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From polyamines to nanogels: a supramolecular
approach for boosting relaxivity of [Gd(DOTP)]>~
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Supramolecular chemistry has played a central role in advancing the development of more effective con-
trast agents (CAs) for magnetic resonance imaging (MRI). By incorporating Gd(i) complexes into larger
supramolecular architectures, host—guest interactions can be exploited to enhance both performance
and targeting. Optimizing these interactions has the potential to substantially increase relaxivity (ry),
thereby improving MRI signal enhancement and enabling lower administered doses without compromis-
ing image quality. In this work, we investigated the formation of ion pairs between the anionic complex
[GA(DOTP)I°~, which lacks an inner-sphere water molecule, and cationic polyamine substrates such as
cyclen, octaazacryptand, and low-molecular-weight polyethyleneimine. Our approach combines *H NMR
relaxometric techniques with DFT calculations. Relaxometric titrations of dilute [Gd(DOTP)I®>~ solutions
with increasing amounts of the cationic substrates allow determination of the ion-pair binding constants
as well as the relaxivity of the resulting supramolecular adducts. The strength of these interactions
increases with the number of positive charges on the polyamine and depends strongly on pH, reflecting
the optimal balance of charges between anion and cation. A further and remarkable enhancement in
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relaxivity is observed when the metal complex is confined within nanogels. Analysis of the corresponding
NMRD (Nuclear Magnetic Relaxation Dispersion) profiles highlights the essential contribution of well-
organized second-sphere water molecules with restricted mobility, which are responsible for the unu-
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Introduction

Supramolecular chemistry serves as a foundational pillar for
many cutting-edge developments in modern inorganic chem-
istry and materials science. It explores molecular organization
beyond traditional covalent bonding, focusing on the assembly
of components via a wide range of weak, non-covalent inter-
actions. These forces, operating over relatively long distances
(typically 200-400 picometers), play a key role in dictating
molecular architecture and behavior." The strength of supra-
molecular chemistry lies in its ability to exert precise control
over such interactions, enabling the rational design and syn-
thesis of functional molecular systems. This level of control is
essential for advanced processes like molecular recognition,
which underlies highly selective sensing, catalytic activity, and
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sually high relaxivity values at magnetic fields relevant for MRI.

specific binding-functions central to both biological systems
and material technologies. Examples of supramolecular in-
organic systems include coordination cages and capsules,’
metal-organic frameworks (MOFs),> polyoxometalates,* self-
assembled monolayers,” and molecular machines.® These
architectures demonstrate how supramolecular strategies can
be leveraged to construct complex systems with finely tuned
chemical and physical properties. Supramolecular chemistry
strategies have also been effectively employed to enhance the
performance and efficacy of paramagnetic ion complexes used
as diagnostic probes in Magnetic Resonance Imaging (MRI).”
Today, more than 40% of MRI procedures involve the use of
paramagnetic compounds, commonly referred to as contrast
agents (CAs). These agents improve image quality by shorten-
ing the relaxation times of nearby water protons. Among the
available contrast agents, gadolinium(ur) chelates are by far the
most commonly used.'®"* This dominance is largely due to
the favourable magnetic properties of the Gd(m) ion: it pos-
sesses seven unpaired electrons (S = 7/2), which confer high
paramagnetism, along with relatively long electronic relaxation
times."® These features enable Gd(m) to efficiently reduce the
longitudinal relaxation time (7;) of surrounding water protons,
resulting in increased signal intensity and enhanced contrast
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in T;-weighted MR images."® The efficiency of a contrast agent
in enhancing proton relaxation per unit concentration of Gd
(m) is quantified by its relaxivity (r;).'*'* For Gd(m)-based
agents, relaxivity primarily arises from two distinct mecha-
nisms involving interactions with water molecules: inner-
sphere (IS) and outer-sphere (OS) contributions.™ While both
mechanisms contribute, the inner-sphere process is typically
the dominant determinant of r;. Several key parameters govern
inner-sphere relaxivity:">**

- Hydration number (g): the number of water molecules
directly coordinated to the Gd(m) ion. A higher g generally pro-
vides more efficient relaxation pathways.

- Water residence lifetime (z): the average time a water
molecule remains bound in the inner coordination sphere
before exchanging with bulk water.

- Correlation time (z¢): the effective timescale over which
electron-nucleus dipolar interactions fluctuate. Its value
depends on several factors, including electronic relaxation
times (Tye, T»e) and the rotational correlation time (zg) of the
complex.

- Rotational correlation time (zg): this component of ¢
reflects how fast the entire contrast agent tumbles in solution.
At clinically relevant magnetic fields (1.5-3.0 T), 7 is often the
primary limiting factor for r;, as small, fast-tumbling com-
plexes typically relax too quickly to maximize dipolar inter-
actions. Consequently, strategies to increase 3 (e.g., by increas-
ing molecular size or restricting mobility) are key to enhancing
relaxivity for clinical applications.

