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ABSTRACT: A metal organic polyhedron (MOP) with four paramagnetic Fe(III) centers was studied as a magnetic resonance im-

aging (MRI) probe. The MOP was characterized in solution by using EPR and UV-vis spectroscopies, FT-ICR mass spectrometry, 

and in the solid state with single crystal x-ray diffraction. Water proton T1 relaxation properties were examined in solution and showed 

significant enhancement in the presence of human serum albumin (HSA). The r1 relaxivities in the absence and presence of HSA 

were 8.7 mM-1s-1 and 21 mM-1s-1, respectively, per molecule (2.2 and 5.3 per Fe) at 4.7 T, 37 °C. In vivo studies of the iron MOP 

show strong contrast enhancement of blood pool even at a low dose of 0.025 mmol/kg with prolonged residence in vasculature and 

clearance through the intestinal tract of mice. The MOP binds strongly to serum albumin and shows comparable accumulation in a 

murine tumor model as a covalently linked Gd-HSA contrast agent. 

INTRODUCTION 

      Gd(III) coordination complexes have been successfully de-

veloped as contrast agents for clinical magnetic resonance im-

aging (MRI) procedures.1-3 Control over the bio-distribution of 

the Gd(III) complexes is accomplished by modulating charge 

and lipophilicity through incorporation of functional groups on 

ligand structures.4-7 This approach has produced contrast agents 

that are utilized in nearly 40% of clinical MRI procedures.8 

Gd(III) complexes were originally examined because of their 

favorable proton relaxation properties. Gd(III) has seven un-

paired electrons (S = 7/2) with slow electronic relaxation at-

tributed to a symmetric S electronic ground state. In addition, 

the coordination sphere of Gd(III) can accommodate multiple 

exchangeable water ligands with exchange rates (kex =106-108 

s-1) that are favorable for enhancement of T1 water proton relax-

ivity at magnetic field strengths used in clinical MRI.7 How-

ever, concerns of gadolinium deposition and nephrogenic sys-

temic fibrosis9-14 from these MRI contrast agents has sparked a 

resurgence in the development of alternative contrast media 

which rely on transition metals in place of Gd(III).  

      The corresponding shift in focus towards high-spin Fe(III) 

and Mn(II) metal centers has created a need for new ligand scaf-

folds that are better suited to stabilize these paramagnetic cen-

ters.15-17 Both high-spin Fe(III) and Mn(II) have five unpaired 

electrons (S = 5/2) and are potentially suitable replacements for 

Gd(III) in terms of electronic relaxation rates. However, 

whereas the preparation of Mn(II) contrast agents with ex-

changeable water ligands is feasible, the smaller ionic size of 

Fe(III) and correspondingly large Lewis acidity makes it more 

difficult to design contrast agents which rely on water ligand 

exchange to increase relaxation rates, especially for 6-coordi-

nate Fe(III). Analogous to Gd(III) agents, transition metal con-

trast agents may enhance proton relaxivity through several dis-

tinct mechanisms including exchange of inner-sphere water, 

second-sphere or outer-sphere water or by exchange of ligand 

protons.18  

      Fe(III) coordination complexes utilizing polyaminocarbox-

ylate scaffolds, EDTA and DTPA have been reported as MRI 

contrast agents but, despite an exchangeable inner-sphere wa-

ter, the Fe(III) complexes demonstrated lower r1 relaxivity than 

their Gd(III) counterparts in solution and were used at higher 

concentrations in vivo.19 More recent examples of Fe(III) com-

plexes with diaminocyclohexyl backbone and a combination of 

carboxylate and heterocyclic donors show enhanced relaxivity 

in solution.19-21 Interestingly, the latter class of complexes un-

dergoes dimerization upon deprotonation of bound water lig-

ands which has been proposed as a means to track pH.22 Mac-

rocyclic chelates of triazacyclononane with alcohol pendants 

have been tailored towards the smaller Fe(III) ion.23-25 These 

complexes have well-defined solution chemistry and MRI stud-

ies of mice revealed promising T1-weighted enhancements 

complemented by kidney specific localization. It is also remark-

able that the contrast enhancement for these complexes is large 

despite lacking readily exchangeable water ligands and reliance 



 

