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Abstract

Melarsoprol, a water-insoluble drug, is mainly used in the treatment of trypanosomiasis and has demonstrated an in vitro
activity on myeloid and lymphoid leukemia derived cell lines. It is marketed as a very poorly tolerated non-aqueous solution
(ArsobaPf). The aim of our work was to develop melarsoprol—cyclodextrin complexes in order to improve the tolerability and
the bioavailability of melarsoprol. Phase-solubility analysis showedyfie diagrams witlg-cyclodextrin BCD), randomly
methylated3-cyclodextrin (RAMEBCD) and hydroxypropyR-cyclodextrin (HPBCD), which suggested the formation of 1:1
inclusion complexes. The solubility enhancement factor of melarsoprol (solubility in 250 mM of cyclodextrin/solubility in water)
was about 7.% 10° with both 3-cyclodextrin derivatives. The 1:1 stoichiometry was confirmed in the agueous solutions by the
UV spectrophotometer using Job’s plot method. The apparent stability conktantsalculated from mole—ratio titration plots,
were 57 143t 4 425 M for RAMEBCD and 50 7645 070 M~ for HPBCD. Data from*H-NMR and ROESY experiments
provided a clear evidence of inclusion complexation of melarsoprol with its dithiaarsane extremity inserted into the wide rim
of the cyclodextrin torus. Moreover, RAMEED had a pronounced effect on the drug hydrolysis and the dissolution rate of
melarsoprol. However, the cytotoxic properties of melarsoprol on K562 and U937 human leukemia cell lines was not modified
by complexation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

- The human African trypanosomiasis (sleeping sick-
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and 500,000, which creates a major health problem. Recently, one modified CD (sulfobutylethgs-
The trypanosomiasis is considered as one of the mostcyclodextrin, Captis&l) was used as a solubilizing
neglected diseases by the World Health Organization, agent to obtain parenteral formulations of two newly
which urges to increase the research efforts and con-approved drugs; the antifungal voriconazd®tnelly
siders that optimizing the efficacy, the safety, and the and De Pauw, 2004nd the anti-schizophrenia agent,
simplicity of drug regimens administration should be ziprasidoneKim et al., 1998.

favored, including the reformulation of old, but effec-
tive, drugs WHO, 2003.
Until now, the only effective drug available for

The most interesting property of cyclodextrins
(CDs) is their ability to form inclusion complexes with
a large variety of apolar and hydrophobic molecules.

the late-stage treatment of trypanosomiasis is the try- Their use was extensively exploited to improve the
panocidal melarsoprol (Mel), an Asorganoarsenic  pharmaceutical properties of numerous drugs such as
drug, which was introduced in the 50’s by Freidhem water solubility, stability, physicochemical incompati-
(Friedheim, 1949 Moreover, recent studies showed bilities, oral absorption or to modulate biological activ-
that Mel is also very effective in the treatment of sev- ity (Fromming and Szejtli, 1994; Al-Omar et al., 1999;
eral refractory leukaemi#&(vietal., 1996; Konigetal.,,  Garcia-Rodriguez et al., 20p1Thus, we have stud-
1997; Soignet et al., 199@nd could be an attractive ied the advantages of employing the CDs to develop
alternative to the arsenious oxide, which has recently an oral form and a parenteral aqueous solution of Mel,
been approved for the treatment of these severe bloodwhich could improve the tolerability and the safety of

disorders.

Mel, a very poorly water-soluble drug, was dis-
solved in propylene glycol at 3.6% to develop the only
commercially available solution (Arsotfal Aventis
Pharma). In addition to the severe systemic toxici-

the drug.

2. Materials and methods

ties caused by the drug substance, this non-aqueous.1. Materials

solution exhibits a local intolerability (severe pains,

burns, and necrosis) and must always be administered Melarsoprol {2-[4-(4,6-diamino-[1,3,5]triazin-2-

by slow intravenous injection thus, requiring a profes-

ylamino)-phenyl]-[1,3,2]dithiarsolan-4-}Amethanol;

sional hospital care. Therefore, this treatment remains Mel) was synthesized according to the method

very difficult to use in emerging countries, particularly
inthe field, which restricts its availability. Furthermore,
no oral forms of this drug were ever developed.

For several years, the modified CDs have been
used as solubilizing agents. Among the indus-
trially produced B-cyclodextrin derivatives, the
most important ones are the highly water-soluble
methylated 3-cyclodextrin and hydroxypropylated-
B-cyclodextrin. Randomly methylateglcyclodextrin
(RAMERBCD) is marketed in non-parenteral formula-
tions (e.g. Aerodid, 17B-estradiol, Servier, France
and Clorocif, chloramphenicol, Oftalder, Portugal).
Nevertheless, RAMBCD cannot be used in parenteral
formulations; because of its affinity to cholesterol is so
strong that it extracts cholesterol from the blood cell
membranes, resulting in hemolysis in around 1 mg/ml.
On the contrary, hydroxypropylp-cyclodextrin
(HPBCD) was marketed in oral (e.g. Sporaffox
Itraconazole, Janssen, USA) and i.v. formulations
(MitoExtra®, mitomycin, Novartis, Switzerland).

