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Abstract

The +3 and +2 oxidation states of europium have drastically different magnetic and spectroscopic 

properties. Electrochemical measurements are often used to probe EuIII/II oxidation state changes, 

but a full suite of spectroscopic characterization is necessary to demonstrate conversion between 

these two oxidation states in solution. Here, we report the facile conversion of a EuIII 

tetraglycinate complex into its EuII analogue. We present electrochemical, luminescence, electron 

paramagnetic resonance, UV–visible, and NMR spectroscopic data demonstrating complete 

reversibility from the reduction and oxidation of the +3 and +2 oxidation states, respectively. The 

EuII-containing analogue has kinetic stability within the range of clinically approved GdIII-

containing complexes using an acid-catalyzed dissociation experiment. Additionally, we 

demonstrate that the +3 and +2 oxidation states provide redox-responsive behavior through 

chemical exchange saturation transfer or proton relaxation, respectively. These results will be 

applicable to a wide range of redox-responsive contrast agents and Eu-containing complexes.

INTRODUCTION

The majority of lanthanide chemistry occurs in the +3 oxidation state, where the relative 

stability of this valency makes metal-based redox chemistry somewhat uncommon. 

However, there is growing interest in the formation, characterization, stabilization, and 

application of complexes containing lanthanides outside of the +3 oxidation state.1–10 For 
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example, it was only in 2013 that the full series of divalent lanthanides was reported.2a The 

+2 oxidation state for all lanthanides is air sensitive, but the half-filled 4f7 electronic 

configuration of EuII makes it the most stable divalent lanthanide with respect to oxidation. 

This stability permits the study of EuII-containing complexes in aqueous media. We are 

interested in studying aqueous EuII-containing complexes because they are redox-active 

complexes relevant to responsive magnetic resonance imaging (MRI).8–10

MRI permits non-invasive imaging at high spatial resolution and nearly unlimited depth 

penetration.11 Images acquired using MRI can be enhanced through the use of paramagnetic 

complexes (contrast agents) that influence the properties of the nuclei being imaged, which 

are often the protons on water molecules. In addition to highlighting spatial information 

using paramagnetic complexes, contrast agents have been designed to relay molecular 

information via changes in ligand structure or metal oxidation state.8–10,12,13 However, the 

majority of responsive contrast agents are limited by concentration-dependent responses that 

make distinguishing pre- and post-response states difficult in vivo.14a A promising platform 

for concentration-independent responsive imaging is the EuIII/II redox couple. EuII is 

analogous to the commonly used GdIII ion in providing longitudinal-relaxation-time (T1)-

shortening (positive) contrast enhancement.8,9,15–17 However, unlike GdIII, EuII is redox 

active under physiologically relevant conditions. The EuII ion can undergo a one-electron 

oxidation to the +3 oxidation state that does not noticeably influence positive contrast 

enhancement,8,9 and we recently reported the first use of EuII-containing complexes as 

redox-active contrast agents in vivo.9,10

In one of those reports, a 4-fluorobenzo-functionalized EuII-containing cryptate persisted in 

the +2 oxidation state in necrotic (oxygen-deficient) tumor tissue of a mammary carcinoma 

after an intratumoral injection.9 The persistence of EuII within the necrotic tissue allowed 

the visualization of necrotic tissue using positive contrast enhancement. To highlight the 

positive contrast enhancement provided by EuII in vivo, we have assembled previously 

unpublished data from these studies to create web-enhanced objects for this forum article 

(Figure 1). Our data suggest that EuII was oxidized and cleared from non-necrotic tissue that 

permitted differentiation of necrotic tissue by 120 min post injection. However, the products 

of oxidation were not detectable by MRI in our studies. Accordingly, we turned our attention 

to the synthesis and characterization of a complex detectable in both the +3 and +2 oxidation 

states of Eu. To enable visualization of the Eu-based contrast agent after oxidation, we 

combined EuII with a ligand used for chemical exchange saturation transfer (CEST) contrast 

in MRI. Here, we report a full suite of spectroscopic characterization of a EuIII/II 

tetraglycinate complex demonstrating the conversion from the +3 to +2 and +2 to +3 

oxidation states. Furthermore, we demonstrate the selective suppression of T1 or CEST 

contrast based on the oxidation state of Eu.

We hypothesized that a one-electron reduction of a EuIII-containing MRI contrast agent 

would produce a EuII-containing complex that provides positive contrast enhancement in T1-

weighted MRI, but could be oxidized to the original complex that provides CEST contrast in 

MRI. Demonstrating conversion between oxidation state changes is necessary for a thorough 

understanding of the solution-phase behavior of each oxidation state. Accordingly, we 

selected luminescence, electron paramagnetic resonance (EPR), nuclear magnetic resonance 
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(NMR), and UV–visible spectroscopies as a full suite characterization of both oxidation 

states in solution. Because of the potential applications of these complexes is in aqueous 

solution, our particular focus was solution characterization. Accordingly, we selected not to 

pursue gas- or solid-phase analyses as they do not convey the stability or solution-phase 

properties of complexes.