To enhance the performance of Gd(m)-based contrast
agents at clinical magnetic field strengths, researchers have
pursued several strategies to increase the g value.'” These
include enlarging the molecular structure through conjugation
to macromolecules'® or introducing rigid elements that slow
molecular rotation,"” all while maintaining biocompatibility
and ensuring efficient clearance from the body. Another
effective strategy involves exploiting non-covalent interactions
between appropriately functionalized Gd(m) complexes and
slowly rotating substrates. A notable early example is the
reversible association between hydrophobically modified Gd-
complexes and poly-p-cyclodextrins.'®° These supramolecular
assemblies - particularly those involving trisubstituted Gd(u)
complexes and fB-cyclodextrins multimers - form tightly bound
adducts that exhibit longitudinal relaxivity values exceeding
those of conventional extracellular clinical agents by more
than an order of magnitude.?' By leveraging similar supramo-
lecular interaction mechanisms, nanocapsules constructed
from p-cyclodextrins units linked by disulfide bonds were
effectively loaded with [Gd(Bn-AAZTA)(H,0),]” embodying a
pendant aromatic group (Bn-AAZTA = 6-amino-6-benzylperhy-
dro-1,4-diazepine-N,N',N",N"-tetraacetic acid).”> The robust
binding interaction between these chelates and the
B-cyclodextrins units facilitated their efficient encapsulation
within the nanoparticles during the assembly process. The
resulting Gd-loaded nanocapsules exhibited high r; values,
particularly at high magnetic fields.>” This enhanced relaxivity
is attributed to the significantly reduced rotational mobility of
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the encapsulated chelates and the favourable water per-
meability through the polymeric shell. Among the many
reported examples, notable cases include a binuclear Gd(ur)
complex based on an AAZTA chelator functionalized with an
adamantyl moiety and a [Gd(DOTA)]™ derivative incorporating
a hydrophobic biphenyl group (H,DOTA = 2,2',2",2""-(1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetrayl )tetraacetic acid).23 Both
complexes interact with the hydrophobic binding sites of
human serum albumin. This interaction significantly
enhances r; while also extending the circulation time in the
bloodstream of the Gd(ut)-chelates. Additional examples in the
literature highlight supramolecular adducts stabilized by
electrostatic interactions between anionic Gd(m) complexes
and cationic substrates.>*>” A particularly illustrative case is
[Gd(DOTP)]’~ (H,DOTP = 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetrakis(methylenephosphonic acid)), which is derived
from the well-known macrocyclic complex [Gd(DOTA)(H,O)]~
by replacing carboxylate groups with phosphonate moieties.””
This substitution imparts a net charge of —5 at near-neutral
pH. Unlike [Gd(DOTA)(H,O)]", which has one coordinated
water molecule (g = 1), [Gd(DOTP)]>~ is non-hydrated (g = 0)
and thus lacks a direct IS contribution to relaxivity. However,
at clinically relevant magnetic field strengths, the r; values of
the two complexes are surprisingly similar. This apparent
paradox is explained by the presence of structured solvent
molecules in the second coordination sphere (SS).>® These
water molecules form relatively strong and long-lived hydrogen
bonds with the phosphonate groups. When the residence time
of these interactions is sufficiently long, the dipolar coupling
between the Gd(m) ion and SS water molecules becomes modu-
lated by molecular tumbling, contributing significantly to the
observed relaxivity.>*° A number of studies have examined
the interactions between the highly anionic [Gd(DOTP)]>~
complex and a variety of positively charged substrates.>*™’
These substrates, ranging in molecular weight and chemical
complexity, have notably included functionalized cyclodex-
trins,*® strategically used as model systems to mimic the posi-
tively charged side chains of proteins. In such cases, the
observed enhancement in r; relaxivity relative to the free
chelate has been primarily attributed to one or both of the fol-
lowing mechanisms: an increase in the average number of
second-sphere water molecules effectively confined within the
resulting supramolecular adducts, and a reduction in the tum-
bling rate of these second-sphere water molecules due to their
entrapment via ion-pair interactions. Importantly, both key
parameters, the number and effective correlation time of
second-sphere water molecules, can be finely tuned by modify-
ing the substrate or substituting it with alternative com-
pounds. This concept is robustly supported by a recently pub-
lished study, which describes the fabrication of a nanogel
structure resulting from the interaction between chitosan
chains and [Gd(DOTP)]’~ chelates.”® The resulting nano-
particles displayed exceptionally high relaxivity values (r; =
78.0 mM~' s7! at 0.5 T and 298 K), representing an approxi-
mate twenty-fold increase over the isolated chelate.
Subsequent detailed analysis of the relaxation data revealed

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Chemical structure of [Gd(DOTP)]>~ (1) and the cationic polya-
mines cyclen (2), octaazacryptand (3) and PEI (4).

the pivotal role of second-sphere water molecules, which par-
ticipate in robust and prolonged hydrogen bonding inter-
actions with the complex. Building on these insights, the
present study undertakes a systematic investigation to clarify
the role of second-sphere water molecules in modulating r;
relaxivity across a series of supramolecular adducts. We began
by examining a simple system formed via the interaction
between the highly anionic [Gd(DOTP)]’~ and the cationic tet-
raazacyclododecane (cyclen; 2) macrocycle (Fig. 1).

This was followed by the analysis of more complex assem-
blies involving the cryptand 1,4,7,10,13,16,21,24-0octaaza
bicyclo[8.8.8]hexacosane (octaazacryptand; 3) and low mole-
cular weight polyethyleneimine (PEIL 4) (Fig. 1). To extend this
framework, we also synthesized a nanogel incorporating both
PEI and [Gd(DOTP)]>", enabling a broader assessment of SS
contributions in a more constrained environment. All systems,
including the small-molecule adducts and the nanogel, were
comprehensively characterized using a multidisciplinary
approach combining high resolution NMR spectroscopy, field-
dependent 'H relaxometry, and DFT calculations.

Experimental
Chemical and materials

All chemicals were purchased from Merck/Sigma-Aldrich
(St Louis, MO, USA), Thermo Fisher Scientific (Waltham, MA,
USA) or BLD Pharm (Karlsruhe, Germany) and used without
further purification.

Synthetic procedures

Na;[Gd(DOTP)]. 1.0 g (1.70 mmol) of DOTP (BLD Pharm,
CAS. No. 91987-74-5) was dissolved in 20 mL of Milli-Q water
in a round-bottom flask, and the pH was adjusted to 7.0 by the
addition of 1 M NaOH. In parallel, an aqueous solution of
GdCl;-6H,0 (Sigma Aldrich, 13450-84-5, 632 mg, 1.70 mmol in
5 mL of water) was prepared and gradually added to the DOTP
solution under continuous stirring. The pH was maintained at
7.0 by the addition of 1 M NaOH, while the mixture was kept
at 60 °C. Near the point of stoichiometric equivalence, a
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notable precipitate developed, which dissolved again upon
raising the pH beyond 8.0. To compensate for a possible
excess of the metal ion, a small amount of ligand (0.4%) was
added. The solvent was then removed under reduced pressure,
yielding a white solid. MS ESI” (m/z) = 702.2 [M]"; calculated
C14H,5GdAN,O,P, = 701.4 g mol ™.

Octaazacryptand (3). 1,4,7,10,13,16,21,24-Octaazabicyclo
[8.8.8]hexacosane has been prepared in two steps by: (1) con-
densation of tris(2-aminoethylamine) (“tren”) with glyoxal,
with a slight modification of the procedure reported in ref. 32
(the condensation was run at —18 °C); (2) reduction of the
intermediate hexaimine by NaBH,, with a minor modification
of the procedure reported in ref. 33 (the product was recrystal-
lized by water and dried in vacuo). 'H-NMR (CDCls,
400.2 MHz) § = 3.43 (bs, 6H), 2.80 (s, 12H), 2.76 (bt, 12H, J ~
5.4 Hz), 2.52 (bt, 12H, J ~ 5.4 Hz) ppm. C-NMR (CDCl;,
100.6 MHz) § = 51.0 [CH,], 49.3 [CH,], 46.4 [CH,] ppm.
ESI-MS: calcd for C;3H,,N,: 370.4, found: 371.4 (MH").

