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Abstract

A series of Eu3+ and Dy3+ DOTA-tetraamide complexes with four appended primary amine 

groups were prepared and their CEST and T1/T2 relaxation properties measured as a function of 

pH. The CEST signals in the Eu3+ complexes show a surprisingly strong CEST signal after the pH 

was reduced from 8 to 5. The opposite trend was observed for the Dy3+ complexes where the r2ex 

of bulk water protons increased dramatically from ~1.5 mM−1s−1 to ~13 mM−1s−1 between pH 5 

and 9 while r1 remained unchanged. A fit of the CEST data (Eu3+ complexes) to Bloch theory and 

the T2 data (Dy3+ complexes) to Swift-Connick theory provided the proton exchange rates as a 

function of pH. These data showed that the four amine groups contribute significantly to proton 

catalyzed exchange of the Ln3+-bound water protons even though their pKa’s are much higher than 

the observed CEST or T2ex effects. This demonstrated the utility of using appended acidic/basic 

groups to catalyze prototropic exchange for imaging tissue pH by MRI.
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on water proton T2 values showed the opposite behaviour by increasing dramatically at high pH. 

The results provide new insights into the design of pH sensors for MRI.
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Magnetic resonance imaging (MRI) contrast agents (CAs) are widely used in clinical 

medicine to enhance the contrast between normal and diseased tissues by shortening the T1 

and T2 of tissue water protons. The most commonly used clinical agents are low molecular 

weight chelated forms of gadolinium(III) that distribute into all extracellular tissue spaces 

before rapid kidney excretion. Dynamic contrast enhancement (DCE) measurements during 

agent clearance are widely used as an index of tissue perfusion. Numerous “responsive” 

contrast agent designs have been reported that alter image contrast in response to changes in 

pH[1–4], common biological cations (Cu2+, Ca2+, Zn2+),[5–8] O2 tension,[9] temperature,[10] 

glucose[11] or enzyme activity[12] but none have been approved for clinical use. A new class 

of contrast agent based on chemical exchange saturation transfer (CEST) that uses frequency 

selective radio frequency pulses to initiate image contrast is rapidly gaining in popularity.[13] 

CEST imaging has been used to image the tissue distribution of a variety of endogenous 

molecules containing exchangeable –NH or –OH protons such as protein amides, glucose, 

glutamate, creatine, and others[14–16]. A variety of diamagnetic (diaCEST) and paramagnetic 

CEST (paraCEST) agents have also been reported for specific applications.[17,18]

An attractive feature of CEST is that chemical exchange of protons is a pH-dependent 

process. Consequently, there have been many reports of CEST agents as pH sensors. The 

best example is the use of the clinically approved CT agents such as Iopamidol[19,20] for 

mapping the pH gradient in kidneys in vivo.[3,21] Other ratiometric methods have been used 

to quantify amide proton CEST amplitudes to determine pH without knowing the local 

concentration of contrast agent.[1,20] Although this technique could potentially be applied in 
vivo, the background signal arising from solid-like tissue water referred to as the 

magnetization transfer (MT) signal can be problematical for in vivo studies.[17] paraCEST 

agents offer the advantage of a much wider chemical shift range over typical diaCEST 

agents. For example, Wang et al. reported a Tb3+-based macrocyclic complex with CEST 

activatable water signal at ~650 ppm, well-beyond the MT window. This complex also 

displayed an excellent pH response between pH 5–8 suitable for ratiometric imaging.[22] 

Similar Eu3+ complexes have been applied in vivo despite their lower than expected 

sensitivity.[1,23] Paramagnetic complexes that act as T2ex agents have also been used as 

responsive MRI agents.[24] Like paraCEST, the magnitude of the T2ex effect is also heavily 

dependent on the rate of water exchange in a paramagnetic complex but the optimal 

exchange rates for paraCEST (~103 s−1) and T2ex (~106 s−1) agents differ by about 3 orders 

of magnitude depending upon which lanthanide is used.[25–27]

In this study, we examined the CEST and T2ex properties of Eu3+ and Dy3+ complexes of the 

ligands shown in Scheme 1. The ligands were designed to have primary amine groups 

positioned at variable distances (variable # of CH2 carbons) from the amide coordinating 
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groups to evaluate the impact of protonation at these distant sites on the CEST and T2ex 

signals arising from the single exchanging lanthanide-coordinated water molecule. Although 

the four appended primary amine groups have pKa values well above pH 7, the CEST and 

T2ex signals were found to be remarkably sensitive to pH in the range 5–7.

The CEST spectra of the three Eu3+ complexes recorded at various pH values are shown in 

Fig. 1. A rather significant increase in CEST intensity was detected in the readily-recognized 

Eu3+-water exchange peak near 50 ppm as the pH was reduced from ~7 to ~4 in all three 

complexes. The CEST spectra of the CBZ-amine protected version of Eu-2 is also shown for 

comparison. The observation that the protected amine version shows a strong CEST 

exchange peak near 50 ppm at both pH 7.1 and 3.0 shows that the amide protons are not the 

origin of the pH-dependent effects seen in the CEST spectra of the non-protected amine 

complexes. One may conclude that the unusual CEST features of these complexes must 

originate with the exchanging primary amine protons on the extended side-chains. It also 

indicates that the bound water protons are not affected by general acid-base catalysis over 

this pH range since the bound water CEST signal was unaffected by pH changes between 3 

and 7 in the CBZ-amine protected derivative.