We chose EuIII-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrakis(acetamidoacetate) (the 

ligand is referred to as DOTA-4AmC by the manufacturer) because it contains chelated 

EuIII, is commercially available, and is among the tetraamide group of contrast agents that 

are well-characterized with respect to CEST imaging.13,18–20 CEST imaging is an MRI 

technique that produces contrast via selective radiofrequency presaturation of exchangeable 

protons. During the saturation event, saturated protons on the contrast agent exchange with 

non-saturated water protons (commonly referred to as bulk water protons). The saturation 

event results in a decrease in the bulk water proton signal intensity, and this decrease is used 

to produce contrast in the resulting images. The ability to detect CEST contrast is affected 

by the difference in bound- and bulk-water proton resonance frequencies that are often 

expressed as chemical shifts (units of ppm). Under certain circumstances, relatively small 

diamagnetic chemical shift differences (<3 ppm) can be imaged in vivo;21 however, 

magnetization transfer effects between lipids and other macromolecules broaden the bulk 

water signal in vivo, making contrast agents with relatively large chemical shift offsets 

desirable.

EuIII-DOTA-4AmC paramagnetically shifts bound-water protons downfield from bulk water 

by 55 ppm, and similar shifts have been imaged in vivo.20 We hypothesized that upon 

reduction of EuIII-DOTA-4AmC to EuII-DOTA-4AmC, the EuII ion would relax the nuclear 

dipole moments of nearby protons resulting in the complete quenching of saturation transfer 

effects. Instead of CEST contrast, we expected EuII-DOTA-4AmC to enhance contrast in T1-

weighted MRI in accordance with previously reported EuII-based complexes:8–10,15–17 EuII-

DOTA-4AmC would provide positive contrast enhancement until it was oxidized to EuIII-

DOTA-4AmC, at which point it would display CEST contrast (Figure 2). Here, we present 

luminescence, electron paramagnetic resonance (EPR), NMR, and UV–visible spectroscopic 

data characterizing the conversion from the +3 to +2 and +2 to +3 oxidation states of EuIII/II-

DOTA-4AmC.

RESULTS AND DISCUSSION

Monitoring EuIII/II oxidation state changes and reversibility

To characterize the electrochemical potential of EuIII-DOTA-4AmC, we performed cyclic 

voltammetry (Figure 3) and observed a reversible one-electron redox couple with an E1/2 of 

−0.879 ± 0.001 V vs Ag/AgCl (Epa − Epc = 57 mV). Our value is inconsistent with a report 

published during the preparation of this manuscript.23 The other report claimed the 

reduction potential of EuII-DOTA-4AmC to be more positive than the reduction potential of 

the EuII aqua ion. The observation in the other report is unexpected based on the presence of 

four amide functional groups that are known to exhibit delocalization of negative charge 

onto the amide carbonyl oxygens through resonance, but the cyclic voltammograms in that 

manuscript did not scan to a negative enough potential to observe the same E1/2 observed in 

Ekanger et al. Page 3

Inorg Chem. Author manuscript; available in PMC 2017 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. To match the conditions of the other report, we acquired a separate cyclic 

voltammogram using potassium chloride as the supporting electrolyte at pH 7. Under these 

conditions, we measured an E1/2 of −0.903 V vs Ag/AgCl. The similar E1/2 values at pH 4 

and 7 are not surprising given that the electron transfer is not proton coupled. Furthermore, 

our measured potentials are consistent with electrochemical studies of EuIII/II-based 

complexes.17,22 In those reports, there is a correlation between increasing numbers of 

anionic donor functional groups, such as carboxylates, and increasingly more negative 

reduction potentials. This trend is consistent with what would be expected for electron-rich 

metal ions like EuII complexed by a ligand with four amide donors.

In addition to having E1/2 values that are reasonable for a tetraamide complex of EuIII/II, the 

reversible nature of the cyclic voltammograms in our report are consistent with a complex 

exhibiting reversible electron transfer characteristics. This observation is of fundamental 

importance when studying cyclen-based ligands that contain carboxylate groups because of 

the potential for incomplete chelation with these types of complexes. This phenomenon is 

well-documented with trivalent lanthanide ions and ligands bearing acetate functional 

groups on cyclen rings.24 The rate of chelation is determined, in part, by the protonation 

state of the ligand.24 While the addition of hydroxide accelerates the rate of chelation, the 

rate decreases with decreasing charge density, which is inversely proportional to ionic 

radius, of the lanthanide being used.24 EuII is larger (ionic radius of ~117 pm) than the 

largest trivalent lanthanide ion, LaIII (ionic radius of ~103 pm),25 and EuII also has a lower 

charge than LaIII. The relatively large radius and low charge would be expected to cause EuII 

to form a complex with cyclen-based ligands much more slowly than any trivalent 

lanthanide ion. Therefore, we suggest that starting from a EuIII-containing precursor is 

beneficial when studying the electron transfer chemistry of poly(amino carboxylate) or 

poly(amino glycinate) complexes.

