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ABSTRACT: Hydrogel nanoparticles composed of chitosan and hyaluronate and
incorporating Gd-based MRI contrast agents with different hydration number (e.g,,
[Gd(DOTA)(H,0)]” and [Gd(AAZTA)(H,0),]”) were prepared and fully
characterized. In particular, '"H NMR relaxometric data, acquired as a function of
temperature and applied magnetic field strength, were for the first time thoroughly
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and an anisotropic molecular tumbling. The paramagnetic nanoparticles show excellent @ =[CdL]

stability in aqueous solution for over 150 h and do not release the load of Gd(III)

chelates. These nanoparticles exhibit enhanced efficacy (relaxivity) as relaxation agents, over 6 times that of the free complexes,
thanks to the combination of a restricted molecular dynamics in the presence of a fast exchange of metal-bound water molecule(s)
and between the water inside the nanogel and the bulk water. The knowledge of the molecular parameters that control the
effectiveness of these MRI nanoprobes and those that limit their further increase will be crucial for the development of optimized
systems with high sensitivity and stability.
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Bl INTRODUCTION Predominantly, clinically used CAs are coordination complexes
in which a Gd"™ ion is encapsulated within octadentate
chelators based on polyaminocarboxylate anions. The reasons
for this prevalence of Gd-based CAs derive from the almost
optimal magnetic properties of the Gd™ ion (ie, a high
magnetic moment associated with the presence of seven
unpaired electrons and long electronic relaxation times)
combined with the indispensable chemical characteristics of
its complexes, e.g.,, high thermodynamic stability and good
kinetic inertia, high aqueous solubility, remarkable stability of
the oxidation state, and low osmolality.l_5 Given these
premises, it is not surprising that after the first human images
measured in 1984 using [GADTPA(H,0)]*",° the use of Gd-
based CAs in MRI has grown rapidly, soon becoming routine
in clinical practice. Their use is mandatory in the visualization
of small tumor lesions and in the assessment of functional
abnormalities. As reported in a recent and excellent review on
this topic, Gd-based CAs are used in about 40% of all MRI
exams and in about 60% of neuro MRI exams. This

Within a few years after its discovery, magnetic resonance
imaging (MRI) has developed as one of the most important
imaging modalities and has established itself as a technique of
great relevance in clinical diagnostic medicine, preclinical
studies, and biomedical research. Essentially, the clinical utility
of magnetic resonance imaging is based on the fact that the
values of the longitudinal (T,) and transverse (T,) nuclear
magnetic relaxation times of the mobile water protons of
tissues vary from one tissue to another." Furthermore, these
parameters vary between healthy and pathological tissues.
Therefore, as pointed out by S. Koenig more than three
decades ago, MRI images are essentially maps of tissue-specific
relaxation rates of tissue water protons and only marginally
maps of proton density.” If there is little contrast between
healthy and pathological regions resulting from the occurrence
of very small differences in relaxation times, the use of a
contrast agent (CA) has proven to be extremely useful for a
more accurate and rapid diagnosis. In fact, the remarkable
success and bursting development of MRI have been helped —
considerably by the chemical and magnetic properties of the Received:  October 7, 2020 Y.
contrast agents.3_7 For the reasons mentioned above, the CAs Accepted: November 18, 2020
available on the market or developed for clinical or preclinical Published: December 1, 2020
studies are mainly represented by paramagnetic compounds

capable of significantly varying the values of T and T, of tissue

water protons in the regions in which they are distributed.
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corresponds to approximately 40 million administrations per
year of Gd" chelates worldwide.’

