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In this study, isothermal titration microcalorimetry (ITC) and molecular modeling were used to investigate
the mechanism of formation of supramolecular nanoassemblies prepared by mixing aqueous solutions
of two associative polymers (i.e. polymerised 3-CD (pp3-CD) and dextran grafted with lauryl side chains
(MD)). Their capacity to entrap a contrast agent for magnetic resonance imaging (a gadolinium (Gd3*)
derivative) has been determined by the same methods. ITC experiments have been employed to evaluate
the stoichiometry of interaction (N), association constants (K) and thermodynamic parameter variation
associated with complexation between hosts and guests involved in this system. The inclusion com-
pounds studied were: as hosts, 3-CD and pB-CD, and as guests, MD, adamantyl amine, and a Gd3*
complex functionalized with adamantane. It has been demonstrated that p-CD cavities tend to interact
more favourably with MD (K=25,000 M~!) than with adamantly amine (K=3650M-') and Gd3* complex
(K=1460M-1), forming 1:1 complexes, as also confirmed by molecular modeling. Noteworthy, the Gd3*
derivatives, although incorporated in the supramolecular nanoassemblies (by inclusion into the B-CD
cavities of p3-CD), did not destabilize the pB3-CD-MD inclusion complexes, probably because the inter-
action between p3-CD and MD was stronger. Finally, the analysis of thermodynamic parameters revealed
that the interaction between MD and p[3-CD was entropy driven (|AH| < |TAS|) while the interactions of
adamantly amine and Gd** complex with 3-CD and pB-CD were enthalpy driven and dominated by van

der Walls forces (|JAH|> |TAS)).

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic resonance imaging (MRI) is a powerful, non-invasive
clinical imaging modality with high spatial resolution, which has
become widely used in the diagnosis of human diseases around
the world. The contrast of an MR image is the result of a complex
interplay between instrument parameters and intrinsic differences
in the relaxation rates of tissue water protons. Currently, 40-50%
of MRI exams include the use of a contrast agent (CA), which can
dramatically improve the contrast by locally modifying the pro-
ton relaxation times (Bellin, 2006). The magnitude of this effect
on the longitudinal relaxation time T; (or transverse relaxation
time T,) is measured as relaxivity ry (or r, respectively) normal-
ized to 1 mM concentration at a given magnetic field strength and
is used to evaluate the efficacy of the contrast agent. Among the
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CAs arsenal, Gd3* chelates have become commonplace in medi-
cal diagnostics, due to the unique magnetic properties of the Gd3*
ion which has seven unpaired electrons (Caravan et al., 1999).
The Gd3* ion disturbs the relaxation of nearby water protons,
causing decreases of both T; and T, relaxation times, the effects
on T; relaxation times being more pronounced in the range of
the concentrations used in clinical practice (Mathur-de Vre and
Lemort, 1995). Shortening of T; relaxation time in tissues, as
observed after administration of the standard 0.1 mmol/kg dose
Gd3*, produces an increase of signal intensity (positive enhance-
ment).

Gadolinium chelates are the most widely used extracellular,
non-specific contrast agents. Currently, seven Gd3* chelates are
approved for clinical use in the international market: Magnevist®
(gadopentetate dimeglumine; Schering AG), Dotarem® (gadoter-
ate meglumine; Guerbet), Omniscan® (gadodiamide; Nycomed),
ProHance® (gadoteridol; Bracco SpA), Gadovist® (gadobutrol;
Schering AG), MultiHance® (gadobenate dimeglumine; Bracco SpA)
and OptiMARK® (gadoversetamide; Mallinkrodt) (Bellin, 2006).
Among all these compounds, only MultiHance® is not only an extra-
cellular contrast agent, but also a liver specific product.
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Fig.1. Schematicrepresentation of the formation of the supramolecular nanoassem-
blies loaded with Gd** complex by mixing the two associative polymers MD and

pB-CD.