Based on our measured E1/2 of EuIII/II-DOTA-4AmC, we expected Zn0 (E1/2 = −0.960 V vs 

Ag/AgCl)26 to be a suitable reductant for the EuIII ion in this complex. Upon stirring 

aqueous EuIII-DOTA-4AmC in the presence of Zn0 under an atmosphere of N2, we observed 

the rapid (<1 min) formation of a yellow color from the previously colorless solution.

To probe for the presence of EuIII in the yellow solution, we performed luminescence 

spectroscopy. The emission spectrum of EuIII-DOTA-4AmC contained the characteristic 

emission bands from the radiative decay of the 5D0 excited state of EuIII to the 7F manifold 

(Figure 4A), and the yellow solution did not produce observable EuIII-based emissions 

despite having the same concentration of Eu. To quantify the loss of EuIII, we measured the 

minimum detectable concentration of EuIII using the emission of EuIII-DOTA-4AmC at 595 

nm. The minimum detectable concentration of EuIII-DOTA-4AmC was 20.9 µM, indicating 

that the reduction reaction removed ≥99.0% of the initial EuIII. However, bubbling air into 

the yellow solution resulted in a colorless solution that produced an emission spectrum 

identical to EuIII-DOTA-4AmC in both emission wavelength and absolute intensity. These 

data suggest that the reaction with Zn0 was responsible for the absence of EuIII-based 

emissions in the yellow solution, and that the species responsible for the yellow color reacts 

with air to reform EuIII-DOTA-4AmC. Additionally, the complete recovery of the 5D0 to 7F2 

emission at 615 nm, which is hypersensitive to coordination environment, strongly suggests 
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that the EuIII coordination environment of the EuIII-DOTA-4AmC starting material and the 

complex formed after oxidation of the reduced species are the same. Although luminescence 

experiments offered evidence for the absence and quantitative recovery of EuIII, we turned to 

EPR spectroscopy for evidence of the presence of EuII.

To verify the formation of EuII, we acquired EPR spectra of EuIII-DOTA-4AmC and the 

yellow solution at equal concentrations of Eu. The EPR spectrum of aqueous EuIII-

DOTA-4AmC was consistent with that of a diamagnetic sample (Figure 4B). The 

diamagnetic behavior of EuIII is expected because of its 4f6 ground state electronic 

configuration where the total angular momentum quantum number is 0, causing the effective 

magnetic moment to be 0 Bohr magnetons despite the presence of 6 unpaired electrons. The 

reason EuIII exhibits paramagnetic behavior at non-cryogenic temperatures is because 

excited states with nonzero effective magnetic moments are thermally accessible. The EPR 

spectrum of the yellow solution contained a broad resonance (g-factor = 1.99) consistent 

with the presence of EuII.16 Additionally, a lack of precipitation upon the addition of 

phosphate indicates that the EuII species remains chelated in solution. The luminescence and 

EPR data combined with the lack of a precipitate in the presence of phosphate indicate that 

the yellow solution contained EuII-DOTA-4AmC.

We further tested whether EuII remained chelated within DOTA-4AmC by acquiring 1H-

NMR spectra of EuIII-DOTA-4AmC, EuII-DOTA-4AmC, and EuIII-DOTA-4AmC after 

oxidation of EuII-DOTA-4AmC by exposure to air (Figure 5). To better our chances of 

observing free ligand in the NMR experiment, we increased the concentration of the 

complex by roughly an order of magnitude relative to all of the other experiments (from 2 to 

23 mM). We observed signals for the EuIII-containing samples as expected based on 

chemical shifts of a previously reported ester analogue of EuIII-DOTA-4AmC.18a In the 

reduced sample, we observed extremely broad peaks in the range of 0 to 5 ppm that we 

assign to the EuII-containing complex, as would be expected for protons of ligands bound to 

the isotropic EuII ion. Isotropic ions, such as EuII and GdIII, are known to shorten relaxation 

times of nearby nuclei leading to a broadening effect. Anisotropic ions, such as EuIII and 

TbIII, shift the resonance of nearby nuclei without the degree of line broadening observed 

with isotropic ions. The absence of free ligand18b in the EuIII-DOTA-4AmC spectrum after 

oxidation of the reduced sample provides further evidence that no detectable dissociation 

occurred during the reduction or oxidation. This study corroborated the absence of EuII-

DOTA-4AmC dissociation indicated by cyclic voltammetry, emission spectroscopy, and 

phosphate solubility observations. The apparent lack of dissociation upon producing EuII-

DOTA-4AmC motivated us to pursue dissociation kinetics of the complex, and the yellow 

color suggested that UV–visible spectroscopy could be used to monitor dissociation rates.

