 

Assessment of the Elimination of Fe(DFX)2 Complex from Blood 

The kinetics of Fe(DFX)2 and Gd(DTPA) removal from the blood were assessed by ICP-MS 
quantification of the Gd and Fe content in the plasma. For this purpose, after the intravenous 
injection of one dose (0.1 mmol/kg) of Fe(DFX)2 or Gd(DTPA) to healthy mice (n = 3 for each 
time point), blood was collected from mice tail veins at variable time points (t = 30 min, 1 h, 4 
h, 24 h). Blood was centrifuged for 7 min at 2300 rpm, RT, to separate and collect the plasma 
fraction. 

An aliquot of plasma was used for measurement of Gd or overall (heme and not-heme) Fe by 
inductively coupled plasma mass spectrometry (ICP-MS). Another part was used for 
quantification of heme iron by UV–vis spectroscopy through the measure of the absorbance at 
λ = 413 nm (Soret band) by using a 6715 UV–vis spectrophotometer Jenway (Bibby Scientific 
Limited, Beacon Road, Stone, StaƯordshire, ST15 OSA, U.K.). The heme iron concentration 
was calculated based on a previously obtained calibration curve in which the absorbance at λ 
= 413 nm was plotted against the iron concentration measured by ICP-MS in plasma samples 
collected from mice which were never received Fe(DFX)2 (Figure S8). 

Before ICP-MS analysis, plasma samples were digested with concentrated HNO3 (70%) under 
microwave heating (Milestone MicroSYNTH microwave lab-station, Milestone Inc., Bergamo, 
Italy). After the digestion, an amount of 2 mL of ultrapure water was added to each sample. 
The specimens were then subjected to ICP-MS analysis (Element-2; Thermo-Finnigan, 
Rodano (MI), Italy) to measure the concentration of Fe and Gd with respect to standard 
curves. The total iron content was subtracted by the heme iron to assess the eƯective plasma 
concentration of iron derived from Fe(DFX)2 complex. 
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