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The interaction of the negatively charged Ln®* chelate Ln—
DOTP with B- and vy-cyclodextrins bearing ammonium
groups at the upper rim (CD*s) was investigated using mass
spectrometry and NMR spectroscopic techniques. Mass spec-
troscopy shows the presence of 1:1 adducts of Ln-DOTP and
both B- or y-CD*. The peak intensities increased upon in-
creasing the pH of the samples from 7 to 9.0, suggesting an
increase in the strength of the interaction. Lanthanide in-
duced 'H NMR chemical shifts and relaxation rates
measured in aqueous solutions confirmed the presence of
these adducts. The strength of the interactions appeared to
be dependent on the pH, reflecting the strong electrostatic
interactions between the oppositely charged host CD* and
guest Ln-DOTP chelate. Evaluation of the lanthanide in-
duced relaxation rates showed that the Ln-DOTP does not
enter the cavity of the CDs, but remains above it with a dis-

tance of 10-11 A between the Ln3* ion and the centre of the
CD. Molecular modelling indicated that hydrogen bonds be-
tween the functionalized groups participating in the interac-
tion sites contribute to the adduct stabilization. The apparent
binding constants at pH 7 and 9 were obtained by using re-
laxometric measurements at 9 MHz. Fitting the NMRD pro-
files showed an increase in the number of second-sphere
water molecules surrounding the phosphonate pendant arms
of the Ln-DOTP chelate upon its interaction with the CDs. A
brief description of the PARACEST properties of the supra-
molecular systems formed by Tm-DOTP and the positively
charged CDs is presented. Both CDs display a shift of the
saturation transfer peaks of the ammonium functions by the
Tm complex, with an accentuated effect observed for the 7y-
CD derivative.

Introduction

Gd3* complexes are commonly used in clinical diagnos-
tics such as magnetic resonance imaging (MRI) contrast
agents (CAs), because of their high paramagnetism (4f’
electronic configuration) and long electron spin relaxation
times of the metal centre.!' 31 The contrast enhancement de-
pends on the ability of the CA to selectively enhance the
relaxation times of water protons of different tissues. This
enhancement results from a dipolar interaction between the
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large electronic magnetic moment of the Gd3* ion and the
magnetic moments of the water protons in its vicinity. The
efficacy is expressed by means of the relaxivity (r;, i = 1, 2),
which represents the relaxation rate enhancement of water
protons in solutions containing the paramagnetic agent
standardized at 1 mm Gd>*. Besides the number of water
molecules in the inner coordination sphere, the relaxivity of
a Gd** complex is determined by the various correlation
times modulating the dipolar interaction. It has been recog-
nized that high relaxivities at the common imaging fields
(0.5-1.5 T) may be obtained for long rotational correlation
times (tg) and electronic spin relaxation times (7.) and a
short lifetime of the water molecules in the first coordina-
tion sphere of Gd3* (7)).['™!

Thus, an approach to optimize the efficacy of CAs is to
increase tr by increasing the size of the paramagnetic com-
plex. This has been attained either by covalent binding of
Gd3* chelates to slowly tumbling macro(bio)molecules (lin-
ear polymers,® carbohydrates,”’ proteins!®! and dendri-
mers®)) or through noncovalent binding of a suitably func-
tionalized Gd** complex to macromolecules, usually hu-
man serum albumin.®&19 Alternative ways to achieve this
goal are through self-assembly of Gd3* chelates,['! such as
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amphiphilic ones!'? or through the inclusion of lipophilic
Gd3* chelates in liposomes!'3! or other lipid-based colloidal
systems.[!4]

The cylodextrins have been used as scaffolds for the co-
valent attachment of Ln3* ions or Ln3* complexes as lumi-
nescent probes or slowly rotating Gd**-based MRI
agents.'’! The formation of supramolecular structures by
inclusion of Gd** chelates in cyclodextrins is yet another
way to attain slow rotational dynamics in solution. The
cyclodextrins (CDs) are a family of cone-shaped, cyclic oli-
gosaccharides consisting of six (a-CD), seven (B-CD) or
eight (y-CD) a(1-4)-interconnected D-glucose units. The ex-
ternal surface of the CD cones is hydrophilic, while the in-
ternal surface is relatively hydrophobic, as none of the hy-
droxy groups point towards the interior of the cavity. The
primary C H,OH groups of the glucose units are at the
narrow rim, while the secondary C,)HOH and C3HOH
groups are at the wide one. They readily form inclusion
complexes with guest molecules of suitable size, shape and
polarity. As a general rule, the complex is strong when there
is size complementarity between the guest and the cavity of
the CDs, which have internal diameters of 4.7-5.2, 6.0-6.5
and 7.5-8.5 A, for the a-, B- and y-CDs, respectively. Such
host—guest inclusion complexes are used in a variety of in-
dustriall'®!7l and pharmaceutical applications.'¥! Many
NMR spectroscopic studies have been published on the
solution structure and the thermodynamic stability of host—
guest compounds of CDs with organic molecules.I'>? In-
clusion complexes of y-CDs with crown ethers, azamacro-
cycles and their complexes with metal cations (Li*, Ca?*,
Ba’*) have been characterized.[>' 2%

