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Abstract 

Molecular imaging requires the specific accumulation of contrast agents at the target. To 

exploit the superb resolution of MRI for applications in molecular imaging, gadolinium 

chelates, as the MRI contrast agents (CA), have to be conjugated to a specific vector able 

to recognize the epitope of interest. Several Gd(III)-chelates can be chemically linked to 

the same binding vector in order to deliver multiple copies of the CA (multimers) in a single 

targeting event thus increasing the sensitivity of the molecular probe. Herein three novel 

bifunctional agents, carrying one functional group for the bioconjugation to targeting 

vectors and four Gd(III)-AAZTA chelates functions for MRI contrast enhancement (AAZTA 

= 6-amino-6-methylperhydro-1,4-diazepinetetraacetic acid) are reported. The relaxivity in 

the tetrameric derivatives is 16.4±0.2 mMGd
-1 s-1 at 21.5 MHz and 25°C, being 2.4–fold 

higher than that of parent, monomeric Gd(III)-AAZTA. These compounds can be used as 

versatile building blocks to insert pre-formed, high relaxivity and high density Gd-centres to 

biological targeting vectors. As an example, we describe the use of these bifunctional 

Gd(III)-chelates to label a fibrin-targeting peptide. 

 

Introduction 

Low Molecular Weight (LMW) Gd(III)-chelates are used as contrast agents (CAs) in about 

40% of the Magnetic Resonance Imaging (MRI) clinical scans worldwide. The efficacy of 

Gd(III)-complexes as MRI CAs is due to their ability to accelerate the water proton 

relaxation rate in tissues, adding valuable patho-physiologic contrast information to the 

inherent anatomic resolution of MR images. Besides the well-established applications of 

Gd-based chelates in clinical MRI, interesting perspectives are expected also in the field of 

diagnostic X-ray based Computed Tomography (CT) techniques. Spectral Photon 

Counting Computed Tomography (SPCCT) is a recent X-ray based medical imaging 

technique that allows the quantitation of electron-dense elements in a specific ROI by 

exploiting their specific K-edge absorption.1 Gadolinium has been shown to have almost 

ideal physico-chemical properties in terms of K-edge absorption energy and specific 

absorption coefficient to behave as a CA for SPCCT.2,3 

However, it is already clear that the new applications will rely on the attainment of high 

local concentrations of the Gd-containing systems. Currently, CAs used in the clinics are 

LMW Gd-chelates that extravasate aspecifically into tissues. Some of the clinically relevant 

LMW Gd-chelates contain hydrophobic groups that endow them with a high binding affinity 

to serum albumin, hence a prolonged lifetime in the bloodstream and suitable properties 
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for angiographic applications (blood pool agents).4,5,6. It was soon realized that Gd-

chelates could be functionalized with epitopes having high binding affinity and specificity 

for molecular targets other than albumin, paving the way to molecular imaging by 

MRI.7,8Molecular imaging of biological targets requires the specific accumulation of 

suitable amounts of contrast agents at the target. However, the tissue density of the 

molecular target might be inherently low and MRI has an intrinsically low sensitivity as 

compared to other molecular imaging modalities, such as nuclear medicine (NM) or optical 

imaging (OI). As a consequence, MR molecular imaging applications may be hampered by 

the amount of CA that can be accumulated with a 1:1 gadolinium-to-target stoichiometric 

ratio.9,10 

An approach to increase the density of the contrast agent at the targeting sites is to link 

several Gd-chelates to the same binding vector in order to accumulate multiple copies of 

the CA in a single target binding event. This can be done by attaching a number of Gd-

chelates to a scaffold with multimeric/dendrimeric structure, which must be then 

conjugated to the target binding vector11, 12.The target binding moieties used in MR 

molecular imaging belong to widely heterogeneous classes of chemical structures. 

Proteins, polypeptides, antibodies, DNA, polysaccharides, and lipids have been used as 

vectors.13,14 Often, the targeting vector is displayed on the surface of nanoparticles or 

liposomes.15 As the synthesis and/or purification of such systems can be time and effort 

demanding, it is of paramount importance to develop highly sensitive, multimeric Gd-

chelates carrying functional groups for a prompt, conjugation to the targeting vectors. The 

availability of such methods will provide molecular imaging scientists with a modular 

approach to easily assemble the needed imaging labelled targeted probe.  

In this paper, we describe the synthesis of novel Gd-tetramers ending up with different 

functional groups ready for the bioconjugation to the targeting vectors. The selected metal 

chelator is the heptadentate AAZTA ligand (AAZTA= 6-amino-6-methylperhydro-1,4-

diazepinetetraacetic acid). The [Gd(III)-AAZTA]- complex (shortly, Gd-AAZTA) shows very 

good relaxivity properties (7.1 mM-1 s-1 at 21.5 MHz and 25°C ), as the heptadentate 

AAZTA chelator leaves room for two fast exchanging water molecules (q=2, τM=90 ns) in 

the inner coordination sphere of Gd(III).16 Despite the relatively low denticity of AAZTA, the 

Gd-complex shows very good thermodynamic stability and kinetic inertness as compared 

to complexes with other octadentate polyaminocarboxylic ligands.17 Moreover, its 

mesocyclic structure should ensure a higher metabolic stability as compared to linear 

chelators.18,19 These properties make Gd-AAZTA very attractive for clinical translation20 
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and for the development of dendrimers with enhanced relaxivity.21,22 Four AAZTA units 

were linked through amide bonds to a lysine-based dendrimer (dK3), to obtain the AAZTA-

tetramer (L1). The latter compound was functionalized with three different functional 

groups for conjugation, to obtain namely: i) compound L2, bearing the maleimide 

conjugation group able to react with free thiols to yield a thioester bond; ii) compound L3, 

bearing an aromatic aldehyde able to react with an aromatic hydrazine-labeled molecule to 

yield a bis-aryl hydrazone-conjugate; iii) compound L4 bearing a dibenzocyclooctyne 

(DBCO) moiety able to react with an azide-labeled molecule to yield a triazole conjugate 

via Cu(I)-free click chemistry.23 The L2-4 ligands were complexed with Gd(III) ions to yield 

the corresponding Gd-tetramers (namely, Gd-L2, Gd-L3 and Gd-L4), ready for 

bioconjugation. As an example, the protocol for conjugation of the Gd-L2 tetramer to a 

fibrin-targeting peptide is also reported. 

