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Abstract 

Zn2+ responsive MRI contrast agents are typically composed of a Gd-chelate conjugated to a 

Zn2+ binding moiety via a linker, and allow for Zn2+ detection in the presence of Human 

Serum Albumin (HSA). In order to decipher key parameters driving their Zn2+-dependent MRI 

response, we designed a pyridine-based ligand, PyAmC2mDPA, and compared the 

properties of GdPyAmC2mDPA to those of analogue complexes with varying Gd-core, Zn-

binding moiety or linker size. Stability constants determined by pH-potentiometry show good 

selectivity of PyAmC2mDPA for Gd3+ (Log KGd = 16.27) vs Zn2+ (Log KZn = 13.58), and prove 

that our modified Zn2+-binding DPA moiety prevents the formation of previously observed 

dimeric species. Paramagnetic Relaxation Enhancement measurements indicate at least 

three sites available for GdPyAmC2mDPA binding on the HSA, and a twofold affinity 

increase when Zn2+ is present (KD = 170 µM vs KDZn = 60 µM). Fluorescence competition 

experiments evidence the higher affinity for site II and the importance of both the Zn-binding 

part and the Gd-core to generate enhanced HSA affinity in the presence of Zn2+. Finally, the 

analysis of Nuclear Magnetic Relaxation Dispersion (NMRD) data suggests significantly 

increased rigidity for the Zn2+-bound system which is responsible for the Zn2+-dependent 

relaxivity response.   

 



Introduction 

Zinc is the second most abundant transition metal in the body after iron1, involved in 

many biological processes. It is not redox active, and mainly bound to proteins 

controlling gene transcription or metalloenzyme functions2, but it is also a signalling 

ion relevant in pathways of the immune system3, or in fertilization processes4 for 

example. As for other physiological ions, zinc concentration is tightly regulated, and 

misregulations in its homeostasis are implicated in various diseases such as cancers,5 

neurodegenerative diseases6 or diabetes7. 

Therefore, in vivo, non-invasive imaging of Zn2+ would be helpful, both for early 

diagnosis of pathologies where Zn2+ is implicated and for fundamental biomedical 

research. Among in vivo imaging modalities, Magnetic Resonance Imaging (MRI) 

stands out with an exceptional spatial resolution, and gives the most precise 

information at the macroscopic level. In order to compensate for the low sensitivity of 

MRI, contrast agents (CAs) can be injected. These are commonly Gd3+ complexes 

based on DOTA (1,4,7,10-tetraazacyclododecan-1,4,7,10-tetraacetic acid) or DTPA 

(diethylenetriamine-pentaacetic acid), and upon modification, these contrast agents 

can be rendered responsive to bioactive molecules, such as Zn2+.8 Typically, such 

responsive CAs are composed of three parts: (1) the Gd3+-binding moiety that must be 

thermodynamically stable and kinetically inert; (2) the Zn2+-binding part, and (3) a 

linker between the two. Two main mechanisms can be utilised to modulate the 

efficacy of a contrast agent (called relaxivity) upon interaction with Zn2+: (1) 

modification of the number of water molecules coordinated to Gd3+, or (2) modification 

of the rotational motion of the complex, related to molecular size and rigidity.9 The 

rotational dynamics can be further modulated by the Zn2+-dependent variation of the 

probe affinity for a given protein, typically Human Serum Albumin (HSA). 

The field of Zn2+-responsive CAs has witnessed important development in the last 

fifteen years, particularly since the onset of in vivo applications.10 Early detection of 

prostatic cancer11 or diabetes12 using such probes proved for the first time the 

feasibility of in vivo Zn2+ mapping. Interestingly, the most successful Zn2+ responsive 

contrast agents provide a Zn2+-dependent relaxivity change in the presence of HSA, 

the most abundant protein in the blood.13  

HSA is composed of three homologous domains, each composed of two 

subdomains.14 HSA can bind various endogenous compounds such as fatty acids, 

metals, heme, NO, but also drugs, altering their pharmacokinetics properties.15 Small 

molecules usually bind to two different pockets: Sudlow’s site I, a hydrophobic cavity 

of the subdomain IIA which accommodates bulky heterocyclic anions, and Sudlow’s 



site II located in the subdomain IIIA, which is preferred for aromatic carboxylates with 

an extended conformation. HSA also possesses four metal binding sites, the N-

terminal site, the site at the reduced Cys34, the multi-metal binding site A (MBS) at 

the I/II interdomain contact region, and the non-localized site B. The MBS has the 

highest affinity for the Zn2+, in the 100 nM range, while site B has an affinity in the µM 

range.16 The MBS binds Zn2+ with two histidines and one aspartate, completed with 

one water molecule.17 Due to its high affinity (log KHSA-Zn = 7.53),18 75-85% of the 10-

18 µM total plasma zinc concentration19 is bound to HSA. Therefore, Zn2+ responsive 

CAs have multiple possibilities to interact with HSA, which are not easy to predict.  