Among the unsubstituted CDs, only the y-CD interacts
in aqueous solution with Gd3* chelates of unsubstituted
tetraazamacrocyclic ligands, like Gd-DOTA and Gd-
DOTP [H4;DOTA = DOTA = 1,4,7,10-tetraazacyclododec-
ane-1,4,7,10-tetraacetic acid, HgDOTP = 1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetrakis(methylenephosphonic  acid),
see Figure 1].242%] However, these interactions are quite
weak, as these macrocyclic chelates are somewhat too large
to perfectly fit into the cavity of the widest cyclodextrin, y-
CD.P”l More stable inclusion compounds and supramolec-
ular assemblies have been obtained with Gd-DOTA or Gd-
DTPA (HsDTPA = diethylenetriaminetetraacetic acid)
complexes bearing hydrophobic substituents of the appro-
priate size and B-CD.[10¢:27-29]

Modified charged cyclodextrins, such as mono- or per-
aminated B-CDs, have been found to be capable of chiral
recognition, e.g. of a-amino acids, through a combination
of coulombic interactions and inclusion.[3%3! These modi-
fied CDs are also cone-shaped with a hydrophobic cavity,
which is however more expanded in an aqueous medium
due to the strong electrostatic repulsions between the
charged substituents.

Here, we report the results of a study aimed at increasing
the strength of the interaction between the negatively
charged Gd-DOTP and the CDs by means of substitution
of the upper rim of the latter with positively charged ammo-
nium groups. The positively charged CDs will be repre-
2088
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Figure 1. Chemical structures of the interacting systems discussed,
Ln-DOTP, B- and y-CD™*.

sented as B-CD"* and y-CD*, respectively (see Figure 1).
Mass spectrometry (MS) experimentsP>34 were used to
verify the existence of noncovalent interactions between the
negatively charged chelates and the CD*s and to determine
the stoichiometry of the adducts. The stability and the
structures of the supramolecular systems formed were
studied in more detail by 'H and 3'P NMR spectroscopy,
and water 'H relaxometry and longitudinal 'H nuclear
magnetic resonance dispersion (NMRD) techniques. Ad-
ditionally, the PARACEST properties of these supramolec-
ular compounds were also evaluated.[*3]

Results and Discussion

The modified (B,y)-CD*s have seven or eight amino
groups with pK, values ranging from 6.9 to 8.5,13° thus they
are positively charged over a large pH range. The pK,
values reported for the [Ln(DOTP)]>~ complex are in the
range 4.4-7.9.871 Since the NMR spectroscopic study was
carried out at pH 7-9, the CD"s and the Ln-DOTP are
present as partially protonated cationic and anionic forms,
respectively, under the present conditions. The exact pro-
tonation state of the Ln—-DOTP complex will depend on the
pH and may be influenced by supermolecular interactions.
For the sake of simplicity these chelates are denoted as Ln—
DOTP, irrespective of the protonation state and the charge.

Mass Spectrometry

Thanks to its very high sensitivity mass spectrometry has
become an important tool in the investigation of supra-
molecular systems. Here we exploit this technique to verify
the existence of adducts of the CD"s and the Ln** chelates
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and to determine their stoichiometries. The mass spectrum
obtained for an equimolar mixture (p = 1, p = [Ln**—che-
late]/[cyclodextrin]) of B-CD* and Gd-DOTP at pH 7.0
(Figure 2) shows the signals of B-CD™ at m/z = 1128 ([B-
CD™* + HJ]") and 1150 ([B-CD* + Na]*) and those for the
Gd-DOTP at m/z = 725 ([Gd(DOTP) + Na]*) and 747
([GA(DOTP) + 2Na]*). In addition signals were observed
at m/z = 916 ([B-CD* + Gd(DOTP) + 2HJ**), m/z = 928
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([B-CD* + Gd(DOTP) + H + Na]*"), m/z = 938 ([p-CD"*
+ Gd(DOTP) + 2Na]**), m/z = 960 ([B-CD* + Gd(DOTP)
+ 4Na]**) and m/z = 971 ([B-CD* + Gd(DOTP) + 5Na]**).
The mass spectrum at pH 9.0 (Figure 2) is very similar to
that at pH 7.0, except for the higher signal intensities of the
1:1 adduct relative to those of the free cyclodextrin, spe-
cially for the m/z = 916 signal. Similar mass spectra were
obtained for an equimolar mixture of y-CD* and Gd-
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Figure 2. Mass spectrum of B-CD* + Gd-DOTP, p = 1, at pH 9.0 (bottom) and pH 7.0 (top).
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DOTP at pH 7.0 and 9.0 (Figure S1). These data indicate
that both B- and y-CD* form a 1:1 noncovalent adduct with
Gd-DOTP, and the effect of the pH on the peak intensities
suggests that the supramolecular interaction at pH 9.0 is
stronger than at pH 7. This can be explained by the in-
creased Coulomb interaction from the increase of the nega-
tive charge of the Gd—DOTP species as a result of the de-
protonation.

3P NMR and "H NMR Chemical Shifts as a Function of p

The interaction of the two positively charged aminated
cyclodextrins, B-CD* and y-CD™, by titration with the neg-
atively charged Ln-DOTP was investigated for Ln = Nd
and Tm. Qualitatively, very similar phenomena were ob-
served, although the lanthanide-induced shifts were obvi-
ously different for the two lanthanides. Here, we discuss
only the spectra for the Nd3* complex, the spectra for Tm?3*
are displayed in the Supporting Information. The spectra
were assigned by comparison with those of the B- and y-
CD"s and the free Ln**—chelates.

