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The Gd3+ complex of 1,4,7,
10‐tetraazacyclododecane‐1,4,7,10‐tetraacetic
acid mono(p‐isothiocyanatoanilide)
conjugated to inulin: a potential stable
macromolecular contrast agent for MRI
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Reaction of DOTA–NCSA [1,4,7,10‐tetraazacyclodod
Contrast M
ecane‐1,4,7,10‐tetraacetic acid mono(p‐isothiocyanatoanilide)]
with O‐(aminopropyl)inulin (degree of polymerization 25) provided a chelate that formed a kinetically extremely
stable Gd3+ complex. No transmetalation was observed with Zn2+. The conjugate has a relaxivity of 21.7 s−1 mM

−1 at
20MHz and 37 °C, and each molecule of the inulin carries on average 35Gd3+ ions. The parameters governing the
relaxivity of this material and of a low‐molecular‐weight model compound prepared by conjugation of DOTA–NCSA
and propylamine were evaluated by investigation of their water 1H longitudinal relaxation rate enhancements at
different magnetic fields (NMRD) and by studying variable temperature 17O NMR data. The high relaxivity of the
inulin conjugate can be ascribed to the efficient slowing down of the molecular tumbling by this carrier. The
rotational correlation time at 37 °C of this material is 1460ps, whereas that of the model compound is 84 ps.
Furthermore, both complexes do not interact significantly with human serum albumin, as shown by their NMRD
profiles, and do not undergo transmetallation by zinc ions. The inulin conjugate thus has potential for application as
a contrast agent for MRI, particularly as a blood pool agent. Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The successful introduction of paramagnetic metal complexes as
contrast agents (CAs) for magnetic resonance imaging (MRI) and
the fast evolution of the MRI technique have given rise to an
increasing demand for more effective and specific contrast
media. These pharmacological products are used to enhance the
contrast between normal and diseased tissue or to indicate
blood flow and/or organ function (1,2). The contrast enhance-
ment by Gd3+ contrast agents is based on changes in the
longitudinal (T1) and transverse (T2) relaxation times of the water
protons, induced by the presence of paramagnetic substances.
Gd3+ complexes of polyaminopolycarboxylates are often used in
medical diagnosis as T1 CAs inducing a positive contrast, i.e. a
brightening effect on the image. The gadolinium ion is very
efficient in enhancing longitudinal relaxation rates R1 (1/T1) by
virtue of its seven unpaired electrons and its relatively long
electronic relaxation times. The efficiency of a CA is usually
expressed in terms of the relaxivity (r1), which is the
enhancement of the water proton relaxation rate in s−1 mM

−1

per Gd3+ ion. According to the well‐established Solomon–
Bloembergen–Morgan theory and its modifications (3–5), the
relaxivity is governed by a set of physico‐chemical parameters,
which are related to the molecular structure of the Gd3+

complex and to its dynamics in solution. The parameters directly
correlated to the chemical structure are of primary importance
edia Mol. Imaging 2011, 6 482–491 Copyright © 2011 Jo
in the ligand design of efficient CAs. They are: the number of
water molecules directly coordinated to the Gd3+ ion (q); the
residence lifetime of the coordinated water molecules (τM); the
rotational correlation time representing the molecular tumbling
time of the complex (τR); interaction of the complex with water
molecules in the second sphere (qss‐hydration number, and τss‐
residence time), and longitudinal and transversal electronic
relaxation times (τs1, τs2) (1,6).
Since the introduction of the first MRI CA in clinics, Magnevist®

(Gd–DTPA), several compounds have come into use, such as
Gadovist® (Gd‐BT‐DO3A) and ProHance® (Gd‐HP‐DO3A) (7), but
hn Wiley & Sons, Ltd.
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their relaxivities are limited by their small τR at physiological
temperature. The optimal values of τR are at least 10 ns at 1.5 T
(the most common magnetic field used in MRI scanners). To
achieve this, these small molecules have been attached via
covalent or noncovalent interactions to a number of macro-
molecules, including albumin (8), carbohydrates (9) and linear
polymers such as polylysine (10), dendrimers (11), viral capsids
(12) and liposomes (13). The resulting CAs are advantageous
because of their increased τR and their augmented Gd3+

concentration per molecule. Furthermore, the nature of these
compounds may serve to prolong their residence time in the
cardiovascular system, rendering them amenable to applications
in magnetic resonance angiography (MRA). Inulin is one of these
compounds. It is a polydisperse polysaccharide consisting of
β(2→ 1) fructosyl fructose units with one glucopyranose unit at
the reducing end. Depending on the source, the degree of
polymerization (dp) of inulin varies from 10 to 30. This leads to an
averagemolecular weight distribution in a range between 1.5 and
5 kDa, which is favorable for the preparation of macromolecular
conjugates (14). Furthermore, inulin and its derivatives possess a
low viscosity in aqueous solutions and do not metabolize in
blood; both properties can be considered as advantageous for the
application of CAs. Previously, we have reported several
conjugates of inulin with very favorable relaxivities (15,16).
However, the kinetic stabilities of these compounds were lower
than that of Gd(DTPA), whichmay preclude applications in viewof
the recently reported serious adverse side effects upon applica-
tion of high doses of Gd–DTPA–bisamides (a complex with
relatively low kinetic stability) to patients with severe renal
dysfunction. Gd–DOTA complex and its derivatives are known
for their high stability and inertness in physiological medium.
Therefore, we report here the synthesis and Gd3+ complexation
of the chelate L (a DOTA monoamide derivative) and its
Scheme 1. Molecular structures of the conjugates discussed [R =H and/o
isomers of Lx–API is depicted.
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conjugate with the modified polysaccharide inulin Lx–API
(Scheme 1). The relaxivity of both contrast agents and the
parameters governing it are evaluated. Also reported and
interpreted are Nuclear Magnetic Resonance Dispersion (NMRD)
profiles at 37 °C. The relative stability against transmetalation by
Zn2+ ions and the possible interactionwith human serum albumin
(HSA) are evaluated by proton relaxometry. The reported
properties of the polysaccharide conjugate demonstrate that
they are promising for its application as a CA for MRA.
2. RESULTS AND DISCUSSION