 

We have previously developed a series of pyridine-based ligands for Gd3+ 

complexation.20-21 Py (Scheme 1) is attractive because its Gd3+ complex has good 

MRI efficacy (two water molecules in the first coordination sphere of Gd3+), combined 

with good thermodynamic stability and kinetic inertness,22 without acute or long-term 

toxicity.21 We have derivatized this system to append a Zn2+-binding unit, a derivative 

of AMPA (2-aminomethyl)pyridine-N-monoacetic acid) (L1/L2/L3, Scheme 1), which 

has nanomolar affinity for Zn2+ (log K = 7.6).23 This AMPA derivative was previously 

used by Nagano et al. linked to a DTPA-based complex which responds to Zn2+ by a 

modification of the water exchange rate.24 We showed that (1) the presence of the 

amide is necessary to have enough selectivity for Gd3+ vs Zn2+ (L1 vs L2/L3) and (2) 

the Gd3+ complexes of this first generation of ligands (L2/L3) provide a relaxivity 

response to Zn2+ through the formation of (GdL)2Zn dimers.25 

By modifying both the Zn2+- and the Gd3+-binding part (PyC4mDPA, Scheme 1), a 

monotonic relaxivity variation could be achieved upon Zn2+ addition, in the presence of 

HSA. This allowed for in vitro Zn2+ quantification using a cocktail of the Gd3+ and the 

165Er3+ complex.26 GdPyC4mDPA proved also useful to elucidate the molecular bases 

underlying the in vivo MRI response of such systems to variations in the Zn2+ 

concentration.27 

In the aim of further understanding the parameters governing stability, HSA affinity, 

relaxation properties and Zn2+-dependent relaxometric behaviour in this family of Zn2+ 

responsive MRI probes, we report here a novel analogue, PyAmC2mDPA (Scheme 

1) which has the same Gd3+-binding part as the first generation of ligands L2 and L3, 

and the same Zn2+-binding unit as PyC4mDPA. PyAmC2mDPA and PyC4mDPA 

have different charge, which might affect the protein binding properties, as well as the 

potential of the Gd3+ complex to change its hydration number upon interacting with 

Zn2+. In order to better rationalize the findings, two model compounds, ZP1 and ZP2 

(Scheme 1) which mimic the Zn2+-binding moieties, have been also synthesized and 



involved in these studies. We have performed potentiometric titrations to assess the 

stability and selectivity of PyAmC2mDPA for Ln3+ vs cations present in the 

physiological milieu. We demonstrate that the Zn2+-binding unit of this ligand prevents 

dimerization in the presence of Zn2+ and that HSA-binding allows for Zn2+ detection in 

vitro, with a maximum relaxivity response at medium magnetic field. We have 

investigated in detail the interaction between the complexes and HSA using 

relaxometric and fluorescence measurements. Combined with the variable-

temperature NMRD profiles in the presence and in the absence of Zn2+ and HSA, this 

full characterisation helps decipher the key factors involved in the relaxivity response 

to Zn2+ and gives valuable insights for further improvement of Zn2+-responsive MRI 

probes. 

 

 

Scheme 1: Chemical structures of the ligands discussed in this work. The Gd3+- and 

Zn2+-binding parts are indicated respectively in green and in violet.  

 



Experimental Section 

General remarks 

ZnCl2, GdCl3, Hepes and fatty acid free albumin from human serum were purchased from 

Sigma Aldrich. Synthesis and characterization of the compounds discussed in this work is 

described in the Supporting Information. 

Liquid sample preparation 

The ligand concentrations were determined by adding an excess of zinc solution to a 

ligand solution and titrating the metal excess with standardized Na2H2EDTA in 

urotropine buffer (pH 5.6–5.8) in the presence of Xylenol Orange or Eriochrome Black 

T, or Murexide as indicators. The concentration of the metal solutions was determined 

similarly by complexometric titrations. The complexes were prepared by mixing 1 eq. 

of L, with 1 eq. of Gd3+, and the pH was adjusted to 7.4 either with a buffered solution 

or by adding KOH or HCl to the solution. The absence of free Gd3+ was checked by 

the Xylenol orange test. The concentrations of Gd3+-containing solutions were also 

checked both by ICP-MS and BMS measurements when possible.  

Potentiometric studies 

Carbonate-free 0.1 M KOH and 0.1 M HCl were prepared from Fisher Chemicals 

concentrates. Potentiometric titrations were performed in 0.1 mol. L-1 aqueous KCl 

under nitrogen atmosphere and the temperature was controlled to 25±0.1 °C with a 

circulating water bath. The p[H] (p[H] = -log[H+], concentration in molarity) was 

measured in each titration with a combined pH glass electrode (Metrohm) filled with 

3M KCl and the titrant addition was automated by use of a 702 SM titrino system 

(Metrohm). The electrode was calibrated in hydrogen ion concentration by titration of 

HCl with KOH in 0.1 M electrolyte solution.28 A plot of meter reading versus p[H] 

allows the determination of the electrode standard potential (E°) and the slope factor 

(f). Continuous potentiometric titrations with HCl and KOH 0.1 M were conducted on 

aqueous solutions containing 5 mL of L 3.23 mM in KCl 0.1 M, with 2 minutes waiting 

between successive points. The titrations of the metal complexes were performed with 

the same ligand solutions containing 1 or 2 equivalents of metal cation, with 2 minutes 

waiting time between 2 points. Experimental data were refined using the computer 

program Hyperquad 2008.29 All equilibrium constants are concentration quotients 

rather than activities and are defined as: 



      
        

            
 

 

The ionic product of water at 25 °C and 0.1 molL-1 ionic strength is pKw = 13.77.30 Fixed 

values were used for pKw, ligand acidity constants and total concentrations of metal, ligand 

and acid. All values and errors (one standard deviation) reported are at least the average of 

three independent experiments. 

NMR spectroscopy 

The 1H, 13C and complementary experiments (COSY, HSQC and HMBC) NMR spectra were 

recorded on a Bruker Advance III HD Spectrometer at 298 K using a 5 mm BBFO probe. 1H 

and 13C spectra were obtained respectively at 600 MHz and 150 MHz. 

UV-visible spectroscopy:  

UV-visible absorption spectra were recorded on a V 670 JASCO UV-Vis/NIR 

Spectrophotometer in the range = 350-875 nm with data steps of 1 nm, with a 1 cm path 

length. Measurements were performed at 298 K and in KCl 1 M. Out-of-cell (batch) samples 

were prepared containing the ligand (2.5 mM for PyAmC2mDPA, 1.56 mM for PyC4mDPA 

and 3 mM for ZP2) and 1 or 2 equivalents of Cu2+ with various HCl concentrations. 

