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Recent years have witnessed important development in Zn

2+responsive MRI contrast agents, mainly based on Gd 3+ .
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Following the first detection, a decade ago, of Zn 2+ -release from pancreatic -cells upon glucose stimulation, 7 spectacular progress has been made in in vivo imaging, pioneered by the group of D. Sherry. 8 For example, new insights were gained into the role of Zn 2+ in endocrine glucose metabolism, 9 and differences in Zn 2+ release could be detected depending on the physiological/pathological state of the prostate after glucose stimulation.

Most of these studies were performed using a Gd 3+ -based contrast agent that responds to Zn 2+ in the presence of Human Serum Albumin (HSA), the most abundant blood protein. The relaxivity response of this type of agents to Zn 2+ reaches its maximum at 20-80 MHz, and is related to a change in their rotational motion upon HSA binding. However, most imaging studies are performed at higher field (typically 9.4 T), where MRI sensitivity is better, but the relaxivity response based on variation of the rotational dynamics vanishes. For example, the most successful contrast agent used in vivo shows 200% relaxivity increase upon Zn 2+ binding at 0.5 T, in vitro and in the presence of HSA, but the relaxivity increase drops to 8 % at 9.4 T 11 where the in vivo studies were performed.

Even if insights into the interaction between Zn 2+ , the contrast agent and HSA have been obtained in vitro, 11 PyC4mDPA was synthesized in 6 steps as previously reported.
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The good thermodynamic stability of its Gd 3+ complex (log K = 20.1 ) was further confirmed by pH dependent relaxivities for GdPyC4mDPA (Figure S1) and luminescence data for the corresponding EuPyC4mDPA (Figure S2). We note that at physiological pH, GdPyC4mDPA is protonated on the DPA amine (log K H = 8.92). 12 The kinetic inertness of Gd 3+ complexes is often assessed in transmetalation assays using Zn 2+ or Cu 2+ as competing metal ions. Here Zn 2+ cannot be used as the thermodynamic stability constant of ZnPyC4mDPA (log K ZnL = 16.5) 12 is four orders of magnitude lower than that of GdPyC4mDPA. For GdDTPA, which has also higher stability than ZnDTPA, the displacement of Gd 3+ by Zn 2+ is possible due to the formation of a dinuclear Zn 2+ complex; 13 however, such Zn 2 L complex was not observed for the parent GdPy complex. 14 Moreover, in GdPyC4mDPA, the Zn-binding DPA moiety will bind both Zn 2+ and Cu 2+ . Water proton T 2 measurements show that even in hard conditions such as 40 eq. of Cu 2+ at pH 3.5, only 60 % of Gd 3+ is released (Figure S3) evidencing that Cu 2+ does not efficiently displace Gd 3+ .

Therefore, the kinetic inertness of GdPyC4mDPA was investigated in Eu 3+ transmetalation experiments (10-40 fold Eu 3+ excess to ensure pseudo-first-order conditions). Dissociation was monitored by luminescence in the pH range 3.55-5.03 (Figure 1). The observed rate constants, k obs , show second order dependence on proton concentration, and can be fitted to

k obs = k 0 + k 1 [H + ] + k 2 [H + ] 2
. k 0 was fixed to zero, otherwise a small value was obtained with large error ((2.7±8.3)×10 -5 ). The constants k 1 and k 2 (Table S1) are similar for GdPyC4mDPA and GdPy, evidencing a negligible effect of the Zn 2+ chelating moiety on the Gd 3+ dissociation. The rate constant k 1 (3.6 mol -1 .L.s -1

), characterizing the proton assisted dissociation is nearly one order of magnitude higher than that for GdDTPA (0.58 mol

-1 .L.s -1 ), while k 2 (7.60×10 4 mol - 2 .L 2 .s -1
) is in the same order (9.7×10 4 mol -2 .L 2 .s -1 ). 13 The dissociation half-lives extrapolated to pH 7 exceed 1300 h for both bishydrated complexes GdPyC4mDPA and GdPy, which is more than six times than that for GdDTPA (202 h). This is related to the rigid ligand skeleton which makes difficult structural rearrangements required for dissociation, as previously observed for another pyridine-based Gd 3+ chelate.