on second-sphere water exchange. A very recent example of a 

bis-chelated Fe(III) center that lacks bound water shows that 

this approach can be extended to additional types of ligands.26 

     Early studies of Fe(III) contrast agents that mediate proton 

relaxation through second-sphere water interactions include 

Fe(III)-catechol complexes as reported by Davis in 1996.27 The 

tris-catecholate structures of iron are fully coordinated by the 

catechol donors, preventing binding of water to give inner-

sphere water ligands. Despite promising initial results, further 

exploration of these complexes has not been pursued aside from 

recent reports on bimodal catechol iron agents.28-29 One requi-

site for the further development of these complexes as MRI con-

trast agents is the need to increase their stability and kinetic in-

ertness towards loss of a catechol ligand. Another is to increase 

the overall relaxivity as has been reported for related tannic acid 

derivates that form nanoparticles.28, 30-31 Considering this re-

search, we were inspired to create well-defined multinuclear 

Fe(III) centers by linking catechol moieties. 

      Proton water relaxation rates in the presence of multinuclear 

Fe(III) centers are expected to be influenced by correlations 

times describing the following; the lifetimes of resonating nu-

clei, τm, electronic relaxation of the metal center, τs, and by in-

duced fluctuations of the localized magnetic field at a nucleus 

due to correlated rotational motion of unpaired electrons and 

protons, attributed to τr. For Fe(III) complexes that lack an in-

ner-sphere water, the limiting correlation times are associated 

with rotational motion and electronic relaxation.32 The synthe-

sis of high-molecular-weight polymers which increase relaxiv-

ity by slowing molecular rotation and by incorporating multiple 

paramagnetic ions has been reported for Gd(III) agents, but fast 

localized motions in polymer systems produce enhancements 

that were less than expected.33-34 Systems with multiple para-

magnetic centers rigidly linked are more successful in produc-

ing high relaxivity agents.35-36 In this vein, dinuclear Fe(III) 

complexes are effective MRI probes, although relaxivity is only 

slightly larger than additive for the two iron centers.25, 37 Finally, 

the contribution of the electronic relaxation time of Fe(III) com-

plexes based on their coordination sphere and zero-field split-

ting (ZFS) parameters has been analyzed and it is clear that fur-

ther research in this area is needed.32      

     In order to create rigidly linked Fe(III) centers, we noted that 

self-assembled metal organic polyhedra (MOPs) containing cat-

echol donors could be used for MRI applications through the 

development of iron templated gadolinium-based triple helicate 

complexes.38-40 These complexes display promising contrast en-

hancement attributed to the coordinated Gd(III) lanthanide cen-

ters that can accommodate exchangeable inner-sphere waters. 

Additionally, Raymond and coworkers developed a variety of 

self-assembled architectures utilizing Ga(III) and Fe(III) cate-

cholate linkers producing a variety of MOP geometries, but fo-

cused on proton relaxation properties of the Gd(III) centers. 

Following similar principles for self-assembly, but with a focus 

on the relaxation properties of Fe(III), we prepared polyhedral 

MOPs based these principles41 which also piqued the interest of 

the Yang Group.42   

     Herein we report the use of rigid catecholamide linkers for a 

M4L6 MOP utilizing multiple Fe(III) centers in a high molecular 

weight rigid structure which shows increased relaxivity com-

pared to Fe(III) catecholates and closed coordinate macrocyclic 

complexes. Notably, this self-assembly is kinetically inert in the 

presence of Zn(II) cations and EDTA for up to 24 hours, in con-

trast to simple catechol complexes of Fe(III) which rapidly de-

compose under such conditions. Effective proton relaxation ef-

fects are observed despite the closed-coordinate Fe(III) centers. 

The strong protein interactions observed in-vitro and in binding 

studies reflect the in-vivo pharmacokinetic properties observed 

in mouse models and in the dramatic increases observed with 

T1 relaxivity in the presence of human serum albumin (HSA). 