 

Relaxometric measurements 

Proton NMRD profiles were recorded on a Stelar SMARTracer Fast Field Cycling 

relaxometer (0.01-10 MHz) and a Bruker WP80 NMR electromagnet adapted to variable field 

measurements (20-80 MHz) and controlled by a SMARTracer PC-NMR console. The 

temperature was monitored by a VTC91 temperature control unit and maintained by a gas 

flow. The temperature was determined by previous calibration with a Pt resistance 

temperature probe. The longitudinal relaxation rates (1/T1) were determined in water. 

Luminescent measurements 

Fluorescence spectra were recorded on an Agilent Cary Eclipse Fluorescence 

spectrophotometer with the following settings: excitation at 260 nm and emission scanning 

between 400 and 700 nm with an emission filter 360-1100nm, slit widths 5 nm for excitation 

and emission wavelengths, at 313K. The mixtures in a 500 µL quartz cuvette with a 2x10 mm 

path length were incubated for 3 min before the measurements were taken. To determine the 



affinity of dansylated aminoacids for HSA, various amounts of dansylaminoacid were added 

to a solution of [HSA] = 5 µM in 10 mM HEPES buffer, pH 7.2. For the displacement 

experiments, various amount of the different compounds were added to a solution of [HSA] = 

5 µM and [dansylglycine] = 10µM in 10 mM HEPES buffer pH 7.2. All spectra were 

normalized, then imported in HypSpec 2014 (Hyperquad suite). All titration were fitted taking 

into account two equilibria: HSA + DslAA = HSA-DslAA and HSA + GdL = HSA-GdL (KdHSA-

GdL). The formation constant of HSA-dansylglycine was set at βHSA-DslGly = 5.47 and for HSA-

dansylarginine at βHSA-DslArg =3.9, and the emission spectra of the dansylglycine in 10 mM 

HEPES buffer pH 7.2 was recorded and set in HypSpec. 

 

Europium luminescence lifetimes were recorded on an Agilent Cary Eclipse Fluorescence 

spectrophotometer by recording the decay of the emission intensity at 616 nm, following an 

excitation at 272 nm. Measurements were performed in H2O and D2O solutions. The settings 

were as follow: gate time: 0.1 ms; delay time: 0.1 ms; flash count: 1; Total decay time: 10 ms; 

100 cycles; PMT detector: 800 mV. At least three decay curves were collected for each 

sample, all lifetimes were analyzed as monoexponential decays, and it was also checked 

that direct excitation of the metal at 396 nm gave similar results. The reported lifetimes are 

an average of at least three measurements. 

 

Results and Discussion 

Synthesis of ligands 

The ligand PyAmC2mDPA was synthetized in 8 steps (Scheme 2). First the Gd3+ binding 

motif was prepared starting from 2,6-bis(bromomethyl)pyridine which was reacted statistically 

with diethyl iminodiacetate to afford compound 1. Then, another statistical reaction was 

performed with an excess of glycine ethyl ester hydrochloride to lead to the derivative 2. The 

linker was then introduced by N-alkylation of the secondary amine function with compound 3, 

which was previously obtained by acylation of the commercial N-Boc ethylenediamine with 

chloroacetyl chloride. A cyclization occurred during this N-alkylation reaction and the 2,6-

piperazinedione derivative 4 was obtained as major product. Indeed, it could be explained by 

high reactivity towards lactamization due to the thermodynamically favorable formation of a 

6-membered ring. After the cleavage of the carbamate protecting group under acidic 

conditions, the modified DPA unit was built by di-N-alkylation with product 6, previously 

prepared by radical bromination of methyl-2-methylnicotinate. The ester functions and the 



piperazinedione cycle of compound 7 were hydrolysed in basic conditions to finally lead to 

ligand PyAmC2mDPA. 

 

 

Scheme 2: Synthesis of ligand PyAmC2mDPA. Reagents and conditions: (a) diethyl 

iminodiacetate, K2CO3, CH3CN, reflux, 87 %; (b) Glycine ethyl ester hydrochloride, K2CO3, 

NaI, CH3CN, reflux, 71 %; (c) Chloroacetyl chloride, K2CO3, CH3CN, rt; 80 % (d) 2, K2CO3, 

NaI, CH3CN, reflux, 87 %; (e) TFA, CH2Cl2, rt, quant.; (f)  N-Bromosuccinimide, AIBN, CHCl3, 

reflux, 42 %; (g) 6, K2CO3, CH3CN, reflux, 38 %;  (h) LiOH, THF/H2O (1 :1 v/v), rt, 90 %.. 

 

ZP1 and ZP2 were both synthesized in three steps from n-propylamine (see Scheme S1, 

ESI). Successive nucleophilic substitution reactions of ethyl bromoacetate and 2-

(chloromethyl)pyridine hydrochloride with n-propylamine, followed by a hydrolysis of the ester 

functions, afforded ZP1. ZP2 was obtained by N-dialkylation of the n-propylamine with ethyl 

2-(bromomethyl)nicotinate, obtained after a radical bromination of ethyl-2-methylnicotinate, 

followed by a final hydrolysis step. 

 

Protonation constants of the ligands and stability constants of the complexes 

Protonation constants, as defined in equation (1), were determined by pH-

potentiometric titrations for PyAmC2mDPA (Figure 1) and ZP2 (Figure S1). The 

results are reported in Table 1. ZP2 shows three protonation constants in the pH 

range used for the measurements, the first one (9.50) corresponding to the 

1 2
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protonation of the nitrogen atom of the amine function, and the others to the 

carboxylate functions and/or the pyridine nitrogen.  