Indeed, most of the Gd3*-based extracellular agents are non-
specific. This means that in order to achieve enough contrast in
an MR image, concentrations of CA higher than 50 wuM have to
be reached in a localized area (Sosnovik and Weissleder, 2007;
Zhang et al,, 2005). Thus, a very active research area is focussed
on the tissue targeting of CAs (Sosnovik and Weissleder, 2007;
Jasanoff, 2005), i.e. conceiving systems able to delineate lesions
by the specific design of molecules reporter of a given pathol-
ogy. As the concentration of the targets may be very low (typically
102 to 10~ molg-! of tissue), it is compulsory to reach high
concentrations of Gd3* chelates with high relaxivity at the site of
interest (Caravan, 2006). This goal may be pursued by (i) using
polymers containing covalently bound CA units (Aime et al., 2001a;
Langereis et al., 2007), (ii) exploiting self-assembly or non-covalent
interactions between a suitably functionalized chelate and a macro-
molecular substrate (André et al., 1999; Aime et al., 2001b) and (iii)
using nanocarriers such as liposomes (Erdogan et al., 2006) and
nanoparticles (Zhu et al., 2006). Nanocarriers appear therefore as
promising candidates for molecular imaging as their size and sur-
face properties can be adapted for a given application, i.e. targeting
of a specific tissue.

We recently developed a new nanoparticulate paramagnetic
contrast agent with high Gd3* payload and high relaxivity (Battistini
et al., 2008). These supramolecular assemblies with a mean diam-
eter of about 200 nm resulted from the association of two water
soluble polymers: (i) dextran grafted with alkyl side chains (MD)
and (ii) polymer of beta cyclodextrin (p3-CD). The cohesion of these
stable structures is based upon a “lock and key” mechanism; inclu-
sion complexes are formed between the hydrophobic alkyl chains
(lauryl) on MD and the molecular cavities contained in the pf3-CD
(Gref et al., 2006). Numerous empty cyclodextrin units remained
accessible for the inclusion of functionalized Gd3* chelates. The
loading of the Gd3* derivatives into the nanoassemblies was per-
formed by simply mixing p3-CD aqueous solutions containing the
Gd3* derivatives with MD solutions (Fig. 1). In these conditions, a
payload of 1.8 x 10° units of Gd3* per nanoparticle and a relaxiv-
ity r; of 48.4mM~1s~1 at 20 MHz and 37 °C were obtained. These
results were particularly promising, placing these nanoassemblies
as good candidates for MRI, but raising also some issues that needed
to be addressed.

Indeed, the mechanism of formation of these new Gd3* loaded
nanoassemblies has not been investigated yet and it is not
clearly understood why the entrapment of Gd3* derivatives in the
supramolecular nanoassemblies, by inclusion into the 3-CD cavities
of p3-CD, did not destabilize the system by competing with the alkyl
side chains of MD. The key points are the thermodynamic param-

eters, the stoichiometry of the interactions in the system, and the
constants of association of the inclusion complexes. In the present
study, isothermal titration microcalorimetry (ITC) was used as a
powerful tool enabling to assess all these parameters. The inclu-
sion compounds studied were: as hosts, 3-CD and pf3-CD, and as
guests, MD, adamantly amine and the Gd3* complex functionalized
with adamantane (Fig. 2).

2. Materials and methods
2.1. Materials

B-CD (Cavamax® W7 Pharma) was purchased from Wacker
Fine Chemicals, Burghausen, Germany. Pyrene, lauroyl chloride,
pyridine, and 4-(dimethylamino)pyridine (DMAP), 1-adamantyl
amine (97% purity) were purchased from Sigma-Aldrich (Saint
Quentin Fallavier, France) and were used as received without fur-
ther purification. Lithium chloride (Acros Organics, Belgium) and
dextran (average molecular weight 40,000 g/mol, Amersham, Swe-
den) were dried overnight under vacuum at 80 °C. Anhydrous grade
N,N-dimethylformamide was from Aldrich Chemicals. The other
solvents were of analytical grade.