RESULTS AND DISCUSSION 

     The ligand H4A was chosen based on the M(III), M(IV) tet-

rahedral cages developed by Raymond and coworkers.43-45 The 

ligand was synthesized following a general procedure (Scheme 

S1) adapted from the literature. Rigidity in the catecholamide 

ligand is important to form discrete MOPs as it prevents the lig-

and from chelating the same metal center with both catechol 

donors. Additionally, the increased rigidity helps minimize lo-

calized molecular motions which may reduce relaxation en-

hancement as observed in polymer and metallo-star based con-

trast agents.46-47 

     The MOPs were synthesized with careful stochiometric con-

trol in methanol using six equivalents of ligand to four equiva-

lents of trivalent metal salts. The Fe(III) reaction mixtures 

changed from a green to blue to deep red with increasing addi-

tions of KOH indicative of the formation of tris-catecholate 

Fe(III) centers. Ga(III) reaction mixtures turned yellow under 

similar treatment with KOH. 

     The 1H NMR spectra of Fe(III) high-spin complexes suffer 

from line broadening due to effective proton relaxation as seen 

for Fe4A6 (Figure S8). Magnetic moments as measured by Ev-

ans method48 for the iron complex gives a µeff of 5.9 (Figure 

S11) normalized to the iron concentration. Ga(III) MOPs were 

prepared as a diamagnetic analog for corresponding Fe(III) 

high-spin species due to similar ionic radii (6 coordinate), 0.62 

Å and 0.65 Å respectively resulting in similar self-assembled 

structures with useful 1H NMR spectra (Figure S9).  

 

Figure 1. SC-XRD model of Fe4A6 superimposed over a tetrahedron 

(dashed red). H-atoms, counter-ions and solvent removed for clairity. 



 

     The diamagnetic analog Ga4A6 can be used to estimate the 

hydrodynamic diameter of the iron assembly by determining the 

diffusion coefficient from diffusion ordered spectroscopy NMR 

(Figure S10) and the Stokes-Einstein equation.49-50 The hydro-

dynamic diameter of Ga4A6 in aqueous solution was determined 

to be 3.3 nm which is in good agreement with the crystal struc-

ture of the iron self-assembly (~2 nm).  

     Crystals of K8(NEt4)4[Fe4A6] were grown by vapor diffusion 

of diethyl ether into a methanol water solution containing the 

Fe(III) MOP in a similar fashion as reported by Raymond.45 The 

twist angles of the Fe(III) catecholate centers were calculated to 

be 44.3 ° and 56.7 ° (Figure S12) for the MOP Fe4A6. The de-

viation from 60° in a perfect octahedral environment shows that 

the coordination geometry around the metal centers are in a dis-

torted octahedral conformation. Higher order symmetry for a 

paramagnetic center can result in smaller zero field splitting ef-

fects which can slow the relaxation of electronic states mani-

festing in longer τs  values.51 

     EPR spectroscopy was used for further characterization of 

the Fe(III) MOP. The observable transitions originating from 

Kramer’s doublets at g = 4.23 and a weak transition at g ≈ 9.6 

are characteristic of a Fe(III) high-spin center in a tris-cate-

cholate environment. This also suggests that the Fe(III) cate-

cholate centers of the Fe4A6 are electronically isolated from one 

another with no communication between the paramagnetic cen-

ters. Furthermore, the lack of additional splitting of the feature 

at g = 4.23 suggest that there is no significant contribution from 

a Fe(III) bis-catecholate impurity as seen in simple mononu-

clear catecholate systems.52-56 The simulated spectrum of Fe4A6 

predicted principal values of the g-tensors to be g = 4.238, 

3.654, 4.7462 and is consistent with a rhombic system. This was 

found to be in good agreement with the calculated ratio of the 

Zero-field splitting parameters E and D calculated to be 0.27 

close to the theoretical limit of E/D = 1/3 for an idealized rhom-

bic system. 