 

Results and discussion 

Design, synthesis and characterization 

Ligand L1 was designed to contain a single free amino group at the end of a spacer for 

further conjugation with a range of functional groups. Four AAZTA-units were connected to 

form a tetrameric compound through a branched tri-lysine scaffold. The spacer and the tri-

lysine scaffold are expected to ensure a high flexibility within the tetramer structure. Such 

a flexibility is sought for minimizing steric hindrance issues in regards to the conjugation 

reaction to targeting vectors. Moreover, flexibility of the MRI label and suitable spacing 

from the targeting vector are also thought to minimize possible interference in the 

molecular recognition of the biological target. As a drawback of such flexibility, some 

limitation to the attainable relaxivity may also be expected. 

To synthetize precursor L1 (Scheme 1), the Bis-(2-aminoethyl)-ether trityl resin and 9-

luorenylmethyloxycarbonyl (Fmoc) protection chemistry were chosen for the set-up of solid 

phase peptide synthesis (SPPS) approach. After coupling the first lysine residue (under 

the form of Nα,Nε-di-Fmoc-L-lysine) to the resin, the resin was treated with acetic 

anhydride in DMF to acetylate the residual free amino groups exposed on its surface. 

Then, after removal of the Fmoc group by adding 20% piperidine in DMF, two more lysine 

residues were attached. The coupling reactions were performed with 2.5-fold excess 

Fmoc-Lys(Fmoc)-OH, dissolved in DMF, with PyBOP and DIPEA as the activators, 

following Fmoc deprotection.  The branched tri-lysine core anchored on the resin provided 
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four amino groups (two α-amino and two side-chain amino groups) that were used to 

synthesize the tetrameric AAZTA-based ligand L1. The latter coupling was performed with 

a small excess of the AAZTA derivative AAZTA(tBu)4C4COOH (Figure 1), whose synthesis 

has been described previously24. The coupling reaction between AAZTA and the tri-lysine 

scaffold turned out to be a tricky step, as the final yield resulted to be strongly dependent 

upon the activating agent. PyBOP as activator was found to be the most efficient one for 

such synthetic step. After cleavage from the resin and purification by semi-preparative 

HPLC, an overall yield of about 60% and purity of 98% of L1 was obtained. 

 

Scheme 1.  Synthesis scheme of ligand L1 and complex Gd-L1: i) Fmoc-Lys(Fmoc)-OH 2.5 eq., 

PyBOP and DIPEA in DMF; ii) acetic anhydride-DMF 20%; iii) 40% piperidine-DMF (5 min) and 

20% piperidine-DMF (15 min); iv) Fmoc-Lys(Fmoc)-OH 5 eq., PyBOP and DIPEA in DMF; v) 

AAZTA(tBu)4C4COOH 4.2 eq., PyBOP and DIPEA in DMF; vi) TFA, DCM and TIS 49:49:2 (5 min, 

three times) and TFA 100% (12 h); vii) GdCl3 in water. 

 

 

Figure 1. Structure of the AAZTA derivative AAZTA(tBu)4C4COOH 

 

When HBTU was used instead of PyBOP, a decrease of the yield by 30% and a higher 

amount of a side-product containing only three AAZTA units coupled to the lysine scaffold 

was found. This impurity arises from the transfer of a tetramethyluronium moiety from 

HBTU to the amino group, with the formation of a stable tetramethylguanidine derivative.25 

Such side reaction is likely favored by the high density of the amino groups in the tri-lysine 

scaffold and by the slow rate of coupling of the fourth AAZTA unit due to an increasing 

steric hindrance. Besides the decrease of the final yield, the formation of such impurity 

induced problems in the purification step by semi-preparative reverse phase HPLC. The 
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impurity gave a characteristic signal at 2.90 ppm in 1H NMR spectra (Figure. 2) and 

characteristic ESI+ MS peaks at m/z 938.6 [M+2H]2+ and 625.9 [M+3H]3+, corresponding to 

the molecular formula C81H139N19O31.  

 

 

Figure 2. 1H NMR spectrum of L1 synthetized by using PyBOP (top) or HBTU (bottom) as the 

activator in SPPS, after purification by RP-HPLC. The arrow marks the signal at 2.90 ppm of the 

side product arising from the transfer of a tetramethyluronium group from HBTU to one lysine, 

yielding a tetramethylguanidine. See Supporting Information for full assignment of the1H NMR 

spectrum of L1 and atom nomenclature. 

 

The amine end-group in the molecular structure of L1 was easily converted to maleimide 

(L2), benzaldehyde (L3) or cyclooctyne (L4) by reacting the L1 ligand with a 3-fold molar 

excess of N-Succinimidyl-3-maleimido propionate, or N-Succinimidyl-4-formylbenzoate, or 

Dibenzocyclooctyne-N-hydroxysuccinimidyl ester, respectively, in phosphate buffer 50mM 

and CH3CN 3:1. HPLC-MS (ESI+) analysis indicated a total conversion of L1 into the L2, 

L3 or L4 compounds (scheme 2). The excess of reagents and salts were removed by size 

exclusion chromatography, without a significant loss of the product. The fully assigned 
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NMR spectra and HPLC-UV/MS (ESI+) chromatograms of ligands L2, L3 and L4 are 

reported in the supporting information. 