Functionalized gadolinium complex: Gd3* complex of the
acid 1,4,7,10-tetraazacyclododecane-1-[(N-adamantyl)acetamide]-
4,7,10-triacetics, was synthesized as described previously (Battistini
et al., 2008). Briefly, the Gd3* complex was obtained in a four-step
process from triethyl ester of 1,4,7,10-tetraazacyclododecane-1,4,7-
triacetic acid (DO3AET) and 1-adamantyl amine which was first
acylated with bromo acetylbromide in CH,Cl, and a suspension
of sodium carbonate. The bromo acetamide derivative was then
used to alkylate the macrocycle DO3AET. Saponification of the tetra-
alkylated cycle (10-[2-(1-adamantylamino)-2-oxoethyl]-DO3AET)
by a strong anion exchange resin avoided the formation of salts dur-
ing this step. The Gd3* complex was formed under pH-controlled
conditions with a stoichiometric amount of GdCl3 at room tem-
perature. Finally, special attention was paid to the removal of salts
through gel filtration chromatography. The overall yield of synthesis
of the Gd3* complex was around 15%.

The pB-CD polymer was prepared as previously described, by
polycondensation of 3-CD with epichlorohydrin under strong alka-
line conditions (Renard et al., 1997; Daoud-Mahammed et al., 2009).
The B-CD content in the polymer, as determined by 'H NMR spec-
troscopy, was 70% (w/w). The molecular weight of pp3-CD was
around 1.5 x 108 g/mol, as determined by gel permeation chro-
matography.

To synthesize MD, 4 g of dextran (40,000 g/mol) were solubilized
in 100 mL of dimethylformamide containing 1 g of lithium chloride.
Then, 0.175 mL lauryl chloride and 0.031 mL of pyridine were added
to the dextran solution. The reaction was carried out at 80 °C for 3 h.
The obtained MD was isolated by precipitation in isopropyl alcohol.
It was further solubilized in deionised water, purified by dialysis
for 48 h and finally freeze-dried. The substitution yield of MD was
determined according to the 'H NMR spectra in DMSO-dg. It was
2.7% of glucose units.

2.2. Methods

2.2.1. Critical association concentration (CAC) of MD using pyrene
as a fluorescent probe

Samples for spectroscopic analysis were prepared as follows:
a pyrene-saturated solution in MilliQ® water was prepared by
stirring overnight a suspension of pyrene in water, followed by fil-
tration to remove excess of undissolved pyrene microcrystals. MD
stock solution (15 g/L) was prepared in pyrene-saturated water. It
was left to equilibrate under agitation over 24 h protected from
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Fig. 2. Chemical structures of (a) the repetitive unit of pB-CD, (b) the hydrophobized unit of MD, (c) adamantyl amine and (d) Gd** complex.

light. Subsequently, the stock solution was diluted with pyrene-
saturated water to obtain solutions of varying concentrations
(1.5 x 10~3-7.5 g/L), which were further equilibrated under agita-
tion for 24h. An estimation of the CAC value was obtained by
monitoring the changes in the ratio of the pyrene excitation spec-
tra intensities (Francis et al., 2003) at A =333 nm (I333) for pyrene in
water and A =336 nm (I33¢) for pyrene in the hydrophobic medium
within the micelle core. Excitation spectra were monitored at emis-
sion wavelength Aem =390 nm. In this work, we defined the CAC
values as the intercept of the tangent of the curve at the inflection
point and of the tangent of the curve at high polymer concentration.
Fluorescence spectra were measured at 23 °C with a SPEX Fluo-
rolog FL1T11 fluorimeter controlled by computer (Spex Industries,
Edison, USA).

2.2.2. Preparation of solutions for ITC experiments

The amount of water in each product (3-CD, pp-CD and MD)
used for the ITC experiments was accurately determined by weight-
ing the samples before and after drying under vacuum at 105°C
during 24 h.

¢ [3-CD and p[3-CD solution were prepared by dissolving the corre-
sponding weight of B-CD or pB-CD powder into MilliQ® water.

e MD solutions were prepared by dissolving the corresponding
weight of MD powder into MilliQ® water. To allow complete poly-
mer solubilization, solutions were magnetically stirred overnight.

2.2.3. Isothermal titration microcalorimetry studies

ITC (MicroCal Inc., USA) has been used for determining from a
single titration curve the association constant and the enthalpy of
the interaction between the guest (alkyl chains of MD, Gd3* com-
plex, or adamantyl amine) and the hosts (3-CD or p3-CD solutions).
The ITC instrument was periodically calibrated either electrically
using an internal electric heater, or chemically by measuring the
dilution enthalpy of methanol in water. This standard reaction was
in excellent agreement (1-2%) with MicroCal constructor data.