2.1. Synthesis of Gd3+ complexes of ligand L and its
conjugate with API

The chelate (L) and its conjugate with inulin (Lx–API) were
synthesized following the route outlined in Scheme 2. Inulin was
chosen because of its high flexibility, which allows the
preparation of functionalized derivatives with a high ds defined
as the average number of substituents per monomeric unit of
sugar. The theoretical maximum ds is three, corresponding to
the three available hydroxyl groups per sugar unit in the staring
material. In the present study, the degree of substitution of
O‐(aminopropyl)inulin (API) obtained was 1.4, where the inulin
was functionalized by cyanoethylationwith acrylonitrile and base,
followed by reduction of the cyano groups with metallic Li in
liquid ammonia–ethanol at low temperature. Previous studies
have indicated that the cyanoethyl groups in O‐cyanoethylinulin
are distributed uniformly along the inulin chain and that,
within each fructose unit, the 4‐position is the most reactive
towards cyanoethylation (17). The ligand L was prepared
starting from 1,4,7,10‐tetrazacyclododecane (1). Its protected
tri‐tert‐butyl ester (2), 1,4,7,10‐tetraazacyclodecane‐1,4,7‐tris
r (CH2)3NH2; R′= L and/or H). Only one of the three possible positional
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Scheme 2. Synthesis ofGdLx–API andGdL: (i) tert‐butylbromoacetate, NaHCO3, CH3CN; (ii) 2‐chloro‐N‐(4‐nitrophenyl)acetamide, K2CO3, CH3CN; (iii) H2,
Pd/C, EtOH, room temperature; (iv) CF3COOH/anisole, CH2Cl2, room temperature; (v) CSCl2, CCl4/water, room temperature; (vi) acrylonitrile, aqueous
NaOH, 45 °C; (vii) Li, liquid NH3; EtOH, 50 °C; (viii) water, pH 9–10, room temperature; (ix) water, 1‐propylamine, pH 9–10; (x) GdCl3·6H2O, pH 6.2–6.5.
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(acetic acid t‐butyl ester) (tDO3AtBu), was obtained by alkyl-
ation using tert‐butylbromoacetate and base, employing the
previously published conditions (18). The 2‐chloro‐N‐(4‐
nitrophenyl)acetamide was attached to DO3AtBu by alkylation
to give the intermediate 3. The (N‐aminophenyl)acetamido
DO3AtBu derivative 4 was obtained by reduction of the nitro
group via hydrogenation with Pd/C (10%) as the catalyst, followed
by removal of the tert‐butyl protective groups by reaction with
CF3COOH, giving the intermediateDOTA–AA (5). The amino group
of 5 was then converted into the isothiocynate, which was
subsequently used to link DOTA–NCSA (6) to either propylamine
or API to give the low‐molecular‐weight ligand L or the
macromolecular ligand Lx–API (ds 1.4), respectively.
2.2. Evaluation of the relaxivity and the parameters
governing it

In order to determine the efficacy of these Gd3+complexes, the
longitudinal relaxation rate enhancements of water protons
wileyonlinelibrary.com/journal/cmmi Copyright © 2011 John W
induced by these complexes were measured as a function of
the Larmor frequency. In Fig. 1, the resulting NMRD profiles of
GdLx–API and GdL at 37 °C are compared with that of Gd–DOTA
(6,7,19). The shape of the NMRD curve of GdLx–API, particularly
the local maximum at the resonance frequency of about 20MHz,
is characteristic for high‐molecular‐weight compounds. It reflects
the effect of the relatively long tumbling time of the complex
(1,19), whereas the shape of the curve of GdL is quite similar to
that of Gd–DOTA and is characteristic for low‐molecular‐weight
complexes. The relaxivity of the GdLx–API complex is 21.7 s−1

mM
−1 at 20MHz and 37 °C, which is quite high considering that

clinical MRI exams are performed in a range of magnetic fields
between 0.5 and 3 T (20–125MHz), and that the currently
available low‐molecular‐weight contrast agents have a relaxivity
lower than 5 s−1 mM

−1. The relaxivity of the present complex is
comparable or slightly higher than that of the reported macro-
molecular conjugates with similar molecular weights (15,16).
The overall relaxivities (r1

obs) of the Gd3+ chelates are
theoretically described using amodel that considers three different
iley & Sons, Ltd. Contrast Media Mol. Imaging 2011, 6 482–491



Figure 2. 17O NMR shifts of water versus concentration of Gd3+ complexes.

Figure 3. Temperature dependence of the reduced 17O transverse
relaxation rate at 11.75 T.