The X-ray crystal structure of Gd-DOTP shows an
eight-coordinate Gd** ion bound to the ligand, with a
twisted square antiprismatic (TSAP or m’) conformation,
with no inner-sphere water. This TSAP isomer appears in
the crystal as a racemic mixture of enantiomers, A(AAAL)

and A(8888).%1 In solution, the Ln—-DOTP complexes also
exist as a racemic mixture of these two enantiomers, which
are obviously indistinguishable by NMR spectroscopy.l*’]
The supramolecular interaction between B-CD™ and Nd—
DOTP was followed by *'P NMR spectroscopy upon ad-
dition of increasing concentrations (p = 0-5) of Nd—-DOTP
to a 5 mwm solution of B-CD™ at pH 7 (see Figure 3). At p
= (.25, a single 3'P NMR resonance was observed at § =

1
I
|

|
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Figure 3. 3'P NMR titration (202.274 MHz) of the B-CD* with
Nd-DOTP in D,O, pH 9.0, 298 K. Bottom to top: Nd(DOTP)
12.5mwm, p = 0.25, 0.5, 1.0, 1.5, 2.5, 5.0.
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Figure 4. (A) '"H NMR spectra of 5mm B-CD™ in the presence of increasing concentrations of Nd-DOTP in DO, (pH 7.0, 298 K and
500 MHz); (B) Expansion of the diamagnetic region with some of the Nd-DOTP resonances; (C) Expansion showing the H1, H5 and
H6 protons of 25 mmM Nd-DOTP (bottom) and a mixture of Nd-DOTP and B-CD™* (p = 5) (top). Peaks of B-CD™, bound Nd-DOTP

and free Nd-DOTP are labelled with *, X, O, respectively.
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—18 ppm at pH 9, which can be assigned to the 1:1 adduct.
At p > 0.5, a resonance for free Nd-DOTP appeared at
about —6 ppm. Upon further increase of p, the resonance
for the adduct showed broadening and at the same time it
shifted downfield. This suggests an interaction between the
1:1 adduct and Nd-DOTP. Although this adduct is dia-
stereomeric, no splitting of the resonances was observed.
Apparently, the exchange between the A(AAAL) and A(3559)
CD*-Nd-DOTP adducts is either fast on the 3'P NMR
shift timescale or the chemical shift difference between them
is unobservable.

Similar phenomena were observed in the '"H NMR spec-
tra of these samples (Figure4). Upon increase of p, in-
creased broadening and induced shifts were observed for
the resonances for B-CD™*, while two new sets of resonances
appeared. One of these sets had the same chemical shifts as
that of a sample of free Nd-DOTP and the position of the
signals in the other set was close to those of the resonances
for free Nd—-DOTP. Therefore, these signals were assigned
to the DOTP part of the 1:1 adduct. The relative intensities
of the resonances were in agreement with this assignment.
These phenomena indicate that the exchange of the DOTP
resonances between the free form and the adduct is slow
on the '"H NMR shift timescale, whereas the corresponding
exchange of the B-CD™ resonances is in the rapid-exchange
regime, although with substantial exchange broadening. It
cannot be excluded that this broadening is caused by bind-
ing of a second Nd-DOTP to the B-CD* (M,L complex).

A similar 'TH NMR spectroscopic titration experiment
carried out with y-CD* and Nd-DOTP led to similar re-
sults (Figure S2). Once again, the signals of the two dia-
stereomers of the adduct were not resolved.

pH Dependence of the 3'P NMR Chemical Shifts

As an example, Figure 5 displays the pH dependence of
the *'P NMR chemical shifts for a sample of B-CD* and
Nd-DOTP at p = 1 and 298 K. Between pH 5 and 7, a
single resonance is observed at 6 = 21 ppm. In this pH
region B-CD™ is fully protonated and this resonance can be

10 0 -10 -20 -30 ppm

Figure 5. pH dependence of the 3'P NMR (202.274 MHz) spec-

trum of a mixture of y-CD* and Nd-DOTP, in DO, p = 1, 298 K.
Bottom to top: pH 5, 6, 7, 8, 9, 10.
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assigned to the 1:1 adduct of this species with the Nd-
DOTP complex. Between pH 7 and 9 the resonance moves
to about -8 ppm. At the same time a resonance for free
Nd-DOTP appears at 6 = -9 ppm, which shifts to —5.2 for
this pH trajectory. The jumps in both resonances can be
ascribed to deprotonation. Upon increase of the pH be-
tween 8 and 10, the intensity of the free Nd-DOTP reso-
nance increases at the expense of that of the adduct. This
can be attributed to the deprotonation of the ammonium
groups and the concomitant decrease of the Coulomb inter-
action between the negatively charged Nd-DOTP species
and the CD derivative leading to dissociation of the adduct.