In a typical experiment, aliquots of 10 L of titrant ([3-CD or p3-
CD solutions at a concentration of 3-CD cavities =10 mM), placed
in the stirring syringe were delivered over 25s into guest solu-

tions: MD (0.33mM in alkyl chains), Gd3>* complex (0.8 mM), or
1-adamantyl amine (0.8 mM), placed in the measurement cell at
298.15K. The corresponding heat flow was recorded as a function
of time. Intervals between injections were 600 s to allow complete
equilibration and agitation speed was 394 rpm. A background titra-
tion, consisting in injecting the same cyclodextrin solution in solely
MilliQ® water placed in the sample cell, was subtracted from each
experimental titration to account for dilution effects.

Data consisting series of heat flows were collected automati-
cally and when appropriate, the interaction process between the
two species has been analysed by the mean of either a one-site or
two-site binding model proposed in the Windows-based Origin 7
software package supplied by MicroCal. Based on the concentra-
tions of the titrant and the sample, the software used a nonlinear
least-squares algorithm (minimization of Chi2) to fit the series of
heat flows (enthalpograms) to an equilibrium binding equation,
providing best fit values of the stoichiometry (N), the association
constant (K) and the change in enthalpy (AH) (Bouchemal, 2008;
Segura-Sanchez et al., 2009; Daoud-Mahammed et al., 2009).

2.3. Molecular modeling

Molecular modeling was used for a better understanding of the
interaction of adamantyl amine and Gd3* complex with 3-CD. The
B-CD structure was taken from Martin Chaplin web page from
London South Bank University (Chaplin, 2009). The structures of
different molecules have been drawn and presented to the 3-CD
molecule. Further, the dreiding force field was minimized with the
software DS ViewerPro 6.0 (Accelrys Software Inc.) leading to the
more likely supramolecular assembly. Bump monitorization, mini-
mization of the dreiding force field (Mayo et al., 1990) and molecular
rendering (solvent accessible surface) were also achieved with DS
Viewer Pro 6.0 in the case of these optimized structures.

3. Results and discussion

It has been shown that in aqueous media MD and pf3-CD asso-
ciate whatever their concentrations (Gref et al., 2006; Wintgens
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Fig. 3. Experimental determination of the CAC of MD (substitution yield 2.7%).
Changes in the I336/I333 ratio of pyrene fluorescence intensity as a function of MD
concentration. The CAC of MD is 2.5 g/L equal to 0.4 mM of alkyl chain.

et al., 2008). However, stable monodisperse nanoassemblies could
only be formed for a MD substitution yield higher than 4% (Gref
et al,, 2006). In these conditions, MD was used at concentrations
higher than the CAC (Gref et al., 2006). In the present study, the CAC
of the amphiphilic MD was estimated by fluorescence spectroscopy
using pyrene, a hydrophobic fluorescence probe that preferentially
partitions into the hydrophobic core of the micelle. The excita-
tion spectrum undergoes a small shift to longer wavelengths as
the probe passes from a hydrophilic to a hydrophobic environment
(Zhao et al., 1990). This shift was quantified in terms of the ratio,
I336/I333, of the fluorescence intensities at 336 nm and 333 nm. The
intensity ratios of pyrene fluorescence were plotted against the
logarithm of MD concentration (Fig. 3). The CAC was found equal
to 2.5g/L of MD, corresponding to 0.4 mM of alkyl chains. This is
in agreement with previously published data of MD (2.2 g/L for
MD with substitution yield of 2.9%) obtained by fluorescence spec-
troscopy using the ratio of first and third emission bands, I /I3, of
pyrene (Wintgens et al., 2008).

This means that at concentrations higher than the CAC (0.4 mM),
MD, in the form of micelles, should demicellize to associate with
pPR-CD. During ITC experiments, both the heats of demicellization
and the heats of association CD-alkyl chains are measured. Thus,
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to determine the association constant between MD and pf3-CD by
ITC, we used a concentration of 0.33mM of alkyl chains grafted
on MD, which was lower than the CAC (0.4 mM). In a preliminary
study, we established that among a series of MD with substitution
yields varying from 2.7% up to 7%, only MD with a substitution yield
of 2.7% could be used, because it had the highest CAC, enabling to
carry on ITC experiments with a good enough reliability (results
not shown). One of the advantages of ITC is the direct estimation
of binding enthalpy (AH), which in conjunction with the estimated
association constant, allows the calculation of the free energy (AG)
and entropy of binding (AS). Examination of these thermodynamic
parameters led to a straightforward explanation of the dependence
of association constant on the structural features of the alkyl chains
or adamantly moieties.