The GdIII complexes were prepared by mixing stoichiometric amounts (1:4) of the AAZTA-

tetramer and GdCl3 solution. While this step occurred without any problem for L1, L3 and 

L4, a substantial loss of L2 may take place because of the hydrolysis of the maleimide 

group. However, we have found that complete complex formation can be attained, within 

1-hour reaction, when the pH is carefully maintained at 6.5 (with the additions of NaOH). 

 

 

Scheme 2. Synthesis of ligands bearing functional groups for bioconjugation (L2, L3 and L4) and 

of their Gd(III)-complexes (Gd-L2, Gd-L3 and Gd-L4): i) N-Succinimidyl-3-maleimido propionate (3 

eq.) in buffer phosphate 50 mM at pH 7 and CH3CN; ii) N-Succinimidyl-4-formylbenzoate (3 eq.) in 

buffer phosphate 50 mM at pH 7 and CH3CN; iii) Dibenzocyclooctyne-N-hydroxysuccinimidyl ester 

(3 eq.) in buffer phosphate 50 mM at pH 7 and CH3CN; iv) GdCl3 in water.  

 

As an example of practical application, we applied our bifunctional agent to label a fibrin-

binding peptide. We chose the EP-2104R fibrin-binding peptide (FibPep), that was 

originally introduced and comprehensively characterized by Caravan and co-workers 

(26,27). Fibrin targeting with paramagnetic agents has an outstanding diagnostic potential 

as fibrin is a major component of blood clots and plays an important role in thrombi-related 

pathologies such as deep venous thrombosis, pulmonary embolism and atherosclerosis. In 

fact, several examples of peptide-based fibrin targeted molecular probes have been 

reported.28,29,30 FibPep is a cyclic eleven amino acid peptide that showed significantly 

higher binding to fibrin than other reported peptides. The peptide was synthesized on Rink 

amide 4-methylbenzhydrylamine using standard Fmoc solid phase peptide synthesis. 

FibPep was modified with a glycine at the C-terminal and with two glycines at the N-

terminal as spacers and then conjugated to Gd-L2 through the thiol/maleimide chemistry. 
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Thus, N-Succinimidyl-S-acetylthioacetate (SATA) was reacted to the N-terminal and then 

the peptide cleaved from the resin. Disulphide bridge was then formed between Cys5 and 

Cys10 and the acetylthio group was removed using hydroxylamine. Finally, the thiol-

bearing peptide was reacted with the maleimide of Gd-L2 at a molar ratio of 1:1 t pH 6.5 to 

yield the Gd-labelled peptide (FibPep-Gd-L2) in 80% yield. It is worth emphasizing that, by 

applying this procedure, Gd-chelates are directly conjugated to the targeting vector, 

contrary to the typical two-step approach that involve the conjugation of the chelator and 

then complexation with gadolinium. Thus, the herein presented approach allows to get rid 

of “free” gadolinium issue (i.e. Gd(III) ions being weakly coordinated to the secondary 

coordinating sites potentially offered by the peptidic structure).31,32,33 This approach may 

be particularly useful when the targeting vector has the chemical complexity of proteins, 

antibodies and polysaccharide-based systems. 

Relaxivity 

The Gd-L1 complex showed a relaxivity, in water, of 16.4±0.2 mMGd
-1s-1 (0.5 T, 25°C). It is 

significantly higher than that of monomeric Gd-AAZTA (7.1 mM-1s-1)16, resulting in an 

overall relaxivity per molecule of 65.6±0.8 mM-1s-1. The Nuclear Magnetic Resonance 

Dispersion (NMRD) profile of Gd-L1 (Figure. 3, Table 1) as compared to that of Gd-AAZTA 

shows higher relaxivities throughout all the magnetic field strength studied and a smooth 

relaxivity peak centered at around 40-50 MHz.  
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Figure 3. NMRD profiles of Gd-L1 (□) and FibPep-Gd-L2 (■) compared to those of Gd-AAZTA 

(�). Experimental data points were measured on 1 mM aqueous solutions of the Gd-complexes at 

298 K, pH=7. Lines are best fitting to the theory.  
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This profile is consistent with an increase of the reorientational correlation time, τR, 

expected on the basis of the increased molecular size due to the tetrameric structure 
(macromolecule effect). However, the relaxivity is not as high as one could expect on the 
basis of the size of the tetrameric system. In fact, the observed relaxivity is well below the 
straight line obtained by plotting the relaxivity of known Gd(III) complexes, with two inner 
sphere water molecules, versus their molecular weight (Figure 4). 

Table 1.  Main parameters derived from fitting of NMRD profiles reported in Fig.3.[a] 

System r1p 

(mMGd
-

1s-1) 

∆∆∆∆
2
(s

-2
)[b] ττττ

V
 (ps)[c] ττττRl

 [d] 

(ps) 

ττττRg
 [e] 

(ps) 

S2 

Gd-L1 16.4±0.2 1.89±0.97×10
19

 36.3±3.50 309±63 741±116 0.068 

FibPep-Gd-

L2 

18.5±0.3 2.08±0.15×10
19

 30.9±1.49 305±58 1080±310 0.087 

 

 [a] On carrying out the fitting procedure, the following parameters were kept fixed: rGd-H (distance 

between Gd and protons of the inner sphere water molecule) = 3.1 Å; a (distance of minimum 

approach of solvent water molecules to Gd3+ ion) = 3.8 Å; D (solvent diffusion coefficient) = 

2.2·10-5 cm2 s-1.  
[b] Squared mean transient zero-field splitting (ZFS) energy.  
[c] Correlation time for the collision-related modulation of the ZFS Hamiltonian.  