described by FriedheimF¢iedheim, 1942, 1947a,
1947b, 198p Its chemical structure is presented in
Fig. 1 The organoarsenic purity was greater than 99%
confirmed by the HPLC analysis and its structure was
ascertained b{H- and'3C-NMR. The arsenic percent-
age, determined by titration with bromate after min-
eralization, was 18.77% (theoretically: 18.81%). The
cyclodextrins f-cyclodextrin (-CD), B-cyclodextrin
(BCD), hydroxypropylg-cyclodextrin (substitution
degree=4.4; HPCD), randomly methylate@-
cyclodextrin (1.6—2.0 methyl unit per anhydroglucose
unit; RAMEBCD) and dimethyg-cyclodextrin
(DMBCD)] were purchased from Sigma—Aldrich
(St. Quentin, France). In all experiments, the water
content of the CDs was determined by coulometeric
Karl-Fisher method, and then the weighed mass of
the CDs was adjusted accordingly. All other reagents
were of analytical grade from either Merck Eurolab
(Fontenay-sous-Bois, France) or Acros organics
(Noisy-le-Grand, France) and were used as received.
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Fig. 1. The chemical structure of melarsoprol.

2.2. Melarsoprol assays

Determinations of the included Mel were car-
ried out by the high performance liquid chromatog-
raphy (HPLC) or the ultra-violet spectrophotometer
(UV) after dissociation by an initial dilution with
pure dimethylsulfoxide (DMSO); the appropriate final
adjustments were performed with distilled water.

For HPLC determinations, 50 sample was
injected onto a &g column (5um, 4.6x 25cm,

and Connors, 1965A suspension of a large excess
of Mel (30mg) in 2ml of aqueous solutions of the
appropriate CD (concentrations ranging from 10 to
250 mM, pH adjusted to 7) was stirred in screw-capped
amber vials during 24 h on a rock-and-roller agitator at
25°C. Under these conditions, the solution mostly con-
tained the non-ionized Mel |, 4.8, Keiser and Burri,
2000] and no significant degradation of the drug was
observed. Preliminary “time-dependence” experiments
showed that the equilibrium was reached after this stir-

Macherey-Nagel, Eckbolsheim, France) using an ring period. Each suspension was then centrifuged at
autosampler (WISP 712, Waters). The mobile phase 9000x g for 5min, diluted from 1/200 to 1/500 with

was a mixture of acetonitrile and 6% acetic acid in
water (23/77, v/v) at a flow rate of 1.5 ml/min (SP8800

DMSO and water (final DMSO concentration: 0
to 1073, v/v) and the amount of dissolved Mel was

pump, Spectra Physics, TSP, CA). Detection was per- assessed by HPLC or UV at 280 nm.

formed by UV spectrophotometer at 286 nm (Waters

The apparent solubility of the substrate ([Mgl]

490 E detector) using a SP-800 integrator (Spectra was determined as a function of the added ligand

Physics). The method was linear up to 2agml with
a detection limit <0.3.g/ml. As previously described,
chromatograms antH-NMR spectra showed that Mel

concentration ([COY:) (Fromming and Szejtli, 1994
Since the phase solubility diagrams were of-#pe
and assuming a 1:1 complex, the apparent stability (or

contains two isomers (ratio 3:1) as a result of the slow formation) constank, was calculated for each CD

inversion of the trivalent arsenic pyramidal configura-
tion (Ericsson et al., 1997
For UV determinations, after suitable dilutions, the

samples were measured in a 1-cm cell using a Carry 50
spectrophotometer (Varian, les Ulis, France). Standard

curves were constructed under identical conditions.

2.3. Phase solubility studies of melarsoprol
complexation with «CD, SCD, RAMEBCD and
HPBCD

Mel complexation with various cyclodextrins was
evaluated using the phase-solubility methblig(ichi

using the slope from the linear regression analysis of
the phase-solubility isotherm using the following equa-
tion:

slope

Ka= — P
&7 So(1 — slope)

1)

The inherent solubility of Melfp) was determined in
pure water under identical conditions. The determina-
tions were performed in triplicate and the constants
were expressed as the meas.D.



110
2.4. Characterization of Mel complexes

The phase solubility studies allowed us to select two
BCD derivatives (RAMBCD and HBCD) for further
experiments.

2.4.1. Liquid phase analysis of RAMEBCD/Mel

and HPBCD/Mel

2.4.1.1. Continuous variation (Job’s plot) method.
Stock solutions of Mel were prepared at 230°M

in 0.1% (v/v) and 1% (v/v) DMSO/water mixtures and
at 1.25x 10-°M in water. The complex Mel/CD was
formed at a constant volume by adding various concen-
trations of either CD dissolved in the respective solvent
at several molar ratios= [Mel]/([Mel] + [CD]), vary-

ing from 0.1 to 0.9 to reach a final total molarity of
2.5x107°M or 1.25x 10~°M. The absorbance of
the solution was monitored at 280 and 286.6 nm. The
absorbance differena®A = A — A was determined by
measuring the absorbance of Mel with) @nd with-

out (Apg) cyclodextrin at each wavelength in a 1-cm
path length cell thermostated at 25 °C. The prod-
uct AA x [Mel] versusr was then plotted to deter-
mine the stoichiometry of the complex which was
1:1 when AA x [Mel] reached its maximum for=
0.5.

