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A novel albumin-binding macrocyclic Gd-HPDO3A
complex bearing a deoxycholic acid residue:

the role of the hydration state, water exchange
and local dynamics in the observed relaxivityt

Ferdeze Hasallari,>® Carla Carrera, (22 Eleonora Cavallari,? Eliana Gianolio 2 *® and

Silvio Aime*

Gd-HPDO3A (ProHance, Bracco) appears to be one of the MRI contrast agents with the lowest level of
gadolinium retention in the body. Recently, we reported the synthesis and characterization of a Gd-
HPDO3A derivative with good binding affinity to human serum albumin whose MR contrast efficiency was
limited by the slow exchange rate of the coordinated water molecule and reduced hydration state of the
albumin-bound complex. Here, we report the results on a strictly related analogue, Gd-HIBDO3A-DCA,
which contains an additional methyl group on the hydroxyl arm. The minor structural modification
resulted in the stabilization of the TSAP isomer (85%) (as clearly assessed by means of the 'H-NMR spec-
troscopy of the europium complex). Gd-HIBDO3A-DCA displayed an enhanced water exchange rate (tyu
= 53 ns), by maintaining the stability of the parent Gd-HPDO3A complex. The expected high relaxivity of
the supramolecular adduct with HSA is partly “quenched” by the flexibility of the spacer joining the Gd()
chelate and the deoxycholic acid moiety. The high HSA binding capacity (three bound complexes) yields
an excellent agent with good contrasting ability as shown in in vivo images acquired on a preclinical MRI
scanner operating at 1T in a murine breast tumor model. Gd-HIBDO3A-DCA, administered at a half-dose
(0.05 mmol kg™ with respect to the conventional clinical dose, yielded more than two fold signal
enhancement compared to ProHance in the tumor region. Moreover, the very high liver signal enhance-
ment makes this complex a promising candidate for liver imaging in hepatic diseases.

lowing findings indicating the presence of residual gadolinium
in the brain and other organs of patients with normal renal

The use of gadolinium-based contrast agents (GBCAs) to
enhance diagnostic accuracy in Magnetic Resonance Imaging
(MRI) remains a highly consolidated procedure in clinical
practice, as they are considered highly useful tools to support
clinicians in a wide range of pathologies, such as cancer, infec-
tions, and neurological disorders. In the last two decades,
some concerns about their use have been raised in relation to,
first, the discovery of an association between kidney failure
and contrast-enhanced MRI in the development of
Nephrogenic Systemic Fibrosis (NSF), and, then years later, fol-
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functions. These reports prompted the spreading of a new
class warning for all GBCAs and restrictions on the use, or sus-
pension of authorization, for certain linear GBCAs by the
European Medicines Agency (EMA). To date, nearly ten years
after the first reports of MRI signal hyper-intensity on unen-
hanced T;-weighted brain images of patients with repeated
exposure to GBCAs, there is no evidence that the retained
gadolinium can lead to the development of pathological con-
ditions. Nevertheless, the findings from both preclinical and
clinical studies regarding the deposition of GBCAs in different
tissues'™ suggest that the search for systems endowed with
enhanced relaxivity is still of interest in the light of applying
significantly lower doses to attain the same contrast. First and
foremost, it is evident how crucial it is to have Gd-complexes
with high thermodynamic and kinetic stability to minimize
the retention of this exogenous metal in tissues. From clinical
and preclinical studies, in fact, it was ascertained that highly
stable Gd-complexes with macrocyclic ligands lead to far less
retained Gd than those with linear ones, and, among the
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commercial macrocyclic complexes, Gd-HPDO3A (ProHance,
gadoteridol) appears to be one of the agents with a lower level
of retention in the body.>”

The goal of achieving higher relaxivity can be pursued
through various approaches. The most straightforward
approach deals with design systems with increased hydration
of the Gd ion, thereby scaling the contribution of the inner
sphere to relaxivity. This strategy has been pursued in the
development of a new g = 2 (¢ = inner sphere water molecules)
contrast agent, gadopiclenol, whose relaxivity (12.5 mM " s™*
at 0.47T in water at 37 °C) is nearly three times higher than the
one reported for the previous generation of clinically approved
GBCAs characterized by having a single inner sphere water
molecule.’'° However, although this is not the case for gado-
piclenol, increasing the hydration of the metal in a complex
may carry the intrinsic limitation of providing coordination
compounds with lower stability due to the reduced denticity of
the used ligands.

Another strategy to increase the relaxivity is to slow down
the reorientation time of the paramagnetic complex by
forming larger systems. A recently reported case is represented
by gadoquatrane, a tetramer of Gd-DOTA monoamide whose
relaxivity per Gd ion is 11.8 mM ™' s™! in human plasma at
37 °C and 1.41T."" The lengthening of the molecular re-orien-
tational time has been pursued in the past in the design of
several Gd-complexes. Particularly relevant are systems whose
structure incorporates hydrophobic residues capable of provid-
ing specific interactions with blood proteins, most notably
human serum albumin (HSA).">° However, in many cases,
the theoretically achievable relaxation enhancement has been
hampered by a non-optimal exchange lifetime of the co-
ordinated water molecule, which resulted in slowing down of
the efficient transfer of the paramagnetic information from
the Gd ion to all water molecules of its surrounding. When
rotation is slowed down upon formation of a high molecular
weight system, as in the case of albumin binding, the exchange
rate of the coordinated water molecule can exert a limiting
effect on relaxivity if optimal values are out of range (10-50 ns
at 0.47T).*

Very recently,®” two new a-aryl substituted Gd-DOTA deriva-
tives have been reported where several of the key parameters
used to obtain the theoretical very high relaxivity were simul-
taneously optimized. One of these derivatives, Gd-DOTFA,
demonstrates rapid water exchange, improved electronic relax-
ation, and moderate binding affinity to serum albumin.
Calculations suggest a remarkable relaxivity of 110 mM " s
(at 20 MHz and 25 °C) when the complex is fully bound to the
protein. However, despite these promising characteristics, the
binding affinity to human serum albumin (HSA) falls short of
ensuring the anticipated very high relaxivity when the complex
is dissolved in human serum at MRI acquisition doses.

Now, in order to provide a GBCA capable of generating
good SE% at a reduced administered dose, maintaining the
high stability required for safe use, our research was focused
on the development of new Gd(m)-complexes based on the
modified HPDO3A structure.”*™>’
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Fig. 1 Chemical structures of the new Gd-HIBDO3A-DCA complex and
its parent complexes Gd-HPDO3A-DCA and Gd-HIBDO3A.

The design of the herein reported system was based on the
findings obtained from two previous studies. On one hand, we
discovered a way to modify the structure of HPDO3A to obtain
a Gd complex with a fast water exchange rate without compro-
mising its stability. Indeed, the introduction of an additional
methyl group on the hydroxyl-propyl arm of HPDO3A, which
increased the steric bulk around the OH moiety, resulted in
the formation of almost exclusively the TSAP isomer (95%). As
a consequence, the gadolinium analogue of this complex (Gd-
HIBDO3A) exhibited a very fast water exchange rate, but with
no detectable loss of kinetic stability, demonstrating a notable
improvement over Gd-HPDO3A.*

In another study, the good HSA binding properties of a Gd-
HPDO3A derivative functionalized with a deoxycholic acid
moiety (Gd-HPDO3A-DCA) were reported. However, the relaxiv-
ity of the supramolecular Gd-HPDO3A-DCA/HSA adduct was
hindered by the occurrence of an apparently lower hydration
state, slow water exchange and fast internal motions.**

Now, with this study, we have combined the knowledge
acquired from two previous studies to synthesize a new
HPDO3A derivative (Gd-HIBDO3A-DCA) where the introduction
of an additional methyl group in the hydroxyl arm is expected
to favour the formation of the TSAP structure endowed with
rapid exchange of inner sphere water. The presence of the
deoxycholic acid residue guarantees increased HSA binding
and a long blood circulation time (Fig. 1).

Results and discussion
Synthesis of Gd/Eu-HIBDO3A-DCA

The synthetic procedure to obtain Gd-HIBDO3A-DCA and Eu-
HIBDO3A-DCA is reported in Scheme 1 and described in the

This journal is © the Partner Organisations 2024
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Scheme 1 Synthetic procedure of Gd-HIBDO3A-DCA and Eu-
HIBDO3A-DCA. 1. Benzyl chloroformate 95%, pH 9; 2. MCPBA, RT, 1 day;
3. DIPEA, 60 °C, 6 h; 4. H,/Pd, RT; 5. DIPEA, HATU, 24 h, RT; 6. (i) TFA,
24 h, RT, (i) NaOH 2N (pH 12), 24 h RT, 3 h 50 °C; 7. GdClz or EuCls.