To investigate the mechanism by which the appended amine groups alter the CEST signal 

from the single Eu-bound water molecule, the pKa’s of the amines in Eu-1, Eu-2 and Eu-3 

were measured by PH-potentiometric titration (Table 1). These data show that the four 

amines on the pendant arms have pKa values well above the pH-dependent CEST effects 

shown in Fig. 1. The potentiometric titrations also revealed that the pKa of the bound water 

molecule or the amide pendant group (log KMH-1) in these complexes is also too high to 

have a direct impact on the CEST signal between pH 5–7. Using the pKa values reported in 

Table 1, one can calculate the percent deprotonation of the four primary amine groups at 

each pH value. This sum is shown as dark blue lines in Fig. 2 plotted along with the CEST 

versus pH data. The pH where the CEST signal begins to be quenched lies in the order, Eu-1 

(lowest pH) < Eu-2 < Eu-3 (highest pH) which parallels the log KMH4L values in these 

complexes. The blue curves show that as little as 2–4% deprotonation of the amine groups 

results in greater than 90% quenching of the CEST signal. This demonstrates the important 

impact of neighboring nucleophiles on the CEST signal from a Eu-bound water molecule.

In an attempt to obtain quantitative rate constants for these pH dependent effects, the proton 

exchange rates were estimated by fitting the CEST data of Fig. 1 to Bloch theory.[28] 

Unfortunately, kex values could only be obtained from these data below pH ~5–6 because the 

CEST signal is not clearly defined as a resolved peak at higher pH values. As summarized in 

Table S3, the average kex for all three complexes below pH 6 was 8000 to 12,000 s−1, 

consistent with previously published exchange rates for similar Eu-based CEST agents.
[29,30] These data were further fit to a base-catalyzed exchange model described by eqn. 1 

for a conjugate-base catalyzed mechanism.[31,32] Here, c is the contribution from general 

acid-base catalysis, kci is rate constant for conjugate-base catalysis, and [NH2] represents the 

total concentration of conjugate base, assumed in this case to be limited to the deprotonated 

forms of the four amine groups.
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kex = c + kci[NH2] [1]

Given the reasonable assumption that conjugate-base catalysis occurs by nucleophile attack 

of a deprotonated amine groups on the protons of the single inner-sphere water molecule or 

through second-sphere water interactions, the proton exchange rates as measured by CEST 

(Table S4) were fit to eqn. 1 to yield values for c and kci for each complex (Table S5). The 

agreement between the experimental proton exchange rates (Table S4) and the rates 

estimated by eqn. 1 were satisfactory (Table S5) although the error in kci was large because 

CEST data could not be obtained at higher pH values where the second term of eqn. 1 begins 

to dominate the measured proton exchange rates.

The observation that the water linewidth broadens significantly in the CEST spectra of Fig. 1 

at higher pH values suggests that these complexes may also act as pH-dependent T2ex 

exchange agents.25 This effect is greatly magnified in lanthanide complexes that produce 

much larger paramagnetic shifts over those shown here for the Eu3+ complexes.[27] To 

evaluate this further, the Dy3+ complexes of the same three ligands were prepared and the 

water proton T1 and T2 relaxation rates were measured as a function of pH. The r1 and r2 

values shown in Fig. 3 were corrected for water proton relaxation induced by the 

paramagnetic Dy3+ itself by subtracting the relaxation rate (T1
−1 and T2

−1) of DyTETA, a 

complex without an exchanging water molecule,[26] at an equivalent concentration. The 

resulting corrected r1 values were small and essentially pH-independent while the corrected 

r2ex values increase dramatically above pH ~6 much like the CEST response seen for Eu-1, 

Eu-2, and Eu-3. Plots of T1 and T2 versus concentration are presented in Figures S1, S2 and 

S3. The observation that r2ex was higher at 310 K than at 298 K for all three complexes (Fig. 

4) demonstrates that the proton exchange rates in these complexes fall in the slow-exchange 

regime side of the theoretical Swift-Connick curves (Fig. 4) similar to that observed 

previously for other DyDOTA-amide complexes.[26] These data show that the increase in 

r2ex at higher pH values (Fig. 3) reflect more rapid proton exchange, essentially paralleling 

the CEST profiles for the Eu3+ complexes. To quantify these effects, the T2ex data were fit to 

the Swift-Connick theory (eqn. 3). Here, PB is the mole fraction of each complex in solution 

and Δω is the chemical shift of the single metal ion-bound water molecule (assumed to be 

−730 ppm as reported for other DyDOTA-amide complexes of similar structure).[26]

T2ex = PB
kex

−1Δω2

1 + kex
2 Δω2 [3]

Those experimental kex values were then fit to eqn. 1 to obtain c and kci for the Dy3+ 

complexes (Table S). A comparison of the catalytic rate constants for the Eu3+ and Dy3+ 

complexes shows that proton exchange is about one order of magnitude faster in the Dy3+ 

complexes (compare “c” values in Tables S4 and S5), consistent with earlier reports.[26] The 

conjugate base catalytic rate constants, kci, also appear to be larger for the Dy3+ complexes 
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but this may reflect the larger uncertainty in kex values determined by CEST compared to 

T2ex.