Conditional kinetic stability of EuII-DOTA-4AmC in acid

The kinetic stability of a Ln-containing contrast agent is a critical piece of characterization 

because low kinetic stability can lead to undesired dissociation of the metal ion from the 

complex. The dissociation rate of EuIII-DOTA-4AmC (8.1 × 10−6 s−1 corresponding to a 

dissociation half-life of 237 h) has been reported at pH 1;27 therefore, we characterized the 

UV–visible spectrum of EuIII-DOTA-4AmC and EuII-DOTA-4AmC (Figure 6A) at pH 1 to 
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enable comparisons between the kinetic stabilities of these two complexes. It should be 

noted that acid-catalyzed dissociation kinetics are not representative of kinetic stability 

under physiological conditions, but these kinetics are of use when comparing complexes 

whose dissociation was measured under the same conditions. The UV–visible spectrum of 

EuIII-DOTA-4AmC contained a small charge-transfer band centered at 250 nm (extinction 

coefficient of 5.16 × 102 M−1 cm−1) that has been reported for this complex.18b However, 

the UV–visible spectrum of the EuII-DOTA-4AmC at pH 1 at the initial time point contained 

two broad absorptions centered at 250 and 353 nm (extinction coefficients of 1.77 × 103 and 

9.36 × 102 M−1 cm−1, respectively). These absorptions are consistent with EuII-based 

transitions.28 A 33 nm bathochromic shift of the longer wavelength absorption maximum of 

EuII-DOTA-4AmC relative to EuCl2(aq) (353 vs 320 nm, respectively) caused the 

absorption profile of EuII-DOTA-4AmC to extend to 485 nm (imparting a yellow color to 

the solution), while the absorption of EuCl2 only extended to 415 nm. Therefore, to measure 

the kinetic stability of EuII-DOTA-4AmC, we monitored absorption at 425 nm as a function 

of time (Figure 6B).

The dissociation rate of EuII-DOTA-4AmC was (9.2 ± 0.5) × 10−4 s−1, which corresponds to 

a dissociation half-life of 13 min. Our measured dissociation rate of EuII-DOTA-4AmC is 

~110× faster than the dissociation rate of EuIII-DOTA-4AmC. A faster dissociation is not 

surprising upon reduction of EuIII to EuII: The EuII ion is a relatively soft Lewis acid 

compared to EuIII; consequently, a relatively weaker binding interaction is expected between 

the oxygen atoms of the amide functional groups and EuII compared to EuIII. However, 

despite a decrease in kinetic stability, the dissociation rate of EuII-DOTA-4AmC is between 

the dissociation rates of two clinically approved contrast agents, GdIII-

diethylenetriaminepentaacetate and GdIII-1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetate, that have dissociation rates of 1.2 × 10−3 and 2.1 × 10−5 s−1, respectively.27 

These data suggest that the kinetic stability of EuII-DOTA-4AmC is not a hindrance for in 

vitro solution-phase characterization or preclinical in vivo imaging, but further investigation 

is warranted.

In vitro CEST and T1 measurements of EuIII/II-DOTA-4AmC

To evaluate the effect of the +2 oxidation state of Eu on CEST, we acquired CEST spectra of 

EuIII-DOTA-4AmC, EuII-DOTA-4AmC, and EuIII-DOTA-4AmC produced from the 

oxidation of EuII-DOTA-4AmC (Figure 7). The CEST spectrum of EuIII-DOTA-4AmC 

matched the reported CEST spectrum with a signal 55 ppm downfield from bulk water.29 

Upon reduction to EuII-DOTA-4AmC, the CEST spectrum was devoid of signal other than 

from the direct saturation of bulk water. Oxidization of EuII-DOTA-4AmC to EuIII-

DOTA-4AmC resulted in the restoration of the original CEST signal at 55 ppm, which is 

consistent with the reversibility observed in the emission spectra. Magnetization-transfer 

ratio asymmetry analyses (MTRasym) revealed the net asymmetry between upfield and 

downfield regions of the CEST spectra (inset of Figure 7). The MTRasym for EuIII-