Figure 1. 1H NMRD profiles of GdLx–API 1.18mM (spheres), GdL
2.60mM (triangles) and Gd–DOTA (squares). The lines represent
simulations using the best‐fit parameters (see Table 1).
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contributions: inner sphere (r1
IS), outer sphere (r1

OS) and second
sphere (r1

SS) (3,4,20,21). The inner‐sphere contribution occurs from
the water molecule(s) coordinated directly to the Gd3+ion, while
the outer‐sphere contribution involves all the solvent molecules
diffusing along the complex. The term ‘second‐sphere’ concerns
contributions arising from water molecules interacting via
hydrogen bonds with the electronegative atoms of the ligand,
and therefore staying in the second coordination/hydration sphere
of Gd3+ ion. The inner‐sphere contribution represents the most
important term, and therefore many efforts in the field of MRI
CAs are focusing on the optimization of this part.
As described by Solomon–Bloembergen–Morgan equations, the

inner‐sphere contribution is mainly influenced by the chemical
exchange of the water molecule (τM), the electron spin relaxation
times (τs1 and τs2), the rotational correlation time (τR) and the
number ofwatermolecules directly coordinated to theGd3+ ion (q).
A previous method for the determination of q by 17O chemical
shifts (22) used the Dy complexes to perform such measurements,
mainly because the contact contribution to its induced shift is
predominant as compared with its pseudo‐contact shift and
because Dy3+ causes a small broadening of the 17O signal.
However, despite the quite large broadening of the 17O signal
induced by Gd3+, this ion is better suited for such measurements
since it induces only contact shift andnopseudo‐contact shift.With
the high‐resolution spectrometers now available, it is quite easy to
use Gd complexes instead of Dy complexes to perform these
measurements. The method uses comparison of the 17O chemical
shift induced by a Gd complex and the well‐described Gd
complexes, such asGd–DOTA (Dotarem) andGd–DTPA (Magnevist),
for which q=1 has been validated, where the q values determined
by 17O chemical shift analysis on the Gd complex and by the
analysis of the luminescence life time of the Eu‐complex were
identical (23). The value obtained with GdLx–APIwas estimated to
be 0.9 and this agrees with the expected value of Gd–DOTA
monoamide derivatives (Fig. 2).
The value of τM was estimated from the analysis of the

temperature dependence of the transverse relaxation rate of 17O
resonance of both complexes (Fig. 3). The experimental data were
fitted with a theoretical model as described previously (8,24,25).
The following best‐fit parameters were determined: A/ħ, the
hyperfine coupling constant between the oxygen nucleus of the
Contrast Media Mol. Imaging 2011, 6 482–491 Copyright © 2011 Jo
bound water molecule and the Gd3+ ion; τv, the correlation time
modulating the electronic relaxation of Gd3+; Ev, the activation
energy related to τv; B, related to themean‐square of the zero field
splitting energy Δ (B=2.4Δ2); and ΔH‡ and ΔS‡, the enthalpy and
entropy of activation, respectively, of thewater exchange process.
The best‐fit value of τM is 625 ns for GdLx–API complex and
450 ns for the GdL one at 37 °C (Table 1).

It should be noted that the value of τM is quite high as compared
with similar contrast agents reported in the literature. The reason
for this difference could be the presence of an amido function that
is known to induce an increase of τM (26). Since τM limits the
relaxivity somewhat, replacement of the chelate by one with a
shorter τM value could give a further increase in the relaxivity.

The temperature dependence of the proton longitudinal
relaxivity at constant magnetic field (20MHz) of GdLx–API shows
maximum values above 50 °C (Fig. 4), additionally demonstrating
the limitation afforded by τM below 50 °C. This limitation is not
observed for GdL because of its shorter τR and thus larger T1M
(relaxation time of the bound water protons) (19).

The 1H NMRD profiles of Gd3+ complexes synthesized were
fitted using a model that takes into account inner‐sphere, outer‐
sphere and second‐sphere contributions to the paramagnetic
relaxation rate. Some parameters were fixed during fitting
hn Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/cmmi
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Table 1. Parameters forGdLx–API andGdL obtained from the analysis of 17O NMR and 1HNMRDdata comparedwith Gd–DOTA (5)

GdLx–API GdL Gd–DOTA

ΔH‡ (kJ mol−1) 39.1 ± 0.07 41 ± 0.06 50 ± 0.2
ΔS‡ (J mol−1 K−1) −0.15 ± 0.23 9.59 ± 0.19 49 ± 0.2
A/ħ (106 rad s−1) −3.1 ± 0.04 −2.93 ± 0.04 −3.42 ± 0.03
B (1020 s‐2) 2.24 ± 0.07 2.93 ± 0.11 1.94 ± 0.09
EV (kJ mol−1) 20.0 ± 3.19 20.0 ± 16.8 4.0 ± 4.4
τV