As melarsoprolisinsoluble in pure water, this exper-
iment was previously performed with 0.1% (v/v) and
1% (v/v) DMSO/water mixtures to ascertain the negli-
gible influence of DMSO at low concentrations.

2.4.1.2. Spectroscopic determination of binding con-
stants. The mole—-ratio titration method was used to
confirm the values ofK, estimated by the phase-
solubility isotherms Yoe and Jones, 1944; Benesi
and Hildebrand, 1949; Dotsikas et al., 2D0Wari-
ous amounts of RAMBCD or HRBCD solutions were
added in fixed aliquots to a Mel solution (2510~>M

in 1% (v/v) DMSO/water mixture), leading to Mel/CD
ratio varying from 1/5 to 1/100. In preliminary exper-
iments, the absorbance of each vial was measured

S. Gibaud et al. / International Journal of Pharmaceutics 306 (2005) 107-121

where [Mel}, [CD], and [Mel/CD} are the respec-
tive concentrations of the species at timeye|, ecp
andepvel-cp are the molar absorptivities with units of
mol~fcm™! and Ae1.1=emel:cD — emel — £cD.Since
[Mel] ot = [Mel], + [Mel/CD];, a combination of Eg.
(2) with the definition of the binding constant of the
1:1 inclusion complexKi.1 =[Mel/CD],/[Mel],[CD],)
results in the following equation:

_ [Mel]totKl:lAgl:l[CD];
1+ K14[CD],

where AA=A;—Aqp.The binding constants were

obtained from the titration curve data4 as a func-

tion of [CD];) fitted by non-linear regression (E(R),
Graph Pad Software, Synergy Inc, Pasadena).

AA ©))

2.4.2. Solid phase analysis of Mel/RAMEBCD and
Mel/HPBCD

The solid phase analysis of the complexes was
performed on lyophilized samples. Mel (30mg;
7.5x 10~>mol) was stirred (25C; 24 h) in 10ml of
distilled water containing RAMBCD or HR3CD and
filtered through a 0.2g@m membrane filter (Millipore
HA, 0.22um). The filtrate was freeze dried and stored
at +4°C until use.

2.4.2.1. X-ray diffraction (XRD). Powder X-ray
diffraction patterns were obtained with D500
Siemens diffractometer system with CaxKadiation
(A:1.78897,5\) over the interval 10-4320. The
measurement conditions were as follows: target, Co;
filter, Fe; voltage 35KkV; current 20 mA.

2.4.2.2. Differential scanning calorimeter (DSC).

The DSC thermograms were obtained on a scan-
ning calorimeter (Pyris, Perkin-Elmer Instruments, St.
Quentin, France). The instrument was calibrated using
indium as a standard. Samples (5 mg) were heated in
sealed aluminium pans under nitrogen using the fol-
lowing program: hold for 10 min at 40°C; heat from
40.0 to 250.0C at a scanning rate of 2&/min.

time-dependently, up to 10 min to assess the KiNetics 5 4 3 perermination of the complex structure by

of the complex.At each time, the total absorbaaci
a 1-cm cell was given by

A; = evel x [Mel],

+ecp x [CD]; + emel:cp x [Mel/CD], 2

!H-NMR measurements

All experiments were performed on a Bruker
Avance DRX-NMR spectrometer operating at 9.4T
(proton frequency: 400.133 MHz) and at a sample tem-
perature of 300 K. The 2D-ROESY experiments were
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recorded with the following parameters: mixing times buffer at pH 7.0 to obtain 4g/ml solutions (expressed
300 ms with a radiofrequency field of 8 kHz, acquisi- in Mel), poured into screw-capped vials and incu-
tion map 2 Kx 256, number of scans 16. Final 2D-map bated at 25, 37 or 60C (£1°C) in a shaking-bath,
after FT: 1Kx 1K. 200 strokes/min (Heito, France). At various intervals
The lyophilized Mel/RAMBCD and Mel/HRBCD ranging from 1 to 72h, 50! of the solution were
complexes, obtained as previously described, were dis-set apart and analyzed by HPLC. The first-order rate
solved in BO. For solubility reasons, the spectrum of constant for the degradation of the drug is the weight
free Mel was obtained ingdDMSO. Chemical shifts  average of two rate constants, whekg)(@nd Kc) are
were given in part per million (ppm) relative to the sol- the pseudo-first order rate degradation constants for
vent signal (HOD at 4.84 ppm). Since the commercial the hydrolysis of free or totally included melarsoprol,
RAMERBCD used in all experiments contained 1.6—-2.0 respectively,F; is the fraction of free drug in solu-
methyl unit per anhydroglucose and does not have ation and [Mel} is the free drug concentration at time
defined composition’H-NMR spectra were carried ¢ (Loftsson and Loukas, 1996; Dotsikas and Brewster,
out using a complex obtained with pure heptakis (2,6- 2002)
di-O-methyl)-B-cyclodextrin (DMBCD) substituted at d[Mel],

the primary (O-6) and at the secondary (O-2) hydroxyl p = —KopdMel], (5)
groups. !

and
2.4.4. Pharmaceutical properties of Mel/ Kobs= KiFi + Kc[1 — Fi (6)
RAMEBCD complex