Experimental section. Briefly, tri-tert-butyl 2,2’,2"-(10-(3-amino-
2-hydroxy-2-methylpropyl)-1,4,7,10-tetraazacyclododecane-
1,4,7-triyl) triacetate (A) was prepared through a four step syn-
thesis method: i. introduction of a Z group for the protection
of 2-methyl allylamine; ii. oxidation of the double bond to
epoxide with m-chloroperbenzoic acid; iii. its reaction with the
1,4,7,10-tetraazacyclododecan-1,4,7-triacetic acid tri-tert-butyl
ester in the presence of DIPEA;*® iv. deprotection of the amine
via hydrogenative reduction using palladium on carbon as a
catalyst. The methyl ester of (3,5p,12a)-3-(3-carboxypropionyl)
amino-12-hydroxycholan-24-oic acid (product B) was syn-
thesized according to literature procedures.>® Standard amide
coupling between products A and B, using HATU/DIPEA in
DMF, gave the protected conjugate, which was then cleaved
through protonolysis by TFA and successive alkaline hydrolysis
of the methyl ester.

Gd- and Eu-complexes were obtained by adding stoichio-
metric amounts of GdCl; or EuCl; to an aqueous solution of
the ligand and maintaining the pH at 7 at room temperature.

High resolution "H-NMR of Eu-HIBDO3A-DCA

The coordination structure of Ln(ur) complexes with octaden-
tate ligands based on the tetra-aza-cyclododecane macrocycle,

This journal is © the Partner Organisations 2024
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such as DOTA or HPDO3A, can yield four different diasteroi-
somers, namely two Square Anti Prismatic (SAP1 and SAP2)
and two Twisted Square Anti Prismatic (TSAP1 and TSAP2)
isomers. Basically they differ for the torsion angle of the
macrocyclic ring and the orientation of the ligand arms.
Moreover, Ln-HPDO3A (as its derivatives) has a chiral carbon
which can be either R or S and this further yields the possi-
bility of having a total of 8 isomers. The dominant diastereo-
isomers in a solution of Eu-HPDO3A have been identified in
SAP2-R and TSAP1-R and their enantiomeric pairs SAP1-S and
TSAP2-S.*°

One commonly used method to obtain structural infor-
mation about europium complexes relies on the acquisition of
their "H-NMR spectra. By this method, one can determine the
ratio of isomers in aqueous solution, and apply this infor-
mation to the corresponding Gd-complexes. For Eu-complexes,
the axial ring proton region (5-40 ppm) is highly diagnostic for
assessing the SAP/TSAP isomeric ratio, with the signals of SAP
isomers being more shifted than those ascribable to TSAP
ones, and therefore easily distinguishable from each other.
Fig. 2 shows the "H-NMR spectrum of Eu-HIBDO3A-DCA. The
assignment of the protons for each isomer has been done with
the aid of a 2D EXSY-NMR acquired to identify the exchange
between isomers (Fig. S13t). From the inspection of the axial
peak region, two interesting considerations can be made: (i)
contrary to the precursors Eu-HIBDO3A** and Eu-
HPDO3A-DCA,** both major (SAP2 and TSAP1) and minor
(SAP1 and TSAP2) isomers are populated and (ii) a marked
prevalence (85%) of TSAP isomers (TSAP1 + TSAP2) over SAP
ones (SAP2 + SAP1) is present. The EXSY 2D-NMR spectrum
(Fig. S127) indicates that both ring inversion (box A) and arm
rotation (boxes B and C) exchange between the isomers occurs.

As for the parent Gd-HIBDO3A complex, the TSAP confor-
mation dominates most likely due to the increased steric
bulkiness around the bound metal, which limits isomerization
and forces a specific conformation. Actually, the less abundant
(15%) SAP isomers display an exchanging scheme that
suggests arm rotation and ring inversion toward TSAP confor-
mation. It appears reasonable that the exchange between the

Wt
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T T T T T T T
L] il 0 -0 [opm

Fig. 2 'H-NMR spectrum of Eu-HIBDO3A-DCA (and enlargement of
the axial region) acquired in D,O at pH 7.4, 600 MHz and 275 K. The
peaks are labelled as follows: SAP2-R/1-S = green circle, SAP1-R/2-S =
red circle, TSAP1-R/2-S = green square, and TSAP2-R/1-S = red square.
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two TSAP enantiomers occurs through either direct exchange
of enantiomers or via the SAP isomers, which do not remain
substantially populated.

The large occurrence of the TSAP conformation makes
highly likely the fast exchange of the coordinated water, as
reported in the literature for numerous examples of DOTA and
HPDO3A derivatives with a prevalent TSAP structure,>*>331733

Water exchange dynamics of Gd-HIBDO3A-DCA

The water exchange lifetime (7)) of the coordinated water
molecule was investigated by measuring the transverse 7O
relaxation rate (R,) of H,'’O as a function of temperature.
Fig. 3a shows the 'O-NMR R, profiles for aqueous solutions of
Gd-HIBDO3A-DCA compared to those obtained for the parent
Gd-HIBDO3A and Gd-HPDO3A-DCA complexes. All three pro-
files display the typical trend observed in the presence of two
isomers/species in solution. In the case of Gd-HPDO3A deriva-
tives this behaviour is associated with the TSAP and SAP
isomers, with the faster and slower exchange being associated
with the TSAP and SAP conformations, respectively. By fitting
the experimental data with a two-species model, it was poss-
ible to calculate a residence lifetime of the water molecule in
the inner coordination sphere (zy) of 6.5 ns for the TSAP
isomer and 316 ns for the SAP one. Taking into account the
relative abundances of each isomer, it was possible to calculate
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Fig. 3 O-NMR transverse relaxation rate measured at variable temp-
eratures of solutions of (a) Gd-HIBDO3A, Gd-HPDO3A-DCA and Gd-
HIBDO3A-DCA complexes in water and (b) Gd-HIBDO3A-DCA in water
and in the presence of 3 mM HSA, pH 7.4 and 14.1T. Data were acquired
for the 10 mM Gd(m)-complex in (a) and the 3.3 mM Gd(i)-complex in
(b) and normalized to 20 mM.
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an average exchange time of 53 ns for Gd-HIBDO3A-DCA. The
close similarity of Gd-HIBDO3A-DCA and Gd-HIBDO3A pro-
files suggests that the fast water exchange has to be associated
with the prevalence in the solution of the TSAP isomer which
is characterized by a short 7y value.

The increase of the exchange of the coordinated water with
a 7y value in the optimal range between 10 and 50 ns, allows
one to expect it to reach high relaxivity values once the
complex is bound to a macromolecule.”” Since the Gd-
HIBDO3A-DCA complex was designed to bind to human serum
albumin (HSA), it was deemed of interest to acquire the ""O-R,
profile of the complex in the presence of HSA. As shown in
Fig. 3b the condition of rapid exchange of the coordinated
water is maintained after the formation of the adduct with the
protein.

The relationship between the exchange rate and the struc-
ture/dynamics of the binding interaction with albumin could
be quite complex and, in most of the reported cases, it results
in an elongation of the lifetime of the coordinated water
molecule.'*?***3> In principle the exchange lifetime is deter-
mined essentially from the enthalpy of the Gd-O(water) bond,
a property that, for macrocyclic GBCAs, is related to the occur-
rence of a TSAP or SAP coordination polyhedron. In principle,
one may expect that the relative populations of the two
isomers can also be affected by the constraint induced on the
surface of the chelating moiety upon the setup of the inter-
action at the protein binding sites.

Actually, in this case, the binding to HSA seems to exert a
stabilizing effect toward TSAP conformation as the small con-
tribution relative to the SAP isomer disappeared from the
profile when the adduct with the protein is formed. A good
fitting of experimental data was obtained considering the
occurrence of 100% TSAP isomer with an exchange lifetime of
18 ns.

Binding to HSA

The relaxivity (r;) of Gd-HIBDO3A-DCA measured in water, in
phosphate buffer and in human serum at 298 K and 21 MHz
resulted to be 7.90 + 0.17, 8.15 + 0.38 and 26.8 + 1.12 mM ™"
s™', respectively. As anticipated above, the higher relaxivity
value measured in human serum with respect to pure water
and PBS is likely to be associated with binding to serum
albumin expected on the basis of enhanced lipophilicity (log P
= —1.6 + 0.09) with respect to the parent Gd-HPDO3A complex
(log P=—2.09 + 0.11).