[GA(DOTP)]>~"*~/polyamine adducts

[GA(DOTP)]> /eyclen adduct. 8.5 mg of cyclen (Sigma
Aldrich, 339652-250MG) were added to 1 mL of Gd(DOTP)
(1.0 mM). The pH was fixed to 9.0 with HCI solution (0.5 mM).

[Gd(HDOTP)]* " /octaazacryptand adduct. 18.6 mg of octaaza-
cryptand were added to 1 mL of Gd(DOTP) (1.0 mM) and the
pH was corrected to 7.1 with HCI 0.5 M.

[Gd(HDOTP)|*"/PEI adduct. 2.0 mg of PEI (Thermo Fisher
Scientific, 9002-98-6, molecular weight: 2 kDa) were added to
1 mL of a 1.0 mM solution of Gd(DOTP) at pH 7.2.

Synthesis of NG-PEI

NG-PEI was prepared by modifying a procedure already
described in the literature.*" 11.25 mg of PEI (Thermo Fisher
Scientific, 9002-98-6, molecular weight: 2 kDa) was dissolved
in 18 mL of acetic acid solution (10 wt%). In a second fask,
11.4 mg of sodium tripolyphosphate (TPP, Alfa Aesar 13440),
8.0 mg of sodium hyaluronate (Hya, Alfa Aesar J66993, mole-
cular weight greater than 1 MDa), and 21 mg of the previously
prepared Nas[Gd(DOTP)] (0.025 mmol) were solubilized in
9.0 mL of ultrapure water. The concentration of [Gd(DOTP)]>~
was 0.9 mM. After 30 min, the second solution was added
dropwise to the first one, and the reaction was stirred for
30 min at 298 K (pH = 3.0), promoting the activation of the
gelation process. The obtained white suspension was purified
by dialysis using a membrane with a cut-off of 14 kDa in pure
water. The purification procedure was repeated for 3 days in
order to remove the unreacted compounds. The pH of the NG
suspensions changed from 3.0 to 7.5 during the dialysis
purification.

Characterization techniques

NMR experiments. 'H and ">C NMR spectra were recorded at
298 K using a Bruker AVANCE III 500 spectrometer equipped
with a wide bore 11.7 Tesla magnet and a Bruker BVT 3200
control unit. The addition of a capillary containing D,O
allowed for the lock during the measurement. The metal ion
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concentration in aqueous solution was determined by "H NMR
measurements using the Bulk Magnetic Susceptibility (BMS)
method, considering a pes = 7.92 B.M. for Gd(m).** The **C
longitudinal relaxation rates (1/Ty) of cyclen, both in the
absence and in the presence of [GA(DOTP)]~ complex (pH
9.0), were measured using standard inversion recovery
sequences. A sealed capillary with D,O was inserted in the
NMR tube for frequency lock. These values can be plotted line-
arly as a function of the molar ratio between [Gd(m)] and the
total substrate concentration (p) (eqn (2), Results and discus-
sion section).”® The paramagnetic contribution (1/Ty¢) to the
relaxation rate can then be expressed by the Solomon-
Bloembergen equation, considering a dipolar interaction
between the paramagnetic probe and the substrate (eqn (3),
Results and discussion section).?®

Relaxometric characterization. 1/T; 'H Nuclear Magnetic
Relaxation Dispersion (NMRD) profiles were recorded on a
Fast-Field Cycling (FFC) Stelar SmarTracer Relaxometer from
0.00024 to 0.25 T (0.01-10 MHz proton Larmor Frequencies).
This relaxometer operates under computer control with a +1%
uncertainty in the relaxation rate. The proton relaxation in the
20-120 MHz frequency range was investigated with a High
Field Relaxometer (Stelar), equipped with a HTS-110 3T
Metrology Cryogen-free Superconducting Magnet. The temp-
erature during the measurements was controlled trough a
Stelar VIC-91 airflow heater equipped with a copper-constan-
tan thermocouple (uncertainty of +0.1% ©C). The effective
temperature at the sample level in the probe head was further
monitored with a Fluke 52k/j digital thermometer (Fluke,
Zirich, Switzerland). Data were collected using the standard
inversion recovery sequence (16 experiments, 3 scans) with a
typical 90° pulse width of 3.5 ps, and a reproducibility of the
data within +0.5%. The diamagnetic contribution was
measured by collecting 'H NMRD profiles of the corres-
ponding diamagnetic solution (in absence of the paramagnetic
complex), at different temperatures. Relaxivity values (rq,
mM ' s7') at different magnetic fields and temperatures were
obtained by measuring the longitudinal relaxation rates of the
sample solutions and subtracting the corresponding diamag-
netic contribution depending on the measurement conditions,
and by dividing this value by the mM concentration of Gd(ur).

The interaction of [Gd(DOTP)]>~ complex with the different
substrates was studied by relaxometric titrations. In the case of
direct titration, the longitudinal relaxation rate at 32 MHz and
298 K of a 1.0 mM solution of the complex was measured as a
function of increasing additions of substrate. The pH value
was maintained at the desired value by small addiction of HCl
1 M. The so obtained titration curve was then fitted following
the procedures reported in the literature.*>®

For the investigation of the [Gd(HDOTP)]* -PEI interaction,
a reverse titration was also performed. In this experiment, a
solution containing a fixed concentration of PEI (0.625 mM)
was prepared and increasing amounts of the [Gd(HDOTP)]*~
complex were added. After each incremental addition of the
complex, the longitudinal relaxation rate was measured at
32 MHz and 298 K. The pH was kept constant by adding small
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aliquots of 1 M HCI. Data from reverse titration were plotted in

the form of a Scatchard plot according to eqn (1):"**’
L, G 4 (1)
[GAL)pee e

Free

where r is the molar ratio between the concentration of the
complex in the adduct and the total amount of substrate,
[GdL]gree is the concentration of the free complex, K is the
binding constant and 7 is the number of equivalent binding
sites of the substrate.

DLS and Z-potential. Dynamic light scattering and
Z-potential experiments were carried out on a small amount of
solution at 298 K by using a Malvern Zetasizer Nano ZS operat-
ing in a particle size range from 0.6 nm to 6 mm and equipped
with a He-Ne laser with 1 = 633 nm.

