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Clonidine (CND), an alpha-2-adrenergic agonist, is used as an adjuvant with local anesthetics. In this work,
we describe the preparation and characterization of an inclusion complex of clonidine in hydroxypropyl-
beta-cyclodextrin (HP-3-CD), as revealed by experimental (UV-vis absorption, SEM, X-ray diffraction,
DOSY- and ROESY-NMR) and theoretical (molecular dynamics) approaches. CND was found to bind
to HP-B-CD (K;=20M1) in 1:1 stoichiometry. X-ray diffractograms and SEM images provided evi-
dence of inclusion complex formation, which was associated with changes in the diffraction patterns
of the pure compounds. NMR experiments revealed changes in the chemical shift of H3yp_g.cp hydro-
gens (A =0.026 ppm) that were compatible with the insertion of CND in the hydrophobic cavity of
the cyclodextrin. Molecular dynamics simulation with the three CND species that exist at pH 7.4
revealed the formation of intermolecular hydrogen bonds, especially for the neutral imino form of
CND, which favored its insertion in the HP-3-CD cavity. In vitro assays revealed that complexation
retarded drug diffusion without changing the intrinsic toxicity of clonidine, while in vivo tests in rats
showed enhanced sensory blockade after the administration of 0.15% CND, with the effect decreasing
in the order: CND:HP-B3-CD + bupivacaine > CND + bupivacaine > bupivacaine > CND:HP-3-CD > clonidine.
The findings demonstrated the suitability of the complex for use as a drug delivery system for clinical
use in antinociceptive procedures, in association with local anesthetics.

© 2015 Elsevier B.V. All rights reserved.
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CND prolongs the effect of local anesthetics, reducing the dosage
required for anesthesia, with minor adverse effects [6-10]. This
beneficial action is due to different mechanisms. In addition to its

1. Introduction

Clonidine (2-[2,6-dichloroaniline]-2-imidazoline, CND) was

first synthesized in the 1960s. It was originally used as nasal decon-
gestant. However, due to its capacity to lower blood pressure, CND
has been successfully employed in the treatment of hypertension
for over 25 years. Nevertheless, other uses in clinical practice were
proposed [1], and CND has attracted new interest in anesthesi-
ology, as an adjuvant for general and regional anesthesia during
surgery or in the postoperative period [2-5]. It is well known that
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ap-agonist action (norepinephrine-like in descending inhibitory
pathways), CND acts analogously to a local anesthetic, inhibiting
and slowing impulse conduction in C fibers [11,12]. CND also elic-
its vasoconstriction, mediated by the postsynaptic a,-receptors,
which reduces absorption of the local anesthetic and prolongs its
residence time at the neural tissue [6,7]. In summary, the associ-
ation of clonidine with local anesthetics significantly reduces the
time of onset of anesthesia, prolongs the duration and intensity of
the sensory block, and leads to sedation due to systemic absorption
[13].

Remko et al. [14], using quantum chemical calculations, found
that at the CND equilibrium geometry, the imidazole and phenyl
rings of the molecule are almost perpendicular to each other, and
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it was suggested that this non-coplanarity is required for the inter-
action of CND with adrenergic receptors. In addition, it was shown
that the imino tautomer, with an exocyclic double bond, is the most
stable isomer. Moreover, the primary sites of protonation were
found to be in the imidazole nitrogens (pK; = 8.0), with protonated
and neutral (amino and imino) forms being present at physiologic
pH[15].

Drug delivery systems can be used to manipulate the proper-
ties of drugs and enhance their therapeutic effects. Cyclodextrins
are among the most promising carriers for the sustained
release of antinociceptive agents [16,17], and hydroxypropyl-beta-
cyclodextrin (HP--CD) has been approved for parenteral use
[18,19].Itis well tolerated in humans and, after intravenous admin-
istration, is almost completely eliminated via glomerular filtration
[20]. HP-B-CD has been extensively studied as a carrier system for
local anesthetics, with advantages such as improved solubility and
clinical potency [20-25].

This work proposes the complexation of CND with
hydroxypropyl-f-cyclodextrin, in order to improve its clini-
cal efficacy in anesthesia. A broad study was undertaken, with
preparation and characterization of the complex, followed by
in vitro and in vivo tests, and molecular dynamics simulation, with
highly encouraging results.