By exploiting the increase in relaxivity obtained when a
paramagnetic complex binds to a macromolecular substrate
(PRE - Paramagnetic Relaxation Enhancement), the binding
parameters of Gd-HIBDO3A-DCA towards HSA were deter-
mined. The number of binding sites on the protein can be
derived by performing a titration in which the relaxation rate
(R10bs) Of solutions of a fixed concentration of HSA (0.6 mM)
and increasing concentrations of the gadolinium complex is
measured (Fig. 4A). The inflection point of the graph indicates
the concentration of the complex required to saturate the
strongest interaction sites on the protein. In this case, the

This journal is © the Partner Organisations 2024
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Fig. 4 (A) Proton relaxation enhancement titration of the HSA contain-
ing solution (0.6 mM) with increasing concentrations of Gd-
HIBDO3A-DCA, in the phosphate buffer, 298 K, 0.47T. (B) Proton relax-
ation enhancement titration of Gd-HIBDO3A-DCA (0.1 mM) with
increasing concentrations of HSA, in the phosphate buffer, 298 K, 0.47T.

inflection was achieved for a complex concentration of 1.8 mM
which is three times the concentration of HSA used, indicating
that the number of binding sites is 3.

On the other hand, the association constant (K,) and relax-
ivity of the supramolecular Gd-HIBDO3A-DCA-HSA (r,) adduct
were determined by measuring the R;,,s values of solutions of
a constant concentration of the Gd-complex with increasing
concentrations of HSA (Fig. 4B). Interpolation of the experi-
mental data allowed the calculation of K, = 3.03 + 1.2 x 10*
M~ with three equivalent interaction sites (apparent nk, =
9.09 + 3.8 x 10 M™") and an adduct relaxivity of 27.9 +
0.41 mM™~" s, Both the affinity constant and the relaxivity of
the adduct appear considerably higher than those reported in
our previous study for Gd-HPDO3A-DCA.>* The higher protein
affinity might be ascribed to the increased lipophilicity of Gd-
HIBDO3A-DCA with respect to Gd-HPDO3A-DCA due to the
introduction of a methyl group on the arm.

Next, competitive relaxometry experiments were performed
in order to gain more insights into the characterization of the
binding sites. The binding on HSA was measured in the pres-
ence of competitive ligands whose recognition abilities for
specific binding sites on HSA are well known.>**° The typical
substrates used for each binding site were ibuprofen for sub-
domain IIIA (Sudlow site II), iodipamide for subdomain IIA
(Sudlow site I), and methyl orange for subdomain IB, respect-
ively. Fig. 5a shows the variation of the relaxation rate of the
Gd-HIBDO3A-DCA/HSA adduct in the presence of an increas-
ing concentration of competitors. The use of any of the three
competitor drugs results in a notable reduction in the relax-

This journal is © the Partner Organisations 2024

View Article Online

Research Article

d )1 5
|- ®@— ibuprofen (II14)
|- #— iodipamide (lIA)
1,01 ‘3\ ®— methyl orange (IB)
0,91 "“‘\
°o_ 08 g
3 N e
v 07 ‘--"-"‘.—~—"~';—.~=__-' :
061 " °
0,5
04 —— — T T
0 5 10 15 20
[competitor}[Gd-HIBDO3A-DCA]
b ) 20 - louprofen + iodipamide (site |B free)
® lodipamide + methyl orange (site lIA free)
18 @ lbuprofen + methyd orange (site |1A free)
16 4
— 141
2 12
3
~ 10 4
8
6 4
44

0,0000 0,0005 0,0010 0,0015 0,0020
[HSA] (M)

Fig. 5 (a) Change in the relaxivity of a solution containing 0.6 mM Gd-
HIB-DO3A-DCA and 0.2 mM HSA as a function of increasing concen-
trations of ibuprofen, iodipamide or methyl orange (298 K, 0.47T, in the
phosphate buffer). Data are reported as a variation of R1/R;° i.e. by nor-
malizing the R; values observed at different competitor/Gd-
HIBDO3A-DCA ratios with respect to the initial value (in the absence of
any inhibitor). (b) Proton relaxation enhancement titration of Gd-
HIBDO3A-DCA (0.53 mM) with increasing concentrations of HSA, in the
presence of couples of competitors (as detailed in the legend) at a ratio
of 1.5: 1 with respect to HSA (298 K, 0.47T, in the phosphate buffer).

ation rate of the solution. This suggests that all three competi-
tors are able to displace Gd-HIBDO3A-DCA from albumin,
indicating that the three principal binding locations of Gd-
HIBDO3A-DCA on the protein are subdomains IIA, IIIA, and
IB. This finding is not consistent with the observations we
reported for the closely related Gd-HPDO3A-DCA complex for
which only two HSA binding sites (IIA and IIIA) were
reported.”® Now we think that the discrepancy relies on the
fact that in the previous work the test for assessing the involve-
ment of site IB was done with the mitoxantrone ligand instead
of methyl orange. The addition of mitoxantrone to HSA up to a
ratio of 35:1 did not induce any decrease in the relaxivity of
Gd-HPDO3A-DCA bound to the protein, suggesting the
absence of direct competition between the two molecules for
site IB. In contrast, the addition of methyl orange to the HSA-
bound Gd-HIBDO3A-DCA led to a significant reduction in
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Table 1 Mean affinity constant (nK.) and bound relaxivity (r,®) values of
Gd-HIBDO3A-DCA toward HSA and values determined for each binding
site on HSA

nk, (M™) r® (mM1s™)
Overall 9.09 + 3.8 x 10* 27.9+0.41
Site IB 3.83 + 1.8 x 10* 25.1+0.36
Site ITA 7.66 + 3.2 x 10* 28.2 +0.63
Site IIIA 2.11+ 1.2 x 10* 27.3 +0.61

relaxivity, indicating its binding to site IB, in addition to the
classical ITA and IIIA Sudlow’s sites.

Indeed, the affinity of methyl orange for albumin is much
higher (by 1 order of magnitude) than that of mitoxantrone,*®
partially explaining the observed different competition behav-
ior for the two Gd-complexes. Considering that methyl orange
can be definitively considered a better competitor for the IB
site, it is worth concluding that contrary to what was reported
in our previous study, secondary binding of Gd-HPDO3A-DCA
at site IB cannot be excluded.

This conclusion is fully consistent with the earlier findings
supporting the view that bile acids (i.e. chenodeoxycholic acid)
can bind to subdomain IB.*%*°

Next, additional titrations were performed to estimate the
binding constant of Gd-HIBDO3A-DCA for each binding site
on albumin. Three titrations of Gd-HIBDO3A-DCA were carried
out with increasing albumin concentrations in the simul-
taneous presence of two of the specific competitors for the
different main binding sites (in a ratio of 1.5:1 with HSA) and
leaving only one site free for the interaction with Gd-
HIBDO3A-DCA (Fig. 5b). By applying the same set of PRE
equations as used above (Fig. 4B), the binding constant and
relaxivity of the bound complex for the unoccupied binding
site could be calculated. Thus for the determination of the
binding constant, for site IB a combination of ibuprofen and
iodipamide, for site IIA, ibuprofen and methyl orange, and for
site IIIA, iodipamide and methyl orange were used, respectively
(Table 1).

From this set of experiments, it can be concluded that the
IIA site on albumin is both the strongest for Gd-HIBDO3A-DCA
binding and the one yielding the highest relaxivity.

Proton longitudinal relaxivity determinants

The proton longitudinal relaxivity (r,), i.e. the property that is
directly related to the efficiency of a paramagnetic complex to
be considered as a potential MRI contrast agent, of Gd-
HIBDO3A-DCA was investigated over an extended range of pH
at a fixed proton Larmor frequency of 21.5 MHz at 298 K and
compared with those of the parent complexes Gd-HPDO3A
and Gd-HIBDO3A (Fig. 6a). Gd-HIBDO3A-DCA showed a less
pronounced increase in relaxivity (+13%) at basic pH, due to
the base-catalyzed mobilization of the coordinated hydroxyl
proton compared to Gd-HPDO3A (+29%) and Gd-HIBDO3A
(+35%).
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Fig. 6 (a) Variation of the millimolar relaxivity of Gd-HIBDO3A-DCA,
Gd-HIBDO3A and Gd-HPDO3A measured at 0.47T and 298 K as a func-
tion of solution pH; (b) 'H-NMRD profiles of Gd-HIBDO3A-DCA, Gd-
HIBDO3A and Gd-HPDO3A-DCA measured at 298 K in phosphate
buffer; (c) *H-NMRD profiles of Gd-HIBDO3A-DCA in phosphate buffer
(PBS) and in human serum at 298 K and pH 7.4. The blue line is the
simulated profile obtained by maintaining all the fitting parameters
equal to those reported in Table 2 but with a zx value equal to 30 ns. All
data were normalized to 1 mM concentration of the Gd(i)-complex.