Computational analysis. All calculations were performed at
the DFT level using the GAUSSIAN 16 (Rev. C.01) quantum-
chemistry package,®® and the hybrid PBEO functional.’® The
Grimme D3 dispersion correction was also used.’’ For inter-
action energies, geometry optimizations and vibrational fre-
quency analysis (no imaginary frequencies were found), the aug-
pcseg-1 basis set of Jensen (superior to the aug-cc-pVDZ) of
double-{-quality and optimized for DFT calculations,*' was used
for all atoms except for gadolinium. For the latter, the def2-SV(P)
basis set was employed together with the corresponding relativis-
tically contracted effective core potential, which replaces 28 core
electrons on the gadolinium center.”> The counterpoise correc-
tion was applied when interaction energies were computed (see
the “Interaction energies” section of the SI for numerical
details).”® To stabilize the ionic electronic structures, geometry
optimizations were performed using the default optimization
criteria in the presence of a continuum aqueous solvent, defined
via the serf command in GAUSSIAN.** Electron densities were
used as the starting point for further analysis including NCI,**
and employing the Multiwfn (version 3.8) software.’® For the
NCI and Molecular Electrostatic Potential (MEP) analysis a grid
with an ultra-high resolution of 5 pm was employed. The VMD
(version 1.9.4) software was used for visualization purposes.*’

Results and discussion
Relaxometric properties of [Gd(DOTP)]>~

The key properties of this complex were first investigated
nearly thirty years ago.”® These earlier findings are briefly
revisited here to provide context for the new data concerning
the formation of host-guest adducts. The relaxivity of a para-
magnetic complex does not remain constant but rather exhi-
bits a characteristic dependence on the magnetic field
strength. This behaviour is specific to each metal complex and
reflects how its efficiency in enhancing water proton relaxation
varies with the applied magnetic field (or, equivalently, with
the proton Larmor frequency). The variation of relaxivity with
magnetic field strength, typically explored in the 0-3 T range,
is described by Nuclear Magnetic Relaxation Dispersion
(NMRD) profiles.*®

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt02799c

Open Access Article. Published on 02 January 2026. Downloaded on 1/27/2026 12:17:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

These curves are generated using specialized instruments
known as fast field-cycling relaxometers. The NMRD profile of
[GA(DOTP)]~ displays a characteristic shape: a low-field
plateau (0-2 MHz) where r; remains nearly constant, followed
by a sharp dispersion near 4 MHz, and finally a second
plateau emerging beyond ~10 MHz. As shown in Fig. 2, this
profile can be fully interpreted in terms of the two dominant
relaxation mechanisms: outer-sphere (OS) and second sphere
(SS) interactions. The SS contribution, in particular, plays a
crucial role.*® It is governed by three key factors: the number
of water molecules hydrogen-bonded to the phosphonate
groups (¢*), their Gd-H distance from the Gd(m) centre
(*rga-n), and their residence lifetime within the second
coordination sphere (**zy). In this case, the best fit of the data
yields a set of parameters that accurately reproduces the experi-
mental results. The second-sphere contribution corresponds
to that expected from four second-sphere water molecules,
with a Gd-H distance of 3.5 A, a residence lifetime of 1 ns, and
a global rotational correlation time (*°zg) of 40 ps.

Adducts of [GA(DOTP)]>~ with polyamines

Since the relaxivity contribution arising from the SS mecha-
nism depends on the **z value of the SS water molecules, an
enhancement of relaxivity can be pursued through the for-
mation of host-guest interactions or ion pairs between the
anionic complex and suitable cations. The resulting increase
in molecular size and the promotion of a more extensive
hydrogen-bond network at the anion-cation interface are
expected to lead to a significant increase in r;. For this reason,
we investigated the influence of forming larger and more struc-
turally complex ion pairs on the relaxivity of [Gd(DOTP)]>~. By
increasing the overall size and fine-tuning the ionic inter-
actions within these supramolecular assemblies, our goal was
to modulate key parameters governing relaxivity, namely,
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Fig. 2 The 'H NMRD profile of [Gd(DOTP)]°~ recorded at 298 K and pH
= 7.5. The lower dotted curves represent the calculated outer- (blue)
and second sphere (green) contributions. The red dashed curve at the
top represents the NMRD profile of [Gd(DOTA)(H,O)]~, under the same
experimental conditions for comparison.
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rotational dynamics, hydration state, and intermolecular inter-
actions. To this end, we selected both cyclic and acyclic polya-
mines, which are positively charged within the pH range of
7.0-9.0, to interact with the negatively charged sites of [Gd
(DOTP)]°~ located on the upper square plane of its antipris-
matic structure. Specifically, we examined interactions with
cyclen (2), octaazacryptand (3), and low molecular weight poly-
ethyleneimines (4; Fig. 1). The relaxivity enhancement exhibi-
ted by the resulting adducts is expected to display a pH-depen-
dent trend, governed by the balance between the increasing
anionic character of the metal complex and the progressively
diminishing positive charge of the cation as the pH rises.

For this reason, the initial investigation focused on measur-
ing the longitudinal relaxation rate (R,) as a function of pH for
a dilute solution of complex 1 in the presence of an excess of
polyamine, at 32 MHz and 298 K. The relaxivity of a 1.0 mM
[GA(DOTP)]’~ solution (4.3 mM " s* at 32 MHz and 298 K)
increases significantly in the presence of a large excess of
cyclen substrate (50 mM), exhibiting a pronounced pH depen-
dence. Relaxivity gradually increases from about pH 4.5, reach-
ing a maximum around pH 9.0, and then decreases again at
higher pH values, though it never returns to the initial value
corresponding to the free complex. This trend reflects the pH
dependence of the supramolecular interaction, governed by
the protonation state and charge balance between the nega-
tively charged Gd-chelate guest and the positively charged
host. Around pH 9.0, the optimal balance is achieved between
the diprotonated form of the cyclen® and the pentaanionic
form of the Gd(m) complex,*® as shown in Fig. 3. With a large
excess of octaazacryptand (50 mM) and an equimolar amount
of PEI (1 mM), the highest r; enhancement is observed at
neutral pH (Fig. 3). In the case of the octaazacryptand 3
(50 mM), the behaviour is quite different. The variation of
relaxivity with pH displays a pronounced bell-shaped profile,
with a distinct maximum around pH 7.0. Under these con-
ditions, the polyamine 3 exists predominantly in its triproto-

30 T T T T T T T T T T
25- ]
20- .

15- Y .

r,/mm"s™

10 1

5 4

0

2 3 45 6 7 8 910111213
pH
Fig. 3 Relaxivity dependence on pH for an aqueous solution of [Gd

(DOTP)I°~ (1.0 mM) in the presence of 2 (¢, 50.0 mM), 3 (¢, 50.0 mM),
and 4 (¢, 1.0 mM) measured at 298 K and 32 MHz.
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nated form,”® while the Gd(m) complex is mainly tetra-anionic,
resulting in an almost ideal charge balance between the two
species. The increase in r; relative to the free complex is
remarkable, nearly a fivefold enhancement, and significantly
greater than that observed in the previous case (Fig. 3). Finally,
the interaction with 4 (1 mM) results in an additional increase
in relaxivity. The observed pH dependence closely resembles
that measured with 3, showing a maximum near the point of
neutrality. The maximum relaxivity value corresponds to an
overall increase of approximately six-fold compared to that of
the free complex. This enhancement is entirely analogous to
that measured in the case of monohydrated complexes
anchored to nanoscale substrates. This result clearly indicates
the significant contribution of the SS relaxation mechanism to
the overall relaxivity, demonstrating a contribution fully com-
parable to that associated with a single coordinated water
molecule (g = 1) to the Gd(m) ion.