2.4.4.1. Dissolution kinetics. In order to investigate ~ The constants were determined kinetically by non-
the relative dissolution kinetics, the dispersed amount linear regression from the plots of the percentage of
method was used. One mg of free melarsoprol or an the remaining drug (%ei) as a function of time4,
equivalent amount of the lyophilized Mel/RAMEED according to %el = 100x e”X". The respective acti-
complex powder was suspended in a mixture of 70 ml of vation energies for the degradation were obtained from
phosphate buffer (0.1 M, pH 7.40) and 30 ml of propy- the Arrhenius plots [IK; =f(1/T) or In K¢ = f(1/T)].

lene glycol preheated to 3. The suspensions were

incubated, at 37C, in a shaking-bath, 200 strokes/min  2-4.4.3. In vitro cytotoxicity on K 562 and U937
(Heito, France). One ml aliquots were taken at various c¢/l lines. The cytotoxic activity of Mel and
intervals up to 24 h and centrifuged (720@, 5min, ~ Mel/RAMEBCD complexwas performed on K562 and
Denver Instruments, MA). The supernatants were then U937 human leukemia cell lines. Briefly, exponential
analyzed by HPLC in order to assess their drug con- growing cells were seeded into a 12-well plate at a den-
tents. The results are presented as mesD. of tripli- sity of 0.2x 10P/well. Triplicate wells contained Mel
cate experiments. The resulting dissolution curves were OF Mel/RAMEBCD at concentrations ranging from
analyzed in terms of the dissolved drug percentage 1.2510 50uM. The cells were incubated for 2 or 3 days
(DP,) and the dissolution efficiency (QEaccording at 37°Cin a humidified 5% C@atmosphere. Cell den-

to the equation sities were determined by a duplicate cell count using
a haemocytometer. Cells that excluded trypan blue dye
DE fé Ddt 100 (L; living cells) were counted and compared to those
1= D1oot x (4) of the control culture®) in order to assess the growth

inhibition percentage usind.{C) x 100. Cells that did
whereD is the percentage of the dissolved drug attime not exclude the dyelx; dead cells) were also counted
randDjoof is the area of the rectangle corresponding and compared to the total number of cells in the well
to a total dissolution (100%) at the same tinéh@n, (1) to assess the mortality percentage calculated by
1975; Buchi Naidu et al., 2004 (DIT) x 100. Cellular viability was also estimated by

the lysosomial coloration method using neutral red dye
2.4.4.2. Stability studies. Pure Mel or Mel/RAME- (Borenfreund and Puerner, 198&or each concentra-
BCD complex were suspended in 0.1 M phosphate tion tested, 4 wells were used, then the mean value was
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calculated. For each parameter (growth inhibition and
mortality percentage), the correspondingsg (&ffec-

tive concentration for 50% of the maximum response
Amax) was calculated by non-linear fitting of the exper-
imental data using a sigmoidal dose response model
according to the equation

A — Amax
c= 1 + 1009 EGso—Tog ©)

()

where A¢ is the response for the concentratiéh
(GraphPad, Prism Software).

3. Results and discussion

Since the complexes obtained with RAIJED
(Mel/RAMERCD) and HBBCD (Mel/HPBCD) gath-
ered the best solubility enhancement factor, their
physicochemical properties were investigated in
details. The hypothesis of 1:1 stoichiometry of the
inclusion complexes was confirmed by the continu-
ous variation method (Job’s plot) and their respective
apparent stability constants in solution were studied
by the mole—ratio titration method using the UV spec-
trophotometer. The formation of a true inclusion com-
plex between Mel and RAMECD was also demon-
strated by the differential scanning calorimeter (DSC)
and the X-ray diffractometer (XRD) in the solid state
after freeze-drying. FurthermoréH-NMR spectra,
two-dimensional rotating frame nuclear Overhauser
effect spectroscopy (2D-ROESY) experiments were
carried out to confirm the hypothesized inclusion mode
of Mel/RAMERCD.

Finally, additional properties of Mel/RAMEBCD
complex such as drug stability, dissolution profiles and
efficacy were studied to demonstrate the suitability of
the complexation to develop acceptable pharmaceuti-
cal forms.

3.1. Phase solubility of melarsoprol with aCD,
BCD, RAMEBCD and HPBCD

Mel is a lipophilic compound (lo@ = 2.53), which
is very poorly soluble in wateSo=6mg - at 25°C
(1.25x 10°M). oCD did not significantly improve
the solubility of Mel; this is probably due to the lack
of incorporation of the Mel in the small cavity efCD
(internal diameter: 0.57 nm). On the opposR€D and
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Fig. 2. Phase solubility diagrams of melarsoprol in the presence of
RAMERCD (@), HPBCD (), BCD (M) andaCD () in distilled
water at 25C. Inset: expansion of the initial part of the curves.

its modified derivatives, which have an internal diam-
eter of 0.68 nm, showed a better solubilization of Mel.
The parent molecul@CD exhibited a steeply linear
phase-solubility diagrani{g. 2, inset) but the amounts
of dissolved Mel were rapidly limited by the poor sol-
ubility of the complex, which precipitated after about
2mM of added CD. Thus, a B-type phase-solubility
diagram, according to Higuchi and Connors classifica-
tion, was obtained.