This behaviour appears in agreement with the occurrence
of partial intramolecular catalysis of the prototropic exchange
of the coordinated alcoholic group, as previously shown for
similar systems.>*?”*"*> The catalysis likely involves the
amide proton on the linker connecting HPDO3A to the deoxy-
cholic acid moiety making the contribution of the OH moiety
already evident at neutral pH values. In the case of Gd-
HPDO3A, the contribution from the coordinated alcoholic
proton (considered as 0.5 water molecules) accounts for a ca.
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30% increase in relaxivity and it occurs only at basic pH
values. For Gd-HIBDO3A-DCA, the increase of the solution pH
resulted only in a 13% increase of the observed relaxivity, and
on this basis we assume that the contribution from the proto-
tropic exchange is markedly present already at physiological
PH. On this basis it has been concluded that this contribution,
due to an intramolecular catalysis of the prototropic exchange,
accounts for a gain of ca. 17% of the relaxivity at neutral pH
(i.e. contributing as ca. 0.3 water molecules). This leads us to
assume an actual total hydration value of g = 1.3 for the suc-
cessive analysis of the NMRD profiles.

In Fig. 6b, the NMRD profile, in the proton Larmor fre-
quency range of 0.01-80 MHz, obtained for Gd-HIBDO3A-DCA in
PBS at 25 °C and neutral pH is shown and compared with the
profiles of the parent complexes Gd-HPDO3A-DCA and Gd-
HIBDO3A. The experimental data were fitted using the Solomon
Bloembergen Morgan (SBM) equations to extract the relevant
relaxometry determinants, such as the rotational correlation time
(7r) and the electronic relaxation parameters (4, and z,). The best
fitting parameters are reported in Table 2. During the fitting pro-
cedure, 7); was fixed to the mean value (53 ns) determined from
the O-R, vs. T profiles. The number of inner sphere water mole-
cules (g) was fixed to 1.3 according to the value calculated above
from the relaxivity pH dependence experiment. The distance
between the gadolinium ion and the water protons (rgg-s;) was
fixed to 3.2 A, ie. ca 5% longer than the values normally
measured for analogous gadolinium complexes (3.0-3.1 A). This
assumption was based on the previously reported evidence that
for Gd-complexes where the TSAP conformation is the preferred
one, such as in the case of Gd-DOTMA, the coordinated water
molecule is pushed further away from the metal ion, weakening
the metal-ion interaction and favouring faster exchange.***

The higher relaxivity of Gd-HIBDO3A-DCA measured in PBS
over all the investigated range of Larmor frequencies with
respect to the related Gd-HIB-DO3A and Gd-HPDO3A-DCA
complexes appears to be associated with: (i) a higher inner
sphere contribution and (ii) a slight elongation of the reorien-
tational correlation time (zg). The fastened water exchange
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dynamics appears to affect the NMRD profile between 10 and
80 MHz where a small hump of relaxivity is visible for Gd-
HIBDO3A-DCA. A direct correlation can be observed between
the values of 7 obtained from fitting the NMRD profiles and
the molecular weight of the corresponding Gd-complexes, as
demonstrated in Fig. S14.}

Fig. 6¢ shows the comparison between the profiles obtained
for Gd-HIBDO3A-DCA in the buffer and in human serum. In
serum, the expected relaxivity at 20-30 MHz for a system with
a short 7y value (18 ns) and a long x value (the value reported
for albumin is about 30 ns), as is the case for Gd-
HIBDO3A-DCA bound to HSA, should be higher than the
obtained experimental value (see simulated curve in Fig. 6c
and previously reported Gd-complexes'>****). 1t can be
hypothesized that in the formation of the supramolecular
adduct, Gd-HIBDO3A-DCA still has a faster internal motion
than the protein it binds to, which limits its relaxivity. Support
to this hypothesis was found by fitting the experimental data
(the fitting was limited to the high-field region (6-80 MHz)
due to the limitation of the SBM theory at low magnetic fields
for paramagnetic systems characterized by slow rotation) using
the Lipari-Szabo model-free approach.*’ This model considers
both an internal rotation, characterized by a correlation time
7re, and a global motion described by zrg. The correlation
between these two motions is quantified by the parameter K>,
which varies in the range 0-1, where a value of zero indicates
complete independence between the motions, and a value of 1
suggests immobilization in the absence of local fluctuations.
Trg Was set at 30 ns to represent the global reorientation of the
protein, while zz;, and S were treated as variable parameters.
The fitting parameters are listed in Table 2. Indeed, a high
degree of local flexibility is observed as witnessed by the quite
small value of gy, which increases only roughly three times
with respect to the free Gd-complex. Despite this limit on the
Gd-L/HSA adduct attainable relaxivity, the very high affinity of
Gd-HIBDO3A-DCA toward albumin ensures its complete
binding up to a ratio of 3:1 with respect to the protein, thus
leading to a high overall relaxivity in human serum.

Table 2 Fitting parameters obtained from the analysis of ’O-NMR and *H-NMRD profiles

Gd-HIBDO3A-DCA

Parameters Gd-HIBDO3A? Gd-HPDO3A-DCA®? PBS Human serum

298 (mM ' s 4.3 6.8 8.1 26.8

Mol. Frac” TSAP 0.95 0.3 0.85 1

Weighted avg. tm, (nS) 16.1 570 53 18

A% (10" s7?) 5.4 + 1.0 0.95 + 0.2 3.0 £ 0.5 0.73 + 0.04

7, (ps) 12.9 + 1.8 44.9 8.9 24.1+0.4 13.7 + 1.7

r (ps) 62.1+2.7 140 + 4.6 170 + 5.1 Tre = 527 + 27
Trg = 30 000

K 0.41

rean (A) 3.1 3.1 3.2 3.2

rgao (A) 2.5 2.5 2.5 2.65

NMRD profiles used for fitting were acquired at 298 K, with the following parameters fixed during the fitting procedure: g = 1.3, agqy = 3.8 A, and
Dgan = 2.24 x 107> em® s™'. A two-isomer model was used for fitting of the O-NMR data with fixed parameters: E; = 10 k] mol™", E, = 10 k]

mol ™, and A/h = —3.5 x 10° rad s*. “ From ref. 23. ® From ref. 19.
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Apart from being highly efficient, a GBCA with ambition for
clinical translation has to demonstrate to be highly stable
under in vivo conditions. One notable benefit of macrocyclic
contrast agents, such as Gd-HPDO3A, is their enhanced
thermodynamic and kinetic stability, which results in a signifi-
cantly reduced likelihood of Gd(m) detachment from the
chelate. Indeed, recent literature witnessed the efforts to
further improve the already very high stability of macrocyclic
chelates, by introducing chiral groups to the macrocycle and
pendant arms on the Gd-DOTA structure where the increased
steric hindrance prevents the interactions between the che-
lated metal ions and outer species, contributing to the
enhancement of both the thermodynamic stability (log K of up
to 27) and the kinetic inertness of the complex (up to 750 days
of incubation in HCl 1 M at room temperature).*®*”

To confirm the kinetic inertness of Gd-HIBDO3A-DCA
under acidic conditions and for transmetallation two relaxo-
metry experiments were carried out to follow acid catalyzed
dissociation in 1 M HCI solution at room temperature and the
competition with ZnCl, over several days at a temperature of
310 K (Fig. S15t). The results demonstrated that the complex
displayed no signs of transmetalation when competing with 1
eq. of zinc in 50 mM phosphate buffer for a duration of 7 days.
The rate of decomplexation under strongly acidic conditions
resulted to be slightly slower than that of the parent complex
Gd-HPDO3A (ca. 2 hours vs. ca. 1 hour).