Despite all of these clear evidences of remarkable success,
some difficult challenges remain to be addressed and
overcome. The most important are related to safety and
improved efficacy. In 2006 a new, very serious, even lethal
pathological state, called nephrogenic systemic fibrosis (NSF),
was associated with the release of Gd** ions from MRI CAs in
patients with impaired renal clearance.””"" Much more
recently, an increasing amount of data has highlighted a
process of gadolinium accumulation in the tissues of patients
who have received multiple administrations of Gd-based CAs.
These results have attracted considerable attention and raised
new concerns about the safety profile of these diagnostic
probes, even if so far there are no indications of consequences
on the health of patients caused by the deposition of Gd."”"
An approach for the design of imaging agents of enhanced
safety consists in the development of systems with significantly
greater efficacy (relaxivity). Simply, these high-relaxivity CAs
could significantly decrease the dose needed to be adminis-
tered for clinical purposes (typically, 0.1 mmol of Gd kg™"). In
fact, it is well known that clinically used MRI contrast agents
have a value of relaxivity that is only a small fraction of the
theoretically possible maximum value.”

The confinement of Gd(III) chelates within nanogels (NG)
can be considered as a new route to hypersensitive MRI
probes. In fact, besides the restriction of the local reorientation
degrees of freedom related to the encapsulation of CA, the
high water content and its increased viscosity when entrapped
within the matrix can favor a relaxivity enhancement.

Nanogels have been proposed as versatile hydrophilic
systems able to entrap many guest molecules and mainly
investigated as carriers of drugs or biologically active
molecules."*™'® The physicochemical properties of these
matrices (particles size, shape, charge, biocompatibility) can
be effectively modulated by modifying their chemical
composition and the synthetic procedures. This high versatility
along with the high variability of the guest molecules that can
be confined offers distinct advantages, openin% the way to
different nanogels with biomedical applications.'

Most of the nanogels described in the literature are stabilized
by noncovalent interactions (ionic, H-bonds, hydrophobic
forces) between biocompatible polymers such as chitosan,
hyaluronic acid, or oligo/polypeptide-based systems.'”'® It is
reasonable to expect that GA(III) chelates, when sequestered
within nanosized matrices, will be unavailable to endogenous
chelators or metal ions, thus avoiding transmetallation
processes and eventually Gd*" release.

Furthermore, it has been recently shown that some
negatively charged Gd(III) complexes embedded in chito-
san/hyaluronate-based nanogels experienced a 22 times
relaxivity increase in the 0.5—1.4 T magnetic field range in
comparison to the nonencapsulated chelates."”™" Never-
theless, the physical reasons for such an increase are not
fully understood, being probably linked to the restriction of
molecular tumbling motions of the Gd(III) complex combined
with the alteration of the dynamics of water molecules within
the nanogel compartment.

Taking the basis from these data, we extended the study on
chitosan- and hyaluronate-based NGs embedding two different
Gd(III) complexes with different coordination geometries and
hydration states. We considered the clinically approved
monohydrated (g 1) [Gd(DOTA)(H,0)]- (DOTA
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(1,4,7,10-tetraaza cyclododecane-1,4,7,10-tetraacetic acid))*
and the bis-hydrated (q = 2) [Gd(AAZTA)(H,0),]” (AAZTA
6-amino-6-methylperhydro-1,4-diazepine-N,N’,N",N"-tetra-
acetic acid)®® (Scheme 1).

Scheme 1. Schematic View of the Nanogel Matrix
Functionalized with [Gd(DOTA)(H,0)]™ and
[GA(AAZTA)(H,0),]” Chelates
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A multiparametric 'H NMR relaxometric analysis was
applied for the first time by measuring the proton longitudinal
relaxation rate (R;) as a function of the applied magnetic field
(from 0.01 to 120 MHz) and temperature, with the aim of
extrapolating the molecular, dynamic, and electronic parame-
ters responsible for the increased performance of these
nanosystems.

B MATERIALS AND METHODS

Chemicals and Materials. All chemicals were purchased from
Sigma-Aldrich Co. and used without further purification. Electrospray
ionization mass spectra (ESI MS) were recorded using an SQD 3100
Mass Detector (Waters), operating in positive- or negative-ion mode,
with 1% v/v formic acid in methanol as the carrier solvent.