A typical ITC data corresponding to the binding interaction of
MD (degree of substitution of 2.7%) with p3-CD at a concentration
of 0.32mM and at a temperature of 25°C is presented in Fig. 4.
The constant of association determined by ITC between MD and
pB-CD was found very high, 25,000 M. Noteworthy, previously
published data have indicated that inclusion of MD (substitution
yield 4.2%) with single 3-CD monomers let to association constants
in the lower range of 1950 M~!, as measured by ITC (Wintgens et
al,, 2008), i.e. about 13 times lower than the association constant
that was found here with MD and pf3-CD. Thus, our data account
for the high affinity of the alkyl chains for the CD cavities, when
used as pP-CD polymers. The higher association constant of MD-
pPR-CD as compared with that of MD--CD could be explained by
the proximity between C12 and CDs in the p3-CD polymer; as soon
as one inclusion complex is formed, the alkyl chains on MD become
in proximity with other available CD cages in p3-CD and the proba-
bilities to form new complexes increase. Therefore, the association
of the two polymers, MD and p3-CD, can be seen as a “zip mech-
anism” and accounts for the previously reported excellent affinity
between these two water soluble polymers (Gref et al., 2006).

The 1:1 complexation interaction of alkyl chains of MD with a
cyclodextrin host (CD) may be written as follows:

MD-alkyl-gH,0+CD-hH,0<«MD-alkyl-CD-(g+h—-i)H,0+iH,0 (1)

where g represents the number of water molecules interacting
with the free guest, h the number of tightly bound hydration water
molecules inside the free cyclodextrin cavity, and i the net displace-
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Fig. 4. Typical ITC data corresponding to the binding interaction of MD with a degree of substitution of 2.7% (0.32 mM) with pf3-CD at 25°C (298.15K). The left panel shows
exothermic heat flows which are released upon successive injection of 10 pL aliquots of p-CD into MD. The right panel shows integrated heat data, giving a differential
binding curve which was fit to a standard single-site binding model yielding the following parameters N=1, K=25,000M~! and AH=-4.96 k] mol-'. Control consisted in
successive injections of the pB-CD solution in solely MilliQ® water. Heat flows accounting for dilution effects were further subtracted from each experimental heat flows.



222 M. Othman et al. / International Journal of Pharmaceutics 379 (2009) 218-225

Table 1

Association constants (K) and thermodynamic parameters corresponding to inclusion complex formation between adamantyl amine (0.8 mM) and Gd** complex (0.8 mM)

with B-CD (10 mM) and pB-CD (10 mM).

Guest Host N Ky (M-1) AH (k] mol-1) TAS? (k] mol-1) AG? (kfmol-1)
Adamantyl amine B-CD 1 17300 + 200 —-22.8 + 3.6 14 —24.2

pR-CD 1 3650 + 100 —-156 £ 24 4.7 -20.3
Gd3* complex B-CD 1 11000 + 150 —225+ 3.5 0.6 —-23.1

pR-CD 1.6 1460 + 120 -95+20 8.5 -18.0

4 AG=—-RTInK=AH-TAS.

ment of water upon complexation (Rekharsky and Inoue, 1998).
The association constant for a 1:1 complexation of the conjugated
cyclodextrin with the guest molecule is expressed by Eq. (2):

_ [MD-alkyl - CD]
~ [MD-alkyl][CD]

where [CD], [MD-alkyl] and [MD-alkyl-CD] are the concentrations
of the cyclodextrin, modified dextran expressed in alkyl chains, and
the inclusion complex respectively.

The AG and AS changes were obtained from the following equa-
tion:

K (2)

AG=—RTInK = AH—T AS (3)

where R is the gas constant (8.314JK-1mol~!) and T is the abso-
lute temperature of the interaction. AH and K are the enthalpy
of the interaction and the association constant as measured by
ITC. The strong interaction between the alkyl side chains of MD
and p3-CD accounts for the high value of the association constant,
and also for the negative values of AH (—4.96k]mol~') and AG
(—25.02 k] mol~1), which indicate that the interaction is exothermic
and spontaneous respectively.