PyAmC2mDPA displays six protonation constants, the first three related to the 

protonation of nitrogens from amine functions. By comparison with ZP2, Py and L3, 

the highest protonation constant can be attributed to the tertiary amine of the Zn2+-

binding moiety, while log KH2 corresponds to the protonation of the tertiary amine of 

the Gd3+ complexing part, and log KH3 to the nitrogen atom being close to the amide 

function. It has been previously observed that the vicinity of amide functions lowers 

the protonation constants,25 and this is consistent with what is observed for L3. 

Finally, the last three protonation steps occur on carboxylate functions and the 

pyridinic nitrogens of the ZP2 moiety. 

 

Table 1. Protonation constants measured in KCl (0.1 M) at 298 K 

Log KH PyAmC2mDPA ZP2 PyC4mDPAa L3b Pyc 

Log KH1 8.98(2) 9.50(6) 10.53(9) 8.80 8.95 

Log KH2 8.22(5) 3.6(1) 8.75(6) 7.93 7.85 

Log KH3 5.73(8) 2.90(9) 8.04(4) 5.55 3.38 

Log KH4 3.53(9)  3.79(5) 3.50 2.48 

Log KH5 2.64(3)  2.81(6) 2.4  

Log KH6 2.14(3)  2.40(9)   

Log KH7   1.9(1)   

 Log KH 31.24 16 38.22 28.18 22.66 

a From ref 26 b From ref 25; cFrom ref 22 
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Figure 1: Potentiometric titration curves of solutions containing 2.92 mM PyAmC2mDPA 

with 0 or 1 equivalent of Ca2+, Zn2+, Gd3+ and 2 equivalents of Zn2+ in H2O, 0.1 M KCl, 298 K. 

 

Complex stability and protonation constants, log KML and log KMLH (equations 2 and 3) 

have been determined for Gd3+ (Figure 1) by pH-potentiometric titration. The different 

species formed and their stability constants are summarized in Table 2. Gd3+ forms 

only mononuclear complexes with PyAmC2mDPA as previously observed for L325 

and PyC4mDPA.26  

 

The stability constant of GdPyAmC2mDPA is 16.27, which is lower than that of GdPy 

or GdPyC4mDPA. It was expected as a coordinating carboxylate group has been 

replaced by an amide function. The stability constant is one order of magnitude higher 

than that of GdL3 due to the higher basicity of PyAmC2mDPA compared to L3. The 

three protonation constants observed for GdPyAmC2mDPA correspond to the 

protonation of the ZP2 moiety on the tertiary amine, pyridine and/or carboxylate 

functions. The values of the stability and the three protonation constants confirm that 

Gd3+ is complexed within the “Gd3+-binding pocket“. 

 

Table 2. Stability constants of the different complexes measured by potentiometric 

titration in KCl (0.1M) at 298 K. 
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a From ref 26 b From ref 25; c From ref 22; d Logarithmic concentration of the free 

gadolinium ion (pLn = - Log[Ln]free), calculated for [Ln] = 10-6 M, [L] = 10-5 M at pH = 

7.4 

 

The in vivo toxicity of Ln3+ complexes is related to the potential release of the free 

metal ion, which can be a consequence of transmetalation/transchelation occuring 

with endogenous cations/ligands31. Therefore, the stability constants of the complexes 

formed with endogenous cations such as Ca2+, Zn2+ and Cu2+ have been assessed 

(Tables 2, S1-S2, and Figure 1, S1-S5 ESI). For Ca2+, only the formation of a 

mononuclear complex is observed with PyAmC2mDPA. This is consistent with the 

fact that the stability constant of CaZP2 is too low to be determined (Figure S2, ESI). 

So, the complexation of Ca2+ takes place in the “Gd3+-binding moiety” and the values 

found are similar to that of CaL3. Again, the protonation steps observed occur on the 

ZP2 moiety. 

 

With Zn2+, PyAmC2mDPA forms mono- and dinuclear complexes (Table 2). The first 

stability constant is close to that of ZnL3, and the four protonation constants observed 

correspond to protonation of the ZP2 moiety as well as of the "Py pocket", as 

previously detected for ZnPy.22 The stability constant of the dinuclear complex is 

Log K PyAmC2mDPA ZP2 PyC4mDPAa L3b Pyc 

Log KGdL 16.27 (8) - 20.1 15.15 18.60 

Log KGdLH 7.24 (7) - 8.92 7.69 - 

Log KGdLH2 3.26 (5) - 3.74 3.68 - 

Log KGdLH3 2.56 (4) - 2.54 - - 

Log KCaL 8.90 (6) - 10.22 8.05 9.43 

Log KCaLH 7.89 (3) - 9.86 8.10 - 

Log KCaLH2 4.55 (9) - 5.0 - - 

Log KZnL 13.58 (9) 9.09 (3) 16.5 12.7 15.84 

Log KZnLH 7.89 (3) 3.78 (3) 10.03 8.15 3.81 

Log KZnLH2 3.72 (2) - 4.10 3.90 - 

Log KZnLH3 2.71 (2) - 3.20 - - 

Log KZnLH4 2.27 (5) - 2.4 - - 

Log KZnLOH - 8.75 (4) 11.6 - - 

Log KZnLOH2 - 10.13 (4) -   

Log KZn2L 8.3 (1) - 9.9 8.10 - 

Log KZn2LH 3.2 (1) - 3.98 - - 

pGdd 14.83 - 17.34 14.52 17.44 



similar to those of ZnZP2 (Figure S1, ESI) or ZnDPA (7.57).32 This confirms that the 

first Zn2+ enters the "Gd3+-binding moiety” and the second Zn2+ ion binds to the ZP2 

moiety. Importantly, Log KZnL is 3 orders of magnitude lower than Log KGdL, showing 

that, thermodynamically, Zn2+ will not displace Gd3+.  