310(ps) 45 ± 1.0 (6.2)a 10.5 ± 1.0 (13)a 7 ± 1.0
τM

310(ns) 625 ± 34 450± 20 122 ± 10
τR

310(ps) 1460 ± 70.7 84 ± 3.4 53 ± 1.3
τS0

310(ps) 153 ± 7.0 92.5 ± 3.2 404 ± 24
qss 5 ± 0.6
τss (ps) 23.4 ± 1.6
aThe first values were obtained from the fitting of the proton NMRD profile; the values in parentheses were obtained from the
fitting of the 17O data.
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procedure: d, the distance of closest approach (d=0.4 nm where
a second sphere contribution is present, and d=0.36 nm in the
absence of second sphere contribution); D, the relative diffusion
constant (D= 3× 10−9m2 s−1); and r, the distance between the
Gd3+ ion and the proton nuclei of water (r=0.31 nm). The
residence lifetime of the inner sphere, τM, was set to the value
determined by 17O NMR, the distance between Gd3+ and the
protons of the second sphere water molecules; rss was fixed at
0.36 nm. The rotational correlation time (τR), the electronic
relaxation time at zero field (τSO) and its correlation time (τV), as
well as the number of second‐sphere water molecules (qss) and
the correlation time modulating the second sphere interaction
(τss), were treated as adjustable parameters. The conjugation of
the paramagnetic complex to the inulin carrier resulted in an
increase in τR (1.46 ns) and consequently in a higher relaxivity.
In addition, according to the Debye–Stokes–Einstein equation
and considering the value of τR previously calculated for the
small complex (GdL), the τR of our macromolecular compound
(GdLx–API) was estimated to be in the range between 1.5 and
2.9 ns, which is in good agreement with that determined
previously (27). In the literature similar inulin systems have been
reported such as the Gd3+ complex of DO3A‐squarate and
Figure 4. Proton longitudinal relaxivity at 20MHz as a function of
temperature.

wileyonlinelibrary.com/journal/cmmi Copyright © 2011 John W
H5DT4A
Ph chelate linked to aminopropylinulin, which have,

respectively, τR values of 735 and 866 ps (15,16). The divergence
between those τR values and that determined for our complex
(GdLx–API) is probably due to the molecular structures of
different tethers conjugated to the same polymer, which have
diverse local mobility owing to different rigidities.
From the fitting of the experimental NMRDprofile forGdLx–API,

we estimated the presence of approximately five second‐sphere
water molecules. The τss value obtained from the fitting (23.4 ps)
appears to be in good agreement with the values calculated
with molecular dynamics for molecules hydrogen‐bonded to
carboxylates in Gd chelates (28). The high value of qss may
be ascribed to the presence of a large number of hydroxyl
groups on the inulin backbone, which interact with the water
molecules coordinated to the Gd chelates and consequently
increase their lifetime.
2.3. Transmetalation

The Gd3+ chelates can be sensitive to transmetalation by
endogenous ions, such as Cu2+, Ca2+, and Zn2+ (29–33). Out of
the three metals mentioned, Zn2+ combines a rather high
concentration (50 µmol l−1) with a high affinity towards
polyaminopoly‐carboxylate ligands. Therefore, this metal ion is
able to replace a significant amount of Gd3+, which may result in
release of the toxic Gd3+ aqua ion in the body (34). To
investigate the kinetic stability of the macromolecular complex
(GdLx–API) and the small complex (GdL), we performed a
relaxometric study of their transmetalation with ZnCl2. The
proton longitudinal relaxation rate of mixtures of Gd3+

complexes and an equal amount of ZnCl2 in phosphate buffer
was monitored at 20MHz and 37 °C. Upon transmetalation of a
paramagnetic Gd3+ ion by a diamagnetic Zn2+ ion in phosphate
buffer, the released Gd3+ precipitates as GdPO4, which does not
contribute to the relaxivity. Therefore, the overall relaxivity of the
solution decreases over time with a rate depending on the rate
of transmetalation. This decrease in relaxivity is a good estimation
of the kinetic stability of the Gd3+ complexes. The result of this
experiment (Fig. 5) shows the very good kinetic stability of
both Gd3+ complexes (GdLx–API and GdL) as compared with
Magnevist, which shows significant decomplexation during the
same time period (5days).
iley & Sons, Ltd. Contrast Media Mol. Imaging 2011, 6 482–491



Figure 5. Evolution of the water proton paramagnetic longitudinal
relaxation rate R1

P(t)/R1
P(t0) vs time of 2.5mM Zn2+ aqueous solution for

GdL (2.5mM), GdLx–API (2.5mM) and Magnevist (2.5mM).

Figure 6. Comparison between NMRD profiles of GdL (1.0mM) and
GdLx–API (1.0mM), respectively, in the absence and presence of 4% HSA.
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2.4. Interaction with HSA

The interaction of low‐molecular‐weight Gd3+ complexes with
HSA increases their rotational correlation time and subsequently
enhances their paramagnetic relaxation rates. The resulting
increased relaxivity depends on the relative amounts of free and
bound CA, and therefore on the strength of the interaction and
on the intensity of the magnetic field. When a significant
interaction between a low molecular weight Gd complex and
HSA takes place, a marked hump around 20MHz and a clear
increase in the low‐field paramagnetic relaxation rates are
observed (7,25). The proton NMRD profiles of the paramagnetic
relaxation rate of solutions containing 1mM of the contrast
agents and 4% of HSA show only a small difference from the
curves of their corresponding NMRD profiles in water. For the
GdL complex, this result agrees with either the absence of
interaction with HSA or a negligible interaction (Fig. 6a).
For the GdLx–API complex, the small difference between the

relaxation rates in the presence and absence of HSA can also be
explained by the absence of interaction (Fig. 6b). However, it
cannot be excluded that an interaction occurs, but the difference in
τR between bound and free complex is too small to induce a
significant R1

P increase.