The Mel/RAMEBCD and Mel/HBBCD isotherms
(Fig. 2 were linear within the CD concentration range
studied, corresponding to an_ Aype profile with a
slope less than 1 and indicating that the inclusion com-
plexes could be of the first order with respectto the CDs
(1:1 stoichiometry). The apparent stability constadfs
were 56 072 4 205 M1 for Mel/ RAMEBCD and 54
168+ 5 350 M~ for Mel/ HPBCD.

These close values of binding constants suggest that
the solubilization process is identical between these
BCD derivatives, regardless of the substitution of the
external hydroxyl groups of the toroidal shape. How-
ever, it was demonstrated that the slope of the phase-
solubility diagram in a drug/cyclodextrin system could
be linear in spite of the enhanced solubility occur-
ring through both inclusion and non-inclusion pro-
cesses such as complex aggregates or micellar forma-
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tion (Loftsson et al., 2002 Thus, an A-type isotherm 0.4+
does not necessarily demonstrate the formation of an
inclusion complex and other experiments are required

to ascertain the process. Nevertheless, the complexa-

tion efficiency of these CDs, as defined by the product V7
SoK1:1 (Loftsson et al., 1999; Loftsson et al., 2002 502, y /4
was about 0.67. The solubility enhancement factor, as 4
defined by the ratio of the solubility of Mel in 250 mM

solution of CD to its inherent solubilityp, was about 0.1
7.2x 10% for both CDs. This interesting finding is
coherent with the well-admitted principle claiming that S

the less the agueous solubility of the pure drug, the 0'0260 280 300 30 340
greater the relative solubility enhancement by the CD Wavelength(nm)
complexation [Coftsson and Brewster, 1996Sharma

10 x molar excess of CD

Fig. 3. Effect of RAMECD addition on the UV spectra of melarso-
et al. (1995)showed that the enhancement factor for prol (2.5x 10-° M in 0.1% (v/v) DMSO/water). The figure shows a

the highly |ip0phi|iC anticancer drug paclitaxel varied concentration-dependent bathochromic shift (280-286.6 nm) and a
from 2.3x 10° for HPBCD to 9.9x 10* for DMBCD. corresponding hyperchromic effect. The solid line arrow indicates the
Interestingly, despite the fact that the BIPDs are gen- displacement of the curves corresponding to the increasing amounts
erally considered as less effective solubilizers than the of €D

randomly methylated derivatives, the enhancement fac-

tor is similar for both CDs in our case.

Considering the excellent solubilizing properties of and hypochromic shifts). Thus, the bathochromic and
RAMEBCD and HBBCD for Mel, which led to the for- hyperchromic shifts could suggest that the 4,6-diamino
mation of complexes with apparent stability constants triazine ring is notinserted into the cavity. Furthermore,
in the range considered as optimal for pharmaceuti- these shifts could be linked to an extended conjugation
cal usesl(oftsson and Brewster, 1996wre decided to of the respectiver electrons of both aromatic rings due
profoundly investigate the physicochemical and phar- to a stabilizing interaction between the triazine ring and

maceutical properties of these complexes. the outside part of the CD core.

Time-dependent experiments showed a rapid stabi-
3.2. Stoichiometry and binding constant of lization of absorbance (<2 min) after the addition of
Mel/RAMEBCD and Mel/HPBCD CDs indicating a rapid in solution complexation (data

not shown). Moreover, the absorbance remained stable
In aqueous or 1% (v/v) aqueous DMSO solu- for several hours.

tion, Mel exhibited a maximum absorbance at 2860nm  The continuous variation method (Job’s plot) was
mainly due to the conjugation of the 3,5-diamino tri- used to confirm the inclusion process and the 1:1 sto-
azine ring with the benzene nucleus (molar absorp- ichiometry as suggested from solubility experiments.
tion coefficienteme= 10 916+ 105 M 1ecm™1; n= 5). The differenceAA was measured at 280 and 286.6 nm
The titration of Mel with increasing concentra- for mixtures of Mel and both CDs in water and 0.1%
tions of RAME3CD and HEPBCD (up to a ratio (v/iv) DMSO/water mixture with the total molarity
CD/Mel=100) showed a concentration-dependant remaining constant-ig. 4 represents the 2nd order-
bathochromic effect leading to a maximum shift to polynomialfitted curves ohA x [Mel] as a function of
286.6 nm, a CD-dependent increase of absorbance at-=[Mel]/([Mel] +[CD]) ( >0.999;n =3). Thus, these
this wavelength (hyperchromic shift) and an isosbestic Job’s plots demonstrate that, sinkd x [Mel] is max-
point at 277 nm are in good accordance with the sup- imum atr value of 0.5, both complexes have a 1:1
posed complexation, by inclusion, proce$sg( 3. stoichiometry. Identical results were obtained for both
However, when the chromophore part of a guest wavelengths and regardless of the solvent. However, a
molecule is inserted into a CD cavity, an opposite better correlation coefficient and reproducibility were
behavior is more frequently observed (hypsochromic noticed when we used 0.1% (v/v) DMSO in water.
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Fig. 4. Continuous variation plot (Job’'s plot) for the com-
plexation of melarsoprol (Mel; 2.5810°°M in 0.1% (V/v)
DMSO/water) by RAMBBCD (@) and HPBCD (0). AA =difference

of absorbance at 286.6 nm with)(and without Ao) cyclodextrin;
r=[Mel)/([Mel] + [CD]).