Structure Evaluation of the Ln-DOTP-CD* Adduct from
Lanthanide-Induced Longitudinal Relaxation Rate
Enhancements

The solution structure of the 1:1 adduct of Ln—-DOTP
and the CD™* was evaluated from the induced 'H longitudi-
nal relaxation rates. The paramagnetic lanthanide induced
shifts for Ln = Gd have no dipolar contribution, but are
exclusively from contact origin. Consequently, the Gd**
shifts are relatively small and the exchange of ligands be-
tween the free and bound form is usually rapid on the
NMR timescale. Longitudinal relaxation rates were deter-
mined for the protons of B- and y-CD™ in the presence of
Gd-DOTP for p values up to 0.1 (at pH 7.0) and 0.02 (at
pH 9.0) (Figure S3). At pH 7.0 the relaxation rates for all
the protons are almost the same and increase linearly with
p and at pH 9.0 the proton relaxation rates are different,
but increase nonlinearly with p.

For rapid exchange between free y-CD*, Gd-DOTP and
their adduct, at low p-values, the observed relaxation rates
are given by Equation (1).

Rl,obs = + R'f (1)

Tivm+ v

Here, R; ops 18 the observed longitudinal relaxation rate
(the reciprocal of the relaxation time, 1/7T4ps), T1m the lon-
gitudinal relaxation time of the proton in question in the
adduct, 7y the residence time in the adduct and R;; the
relaxation rate of that proton in the free form. When 7y
<< Tim, Ry obs 1s linearly dependent on p and the values
of T\ can be determined from the slopes of the lines ob-
tained upon plotting R, s as a function of p. However,
when 1y >> Ty, the slopes are equal to 1/t for all pro-
tons in the adduct. This is apparently the case at pH 7 for
Gd-DOTP-CD". The nonlinear relationship observed for
pH 9 may be explained by a dependence of 7y; on p. Under
these conditions, an accurate determination of 7),; be-
comes cumbersome and so we decided to select Tm-DOTP
for the evaluation of the solution structure of its adduct
with the CD"s. In an '"H NMR spectroscopic titration with
large p values (p = 0.25-5), the exchange of the protons of
CD"s in the adduct and the free form is slow on the 'H
NMR shift timescale: separate sets of signals are observed
for both forms (Figure S4). Since the resonances of the
2091
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CD™* protons showed increased broadening and overlap at
higher p values (Figure S4), we decided to evaluate the
paramagnetic relaxation rates of the CD" protons induced
by Tm-DOTP from the spectra at very low concentration
(p = 0.05). The relaxation rates induced by Tm?>* have con-
tributions determined by the dipolar and Curie mecha-
nisms,?! which are modulated by the electronic relaxation
rates and the rotational correlation time, respectively. Since
the exchange between the protons of CD¥s in the adduct
and the free form is slow on the 'H NMR timescale in this
case, the longitudinal relaxation rates (R;y;) can be derived
from the observed relaxation rates just by subtraction of
the diamagnetic contribution from the observed relaxation
rates. The values of R;y; obtained for the B- and y-CD*
protons at pH 7 and 9 are compiled in Table 1. The proton
resonances of the CD™s were assigned on the basis of the
magnitude of the relaxation rate enhancements.

Table 1. R;,, values (experimental and theoretical) of the (B,y)-CD*
in the presence of the [Tm(DOTP)]>" complex at p = 0.05, 298 K,
pH 7.0 and 9.0.

per-NH;*--CD

per-NH;*-y-CD

(Rim)i 5 (Rim)i 57 Rim)i 5 (Rim)i (s
Experimental Theoretical Experimental Theoretical
pH 7.0
H! 0.12 0.13 0.30 0.26
H? 0.16 0.18 0.28 0.26
H? 0.32 0.33 0.20 0.12
H* 0.26 0.25 0.45 0.44
H? 0.48 0.49 0.64 0.64
He 0.56 0.55 0.78 0.74
HoP 0.43 0.44 0.64 0.64
pH 9.0
H! 0.38 0.39 0.40 0.40
H? 0.32 0.31 0.20 0.19
H? 0.22 0.23 0.17 0.17
H* 0.75 0.76 0.77 0.41
H? 1.15 1.13 1.22 1.21
He 4.28 431 3.37 3.37
Ho® 2.26 2.26 1.84 2.03

The relaxation rates R;y; have contributions from the di-
polar and the Curie relaxation mechanisms. It can be de-
duced that they are related to the structure of the paramag-
netic systems involved by Equation (2).5

Rim = klr® (2)

Here, r is the distance between the Tm?>* ion in the sys-
tem and the CD™ proton in question.

The molecular structure of the Tm-DOTP part of the
1:1 adduct with the CD*s was assumed to be identical to
the crystal structure of Tm—-DOTPB8 and molecular models
of the CD* moieties were constructed by attaching ammo-
nium substituents to the upper rim of the crystal structures
of the parent CDs,*% followed by optimisation of the geo-
metries of the -CH,~NH;* functions using molecular me-
chanics with the MM+ force field. The Tm-DOTP chelate
was located at the top of the per-aminated rim of the CD™,
with the Tm>* ion and the centre of the DOTP macrocyclic
2092
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ring on the Z axis of the coordinate system whose origin
corresponds to the centre of the cyclodextrin skeleton. The
experimental R;y; data were fitted to Equation (2) by vary-
ing the distance between the Tm3* ion and the centre of the
CD™, which was taken as the origin of the coordinate sys-
tem. For the data measured at pH 7.0, good fits were ob-
tained for a distance of 10.79 and 10.45 A for B- and y-
CD™, respectively, whereas the best-fit values of these dis-
tances for the data measured at pH 9.0 were significantly
shorter, 9.22 and 8.88 A, respectively. The relaxation rates
calculated with these best-fit distances are compared with
the experimental values in Table 1.