     The electronic absorbance spectra of the Fe(III) MOP 

showed a characteristic ligand to metal charge transfer (LMCT) 

band with an extinction coefficient of 15,100 M-1 cm-1 or 3780 

M-1 cm-1 per iron centered at 514 nm.42 This is similar to that 

observed with tris-catecholate iron(III) complexes. However, it 

should be noted that unlike the Fe4A6 MOP, the tris-catecholate 

iron(III) complex is not stable at pH 7.4, favoring a bis-chelate 

structure displayed by a characteristic shift in the LMCT band 

with pH (Figure S24). It is likely that a macro-chelate effect of 

the cage helps stabilize the Fe4A6 MOP towards pH changes. 

The onset of catecholate protonation occurs at a lower pH than 

the monomeric counterpart (Figure S23) further stabilized by 

polydentate ligands coordinating multiple metal centers. The 

LMCT band was useful to determine the inertness of the MOP 

towards metal dissociation. The MOP showed marked inertness 

in solutions of over 100-fold excess phosphate anions with no 

measurable change over 720 minutes at a pH of 7.4 and a tem-

perature of 37 °C (Figure S19). Similar results were obtained 

under cationic stress, with nearly 40-fold excess Zn(NO3)3 over 

the same timeframe at 37 °C and pH of 7.4 adjusted with 20 mM 

HEPEs buffer (Figure S21) or in the presence of excess EDTA 

(Figure S22). 

     Variable-temperature 17O NMR spectroscopy experiments 

have been used to probe the coordination environment of para-

magnetic complexes of Fe(III), Fe(II), Mn(II) and Co(II).25, 57-58 

The 17OH2 transverse relaxation rate constants, as estimated by 

the linewidth, are influenced by the concentration of the para-

magnetic center, the number of accessible coordination sites 

(q), and the residency time of the 17OH2.
58 It should be noted 

that if the residency time of the interacting 17OH2 is sufficiently 

long it will not contribute to observable line broadening effects. 

The transverse relaxation effects on 17OH2 have been studied for 

Figure 2. EPR spectrum (Black) of Fe4A6 at 77 K in a frozen glass 

(1:1 methanol and toluene). Prominent feature at g ≈ 4.23 is consistent 

with a transition within the ±3/2 Kramer’s doublet. Simulated spec-

trum (Blue) of Fe4A6. The principle values of the g-tensor were found 

to be: g = 4.238, 3.654, 4.7462, the principle values of the A-tensor: 

A = [21.9, 286, 17.1] MHz, g-strain = 0.21 mT, and an E/D ratio of 

0.27, and a Gaussian line broadening of 1.28 mT. 

Figure 3. 17O NMR transverse relaxivity (r2°) for Fe(CDTA) at pH 6.8, 

Fe(DTPA) at pH 6.8, and Fe4A6 at pH 7.4 as a function of temperature. 



 

complexes like Fe(CDTA) which have an exchangeable water 

ligand (q = 1) and Fe(DTPA) which has no bound waters 

(q = 0). When normalized to Fe(III) concentration and com-

pared to Fe(CDTA) and Fe(DTPA), Fe4A6 has comparable line 

broadening to Fe(DTPA). This suggests that the Fe(III) MOP 

maintains a closed coordination sphere in solution, which is in-

accessible to inner-sphere water ligands. Additionally, samples 

prepared with human serum albumin (HSA) displayed no sig-

nificant difference in line broadening of the 17OH2 resonance 

and LMCT band suggesting that the coordination environment 

remains intact (Figure S14 and Figure S20). Thus, inner-sphere 

relaxation mechanisms do not contribute to the observed relax-

ivity associated with Fe4A6.  