GdPyC4mDPA has therefore similar stability and inertness features as the parent compound GdPy whose non-toxicity has been previously evidenced in mice. 16 Upon Zn 2+ addition to GdPyC4mDPA, a significant relaxivity change is observed exclusively when Human Serum Albumin is also present. 12 HSA possesses several binding sites, including two hydrophobic pockets (site I and II), and four metal binding sites. Two of them show significant affinity for Zn 2+ of 100 nM 17 and 2 µM. 18 We have previously shown that GdPyC4mDPA interacts with HSA through at least five binding sites, whether Zn 2+ is present or not. Some of these interactions are probably non-specific. In order to characterize binding to specific site II, competitive fluorescence measurements were performed using Dansylglycine as a competitor (Figure S5, Table 1). The affinity of GdPyC4mDPA for site II is doubled in the presence of Zn 2+ , and this is confirmed by K D values calculated from relaxometric titrations (Figure S6). The affinity found in the presence of Zn 2+ is also consistent with data for another DPA-containing ligand, despite the charge difference. 19 Importantly, these results evidence that the protein-bound fraction of GdPyC4mDPA will be more important in Zn-rich tissues. [a] A KD of 3.4 µM for Dansylglycine for the site II of HSA was used for the fitting (see Figure S4).

Next, the relaxometric properties of GdPyC4mDPA have been assessed in detail. The fit of the 1 H NMRD (Nuclear Magnetic Relaxation Dispersion) profiles (Figure S7) using the Solomon-Bloembergen-Morgan (SBM) theory yields a rotational correlation time (185 ps) which is consistent with the molecular size (see Table S2 for all parameters). This NMRD profile is not modified significantly in the presence of Zn 2+ (Figure S8). Figure 2 compares the NMRD profiles of GdPyC4mDPA in the presence of physiological concentration of HSA with and without 1 eq. of Zn 2+ . The hump at ~80 MHz confirms slow rotation, thus interaction of the complex with HSA, both with and without Zn 2+ . Under the conditions used, >90% of GdPyC4mDPA is bound to HSA, whether Zn 2+ is present or not. Therefore, the NMRD profiles are characteristic of the bound species, within experimental error. Luminescence lifetime measurements on the Eu 3+ analogue prove that the hydration number of Gd 3+ does not significantly change in the presence of HSA, whether Zn 2+ is present or not (q = 2; Table S3). The profiles were analysed with the SBM theory including Please do not adjust margins Please do not adjust margins the Lipari Szabo approach (equations in ESI), which takes into account a local motion of the Gd 3+ complex ( ) and a global motion of the protein ( ). Again, the parameters characterizing rotational dynamics in the presence of HSA, without or with Zn 2+ , are the most relevant (Table 2 andS4). In particular, S 2 reflects the degree of spatial restriction of the local with respect to the global motion, and its ~50% increase upon Zn 2+ binding points to a more pronounced rigidity. It indicates that the relaxivity increase observed at medium fields in the presence of Zn 2+ (in 0.6 mM HSA) can be ascribed to an increased rigidity of the ternary GdPyC4mDPA-Zn-HSA complex with respect to GdPyC4mDPA-HSA. The lines represent the best fit to the SBM theory using the Lipari-Szabo approach with the parameters in Table 2.

Table 2. Rotational parameters of the complexes in the presence of 0.6 mM of HSA obtained from the fitting of the NMRD profiles to he SBM theory using the Lipari-Szabo approach. Upon Zn 2+ binding, GdPyC4mDPA shows a modest relaxivity increase (ca. 30 %) at 0.94 T (40 MHz), while at 9.4 T (400 MHz) the relaxivity decreases by ca. 8%. This small relaxivity decrease is reflected by the phantom images in mouse serum (Figure 3), but would be likely insufficient for in vivo zinc detection. On the other hand, given the enhanced HSA affinity of GdPyC4mDPA in the presence of Zn Please do not adjust margins Please do not adjust margins