DOTA-4AmC and EuII-DOTA-4AmC revealed asymmetries of 22 and 0%, respectively. The 

lack of CEST contrast for EuII-DOTA-4AmC is likely due to the ability of the EuII ion to 

shorten the T1 of nearby protons resulting in the complete quenching of saturation transfer 

effects. CEST modulation was recently reported using silica nanoparticle-,30 p-
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nitrophenylamide-,19 N-methylquinolinium-,13 and nitrone-functionalized20 analogues of 

EuIII-DOTA-4AmC in which a change in proton- or water-exchange rate or the presence of 

unpaired electrons on the ligand resulted in diminished CEST contrast. Our results, however, 

demonstrate that the +2 oxidation state of europium can suppress CEST contrast below a 

detectable threshold (inset of Figure 7) and that oxidation to the +3 oxidation state results in 

the recovery of the original CEST signal. Furthermore, the complete recovery of the CEST 

signal, which is specific to EuIII-DOTA-4AmC, indicates that dissociation of europium ions 

did not occur during or after the electron transfer events.

Before performing phantom imaging experiments, we measured the relaxivity (r1) of EuIII-

DOTA-4AmC and EuII-DOTA-4AmC using inversion recovery experiments. EuIII-

DOTA-4AmC did not display T1 shortening at imaging-relevant concentrations, while the 

relaxivity (1.4 T, 37 °C) of EuII-DOTA-4AmC was 3.72 ± 0.04 mM−1 s−1. The lack of 

detectable relaxivity for EuIII-DOTA-4AmC is expected because, despite EuIII exhibiting a 

small amount of paramagnetic behavior at 37 °C from thermally accessible excited states, 

the anisotropic nature of the +3 oxidation state is not conducive with expediting the 

relaxation of nearby nuclei.31 The +2 oxidation state of europium is isotropic. Accordingly, 

the relatively efficient relaxation of proton nuclei that we observed is expected. The 

relaxivity of EuII-DOTA-4AmC is similar to clinically approved GdIII-containing contrast 

agents, but lack of positive contrast enhancement for EuIII-DOTA-4AmC demonstrates the 

lack of T1 shortening by the anisotropic +3 oxidation state of Eu.

CEST and T1-weighted imaging of EuIII/II-DOTA-4AmC at 7 T

To visualize the responsive behavior of EuIII-DOTA-4AmC and EuII-DOTA-4AmC, we 

acquired T1-weighted and CEST phantom images (7 T, ambient temperature). The T1-

weighted image revealed positive contrast enhancement only from EuII-DOTA-4AmC, but 

not from EuIII-DOTA-4AmC, EuIII-DOTA-4AmC after oxidation of EuII-DOTA-4AmC, or 

water (Figure 8). The CEST difference image (colored red) revealed CEST contrast from 

EuIII-DOTA-4AmC and EuIII-DOTA-4AmC from the oxidation of EuII-DOTA-4AmC. EuII-

DOTA-4AmC and water exhibited no CEST contrast. These images are consistent with our 

observations regarding the formation of EuII-DOTA-4AmC and its ability to completely 

quench CEST effects. The images in Figure 8 demonstrate the ability to provide selective 

suppression of T1 shortening or CEST contrast with the EuIII/II couple.

While our measured reduction potential is negative relative to the EuII aqua ion and to the 

more oxidatively stable EuII-containing cryptates,22d we envisioned using EuII-

DOTA-4AmC in a similar manner to our in vivo studies (Figure 1).9 The oxygen-sensitive 

nature of the complex is expected to permit the differentiation of necrotic tissue while 

oxidizing elsewhere. Additionally, we recently demonstrated the transitory behavior of EuII 

in vivo in a report evaluating EuII after intravenous, intraperitoneal, and subcutaneous 

injections.10 We observed that tissues associated with rapid clearance and high oxygenation 

lead to rapid oxidation of EuII, while EuII persists in tissues with relatively slow clearance 

and low oxygenation.
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CONCLUSIONS

In summary, we used luminescence, NMR, EPR, and UV–visible spectroscopies to monitor 

changes in oxidation state between the commercially available contrast agent, EuIII-

DOTA-4AmC, and its EuII analogue. The hypersensitive emissions, reversible 

electrochemistry, reversible CEST signal at 55 ppm, and stability in the presence of 

phosphate indicate that Eu remains chelated in both oxidation states. The kinetic stability of 

EuII-DOTA-4AmC was lower than that of EuIII-DOTA-4AmC but in the range of the kinetic 

stabilities of clinically approved contrast agents. Our assignment of EuII-DOTA-4AmC is 

based on our rigorous solution-phase characterization and use of EuIII-DOTA-4AmC as our 

starting material. Our data do not provide insight into the coordination number or geometry 

of EuII-DOTA-4AmC, but our data do unambiguously defend the assignment of a complex 

with a molecular form that can be described as EuII-DOTA-4AmC. This report highlights the 

unique magnetic and spectroscopic properties of the +3 and +2 oxidation states of Eu within 

the ligand framework of DOTA-4AmC. We expect these results to be applicable to a wide 

range of chemists interested in expanding the scope of lanthanide redox chemistry.