The most described mechanism for the CD-guest interaction
is that, in an aqueous solution, the slightly apolar CD cavity is
occupied by water molecules which are energetically unfavoured
(polar-apolar interaction), and therefore can be readily substi-
tuted by appropriate “guest molecules” which are less polar than
water resulting in a more stable lower energy state. Complexa-
tion thermodynamics have been shown to reflect the nature of
the non-covalent interactions occurring between the guest and
CD molecules (Inoue et al., 1993). Indeed, many events, includ-
ing desolvation of water molecules bound to the guest molecule
and/or to the cyclodextrin and the formation of weak bonds
(hydrogen-bonds, hydrophobic interactions) or electrostatic bonds,
between the guest molecule and the cyclodextrin result in bal-
anced enthalpic and entropic variations. Van der Waals force
and hydrophobic interactions related to the size/shape matching
between guest molecule and CDs cavity are those among the sev-
eral possible weak non-covalent interactions which provide the
most essential contributions toward the complexation of organic
guests with CDs. The study of the enthalpy and the entropy leads to
the differentiation between these two types of forces. Tradition-
ally, hydrophobic interactions between two apolar molecules at
room temperature have been known as entropy-driven processes,
where the entropy of interaction is large and positive while the
enthalpy of the process is small (JAH|<|TAS|) (Wiggins, 1997).
However, van der Waals interactions are usually enthalpy-driven
processes with minor favourable or unfavourable entropies of inter-
action |AH|>|TAS| (Rekharsky and Inoue, 2002). In the case of
MD/p3-CD interaction, the association process was exclusively
exothermic (AH <0) with positive and favourable entropic contri-
bution (AS>0) and mostly entropy driven (|AH|<|TAS|) (Fig. 4).
Large positive entropy changes usually arise from the significantly
important translational and conformational freedoms of host and
guest upon complexation (Rekharsky and Inoue, 2000a,b). Indeed,
there is clear evidence that the cavity size of 3-CD is too large to

provide a significant contribution due to van der Waals-type inter-
actions. As a result, the flexibility of the supramolecular complex
formed is high resulting in a large gain in entropy. Besides, the more
favourable entropy changes when the CD cavity is too large com-
pared to the guest molecule has been reported in many previous
works (Cromwell et al., 1985; Rekharsky et al., 1997; Rekharsky and
Inoue, 2000a).

The formation of the supramolecular nanoassembly loaded with
Gd3* complex was also based upon a “lock and key” recognition
process, in which the hydrophobic alkyl chains of MD and the
adamantyl moieties of macrocyclic Gd3* chelates are included in
the cavities of the pf3-CD (Battistini et al., 2008). The large number
of B-CDs contained in the p(-CD polymer resulted in the for-
mation of 200 nm diameter supramolecular nanoassemblies, each
entrapping around 1.8 x 10°> molecules of the low molecular weight
Gd3* complex. This system exhibited a higher relaxivity enhance-
ment (48.4mM~1s-1, at 20MHz and 37°C) as compared to the
Gd3* chelate itself (5.2mM~1s-1). Adamantyl groups are known
to be included and held strongly in 3-CD, resulting in high associ-
ation constants of their derivatives (103-10° M—1) (Cromwell et al.,
1985; Eftink et al., 1989; Charbonnier and Penadés, 2004; Tellini
et al,, 2004). Thus, they should enter in competition with the
alkyl side chains for inclusion in the CDs. However, in spite of the
use of an excess of adamantane-Gd3* with regard to the available
CDs, the nanoassemblies remained perfectly stable, i.e. the size of
the nanoassemblies was constant over several days. To evaluate
the strength of the different inclusion complexes formed in the
adamantane-Gd3* loaded nanoassemblies (i.e. CD with adamantly
groups and with alkyl moieties of MD), we have studied by ITC the
interaction between the synthesized Gd3* complex or its hydropho-
bic moiety (adamantane) and 3-CD or p3-CD.