[Gd(AAZTA)(H,0),]~. AAZTA (10 mg, 0.028 mmol) was dissolved
in S mL of pure water. A slight stoichiometric excess (ca. 5%) of
GdCl;-6H,0 was added, and the solution was stirred for 2 h at room
temperature, maintaining the pH around neutrality with a diluted
NaOH solution (0.5 M). The pH was then increased to 9.5 to
precipitate excess Gd(III) as Gd(OH);. The solution was centrifuged
(4000 rpm, 3 min, rt), and the supernatant was filtered through a 0.2
um filter. The pH was readjusted to 7, and finally, [Gd(AAZTA)-
(H,0),]™ was isolated by lyophilization. This procedure ensures the
absence of excess ligand or free metal ion in the final solution. Thus,
the xylenol orange test”* verified the absence of free Gd**. MS ESI~
(m/z) = 514.2 [M]~; calculated C;,H;,GdN;04 = 514.6.

[Gd(DOTA)(H,0)]~. H,DOTA (20 mg, 0.05 mmol) was dispersed
in 8 mL of pure water. A slight stoichiometric excess (ca. 5%) of
GdCl;-6H,0 was added, and the solution was stirred for 12 h at room
temperature, maintaining the pH around neutrality with a diluted
NaOH solution (0.5 M). The purification procedure is the same as
that reported for [Gd(AAZTA)(H,0),]~. MS ESI” (m/z) = §58.1
[M]~; calculated C;¢H,,GdN,Og = 557.6.

Nanogel Formulation (NG). The pure nanogel matrix was
prepared by adapting a procedure reported in the literature.'” In
detail, 22.5 mg of chitosan (Sigma-Aldrich 740063-5G) was dissolved
in 9 mL of an acetic acid solution (10 wt %). In parallel, an anionic
solution was prepared, composed of 5.4 mg of sodium tripolyphos-
phate (TPP, Alfa Aesar 13440) and 3.6 mg of sodium hyaluronate
(Hya, Alfa Aesar J66993) in 4.5 mL of pure water (Scheme S1). After
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complete solubilization of all of the products, the anionic solution was
added dropwise to the chitosan solution and the reaction mixture was
stirred for 30 min at room temperature, until complete formation of
nanoparticles homogeneously dispersed in the matrix. The final
suspension was purified by dialysis using a membrane with cutoft of
14.000 Da in pure water. To remove the excess of reactants not
involved in the reaction, the procedure was carried out for 3 days with
regular water replacement.

Confinement of [Gd(DOTA)(H,0)]~ and [Gd(AAZTA)(H,0),]~
Chelates in the Nanogel Matrix. The composite materials were
prepared by ionotropic gelation following the same procedure as that
reported for the synthesis of the pure nanogel (Scheme S1). In both
cases, 7.7 mg of [GA(DOTA)(H,0)]” or [Gd(AAZTA)(H,0),]”
was introduced in the polyanionic solution containing TPP and Hya.

Characterization Techniques. Elemental analyses were per-
formed on a Thermo Fisher Scientific XS Series inductively coupled
plasma-mass spectrometer (ICP-MS; Waltham, MA). Prior to the
analysis, the nanogel formulations were dehydrated and the solid
samples were mineralized by treatment with nitric acid at 373 K for 24
h.

The concentration of the Gd(III) chelates in the nanogel
suspensions was assessed by both ICP-MS and 'H NMR measure-
ments using the bulk magnetic susceptibility (BMS) method**® with
a Bruker Avance III spectrometer equipped with a wide-bore 11.7 T
magnet.