MRI maps of the extracellular pH (pHe) of solid tumors have been obtained previously using 

a single injection cocktail of a pH-sensitive T1 agent (Gd) plus a pH insensitive T2 agent 

(Dy).[33] A plot of r2ex/r1 versus pH for Dy-1 is shown in Fig. 5. The linearity of this curve 

makes this complex a potentially attractive sensor for imaging tissue pH using a single agent 

and T2/T1 tissue maps. Alternatively, a cocktail of Eu3+ and Dy3+ complexes such as these 

could potentially be used to map the CEST and T2ex effects simultaneously using newer 

types of imaging sequences such as MR fingerprinting.[34] Given that the pH response of 

these two types of agents is opposite, this may prove to be an advantage in delineating small 

differences in pH across tissue regions such as the kidney.

In summary, a series of Eu3+- and Dy3+-DOTA-(amide)4 complexes with four appended 

primary amine groups display rather unexpected pH-dependent CEST and T2ex/T1 relaxation 

properties. Of particular interest was the unusual off-on response that occurs between pH ~7 

and pH ~4 where the CEST signal is completely silent at high pH and completely “on” at 

lower pH. This feature makes complexes of this type attractive as model pH indicators for 

detecting only acidic microenvironments such as those found in the extracellular spaces of 

most tumors. The analogous Dy3+ complexes show a similar trend in r2ex/r1 ratio where r2ex 

increases dramatically between pH 5 and 9. Although the protonation constants of the 

primary amine groups in these complexes are higher than the pH responsive range of these 

agents, only a small amount of deprotonated amine (2–4%) can act as a powerful catalyst to 

accelerate the proton exchange from the single Ln-bound water molecule. The schematic 

model shown in Fig. 6 illustrates the importance of a strong hydrogen bonding network 

involving the single water molecule bound to the Eu3+ or Dy3+ ion, one or perhaps two 

second-sphere water molecules, and the amine groups that act as conjugate base catalysts.
[3,35,36] This serves as a useful model for the development of new types of responsive MRI 

probes that turn “on” at very specific pH values analogous to the micelle-based optical 

probes reported by Gao, et al.[37,38] For example, one new design might be based on 

tetraamide ligands having amide side-chains with variable numbers of carboxylate and 

amine groups in combination to allow fine-tuning of the pKa values of the amine groups. 

Given that appended deprotonated carboxylate groups do not catalyze proton exchange from 

a Eu3+-bound water molecule while protonated amine groups do not catalyze proton 

exchange,[39] one should be able to identify a combination of side-chain groups that turn on 

the CEST and T2ex signals at very specific pH values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
pH dependence of CEST spectra of the three EuDOTAM-amine complexes shown in 

Scheme 1 (A,B and C) plus the CBZ-amine protected version of Eu-2 (D). The CEST 

spectra were collected on 20 mM unbuffered samples in H2O using a 2 s pre-saturation pulse 

(B1 = 1000 Hz) at 298 K. The lines represent a fit of the experimental data to a 3-site 

exchange Bloch model.
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Figure 2. 
Plots of CEST versus pH and % deprotonated amine versus pH for Eu-1, Eu-2, Eu-3. Data 

poiunts were connnected with guidelines.
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Figure 3. 
pH dependence of r1 and r2ex for the Dy3+ complexes measured at 400 MHz and 298 K.
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Figure 4. 
Swift-Connick plot for Dy 2–4 at 9.4 T using Δω value equal to −730 ppm. Red data points 

reflect measurements at 298 K and blue points reflect data collected at 310 K for 

comparison. The green circles highlight the pH 7 r2ex values at 298 K and 310 K.
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Figure 5. 
Plot of r2ex/r1 for Dy-1 as a function of pH.
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Figure 6. 
Schematic illustration showing how appended conjugate-base amine groups can catalyze 

exchange of protons at a single metal ion-bound water molecule perhaps through one of 

more second coordination sphere water molecules.
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Scheme 1. 
The Ln3+-complexes studied in this work
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Table 1

Protonation constants for the Eu3+ complexes formed with ligands 1–3.

Eu-1 Eu-2 Eu-3

log KMHL 9.22(3) 9.78(2) 10.68(2)

log KMH2L 8.56(3) 9.57(2) 9.85(3)

log KMH3L 8.05(3) 9.03(2) 9.86(2)

log KMH4L 7.22(2) 8.50(2) 8.82(2)

log KMH-1 11.35(1) 11.63(1) 12.06(2)
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