3. CONCLUSIONS

We have carried out the synthesis and the measurements of the
relaxivity of the Gd3+ of the ligand L and its conjugate with
oligosaccharide inulin, GdLx–API. Analysis of the variable‐
temperature 17O NMR and 1H NMRD studies of both complexes
confirms that the macromolecular compound GdLx–API shows
a remarkable increase in relaxivity owing to the decreased local
motion. These compounds have a very good kinetic stability at
physiological conditions. The relaxivity at 37 °C and 20MHz is
21.7 s−1 mM

−1, which corresponds to a relaxivity of 760 s−1 per
mmol of the molecule. Therefore, upon functionalization of this
material with targeting functions, interesting CAs for molecular
imaging may be obtained. The high molecular weight may also
result in a relatively long residence time in the cardiovascular
system, which is interesting for applications in MRA.
Contrast Media Mol. Imaging 2011, 6 482–491 Copyright © 2011 Jo
4. EXPERIMENTAL PROCEDURES

4.1. General methods and materials

All reagent‐grade chemicals were purchased from commercial
sources and used without further purification. 2‐Chloro‐N‐
(4‐nitrophenyl)acetamide and gadolinium chloride (GdCl3·6H2O)
were obtained from Maybridge and Aldrich, respectively. Inulin
(dp 25) was kindly donated by Sensus Cooperatie Cosun U.A.
(Roosendaal, the Netherlands). This ‘long‐chain’ fraction was
obtained by recrystallization of inulin from water, thereby
selectively removing the low‐molecular‐weight components.
The API (Scheme 2), with a degree of substitution (ds) of 1.4,
was synthesized from inulin (dp 25) according to a previously
described procedure (35). NMR spectra were recorded on either a
Varian Inova‐300 or a Bruker Avance II‐500 apparatus. Unless
stated otherwise, NMR experiments were performed at 25 °C
using 5mm sample tubes. Chemical shifts (δ) are given in ppm.
For the measurements in D2O, tert‐butanol was used as an
internal standard with the methyl signal referenced to 1.2 (1H)
and 31.2 ppm (13C). The pH values of the samples were mea-
sured at ambient temperature using a Corning 125 pH meter
with acalibrated microcombination electrode purchased from
Aldrich. The pH values of the solutions were adjusted using
dilute aqueous solutions of NaOH and HCl. Mass spectra were
hn Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/cmmi
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obtained on a Q‐TOF Ultima mass spectrometer (Micromass,
Manchester, UK). Samples were dissolved in a mixture of H2O/
MeOH and injected at a rate of 5 µl min−1. The cone voltage was
50 V (T= 80 °C).

4.2. Synthesis of 1,4,7,10‐tetraazacyclodecane‐1,4,7‐tris
(acetic acid t‐butyl ester) hydrobromide salt (2)

1,4,7,10‐Tetraazacyclododecane (5.0 g, 29mmol) and sodium
hydrogen carbonate (8.04 g, 95.7mmol) were stirred in freshly
distilled acetonitrile (160 cm3) cooled to 0 °C under N2. Tert‐butyl
bromoacetate (18.66 g, 95.7mmol) was added dropwise over
30min. After addition, the reaction mixture was allowed to reach
ambient temperature and stirred for a further 48 h. The
inorganic solids were removed by filtration and the filtrate
evaporated under reduced pressure to leave a beige solid. The
crude solid product was stirred in toluene for 24 h, offering the
title ester (2) as a white solid (11.362 g, 76%). ESI MS: m/z 515
[M+H]+, m/z 537 [M+Na]+; 1H NMR (300MHz, CDCl3, 25 °C,
TMS): δ 1.46, 1.47 [27H, s, C(CH3)3], 2.88–2.94 (12H, m, CH2CH2),
3.11 (4H, br s, CH2CH2), 3.30 (2H, s, NCH2COO), 3.38
(4H, s, NCH2COO), 10.03 (2H, br s, NH2).

13C NMR (300MHz,
CDCl3, 25 °C, TMS): δ 28.21, 28.25, 47.54, 49.22, 51.38, 58.25,
81.71, 81.87, 169.65, 170.54.

4.3. Synthesis of 1,4,7,10‐tetraazacyclodecane‐1,4,7‐tris
(acetic acid t‐butyl ester)‐10‐acetic acidmono(p‐nitroanilide) (3)

A suspension of 1,4,7,10‐tetraazacyclodecane‐1,4,7‐tris(acetic
acid t‐butyl ester) hydrobromide (2) (5.654 g, 9.5mmol) and
K2CO3 (1.33 g, 9.5mmol, 1.0 equiv.) in HPLC‐grade CH3CN (150ml)
was stirred for 30min at RT. A 30ml aliquot of a solution of
2‐chloro‐N‐(4‐nitrophenyl)acetamide (2.04 g, 9.5 mmol, 1.0
equiv.) in CH3CN was added drop‐wise to the reaction mixture
over 30min. After 48 h stirring at RT, the mixture was filtered and
the solvent evaporated, resulting in an off‐white powder (9.12 g).
A 2.1 g aliquot of residue product was purified by flash
chromatography on silica gel using CH2Cl2/CH3OH (30:1) as
mobile phase. After evaporation of the solvent, 1.134 g
(1.64mmol, 55.0 %) of 3 was obtained as a pale‐yellow powder.
ESI MS: m/z 715 [M+Na]+; 1H NMR (300MHz, CDCl3, 25 °C, TMS):
δ 1.38 [18H, s, C(CH3)3], 1.44 [9H, s, C(CH3)3], 1.90–3.70 (24H, m br,
CH2CH2, NCH2COO, NCH2CON), 4.46–4.56 (2H, m, NHCH2Ar), 7.60
(2H, m, ArH), 8.10 (2H, m, ArH), 9.36–9.75 (1H, t, NHCO). 13C NMR
(300MHz, CDCl3, 25 °C, TMS): δ 27.92, 27.99, 28.13, 42.29, 52.65,
56.16, 81.89, 82.06, 82.13, 123.33, 123.41, 123.70, 128.67, 128.85,
146.65, 147.75, 171.76, 172.30.