Table 1 shows that adamantyl amine has a higher affinity for
B-CD (K=17,300M~1) than for pB-CD (K=3650M~1). By the same
way, the interaction of the Gd3* complex with pp-CD is lower
than with B-CD (K=11,000M~1). Possibly, the amphiphilic Gd3*
complexes have less affinity for the crosslinked matrices of pf3-
CD, where their hydrophilic parts are not included inside the CDs
whereas steric encumbrance effects might additionally occur. On
the opposite, the interactions with free CDs in solution do not suffer
from these effects.

Thus, the association constant between MD and p3-CD was
found 17 times higher than that between adamantane-Gd3* com-
plex and p3-CD. We hypothesized that this was due, on one hand
and as explained before to the “zip mechanism” of the MD:p[3-CD
interaction, and on the other hand to the amphiphilic nature of
the Gd3* derivative. Globally, the new adamantane-Gd3* contrast
agent inserted well in the nanoassemblies, but did not destabilize
the system.

Interestingly, the calculated stoichiometry was 1:1 and 1.6:1
for B-CD:Gd3* complex and B-CD:Gd3* complex, respectively. This
unexpected 1.6:1 stoichiometry for Gd3* complex:pB-CD could be
explained by following hypothesis:

(a) The first is that around 3 cavities of B-CD cavities interact
with 2 molecules of Gd3* complex. This would be the case if
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Fig. 5. Optimized structures of inclusion complexes of 3-CD cavity with 1-adamantyl amine (I) and Gd** complex (II) yielded when using DS ViewerPro 6.0 software. (a)
Lateral view with secondary face on top, (b) view of secondary face, and (c) view of the primary face of the inclusion complexes.

both 2:1 and 1:1 complexes between B-CD cages and Gd3*
complex would be formed. However, this hypothesis was not
confirmed by molecular modeling since only one Gd3* com-
plex was able to interact with one 3-CD cavity (Fig. 5). Indeed,
Fig. 5 shows the calculated optimized structure of the inclu-
sion complex of adamantly amine (Fig. 5.1) and Gd3* complex
(Fig. 5.11) with B-CD, where the un-charged adamantane moiety
of the Gd3* complex molecule fits very well in the 3-CD cavity
forming 1:1 inclusion complex. The Gd3* part of the complex
cannot be fitted into the [3-CD cavity and should stay outside of
it.

(b) The second hypothesis is that the adamantyl amine part of the

Gd3* complex interacts with CD cavity of the pB-CD according
to 1:1 stoichiometry and the Gd3* part of the complex inter-
acts according to weak and non-specific interactions with the
B-CD cavity, or with the bridges between the 3-CD cavities
or/and with the external face of 3-CD molecule. To evaluate the
validity of this hypothesis, the fit of the titration curves was
achieved according to “two-type of sites” model (Fig. 6). Two
stoichiometries and association constants were thus obtained:
(i) N7 =1 and K; =3000M-1 and (ii) N, =0.15 and K, =640 M1,
The first set of parameters is close to that obtained upon the
interaction of adamantyl amine with p-CD (Table 1). These

Table 2
(I) Association constants (K) and thermodynamic parameters corresponding to inclusion complex formation of Gd3** complex (0.8 mM) with pB-CD (10 mM). (II) Predicted
association constants (K) and thermodynamic parameters corresponding to inclusion complex formation of Gd** complex (0.8 mM) with pB-CD. The initial concentration of
pB-CD was progressively decreased until the 1:1 stoichiometry of the interaction (N=1.0), which corresponds to a percentage P of 60% of accessible 3-CD in p3-CD.

parameters should correspond to the interaction of the adaman-
tane part of the Gd3* complex with the 3-CD cavity. The second
set of parameters indicates that the interaction is very weak and
should be attributed to non-specific interactions of the Gd3* part
of the complex with p3-CD. Although this second hypothesis
is partly confirmed, the nature of the non-specific interactions
occurring between Gd3* part of the complex and p-CD remains
an open question.