[d] Reorientational correlation time, local motions.  
[e] Reorientational correlation time, global motions. 
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Figure 4.  Molecular weight (MW) dependence of the relaxivity (0.47 T, 298 K) for typical Gd(III) 
complexes with two inner-sphere water molecules. Data points have been interpolated by linear 
regression: r1p= 0.011MW + 0.928 (r2= 0.815).34, 16,35,36,37,38,39,40,22  

This can be ascribed to relatively fast internal motions that partially decouple the 

reorientation of each of the four Gd-AAZTA chelates from the overall global tumbling 

motion. To get further insights, a quantitative view of the parameters governing the 

relaxivity of Gd-L1 has been obtained by multiparametric fitting of the NMRD profile 

according to the Solomon–Bloembergen–Morgan (SBM) theory for inner sphere 

paramagnetic relaxation, combined with the Freed theory for outer sphere paramagnetic 

relaxation41, and modified according to the Lipari-Szabo model-free approach for the 

description of the rotational dynamics.42 This model allows one to take into account the 

presence of a certain degree of internal motions superimposed on the overall tumbling 

motion. These two types of motions, a relatively fast local rotation of the coordination cage, 

superimposed on the global reorientation of the system, are characterized by different 

correlation times, namely: τRl and τRg, respectively. The degree of correlation between 

global and local rotations is given by the parameter S2, which takes values between zero 

(completely independent motions) and one (entirely correlated motions). Such analysis 

yielded correlation times for both the local and the global motion that are significantly 

increased as compared to the τR value of parent monomeric Gd-AAZTA (74 ps, see Table 

1). However, the S2 value is very low (S2= 0.068) as a consequence of the great flexibility 

of the Gd-coordination cages around the linkers that interconnect the four AAZTA 

chelating units. The relaxivity values of Gd-L2, Gd-L3, Gd-L4 were very similar to those of 

Gd-L1 (Table 2).   

Page 10 of 25

ACS Paragon Plus Environment

Bioconjugate Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



System Water 

0.5T 

Serum 

0.5T 1T 1.5T 

25°C 37°C 25°C 37°C 25°C 37°C 25°C 37°C 

Gd-L1 16.4±0.2 12.5±0.1 18.8±0.2 14.6±0.2 19.5±0.2 15.1±0.1 19.5±0.1 15.3±0.1 

Gd-L2 16.0±0.2 12.5±0.1 17.6±0.2 13.7 
±0.1 

- - - - 

Gd-L3 16.8±0.2 12.8±0.2 18.3±0.2 14.1 
±0.2 

- - - - 

Gd-L4 16.6±0.2 12.6±0.1 21.0±0.2 16.7 
±0.2 

- - - - 

FibPep-
Gd-L2 

18.5±0.3 14.3±0.1 22.5±0.2 18.5±0.2 23.2±0.2 18.7±0.2 21.6±0.2 16.9±0.2 

 

Table 2. Relaxivity per gadolinium (mMGd
-1s-1) of the different Gd-tetrameric systems measured at 

0.5 T, 1T and 1.5T and 25°C and 37°C in water and in serum. Relaxation rate measurements were 

carried out on 1 mM gadolinium solutions, pH=7. 

 

The relaxivity of FibPep-Gd-L2, at 0.5T in water and 25°C, was 18.5±0.3 mMGd
-1s-1 (74±1 

mM-1s-1 per molecule). Upon increasing the temperature (Table 2), the relaxivity of all the 

tetramers, decreases as expected on the basis of a shortening of the overall molecular 

tumbling time. When measured in serum, the observed relaxivities were slightly higher 

than in water, likely as a consequence of the increased viscosity. More important, on 

passing from water to serum the absence of any “quenching” of the observed relaxivity is 

indicative of the inability of the endogenous anions (e.g. phosphates, carbonates, etc.) to 

replace the two water molecules in the inner coordination sphere. Thus the tetrameric 

derivatives maintain this relevant property of the parent Gd-AAZTA complex16. In the case 

of Gd-L1 and FibPep-Gd-L2, the relaxivity values were measured also at fields strength 

values more relevant for clinical applications (1T and 1.5T). Both at 25°C and 37°C the 

relaxivity slightly increases by increasing the magnetic field in the range 0.5-1.5T. This 

favourable behaviour is frequently associated to systems endowed with intermediate 

molecular weight characteristics 43, 44. 

 

Fibrin Binding 
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The affinity of the peptide-tetramer conjugate to fibrin was tested by an adaptation of a 

well-established methodology26, that relies on the thrombin-induced formation of fibrin clots 

from plasma fibrinogen, in the presence of the binding peptide. The concentration of 

FibPep-Gd-L2 bound to the clot was obtained by isolating the clot form the plasma 

supernatant and determining the concentration of gadolinium by ICP-MS analysis (see 

Materials and Methods). The data were fit to the classical model for drug-receptor binding 

(eq. 1): 

                          ������� � 	
 � �2
����� �
���������������� !
"#$$

����������� !
"#$$	&	'(
																			)1+ 

where Bmax is the maximum binding capacity, [FibPep-Gd-L2]free is the free Gd-tetramer 

concentration (µM) and Kd is the dissociation constant (µM). The binding curve reported in 

Figure 5 displays an unusual course. While the initial part of the curve is typical of specific 

binding, the final part does not reach a plateau as expected. Instead, the amount of bound 

FibPep-Gd-L2 keeps on increasing with increasing FibPep-Gd-L2 concentration in the 

incubation medium. The overall behavior is indicative of unspecific binding going on 

together with specific binding. Fitting of the first part of the curve yields a strong affinity 

constant (Kd= 3.0±0.6 µM, Bmax=6±1). However, when the full curve is considered for 

fitting, lower affinity binding sites are found (Kd=48±14 µM) with a larger binding capacity 

(Bmax = 39±3). The affinity of FibPep-Gd-L2 for fibrin is slightly lower, but comparable, to 

that found for systems in which the same binding peptide was conjugated to four Gd-

DOTAGA26 or GdDTPA45 complexes.  
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Figure 5: FibPep-Gd-L2 binding to fibrin clots from human plasma. Solid lines are the fitting curves 

as described in the text. Data are reported as mean±SD from three independent experiments.  