EXPERIMENTAL METHODS

General methods

Commercially available chemicals were of reagent-grade purity or better and were used 

without further purification unless otherwise noted. Phosphate-buffered saline (PBS, 10×) 

was purchased from Fisher BioReagents. EuIII-DOTA-4AmC (DOTA-4AmC = 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetrakis(acetamidoacetate)) was purchased from 

Macrocyclics. Water was purified using a PURELAB Ultra Mk2 water purification system 

(ELGA) and degassed under reduced pressure prior to use.

DOWEX 50Wx8 sulfonic acid resin was converted to the sodium form (DOWEX-Na+) by 

swirling the resin (3 g) in aqueous NaOH (1 M, 10 mL) for 5 min before allowing the resin 

to settle and decanting the supernatant. Excess NaOH was removed by washing the resin 

with water (10 × 10 mL) until the pH of the washings was 7. Residual solvent was removed 

from the resin under reduced pressure before the resin was brought into a wet glovebox with 

an atmosphere of N2 at which point it was swelled with degassed water.

Cyclic voltammetry

Cyclic voltammetry was performed using a three electrode setup composed of a glassy 

carbon working electrode, a platinum wire auxiliary electrode, and a Ag/AgCl reference 

electrode coupled with a Pine Wavenow USB or a BAS 50W potentiostats. Acquisition 

parameters for the cyclic voltammogram of EuII/III-DOTA-4AmC (Figure 3A) were 8 

segments, initial potential of −1.4 V (rising), upper potential of 0 V, lower potential of −1.4 

V, final potential of −1.4 V, and a sweep rate of 150 mV/s. Acquisition parameters for the 

cyclic voltammogram of EuII/III-DOTA-4AmC (Figure 3B) were 8 segments, initial potential 

of 0.5 V (falling), lower potential of −1.4 V, upper potential of 0.5 V, final potential of 0.5 V, 

and a sweep rate of 100 mV/s. Samples were prepared by dissolving EuIII-DOTA-4AmC and 

either tetraethylammonium perchlorate or potassium chloride in water. The pH of the 
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resulting solution was 4 and was adjusted to 7 using an aqueous solution of NaOH (1 M) for 

the potassium chloride solution. The solutions were sparged with Ar while stirring for 5 min 

prior to measurements, but were not sparged or stirred during the measurements. The 

standard potential is reported as mean ± standard error of 3 independently prepared samples.

Reduction of EuIII-DOTA-4AmC with Zn0

EuII-DOTA-4AmC was prepared by vigorously stirring EuIII-DOTA-4AmC (4.0 mg, 4.2 

µmol, 1 equiv) with Zn dust (50.0 mg, 760 µmol, 181 mol equiv, 362 electron equiv) in 

water (0.700 mL) for 1 min to produce a yellow supernatant. Excess Zn dust was removed 

by filtering the mixture through a 0.2 µm hydrophilic filter. The yellow filtrate was mixed 

with DOWEX-Na+ (0.1 g) for 1 min before resin was removed by filtering through a 0.2 µm 

hydrophilic filter, and this process was repeated twice more. This cation-exchange step 

reduced the concentration of Zn2+ to below the detection limit (<1 ppb) of inductively 

coupled plasma mass spectrometry (ICP–MS). To the remaining yellow filtrate was added 

10× PBS and water to bring the final concentration to 4 mM Eu in 1× PBS (pH = 7.4 ± 0.2). 

Subsequent dilutions were performed with degassed 1× PBS under an atmosphere of N2.

Elemental concentration measurements

The concentrations of Eu and Zn were determined using ICP–MS or energy dispersive X-ray 

fluorescence (EDXF) spectroscopy. ICP–MS measurements were acquired on an Agilent 

Technologies 7700 series ICP–MS instrument at the Lumigen Instrument Center in the 

Department of Chemistry at Wayne State University. All dilutions were performed with 

aqueous 2% HNO3, which was also used for blank samples during calibration. Calibration 

curves were created using the 153Eu isotope ion count for a 1–200 ppb concentration range 

(diluted from Fluka ICP standard solution, 1000 mg Eu/L) or the 64Zn isotope ion count for 

a 1–200 ppb concentration range (diluted from Fluka ICP standard solution, 1000 mg Zn/L). 

EDXF measurements were performed with a Shimadzu EDX-7000 spectrometer (Shimadzu 

Scientific Instruments). Calibration curves were created using the Eu fluorescence intensity 

at 5.845 keV for a 250–1000 ppm concentration range (diluted from Fluka ICP standard 

solution, 1000 mg Eu/L).