4.4. Synthesis of 1,4,7,10‐tetraazacyclodecane‐1,4,7‐tris
(acetic acid t‐butyl ester)‐10‐acetic acid mono
(p‐aminoanilide) (4)

To a solution of 3.56 g (5.14mmol) of 1,4,7,10‐tetraazacyclodecane‐
1,4,7‐tris(acetic acid t‐butyl ester)‐10‐acetic acidmono(p‐nitroanilide)
(3) in 80ml of EtOH, hydrogenation catalyst (0.9 g of 10% Pd/C)
was added. Themixture was stirred for 20 h in an autoclave under
H2 atmosphere (10 bar). The reaction mixture was filtered and the
solvent evaporated to yield 2.86 g (84% yield) of the title
compound (4) as an off‐white powder. ESI MS: m/z 663 [M+H]+;
1H NMR (300MHz, CDCl3, 25 °C, TMS): δ 1.41 (18H, s, C(CH3)3), 1.47
(9H, s, C(CH3)3), 2.65–2.79 (8H, m, CH2CH2), 2.91 (8H, s, CH2CH2),
3.17 (6H, s, NCH2COO), 3.32 (2H, s, NCH2CON), 6.65 (2H, d,
J= 9.3 Hz, ArH), 7.52 (2H, d, J= 9.0Hz, ArH), 10.32 (1H, br s, NHCO).
wileyonlinelibrary.com/journal/cmmi Copyright © 2011 John W
13C NMR (300MHz, CDCl3, 25 °C, TMS): δ 28.23, 28.28, 51.71, 52.19,
52.47, 54.70, 55.78, 56.70, 81.01, 115.48, 121.21, 130.57, 142.51,
170.64.

4.5. Synthesis of 1,4,7,10‐tetraazacyclodecane‐1,4,7,
10‐tetraacetic acid mono(p‐aminoanilide) (DOTA–AA) (5)

1,4,7,10‐Tetraazacyclodecane‐1,4,7‐tris(acetic acid t‐butyl ester)‐
10‐acetic acid mono(p‐aminoanilide) (4) (2.36 g, 3.56mmol) was
dissolved in CH2Cl2 (5ml) and CF3COOH (1.19ml, 5 equiv.) and
stirred at room temperature for 2 h. Then CF3COOH (21ml) and
anisole (21 µl) were added; the CH2Cl2 was removed by rotary
evaporation and the solution was stirred at RT for 48 h. The
reaction vessel was cooled to 0 °C and diethyl ether was added.
The white precipitate obtained was stirred for 10min, filtered
and then suspended in diethyl ether (this procedure was
repeated three times). Then the solvent was evaporated and the
resulting solid dried in high vacuum for 4 h to yield 2.83 g of the
trifluoroacetic acid salt of the title compound. In order to
remove all CF3COOH and other impurities, the mixture was
eluted through an Amberlite XAD 1600 column following the
elution with reverse‐phase TLC [MeCN–H3PO4 buffer (1:1) as a
mobile phase]. The fractions that contained the product were
freeze‐dried and 1.54 g (87% yield) of 5 was obtained as a white
powder. A purity of 84% was determined by a complexometric
titration performed in the presence of the murexide indicator.
ESI MS:m/z 495 [M+H]+; 1H NMR (300MHz, DMSO‐d6, 25 °C, TMS):
δ 3.19 (8H, s, CH2CH2), 3.31 (8H, s, CH2CH2), 3.72 (6H, s,
NCH2COO), 3.97 (2H, s, NCH2CON), 6.91 (2H, d, J= 9.0 Hz, ArH),
7.46 (2H, d, J= 8.7Hz, ArH), 10.38 (1H, s, NHCO). 13C NMR
(300MHz, DMSO‐d6, 25 °C, TMS): δ 49.22, 49.66, 50.14, 50.37,
53.60, 53.87, 55.33 (br s), 119.75, 120.31, 121.24 (br s), 134.20,
134.48 (br s) (CONH), 165.14, 170.67, 171.06 (br s).