     The r1 relaxivities for the MOP were determined using in-

version recovery experiments conducted on 1.4 T and 4.7 T in-

struments. Fe4A6 showed excellent proton relaxivity at both 

magnetic field strengths, 8.3 (1.4 T, 33 °C) and 8.7 mM-1s-1 (4.7 

T, 37 °C). When normalized for iron content, the relaxivity of 

Fe4A6 is comparable to macrocyclic counterparts in Fe(TOB) 

and Ga(DOTA) as shown in Table 1. These data for the MOP 

are about 30% higher than a previous report, but the authors of 

that report did not specify temperature, or pH and were recorded 

at a lower field strength of 1 T.42 Additionally, the previous 

study determined a hydrodynamic diameter of 105 nm42 for the 

iron MOP utilizing dynamic light scattering which two orders 

of magnitude larger than the that determined by DOSY NMR 

studies here which could indicate a difference in complex spe-

ciation or the presence of iron oxides.  

     Samples prepared with 35 mg/mL human serum albumin 

(HSA) displayed marked increases in relaxivity of 26 and 21 

mM-1s-1 at 1.4 and 4.7 T respectively. The increase in relaxivity 

is likely a result of a dramatic increase in the rotational correla-

tion time of the contrast agent in solution upon binding the large 

globular protein (~66500 Da). Similar increases in relaxivity 

were observed for complexes such as MS-325 which specifi-

cally target HSA.4-6, 59 Binding of Fe4A6 to HSA was further in-

vestigated using an ultrafiltration method to gauge binding 

strength. In this method, the HSA bound Fe(III) complex is sep-

arated from the free complex by ultrafiltration and the iron con-

tent of the filtrate is determined by using ICP-MS. Binding iso-

therms (Figure S19 and Figure S20) are consistent with a strong 

interaction (Ka ≈ 105 M−1) of the Fe(III) MOP with HSA and the 

shape of the isotherm is consistent with binding of multiple 

MOPs to a single HSA.  

     To better study stoichiometry of binding, a series of titra-

tions were carried out. One titration has excess HSA with fixed 

contrast agent concentration (Figure 4A) and one has fixed HSA 

and variable contrast agent concentration (Figure 4B).60 The 

change in slope of Figure 4A at a 5:1 ratio of Fe4A6 to HSA is  

consistent with the non-competitive and non-cooperative bind-

ing of five of the Fe-MOPs to HSA, all with similar binding 

constants, Ka. The average value of the five Ka was determined 

to be 1.2 × 104 M−1 utilizing the changes in the observed relax-

ation rate and a Levenberg Marquardt fitting algorithm.26 How-

ever, the high micromolar amounts of cage and albumin used in 

these studies limits our determination of binding constants that 

are much greater than 104. The determination of an average 

binding constant is our best approximation to fit data in hand 

Figure 4. (A) Observed relaxation rate constants as a function of HSA 

concentration for a solution of 110 μM Fe4A6 at pH 7.4 in 1x PBS. Data 

was fit to equation S3 with fit parameters provided in Table S2. (B) 

Observed relaxation rate as a function of Fe4A6 concentration for a so-

lution of 10 μM HSA in 1x PBS. Linear fits provided in supplemental 

in Table S3 and Table S4. 

 

Table 1. Water proton r1 relativity values for Fe(III) and Gd(III) complexes normalized to complex concentration with and without HSA. 

Complex 
r1 (mM−1 s−1)          

1.4 T  
r1 (mM−1 s−1)  

4.7 T 
r1 (mM−1 s−1) with HSA  

1.4 T 
r1 (mM−1 s−1) with HSA  

4.7 T 

Fe4A6 8.3 ± 0.3 (2.1 ± 0.1*) 8.7 ± 0.2 (2.2 ± 0.1*) 26 ± 0.1 (6.5 ± 0.1*) 21 ± 0.3 (5.2 ± 0.1*) 

Fe(TOB)b - 2.2 ± 0.3 - 2.5 ± 0.1 

Gd(DOTA) 3.3 ± 0.5c 2.7-2.9d - - 

Gd(DTPA)c 4.2 ± 0.1 3.1 ± 0.3 - 3.2 ± 0.3 

Relaxivity values for Fe4A6 were prepared in 1x PBS pH 7.4. *Relaxivity values reported per Fe. Relaxivity values for 
Fe(TOB) (define) were previously reported in 100 mM HEPES buffer pH 7.2. Gd(III) complexes contained meglamine excip-
ient and were reported previously. Measurements at 1.4 T and 4.7 T were at 33 °C and 37 °C respectively. bFrom ref 22. 
cFrom ref 24. dFrom ref 23. 
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and is likely more complicated.1 The titration in Figure 4B is 

also consistent with a 5:1 iron MOP to HSA binding interaction. 