The decrease of the best-fit distance upon increase of the
pH from 7 to 9 is in agreement with the increasing charge
of the Tm-DOTP species due to its deprotonation and
underlines the importance of the electrostatic interaction
between the positively charged protonated amino groups of
the CDs and the negatively charged phosphonate oxygens
of the Ln—DOTP complex for the stabilization of the supra-
molecular adduct.

Molecular models (Figure 6) show that the structures of
the adducts allow for the formation of hydrogen bonds be-
tween the amine NH protons of the host and the phos-
phonate oxygens of the guest. Surprisingly, the Tm-DOTP
complex is located outside the B-cavity, even for y-CD™. En-
tering the cavity would require the Tm-DOTP complex to
approach the upper rim of the CD" with the DOTP func-
tions directed away from the ammonium functions and the
hydrophobic macrocyclic entity towards them, which ap-
parently is much less favourable than an approach with the
opposite orientation of Tm-DOTP, and hence this does not
occur.

Figure 6. Model of the interaction between Tm-DOTP and y-CD*,
side view (left) and top view (right). The value calculated for the
distance between the lanthanide ion and the origin of the coordi-
nate system (at the centre of the y-CD*) was 8.88 A, at pH 9.0.

'H Longitudinal Relaxivity Studies

The pH effects on the stability of the Gd-DOTP-CD*
adducts were also studied through investigation of the water
'H longitudinal relaxation rates in the presence of this sys-
tem. In a first step, a 1 mm solution of Gd-DOTP was ti-
trated with increasing amounts of the neutral B-CD or 7y-
CD up to a value of p = 5.0, at 9 MHz, pH 7 and 298 K.
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This had no effect on the relaxivity, which did not change
from the values for Gd-DOTP alone (r; =
5.1 0.3 s 'mm '), indicating that the interactions with the
parent CDs are absent or too weak to change r;.1>*2°]

By contrast, the interaction of Gd-DOTP with the
charged B- and y-CD™ (see Figure 7) gives rise to a gradual
increase in r; with the pH up to a maximum of pH = 9, and
then drops steeply to the value for free Gd—DOTP at pH
10. This reflects the pH dependence of the supramolecular
interaction, which is determined by the protonation state
and the charge of the negatively charged guest chelate and
the positively charged host cyclodextrin, as reflected in their
pK, values, as discussed before.

Relaxometric titrations were then carried out for Gd-
DOTP solutions containing increasing concentrations of -
or y-CD*, up to p = 5, both at pH 7.0 and at pH 9.0, a
value close to the pH of maximum interaction (Figure 8).
For the B-CD*/Gd-DOTP system, the shape of the titration
curves again shows that the maximum relaxivity obtained

30
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c E/ﬁ\
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= e
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and the association constants are much higher at pH 9 than
at pH 7. The titration curve at pH 7 was fitted to the forma-
tion of a single 1:1 supramolecular species, with a calculated
conditional association constant K, = (1.19%+0.47)X
10* M !. The K, value at pH 9.0 is at least an order of mag-
nitude higher, which is too high to be determined from the
experimental data. This once again reflects stronger electro-
static interactions at pH 9, resulting from the larger nega-
tive charge of the Gd** complex (-5), while the B-CD*" is
still partially protonated. For the y-CD*/Gd-DOTP sys-
tem, the titration curve obtained at pH 7 is more complex,
with a marked relaxivity decrease at higher y-CD™ concen-
trations. This indicates that the adduct formation may in-
volve M,L species, whose lower relaxivity might be ex-
plained by a weaker interaction of the second Gd-DOTP
species with the opposite rim of the y-CD™, thus partially
hindering the access of the outer-sphere molecules to the
proximity of the Gd3* ions. At pH 9 it has the typical shape
of a 1:1 binding isotherm, with a calculated conditional as-
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Figure 7. pH dependence of r, for solutions containing 1 mm Gd-DOTP and 5 mm B-CD™ (left) or y-CD™ (right) at 9 MHz, 298 K.
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Figure 8. [Gd(DOTP)]>~ relaxivities as a function of CD* concentration, 9 MHz and 298 K; [Gd(DOTP)]>~ concentration is 1 mm. Left:
B-CD™* at pH 7 (®) and pH 9 (H). Right: y-CD™" at pH 7 (H), pH 8 (O) and pH 9 (®). The lines through some of the data correspond

to the best-fit parameters described in the text.
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Table 2. Parameters obtained from the NMRD data of (B,y)-CD*/[Gd(DOTP)]> .

[Gd(DOTP)]* B-CD*/[GA(DOTP)]* (1:1) y-CD*/[GA(DOTP)]* (1:0.5)

47110 [s2] 2.36 4.00 5.27
v [ps] 32.70 24.80 19.68

0 0 0
aGan/1071° [m] 3.8 3.8 3.8
DI10°° [m?s ] 2 2 2
q 4 15.71 15.65
Fspy/1071° [m] 4.33 433 433
Tesry/ 10710 [s] 1.23 1.57 1.45

sociation constant K, = (4.80*0.50) X 10* m~!, slightly
higher than for the B-CD™.