1H NMR relaxometric titrations

To investigate the formation of ion pairs between [Gd
(DOTP)]°~ and the polyamines, and to determine the associ-
ation constant of the resulting supramolecular adducts, we
performed relaxometric titrations. These experiments involved
monitoring the changes in the longitudinal relaxation rate of a
dilute Gd(mr) complex solution as the concentration of the cat-
ionic substrate was gradually increased, at a fixed frequency of
32 MHz and a temperature of 298 K. The measurements were
conducted at the pH corresponding to the maximum relaxivity
(Fig. 3). Data analysis yielded the binding constant (K), the
average number of metal complexes per substrate unit () in
the supramolecular adduct, and the relaxivity of the bound
complex (r,"). As expected, R, increases markedly upon the
progressive addition of the substrate, then gradually levels off
to a plateau value depending on the relaxivity of the resulting
supramolecular adduct. In the case of cyclen, the shape of the
binding curve deviates from that expected for a simple mono-
exponential process. A much better fit is obtained by assuming
a sequential binding model in which a 1:1 adduct, character-
ized by the association constant K; (K; = 82.8 = 1.1 M), forms
initially and predominates at low substrate concentrations. At
higher cyclen concentrations, a second equilibrium leading to
the formation of a 1:2 adduct (constant K, = 40.5 + 1.0 M)
becomes dominant.

This behaviour is reminiscent of that previously observed
for ion-pair formation between oppositely charged com-
plexes.*® The relaxivity of the first adduct is 7.3 mM " s/,
while that of the second increases to 9.0 mM™" s™*. The final
value of n equals 0.5, indicating that the resulting adduct con-
sists of one [Gd(DOTP)]>~ complex interacting with two units
of the cationic species 2 (Fig. 4A and Table 1).

The titration curve of the [Gd(HDOTP)]*~ solution with sub-
strate 3 differs from the previous one both in its steeper initial
slope and in the plateau R, value, which is significantly higher
- indicating a notably larger r,” value. The binding constant K
is also substantially greater than K; in the case of cyclen. This
points to a stronger degree of interaction, as clearly shown by
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Fig. 4 R, dependence of [Gd(DOTP)]>~ (1.0 mM) on increasing concen-
tration of the substrates: (A) cyclen (e; pH 9.0) and octaazacryptand (e;
pH 7.1); (B) PEI (e; pH 7.2) recorded at 298 K and 32 MHz. Solid lines rep-
resent the fit of the data, with parameters reported in Table 1.

Table 1 Best-fit binding parameters resulting from the *H NMR relaxo-
metric titrations at 32 MHz and 298 K of Gd(m)-complex 1 with polya-
mines 2—4

2 3 4

1.8 (+0.2) x 10" ?
6.4+ 0.1
27.0+0.1

Binding constant K 3.3 (£0.2) x 10°¢ 111 + 5”
n 0.5° 1°
P mMt s 9.0 £0.3 25.6 £ 0.3

“ B, M), 2 g, (M™Y. € Fixed during the analysis.

the trend of the curves in Fig. 4A and as one would logically
expect. The much higher value of r,°, on the other hand,
suggests the presence of an optimized host-guest interaction
geometry and possibly the formation of larger aggregates. In
this case, the data are well fitted by a 1:1 binding model
between the anionic and cationic species, consistent with their
relative sizes and overall charge balance.

The titration curve with compound 4 reveals a significantly
stronger interaction than that observed with the previous poly-
amines. The flexibility of the cationic polymer chain likely
allows it to better adapt to the anionic complex, forming more
compact supramolecular adducts. Data analysis indicates an
average of six equivalent binding sites (n = 6.4) on the polyca-
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tion, consistent with the formation of a complex and extended
supramolecular structure. The binding constant (K = 1.8 (+0.2)
x 10* M) is about two orders of magnitude higher than in
the earlier cases and comparable to that reported for inter-
actions with amine-functionalized cyclodextrins.*® A Scatchard
plot, obtained by titrating a fixed-concentration solution of 4
(0.625 mM) with complex 1, reveals both strong primary and
weaker secondary binding interactions, highlighting the intri-
cate nature of the association between these two species
(Fig. S1). The resulting adduct exhibits a relaxivity of
27.0 mM™" s7, slightly higher than that of the host-guest
complex with compound 3.

DFT calculations

In the case of the interaction between [Gd(DOTP)]°*~ and the
cationic polyamines 2 and 3, the best fit between the experi-
mental data and the binding parameters is consistent with the
formation of 1:2 and 1:1 adducts, respectively. To verify the
plausibility and reliability of this conclusion, we performed
DFT calculations. Geometry optimization of the isolated [Gd
(DOTP)]’~ complex proved unfeasible, most likely because of
its very high negative charge. Even at the earliest stages of the
optimization, the system undergoes proton loss, bond clea-
vage, and extensive fragmentation. Successful geometry optim-
ization was achieved only in the presence of appropriate
counter-cations, such as four protons, yielding the
[GdH4(DOTP)]™ complex. In this case, the optimized structure
closely resembles that obtained for the complex interacting
with the substrates. For the cyclen system, the results indicate
a significantly greater energetic stability for the 1:2 adduct
compared to the 1:1 species, when four hydration water mole-
cules are included, each bridging two phosphonate groups of
the complex (Fig. S2). The choice of including four explicit
water molecules, on top of the implicit solvation model is
motivated by the fact that it increases the reliability of our
model, approaching what is likely to be found in solution.?®
This enhanced stability of the 1:2 adduct is maintained even
in the presence of two protonated cyclen cations (see SI for
details). In such highly charged systems, the dominant inter-
action mode arises from electrostatic forces. The molecular
electrostatic potential (MEP) map, a powerful tool to visualize
these interactions, highlights distinct regions of positive and
negative charge density corresponding to the main interaction
sites (Fig. 5A). As expected, positively charged regions are
located primarily on the upper portions of the cations, while
negatively charged regions are concentrated on the upper part
of the anion, ensuring overall charge balance. The areas of
negative charge density are mainly associated with the phos-
phate groups, hydration water molecules, and unprotonated
amine groups within the cations. Overall, the geometry of the
[GA(DOTP)]’~ anions does not change when complexed with 2
or 3, nonetheless, due to the higher positive charge of 3 com-
pared to a single 2 cation, we observe higher (more positive
and more negative) electrostatic potential areas in the complex
of [Gd(HDOTP)]*~ with 3. In addition to the MEP analysis, an
NCI (Non-Covalent Interaction) analysis was performed to
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Fig. 5 Molecular electrostatic potential ESP (PBEO aug-pcsegl D3),
plotted on the 0.001 au contour of the electron density, of the supra-
molecular complexes of complex 1 with: (A) two cyclen units, and (B)
octaazacryptand. Colour code: grey = C, white = H, red = O, blue = N,
orange = P, light blue = Gd.