The water content entrapped in the nanogels was determined by
gravimetric approach. A small volume of the suspension (S mL) was
centrifuged at 10 000 rpm for 1 h at 7 °C. The hydrated solid was
weighed and treated at 100 °C for 24 h to remove the entrapped
water.'” The water content was calculated using eq 1

dried
— ™MNG

wet
myg

wet
myg

water amount (%) = X 100

(1

Dynamic light scattering (DLS) and (-potential experiments were
carried out at 298 K using a Malvern Zetasizer NanoZS$ operating in a
particle size range of 0.6—6 mm and equipped with a He—Ne laser
with 4 = 633 nm.

1/T; 'H nuclear magnetic relaxation dispersion (NMRD) profiles
were measured on a fastfield cycling (FFC) Stelar SmarTracer
Relaxometer over a continuum of magnetic field strengths from
0.00024 to 0.25 T (corresponding to 0.01—10 MHz proton Larmor
Frequencies). The relaxometer operates under computer control with
an absolute uncertainty in 1/T, of + 1%. Additional data in the 20—
120 MHz frequency range were obtained with a High Field
Relaxometer (Stelar) equipped with the HTS-110 3T Metrology
cryogen-free superconducting magnet. The data were collected using
the standard inversion recovery sequence (20 experiments, 2 scans)
with a typical 90° pulse width of 3.5 us, and the reproducibility of the
data was within +0.5%.

The temperature dependence of the relaxivity was analyzed at 20
MHz with the Stelar High Field Relaxometer (see above). The
diamagnetic contribution was measured by collecting '"H NMRD
profiles of the unloaded nanoparticles, at different temperatures. The
relaxivity (r;, mM™" s7') at different magnetic fields and temperatures
was obtained by measuring the longitudinal relaxation rates of the
paramagnetic suspensions and subtracting the diamagnetic contribu-
tion measured for the GdL-unloaded particles. The final values were
divided by the mM concentration of the Gd** chelates in the
suspension.

B RESULTS AD DISCUSSION

The nanogel formulation utilized in this work was adapted
from an optimized procedure previously reported in the
literature,” based on an ionotropic gelation of the chitosan
matrix in the presence of an anionic component composed of
sodium hyaluronate and a cross-linking agent (TPP). The
gelation reaction rapidly occurred in a few minutes in acidic
solution at room temperature. During the particles growth, the
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selected Gd(III) chelates, previously dissolved in the anionic
solution, were entrapped into the matrix by exploiting ionic
interaction with the protonated chitosan chains. This avoids a
possible release of the metal complexes during the purification
steps, which were carried out through dialysis in aqueous
solution. During this purification procedure, the pH of the
nanogel formulation increased from 2.7 to ca. 5.0.

The amount of Gd(III) complexes used in the synthesis (ca.
0.9 mM) was chosen to ensure a high load of Gd** in the final
nanoparticles. The dispersion degree and the stability of the
colloidal suspensions were evaluated by DLS analysis at 298 K.
The pure NG and the formulation containing [Gd(AAZTA)-
(H,0),]™ are composed of particles with a size of ca. 200 nm
and a polydispersity index (PDI) of 0.54 and 0.60, respectively
(Figure 1). Micrometric aggregates are also visible in both the

20

Number (%)

10000

0 1000
Dpy, [nm]

Figure 1. DLS analysis of NG (black), NG/[Gd(DOTA)(H,0)]~
(red), and NG/[Gd(AAZTA)(H,0),]” (green).

suspensions. A similar behavior was observed for the NG/
[Gd(DOTA)(H,0)]~ suspension, although the particles
showed a maximum particles diameter distribution around
150 nm with a PDI of 0.42 (Figure 1). The high PDI values
observed for the nanogels are affected by the presence of a
small fraction of micrometric aggregates and are indicative of a
heterogeneous particle size distribution. The particles sizes are
comparable to those of previously published nanogels'**® and
quite similar to those typical of liposomes.”’