 

Due to the high affinity of Cu2+ for polyaminocarboxylate ligands,33-35 UV-Visible data 

are often required in complement to potentiometric titrations. A complex stability 

constant of 17.63 was previously determined for CuPy using this method.33 The UV-

visible spectra of CuZP2 (Figure S4) show complex formation even in 2 M HCl (pH = -

0.3), preventing any precise determination of the stability constant. Thus, CuZP2 has 

higher stability than CuPy or CuL3. For CuPyAmC2mDPA as well, the UV-visible 

spectra show complex formation at 1 M HCl, in the presence of one or two equivalents 

of Cu2+ (Figures S5, ESI), proving very high stability which prevents determination of 

the stability constants. Similar results were obtained with CuPyC4mDPA (Figure S6, 

ESI). In overall, as the stability constants of CuZP2, CuPyAmC2mDPA or 

CuPyC4mDPA are higher than that of CuPy, it can be suggested that the first Cu2+ is 

complexed by the ZP2 moiety and the second by the “Gd3+-binding moiety”.  

 

 

Relaxometric properties of the Gd3+ complex 

 

The 1H NMRD profiles of GdPyAmC2mDPA were recorded at three temperatures to 

characterize the parameters governing proton relaxivity (Figure S7, ESI). The 

relaxivity of GdPyAmC2mDPA is 13.6 mM-1.s-1 at 20 MHz and 298 K. It decreases 

with increasing temperature, which is classical for small molecular weight systems 

where rotation limits the relaxivity. These profiles are very similar to those of GdL3,25 

suggesting the presence of two water molecules in the first coordination sphere of 

Gd3+. 

 

To determine the microscopic parameters characterizing the structure and dynamics 

of the complex, the 1H NMRD profiles were analyzed using the Solomon-Bloembergen 

and Morgan (SBM) theory. The rate, kex, and the activation enthalpy, ΔH≠, of water 

exchange have been fixed to the values previously determined for GdL3.25 The 

rotational correlation time, R
298, of GdPyAmC2mDPA (Tables 3 and S3, and Figure 

S7 ESI) is 208 ps, consistent with the size of the complex as compared to GdPy, 

GdPyC4mDPA and GdL3. 

 



Table 3. Parameters obtained from the fit of NMRD profiles at 298 K, 310 K and 323 K 

using the Solomon-Bloembergen and Morgan (SBM) theory. 

 GdPyAmC2mDPA GdPyC4mDPAa GdPyb GdL3c 

 H≠ (kJ.mol-1)d 47.3 50.4 50.4 47.3 

kex
298

 (10
6 

s
-1

)
d 3.3 9.3 9.3 3.3 

R
298

 (ps) 208 (4) 185 92e 147d 

Er (kJ.mol-1) 23 (1) 21 20.2 26.1 

a. From ref 27, b. From ref22; c. From ref 25, d. Fixed during the fitting procedure; 

e. RO calculated from 17O T1 relaxation times 

 

In order to study the influence of Zn2+ on the relaxometric properties of the complexes, 

the relaxivity of GdPyAmC2mDPA was monitored upon Zn2+ addition at 20 MHz and 

298 K in 0.1 M HEPES (pH = 7.4) (Figure S8, ESI). The lack of any significant 

variation means that none of the parameters influencing relaxivity are modified in the 

presence of Zn2+. For GdPyC4mDPA, relatively similar results are obtained, except 

for a slight, ca. 10 %, relaxivity increase upon addition of 1 eq. of Zn2+.26 This small 

increase cannot be attributed to a change in the Gd3+ coordination sphere, as the 

luminescence lifetime on the EuPyC4mDPA analogue does not vary upon addition of 

1 eq. of Zn2+.26 Further, aggregate formation, which could also lead to r1 increase, was 

excluded by the linear dependence of the paramagnetic relaxation rates, R1para, on 

[Zn-GdPyC4mDPA] concentration (Figure S9, ESI). Luminescence titration of 

EuPyC4mDPA with Zn2+ (Figure S10, ESI) evidences a quenching of ca. 30% in the 

presence of one equivalent of Zn2+. As the number of inner sphere water molecules 

remains constant upon Zn2+ binding, the luminescence quenching (for EuPyC4mDPA) 

and the relaxivity increase (for GdPyC4mDPA) observed both suggest that additional, 

second sphere water molecule(s) are likely present in the vicinity of the Ln3+ when 

Zn2+ is bound. Interestingly, such second sphere water molecules are less, present for 

LnPyAmC2mDPA. 

 

This lack of relaxometric response to Zn2+ is very different from what was previously 

observed for GdL3. Indeed, a relaxivity increase of ca. 20% was obtained upon 

addition of 0.5 eq. of Zn2+, ascribed to the formation of Zn(GdL3)2 dimer.25 The main 

difference between the two series of complexes (GdL2/GdL3 vs. 

GdPyAmC2mDPA/GdPyC4mDPA) lies in the Zn2+ chelating part. Potentiometric 

studies in presence of 0, 0.5, and 1eq. of Zn2+ were carried out on model compounds 

ZP1 (for GdL2/3) and ZP2 (for GdPyAmC2mDPA/GdPyC4mDPA, Figures S11-S15 



and Table S2, ESI). Based on the data (Table 4), at pH 7.4, Zn(ZP1)2 has a 2.5 orders 

of magnitude higher conditional stability constant than Zn(ZP2)2, implying that under 

the conditions of the relaxometric titrations, the dimer Zn(ZP2)2 represents less than 

3% vs. over 70% for Zn(ZP1)2 (Figure 2). Even if the Zn2+-GdL stability constants 

might slightly vary for GdL3 and GdPyAmC2mDPA as compared to the model 

compounds, this large stability difference of the dinuclear complexes explains certainly 

why one can detect the formation of Zn(GdL2)2 and Zn(GdL3)2 in the relaxometric 

titration, but not that of Zn(GdPyAmC2mDPA)2 and Zn(GdPyC4mDPA)2. 