The stability constantXi.1, were also calculated
from the molar—ratio titration plots by non-linear
regression Kig. 5 and were 57 1434 425M1
for RAMEBCD and 50 7645 070 M~ for HPBCD
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Fig. 5. Mole—ratio titration plots of melarsoprol (26107°M in
1% (v/v) DMSO/water) by RAMBCD (®) and HPBCD (). The
formation of the complex was monitored at 286.6 nm.
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(n=3). These values were very close to those obtained
from phase-solubility experiments. Thus, these results
suggest the formation of a soluble 1:1 inclusion com-
plex, though the presence of adsorbed molecules,
which kept their spectral characteristics, could not be
excluded.

It was demonstrated that the relative error of the
Benesi—Hildebrand method (i.e., double reciprocal
treatment of titration data) in measuring the association
constants of CD complexations is often poorly reliable
except for thek values <1000 M1 (Salvatierra et al.,
1997; Yang et al., 2090 Since the complexation of
Mel was strong, a non-linear regression estimation of
the binding constants was chosen. For all experiments,
the estimation error of binding constants, determined
as the midpoint of the hyperbolic fitting of an individual
set of experimental data, was less than 10%.

3.3. Characterization of solid Mel/RAMEBCD
and HPBCD complexes

The DSC and the XRD are widely used to study
the complexation by CDs in the solid state. There-
fore, these analytical methods were used to ascertain
the inclusion process in solid complexes obtained by
freeze-drying.

The DSC profile of RAMBCD exhibited a large
endothermic event from 90 to 14Q, attributed to
the evaporation of the absorbed water, followed by an
endothermic peak at 18T corresponding to its melt-
ing point whereas the melting point of Mel occurred
at 221°C. The DSC profile of the two raw materials,
compared to the thermogram of the Mel/RABIED,
confirms that there was a real inclusion of the Mel into
the RAMEBCD. In fact, the formation of an inclusion
complex is suggested by the absence of both melting
endotherms in the DSC thermogram of the complex, as
previously described for other drugs suclasiockers
(Ficarra etal., 2000or zolpidem {rapani et al., 2000
The DSC profile of Mel/HBCD was very similar to
this of Mel/RAMERCD.

The XRD also demonstrated the formation of an
amorphous inclusion complex between RAMED
and Mel. The diffractogram of pure Mel exhibited
numerous peak characteristics of its crystalline form,
while RAMEBCD showed only a broad amorphous
band. The diffraction pattern of the freeze-dried com-
plex showed that the drug had lost its crystalline state,
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Table 1
IH-NMR chemical shiftsq) of free and complexed melarsoprol (Mel):

| e

S
NH OAS CHoOH
N:( e \ b a

£ ¢ S—4
NHe—4 N
h N
NH>
h

Proton type Melarsoprol Mel/DRICD

Major Minor Major Minor

8 (ppm) 8 (ppm) 8 (ppm) AS 3 (ppm) Ad
a 5.158 5.158 a - a -
b 2.840 2.791 2.602 —0.238 n.r. -
c 3.788 3.672 N.r. - n.r. -
d 2.506 2.506 2.153 —0.353 2.153 —0.353
e 7.821 7.838 7.676 —0.145 7.631 —0.207
f 7.490 7.538 7.472 —0.018 7.529 —0.009
g? 8.991 8.991 a - a -
ha 6.320 6.320 a - a -

A§=35 (complex)—§ (free); major and minor denotes isomers of melarsoprol (Mel); n.r.: peak non-resolveRICDM (2,6-di-O-methyl)B-
cyclodextrin.
2 Signal disappearing with trace ofB.

and the small residual peaks were attributed to minute were observed in the spectrum, indicating a dynamic

amounts of non-included Mel. exchange process between the free and the included
state during the NMR time scalkedukas et al., 1997
3.4. Determination of complexes geometry by Both conformational isomers were similarly shifted;
NMR determinations
AN BB
NMR spectroscopy is known to be one of the most trans + cis

useful methods to obtain information about the geom-

etry of inclusion complexesDjedaini et al., 1990;

Ganza-Gonzalez et al., 1994; Kim et al., 2p0Of#ihe

IH-NMR peak assignments for free and complex Mel

are reported ifable 1 where the corresponding shifts f
are As =5(complex)— §(free). According to the previ-

ously published study bigricsson et al. (1997)he two Melarsoprol _/
diastereoisomeric forms of Mel, due to the slow inver-
sion of the pyramidal structure of the trivalent arsenic,
were observed at the expected 3:1 ratio. These isomers
can be clearly identified by the different chemical shifts
of the respective aromatic AABB’ coupling system T " y - T

(Figs. 6 and Y. It has been suggested that the orien- 8.000 ppm 7.5000

tation of the CHOH group of the dithiaarsane ring is

pseudoaxial, the major isomer A has R in pseudoequa- Fig. 6. Partial plot of théH-NMR spectra of free and complexed

torial (trans) position and the minor B isomer has R in melarsoprol (Mel) with methyB-cycIodextrin at 1:5 ‘molar ratio