2. Experimental
2.1. Reagents and chemicals

Clonidine hydrochloride was donated by Cristalia Ind. Farm.
Ltda. (Itapira, SP, Brazil). Hydroxypropyl--cyclodextrin (Kleptose
HP®) was purchased from Roquette Serv. Tech. Lab. (Lestrem,
Cedex, France). D,0 was obtained from Sigma. DMEM (Dubelcco’s
Modified Eagle Medium) was acquired from Nutricell (Campinas,
SP, Brazil). Bovine fetal serum, penicillin, and streptomycin were
obtained from Cultilab (Campinas, SP, Brazil). All other chemicals
used were of analytical grade.

3. Methods
3.1. Preparation of the clonidine:HP-B-CD complex

Preparation of the inclusion complex was performed by mix-
ing equimolar amounts of CND and HP-3-CD in water, followed
by 12 h agitation, to achieve complete solubilization. The samples
were freeze-dried and stored at —20 °C for further use.

3.2. UV-Vis absorption study and stoichiometry determination

The interaction between CND and HP-3-CD was followed by
UV absorption in the range 250-310 nm. A titration approach was
used to determine the complexation stoichiometry [26], with CND
spectra recorded in the presence of increasing HP-[3-CD concen-
trations (CND:HP-3-CD molar ratios of 1:0, 1:1, 1:10, 1:20, 1:30,
1:40, 1:50, 1:75, and 1:100). Using the Job plot approach [27], CND
spectra were recorded for different CND:HP-[3-CD ratios, maintain-
ing a final concentration of CND + HP-3-CD = 2 mM. All experiments
were performed in 5 mM Hepes buffer, at pH 7.4 and 25°C.

The Benesi-Hildebrand procedure was employed to distinguish
between the 1:1 and 1:2 stoichiometries, according to [28]:

[CND] 1
Abs —Absy ~ [HP — B — CD]"

(1)

where [CND] and [HP--CD] are the concentrations of CND and
HP-[-CD, respectively. Abs (Absy) represents the CND absorbance
at 271 nm, in the presence (absence) of HP--CD, and “n” is the

stoichiometry of complexation. For the 1:1 stoichiometry, the
CND:HP-3-CD association constant (K;) was calculated from the
slope/intercept ratio [28].

3.3. Scanning electron microscopy

Lyophilized samples of the CND:HP-3-CD complex, HP-3-CD,
CND, and their physical mixture were deposited on carbon ribbons,
previously fixed to aluminum stubs. The stubs were placed in a car-
bon evaporator (Med 020Coating System, Bal-Tec) and submitted
to 3 cycles (20s) of carbon emission at 75A. The materials were
analyzed with a JSM 500 LV scanning electron microscope, using
secondary electron emission.

3.4. X-ray diffraction experiments

Powder diffractograms for samples of HP-3-CD, clonidine, the
physical mixture, and the inclusion complex were obtained using
a Rigaku wide angle goniometer, equipped with a Cu K, radiation
source (Philips PW 1743), operated at 40 kV and 20 mA. The crystal
analyzer was pyrolytic graphite. A scan rate of 1°/min was used,
between 20 =5° and 60° in a 6-26 configuration.

3.5. Nuclear magnetic resonance

NMR analyses were performed with a Varian Inova 500 MHz
(11.75T) instrument, at the Brazilian Synchrotron Light Laboratory
(LNBio, Campinas, Brazil). One- and two-dimensional 'H NMR spec-
tra were acquired at 25 °C, using D, 0 as solvent. Samples (10 mM)
of CND, HP-3-CD and the complex were prepared in D,0 at pH
7.4 (adjusted with NaOD and DCl solutions), homogenized for 6 h,
and transferred to 5 mm tubes for spectrum acquisition. To avoid
any possible interaction with HP-3-CD, no external standards were
used [29]; instead, the residual water peak (4.68 ppm) was used as
an internal reference.