further characterize the interaction pattern (Fig. S3).>" The NCI
results clearly reveal hydrogen-bonding networks among the
water molecules and phosphate groups, as well as a hydrogen
bond between a phosphate group and a protonated amine on
one of the cyclen molecules.

This combined computational evidence strongly supports
the formation and enhanced stability of the 1:2 adduct, con-
sistent with the experimental findings. In the energy-mini-
mized structure of the adduct, DFT calculations estimate a
minimum Gd-C distance of 5.76 A. This distance value can be
independently verified by C NMR relaxation measure-
ments.” In this approach, Gd-C distances (rc) are derived by
monitoring the changes in the '*C T; relaxation times of the
equivalent carbon nuclei in cyclen (6 = 43.1 ppm) as a function
of increasing [Gd(DOTP)]’~ concentration in aqueous solution

(eqn (2), Fig. 6).
1/Ty = p(m/T1c) +1/T1a (2)

Here, 1/T, and 1/T;4 denote the observed relaxation rates in
the presence and absence of the paramagnetic complex,
respectively; m represents the number of substrate molecules
bound per paramagnetic centre and p is the molar ratio of [Gd
(DOTP)P°” to 2. The paramagnetic contribution to the '*C
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Fig. 6 '3C NMR relaxation rate (1/T;) of cyclen as a function of [Gd>*]/
[cyclen] molar ratio (pH 9.0, D,0O, 298 K, 125 MHz).

longitudinal relaxation rates (T;c) of compound 2 can be ana-
lysed using the Solomon-Bloembergen equation, which
describes the nuclear-electron dipolar interaction (eqn
(3)).25,35

1/Tio = 25(5 + Vg () "rc ()

where S is the electron spin for Gd(m), g is the electron factor,
p is the Bohr magneton, y is the gyromagnetic ratio and z¢
corresponds to the overall correlation time, which at the
experimental magnetic field strength of 11.7 T can be reason-
ably approximated to x.

The model also assumes that relaxation occurs under a fast-
exchange regime (T;¢ > 7). To obtain an accurate evaluation
of the distance, it is essential to have a reliable estimate of 7.
At high magnetic fields, it is well established that the relaxivity
values of small Gd(m) complexes exhibit an approximately
linear dependence on molecular weight. Assuming an adduct
composed of one [Gd(DOTP)]>~ molecule and two cyclen mole-
cules, as indicated by both NMR titration and DFT calcu-
lations, the corresponding value of 7z can be derived from the
relaxivity versus molecular weight plot (zz = 148 ps; Fig. S4).
From the 1/T;¢ value obtained from the slope of the line in
Fig. 5, the Gd-C distance can finally be calculated as r¢ =
5.49 A + 0.2, which agrees remarkably well with the DFT-
derived value (5.76 A), thus providing strong validation for the
proposed binding model. Regarding the [Gd(HDOTP)]* /3 ion
pair, the titration data are consistent with a 1:1 binding
model. Based on the observed behaviour, we can hypothesize
that the cavity of polyamine 3 is geometrically well suited to
accommodate the upper plane of the square antiprismatic
structure in which the negative charges of [GA(HDOTP)]*~ are
distributed. This hypothesis is also strongly supported by DFT
calculations (Fig. 5B). As in the previous case, the dominant
binding mode arises primarily from electrostatic interactions,
clearly illustrated by the MEP map in Fig. 5B. Similar consider-
ations to those made for the cyclen complex apply here, since
the final adduct exhibits a comparable electrostatic character.
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The NCI analysis of this adduct (Fig. S5) further reveals an
intricate network of hydrogen bonds and van der Waals inter-
actions involving [Gd(HDOTP)]*", water molecules, and the
cationic species 3.

'H 1/T, NMRD profiles

Additional insight into the nature of the species present in
solution, and into the mechanism responsible for the observed
relaxivity enhancement, can be gained from the measurement
and analysis of "H NMRD profiles of the adducts over a broad
frequency range and at different temperatures. As discussed
above, a measurable second-sphere relaxation contribution
requires that the hydrogen-bonded water molecules have resi-
dence lifetimes longer than the translational diffusion corre-
lation time (zp). This condition ensures that the water mole-
cules remain near the paramagnetic centre long enough to
undergo efficient dipolar interactions, that is, to experience
molecular reorientation. Such behaviour occurs only when the
water molecules are stabilized through strong hydrogen bonds
within roughly 4 A of the Gd(m) ion. In the systems examined
here, these water molecules are likely to be positioned between
the anionic complex and the protonated polyamines, forming
a network of bridging interactions that enhances relaxivity.
The '"H NMRD profile of [Gd(DOTP)]’~ was discussed pre-
viously and analysed using the Solomon-Bloembergen-
Morgan®*~>* and Freed equations®® to account for the second-
and outer-sphere contributions to relaxation. The key best-fit
parameters are reported in Table 2. Regarding the outer-
sphere contribution, in this and all subsequent analyses the
distance of closest approach (agq-1) between the paramagnetic
centre and the freely diffusing water molecules, as well as the
relative diffusion coefficient of solute and solvent (D), were
fixed to their standard values of 4.0 A and 2.24 x 10> cm? s},
respectively. The NMRD profile of the [Gd(DOTP)]>~/2 adduct
(Fig. 7, green) shows clear differences in both shape and
amplitude compared to the free complex. Relaxivity values are
approximately twice as high across most of the investigated fre-
quency range. Moreover, in the intermediate-to-high field
region (>10 MHz), the profile exhibits the onset of a broad
shoulder, a feature typically associated with a slowing of the
molecular reorientation rate, corresponding to rotational corre-
lation times (zg) exceeding about 100 ps. This behaviour
suggests that the electrostatic anion-cation interaction