I . . (Mel/RAMEBCD), corresponding to the benzene ring area. AA
pseudoaX|aIc(zs) position Flg' 7) and BB’ denote the aromatic coupling system corresponding to
In the presence of CDs, most of the Mel protons the H.e and H-f protons. Mel was dissolved ig-BMSO and

were strongly upfield shiftedréble 1. No new peaks  Mel/RAMERCD in D;0.

trans

MeBCD/Mel
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CHZOH CHZOH Table 2
ax 1H-NMR chemical shifts§) of MeBCD and Mel/DMBCD complex
/S ‘ S ax in D20
”“’”/I .,,“”/ " "
DAs/S ol R\As//s ...{I..”” Proton type Chemical shift (ppm) AS
l ax eq O DMBCD Mel/DMBCD
R H-1 5.172 5.128 —0.044
H-2 n.r. n.r. n.d.
Major (75%) Minor (25%) H-3 3.944 3.874 —0.070
H-4 3.531 3.508 —0.023
A A H-5 3.845 3.851 +0.006
H\ H-6 3.721 3.658 —0.063
N—@— 6-OCHs 3.344 3.326 —0.018
N 2-OCHs 3.548 3.5622 —0.026
_ = B B
R = NH, (?\l N In the formula of glucopyranose unit, R represents H or QCH
3
NH, ~o H. OH

Fig. 7. Conformation of the melarsoprol isomers at the dithiaarsane H
ring. Major isomer: CHHOHayxijal and Ruial (trans); minor isomer:
CH20Haxial and Requatorial(cis)- JCH2
HsCO" = H
however, the isomeric ratio was strongly modified by chemicalshif o : SIO'_“t'O”Zé"gre_ malde i”sﬁ-
the complexation since the minor isomer, which repre- Shemicaishiftsare giveninppmrefative to HOD signalat 4.540 ppm.

or % Ad =6 (complex)— § (free); n.r.: not resolved; n.d.: not determined,
Sented 25% "’! free M9|, was decre_ased to about 5%, AS\el = melarsoprol; DMBCD = (2,6-di-O-methyl)g-cyclodextrin.
estimated by integratiori{g. 6). This fact could sug-

gest a preferential inclusion of the majesins isomer ior of th | . i

and thus, a shift of the inversion equilibrium toward the EXterior of the torus were also affected suggesting a
trans isomer. The largest upfield shifts were observed POSSible adsorption of melarsoprol on the outside sur-
for H-d and H-b protons indicating that the dithiaarsane 'ace Of the cyclodextrin.

fing undergo a significant perturbation upon complex- . ME/RAMEBCD and Mel/DM3CD ROESY exper-
ation. Moreover, the H-e benzene protons, located near'™MenNts Eig. 8 showed an intense correlation between
the Ar—As bond, were also strongly shifted whereas the internal H-3 and H-5 proFon.s Of. the CD’.Wh'Ch
the H-f protons were only slightly perturbed. These _could suggest that the aromatic ring is deeply inserted
facts strongly suggest that the complexation process Nt the CD Fig. 9). However, the H-2 and H-4 of these
involves the dithiaarsane extremity of the molecule. CDS Were also correlated with the aromatic ring of the
As Ganza-Gonzalez et al. (199@eviously described Mel and it was assumed that some Mel molecules were
these upfield shifts of the. Mel protons could be dué to adsorbed, contributing to the solubility increase. These

an interaction with ther electrons of the oxygen atoms CDs contain sub'stituted methyl groups, thus became
of the CD. more hydrophobic and therefore adsorb, more effec-

The 'H chemical shifts of DMBCD in the absence  UVely, the melarsoprol.
and the presence of Mel are showTable 2 The peak
assignments obtained with the I@D used through-  3.5. Melarsoprol stability in Mel/RAMEBCD
out the experiments were in good agreement with those
previously reported. As expected, the H-3and H-5pro- ~ The formation of an inclusion complex between Mel
tons located inside the cavity and the protons from the and RAMEBCD has a pronounced stabilizing effect on
external H-6 group at the narrower extremity were sig- the drug decomposition. Actually, It has been previ-
nificantly shifted. These findings proved the existence ously shown that Mel is not a stable compound and
of an interaction between the guest molecule and the samples stored for long periods of time should be kept
interior of the CD cavity, confirming our hypothesis at —70°C and protected from humidityEgicsson et
of the inclusion mode. The H-1 protons located at the al., 1997. The main degradation process is a general
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Fig. 8. Partial contour plot of the two-dimensional ROESY spectrum of melarsoprol (Mel) in the presence of (2,6-di-O-gieffiy)dextrin

(DMBCD) in D,0.

acid—-base catalyzed hydrolysis leading to an open- ity’s half-life was doubled as showed by the respective

ing of the dithiaarsane ring with the formation of
melarsenoxideRerger and Fairlamb, 1994; Loiseau
et al., 2000. Thus, the influence of the complexation
by cyclodextrins on the stability of Mel was studied
using the Mel/RAMBCD complex. The degradation

kinetics of Mel and the complex were performed at 25,
37 and 60C and the quantification of Mel degrada-
tion was carried out from the data obtained by HPLC.

pseudo-first-order constarks andK, (Table 3.