2D-ROESY experiments were carried out to determine nuclear
Overhauser effects (NOE), indicating the spatial proximity between
CND and HP-B-CD hydrogens. Rotating-frame cross-relaxations
were carried out using spin-locked conditions and NOE in the trans-
verse positive plane. Pulse sequence was employed, with a mixing
time of 300 ms [30].

DOSY-NMR spectra were recorded at 25 °C, using the DgcteSL
(gradient compensated stimulated echo spin lock) HR-DOSY
sequence, as described previously [31]. The amplitudes of the
pulsed gradient range were 0.12-0.63Tm™!, where an approxi-
mately 90-95% decrease in the resonance intensity was achieved
at the largest gradient. For all experiments, 25 different gradient
amplitudes were used, with an optimized diffusion time of 0.06 s.
The processing program (DOSY macro) was run with data trans-
formed using fn=32K.

From the measured diffusion constants (D), the fraction of CND
bound to HP-3-CD (f) was determined, according to Eq. (2):

_ Denp — Denp:Hp-g-cp

= 2
! Denp — Dup—g—cp (2)

allowing for the determination of the association constant (Kj,), as
follows [31]:

f
(1-f)[HP — B — CD] — f[CND])

Ka= (3)

3.6. Molecular dynamics simulation

Molecular dynamics simulations of the different systems were
performed in order to shed light on the interaction between CND
and HP-B-CD at the atomic level. Since CND has a pK; of 8.0 [32],
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Fig. 1. Three forms of clonidine: (A) amine-imidazoline, (B) imino-imidazoline and (C) protonated.

Table 1
Scheme of selected atoms from the clonidine molecule and their corresponding
atomic charge (see Fig. 1 for assignment).

Amino Imino Protonated
N9 -0.476 -0.633 —-0.847
H9 0.460 0.324 0.438
N12 -0.150 —-0.584 —-0.831
H12 - 0.490 0.446
N7 —-0.642 -0.915 —-0.879
H7 0.378 - 0.446
Cc8 -0.384 0.780 1.145
C1 -0.708 0.715 0.240

80% of the molecules are found in the protonated state at phys-
iological pH, while 20% are neutral. In its protonated form, the
positive charge is shared through resonance by all three nitrogens
of the guanidine group. On the other hand, the uncharged CND form
presents two tautomeric isomers: amino and imino imidazolidine
[33,14], with the imino form being predominant [14]. The three
CND forms are shown in Fig. 1. They have a bulky ortho chlorine
group that prevents the two rings adopting a coplanar conforma-
tion [14,15].

In order to carry out the simulations, CND:HP-3-CD complexes
with 1:1 stoichiometry were constructed using eight representa-
tive relative orientations for each of the forms, surrounded by water
molecules. Simulations were performed using the GROMACS 4.5
software package [34-37]. The GROMOS-96 53a6 force field [38]
was used for the CND and HP-3-CD molecules. The hydrogen atoms
bonded to carbon atoms were treated as the united atoms type.
Water was modeled using the simple point charge (SPC) model [39].
Equilibrium bond distances, angles, and dihedrals were obtained
from the ground state geometry optimization of the three CND
forms, using density functional theory (DFT) with the B3LYP [40]
functional and the 6-311G** basis set. The partial atomic charges
were obtained from a single point HF/6-31G* calculation, using
Gaussian Frisch et al. [41] and Singh and Kollman [42] protocols.
The charges of the selected atoms are given in Table 1.

The simulations were carried out within the NVT ensemble,
using the Berendsen thermostat [43]. The electrostatic interactions
were handled with the SPME version of the Ewald sums [44,45]. The
settings for the SPME method were a real space cut-off of 1.4 nm, a
grid spacing of 0.12 nm, and a cubic interpolation. In all the simu-
lations, the van der Waals interactions were cut off at 1.4 nm. The
whole system was coupled to a controlled-temperature bath, with
a reference temperature of 300K, and the relaxation constant was
0.1 ps. No constraints were used for the bonds. The time step for
the integration of the equation of motion was 1 fs. The non-bonded
list was updated every 10 steps.