 

Table 4. Thermodynamic (Log KZnL2) and conditional (Log Kcond; at pH 7.4) stability 

constants at 0.1 M KCl; 298 K 

 

 ZP1 ZP2 

Log KZnL2 5.51 (3) 3.9 (2) 

Log Kcond 4.35 1.80 

 

 

 

Figure 2: Species distribution of 1 mM of ZP1 (A) or ZP2 (B) in the presence of 0.5 

mM of Zn2+, calculated from the stability constant from Table S3. 

 

The bishydrated state of both GdPyC4mDPA and GdPyAmC2mDPA led us conclude 

that the carboxylate function on the DPA pyridines does not bind to Gd3+, and of 

course the lack of a relaxivity response to Zn2+ implies that the Gd3+ hydration number 

does not vary upon Zn2+ coordination. The non-coordination of these carboxylates is 

less surprising for the negatively charged GdPyC4mDPA core, but it could have 

occurred in the case of the neutral GdPyAmC2mDPA. Indeed, for the similarly neutral 

GdL1 (Scheme 1), extra coordination from the Zn2+-binding moieties was concluded 

based on the absence of hydration water in the complex.25 In overall, these data 
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indicate that the position of the carboxylate on the pyridine, and probably even more 

importantly, the denticity of the Gd3+-binding moiety are more determinant in this 

respect than the charge of the Gd3+ core. 

 

Zinc detection in the presence of HSA 

When a contrast agent is injected in the blood stream, it encounters many other 

molecules, in particular Human Serum Albumin (HSA), which is the most abundant 

protein and possesses a Zn-binding site.36-37  

From potentiometric measurements, it can be inferred that the affinity of 

GdPyAmC2mDPA for Zn2+ (Log KZn2PyAmC2mDPA = 8.3) is comparable to that of HSA 

(Log KZnHSA = 7.53).18 As the Zn2+ coordination sphere is not complete neither in 

HSA,38 nor in GdPyAmC2mDPA, ternary complexes of GdL-Zn-HSA could be 

formed. Moreover, due to the presence of several binding pockets in HSA, the 

complexes could bind to various sites.  

We had previously shown that GdPyC4mDPA, which possesses the same ZP2 

binding moiety as GdPyAmC2mDPA, could detect Zn2+ in the presence of HSA.26 

The relaxivity increase observed in the presence of Zn2+ was due to HSA binding and 

not to a change in the hydration state of Gd3+,27 thus we hypothesized a similar 

behaviour for GdPyAmC2mDPA. 

 

To determine the number of HSA binding sites and their dissociation constants, two 

relaxometric titrations were performed: by increasing the concentration either of the 

Gd3+ complex (M-titration) or of HSA (E-titration). The M-titration (Figure 3A) shows 

that upon addition of up to 1.3 mM of GdPyAmC2mDPA or GdPyAmC2mDPAZn to a 

0.6 mM of HSA solution, the Paramagnetic Relaxation Enhancement (PRE) increases 

without saturation which indicates that the interaction sites available on the HSA are 

not all occupied. From the concentration ratio, one can conclude that at least three 

sites are available for GdL binding. It should be noted that for GdPyC4mDPA, even 

higher concentrations have been used without saturation of the M-titration curve and 

suggested at least 5 interaction sites on the HSA.26 Other Gd3+ chelates were 

previously reported to bind to more than one independent site with different binding 

constants.39-40 Typically, these different binding constants are derived from 

ultrafiltration experiments, as relaxometric data alone do not allow for distinguishing 

between different binding models. These stepwise binding constants calculated from 

the ultrafiltration data show that one binding site is much stronger than the others. We 

therefore anticipated that the highest affinity site could be assessed from the E-



titration (Figure 3B), by considering a 1/1 binding isotherm and including experimental 

points only with HSA excess as compared to the complex. 

 

 

 

Figure 3: 1H PRE measurements at pH = 7.4 (HEPES 0.1 M), 20 MHz, 310 K A) as a 

function of GdPyAmC2mDPA concentration in the presence of 0.6 mM of HSA and in 

the absence (blue) or in the presence (red) of 1 equivalent of Zn2+ (M titration); B) as a 

function of HSA concentration in the presence of [GdL4] = 0.10 mM in the absence 

(blue) or in the presence of 1 eq. of Zn2+ (red) (E titration). The solid curves represent 

the fit to eq. 8 with the parameters from Table 5 and S4. 

 

Maximal values for the dissociation constants (KD) can be obtained by fitting 

Paramagnetic Relaxation Enhancement (PRE) data to equation (8). 

             
 
     

 

 
   

    
 
                                        

(8) 

Where   
 
 and   

  are the proton relaxivities of the free and bound (to HSA) complexes, 

cHSA and c1 are the concentration of HSA and the complex, respectively.  

 

Fluorescence competitive experiments can also be performed using dansylglycine and 

dansylarginine as a competitor for site II and site I of HSA, respectively. The 

fluorescence of the dansyl part is increased and blue-shifted when bound to HSA.41 

The affinity of dansylglycine for site II was found to be 3.4 µM,27 and the affinity of 

dansyl arginine for site I was found to be 125 µM (Figure S16, ESI), both in agreement 

with literature data.42  

 

In order to decipher which part of the complex is responsible for HSA affinity, we 

performed: 
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(1) PRE measurements on GdPyAmC2mDPA, GdPyAmC2mDPAZn (Figure 3B) 

and GdPy (Figure S17). 

(2)  fluorescence competition experiments on ZP2 and ZnZP2 (Figure 4 and S18).  