Table 2 Best-fit parameters (298 K) obtained from the analysis of *H
NMRD profiles of [Gd(DOTP)I*~ (1) and its adducts with polyamines 2—4

[GA(DOTP)]>~  1/2 1/3 1/4
S5 rr/pSs — — 135+ 10 202 + 15
SSrra/NS  0.04 + 0.002 0.150 £ 0.003 3.5+ 0.6 6.0+ 0.8
s? — — 0.16 £ 0.01  0.22 +0.01
SSz/ns 1.0+ 0.1 1.0 £ 0.2 6.0 + 0.9 1.9+0.2
S8 4° 3.9+0.1 4.0+0.1 41+0.2
Srea/A  3.5% 3.5% 3.5% 3.5%

“Fixed during the analysis.
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Fig. 7 Comparison of *H NMRD profiles of [Gd(DOTP)I*~ (¢) and its
adducts with cyclen (), octaazacryptand (¢) and PEI (4) at 298 K. Solid
lines represent the fit of the data, with parameters reported in Table 2.

involves several water molecules located in the interfacial
region, which become strongly bound and therefore share a
rotational correlation time comparable to that of the entire
molecular assembly. Indeed, the experimental data are well
reproduced by assuming the presence of four SS water mole-
cules characterized by 5z = 150 ps, in perfect agreement with
the estimated value from the r, vs. M.W. plot (Fig. S4), at 3.5 A
from Gd(m) and a mean residence lifetime of 1 ns.

Naturally, the parameters ¢°°, S5zg, and 5Srgq_y; are strongly
interdependent, so there is no unique set of fitting values con-
sistent with the NMRD profile. Rather, this analysis provides
plausible estimates of the key parameters, allowing the role of
the second-sphere mechanism in the observed relaxivity
enhancement to be properly appreciated. Moreover, the poss-
ible contribution of a prototropic exchange mechanism invol-
ving the protonated nitrogen atoms of cyclen cannot be
entirely ruled out, as it could be catalysed under the basic
experimental conditions (pH = 9.0). However, based on the
estimated Gd-C distance (5.49-5.76 A) in the adduct, it
appears unlikely that the protons of the -NH groups are
located sufficiently close (<~4 A) to the metal centre to have a
significant impact on relaxation. The NMRD profiles of the
adducts with 3 and 4 (Fig. 7, blue and orange respectively) are
quite similar to each other and display much more pro-
nounced changes compared to the previous case. The most
striking feature is the presence of a relaxivity peak centred
around 30 MHz, with values that decrease rapidly at higher fre-
quencies. Both adducts exhibit a maximum r; of approxi-
mately 26 mM ™' s™" at 30 MHz and 298 K, nearly six times
higher than that of the free complex. This behaviour is typical
of nanosized systems, where the overall size and mass substan-
tially slow down molecular tumbling, effectively increasing zx.
While such behaviour is expected for the [Gd(HDOTP)|'/4
adducts, it is somewhat surprising in the case of [Gd
(HDOTP)]*7/3. In the latter, the shape of the NMRD profile
suggest the formation of larger aggregates in solution, despite
maintaining a 1:1 host-guest stoichiometry. During the
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fitting procedure, it was necessary to account for the rotational
dynamics of the second-sphere water molecules involved in
the supramolecular adduct by applying the Lipari-Szabo
model-free approach.’®*” This formalism allows one to dis-
tinguish between a local rotational correlation time SSzg,
which is faster, and the overall molecular reorientation time
57ra, with the degree of coupling between these two motions
described by the order parameter S* (0 < §* < 1).°*°” In the
fitting procedure, the value of S5zpg was found to be 3.5 and 6
ns for the interaction of [Gd(HDOTP)]*~ with 3 and 4 respect-
ively, in good agreement with their hydrodynamic diameters of
approximately 1-1.5 nm, as determined by DLS analysis
(Fig. S6), and consistent with values reported for paramagnetic
micelles of comparable size.”® The temperature dependence of
the NMRD profiles indicates that all systems operate in the
fast-exchange regime; therefore, the water residence time does
not represent a limiting factor for relaxivity (Fig. S7). Assuming
four SS water molecules %°q = 4, but allowing their number to
vary during fitting, the best agreement with the experimental
data was obtained with a 5%y value of 135 ps and 202 ps for
the adducts with 3 and 4, respectively (Table 2). The corres-
ponding order parameters are relatively small (S*> = 0.16 for 3
and 0.22 for 4), consistent with a weak coupling between the
global motion of the adduct and the local reorientation of the
SS water molecules. Furthermore, an increase in 57y is
observed, from 1 ns for [Gd(DOTP)]>7/2 to 6.0 ns and 1.9 ns for
[GA(HDOTP)]* /3 and [Gd(HDOTP)]* /4, respectively. Taken
together, these results indicate that, moving from the supra-
molecular adducts of [GA(DOTP)]>~ with 2 to those with 3 and
4, stronger interactions, larger adduct size, and greater com-
pactness are achieved. These factors collectively slow down the
rotational dynamics, increase rotational anisotropy, and ulti-
mately enhance relaxation efficiency.

Nanogel based on [Gd(DOTP)]>~

Electrostatic interactions with polycations and the presence of
structured water molecules near the paramagnetic centre also
occur in the case of paramagnetic metal ion complexes encap-
sulated within nanosystems, particularly in physically cross-
linked nanogels (NGs). The formation of chitosan-based nano-
gels incorporating [Gd(DOTP)]°~ has recently been the subject
of extensive investigation.*'