(c) The last hypothesis is that the Gd3* complexes interact accord-

ing to 1:1 stoichiometry with the [3-CD cages in p[3-CD, but part
of these B-CD cages are inaccessible to the Gd3* complexes, due
to sterical encumbrance because of the crosslinks in this poly-
mer. To study this hypothesis, we varied the percentage “P” of
accessible cages in the mathematical model of one-site binding
for ITC data treatment by imposing the concentration of p3-CD
in the stirring syringe (Table 2). The results demonstrated that
1:1 inclusion complex was formed when the concentration of
pB-CD was decreased. The calculated K and AH correspond to
the interaction of Gd3* complex with pB-CD when the theoret-
ical value of the p3-CD concentration were closer to the ones
obtained with adamantly amine (Table 1). This means that prob-
ably, only 60% of the (3-CD cavities in the p3-CD polymers might
be able to interact with Gd3* complexes.

[PB-CDJ* (mM) P° (%) N K(M) AH (kJmol ) TAS (kj mol-") AG (kK mol-1)
I 10 100 1.6 1460 —95 85 ~18.0
93 93 15 1700 95 8.9 ~184
8 80 14 2310 -10.3 838 ~19.1
it 73 73 1.2 2520 113 8.1 ~19.4
6.6 66 1.1 2780 124 72 ~19.6
6 60 1.0 3090 ~13.8 6.1 -19.9

2 Initial concentration in the stirring syringe.
b Supposed percentage of cyclodextrins which are able to interact with Gd** complex.
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Fig. 6. Typical ITC data corresponding to the binding interaction of Gd*>* complex (0.8 mM) with pB-CD (10 mM) at 25 °C (298.15 K). The integrated heat data gave a differential
binding curve which was fit using a two-sites binding model, yielding the following parameters: Ny =1, K1 =3000M~' and N, =0.147, K, =637 M~!. Control consisted in
successive injections of the pB-CD solution in solely MilliQ® water. Heat flows accounting for dilution effects were further subtracted from each experimental heat flows.

Finally, as it can be seen from Table 1, the interactions of adamantly
amine and Gd3* complexes with both B-CD and pB-CD were
exclusively exothermic phenomena (AH < 0) with positive entropic
contribution (AS>0) and mostly enthalpy driven (JAH|>|TAS]).
Because large enthalpic gains were observed, it is suggested that
the interactions of adamantly amine and Gd3* complex with both
[-CD and pB-CD are predominantly mediated by the formation of
van der Waals-type bonds (Rekharsky and Inoue, 2002).

However, for the guests used (adamantyl amine or Gd3* com-
plex), variations were observed in the AH and AS changes upon
their interaction with (3-CD and p3-CD, suggesting that the mech-
anism of binding was slightly different in the case of (3-CD
and pp-CD. Indeed, for adamantly amine/3-CD and adamantly
amine/pB-CD complexes, the AH values were —22.8 kJmol~! and
—15.6 k] mol~1, respectively, while TS increased from 1.4 k] mol~! to
4.7 kJmol~! for adamantly amine/B-CD and adamantly amine/pf3-
CD complexes, respectively. The same variation was observed
for the interaction between the Gd3* complex and B-CD or
pPR-CD. As pointed above, large positive entropy changes arise
from the important degree of freedom upon complexation.
Because of the more hydrophilic environment of the CD cav-
ity in the pPB-CD polymer (Harries et al, 2005), one could
expect that the reorganization of surface/cavity neighbouring water
molecules that were released upon guest inclusion is higher
in the case of ppB-CD than in B-CD, resulting in more posi-
tive entropy changes. Furthermore, the desolvation upon guest
inclusion and the induced dehydration of the hydroxyl groups
in pB-CD could be responsible for an entropic gain (Daoud-
Mahammed et al., 2009).

4. Conclusion

ITC was experienced to be a powerful tool to better understand
the interactions involved in adamantane-Gd3* loaded nanoassem-
blies designed by using associative polymers and where alkyl side
chains of MD and adamantyl moieties competed for their inclu-
sion into the CDs cavities. It was concluded that the C12 side chains
of MD interacted with the CDs of p3-CD polymer with a 1:1 stoi-
chiometry. All interactions were spontaneous and the association
constants of MD with pf3-CD were remarkably high as compared
to the ones between the Gd3* complex and pB-CD. This accounts
for the stability of the Gd3* loaded nanosystems, in which multi-
ple physical crosslinks (inclusion complexes) establish between the
associative polymers.
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