In vivo MRI in a breast cancer murine model

Due to its ability to form a non-covalent adduct with albumin,
resulting in a high relaxivity system, Gd-HIBDO3A-DCA holds
great potential as an outstanding contrast system for various
applications. These include its use as a blood pool agent in
angiography, for liver imaging in hepatic pathologies, and for
enhanced visualization and characterization of tumors. In this
work, we decided to test Gd-HIBDO3A-DCA, in comparison
with the parent commercial ProHance (gadoteridol, Gd-
HPDO3A), to evaluate its efficiency in increasing the contrast
in magnetic resonance images recorded at 7T and 1T in a
mouse tumor model. In particular, the aim was to assess
whether binding with HSA could result in a longer washout
from the extracellular region of the tumor. Furthermore, the
changes in the signal intensity in the kidneys and liver
(Fig. S167%) provided information on the biodistribution and
excretion pathways following in vivo administration. As already
reported for other HSA-binding contrast agents, Gd-
HIBDO3A-DCA displayed very high uptake in the liver (Fig. 7b
and Fig. S15C%) and in the gallbladder (Fig. S16t), indicating
the occurrence of the hepatobiliary excretion pathway.

The diagnosis of hepatic malignancies is a crucial appli-
cation of MRI. Currently, the two hepatospecific GBCAs avail-
able in clinical practice are both linear complexes, namely Gd-
EOB-DTPA and Gd-BOPTA. Therefore, the search for alterna-
tives, either using Mn(u)**° instead of Gd(m) or employing
hepatospecific macrocyclic complexes,*®*”*! has been highly
prolific in recent years. In this context, the observed high and
persistent hyperintensity in the liver suggests that Gd-
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Fig. 7 Percentage MR signal enhancement in the kidneys (a), livers (b)
and tumors (c) of mice administered with 0.05 mmol kg™ of Gd-
HIBDO3A-DCA or gadoteridol (ProHance and Gd-HPDO3A) on MRI
scanners operating at 1T and 7T. The curves were obtained by averaging
the data collected from different mice (n = 4 per group). The error bars
represent the standard deviation.

HIBDO3A-DCA could likely find application to detect metas-
tases arising from tumors developed in other anatomical
regions or other malignancies in the liver.

The observed hyperintensity in the kidneys (Fig. 7a and
Fig. S16AT) suggests partial excretion of Gd-HIBDO3A-DCA via
the renal route, which is the excretion pathway for the parent
complex Gd-HPDO3A.

The biodistribution of Gd-HIBDO3A-DCA in healthy BALB/c
mice at 4 h after intravenous injection at a dose of 0.05 mmol
Gd kg™ ! is reported in Fig. S181 and compared to the results
obtained with Gd-HPDO3A. The highest amount of Gd (i) was
found in the liver and in the spleen, underlying a preferential
hepato-biliary elimination route, as anticipated by MRI investi-
gation. Only negligible amounts of the resulting Gd
were retained in the other analysed organs for both agents. In
the tumour region, the amount of accumulated Gd is signifi-
cantly higher than in the case where Gd-HPDO3A is
administered.

This journal is © the Partner Organisations 2024
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Fig. 7 and 8 illustrate that by acquiring images at 1T (which
corresponds to a Proton Larmor Frequency of 40 MHz), it is
possible to fully exploit the signal enhancement generated by
the binding of Gd-HIBDO3A-DCA to albumin. This led to a
marked increase of the signal intensity when compared to the
results obtained with the hydrophilic Gd-HPDO3A. In contrast,
at 7T (300 MHz), the contrast enhancements induced by the
two contrast agents appear comparable (Fig. 7), except in the
case of the liver where the hepatobiliary elimination route pre-
ferred by the albumin-binding agent leads to a larger signal
enhancement, in spite of the fact that its relaxivity at this field
is markedly lower than that at 1T. The outcome achieved in
the tumor at 1T (Fig. 7c) is very encouraging, as it shows a
signal increase of over two fold the one generated by Gd-
HPDO3A, with 70% signal enhancement even at 1 hour post-
administration.

This feature appears favourable for potential clinical trans-
lation of this agent as its efficiency is optimized at a field
strength close to that of clinical scanners (1.5-3T). The signifi-
cantly higher signal enhancement efficiency of Gd-
HIBDO3A-DCA compared to the parent complex Gd-HPDO3A
can be appreciated in Fig. 8 where the images acquired on a
1T scanner in vitro (Fig. 8a), for solutions of the complexes in
the buffer and in serum, and in vivo (Fig. 8b), in a murine
breast tumor model, are reported. The tumor region results
were far more contrasted, up to 50 min after intravenous injec-
tion, when Gd-HIBDO3A-DCA was used. The signal was par-
ticularly hyperintense in the rim of the tumor, where the vas-
cularization is higher. This demonstrates a particularly valu-
able capability of this system to highlight tumor heterogeneity.

This journal is © the Partner Organisations 2024
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Finally, the blood elimination curve was measured and the
obtained results are reported in ESI Fig. S19.7 The time depen-
dent blood Gd concentrations (measured by ICP-MS) following
a single bolus injection through the tail vein at a dose of
0.05 mmol Gd per kg were measured and fitted on the basis of
a two compartment pharmacokinetic model. Analysis of the
data revealed its very rapid elimination from blood (t1/2f =
4.75 min) comparable to or even faster than that of hydrophilic
GBCAs. A similar behavior was previously reported for MS-325
in rats, but not in higher mammals, where plasma pharmaco-
kinetics was virtually indistinguishable from that of extracellu-
lar agents.*

Moreover, the whole-body coronal maximum intensity pro-
jections (MIPs) of 3D FLASH images were obtained following
intravenous administration of Gd-HIBDO3A-DCA at a dose of
0.05 mmol Gd per kg as reported in Fig. S20.7 A significant
blood pool enhancement was visible only at 2 min post-injec-
tion, with the signal that gradually faded away due to the clear-
ance of the agent from the blood, resulting in a strong
enhancement of the liver. Indeed, this result closely recalls
what was previously observed for B22956 and B25716, two Gd-
complexes functionalized with the deoxycholic acid moiety.*®
Both experiments allowed wus to conclude that Gd-
HIBDO3A-DCA is quickly eliminated from blood due to the
high liver uptake and hepatobiliary elimination route leading
to decreased plasma concentration. On this basis, one draws
the conclusion that the use of Gd-HIBDO3A-DCA as a blood
pool contrast agent implies that image acquisitions have to be
made in a very short time after injection.

Conclusions

The synthesis of Gd-HIBDO3A-DCA was pursued on the basis
of a rational design aimed at optimizing the determinants of
the relaxivity in serum. Overall the results are satisfactory as
the obtained complex displays good relaxation enhancement
properties when compared with related Gd-HPDO3A-based
agents. The successful shift towards a dominant TSAP struc-
ture, while confirming the expected effect on the enhanced
exchange lifetime of the coordinated water molecule, outlines
a slight elongation of the distance between the paramagnetic
Gd(m) ion and the protons of the coordinated water molecule.
Moreover, the intramolecular activation of the prototropic
exchange of the OH moiety enhances the inner sphere contri-
bution at neutral pH. Unfortunately, the optimized water
exchange dynamics cannot be fully exploited in the formation
of a supramolecular adduct with serum albumin due to the
occurrence of local flexibility of the protein-bound complex.
This finding outlines the importance of introducing rigid
spacers in the design of GBCAs that bind to proteins.
Nevertheless, due to its very high stability and albumin
affinity, we think that Gd-HIBDO3A-DCA has great potential as
a contrast agent for various applications. These include its use
for liver imaging in hepatic pathologies, and for enhanced
visualization and characterization of tumors.
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Experimental
General

Reagents and chemicals were purchased from Sigma Aldrich
(unless otherwise stated) and used without further purifi-
cation. 'H spectra were recorded at 14.1T using a Bruker
Avance 600 spectrometer or at 9.4T using a Bruker 400 Ultra
Shield, both equipped with a 5 mm probe and a temperature
control system. Mass spectra were acquired using a Waters
ACQUITY UPLC H-Class system coupled with a QDa detector
(direct infusion with H,O 0.1% TFA/ACN 0.1% TFA 50 : 50). pH
measurements were made using an AS instruments pH meter
equipped with a glass electrode. HPLC was performed on a
LiChrosorb RP Select B 250 x 4 mm, 5 pm column, with
mobile phase A: KH,PO, 0.01 M/H;PO, 0.017 M; mobile phase
B: ACN; gradient: 0 min 5% B, 30 min 80% B, 45 min 80% B;
injection 10 pl; and revelator: UV 210 nm.

UPLC was performed using a Waters ACQUITY UPLC
H-Class system coupled with a QDa detector on an ACQUITY
UPLC BEH C18 column (2.1 x 50 mm) with mobile phase A:
H,0 0.1% TFA; mobile phase B: CAN 0.1% TFA; flow 0.4 ml
min~"; gradient: 0 min 5% B, 10 min 100% B, 15 min 100% B;
injection 20 pl; and revelator: UV 210 nm. The purifications
were performed using an AKTA pure chromatography system
equipped with a UV-900 detector, P-900 pump and Frac-920
fraction collector. 1,4,7,10-Tetraazacyclododecan-1,4,7-triacetic
acid tri-tert-butyl ester was synthesized according to literature
procedures.>?