3.7. Invitro dialysis experiments

Drug diffusion experiments experiments were conducted using
a two-compartment dialysis system, with a MWCO 1000Da
cellulose membrane (Spectrapore) separating the donor (1 mL)
compartment, containing CND or CND:HP-3-CD, from the accep-
tor compartment (100 mL), containing 20 mM HEPES buffer at pH
7.4, under constant stirring at 37 °C. Aliquots were withdrawn from
the acceptor compartment at regular intervals, and the CND con-
centration was determined at 271 nm.

3.8. Cytotoxicity tests

Perpetual Balb/c mouse fibroblasts (3T3 cells) were routinely
grown in DMEM medium containing 10% fetal bovine serum,
100U/mL penicillin, and 100 pg/mL streptomycin, at 37°C in a
humidified incubator with 5% CO,. The cells (2 x 10* per well)
were incubated in 96-well plates until semi-confluence, followed
by treatment for 2h with CND (free or complexed with HP-[3-
CD) at concentrations from 0 to 10mM. After treatment, the
cell medium was replaced by a solution of MTT (1 mg/mL) and
the cells were incubated for 1h at 37°C. Subsequently, the MTT
solution was removed and 0.1 mL of pure ethanol was added
to dissolve the formazan crystals. The formazan absorbance was
measured at 570 nm using a microplate reader (ELx800, BioTek
Instruments Inc., USA). The results (mean + SD) were expressed as
percentages of the values obtained for untreated controls [46]. IC5q
values were determined by nonlinear regression analysis using a
sigmoid concentration-response equation obtained for individual
experiments, performed with Origin 6.0 (Microcal™ Software Inc.,
Northampton, MA).

3.9. In vivo analgesia tests

The sensory block was measured by threshold animal tail
removal due to a thermal stimulus (the tail-flick test) [47]. Six
groups of animals (7 male Wistar rats, 250-350 g each) were tested
using 20 pL intrathecal administration of cyclodextrin (control),
0.25%BVC,0.15% CND, 0.15% CND:HP-3-CD, 0.25% BVC +0.15% CND,
and 0.25% BVC+0.15% CND:HP-3-CD. After injection, the animals
were placed in containers with the tail positioned on a heat source
and the time for tail removal was measured, as described pre-
viously [47]. The protocols were approved by the University of
Campinas Institutional Animal Care and Use Committee (protocol
2708-1/2012), following the recommendations of the Guide for the
Care and Use of Laboratory Animals.
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3.10. Statistical analysis

The release kinetics results were analyzed by means of the two-
tailed unpaired t-test. The pharmacological data (in vitro and in
vivo) were analyzed by one-way analysis of variance for individ-
ual times (with the Tukey-Kramer post-hoc test), using GraphPad
Instat (GraphPad Software, Inc., La Jolla, CA, USA) or Origin 6.0 soft-
ware.

4. Results
4.1. Clonidine UV-vis absorption properties and complexation

The hyperchromic effect obtained after CND complexation was
evaluated by measurements of the UV absorption spectra for sev-
eral CND:HP-3-CD ratios (Fig. 2A and B). The changes in the
absorption properties were used to identify complexation [48,49].
Treatment the spectral shifts by the Benesi—-Hildebrand approach
[28] permitted to identify the prevalence of 1:1 or 1:2CND:HP-{3-CD
complexation stoichiometry (Fig. 2C and D).

In agreement with the Job plot analysis (Fig. 2A), the linear corre-
lation (r2 =0.9986) obtained with the Benesi-Hildebrand treatment
(Fig. 2D) confirmed the 1:1 complexation stoichiometry. Moreover,
the ratio between the slope and intercept of Fig. 3C allowed deter-
mination of the binding constant (K,) of CND to HP-3-CD: 25 M1,
The small K, value indicates that the forces responsible for main-
tenance of the complex were small [50].

4.2. Scanning electron microscopy analysis

Fig. 3 shows SEM images of HP-3-CD, CND, the CND:HP-$3-CD
physical mixture, and the inclusion complex. To exclude any pos-
sible influence of the freeze-drying treatment in the morphology,
all samples were submitted to lyophilization, prior to SEM anal-
ysis. The solid CND sample consisted of hexagonal crystals up to
100 wm in size, with the ternary symmetry that is characteristic
of this type of crystal. HP-3-CD consisted of amorphous structures
~50 wm in size. The crystalline and amorphous structures of the
pure compounds (CND and HP-[3-CD) were preserved in the phys-
ical mixture, indicating that complexation did not occur when the
solid host and guest compounds were simply mixed together. The
CND:HP-[3-CD complex presented a poorly defined structure with
no resemblance to the HP-3-CD amorphous structure and complete
loss of the crystal structure of CND. These morphological alterations
provided evidence of inclusion complex formation.