As Gd-DOTP has no inner-sphere water molecules (¢ =
0), the '"H NMRD profiles obtained for B- and y-CD*/Gd—
DOTP at pH 7.4 (Figure 9) were fitted by using a combina-
tion of the second-spheref!?l and the outer-spherel*'®! re-
laxation models. The magnetic field dependency of the in-
ner-sphere relaxivity of small Gd** complexes is usually de-
scribed by the Solomon-Bloembergen-Morgan (SBM)
equations, despite its many approximations.*”J Although
more realistic theoretical alternatives to the description of
electronic spin relaxation, in particular for large, slow tum-
bling systems do exist,[**] the SBM theory is used here as
a simple way to account for the effects of electronic spin
relaxation on relaxivity, yielding only “ad hoc” ZFS param-
eter values. The SBM equations can be adapted to second-
sphere effects,[*'4 while Freed’s equation is used to describe
the outer-sphere contribution of the relaxivity.[*'®] The set
of equations used is given in the Supporting Information.
Second-sphere relaxivity depends on a variety of param-
eters, such as the average number of second-sphere water
molecules (¢'), the average distance of their protons from
the Gd** ion (rp, where the subscript refers to second-
sphere), the correlation time responsible for the second-
sphere contribution (zsp) [Which is the combination be-
tween the residence lifetime of the second-sphere water pro-
tons (Tymen) and their reorientational correlation time
2094
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(t:sn)] and the electronic relaxation parameters (the static
zero-field splitting, A%, and the correlation time for its mod-
ulation, 7,). The outer-sphere contribution depends on the
distance of closest approach of a water molecule to Gd**
(agan), the diffusion constant (D) and the electronic relax-
ation time at zero field (rgg), which is a function of A2,

The best-fit parameters, obtained upon keeping the pa-
rameters dgan, D and rp constant at the values obtained
for Gd-DOTP, are presented in Table 2. Here, it seems that
the relaxivity enhancement of Gd-DOTP upon interaction
with B- or y-CD" arises from the increase of the average
number of second-sphere water protons (¢'), whereas the
correlation time responsible for the second-sphere contri-
bution (7.sp) is practically unaltered.

PARACEST Studies

We also investigated the paramagnetic CEST
(PARACEST)3 properties of the supramolecular adducts
formed between the positively charged (B,y)-CD*s, which
contain a relatively high number of exchanging protons (21
and 24 mobile protons for - and y-CD™, respectively) and
the negatively charged complex Tm-DOTP. It is expected
that the paramagnetic complex may act as a shift reagent
for the resonances of the amine protons of the cationic
cyclodextrins in order to make them detectable in a CEST
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Figure 10. CEST Z-spectra (left) and ST-profiles (right) of an aqueous solution of 5 mm B-CD* in the presence of Tm—-DOTP at different
molar ratios (7.05 T, pH 7.4, 298 K). Irradiation conditions: block pulse, irradiation time 2 s, B; intensity 12 pT. The CEST spectra
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correspond to the same ratios 10:1 (dash dot), 5:1 (short dot), 4:1 (dot), 2:1 (dash), 1:1 (solid) and 0.5:1 (light solid). ST% is defined as
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experiment, as it has been observed for the guanidine pro-
tons of polyarginine in the presence of Tm-DOTP.[44
Figure 10 shows the Z- and the ST-spectra of solutions
containing different Tm-DOTP/B-CD* molar ratios (p =
0.5 to 10), with the concentration of B- or y-CD" fixed at
5Smm, leading to the presence in solution of more than
100 mM of mobile protons. The main feature of the Z-spec-
tra is the broadening of the CEST peak of the bulk water

upon increasing the concentration of the paramagnetic
agent. The corresponding ST profiles reported in Figure 10
(right) do not show any clear ST effect arising from mobile
protons shifted by the paramagnetic agent. The only peak
detectable in the ST profiles falls very close to the bulk
water signal (within 5 ppm), and, furthermore, its offset
sign displays an unusual dependence on the p values (shift
positive for p < 5, and negative for p > 5) (see Figure S5).
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Figure 11. CEST spectra of y-CD™* aqueous solution (7.05 T, 5 mm, pH 7.4, 298 K) in the presence of Tm-DOTP at different molar ratios
(left p = 0.5, middle p = 0.6 and right p = 0.7), measured at two different saturation intensities: 12 pT (top) and 24 uT (bottom).

Irradiation conditions: block pulse, irradiation time 2 s.
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The CEST experiments carried out with the y-CD™* in the
presence of the Tm-DOTP complex showed similar results.
Surprisingly, and differently from B-CD™, only solutions
with Tm-DOTP/y-CD™* molar ratios lower than 1 could be
analyzed, because at higher molar ratios a precipitation oc-
curred. Figure 11 shows the Z-spectra for the investigated
molar ratios measured at two different B; intensities (12
and 24 uT, top and bottom, respectively). The Z-spectra at
the molar ratio p = 0.5 are characterized by the presence of
a shoulder of the CEST peak of the bulk water at about
—-30 ppm, which is analogous to the shift reported for the
guanidine protons of polyarginine in the presence of the
same paramagnetic shift reagent.*# Surprisingly, upon in-
creasing the amount of y-CD™, the shoulder disappears at
p = 0.6 and reappears at the opposite side (ca. 20 ppm) at
p = 0.7. This behaviour is more evident by looking at the
ST profiles reported in Figure S6 for the experiments car-
ried out at 24 uT.