The gradual sloping line above this break suggests that there 

may be additional weaker binding of additional molecules of 

Fe4A6 to HSA which may be convoluted from paramagnetic 

contributions from free Fe4A6.  

    The strong binding of the Fe(III) MOP to serum albumin and 

its high relaxivity for the bound complex (r1 of 21 mM−1s−1 at 

4.7 T) suggests that the MOP will remain bound to serum albu-

min in animals and not extravasate into the tissue. Thus, the 

complex will selectively enhance the vasculature as an example 

of a blood pool agent. T1-weighted maximum intensity projec-

tions given in Figure S24 at 45 minutes post injection indeed 

show significant signal enhancements in the vasculature of 

BALB/c mice. An increase in the change in proton relaxation 

with increasing doses of Fe4A6 was observed in the blood and 

liver for intravenous injections of Fe4A6 (12.5, 25 and 50 

µmol/kg).  

      Clearance of Fe4A6 occurs predominantly through the 

hepatobiliary system, as shown by increased signal intensity in 

the intestines at four hours post-injection (Figure 5 and Figure 

S25). This differs significantly from the clearance of MS-325, 

a gadolinium-based blood pool contrast which exhibits reversi-

ble binding to HSA and is excreted through the renal system.5 

Fe4A6 was further investigated in vivo using BALB/c mice with 

subcutaneous ovarian tumors and compared to a Gd(III)-

Albumin contrast agent as well as a conventional Gd contrast 

agent, Gd(DOTA). T1-weighted signal changes were tracked 

over a 4-hour period with additional measurements taken at 24-

hours post injection (Figure 6). Fe4A6 behaved in a similar fash-

ion to the covalently tethered Gd(III) contrast, Gd-Albumin.61 

Both Fe4A6 and Gd-Albumin had greatly increased retention 

times in the vasculature, clearing completely after 24-hours as 

compared to Gd(DOTA) which cleared under 4-hours. The sim-

ilarities in tissue localization for the two contrast agents suggest 

that albumin proteins dictate their bio-distributions and slow 

their clearance rates. Significant signal enhancement observed 

in the intestinal tract after 4 hours in conjunction with enhance-

ments in the gall bladder and liver also supports Fe4A6 clearance 

through a hepatobiliary mechanism. Unlike Gd(DOTA) and 

macrocyclic contrast agents.23-25 Fe4A6 produced minimal 

changes in signal intensity in the bladder over the course of 24 

hours.  This is likely a result of strong albumin binding as it is 

well established that renal clearance of HSA is minimal with 

additional internalization in the proximal tubules of nephrons 

minimizing accumulation in the bladder.62 

Figure 5. Representative MR images of urinary bladder before (left), 

15 minutes (center) and 45 minutes (right) administration of contrast 

agents.  Signal enhancement was observed within the bladder for Gd-

DOTA (top) and Gd-Albumin (center), while little to no signal en-

hancement was observed for Fe4A6 (bottom) as far out as 4 and 24 

hours (not shown). 

Figure 6. Changes in T1-weighted signal intensity observed in mice for 

Fe4A6 at 12.5 μmol/kg (dark gray), Gd-Albumin at 25 μmol/kg (gray), 

and Gd(DOTA) 50 μmol/kg (light gray). Dosing normalized to give 

similar signal enhancements in-vitro. Signal changes were averaged 

for the time points 0-35 minutes, 35-70 minutes, 4 hours, and 24 hours 

apart from Gd(DOTA), which was limited to under 4 hours as a result 

of faster clearance rates. 