 

Finally, the relaxivity of FibPep-Gd-L2 in the fibrin plasma clots was determined at 25°C 

and 0.5T. The relaxivity per gadolinium was 58±13 mMGd
-1s-1 (mean±SD value of 3 

experiments), which is  ~150% higher than that measured in serum (Table 2). However, it 

must be considered that the high relaxivity found in clots arise from both specifically and 

aspecifically bound species, whose relative contribution to the observed relaxivity cannot 

be unambiguously disentangled. We speculate that the relaxivity of the aspecifically bound 

species might be significantly higher than that of the free species, because of the high 

microviscosity envisaged within the clot microenvironment. This matter certainly needs 

further investigation. With this limitation in mind, we observe that the ~150% relaxivity 

enhancement found for our q=2 FibPep-Gd-L2 is comparable to that of EP-2104-R26. The 

latter is a q=1 system based on the same target-binding peptide, but bearing four Gd-

DOTA-like units. Thus, we envisage that the expected relaxivity loss (in the 20-60 MHz 

range) due to the high flexibility of Gd(III)-AAZTA chains is compensated by the combined 

effect of q=2 hydration number and slow dynamics within the clot. 

 

Conclusion 

In conclusion, we have presented a protocol for the synthesis of three bifunctional agents, 

carrying one functional group for bioconjugation to targeting vectors and four Gd-AAZTA 

like functions as the MRI contrast agent. Despite the high internal flexibility of the Gd(III)-

tetramer, the relaxivity per gadolinium shows a 2.4–fold increase as compared to that of 

monomeric Gd-AAZTA, due to the macromolecule effect. These compounds can be used 

as building blocks to insert pre-formed, high relaxivity, and high density Gd-centres to 

biological targeting vectors16. 

  

Materials and methods 

Bis-(2-aminoethyl)-ether trityl resin, Fmoc-Lys(Fmoc)-OH and activators HBTU, PyBOP 

were purchased from Novabiochem (Darmstadt, Germany). All other chemicals were 

purchased from Sigma-Aldrich. NMR spectra were recorded at 310 K on a Bruker 

AVANCE 600 spectrometer. Mass spectra with electrospray ionization (ESI) were 

recorded on a SQD 3100 Mass Detector (Waters). The HPLC-MS analytical and 
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preparative analysis were carried out on a Waters AutoPurification system (3100 Mass 

Detector, 600 Quaternary Pump Gradient Module, 2767 Sample Manager and 2487 

UV/Visible Detector). UPLC analysis were performed using a UPLC Acquity H-Class 

coupled with the QDa and TUV Detectors. All ligands were characterized by NMR on a 

Bruker AVANCE 600 NMR spectrometer operating at 14T (corresponding to 600 MHz and 

150 MHz 1H and 13C Larmor frequencies, respectively). The purified ligands L1-4 were 

freeze- dried from water solution at pH 2-3 and the powder re-dissolved in dmso-d6 for 

NMR analysis. Either homonuclear (2D-TOCSY, 2D-COSY, 2D-NOESY) and 

heteronuclear (2D-1H,13C HSQC, 2D-1H,13C HMBC) two-dimensional NMR experiments 

were acquired to assign the spectra and confirm the structure of the ligands. 

Synthesis of L1. Bis-(2-aminoethyl)-ether trityl resin (0.96 mmol; 1.95 g) was loaded into 

a reaction vessel and dimethylformamide (DMF) (25 mL) was added to swell it for about 10 

min. After the elimination of DMF, a mixture of Fmoc-Lys(Fmoc)-OH (2.39 mmol; 1.41 g), 

PyBOP (2.39mmol; 1.24 g) and DIPEA (4.78 mmol; 0.83 mL) in DMF (20 mL) was added 

in the reactor and shaken for 1 h. The amino acid solution was then removed and 20% 

acetic anhydride-DMF (20 mL) was added and shaken for 15 minutes. The resin was 

washed five times with DMF and then the deprotection of the amino groups from Fmoc 

was done using 40% piperidine-DMF (20 mL) for 5 min and 20% piperidine-DMF (20 mL) 

for 15 minutes. After washing five times with DMF, the coupling cycle was repeated using 

double quantity of Fmoc-Lys(Fmoc)-OH (4.78 mmol; 2.82 g), PyBOP (4.78 mmol; 2.49 g) 

and DIPEA (9.55 mmol; 1.67 mL) in DMF (20 mL), the reaction was carried out again for 1 

h, followed by DMF washing and piperidine treatment. After washing with DMF, a mixture 

of AAZTA(tBu)4C4COOH24 (4.02 mmol; 2.7g), PyBOP (4.01 mmol; 2.09 g) and DIPEA 

(8.02 mmol; 1.40 mL) in DMF (20 mL) was added to the reactor and it was shaken for 1 

hour. The resin was washed five times with DMF and then thrice with dichloromethane 

(DCM). Afterwards, diethyl ether (Et2O) was used to completely dry the resin before the 

cleavage. A cocktail solution of DCM, trifluoroacetic acid (TFA) and triisopropylsilane (TIS) 

in a ratio 49:49:2 (10 mL) was added in the reactor and it was shaken for 5 min. The 

solution was collected in a round-bottom flask and the process was repeated three times. 