Mice were divided into two groups: the WT+Glu group received an intraperitoneal bolus of 20% glucose 10 min prior to intravenous contrast agent injection (44 µmol.kg -1 ), while the control group (WT) received only the contrast agent. To confirm the pertinence of the model, Zn 2+ content was measured ex vivo by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) in various organs for the two groups 20 min and 70 min after glucose injection (Figure 4A and S9). At 20 min, 40% higher zinc content was found in the pancreas for the group which received glucose injection, while there was no significant change in the zinc level at 20 min in other organs, nor at 70 min in any organ. All data are consistent with literature values. 20 These results confirm the significant glucose-dependent difference in Zn 2+ level of the pancreas. Mice were imaged by MRI at 9.4 T after injection of 44 µmol.kg -1 of GdPyC4mDPA, GdPy or Vasovist ® , a blood-pool agent which binds to HSA (Figures 4 andS10). 10 min after GdPyC4mDPA injection, significantly higher MRI intensity is observed in the pancreas of mice in the Glu group versus control (WT group, no glucose) animals (Figure 4B andC). In all other organs, MRI intensities are similar for the two groups over the time course of the experiment (Figure S10). For GdPy and Vasovist ® , no MRI intensity differences are observed between the two groups, either in the pancreas or in any other organ, highlighting the importance of the presence of the "Zn 2+ binding unit" in GdPyC4mDPA, leading to a zinc-dependent tissue accumulation, which will in turn lead to the increased MRI signal intensity. As the change in GdPyC4mDPA relaxivity upon Zn 2+ binding cannot explain the MRI response observed, an ex vivo biodistribution was performed by ICP-OES, in similar conditions. Gadolinium contents were measured 10 min and 1h post contrast agent injection in the pancreas and other organs of interest (Figures 4D andS11). In the case of GdPyC4mDPA, the Gd content of the pancreas is 20% higher in the Glu group compared to the control group. No significant differences are detected in other organs, nor upon injection of GdPy. For the first time, these data unambiguously show that the MRI response observed in the pancreas after glucose 

Fig. 1 .

 1 Fig. 1. Observed dissociation rate constants, kobs, as a function of proton concentration for the dissociation of GdPyC4mDPA (100 µM; ) and GdPy (145 µM, ) in the presence of 10 eq. of Eu 3+ ; GdPyC4mDPA (100 µM) with 20 eq. (), or 30 eq. (), or 40 eq. (*) of Eu 3+ at 25 °C in the presence of 0.1 M NaCl.

Fig. 2 .

 2 Fig.2.1 H NMRD profile of GdPyC4mDPA (Blue) and GdPyC4mDPAZn (Red) at 0.3 mM, 25 °C (■), and 37 °C (•) in the presence of 0.6 mM of HSA at pH 7.4 (HEPES 0.1 M). The lines represent the best fit to the SBM theory using the Lipari-Szabo approach with the parameters in Table2.

7 Fig 3 .

 73 Fig 3. T1-weighted phantom images in mouse serum without or with 0.2 mM GdPyC4mDPA in the presence and in the absence of 1 eq. of Zn 2+ (37 °C). Images were acquired at 9.4 T using spin echo sequence with TE = 16 ms, TR = 500 ms.

Fig. 4 .

 4 Fig. 4. A) Zn content in the pancreas measured by ICP-OES for mice with and without glucose injection. Animals were euthanized 20 min after glucose injection, and pancreas were excised and digested in HNO3 prior to analysis; data are presented in µg Zn per g of pancreas (n = 6, ±SEM; p < 0.0001); B) T1-weighted MR images of mouse pancreas (outlined in red) 10 min post i.v. injection of GdPyC4mDPA without and with glucose injection (10 min prior to GdPyC4mDPA injection); C) % of MRI signal enhancement in the pancreas after i.v. injection of 44 µmol.kg -1 of GdPyC4mDPA, GdPy or Vasovist ® without and with glucose injection 10 min prior to contrast agent injection (n = 3, ±SEM; p = 0.0032); D) Gd content in the pancreas measured by ICP-OES for mice with and without glucose injection. Animals were euthanized 10 min after contrast agent injection, and pancreas were excised and digested in HNO3 prior to analysis; data are presented in % of injected dose by organ mass (n = 3, ±SEM; p = 0.0138).

Table 1 .

 1 Conditional dissociation constants (KD) measured by paramagnetic relaxation enhancement (PRE) and fluorescence competition experiments using Dansylglycine in site II, at 37 °C and pH 7.4.[a] 

	KD (µM)	PRE	Fluorescence
	GdPyC4mDPA	60 ± 20	45 ± 10
	GdPyC4mDPAZn	30 ± 10	25 ± 10
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