Data collected over time, up to 9 days, for the pure NG
suspension indicated that the dispersion of particles is stable
for over 1 week, without aggregation and sedimentation
(Figure S1). The high stability of the suspensions can be
attributed to the extremely high charge density exposed on the
particles surface, determined by the ({-potential parameter.
DLS experiments carried out at room temperature and at pH 5
allowed us to calculate {-potential values of +32.9, +47.6, and
+36.5 mV for NG, NG/[Gd(DOTA)(H,0)]~, and NG/
[Gd(AAZTA)(H,0),]” suspensions, respectively. The dis-
crepancies in the {-potential values for the two formulations
based on [GADOTA(H,0)]™ and [GdAAZTA(H,0),]” may
be associated with the different chelate loading. In fact, the
nanogels based on [GdAAZTA(H,0),]” contain a double
amount of negatively charged chelates compared to the sample
loaded with [GdDOTA(H,0)]”, and therefore, they are
characterized by a lower {-potential value. On the contrary, the
{-potential value of the pure nanogel formulation appears
lower. It is difficult to explain the reason for this result:
probably, the presence of chelates during the gel synthesis
influences the organization of the polymeric network as well as
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Table 1. r; and r,/r; Ratio Values Measured at 20 and 60 MHz (298 K)

20’,1 (mM—l s—l)
NG/[Gd(DOTA)(H,0)]~ 28.6
NG/[Gd(AAZTA)(H,0),]~ 62.4

0 (mM~! s71) /1 (0.5 T) ry/ry (1.5 T)
19.1 1.5 2.5
41.9 13 2.7

the final amount of polycationic and anionic agents entrapped
in the structure.

Furthermore, the water content in all of the samples,
determined by a gravimetric procedure (see the Materials and
Methods section), was found to be in the 95—98% range for all
of the samples, in perfect agreement with the hydrophilic
nature of these polymeric matrices. The concentration of the
Gd(III) chelates entrapped in the nanogel suspensions was
quantified by ICP-MS elemental analysis after purification by
dialysis. The Gd(III) loading was calculated to be 0.42 and
0.91% (w/w) for NG/[Gd(DOTA)(H,0)]™ and NG/[Gd-
(AAZTA)(H,0),]™, respectively, corresponding to a number
of GA(III) chelates per particle of ca. 3.0 X 10* and 8.4 X 10*
(see ESI file).”” On the other hand, the concentrations of the
two suspensions containing NG/[Gd(DOTA)(H,0)]~ and
NG/[Gd(AAZTA)(H,0),]” were 0.0S and 0.22 mM,
respectively.

The relaxometric properties of the paramagnetic NGs were
analyzed as a function of the applied magnetic field strength
and temperature and compared to those of the free
[Gd(DOTA)(H,0)]™ and [Gd(AAZTA)(H,0),]” chelates.
The longitudinal (r,) and transverse (r,) proton relaxivities, at
a given temperature and magnetic field strength, define the
efficacy of a paramagnetic probe and correspond to the
increase of the relaxation rates of water protons normalized to
a 1 mM concentration of the paramagnetic agent. The r;, and
ry/r; values at 298 K, and 20 and 60 MHz for NG/
[Gd(DOTA)(H,0)]” and NG/[Gd(AAZTA)(H,0),]” are
reported in Table 1.

With regard to the relaxivity of NG/[Gd(DOTA)(H,0)],
it is worth highlighting that although the nanoparticles possess
physicochemical properties very similar to those previously
reported (GADOTACNPs),”” the r, values calculated are very
different: 72.3 mM™'s™' for GdADOTACNPs and 17.3
mM™'s™! for the NG/[Gd(DOTA)(H,0)]" discussed in this
work, at 310 K and 60 MHz. This very large difference is likely
associated with some different features of the nanoparticles
(e.g., chitosan of a different FW) and probably to a different
distribution of the complex in the nanogel matrix.
Furthermore, the precise calculation of the relaxivity for
GdDOTACNPs has not been reported in sufficient detail.