It was previously shown, for GdPyC4mDPA, that the affinity for site II determined by 

fluorescence was consistent with that measured by PRE in excess of HSA.27 

Here, an increase in PRE is observed upon addition of HSA to GdPyAmC2mDPA or 

GdPyAmC2mDPAZn, while no significant increase is observed for GdPy. Concerning 

the fluorescence, addition of ZP2 or ZP2Zn to an HSA/dansylglycine mixture results in 

a fluorescence decrease indicating a displacement of dansylglycine by the complexes. 

The decrease is much smaller with dansylarginine (Figure S18) indicating a smaller 

affinity for this site, as already reported for such systems.36, 43 The dissociation 

constants, presented in Table 5, allow for several conclusions: 

(3) The dissociation constant for GdPyAmC2mDPA is about two times lower with 

Zn2+ than without, in full accordance with previous data for GdPyC4mDPA.27  

(4) The parent compound GdPy does not bind strongly to HSA. 

(5) ZP2 binds more strongly to site II than to site I of HSA 

(6)  There is no significant change in the affinity of ZP2 for HSA whether Zn2+ is 

present or not. 

 

The affinity GdPyAmC2mDPAZn for HSA is in the same order of magnitude to that of 

GdPyC4mDPAZn27 and to those reported in the literature for other Zn-bound DPA-

derivatives.37 The fluorescence displacement measurements point out a binding of the 

complexes in the absence and in the presence of Zn2+ to site I and II of HSA, with a 

higher affinity for site II. Nevertheless, a binding to the MBS of HSA (higher affinity site 

for Zn2+) cannot be excluded. Indeed, this binding could also affect site II of HSA, as a 

crosstalk between the two binding sites has already been demonstrated.38, 44 

Moreover, it should be pointed out that when bound to the DPA-unit, Zn2+ needs to 

conserve a free coordination site to allow for HSA binding. Indeed, we have previously 

evidenced the lack of specific HSA interaction for a modified DPA-moiety that 

saturates the Zn2+ coordination sphere.45  

  

The very limited interaction observed between GdPy and HSA points out the 

importance of the Zn-binding moiety. On the other hand, the similar HSA affinity of 

ZP2 and ZnZP2 evidences that the “Gd core” also has a role, even if the 

GdPyAmC2mDPA-HSA interaction occurs through the Zn-binding part. The “Gd core” 

is necessary to trigger higher affinity in the presence of Zn2+ through additional 

interactions between HSA and the “Gd core”.  



 

 

Figure 4: (Left) Fluorescence emission spectra of a solution of [HSA] = 5 µM (HEPES 

0.1 M, pH = 7.4) and [Dansylglycine] = 10µM upon addition of ZP2 after excitation at 

260 nm. (Right) Emission intensity at 490 nm upon addition of ZP2 () or ZP2Zn () 

and the calculated intensities using HypSpec. 

 

 

Table 5: Conditional dissociation constants (KD1) measured by PRE and dissociation 

constants for site II (KD site II) measured by fluorescence competition experiments, at 

37°C and pH 7.4. 

 KD (µM)  

(PRE) 

KD site II (µM) 

(Fluorescence) 

GdPy Non specific - 

ZP2 

ZP2Zn 

- 37 (10) 

33 (10) 

GdPyAmC2mDPA 

GdPyAmC2mDPAZn 

170 (50) 

60 (20) 

- 

- 

GdPyC4mDPAa 

GdPyC4mDPAZna 

60 

30 

45 

25 

a. From ref 27 

 

Finally, the structure of the “Gd core”, and certainly its charge, plays a crucial role in 

the affinity as illustrated by the difference of affinity of GdPyAmC2mDPA and 

GdPyC4mDPA for HSA. This is not surprising as drug binding sites are hydrophobic 

pockets with cationic residues at their surface,14 therefore the negatively charged “Gd 
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core” of GdPyC4mDPA should create additional electrostatic interactions, resulting in 

a stronger binding. 

Finally, due to the difference of affinity for HSA, more GdPyAmC2mDPA is bound to 

HSA in the presence of Zn2+ which explains the relaxivity increase. 

Next, the NMRD profiles of GdPyAmC2mDPA in the presence of physiological 

concentration of HSA were recorded in the absence and in the presence of 1 eq. of 

Zn2+ at 25°C and 37°C (Figure S19). A hump is observed at intermediate magnetic 

fields, which is typical of slowly rotating species, confirming the interaction of the 

complexes with HSA both in the absence and in the presence of Zn2+.  

In the conditions used for these experiments, and knowing the affinity of 

GdPyAmC2mDPA for HSA at 37°C, nearly 70% of the complex is bound to HSA in 

the absence of Zn2+, while it is more than 80% in the presence of Zn2+. Using equation 

(8) with the affinity constant of GdPyAmC2mDPA for HSA (Table 6), and the 

relaxivities recorded in the absence of HSA (Figure S7), it is possible to recalculate 

the NMRD profile for the bound species both in the absence and in the presence of 

Zn2+ (Figure 5). These NMRD profiles at 37°C were fitted using the Solomon-

Bloembergen and Morgan theory including the Lipari Szabo approach (equations in 

ESI). This approach takes into account local and global motions, characterized by a 

local rotational correlation time   
    of the Gd3+ complex, and a global rotational 

correlation time   
    of the whole system. The model-independent order parameter S2 

reflects the degree of spatial restriction of the local motion with respect to the global 

motion. Its value ranges from 0 to 1, referring respectively to an isotropic and a 

completely restricted internal motion. The fitting of the NMRD data has been restricted 

to frequencies above 4 MHz as at lower magnetic fields the SBM theory fails in 

describing electronic parameters and rotational dynamics of slowly rotating species. In 

the fitting process, the number of inner sphere water molecules has been fixed to 2, 

and the water exchange rate kex, as well as its activation enthalpy have been fixed to 

3.3.106 s-1 and 47.3 kJ.mol-1 which corresponds to the values determined for GdL3.25  

 



 

Figure 5: Calculated NMRD profiles of GdPyAmC2mDPA () and 

GdPyAmC2mDPAZn () at 37°C in the presence of 0.6 mM of HSA at pH 7.4 

(HEPES 0.1 M). KD from Table 5, experimental NMRD profiles from Figure S19 and 

Figure S7 were taken into account for the calculations. The lines represent the best fit 

to the SBM theory using the Lipari-Szabo approach. 