4.6. Synthesis of 1,4,7,10‐tetraazacyclodecane‐1,4,7,
10‐tetraacetic acid mono(p‐isothiocyanatoanilide)
(DOTA–NCSA) (6)

DOTA–AA (5; 1.54 g, 3.11mmol) was dissolved in water (10ml),
and the pH was adjusted to 2 by several drops of concentrated
aqueous HCl. A solution of thiophosgene (0.375 g, in 5ml CCl4,
3.26mmol, 1.05 equiv.) was added in one portion, and then the
mixture was stirred vigorously at room temperature for 48 h. The
excess of thiophosgene was removed by washing the water
mixture with CH2Cl2 several times. The water fraction was
separated and evaporated to dryness. Yield: 1.56 g. ESI MS: m/z
537 [M+H]+; 1H NMR (300MHz, DMSO‐d6, 25 °C, TMS): δ 3.19–3.30
(16H, 2 br s, CH2CH2), 3.86, 3.98, 4.07 (8H, br s, NCH2COO,
NCH2CON), 7.40 (2H, d, J= 9.0 Hz, ArH), 7.62 (3H, br s, COOH), 7.75
(2H, d, J= 9.0 Hz, ArH), 11.15, 11.35 (1H, s, NHCO). 13C NMR
(300MHz, DMSO‐d6, 25 °C, TMS): δ 49.36 (m), 52.95, 53.30, 54.94,
119.90, 120.15, 123.71, 124.54, 126.38, 132.64, 138.09, 138.19,
165.78, 168.80, 169.30, 170.47.

4.7. Synthesis of 1,4,7,10‐tetraazacyclodecane‐1,4,7,
10‐tetraacetic acid mono(p‐propylthioureidoanilide) (L)

Propylamine (0.093 g, 1.57mmol)was dissolved inwater (5ml), and
the pH was adjusted to 9–10 with diluted NaOH. DOTA–NCSA (6),
freshly prepared, 0.848 g (1.58mmol) was added, and the reaction
mixture was stirred at room temperature for 24 h. The crude
product (1.078g) was purified by flash‐chromatography (RP‐C18
column) with acetonitrile/H2O (8:2) as mobile phase yielding
iley & Sons, Ltd. Contrast Media Mol. Imaging 2011, 6 482–491
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0.590g ofL. ESIMS:m/z 596 [M+H]+; 1HNMR (500MHz, D2O, 25 °C):
δ 0.82 (3H, s, CH3CH2CH2), 1.49–1.51 (2H, br m, CH3CH2CH2),
3.03–3.41 (10H, br s, NCH2COO, NCH2CON, CSNHCH2CH2CH3),
2.35–2.64 (16H, 2 br s, NCH2CH2N), 7.20 (2H, ArH), 7.47 (2H, ArH).
4.8. Synthesis of API

Inulin (7) (dp 25, 5.0 g, 30mmol of sugar units) was dissolved in
8.9ml of water (0.49mmol) containing 0.26 g (6.5mmol) of
NaOH and the mixture was stirred at 45 °C. After addition of
3.28 g (62mmol) of acrylonitrile the stirring was continued for
another hour at 45 °C. The mixture was diluted with water
(20ml) and neutralized by addition of 30% HCl (1ml), followed
by a stepwise addition of small amounts of NaHCO3 (until CO2

bubbles were no longer observable). The reaction mixture was
evaporated to dryness and the residue was dissolved in 50%
ethanol (100ml). Salts were removed by membrane filtration
(20 bar, UTC 60 membrane, Torey Industries Inc., Tokyo, Japan).
The product was freeze‐dried, yielding 3.956 g of O‐(cyanoethyl)
inulin. The average degree of substitution of 1.53 was
determined by integration of the 1H NMR spectrum, comparing
the signals of CH2CN (2.7–2.9 ppm) with the signals of remaining
protons (3.6–4.5 ppm) (36). O‐Cyanoethylinulin (500 mg,
2.05mmol) was dissolved in a mixture of liquid ammonia
(50ml) and dry ethanol (25ml). Metallic lithium (0.328 g,
47.28mmol) was added portion‐wise during 30min at −50 °C.
The mixture was refluxed for 1 h. Then the ammonia was
evaporated over 3h using a cold water bath, and the resulting
mixture was diluted with water (50ml). A stream of CO2 was
bubbled through the suspension to neutralize LiOH. The mixture
was filtered and evaporated to dryness. The product was dissolved
in water (100ml), the salts were removed by membrane
ultrafiltration, and the filtrate was freeze‐dried to yield 0.286 g of
API. The degree of substitution was determined by integration
of the 1H NMR spectrum to be 1.4. 1H NMR (D2O, 25 °C, pH 10.5):
δ 1.6–2.0 (‐O‐CH2CH2CH2NH2), 2.6–3.0 (‐O‐CH2CH2CH2NH2), 3.5–4.4
(remaining protons). 1H NMR (D2O, 25 °C pH 1.0): δ 1.7–2.2
(‐O‐CH2CH2CH2NH2), 2.9–3.2 (‐O‐CH2CH2CH2NH2), 3.4–4.4
(remaining protons).
4.9. Conjugation of DOTA–NCSA with O‐aminopropylinulin
(Lx–API)

O‐Aminopropylinulin (API; 87mg, 0.40mmol amino groups) was
dissolved in water (5ml), and the pH was adjusted to 9–10 with
diluted NaOH. DOTA–NCSA (6), freshly prepared, 300mg
(0.56mmol, 1.4 equiv.) was added and the reaction mixture was
stirred at room temperature for 24 h. The reaction mixture was
purified by ultrafiltration. The product was freeze‐dried, resulting in
0.310g of Lx–API as awhite powder. 1HNMR (300MHz, D2O, 25 °C):
δ 1.8–2.0 (CH2CH2NH2), 2.8–3.0 (CH2CH2NH2), 3.1–3.3 (NCH2CH2N),
3.3–3.6 (NCH2COOH), 3.7–4.2 (inulin H), 7.43 and 7.54 (4H, 2 d, ArH).
Comparison of the integrals of the aromatic protons and those of
the sugar protons indicated that the ds was 1.4.
48
4.10. Preparation of Gd3+ complex of L