Then the combined filtrate was reduced almost to dryness and freshly TFA was added and 

stirred overnight until the complete removal of tBu of AAZTA. The mixture was then 

concentrated in vacuo and cold Et2O (30 mL) was added to let the product precipitate. The 

precipitate was centrifuged and washed thrice with Et2O. The crude product was dissolved 

in 5 mL of water and purified by preparative RP-HPLC using a Waters XTerra prep 
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RPdC8, 5 µm, 19x100 mm column by Method 1 and H2O/0.1% TFA (A) and CH3CN/0.1% 

TFA (B) as eluents (see the Supporting Information). The volume of injection was 600 µL 

for every run and the desired product was fractioned, collected and freeze-dried overnight. 

The pure product was obtained as a white powder (1.2 g, 57% of yield). The purity of the 

L1 was evaluated by analytical HPLC using XTerra RPdC8, 5 µm, 4.6x150 mm column, by 

Method 2 and H2O/0.1% TFA (A) and CH3CN/0.1% TFA (B) as eluents: a retention time of 

5.84 min and a degree of purity of 98.7% of L1 were estimated (λ=220 nm) (see the 

Supporting Information). 

ESI-MS (m/z): [M+2H]2+ 1104.0 (obsd.), 1104.0 (calcd. for C94H156N20O40); [M+3H]3+ 736.3 

(obsd.), 736.4 (calcd.); [M+4H]4+ 552.6 (obsd.), 552.6 (calcd.). 
1H NMR (600 MHz, dmso-d6, T = 310K): 12.20 (br), 7.88 (5H, o,m), 7.79 (2H, d), 7.73-7.72 

(2H, o,m), 4.22-4.19 (3H, o,m), 3.78 (16H, s), 3.65 (16H, o,s), 3.62 (2H, o,t), 3.48 (2H, t), 

3.27 (18H, o,m), 3.20 (16H, o,br), 3.02 (8H, o,m), 2.15 (4H, o,m), 2.07 (4H, o,m), 1.66-1.53 

(6H, o,m), 1.44-1.25 (36H, o,m). 

 

Synthesis of L2, L3 and L4. To a solution of L1 (0.02 mmol; 50 mg) in buffer phosphate 

(50 mM; 3 mL; pH 7) was added N-Succinimidyl-3-maleimido propionate (0.06 mmol; 16 

mg) or N-Succinimidyl-4-formylbenzoate (0.06 mmol; 15 mg) or Dibenzocyclooctyne-N-

hydroxysuccinimidyl ester (0.06 mmol; 24 mg) dissolved in 1 mL of CH3CN for compound 

L2, L3, L4 respectively. After stirring 4h at RT, the organic phase was evaporated and the 

excess non-bound reagent and buffer products were removed by size exclusion 

chromatography on a HiTrap Desalting Column 5 mL prepacked with Sephadex G25, 

using Milli-Q H2O as the mobile phase, after which the fractions corresponding to the 

functionalized product were collected. The L2, L3, L4 compounds were checked with ESI-

MS(+), freeze-dried obtaining about 70% of yield. The purity of modified ligands was 

evaluated by analytical HPLC using XTerra RPdC8, 5 µm, 4.6x150 mm column, by Method 

2 and H2O/0.1% TFA (A) and CH3CN/0.1% TFA (B) as eluents (see the Supporting 

Information). 

L2: ESI-MS (m/z): [M+2H]2+ 1179.6 (obsd.), 1179.7 (calcd. for C101H161N21O43); [M+3H]3+ 

786.8 (obsd.), 786.8 (calcd.); [M+4H]4+ 590.6 (obsd.), 590.2 (calcd.). Retention time 9.90 

min, purity 90.0 %. 
1H NMR (600 MHz, dmso-d6, T = 310K): 12.20 (br), 8.03 (1H, t), 7.94-7.85 (4H, o,m), 7.83 

(1H, d), 7.80-7.73 (2H, o, m), 7.00 (2H, s), 4.22-4.13 (3H, o,m), 3.85-3.75 (16H, o, s), 3.61-

3.43 (18H, o, br), 3.41-3.35 (4H, o, m), 3.34-3.27 (18H, o, m), 3.23 (16H, s), 3.19-3.14 (2H, 
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o, m), 2.99 (6H, o, m), 2.37 (2H, t), 2.15 (4H, o, m), 2.07 (4H, o, m), 1.66-1.53 (6H, o,m), 

1.44-1.25 (36H, o, m). 

L3: ESI-MS (m/z): [M+2H]2+ 1170.0 (obsd.), 1170.0 (calcd. for C102H160N20O42); [M+3H]3+ 

780.5 (obsd.), 780.5 (calcd.); [M+4H]4+ 585.8 (obsd.), 585.5 (calcd.). Retention time 10.05 

min, purity 93.3 %. 
1H NMR (600 MHz, dmso-d6, T = 310K): 12.20 (br), 10.10 (1H, s), 8.81 (1H, t), 8.08 (2H, 

d), 7.99 (2H, d), 7.95-7.86 (4H, o, m), 7.85 (1H, d), 7.80-7.75 (2H, o, m), 4.22-4.13 (3H, o, 

m), 3.85-3.75 (16H, o, s), 3.63 (16H, o, s), 3.57 (2H, t, o), 3.48 (2H, o, m), 3.45 (2H, o, m), 

3.33-3.27 (18H, o, m), 3.23 (16H, s) 2.99 (6H, o, m), 2.15 (4H, o, m), 2.07 (4H, o, m), 1.66-

1.53 (6H, o, m), 1.44-1.25 (36H, o, m). 