To further explore the relaxivity enhancement resulting
from the confinement of this g = 0 complex within similar
systems, we developed a highly organized nanosystem through
ionotropic gelation of PEI with sodium tripolyphosphate (TPP)
and sodium hyaluronate, in the presence of [Gd(DOTP)]>,
adapting a synthetic procedure previously reported in the lit-
erature.’’ Details regarding reagent quantities and experi-
mental conditions are provided in the Experimental section.
The resulting nanogel (NG/[Gd(DOTP)]>") was purified by
dialysis to remove unreacted species and any unincorporated
complex. The water content retained within the matrix, deter-
mined by a gravimetric method,” exceeds 90%. The sample
contains 31.4 mg of Gd(m) per gram of material. The aqueous
suspension at physiological pH (7.4) is stable and homo-
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geneous, showing no sedimentation or nanoparticle aggrega-
tion. Dynamic light scattering (DLS) analysis of the aqueous
suspension ([Gd(m)] = 0.36 mM) reveals a hydrodynamic dia-
meter centred at 2 nm, with a polydispersity index (PDI) of
0.04, indicating a highly uniform particle size distribution
(Fig. 8A). At 32 MHz and 298 K, the r; relaxivity of NG/[Gd
(DOTP)P’” reaches the remarkable value of 42.4 mM " s7',
which is approximately 60% higher than that of the supramo-
lecular adduct [GA(HDOTP)]* /4 and ten times greater than
that of the free metal complex. It is worth noting that such a
relaxivity value is fully comparable to, or even exceeds, that
observed for Gd(m) complexes covalently anchored to macro-
molecular substrates. More detailed information can be
obtained from the analysis of the "H NMRD profiles, recorded
at three different temperatures (283, 298, and 310 K, Fig. 8B).
The data show that the relaxivity values decrease with increas-
ing temperature over the entire frequency range investigated
(0.01-120 MHz), a typical feature of systems operating under a
fast-exchange regime. In the case of these NGs, the exchange
processes involve both the hydrogen-bonded water molecules

50 T

40- ]

30 - 2.0 £0.4 nm .

PDI = 0.04
20 - 1

Particles number %

10 - 1

10 100
Particles diameter / nm
70 T T T T T

r,/mM”s™

0.1 1 10

Proton Larmor Frequency / MHz

Fig. 8 (A) DLS analysis of NG/[Gd(DOTP)]>~; (B) *H NMRD profiles of
NG/[Gd(DOTP)]>~ recorded at pH 7.4 and at different temperatures (¢ =
283 K, ¢ = 298 K, ¢ = 310 K) (IGd()] = 0.36 mM). The *H NMRD of [Gd
(DOTP)I°~ at 298 K (¢) is reported for comparison.
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Table 3 Best-fit parameters (298 K) obtained from the analysis of *H
NMRD profiles of NG/[Gd(DOTP)I>~

[Gd(DOTP)]>~ NG/[Gd(DOTP)]*~
TRL/PS — 610 + 34
TR6> /ns 0.040 = 0.002 10.0 + 0.9
s* — 0.30 + 0.02
oneo/ns 1.0+ 0.1 2.9+1.7
S8 4° 3.1+0.3
Sraan/A 3.57 3.5°

“Fixed during the analysis.

associated with the complex and those residing within the
nanoparticle matrix, as well as the exchange between internal
and external water molecules of the nanogel. Data analysis
yields a water residence lifetime on the order of nanoseconds
(*zy = 2.9 ns), which is of the same magnitude as that esti-
mated for the supramolecular adducts previously discussed
(Tables 3 and S1). From a qualitative standpoint, the relaxo-
metric profiles exhibit a shape closely resembling that
observed for the [GA(HDOTP)]*~ adducts with polyamines 3
and 4, whose main feature is a distinct relaxivity peak centred
around 30 MHz.

As noted previously, this feature indicates a significant
restriction in rotational dynamics. Such behaviour is entirely
consistent with that reported for other paramagnetic nanogels
described in the literature®"***' and, more generally, for Gd(m)-
based nanoscale systems.'” As in the previous cases, the quanti-
tative analysis of the relaxometric profiles was carried out using
the model-free Lipari-Szabo approach to describe the rotational
dynamics. The best-fit analysis yields the set of parameters
reported in Table 3, highlighting significantly longer values for
both the global (zz¢ = 10 ns) and local (*zx;, = 0.61 ns)
rotational correlation times. The 57y value, approximately twice
that of the [Gd(HDOTP)]* /4 adduct, reflects the larger molecular
dimensions of the nanogel system, whereas the SS 7w value indi-
cates a marked restriction of local rotational motion for the SS
water molecules. Using the same parameters for the outer-
sphere contribution and the average Gd-H distance as before,
the number of SS water molecules responsible for the observed
relaxivity enhancement was found to be 3.1, in excellent agree-
ment with that determined for chitosan-based nanogels.*! This
result further underscores the crucial role of SS water molecules,
suggesting that the dominant factor governing relaxivity is not
merely their number, but rather the degree of restriction of their
rotational mobility within the polymeric matrix.

Conclusions

The 'H NMR relaxometric data collected for aqueous solutions
of [GA(DOTP)]>~ in the presence of various polyamines, as well
as when confined within the polymeric matrix of a nanogel,
demonstrate the remarkable and somewhat unexpected degree
of relaxivity enhancement that can be achieved even when the
Gd(wr) ion lacks inner-sphere water molecules in its coordi-
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nation environment. The key lies in the rational design of the
ligand, which must feature efficient hydrogen-bond acceptor
groups capable of engaging a sufficient number of water mole-
cules in strong interactions at short distances (typically <
~4 A). In such cases, the second-sphere relaxation mechanism
plays a dominant role. This contribution can be effectively
optimized not merely by increasing the number of second-
sphere water molecules or reducing their distance from the
metal centre, but more importantly by restricting their local
rotational mobility. This principle emerges clearly from the
study of supramolecular adducts formed between [Gd
(DOTP)P~ and cyclen, octaazacryptand, and low-molecular-
weight polyethyleneimines, which collectively emphasize the
pivotal role of elongated rotational correlation times in driving
the observed relaxivity enhancement. These findings are
further supported by the relaxometric behaviour of nanogels
incorporating [Gd(DOTP)]’", offering deeper insight into the
mechanisms underlying their unusually high relaxivity values.
In conclusion, these results demonstrate the possibility of
achieving more than a tenfold increase in relaxivity, and conse-
quently in in vitro efficacy, approaching the theoretical
maximum, even for complexes that lack directly coordinated
inner-sphere water molecules. To this end, it is essential to
confine water molecules sufficiently close to the metal centre,
foster strong hydrogen-bonding interactions, and limit mole-
cular tumbling. Additionally, the occurrence of prototropic
exchange processes could further enhance relaxation
efficiency. The interactions between [Gd(DOTP)]>~ and diverse
cationic substrates highlight the potential to achieve high
relaxivity while preserving maximal kinetic inertness, effec-
tively shielding the metal centre from direct water coordi-
nation. Importantly, this effect is not limited to Gd(u) com-
plexes but may also be extended to other paramagnetic metal
ions, such as Fe(m). Finally, non-covalent supramolecular
interactions offer intrinsic reversibility and adaptability,
enabling the possible design of a wide variety of nano-
structures capable of encapsulating MRI probes while permit-
ting their gradual degradation and renal clearance. However,
the dynamic nature of these interactions generally results in
lower stability of the nanosystems compared to covalently
bound systems. Therefore, further efforts are needed to
enhance their robustness under physiological conditions.
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