Synthesis

Product A. The synthesis of tri-tert-butyl 2,2’,2"-(10-(3-amino-
2-hydroxy-2-methylpropyl)-1,4,7,10-tetraazacyclododecane-
1,4,7-triyl) triacetate involved the following four steps:

Benzyl (2-methylallyl) carbamate. To a solution of 2-methyl
allylamine hydrochloride (10 g; 93 mmol) in dioxane (30 ml)
and water (8 ml), cooled with an ice bath, was slowly added
dropwise a solution of benzyl chloroformate 95% (15.5 g;
86 mmol) in dioxane (50 ml). pH 9 was maintained with 2N
NaOH (58 ml) until stability, and then 1N HCI was added until
PH 7 to quench the reaction. The dioxane was evaporated from
the mixture; the product was extracted with dichloromethane
(4 x 50 ml) and evaporated to residue (14.95 g, yield 84%). MS
ESL: m/z caled 205.26, found 206.26 [M + H|". HPLC: tg
23.66 min.

Benzyl ((2-methyloxiran-2-yl) methyl)carbamate. A solution of
m-chloroperbenzoic acid [MCPBA] (21.5 g; 87.6 mmol) in
chloroform (90 ml) was added dropwise to a solution of
product 1 (14.9 g; 73 mmol) in chloroform (15 ml). After 1 day,
the precipitate was filtered and the reaction mixture was
washed with NaHCO; 5% (120 ml + 3 x 50 ml), water (50 ml)
and brine (25 ml). The solution was dried over Na,SO, and
evaporated to obtain an oily residue (23 g). The crude product
was purified by gravimetric chromatography on silica gel
70-230 mesh with a DCM/ethyl acetate gradient. The pure frac-
tions were combined and concentrated into an oily residue
(12.3 g, yield 76%). MS ESI: m/z caled 221.26, found 222.02 [M
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+ Na]". HPLC: tz 23.5 min. TLC: mobile phase DCM - riv. UV
254 nm: R¢ 0.14.

'H NMR (600 MHz, CDCl;, 298 K) & 1.35 (s, 3H), 2.6-2.71
(d, 2H), 3.4 (m, 2H), 5.1 (s, 2H), 7.35 (m, 5H) ppm (Fig. S1t).

13C NMR (600 MHz, CDCl,, 298 K) § 19.3, 45.1, 51.6, 56.0,
67.0, 128.2, 128.3, 128.7, 136.5, 156.7 ppm (Fig. S27).

Tri-tert-butyl ~ 2,2',2"-(10-(3-(((benzyloxy)carbonyl) amino)-2-
hydroxy-2-methylpropyl)-1,4,7,10-tetraazacyclododecane-1,4, 7-
triyl)triacetate. To a solution of 1,4,7,10-tetraazacyclododecan-
1,4,7-triacetic acid tri-tert-butyl ester (5.8 g; 11.3 mmol) and
DIPEA (11.2 ml; 65 mmol) in ACN (10 ml), compound 2 (4.5 g;
17 mmol) was added by dissolving in ACN (20 ml). The reac-
tion mixture was heated at 60 °C for 6 h and RT overnight. The
mixture was then evaporated and dissolved in ethyl acetate
(40 ml), washed with water (4 x 40 ml) and brine (4 x 40 ml)
and evaporated to residue. The product was purified by flash
chromatography (silica gel 230-400 mesh, DCM/MeOH 95:5
as an eluent) and evaporated (6.75 g; yield 81%) MS ESI: m/z
caled 735.96, found 736.55 [M + H]'. UPLC: ¢ 4.67 min.

'H NMR (600 MHz, CDCl;, 298 K) § 1.4-1.44 (m, 30H),
2.15-3.5 (br m, 26H), 5.03 (m, 2H), 7.2-7.31 (m, 5H) ppm
(Fig. S37).

3C NMR (600 MHz, CDCl;, 298 K) 6 25.2 (CH;), 28.1 (CH3),
49.4-58.2 (CH,), 66.4 (CH,), 66.6 (CH), 72.2 (CH,), 82.3-82.9
(C), 127.9-128.4 (CH), 137.2 (C), 158.1 (CO), 171.7-172.7 (CO)
ppm (Fig. S47)

Tri-tert-butyl  2,2',2"-(10-(3-amino-2-hydroxy-2-methylpropyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triyl) triacetate. Compound
3 (6.75 g; 9.17 mmol) was dissolved in MeOH (50 ml) together
with palladium on carbon 5% (50% water) (400 mg) and was
hydrogenated at RT and 1 atm; the reaction was followed up by
HPLC and MS/ESI until complete. The catalyst was then fil-
tered and the solution was evaporated to residue (5.35 g, yield
97%). MS ESI: m/z caled 601.83, found 602.35 [M + H]".

'H NMR (600 MHz, CDCl;, 298 K) § 1.4-1.44 (m, 30H),
2.0-3.7 (br m, 26H), ppm (Fig. S571).

C NMR (600 MHz, CDCl;, 298 K) & 27.97 (CHj),
28.07-28.26 (CH3), 49.0-56.9 (CH,), 69.3 (CH,), 71.06 (CH),
72.14 (CH,), 82.3-82.9 (C), 171.8-172.8 (CO) ppm (Fig. S67)

Product B. The methyl ester of (3,5p,12a)-3-(3-carboxypro-
pionyl) amino-12-hydroxycholan-24-oic acid was synthesized
according to literature procedures.**

Tri-tert-butyl ~ 2,2',2"-(10(2-hydroxy-3-(4-({(3S,5R,10S,125,13R,
17R)-12-hydroxy-17-((R)-5-methoxy-5-oxopentan-2-yl)-10,13-di-
methylhexadecahydro-1H-cyclopentafa]phenanthren-3-yl)amino)-
4-oxobutanamido)-2-methylpropyl)-1,4,7,10-tetraazacyclodode-
cane-1,4,7-triyl)triacetate. Compound A (930 mg; 1.55 mmol)
and compound B (780 mg; 1.55 mmol) were dissolved in DMF
(10 ml); DIPEA (900 mg; 1.21 ml; 7 mmol) and HATU (648 mg;
1.7 mmol) were added to the reaction mixture. After 24 h of
stirring at RT, the reaction was complete and the product pre-
cipitated by adding 15 ml of water. The solid was isolated and
dissolved in ethyl acetate (25 ml), washed with Na,CO; 5% (2 x
7 ml), H,O (5 x 7 ml) and brine (7 ml). The organic solution
was dried over Na,SO, and evaporated to residue (1.87 g). The
crude product was used in the next reaction without further
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purification. MS ESI: m/z caled 1089.51, found 1089.68 [M +
H]'". HPLC t 26 min.

"H NMR (600 MHz, CDCl;, 298 K) § 0.66 (s, 3H), 0.95 (m,
6H), 1-2.19 (br m, 62H; steroidal protons), 2.1-3.61 (br m,
26H), 3.64 (s, 3H) ppm (Fig. S71).

C NMR (600 MHz, CDCl;, 298 K) § 12.86 (CHj), 14.30
(CH3), 17.44 (CH3), 23.7 (CH,), 24.9 (CH,), 25.7 (CH,), 26.0
(CH,), 26.8 (CHj;), 28.1 (CH;), 29.0 (CH,), 30.6 (CH,), 30.1
(CH,), 32.5 (CH,), 32.7 (CH,), 33.1 (CH,), 34.6 (CH), 35.2 (C),
35.9 (CH), 37.4 (CH), 45.5 (CH), 47.4 (CH), 48.5 (CH), 50.5
(CH3), 51.6 (CH,), 55.5 (CH,), 56.7 (CH,), 60.5 (CH,), 61.8
(CH,), 72.4 (CH), 73.3 (CH), 82.5 (C), 82.9 (C), 171.5 (CO),
172.1 (CO), 174.8 (CO) ppm (Fig. S871).

2,2',2"-(10-(3-(4-(((3S,5R,10S,125,13R,17R)-17-((R)-4-carboxy-
butan-2-yl)-12-hydroxy-10,13-dimethylhexadecahydro-1H-cyclo-
pentafa]phenanthren-3-yl) amino)-4-oxobutanamido)-2-hydroxy-
2-methylpropyl)-1,4,7,10-tetraazacyclododecane-1,4, 7-triyl )tria-
cetic acid (HIBDO3A-DCA). The crude product of reaction 5
(1.8 g; 1.55 mmol) was dissolved in DCM (10 ml) and TFA
(2 ml) was added; after evaporation, fresh TFA (7 ml) and 2
drops of triisopropylsilane were added. After one night at RT,
the product was precipitated with diethyl ether, isolated and
dried under vacuum (1.56 g).