L4: ESI-MS (m/z): [M+2H]2+ 1261.6 (obsd.), 1261.9 (calcd. for C115H173N21O42); [M+3H]3+ 

841.5 (obsd.), 841.6 (calcd.); [M+4H]4+ 631.6 (obsd.), 631.4 (calcd.). Retention time 18.47 

min, purity 90.1 %. 
1H NMR (600 MHz, dmso-d6, T = 310K): 12.20 (br), 8.01 (1H, t), 7.98-7.83 (6H, o, m), 

7.80-7.74 (1H, o, m), 7.66 (1H, d), 7.59 (1H, d), 7.52 (1H, t), 7.51-7.46 (2H, o, m), 7.42 

(1H, t), 7.38 (1H, t), 7.32 (1H, d), 5.08 (2H, d), 4.24-4.18 (3H, br, o) 3.87 (16H, o, br), 3.66 

(16H, o, s), 3.43-3.37 (18H, o, m), 3.36-3.29 (18H, o, s), 3.25-3.13 (4H, o, m), 3.02 (6H, o, 

m), 2.22-2.13 (6H, o, m), 2.07 (4H, o, t), 1.91 (2H, t), 1.79 (2H, m), 1.66-1.53 (6H, o, m), 

1.44-1.25 (38H, o, m). 

 

Synthesis of Gd(III)-complexes (Gd-L1, Gd-L2, Gd-L3 and Gd-L4). An equimolar 

amount of GdCl3 (170 mM water solution) was slowly added to a 60 mM ligand solution; 

the solutions were maintained at pH 6.5 with NaOH. The complexes were then desalted by 

size exclusion chromatography on a HiTrap Desalting Column 5 mL prepacked with 

Sephadex G25, using Milli-Q H2O as the mobile phase and finally freeze-dried. The 

amount of residual free Gd3+ ions was assessed by the Orange Xylenol UV method.46
 All 

complexes were found to contain less than 0.3% (mol/mol) of residual free Gd3+ ions. The 

purity of Gd complexes was evaluated by analytical UPLC using ACQUITY UPLC Peptide 

BEH C18 Column, 1.7 µm, 2.1 mm X 150 mm by Method 3 for Gd-L2 and Gd-L3 and 

Method 4 for GdL-4, using H2O/0.05 % TFA (A) and CH3CN/0.05% TFA (B) as eluents 

(see the Supporting Information). All the derivatives were obtained in high purity, > 90 % 

(see the Supporting Information). 

Gd-complexes were also analyzed by direct infusion in ESI-MS in negative-ion mode after 

dilution in CH3OH-H2O (50/50).  
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Gd-L1: ESI-MS m/z: [M-2H]2- 1410.9 (obsd.), 1410.3 (calcd. for C94H140Gd4N20O40); [M-

3H]3- 940.0 (obsd.), 939.5 (calcd.); [M-4H]4- 704.8 (obsd.) 704.1 (calcd.).  

Gd-L2: ESI-MS m/z: [M-3H]3- 990.8 (obsd.), 990.9 (calcd. for C101H149Gd4N21O43); [M-4H]4- 

742.7 (obsd.), 742.9 (calcd.).  

Gd-L3: ESI-MS m/z: [M-3H]3- 984.5 (obsd.), 984.5 (calcd. for C102H148Gd4N20O42); [M-4H]4- 

737.7 (obsd.), 738.4 (calcd.).  

Gd-L4: ESI-MS m/z: [M-3H]3- 1045.4 (obsd.), 1045.6 (calcd. for C115H161Gd4N21O42); [M-

4H]4- 783.7 (obsd.), 783.9 (calcd.).  

 

Synthesis of FibPep. The peptide sequence GGY-dGlu-C-Hyp-3ClY-GLCYIQG, 

containing the fibrin binding motif, was synthesized by standard Fmoc solid-phase peptide 

synthesis on Rink amide 4-methylbenzhydrylamine resin and using a Liberty CEM 

microwave synthesizer. The coupling reactions were performed with 5.0 equiv excess of 

Fmoc-amino acids, 5 min at 75 °C, 35W, in the presence of PyBOP and DIPEA in DMF, 

and the Fmoc-deprotection steps (20% piperidine in DMF) were completed within 3 min at 

75 °C. At the end of the last cycle, the synthesized peptide was reacted with 2.5-fold 

excess of N-succinimidyl-S-acetylthioacetate (SATA) in DMF and stirring at RT for 3 h. A 

cocktail solution of TFA, H2O, Phenol and TIS in a ratio 88:5:5:2 (v/v/wt/v, 15 mL) was 

used to cleave the peptide from the resin and to obtain the side-chain deprotection. After 3 

h, the cleavage solution was collected and concentrated to dryness. Et2O was added to 

the residue to precipitate the crude peptide, which was collected. The crude linear di-

cysteine containing peptide was purified by preparative RP-HPLC using a Waters XTerra 

prep RPdC8, 5 µm, 19x100 mm column, by Method 5 (see the Supporting Information). 

Next the peptide was cyclized by dissolution in H2O and DMSO (9:1, v/v) in a 

concentration of approximately 2.5 mg of peptide mL-1 and stirring the obtained solution at 

RT for 3 days. Subsequently, after lyophilization the cyclic peptide was purified using 

preparative RP-HPLC (0,10 g, 60% of yield) by Method 5 (see the supporting information). 