 

The resulting parameters are presented in Table 6 and S5, and several conclusions 

can be drawn from these fittings. First, the values of local and global correlation times 

are not affected upon Zn2+ binding. The values of global rotational correlation times 

are lower than those typically found for HSA (20 ns) and measured by deuterium 

relaxation rate of small molecules strongly bound to HSA.46 They are, however, fully 

consistent with values determined from the fitting of NMRD profiles including high 

fields points ( > 100 MHz) for BSA47 and HSA48-49. Importantly, upon Zn2+ binding, the 

S2 parameter is increased, showing that the system becomes more rigid. Finally, l
310, 

l
310 and S2 are significantly higher for GdPyAmC2mDPA than for GdPyC4mDPA 

(Table 6),27 which can be explained by the different size and nature of the linker. At 

37°C and 40 MHz in the presence of 0.6 mM of HSA, GdPyAmC2mDPA shows a ca. 

10% relaxivity increase upon Zn2+ binding. This limited increase is due to the rigidity of 

the system already in the absence of Zn2+ as reflected by the high S2.  

We should note that an eventual decrease of the water exchange rate upon HSA 

binding cannot be excluded, as it has been previously observed.50 Unfortunately, it is 
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not possible to measure kex by 17O NMR on the HSA-bound chelate, since the sample 

cannot be sufficiently concentrated and there is always a mixture of the bound and 

unbound chelate. The temperature-dependency of the relaxivities indicates that in the 

absence of Zn2+, relaxivity remains limited by rotation. In the presence of Zn2+, 

relaxivities are similar at 25°C and 37°C, suggesting that water exchange might 

potentially limit relaxivity.  

In order to ascertain that the conclusions of the NMRD analysis of the HSA-bound 

systems remain valid even if there is a kex decrease upon HSA binding, we have re-

fitted the profiles by assuming lower kex values. We obtained identical tendency for 

both cases, i.e. in the presence or in the absence of Zn : Upon increasing kex by 50 %, 

there are no significant variations in any of the rotational parameters. When 

decreasing kex by 50%, the rotational correlation time remains the same, and the S2 

parameter increases by ca. 15 %. Therefore, under the reasonable assumption that 

the decrease (if any) of the GdL water exchange rate upon HSA binding is not strongly 

affected by the presence of Zn2+, our conclusion remains valid: the analysis of the 

NMRD curves evidences that the presence of Zn2+ leads to an increase of the 

parameter S2, thus an increase of the rigidity of the system. 

 

Table 6: Parameters obtained from the fitting of the NMRD profiles in the presence of 

HSA using Lipari-Szabo approach 

 GdPyAmC2mDPA GdPyAmC2mDPAZn GdPyC4mDPAa GdPyC4mDPAZna 

  
    (ps) 2500b 2500b 2300(200) 2200(200) 

  
    (ps) 100(40) 90(20) 78(4) 65(9) 

S2 0.38(1) 0.42(1) 0.14(1) 0.21(1) 

a From ref 27; b Fixed during the fitting procedure 

 

 

 

Conclusion 

To conclude, we have synthesized and characterized a novel Gd3+ complex, 

GdPyAmC2mDPA, possessing a DPA-type “zinc binding moiety”. Potentiometric 

titrations have shown a good selectivity of the Gd3+-binding pocket for Gd3+ vs Zn2+. 

The thermodynamic stability of GdPyAmC2mDPA remains modest, and as expected, 

several orders of magnitude lower than its analogue where the amide is replaced by a 

carboxylic function. However, it allows fundamental in vitro studies in order to decipher 



the key parameters playing a role in Zn2+ detection. We have shown that the structure 

of the Zn2+-binding unit is crucial to avoid (GdL)2Zn dimer formation. On the other 

hand, the carboxylate functions present on the DPA do not coordinate to the Gd3+. 

Therefore, the relaxometric properties of GdPyAmC2mDPA are not modified upon 

Zn2+ addition. 

The in vitro detection of Zn2+ is possible in presence of HSA as a significant relaxivity 

increase is obtained at intermediate fields (20-60 MHz) upon Zn2+ complexation. We 

show that the complex binds to HSA even in the absence of Zn2+. The relaxivity 

response obtained in the presence of Zn2+ is due to a twofold higher affinity for HSA. 

The complexes have a stronger binging to site II compared to site I of HSA. The 

affinity of GdPyAmC2mDPA for HSA is guided by the Zn2+-binding moiety but 

interestingly the “Gd-core” also plays a key role in the difference of affinity for Zn2+.  

The fit of the variable field relaxivity data using the Lipari-Szabo approach evidenced 

that the system is more rigid in the presence of Zn2+, certainly explained by a different 

binding mode. The short linker between the “Gd-core” and the Zn-binding pocket 

results in a moderate relaxivity increase at medium fields, as the rigidity in the 

absence of Zn2+ is already high.  

These fundamental insights obtained both on the relationship between the structure 

and relaxivity response of Zn2+ responsive Gd3+ probes and on their HSA interactions 

are important to understand their in vitro and in vivo behaviour. This information will be 

also helpful for the future design of improved contrast agents for Zn2+ detection. 
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