The solid was dissolved in water (10 ml) and basified to pH
12 with 2N NaOH. After overnight incubation at RT and 3 hours
at 50 °C, the deprotection was complete. Product 6 was then
purified with an AKTA purifier using an Amberchrome CG161M
resin column and eluted with a water/ACN gradient. The frac-
tions containing the pure product were evaporated and freeze-
dried (938 mg, yield 67%, and purity >91%). MS ESIL: m/z calcd
907.16, found 907.53 [M + H]". UPLC tg 4.57 min (Fig. S97).

'H NMR (600 MHz, DMSO d6, 298 K) & 0.59 (s, 3H), 0.9 (m,
6H), 0.94-1.99 (br m, 26H; steroidal protons), 2.04-2.26 (m,
2H); 2.27-2.47 (6H); 2.53-3.20 (br m, 18H), 3.22-3.70 (br m,
8H); 3.78 (s, 1H); 3.95 (s, 1H); 7.75 (s, 1H); 7.87 (d, 1H) ppm
(Fig. S107).

3C NMR (600 MHz, DMSO d6, 298 K) § 13.03 (CHj3), 17.52
(CH,), 23.84 (CH3), 24.05 (CH,), 24.36 (CH;) 25.16 (CH,), 26.33
(CHy), 27.04 (CH,), 27.72 (CHy), 28.41 (CH), 29.30 (CH,), 30.87
(CH,), 30.99 (CH,), 31.35 (CH,), 31.44 (CH,), 31.85 (CH,),
32.06 (CH,), 32.75 (CH), 34.73 (C), 35.52 (CH), 36.03 (CH), 36.9
(CH), 44.85 (CH), 46.63 (C), 46.79 (CH), 48.06 (CH), 48.15
(CH,), 49.87 (CH,), 51.88 (CH,), 52.48 (CH,), 52.66 (CH,),
55.78 (CH,), 56.38 (CH,), 63.52 (CH,), 71.72 (CH), 73.34 (C),
170.24 (CO), 171.34 (CO),172.07 (CO), 172.63 (CO), 175.53 (CO)
ppm (Fig. S11%).

Lanthanide complexation. Ligand 6 was dissolved in water
and 0.1 N NaOH was added to adjust the pH to 7. Then, a
slight excess of the metal salt was added, using a solution of
GdCl; or EuCl; in water, until the Xylenol Orange assay’’
showed free metal in solution. The mixture was filtered and
purified over an AmberChrom CG161 resin (AKTA purifier)
with a water/ACN gradient: the pure product was eluted with
25% ACN. The fractions were evaporated and freeze-dried. For
the Gd complex: yield 40%, purity >99%. MS ESI: m/z calced
1061.39, found 1062.57 [M + H]". UPLC t 4.61 min (Fig. S121).
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Eu-HIBDO3A-DCA was dissolved in D,O (20 mM) and the pH
was adjusted by addition of DCI or KOD and checked with a
glass electrode connected to an AsInstruments pH-meter.
'"H-NMR monodimensional and 2D-EXSY spectra were recorded
at 14.1T on a Bruker Avance 600 spectrometer at 298 K. The
temperature was controlled with Bruker thermostat units.

Relaxometry measurements. Relaxation rate (R;) values were
measured by inversion recovery at 21.5 MHz and 25 °C using a
Stelar SpinMaster spectrometer (Stelar Snc, Meade (PV), Italy).
The temperature was controlled with a Stelar VIC-91 airflow
heater and the temperature inside the probe was checked with
a calibrated RS PRO RS55-11 digital thermometer. Data were
acquired using a recovery time >5 x T; and with 2 scans per
data point. The absolute error in R; measurements was less
than 1%.

The gadolinium concentration of the complexes was deter-
mined as follows: gadolinium complex solutions were mixed
in equal volumes with 37% HCI and heated in sealed vials at
120 °C overnight to solubilize the free Gd** aqua ion. The R; of
the solution was measured at 25 °C and 21.5 MHz and the con-
centration was determined using the equation: Ry = Ryq + ryp X
[Gd], where Ry4 is the diamagnetic contribution (0.5 s7*) and
r1p is the relaxivity of free Gd(m) aqua ions (13.5 mM " s7)
under the same experimental conditions.

The acid catalyzed Gd-complex dissociation was measured
as follows: Gd-HIBDO3A-DCA and Gd-HPDO3A were dissolved
in water and HCI] was added to final concentrations of 1 M HCl
and 0.2 mM Gd complexes. The solutions were incubated at
room temperature and the longitudinal relaxation rate (R,) was
measured at 21 MHz and 298 K for 6 days. Two samples were
measured for each complex and the average of the observed R,
values was calculated. The ratios between R, after a certain
time of incubation and its original value [Ry(¢)/R,(0)] were
plotted versus time.

Transmetallation experiments were performed as follows:
gadolinium complexes were dissolved in a phosphate buffer
(26 mM KH,PO, and 41 mM Na,HPO,) at pH 7. ZnCl, solution
(250 mM ZnCl, in H,0) was added to give an equimolar
Gd: Zn solution. The solutions were incubated at 310 K and
the longitudinal relaxation rate (R;) was measured at 21 MHz
and 298 K for 7 days. Two samples were measured for each
complex and the average of the observed R; values was calcu-
lated. The ratios between R; after a certain time of incubation
and its original value [Ry(¢)/R4(0)] were plotted versus time.

The interaction of Gd-HIBDO3A-DCA with HSA was studied
using the well-established proton relaxation enhancement
(PRE) method (fitting model in the ESI}).>* Namely, the appar-
ent binding constant (K,) and the relaxivity of the resulting
adduct (r,°) were determined by measuring R, values of Gd-
HIBDO3A-DCA solutions at a fixed Gd concentration, as a func-
tion of increasing concentrations of protein, in PBS at 298 K,
21.5 MHz, and pH 7.4. The number of independent binding
sites (n) was calculated by measuring the R; values of HSA
solutions at a fixed concentration as a function of increasing
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concentrations of Gd-HIBDO3A-DCA (in PBS at 298 K,
21.5 MHz, pH 7.4).

The relaxometry competition tests for the hydrophobic sites
of HSA were done by measuring the R, values of solutions con-
taining Gd-HIBDO3A-DCA (0.6 mM), HSA (0.2 mM) and
increasing concentrations of the HSA-binders in PBS at 298 K,
21.5 MHz, and pH 7.4. Iodipamide was used for Sudlow site I
(subdomain IIA), ibuprofen for Sudlow site II (subdomain IIIA)
and methyl orange for subdomain IB.

70-NMR and NMRD profiles. '”0-NMR measurements were
recorded at 14.1T using a Bruker Avance 600 spectrometer at
varying temperatures (from 275 to 324 K), with a D,O capillary
for sample locking. Samples contained 1% H,'’O (Cambridge
Isotope) and the Gd(m) complex (8.5 mM in water or 3.3 mM
in the presence of 3 mM HSA). The width at half maximum
(Awgia) of the H,"0O signal in pure water and pure serum was
measured over the investigated temperature range and sub-
tracted from the width at half maximum (Awgq) of the test
solutions containing Gd-HIBDO3A-DCA. Then, R,, was calcu-
lated as follows: R, = n[Awgq — Awgia]. To compare the
different profiles, R, values were normalized to 20 mM con-
centration of the Gd(m)-complex. The data were fitted to the
Swift-Connick equations using a two-isomer model (fitting
model in the ESI}).

NMRD profiles were recorded using a Stelar SpinMaster
Fast Field-Cycling (FFC) relaxometer at a continuum of proton
frequencies from 0.01 MHz to 20 MHz; additional points were
obtained between 21.5 MHz and 80 MHz with a Bruker WP80
electromagnet coupled to a Stelar SpinMaster spectrometer.
Both systems were equipped with Stelar VIC-91 temperature
control and the internal temperature was checked with a cali-
brated RS PRO RS55-11 digital thermometer. The samples con-
sisted of 1 mM Gd(u) complex in the phosphate buffer and in
human serum. Data were analysed and fitted using the SBM
and Freed’s equations (fitting model in the ESI}). The
weighted average of 7,,, determined from the fitting of the 7O
NMR data, was applied as a fixed parameter in the fitting of
the NMRD profiles of Gd-HIBDO3A-DCA in the buffer and in
human serum.