GdLwas prepared by adding stepwise GdCl3·6H2O to a solution of
0.590 g of L (0.99mmol) in 5ml H2O, maintaining the pH between
6.2 and 6.5 by addition of 1 M NaOH. The final pH of the solution
after stirring for 48 h was 6.1. The excess of the free lanthanide
was removed by centrifugation as Gd(OH)3 precipitate, which
Contrast Media Mol. Imaging 2011, 6 482–491 Copyright © 2011 Jo
appeared at pH 9 after addition of 1 M NaOH. The absence of free
Gd3+ ions was confirmed by a xylenol orange test (37,38). The pH
of the supernatant was decreased to 7 and the solution was
freeze‐dried, yielding 0.786 g of GdL as a white powder. ESI MS:
m/z 773 [M+Na]+.
4.11. Preparation of Gd3+ complex of Lx–API

GdLx–API was prepared by a stepwise addition of GdCl3·6H2O
to a solution of 0.10 g of Lx–API in 4ml of H2O, maintaining the
pH between 6.2 and 6.5 by addition of 1 M NaOH. The mixture
obtained was stirred for 48 h. Then the product was dialyzed for
24 h with water using a membrane with a cut‐off of 1 kDa, until a
xylenol orange test showed that no free Gd3+ ions were present
in the dialyzate. The final solution of GdLx–API was freeze‐dried,
yielding 0.122 g of a white hygroscopic powder.
4.12. NMRD profiles

1/T1
1H NMRD profiles were measured on a Stelar Spinmaster FFC

fast field cycling NMR relaxometer (Stelar, Mede, Pavia, Italy) over
a range of magnetic fields extending from 0.24 mT to 0.7 T and
corresponding to 1H Larmor frequencies from 0.01 to 30MHz
using 0.6ml samples in 10mm o.d. tubes. The samples were
prepared by dissolution of appropriate amounts of freeze‐dried
complexes GdL and GdLx–API in Milli‐Q water with the pH in the
range 6.2–6.5. The exact Gd3+ concentration was determined by
proton relaxivity measurements at 20MHz and 37 °C after
complete hydrolysis in concentrated HNO3. Additional relaxation
rates at 20 and 60MHz were obtained with Bruker Minispecmq‐20
and mq‐60 spectrometers (Bruker, Karlsruhe, Germany), respec-
tively. The 300MHz data were obtained on a Bruker Avance‐300
high resolution spectrometer.

Fitting of the 1H NMRD was performed with data processing
software that uses different theoretical models describing
observed nuclear relaxation phenomena (Minuit, CERN Library)
(39,40). The theoretical model takes into account the inner‐
sphere interaction (3,4), the outer‐sphere interaction (20) and
when necessary the second sphere contribution (21).
4.13. 17O NMR studies
17O NMR relaxation rate measurements were performed on a
Bruker Avance II‐500 spectrometer using 5mm diameter sample
tubes containing 325 µl (pH 6.2–6.5) of GdL (25.96mM) and
GdLx–API (15.9mM) solutions. The temperature was regulated
by air or N2 flow controlled by a BVT‐3200 unit. 17O transverse
relaxation times of pure water (diamagnetic contribution) were
measured using a CPMG sequence and a subsequent two‐
parameter fit of the data points. The 90 and 180° pulse lengths
were 27.5 and 55 µs, respectively. Broadband proton decoupling
was applied during the acquisition of all 17O NMR spectra. 17O T2
of water in complex solution was obtained from line width
measurement. The data are presented as the reduced trans-
verse relaxation rate 1=TR2 ¼ 55:55= Gd complex½ �⋅q⋅Tp2ð Þ, where
[Gd complex] is the molar concentration of the complex, q is
the number of coordinated water molecules and T2

P is the
paramagnetic transverse relaxation rate obtained after subtrac-
tion of the diamagnetic contribution from the observed
relaxation rate. The treatment of the experimental data was
performed as already described (8,24,25).
hn Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/cmmi
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The number of water molecules in the first coordination sphere
(q) of the Gd3+ complex (GdLx–API) was determined at 60 °C using
a Bruker Avance II‐500 spectrometer. The tubeswith 5mmexternal
diameter containing 300µl of the sample with 50µl of D2O for the
lockwere used for themeasurements. The hydrationnumber qwas
obtained by comparing the 17O NMR chemical shifts of GdLx–API
with those of Gd–DOTA and Gd–DTPA (q=1) (23).

4.14. Transmetalation

The stability of the Gd3+ complexes was determined by a
transmetalation method monitoring the 1H longitudinal relaxa-
tion rates of water during 5 days at 37 °C (41). The measurements
were performed on a Bruker Minispec mq‐20 spin analyzer at
20MHz using 7mm sample tubes containing 2.5mM of Gd3+

complexes and 2.5mM of ZnCl2 in 300 µl of phosphate buffer
solution (26mM KH2PO4, 41mM Na2HPO4, pH= 7).

4.15. Interaction with HSA

The interaction of the Gd3+ complexes with HSA was studied
by evaluation of the 1H NMRD profiles of the paramagnetic
relaxation rate of the solutions of the complexes (1mM) under
study before and after addition of HSA (4%) (7).
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