 

Figure 7. Changes in T1-weighted signal intensity observed in subcu-

taneous ovarian tumors for Fe4A6 at 12.5 μmol/kg (dark gray), Gd-Al-

bumin at 25 μmol/kg (gray), and Gd(DOTA) 50 μmol/kg (light gray). 

Signal changes were averaged for the time points 0-35 minutes, 35-70 

minutes, 4 hours, and 24 hours apart from Gd(DOTA), which was lim-

ited to under 4 hours as a result of faster clearance rates 

 

 



 

     Fe4A6 displayed promising tumor imaging properties. Signal 

enhancements in subcutaneous ovarian tumors increased post-

injection with a peak contrast enhancement at 4 hours denoted 

by the contrast to noise ratio (CNR) of tumor to skeletal muscle 

in Figure S26. Additionally, signal enhancement in tumors was 

observed 24 hours post-injection (Figure 7 and Figure 8) despite 

the contrast agent clearing from the blood vessels in the same 

timeframe (Figure 5). This suggests that Fe4A6 benefits from an 

enhanced permeability and retention effect which is likely a re-

sult from binding interactions with blood pool proteins and a 

relatively large size compared to small chelate contrast agents.  

 

CONCLUSIONS 

      Significant T1 water proton relaxation enhancements were 

observed in-vitro and in-vivo by linking together four high spin 

Fe(III) centers in a MOP. Fe4A6 has a significantly elevated re-

laxivity at 8.7 ± 0.3 mM−1s−1 per molecule or 2.2 ± 0.1 mM−1s−1 

per iron (4.7 T at 37 °C) which is attributed in part to having 

four rigidly connected paramagnetic centers contributing to the 

relaxation of water protons. The highly symmetric complex 

Fe4A6 has a closed coordination sphere as studied by using sin-

gle crystal XRD and EPR spectroscopy as well as in solution 

through variable temperature 17O NMR experiments. This sug-

gests inner-sphere water exchange directly to the paramagnetic 

centers does not contribute to the observed relaxivity enhance-

ments, instead favoring second- and outer-sphere interactions. 

This is further supported by EPR spectroscopy in which Fe4A6 

displays similar spectral features to Fe(III) tris-catecholate 

complexes with the direct coordination sphere occupied by the 

catechol donors.  DOSY NMR experiments with the Ga(III) an-

alog support a hydrodynamic radius which is consistent with the 

MOPS behaving as isolated species in solution.    

      Binding interactions with HSA increased the observed re-

laxivity of Fe4A6 in vitro nearly three-fold at 4.7 T. This change 

is attributed to increased rotational correlation times upon bind-

ing the large globular protein. It was determined through titra-

tion experiments that up to five molecules of Fe4A6 are bound 

to protein. These binding interactions are relatively strong and 

may form a final adduct size of over 80 kDa.  

       The binding interaction of blood pool proteins is reflected 

in the bio-distribution and clearance pathway for the self-as-

sembled molecule.63-64 Significant signal enhancements are ob-

served in the vascular system in BALB/c mice over the course 

of four hours for Fe4A6. The complex had no significant clear-

ance through the renal system observed in traditional chelates 

like Fe(TOB) and Gd(DOTA) instead clearing through the 

hepatobiliary system. Notably, the contrast enhancement ob-

served in the bladder for Gd-Albumin is consistent with the 

presence of free Gd(III) given that serum albumin does not ex-

hibit significant renal clearance.62  Moreover, the previous study 

showing renal clearance of iron MOPS42 is most likely due to 

the presence of iron oxide impurities as supported by their re-

port of large-sized aggregated particles.  

      Fe4A6 has shown promising tumor enhancement properties 

in subcutaneous ovarian tumor models. Tumor enhancement is 

attributed to the enhanced permeability and retention affect for 

the large protein adduct. Similar uptake and retention was ob-

served for Gd-albumin contrast in ovarian tumors with compa-

rable signal enhancements compared to Fe4A6. This work high-

lights the promise of Fe(III) MOPs as MRI contrast agents 

given their high r1 relaxivity, large degree of kinetic inertness 

and interesting protein binding properties. 
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