For the purpose of describing their magnetic behavior, the
Gd(III) chelates can be classified into three different
environments: confined inside the matrix (fraction A), thus
strongly interacting with the polymeric chains; weakly
adsorbed on the outer surface (fraction B); or free in solution
(fraction C). The observed longitudinal relaxation rate of the
water protons in the suspension (R,*" = 1/T}) is thus provided
by the weighted sum of the relaxation rates of the three
fractions (R;%, R,®, and R,) plus the intrinsic diamagnetic
relaxation rate of the NGs (R,)

R®=R"+R’+ R +R/ ©)

In our case, fraction C (Gd(III) chelates free in solution)
was completely removed during the dialysis procedure. On the
other hand, there is no evidence for the presence of chelates
weakly interacting with the outer surface of the nanogels

9068

through electrostatic interactions (fraction B). Indeed,
following the procedure reported in the literature to determine
physisorbed Gd(III) complexes attached to the external surface
of NG," our samples were high-speed-centrifuged (25000
rpm, 4 °C, 1 h). The observed longitudinal relaxation rate (R,)
of the supernatant, isolated after centrifugation, at 30 MHz and
298 K corresponds to the diamagnetic contribution of water
(04 s7') (Figure S2), thus confirming the absence of free
chelates. Furthermore, to prove the absence of chelates weakly
adsorbed on the NG surface, a preformed nanogel suspension
was also mixed with a 10 mM [Gd(DOTA)(H,0)]~ solution
for 5 h, to promote interactions between the complex and the
positive charges of the nanogel surface. The sample was then
purified by dialysis and characterized by ICP-MS. No trace of
complex was detected in the final matrix.

Based on these results, we can conclude that in our case, the
chelates interact strongly with the positive groups of chitosan,
probably located mainly in the internal space of the NG, and
are not removed by dialysis or centrifugation. Notably, dialysis
was also carried out using a higher value of ionic strength
(phosphate-buffered saline (PBS) 0.1 M) to minimize
potential interaction between [Gd(DOTA)(H,0O)]™ and the
positively charged surface, but no difference in the r; values
was observed. Therefore, in our case, only the R, contribution
adds to R,” in the expression of R,"". The paramagnetic
relaxivity r; was thus calculated by the ratio between R* — R,
and the total Gd concentration quantified by ICP-MS analysis
(more details are reported in the ESI file).

A significant increase of the r; values at 20 MHz for both
NGs formulations (6.5 times for NG/[Gd(DOTA)(H,0)]~
and 9 times for NG/[Gd(AAZTA)(H,0),]”) was observed if
compared to the relaxivity values of the free chelates (Figure
S3). Furthermore, the relaxivity values for the two nano-
composites remain constant over time for S days, thus
indicating appreciable stability of the two suspensions (Figure
2). The r,/r, ratio is around 1.5 and 2.5 at 20 and 60 MHz for
both samples, respectively, thus indicating that these nanogels
can be considered as positive MRI contrast agents.”°

1/T, '"H NMRD profiles were acquired from 0.01 to 120
MHz proton Larmor frequency at 283, 298, and 310 K (Figure
3). Consistently with the r; values at 20 and 60 MHz (Table
1), the proton relaxivity of NG/[Gd(AAZTA)(H,0),]” is
around twice that of NG/[Gd(DOTA)(H,0)] at all

0 24 96 120

Time (h)

100

80

r,/ mM1st

Figure 2. Time dependence of the longitudinal relaxivity for NG/
[Gd(DOTA)(H,0)]” (red) and NG/[Gd(AAZTA)(H,0),]”
(green) at 20 MHz and 298 K.
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Figure 3. 'H relaxivity profiles for NG/[Gd(DOTA)(H,0)]~ (up)
and NG/[Gd(AAZTA)(H,0),]” (down) at 283, 298, and 310 K.
The solid lines indicate the best-fit profiles corresponding to the
parameters reported in Tables 2 and 3; the dotted lines indicate the
relaxivity profiles corresponding to the same parameters but without
the static zero-field splitting (ZFS).