This finding is similar to what was observed for the ad-
duct with B-CD™ (see the right side of Figure 10) even if in
that case the frequency offset of the detected CEST peak
was very small (less than 5 ppm). The similarity between
the behaviour of the two supramolecular adducts suggests
that the CEST peak detected for the B-CD* adduct might
be assigned to the amine protons of the cyclodextrin, which
are the only mobile protons present in these systems. On
this basis, the different induced shift between -CD* and -
CD™ could be the result of a different interaction modality
between the two different CD*s and the shift reagent. A
possible way to investigate these changes more intensely
could be the cocrystallization of the lanthanide complex
and the charged CD™s.

The large changes of the ST profiles observed upon very
small changes in the molar ratio of the two interacting mo-
lecules is an indication of the complexity of this noncoval-
ent interaction, which likely involves the formation of ad-
ducts with different stoichiometries.

Conclusions

The data presented in this work shows that the positively
charged B- and y-CD* form strong 1:1 and weaker 1:2 ad-
ducts with negatively charged Ln-DOTP complexes. The
main driving force is an electrostatic interaction between
the oppositely charged complexes, which is nicely illustrated
by the increasing stability upon increase of the pH. Surpris-
ingly, the Ln—-DOTP complexes were not included in the
cavity of these charged cyclodextrins. In a previous investi-
gation, it was shown that Ln—-DOTA complexes partly enter
the cavity of neutral y-CD; the carboxylate groups remain
outside the cavity.?>! The reluctance of B- and y-CD™" to
form inclusion compounds with Ln—-DOTP can be rational-
ized by steric hindrance on entering the cavity due to the
substituents at the upper rim of the cyclodextrin and to the
high hydrophylicity of Ln—-DOTP, which results in a lower
affinity than Ln-DOTA for the hydrophobic cavity of
cyclodextrins.
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The two enantiomeric forms of the TSAP isomer of Nd—
DOTP could in principle be distinguished by NMR spec-
troscopy through the binding of an optically active sub-
strate such as - or y-CD*. However, such a chiral resolu-
tion of the two enantiomeric forms was not observed, as
opposed to the previously studied system formed by ion-
pairing of Eu-DOTP with the optically active organic base
meglumine [N-methyl-D(-)-glucamine].[**®! This difference
in behaviour of the two systems probably reflects the rela-
tively large distance between the amine NH protons of the
host CD* and the phosphonate oxygens of the guest Ln—
DOTP in the presently studied adducts. The interaction be-
tween Ln-DOTP and B- or y-CD" is reinforced through
formation of hydrogen bonds. This also considerably in-
creases the number of second-sphere water molecules
trapped in their interface, which leads to a substantial re-
laxivity enhancement for the Gd-DOTP complex upon ad-
duct formation.*® This interaction is also responsible for
the observed shift of the saturation transfer peaks of the
ammonium functions of the positively charged CDs caused
by the Tm-DOTP complex, in particular for the y-CD de-
rivative.

Modified charged cyclodextrins have been used before as
scaffolds for the covalent attachment of stable macrocyclic
Gd** complexes or of Gd3** ions forming weaker com-
plexes.'>! They have been applied as MRI contrast agents
for cell imaging!'>¥ and evaluated in an in vivo tumour ani-
mal model.*! However, the present work indicates that the
formation of stable adducts combining the CD properties
with the stability of macrocyclic Gd** chelates could be a
useful alternative to the in vivo use of poorly stable Gd3*-
CD complexes.

Experimental Section

Syntheses, Chemicals and Sample Preparations: The synthesis of
per-NH;*-(B,y)-CD (B,y-CD™) was carried out following the pro-
cedure described previously. 6]

B-CD*: '"H NMR (D-O, TSP, pH 6.9, 300 MHz): § = 5.15 (d, 7 H,
HI1); 0 = 4.16 (t, 7 H, H5); 0 = 3.96 (dd, 7 H, H3); 0 = 3.63 (dd, 7
H, H2); 0 = 3.55 (dd, 7 H, H4); 6 = 3.42 (dd, 7 H, H6,); 6 = 3.26
(dd, 7 H, H6,,) ppm. *C NMR (D,0, tBuOH, pH 6.9): 6 = 103.31
(Cl); 0 = 84.50 (C4); 0 = 74.42 (C2); o = 73.25 (C3); 0 = 72.03
(CS5); 0 = 52.54 (C6) ppm.

v-CD*: 'H NMR (D,O, TSP, pH 7.1, 300 MHz): 6 = 5.18 (d, 8 H,
Hl1); 0 = 4.14 (t, 8 H, H5); 0 = 3.98 (dd, 8 H, H3); 6 = 3.69 (dd, 8
H, H2); 0 = 3.60 (dd, 8 H, H4); 6 = 3.42 (dd, 8 H, H6,); 6 = 3.23
(dd, 8 H, H6,,) ppm. *C NMR (D,0, tBuOH, pH 7.1): 6 = 103.95
(Cl); 0 = 84.64 (C4); 0 = 74.62 (C2); 0 = 73.29 (C3); 0 = 72.12
(C5); 0 = 52.71 (C6) ppm.