Octanol-water partition coefficient (log P)

Octanol-water partition coefficients were obtained by the
addition of 500 pl of 1-octanol to 500 pl of a 0.5 mM water
solution of Gd-HIBDO3A-DCA or Gd-HPDO3A. The resulting
mixture was vigorously shaken for 2 h using a horizontal
mechanical shaker. The separation of the two phases was then
achieved by centrifugation for 10 minutes at 10.000 rpm and
25 °C. Aliquots of 200 pl were withdrawn from the aqueous
layer and the amount of Gd-complex was determined through
the relaxometry method as reported above. The quantity of Gd-
complexes present in the organic layer was calculated as a
difference from the total quantity originally introduced. P
values were calculated as the ratio between the quantity of the
Gd-complex in 1-octanol and in water layers, respectively, and
reported as log values.
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Assessment of blood elimination by ICP-MS

The pharmacokinetics of intravenously administered Gd-
HIBDO3A-DCA was assessed by ICP-MS quantification of the
Gd content in plasma. For this purpose, after the intravenous
injection of 0.05 mmol kg™' Gd-HIBDO3A-DCA to healthy
BALB/c mice (n = 3, each group), blood was collected from
mouse tail veins at variable time points (¢ = 3 min, 7 min,
15 min, 30 min, 1 h and 4 h). Before ICP-MS analysis, blood
samples were digested with concentrated HNO; (70%) under
microwave heating (Milestone MicroSYNTH Microwave lab-
station, Balgach, Switzerland, equipped with an optical fiber
temperature control and HPR-1000/6M high-pressure reactor,
Milestone, Bergamo, Italy). After digestion, 2 mL of ultrapure
water were added to each sample. The specimens were then
subjected to ICP-MS analysis (Element-2; Thermo-Finnigan,
Rodano (MI), Italy) to measure the concentration of Gd with
respect to standard curves. The results were reported as the Gd
micromolar concentration as a function of the collection time.
A two-compartment pharmacokinetic model was used to
analyze the data and to calculate the pharmacokinetic
parameters.””

Biodistribution study

BALB/c mice were used for the biodistribution study of Gd-
HIBDO3A-DCA and ProHance. The mice were euthanized 4 h
after the intravenous injection of complexes (0.05 mmol kg™*),
and the tissues (liver, spleen, kidneys, brain, and tumors) were
collected for Gd analysis. Organs were weighed, mixed with
0.5 mL of concentrated HNO; (70%) and digested under
microwave heating. After digestion, 3 mL of ultrapure water
were added to each sample. The specimens were then sub-
jected to ICP-MS analysis. The experiments were performed in
triplicate.

Tumor model. The tumor model employed in this study
entailed the subcutaneous inoculation of the TS/A mouse
mammary adenocarcinoma cell line into six female BALB/C
mice. These TS/A cells, derived from BALB/c mice and repre-
senting stage IV human breast cancer, were provided by the
American Type Culture Collection (ATCC LGC Standards, Sesto
San Giovanni, Italy).

All mice were maintained under environmentally controlled
conditions, including 12-hour light/dark cycles, a temperature
range of 20-23 °C, and a relative humidity of 50%. They had
access to food and water ad libitum. The mice were group-
housed in well-ventilated cages with appropriate cage enrich-
ment. Each mouse was assigned an ear tag for identification
purposes, and randomization was applied to mitigate measure-
ment bias.

All procedures involving the animals adhered to national
and international regulations concerning experimental
animals (L.D. 26/2014; Directive 2010/63/EU) and received
approval from the Committee on Animal Care.

MRI in vivo

MRI in a mouse tumor model. MR images were obtained
10-13 days after the inoculation of the tumor, with tumor
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dimensions ranging from 80 to 200 mm®. To administer the
contrast agent, an intravenous catheter was inserted into the
tail vein of the animal while it was under anaesthesia, prior to
positioning it inside the MR scanner.

The animals were anesthetized by intramuscular injection
of a combination of Tiletamine/Zolazepam (Zoletil 100, Virbac,
Milan, Italy) at a dosage of 20 mmol kg™' and xylazine
(Rompun; Bayer, Milan, Italy) at a dosage of 5 mmol kg™*. To
maintain the body temperature of the mice, a heated pad was
used in addition to monitoring the breathing rate using an air
pillow placed beneath the animals (SA Instruments, Stony
Brook, NY, USA).

Mice were injected with either gadoteridol (ProHance,
Bracco) or Gd-HIBDO3A-DCA at a dose of 0.05 mmol kg™*. MR
images were acquired both at 7T using a Bruker Pharmascan
MRI system equipped with a 35 mm "H/'H volume coil and at
1T using a Bruker ICON MRI system equipped with a 35 mm
"H volume coil.

'H sequences (RARE T,-weighted) were acquired on each
animal to obtain an accurate anatomical reference using the
following parameters: TR = 4000 ms, TE = 35 ms, RARE factor
= 24, flip angle = 180°, number of averages = 2, FOV = 30 mm X
30 mm, slice thickness = 1 mm, matrix size 128 x 128, and
spatial resolution = 0.234 mm per pixel x 0.234 mm per pixel.

A series of T;-weighted MSME scans were acquired before
and after (for 50 minutes) the intravenous administration of
the gadolinium complex to track the kinetics of the contrast
agent in the diseased mass. The scans were performed with
the following parameters: TR = 221.714 ms, TE = 8 ms,
number of averages = 6, FOV = 30 mm x 30 mm, slice thickness
=1 mm, matrix size 128 x 128, spatial resolution = 0.234 mm
per pixel x 0.234 mm per pixel, and acquisition time =
2 minutes and 50 seconds. A 5 mm NMR glass tube containing
0.5 mM ProHance in water was inserted near the mouse body
as a reference.

After acquiring the images, the T; contrast enhancement
(SE%) was calculated using the following formula: SE% = [(SI)
post — (SI)pre]/(SI)pre x 100, where (SI)post and (SI)pre rep-
resent the signal intensities (normalized by dividing for the
external standard reference) after and before the injection of
both Gd(wm)-contrast agents, respectively. Regions of Interest
(ROIs) were manually delineated within the reference standard
sample, tumors, kidneys, and various regions of the liver. The
SE% was calculated in all the ROIs as described above.

MRI angiography. Healthy female BALB/c mice weighing
approximately 20 g were used in contrast enhanced MR blood
pool imaging. The mouse was anesthetized by injecting a
mixture of 20 mg kg ' tiletamine/zolazepam (Zoletil 100;
Virbac, Milan, Italy) and 5 mg kg™ xylazine (Rompun; Bayer,
Milan, Italy) and placed in a solenoid T,/R, coil with an inner
diameter of 3.5 cm. The contrast agent Gd-HIBDO3A-DCA was
injected via the tail vein at a dose of 0.05 mmol kg™,

MR images were acquired before and at 2, 5, 10, 15, 30, 45
and 60 min post-injection of the contrast agents on a 1T MRI
Bruker Icon™ system (Bruker BioSpin MRI, Ettlingen,
Germany). A 35 mm 7,/R, mouse solenoid whole body coil was

This journal is © the Partner Organisations 2024

View Article Online

Research Article

used for both RF excitation and reception of the MR signal. A
3D GRE fast low angle shot (FLASH) pulse sequence (TR
10 ms; TE 4.1 ms; flip angle 30°; FOV 80 x 40 x 40 mm; MTX
192 x 96 x 96; NEX 2; temporal resolution 3 min 4 s per image)
with an isotropic spatial resolution of 0.417 mm. Three dimen-
sional maximum intensity projection (MIP) images were recon-
structed using the Image] program by subtracting pre-contrast
images from post-contrast images.

MRI in vitro. A phantom containing 8 cuvettes was prepared
to evaluate and compare the MRI signal of ProHance and Gd-
HIBDO3A-DCA at two different concentrations (0.1 and
0.5 mM). The compounds were dissolved in both PBS and
serum, creating a scenario that mimics the presence of
albumin.

MR image was acquired at 1T using a Bruker ICON MRI
system equipped with a 35 mm "H volume coil.

A T;-weighted MSME scan was acquired with the following
parameters: TR = 70 ms, TE = 9.24 ms, number of averages =
16, FOV = 30 mm x 30 mm, slice thickness = 2 mm, matrix size
96 x 96, spatial resolution = 0.3125 mm per pixel x 0.3125 mm
per pixel, and acquisition time = 1 minute and 48 seconds.
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