4.3. X-ray diffraction

X-ray diffraction is a useful tool for the qualitative analysis
of complexation, by observation of the fingerprints associated
with the sample components [51]. The diffractogram for clonidine
(Fig. 4D) clearly revealed its crystalline nature, while HP-3-CD was
amorphous (Fig. 4A). The diffractogram for the physical mixture of
clonidine and HP--CD (Fig. 4C) resembled a superpositioning of
the crystalline clonidine and the amorphous HP-3-CD patterns. In
agreement with the SEM results, the crystalline clonidine pattern
was not detected in the inclusion complex diffractogram (Fig. 4B),
where the amorphous structure was indicative of the insertion of
CND into the cyclodextrin macrocyclic cavity [52]. Furthermore, a
67% decrease in the intensity for the inclusion complex, relative to
that of pure HP-3-CD (Fig. 4B vs. 4A) was recorded in the 26 region,
revealing a reduction in the HP--CD crystallinity.

Table 2
Chemical shift (Ad, ppm) and assignments for CND, in the absence and presence of
HP-B-CD.

HP'B'CD Hydrogen aabsence 5presence AS
H; 4.974 4.966 —0.008
H> 3.542 3.535 —0.007
H3 3.863 3.837 —0.026
Hy 3.393 3.390 —-0.003
Hs 3.757 B B
He 3.775 3.770 —0.005
CH3 (hydroxyl) 1.055 1.049 —0.006
CND Himidazole 3.6806 3.6860 0.0054
Hieta 7.4681 7.4778 0.0097
Hmeta 7.4548 7.4642 0.0094
Hpara 7.3193 7.3266 0.0073

2 Not measured because of peak superpositioning.

4.4. Nuclear magnetic resonance

Nuclear magnetic resonance is one of the most powerful tools
used to obtain information about inclusion complexes present in
solution [53]. Table 2 shows changes in the chemical shifts of the
hydrogens of CND and HP-3-CD, in solution and in the presence
of each other (CND:HP-3-CD complex), determined at 500 MHz.
Assignment of the CND peaks was in agreement with the litera-
ture and revealed magnetic equivalent peaks for hydrogens 10 and
11 of the imidazole ring (Fig. 1), at 3.68 ppm, as well as for meta
hydrogens 3 and 5 (at 7.45 and 7.47 ppm) and para hydrogen 4 (at
7.32 ppm) of the phenyl ring. The assignment of hydrogens belong-
ing to HP-3-CD (Fig. 5) was also in accordance with the literature
[54-57].

Complexation induced subtle (A§<0.05 ppm) non-significant
changes in all of the CND hydrogens (Table 2). In the case of the
cyclodextrin hydrogens, it was expected that when complexation
occurred, hydrogens 3 (H3) and 5 (H5), located in the cavity of the
macrocyclic ring of the cyclodextrin, would be influenced by the
inclusion of the guest molecule in the cavity [22,56,58]. In the case
of the CND:HP-[3-CD complex, a slight change (A§=0.02 ppm) was
observed for the H3 signal (Table 2), while the chemical shift of
H5 could not be satisfactorily determined, due to superpositioning
with CND peaks.

Nuclear overhauser effect (NOE) [30,59,60] experiments
(ROESY) were used to discriminate between the possible modes of
encapsulation and provide information on the intermolecular prox-
imity between the hydrogens of the guest molecule included in the
HP-B-CD cavity and hydrogens H3 and H5 [59]. No NOE cross-peaks
were observed for the aromatic CND hydrogens and H3, but peak
overlaps in the 3-4 ppm region (affecting imidazole hydrogens of
CND and H5 of HP-3-CD) hindered the analysis.