Luminescence spectroscopy

Emission spectra were acquired on a HORIBA Jobin Yvon FluoroMax-4 spectrofluorometer 

and samples were loaded into quartz cuvettes and sealed with air-tight caps under an 

atmosphere of N2. An emission range of 550–725 nm was recorded with excitation at 395 

nm (1 nm slit widths and 1 nm resolution).

Minimum detectable concentration of EuIII-DOTA-4AmC

The minimum detectable concentration of EuIII-DOTA-4AmC was determined by a textbook 

procedure.32 The absolute emission intensity at 595 nm was measured after excitation at 395 

nm (1 nm slit widths and 1 nm resolution) as a function of concentration of EuIII-

DOTA-4AmC (Figure S1). The emission intensity of EuIII-DOTA-4AmC (0.0662 mM) was 

measured using 7 independently prepared samples, and the standard deviation of the 

emission intensities was 2200 units. Using eq 1,32 where σ and m [(3.15 ± 0.01) × 105 units 
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mM−1] are the standard deviation and slope of emission intensity vs concentration, 

respectively, the minimum detectable concentration of EuIII-DOTA-4AmC was 20.9 µM.

eq 1

EPR spectroscopy

EPR spectroscopy was performed on a Bruker EMX X-band spectrometer equipped with an 

Oxford variable-temperature cryostat. EPR samples were prepared and sealed with wax 

under an atmosphere of N2 and were a total volume of 0.3 mL in Norell SEPR250S EPR 

tubes. Aqueous solutions in EPR tubes were frozen in liquid nitrogen prior to loading into 

the sample cavity. EPR spectra were acquired of EuIII-DOTA-4AmC and EuII-DOTA-4AmC 

in water. Acquisition parameters included a temperature of 110 K, microwave frequency of 

9.378654 GHz, microwave power of 1.992 mW, modulation frequency of 100 kHz, receiver 

gain of 30 dB, and modulation amplitude of 4.0 G.

1H-NMR spectroscopy

NMR spectra were acquired on a Varian VNMRS-500 (499.48 MHz, 11.7 T) in the Lumigen 

Instrument Center in the Chemistry Department at Wayne State University.

UV–visible spectroscopy and dissociation kinetics

UV–visible spectra were acquired on a Shimadzu UVmini-1240 spectrophotometer and 

samples were loaded into quartz cuvettes and sealed with air-tight caps under an atmosphere 

of N2. Extinction coefficients were calculated by dividing the absorbance maxima by the 

concentration of Eu in the sample for a 1 cm path length.

The dissociation rate of EuII-DOTA-4AmC by monitoring absorbance at 425 nm as a 

function of time in 0.1 M HCl. This method was chosen based on reports that characterize 

the kinetic stability of similar complexes.27 The absorbance at 425 nm was chosen because it 

is within an absorbance range specific to the EuII-containing complex (415–485 nm), 

whereas the EuII aqua ion (a product of dissociation) does not absorb beyond 415 nm. The 

UV–visible spectra of EuII-DOTA-4AmC in the 415–485 nm range revealed a decrease in 

the concentration of EuII-DOTA-4AmC as a function of time. The concomitant formation of 

the EuII aqua ion absorbance profile ruled out the possibility of oxidation being responsible 

for the loss of EuII-DOTA-4AmC in our experiment. The absorbance values at 425 nm as a 

function of time were used to calculate the dissociation rate based on eq 2,18b where kd is 

the calculated first-order dissociation rate constant; t is time; and A0, At, and Ae are the 

absorbance values measured at the start of the reaction (t = 0 s), at time t, and at a final time 

of t = 5400 s, respectively.

eq 2
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CEST measurements

CEST spectra were acquired on the same spectrometer used to acquire 1H-NMR spectra 

with a sample temperature of 22 °C using a saturation frequency array with saturation time 

of 4 s, a saturation power of 24 µT, a 45 degree observe pulse, an initial frequency of 100 

ppm (50,000 Hz), and a final frequency of −100 ppm (−50,000 Hz) in 1 ppm (500 Hz) 

increments. All samples were in 1× PBS (pH = 7.4 ± 0.2) and included EuIII-DOTA-4AmC, 

EuII-DOTA-4AmC, and EuIII-DOTA-4AmC after oxidation of EuII-DOTA-4AmC by 

exposure to air. The concentration of Eu in all samples was 4 mM.