The macrocyclic ligand HsDOTP was synthesized according to a
known procedure,*”! or purchased from Macrocyclics, Dallas,
Texas, USA (HgDOTP). The LnCl; salts were purchased from Ald-
rich. The deuterated solvents D,O (99.9 atom-% D), DCI (99.9
atom-% D) and NaOD (99.9 atom-% D, 40% solution in D,0)
were obtained from Sigma. The Ln-DOTP complexes were pre-
pared following the procedures described in the literature.?® The
final solutions were tested for the absence of free lanthanide ions
using xylenol orange as indicator.[*®!
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The NMR titrations were performed by adding an aqueous solu-
tion containing the cyclodextrin (5 mm) and the chelate (1 mm) to
an aqueous solution (1 mMm) of the lanthanide chelate. A solution
of TSP [sodium 3-(trimethylsylyl)propionate] in CDCl; in a coaxial
tube inside the NMR sample tube was used as external reference
for proton shifts in order to prevent the interaction between the
CDs and the standard. 3'P NMR shifts were referenced to 85%
H;PO, as external standard.

pD measurements were carried out with a Crison micropH 2000
pH meter, coupled to a SemTix Mic pH 014/0 electrode. The pD
values were adjusted with DCI or NaOD and the pH meter read-
ings were converted to pD values using the isotopic correction (pD
= pH reading + 0.4).14%

Spectrometric Measurements: Electrospray mass spectra were ob-
tained with a Q-tof 2 mass spectrometer (Micromass, Manchester,
UK). The source was operated in the positive ion mode at a capil-
lary voltage of 3 kV. Nal was used for the calibration. Samples

dissolved in water were injected at a flow rate of a 5 uLmin .

'"H NMR spectra were obtained with Varian Unity INOVA 300
(300.154 MHz), VXR-400S (399.918 MHz) or Unity 500
(499.824 MHz) spectrometers. '3C NMR spectra were measured
with the INOVA 300 or the VXR-400S (75.481 and 100.569 MHz,
respectively) spectrometers and 3'P NMR spectra on the UNITY
500 (202.274 MHz) spectrometer. The probe temperature was ad-
justed with a precision of 0.5 °C. Spin-lattice relaxation rates for
the supramolecular systems were measured using the inversion re-
covery method and were corrected for the diamagnetic contribution
by subtracting 1.2 s!, which is the average longitudinal relaxation
rate of the CD* protons in the free form. Transverse relaxation
rates were evaluated from the linewidths, which were corrected for
the diamagnetic contribution by the subtraction of 18.8 Hz, the
average linewidth for the various free CD* protons. All the chemi-
cal exchange saturation transfer (CEST) experiments were carried
out with a Bruker Avance 300 spectrometer equipped with a micro-
imaging probe. The solutions for the CEST experiments were pre-
pared in distilled water and the pH was kept at 7.4 by the addition
of a buffer (HEPES, 1 mm) without salts, while all other NMR
spectroscopic experiments were performed with D,O solutions
without HEPES.

Relaxometric measurements were carried out at 9 MHz and 25 °C
with a MS4 relaxometer (Joseph Stephan Institute, Ljubljana,
Slovenia). The NMRD profiles were measured using a Stelar
Spinmaster FFC NMR relaxometer (0.01-40 MHz), equipped with
a VTC-91 temperature control unit and the temperature was con-
trolled by gas flow. The data points collected at higher frequency
were obtained using an electromagnet with tunable coils in the
range of 20 to 80 MHz.

Computer Calculations: Molecular Mechanics were performed
using the HyperChem program (version 7.5, MM+ force field,
HyperCube Inc., Gainsville, FI). The three-dimensional structures
obtained were represented using the program GaussView!®’l. The
computer fittings of the 1/7; data were performed with the pro-
gram Micromath Scientist®"! and those of the NMRD data with
OriginPro.?!

Supporting Information (see footnote on the first page of this arti-
cle): Mass spectrum of y-CD*/Gd-DOTP, p = 1, pH 9.0 and pH
7.0; (a) '"H NMR titration (500 MHz) of y-CD* with Nd-DOTP
in D,O, pH 7.0, 298 K. Expansion of the diamagnetic region of
the spectra. Proton relaxation rate enhancements for 5 mm - and
for y-CD™ induced in the presence of increasing concentrations of
Gd-DOTP, at pH 7.0 and 9.0, D,O solution (500 MHz, 298 K).
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'H NMR titration (500 MHz) in D,O of B-CD* (5 mm) with Tm—
DOTP (pH 7.3, 298 K). Expansion of the spectra in (a) in the 8 to
40 ppm region. Expansion of the diamagnetic region of the spectra.
ST effects (at 3.8 ppm) of B-CD* in the presence of Tm-DOTP as
a function of their molar ratio (H,O, 5 mm, pH 7.4, 7.05 T, 298 K).
A negative ST effect means that a CEST contrast is detected at
offset frequencies with opposite sign (here —3.8 ppm). ST profiles
of y-CD" in the presence of Tm-DOTP at different molar ratios
(7.05 T, 5 mm, pH 7.4, 298 K). Irradiation conditions: block pulse,
irradiation time 2 s, B; intensity 24 pT.
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