The lack of interaction between the aromatic CND ring and
the HP-3-CD cavity can be explained by the hindrance (steric and
polarity) generated by the bulky chlorine atoms substituted in the
ortho position in the phenyl ring. As found for the imidazole ring,
molecular dynamics simulations (see below) revealed that only the
interaction of the imino form (representing the minority uncharged
CND species at pH 7.4) with the CD cavity was favored.

The use of diffusion (DOSY) experiments is another interest-
ing NMR approach able to provide information about host-guest
inclusion complex formation. The diffusion coefficient of a small
molecule such as CND is large and decreases with complex for-
mation, which enables DOSY determination of the guest fraction
associated with the CD, together with the binding constant (Kj;)
[61,62]. Here, the DOSY spectrum indicated that the mobility of
CND was only slightly decreased after complexation (with diffu-
sion coefficients of 6.20 x 10~19m? s~1 and 5.68 x 10-19m? s~ for
free and complexed CND, respectively), showing that only 14% of
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Fig. 2. Clonidine absorption properties in the absence and presence of increasing HP-3-CD concentrations (A) Job plot; (B) spectra for stoichiometry of complexation
calculations. (C,D) Benesi-Hildebrand treatments to determine the 1:1CND:HP-B3-CD (C) or 1:2CND:HP-3-CD (D).

Fig. 3. SEM micrographies of: (A) HP-3-CD (1000x); (B) CND (100x ); (C) CND:HP-B-CD physical mixture (1000x ); (D) CND:HP-3-CD complex (1000x).

Table 3

Diffusion coefficients (D) of CND, HP-3-CD and CND:HP-B-CD complex, complex
molar fraction and CND:HP-B-CD association constant (K, ), as determined by 'H
NMR.

Compound D(10-'"°m2s-')  Complex molar fraction (%) K, (M~1)
CND 6.204+0.044 - -
HP-B-CD 2.47 +0.011 - -
CND:HP-B-CD 5.68+0.023 14 20

the CND interacted with HP-3-CD (Table 3). Moreover, the low
value of the binding constant (K, =20M~') is in agreement with
that determined with the Benesi-Hildebrand approach (Fig. 2C).
In summary, the NMR results (slight chemical shift changes and
small binding constant) were consistent with the formation of a

weakly associated inclusion complex, but did not help to identify
the part of the CND molecule that was inserted in the HP-3-CD cav-
ity. Further insights into the topology of the complex were therefore
obtained using molecular dynamics simulations.

4.5. Molecular dynamics simulations

As already discussed, clonidine can be found in its neutral and
protonated forms at pH 7.4. In addition, CND has two tautomeric
forms for its neutral state: amino and imino species, with the latter
being more stable [14,15]. In this work, the interactions of these
three forms with HP-3-CD were investigated. In each case, eight
representative pairs (CND-HP-[3-CD) were constructed in order to
explore the possible relative orientations. The twenty-four pairs
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Fig. 5. Schematic representation of an HP-3-CD molecule, showing the assignment of hydrogens from the glucopiranose units. The arrows indicate hydroxypropyl atoms

involved in hydrogen bonds (see text).

were simulated up to 100 ns. In order to obtain an initial picture
of the behavior of the pairs, calculation was made of the center
of mass distances (dcys) between CND and HP-[3-CD. Observation
of the temporal evolution of dcys indicated that only a few of the
CND-HP-3-CD pairs remained associated for at least 10 ns during
the simulation run. Therefore, it was only considered that asso-
ciation took place when the following criteria were obeyed: dcys
<9 A, variation of dcyvs <3 A, and maintenance of the complex for
>10ns. For those pairs that were found to remain associated for
>10ns, Fig. 6 shows the temporal evolution of dcys and the energy
of interaction (Ej,¢, in kJ/mol) between CND and HP-3-CD, calcu-
lated as the sum of the energies associated with the electrostatic
and van der Waals interactions.

For the neutral amino case, only two pairs remained associated
for ~20ns (Fig. 6A). However, they separated and no new com-
plexes were formed during the simulation run, confirming the low
complexation affinity of the neutral amino CND form.