The purity of the peptides was evaluated by analytical UPLC using ACQUITY UPLC 

Peptide BEH C18 Column, 1.7 µm, 2.1 mm X 150 mm, H2O/TFA 0.05% (A) and 

CH3CN/TFA 0.05% (B) as eluents, by Method 6. Retention time 5.48 min for linear FibPep, 

Retention time 5.92 min for cyclic FibPep, purity of the peptides > 90% (see the supporting 

information). ESI-MS (m/z): [M+2H]2+ 845.3(obsd.), 845.1 (calcd. for linear FibPep 

C72H99ClN16O23S3); [M+2H]2+ 844.0 (obsd.), 844.2 (calcd. for cyclic FibPep 

C72H97ClN16O23S3). 
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Synthesis of FibPep-Gd-L2. SATA-FibPep (20 mg) was dissolved in 1 mL of water and 

100 µL of 0.5 mol/L hydroxylamine hydrochloride, 25mM EDTA solution were added to 

deprotect a thiol group and to yield the thiolated FibPep. The reaction was monitored by 

ESI (+)-MS and after stirring 2h at RT the Sulfhydryl-FibPep was immediately recovered by 

HPLC separation (Method 5, see supporting information). [M+2H]2+ 822.9 (obsd.), 823.1 

(calcd. for sulfhydryl-FibPep C70H95ClN16O22S3). Then sulfhydryl-FibPep (5,4 mg, 3,3 µmol) 

was dissolved in sodium acetate 50mM, pH 6.0, 2 mL containing 30% acetonitrile and 

under argon atmosphere Gd-L2 (9,0 mg, 3 µmol) in 0,2 mL of water was added. The 

mixture was stirred at RT for 1 h and subsequently purified by gel permeation 

chromatography on a column packed with Sephadex G10 (1.1×12cm), using Milli-Q H2O 

as the mobile phase. After freeze-drying the product fractions, 11 mg (80% yield) of a 

white solid was obtained. ESI-MS (m/z): The purity of FibPep-Gd-L2 was evaluated by 

analytical UPLC using ACQUITY UPLC Peptide BEH C18 Column, 1.7 µm, 2.1 mm X 150 

mm by Method 7, purity > 85%. [M-4H]4- 1153.6 (obsd.), 1153.6 (calcd. for 

C171H244ClGd4N37O65S3); [M-5H]6- 922.5 (obsd.), 922.7 (calcd. for C171H244ClGd4N37O65S3);  

 

Relaxometry. The longitudinal water protons relaxation rates were measured by using a 

Stelar SpinMaster relaxometer (Stelar, Mede (PV), Italy) operating at 0.5 T (21.5 MHz 

Proton Larmor Frequency), by mean of the standard inversion-recovery technique. The 

temperature was controlled with a Stelar VTC-91 air-flow heater equipped with a copper 

constantan thermocouple (uncertainty 0.1°C). The proton 1/T1 NMRD profiles were 

measured at 298 K on a fast field-cycling Stelar relaxometer over a continuum of magnetic 

field strengths from 0.00024 to 0.47 T (corresponding to 0.01-20 MHz proton Larmor 

Frequency). The relaxometer operates under computer control with an absolute 

uncertainty in 1/T1 of ± 1%. Additional data points in the range 21.5-70 MHz were obtained 

on the Stelar SpinMaster relaxometer. The concentration of the solutions used for the 

relaxometric characterization was determined according to a previously reported 

relaxometric method47. Briefly, the solution containing the Gd(III)-complex is mineralized 

by transferring 0.1 ml of the Gd chelate solution into a sealable glass ampule, then 

bringing the volume to 0.2 mL with HCl 37% (analytical grade). The ampule is sealed and 

the solution heated at 120° C for 18 h. The Gd(III) aquo-ion released is quantitated by 

measuring the water proton relaxation rate at 20 MHz and 25 °C (R1obs), by the formula: 
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Where 13.5 is the relaxivity of free Gd(III) in acidic conditions, and 0.5 is the diamagnetic 

contribution to the relaxation rate, that is determined on a blank sample.  

The concentration of Gd(III) ions in the fibrin plasma clots for the determination of relaxivity 

value at 20 MHz and 25°C, was determined through ICP-MS analysis of the digested clots.   

 

Binding to fibrin clots. Fibrin clots were prepared from Human plasma (Sigma-Aldrich) 

as follows. Aliquots of 100 µl of plasma were freeze-dried and resuspended in solutions of 

Gd-L1pep with concentrations in the range 0.5-50 µM.  To the plasma suspensions, 2µl of 

calcium chloride (0.5M) and 2µl thrombin (100U/ml) were added to reach the final 

concentrations of 10 mM and 2U/ml, respectively. The samples were then incubated for 1h 

at 37°C during the formation of the clots. The experiments were carried out in triplicate. At 

the end of the incubation time, supernatant was carefully and completely removed, clots 

were weighted in order to calculate the clot volume (a density of 1 g/ml was considered) 

and 1 mL of HNO3 69% was added to the clots. After complete dissolution of the clots, 

samples were further digested by applying microwave heating (MicroSYNTH, Microwave 

labstation equipped with an optical fiber temperature control and HPR-1000/6M six 

position high-pressure reactor, Milestone, Bergamo, Italy). After digestion, the volume of 

each sample was brought to 2 ml with ultrapure water, filtered with 0.45 µm filter and 

analyzed by ICP-MS, using a Thermo Scientific ELEMENT 2 ICP-MS -Finnigan, Rodano 

(MI). The quantification was obtained through a calibration curve measured by using four 

gadolinium absorption standard solutions (Sigma-Aldrich) in the range 0.005–0.1 µg/ml. 

The concentration of fibrin-bound FibPep-Gd-L2 was calculated through the ratio between 

the total bound micromoles and the clot volume, while the concentration of the free 

FibPep-Gd-L2 was calculated as the difference with respect to the total micromoles in the 

incubation media divided by the incubation volume. 
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