Relaxivity measurements

T1 measurements were performed on a Bruker Minispec mq60 NMR (1.4 T) spectrometer at 

37 °C by measuring T1 with inversion recovery experiments. Relaxivity was obtained from 

the slope of 1/T1 vs concentration of either EuIII-DOTA-4AmC or EuII-DOTA-4AmC using 

a linear regression fitting (Figure S2). All samples were measured in 1× PBS (pH = 7.4 

± 0.2). Measurements were performed in triplicate with independently prepared solutions, 

and the relaxivity values are reported as the mean ± standard error of the mean of the 

independent measurements.

Magnetic resonance imaging

Details for the mouse imaging experiments have been described elsewhere.9 Web-enhanced 

objects were created using National Institutes of Health (NIH) ImageJ software. Magnetic 

resonance imaging was performed with a Varian small animal scanner (299.44 MHz, 7.0 T) 

at Henry Ford Hospital equipped with a 12 cm bore magnet and a 38 mm diameter 

homemade transmit–receive quadrature birdcage coil. All samples, with the exception of 

water, were in 1× PBS (pH = 7.4 ± 0.2) and included EuIII-DOTA-4AmC, EuII-

DOTA-4AmC, and EuIII-DOTA-4AmC after oxidation of EuII-DOTA-4AmC by exposure 

air. The concentration of Eu in all samples was 4 mM, with the exception of water that was 0 

mM. The T1-weighted images were acquired at ambient temperature with an echo time of 

15.68 ms, repetition time of 800 ms, 13 slices at 1 mm thickness, 24 mm × 24 mm field of 

view, and 4 averages. CEST images were acquired of the exact same samples in the same 

instrument using a magnetization transfer pulse sequence with a 7 µs (500°) saturation pulse 

at 55 ppm (16,500 Hz) and −55 ppm (−16,500 Hz).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(Left) Animated sagittal plane flythrough with the tumor highlighted by a red rectangle. 

(Right) Animated 3-dimensional rendering of a mouse with positive contrast enhancement 

colored green. Both sets of data are from the same mouse 120 min after an intratumoral 

injection (50 µL of 19.4 mM solution) of a EuII-containing complex.
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Figure 2. 
Reduction of a commercially available CEST contrast agent (EuIII-DOTA-4AmC) to the T1-

shortening EuII-containing analogue (EuII-DOTA-4AmC) using Zn0 under an atmosphere of 

N2. Oxidation to the +3 oxidation state yields the original complex. The table compares 

magnetic and spectroscopic properties between EuIII and EuII-containing complexes in the 

ground state.
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Figure 3. 
Cyclic voltammograms of (A) EuII/III-DOTA-4AmC (3 mM) with tetraethylammonium 

perchlorate (50 mM) as the supporting electrolyte (pH = 4) and (B) EuII/III-DOTA-4AmC 

(10 mM) with potassium chloride (100 mM) as the supporting electrolyte (pH = 7).
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Figure 4. 
(A) Emission spectra (395 nm excitation) of EuIII-DOTA-4AmC (– –), EuII-DOTA-4AmC 

(—), and EuIII-DOTA-4AmC after oxidation of EuII-DOTA-4AmC by exposure to air (· ·). 

The dashed and dotted lines overlap exactly. All solutions were 2 mM in degassed water 

under an atmosphere of N2 for EuII or air for the oxidized sample. (B) EPR spectra of EuIII-

DOTA-4AmC (– –) and EuII-DOTA-4AmC (—) in H2O at 110 K under an atmosphere of 

N2.
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Figure 5. 
1H-NMR spectra of EuIII-DOTA-4AmC (top), EuII-DOTA-4AmC (middle), and EuIII-

DOTA-4AmC after oxidation of EuII-DOTA-4AmC by exposure to air (bottom). All 

solutions contained 23 mM of complex in degassed D2O under an atmosphere of N2 for EuII 

or air for the oxidized sample.
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Figure 6. 
(A) UV–visible absorption spectra of EuIII-DOTA-4AmC (– –), EuII-DOTA-4AmC at t = 0 s 

(—) and t = 5400 s (— · —), and EuCl2 (— · · —). All samples were measured in 0.1 M 

HCl. (B) EuII-DOTA-4AmC absorption at 425 nm as a function of time in 0.1 M HCl. Error 

bars represent the standard error of the mean of three independent measurements.
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Figure 7. 
CEST spectra (pH 7.4) and MTRasym plots (inset) of EuIII-DOTA-4AmC (– –), EuII-

DOTA-4AmC (—), and EuIII-DOTA-4AmC after oxidation of EuII-DOTA-4AmC by 

exposure to air (· ·).
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Figure 8. 
(A) T1-weighted image and (B) CEST difference image (55 ppm image subtracted from the 

−55 ppm image) of 5 mm diameter NMR tubes containing (1) EuIII-DOTA-4AmC, (2) EuII-

DOTA-4AmC, (3) EuIII-DOTA-4AmC after oxidation of EuII-DOTA-4AmC, and (4) water.
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