On the other hand, in the imino (also neutral) case, four initial
configurations led to complexation (Fig. 6B). Notably, the black and
red curves show complexes that remained stable over 40 ns (black
line) and the total time (100 ns, red line) of the simulation run. For

this last case, a schematic diagram of the complex is given in Fig. 7A,
showing the formation of two hydrogen bonds, involving the imi-
dazole group of CND (N7 and N12) and atoms outside the cavity
(OH and ether oxygen of the hydroxypropyl group; see Figure 5) at
the outer perimeter of HP-[3-CD. Fig. 7B shows the temporal evolu-
tion of the hydrogen bonds for the three nitrogens of a given imino
CND:HP-3-CD complex.

The features of the protonated case were intermediate between
the other two cases (Fig. 6).In all the cases where complexation was
found, investigation was made of the interactions that provided
stabilization.

In order to clarify these results, calculation was made of the
occurrence of hydrogen bonds between each of the nitrogenous
groups (N or NH) of CND and all the potential donors (D) and accep-
tors (A) of HP-3-CD. The criteria used for hydrogen bond formation
was a D-A cut-off distance of 3.1 A and an H-D-A angle cut-off of
30°. It was concluded from the simulations that complex forma-
tion between CND and HP-3-CD depended on the CND form and
the initial conditions, as follows:
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Fig. 6. Molecular dynamic simulations: center-of-mass (dcys) distance and inter-
action energies as a function of time for the amino (A), imino (B) and protonated (C)
forms of CND. Just the complexes that remained associated for more than 20 ns are
shown here.

- CND amino form: hydrogen bond formation was sporadic, even
for the two pairs that remained associated over 20 ns of the sim-
ulation.

- CND imino form: complex stabilization was stronger than for the
amino form. The longer-lasting complex, which remained stable
over the entire simulation, was essentially stabilized by the for-
mation of hydrogen bonds, asillustrated in Fig. 7, which shows the
number of hydrogen bonds formed as a function of time for N9H,
N12H, and N7. The average hydrogen bond formation was quite
high: 0.1 for N9H, 0.83 for N12H, and 0.76 for N7. A similar pattern
of hydrogen bond formation was detected for the complex cor-
responding to the green curve in Fig. 6B, despite being weaker
and less stable (for only 20ns) than the complex correspond-
ing to the red curve. The two other pairs that formed complexes
(with longer dcys distances and higher energies; Fig. 6B) were
not stabilized by hydrogen bonds.

- CND protonated form: the two complexes shown in Fig. 6C pre-
sented hydrogen bond stabilization during the first 19 and 35ns
of the simulation. These complexes therefore remained stable
beyond the lifetime of the hydrogen bonds, suggesting a slow
hydration process.
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Fig. 8. Histograms of chlorine-hydrogen distances for two selected cases corre-
sponding to amino (in black) and protonated forms of CND.

The results of the simulations suggested that when a complex
was formed, the imidazole ring was able to enter the cyclodextrin
cavity (especially in the imino case, as discussed below), while entry
of the aromatic ring into the cavity was prevented by the presence
of chlorine-containing groups.

It is known that chlorine atoms can form weak hydrogen bonds
of the O—H. - -CI—C type, with a typical distance of 2-3 A [63,64],
although this kind of interaction is uncommon and mainly occurs
in intramolecular situations [62]. Here, the protonated and amino
CND forms could interact in this way. Analysis was made of the
distances between H7 (see Fig. 1), which is only present in these
two forms, and each chlorine atom. The results showed that the
distance to one of the chlorines was always in the range described
for weak hydrogen bonds. Arepresentative example of each of these
cases (considering the protonated and amino forms) is shown in
Fig. 8, where two well-defined peaks can be observed. This kind of
interaction increases the steric hindrance for entry of the molecule
into the HP-3-CD cavity and reduces the availability of H3 atoms
for formation of intermolecular hydrogen bonds.

In conclusion, the molecular dynamics results showed that the
imino form presented the highest capacity for association with HP-
[3-CD. However, the protonated form is the prevailing species at
pH 7.4, which explains the low association constant determined
experimentally.
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Fig. 7. (A) Snapshot of an inclusion complex between the imine CND form and HP-B-CD, stabilized by hydrogen bonds; (B) number of hydrogen bonds as a function of time

for the three nitrogens of a given imino CND:HP-$3-CD complex.
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Fig. 10. Cytotoxicity assays showing the survival of 3T3 cells treated for 24 h with CND or CND:[3-CD (1:1 molar ratio). The insert shows detail of the 0-1 mM concentration
range. MTT reduction test; data presented as percentage of control (n=6).