frequencies, as expected from the presence of two, rather than
one, water molecules coordinated to the gadolinium(III) ion.
This indicates that confinement in the nanoparticles does not
alter the hydration state of the complex, confirming the
previously observed difficulty in displacing the coordinated
water molecules.”” All profiles display a relaxivity peak at about
30 MHz, resulting from the field dependence of the correlation
time modulating the gadolinium—water proton dipole—dipole
interaction, and thus from a reorientation time much longer
than the electron relaxation time. Since the size of the Gd
chelate can only account for reorientation times smaller than
100 ps, the profiles point out that the mobility of the Gd
complexes is slowed down by the strong interaction with the
nanogel.

The profiles were first analyzed through the Solomon—
Bloembergen—Morgan model,*®**® but the fits are not
satisfactory because of the impossibility to reproduce the
positions of both the low-field and high-field dispersions with
the same parameters (Figures S4 and S5). The quality of the fit
does not improve with including a Lipari—Szabo order
parameter’’ to consider partial averaging of the dipole—dipole
interaction with local correlation times faster than the overall
reorientation time. The profiles were thus fit using the
modified Florence NMRD program,”'~** which takes into
account the effect of static zero-field splitting (ZFS), besides
that of the transient ZFS, in determining the electron spin
energy levels and the resulting transition probabilities in the
coupled electron-nucleus system.’* This allowed for a sizable
increase in the quality of the fit.
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The values of the best-fit parameters (reorientation time 7y,
local correlation time 7, lifetime of coordinated water
protons Ty, correlation time for electron relaxation 7,, transient
ZFS A, squared order parameter S’ static ZFS, and angle of
the metal-nucleus vector with respect to the z-axis of the ZFS
tensor) are reported in Tables 2 and 3. In the fit, the values of

Table 2. Best-Fit Parameters of the NG/
[Gd(DOTA)(H,0)]™ Relaxivity Profiles”

283 K 298 K 310 K
q (*) 1
r(*) 3.05 A
A, 0.017 cm™
TR 8.6 7.0 6.0 ns
Ty 15 13 12 ps
o (%) 160 135 120 ns
TEAST 160 92 63 ps
s? 0.4S
ZFS 0.045 cm™!
angle 47°
“The symbol (*) indicates a fixed parameter.
Table 3. Best-Fit Parameters of the NG/
[Gd(AAZTA)(H,0),]” Relaxivity Profiles”
283 K 298 K 310 K
q (%) 2
r (%) 3.05 A
A, 0.012 cm™!
TR 9.2 6.0 4.4 ns
Ty 12 11 10 ps
™ 270 220 190 ns
Teast 1200 570 330 ps
s 0.49
ZFS 0.045 cm™
angle 54°

“The symbol (*) indicates a fixed parameter.

the number g of coordinated water protons and their distance r
from the metal ion were fixed. Outer-sphere contributions were
also included,® as calculated using standard values for the
distance of closest approach (3.6 A) and for the diffusion
coefficients (1.5, 2.5, and 3.2 10~° m?/s at 283, 298, and 310 K,
respectively). In the case of NG/[Gd(DOTA)(H,0)]", the
lifetimes were also constrained to values not shorter than those
of the free [Gd(DOTA)(H,0)]~ complex in water.’® This
constraint was added because, in its absence, a fit of slightly
better quality is obtained (shown in Figure S6) with lifetimes
of a few nanoseconds, which seem unlikely.