4.6. Dialysis experiments in Hepes buffer at pH 7.4, and followed up to 300 min, when the
curves reached equilibrium (Fig. 9). Almost 90% of the free CND

It is known that the diffusion rate of drugs can be altered due to was released from the donor compartment after 60 min, compared
complexation. The diffusion of CND complexed to HP-3-CD through to 60% of the complexed CND. Although the difference was not
polycarbonate membranes was compared to that of the free drug pronounced, which may have reflected the low affinity of CND:HP-
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Fig. 11. Sensorial blockage test in Wistar rats after intrathecal administration of 0.15% clonidine (free or HP-B-CD-complexed), 0.25 % bupivacaine (BVC) and their association
(BVC+CND and BVC +CND:HP-B-CD). MPE% refers to the percent-anesthetized animals as a function of time (n=7).

[3-CD, it was nevertheless significant (AUC values of 25,541.4 + 21.7
for CND and 24,175.3 & 38.8 for CND:HP-[3-CD, p<0.001), showing
that complexation diminished diffusion rate of CND in vitro.

4.7. Cytotoxicity studies

Fig. 10 shows the cell viability curves for 3T3 fibroblasts after
treatment with free or complexed CND. The IC5q values determined
for CND and CND:HP-B-CD (3.5 and 2.8 mM, respectively) were
not significantly different (p >0.05, Tukey’s test). HP-3-CD was not
found to be cytotoxic, as shown previously [53]. Hence, from the
toxicity point of view, complexation did not change the intrinsic
effect of clonidine, which is an important consideration in terms of
its safe disposal.

4.8. Analgesia tests

Antinociceptive tests showed that intrathecal administration of
0.15%(20 L) CND, which was below the concentration that induces
hypotension (100 wg) [7], caused sensory blockade of the caudal
nerve of rats during 120min (Fig. 11). Complexation with HP-
[3-CD significantly prolonged the duration of anesthesia induced
by clonidine (180 min, p<0.001, Tukey’s test). When associated
with 0.25% bupivacaine, this CND concentration prolonged the
anesthetic effect to 300 min (p <0.01, Tukey’s test), in agreement
with previous reports [3-9]. Finally, the combined effect of the
CND:HP-B-CD complex and bupivacaine resulted in the exten-
sion of anesthesia for as long as 540 min (p <0.001, Tukey’s test).
These findings reinforced the potential for clinical application of
the CND:HP-3-CD complex in surgical procedures, in association
with local anesthetics.

5. Conclusions

A CND:HP-3-CD host-guest complex with 1:1 stoichiometry
was prepared. XRD and SEM analyses provided evidence of complex
formation, as shown by the loss of the crystalline structures of the
pure compounds (CND and HP-3-CD). NMR experiments revealed
that in solution, the constant for binding of CND to HP-3-CD
was low (20M~1), although it was not possible to obtain molec-
ular details concerning the topology of the complex, due to peak
superpositioning. Molecular dynamics simulations confirmed the
experimental results, with identification of the formation of stable
(that remained through the simulation time) inclusion complexes,
notably for the neutral imino form of CND that was stabilized by
hydrogen bonding with the cyclodextrin.

In relation to possible applications of the complex as a phar-
maceutical drug delivery system, dialysis experiments revealed
that complexation slowed the CND diffusion through polycarbon-
ate membranes by 15-20%, while in vitro tests revealed that the

formation of CND:HP-B-CD did not alter the toxicity profile of
CND against fibroblast cells in culture. Antinociceptive studies con-
ducted in vivo confirmed that complexation increased the adjuvant
effect of clonidine when used together with bupivacaine, a local
anesthetic employed in surgical procedures worldwide. Overall,
the results obtained in this work support the combined use of the
CND:HP-3-CD delivery system and bupivacaine as a novel approach
to enhance anesthesia in surgical procedures.
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