The values of 7z reach 5—10 ns (much shorter than the
overall reorientation times of the 150—200 nm NG particles)
with an order parameter of about 0.5. Internal correlation
times g, are about 6 times longer in NG/[Gd(AAZTA)-
(H,0),])” than in NG/[Gd(DOTA)(H,0)]", where it is
about 90 ps at 298 K. The values of the electron relaxation
parameters are in reasonably good agreement with expect-
ations (the electron relaxation time at 298 K and low fields
corresponding to 600 and 150 ps for nanogel-embedded
[Gd(DOTA)(H,0)]™ and [Gd(AAZTA)(H,0),]”, respec-
tively, with respect to 470°” and 130 ps,”” previously estimated
for the free complexes), as well as the values of the static
ZFS.**™*' A smaller transient ZFS (A,) for [Gd(AAZTA)-
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(H,0),]” than for [Gd(DOTA)(H,0)]™ also contributes to
its larger relaxivity, which is however mainly determined by the
increase in the g value. The best-fit lifetime of the coordinated
water protons in NG/[Gd(AAZTA)(H,0),]” is somewhat
longer (220 ns at 298 K) than in the free complex, where it was
found to amount to 90 ns” at 298 K. Conversely, upon
confinement into the nanogel, the fit does not reveal any
increase in the lifetime of the water molecule coordinated to
[GA(DOTA)(H,0)]~ with respect to the value measured for
the free complex. Although there is some covariance between
this parameter and the other fit parameters so that some
indetermination is possible, a slower exchange for NG/
[Gd(AAZTA)(H,0),]” may be related to more complex
exchange schemes for this ¢ = 2 complex.

The analysis of the NMRD profiles thus indicates that the
confinement of the Gd complexes into the nanogel indeed
increases their reorientation time to the nanoseconds time
scale, likely corresponding to the correlation time for the
restricted mobility of the complexes within the polymer chains
network, with which they are interacting. However, the Gd
complexes still retain a very fast mobility, in the hundreds of
picoseconds time scale, which may be due to the different
crowding of the polymer chains within the matrix. The lifetime
of the water molecule(s) coordinated to the Gd ion remains
short enough not to largely limit the relaxivity peak at about
0.5 T, in accordance with fast diffusion of the water molecules
into the nanogel network. Furthermore, also the exchange of
the water molecules embedded in the nanogel with bulk water
molecules should be fast enough not to limit the relaxivity.
These observations find a clear support in the dependence of
relaxivity on temperature, which increases with decreasing
temperature following an exponential trend, as typical of
systems in the rapid exchange regime (Figure S7). Notably,
sizable contributions from second-sphere water molecules are
not needed for reproducing the experimental NMRD profiles,
at variance with what was expected'”” from previously
collected data.">*’

B CONCLUSIONS

Nanogels loaded with paramagnetic metal complexes are
promising systems to develop MRI probes of enhanced
sensitivity. Their effectiveness as relaxation agents is at least
6 times higher than that of the free complexes in aqueous
solution. The relaxivity was measured accurately as a function
of temperature and applied magnetic field strength, and the
data were fully analyzed, for the first time, using a model that
considers the effects of a static zero-field splitting. Taking it
into account allows for the analysis of the relaxation rates in
the whole available frequency range and thus provides more
confidence and accuracy in the values of the fit parameters.
The most relevant conclusions of the study are the following:
(a) the complexes show an anisotropic molecular dynamics,
signaled by the considerable difference between the values of
the global (z3) and local (7g,) reorientation correlation times;
(b) the marked mobility of the embedded complexes is a
feature that limits relaxivity, but that might be controlled by
favoring more intense interactions with the polymer chains;
and (c) the exchange of the coordinated water molecule(s)
and that between the water inside the nanogel and the bulk
water is fast enough not to limit relaxivity. The latter represents
a key property for developing nanoprobes of improved efficacy.

In conclusion, the results of this work represent a solid base
and provide useful indications for the rational design of stable,
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safe, and highly effective diagnostic metal-based nanoprobes.
The future work will seek to further optimize the properties of
the nanoparticles by appropriately varying the chemical nature
of the polymer and will study the effect of the incorporation of
paramagnetic complexes without coordinated water molecules
(g = 0) on the effectiveness of the probes.
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