The Arrhenius plot in the presence of RAMMED
was parallel to that in its absence, indicating that the
degradation mechanism remained essentially the same
(data not shown). The mean activation energy Ea for
Mel degradation was 77.87 kJMand, after complex-
ation, it increased to 80.80 kJM leading to a differ-
ence of +3.07kJM! (P<0.01). A similar increase

This degradation follows a temperature-dependant first of Ea was previously described in the protection of

order process and was significantly lower for the
included Mel than for the free drug since the stabil-

insulin hydrolytic deamidation by complexation with
RAMEBCD (Dotsikas and Loukas, 20D2
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Fig. 9. Molecular models of Mel/DIJCD derived from 2D ROESY experiments.

Our results demonstrate a protecting effect of CD complex with RAMEBCD. Therefore, the dissolution
on the Mel degradation. Sure enough, it is well known profile was a key pharmaceutical parameter to investi-
that the complexation of hydrolysis-sensitive drugs by gate.Fig. 10illustrates the dissolution profile obtained
the CDs might affect their stability by retardation or with pure Mel and Mel/RAMBCD. Since the inher-
acceleration of the degradation process, depending onent solubility of melarsoprol was too low to respect
the inclusion mode.L{oftsson and Brewster, 1996 sink conditions in an aqueous solution, the dissolution
Our results were also coherent with the geometry of study was performed in a mixture of phosphate buffer
the complex postulated from the NMR experiments. 0.1 M, pH 7.4 (7Oml) and propylene glycol (30 ml).
Indeed, the insertion of the dithiaarsane ring into the Even in these conditions, which strongly favor the dis-
hydrophobic cavity of the CD limits the access of water solution of the drug alone, the dissolution rate of the
molecules and, thus, decreases the hydrolysis rate.  complex was significantly higher than this of the free

Mel. The respective dissolution parameters are pre-
3.6. Dissolution study of Mel/RAMEBCD complex sented ifTable 4 As compared to free Mel, a very rapid
and total dissolution of the complex was observed. The

One of the aims of this work was to develop an dissolution efficiency after 10 min Dgwas 24.6+ 2.0
oral form of Mel using the formation of an inclusion for the free drug and 962 2.5 for the included drug

Table 3
Pseudo-order degradation rate constants and corresponding half-life values for free melarsoprol (Mel) and complexed v@tioyokitigktrin
(Mel/RAMERBCD) at three different temperatures (meaB.E.;n=3)

T(°C) Mel Mel/RAMERCD

K (1) T2 (h) Kc (h71) T2 (h)
25 0.0174+0.009 65.1+ 20.8 0.00A0.001 111.5+ 20.7
37 0.023+0.006 335+ 75 0.012+0.005 87.5+ 40.5
60 0.378+0.080 2.0+ 0.3 0.133:£0.044 5.6+ 0.9

* P<0.05 (-test).
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Fig. 10. Dissolution profile of free melarsoprot) and complexed
with methylB-cyclodextrin @) in a 7:3 mixture of 0.1 M phosphate
buffer (pH 7.4) and propylene glycol at 3€ (meant S.D.;n=3).

Table 4

Dissolution parameters of free melarsoprol (Mel) and com-
plexed with methylB-cyclodextrin (Mel/RAME3CD) at 37°C
(meantS.D.,n=23)

Solubility parameter Mel Mel/RAMERCD
Dissolution efficiency (%)

DEig 24.6+£2.0 96.7+2.5

DEzg 42.3+4.0 98.7+1.5
Dissolution (%)

DPso 60.3+6.1 98.6+ 9.6

DPi20 70.3+4.7 99.2+ 6.1

DPsgo 85.3+2.1 99.7+8.7

The solubility parameters DE and DP are defined in the experimental
section.
* P<0.001 vs. free Melstest).

Table 5
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(P<0.0001). The dissolution was total for the complex
after 60 min whereas only 60:36.1% of the free Mel
was dissolved. These results demonstrate that the sol-
ubility properties of Mel are dramatically improved by
its complexation with RAMBCD.

3.7. Invitro cytotoxicity of Mel/RAMEBCD on
K562 and U937 cell lines

The growth inhibition of cells exposed to
Mel/RAMEBCD was similar to that of free Mel as
estimated by the trypan blue dye exclusion method
(Table 5. However, the mortality rates after 2 days
exposure to Mel/RAMBCD were less than those
obtained with free Mel (TMo=20.87uM versus
5.25+0.38uM; P<0.01), but became equivalent in
the third day of incubation. In U937 cell line, the
growth inhibition was slightly reduced d&f+72h
(3.16+0.07uM versus 2.4G: 0.02u.M; P<0.01), but
was not different for K562 cells. Similar values were
obtained using the neutral red dye test to assess the
viability (data not shown).

These results could be explained by the protec-
tion of Mel from hydrolysis by its complexation and
the consequent slower transformation to melarsenox-
ide, formed by simple hydrolysis, which represents the
active metabolite of melarsoprdC(istau and Placidi,
1972; Cristau et al., 19§2Melarsenoxide was syn-
thesized by Friedheim in 1939, used for several years
(Friedheim, 1948 and then abandoned because of
its toxicity. Recently,Keiser et al. (2000)showed
that melarsenoxide undergoes further transformation
into one or more active compounds that still contain
the arsenic moiety. However, the toxicity of melarso-
prol has not been differentiated from the toxicity of
melarsenoxide and is probably considerably less active.
Indeed, the mechanism of the covalent binding and

Cytotoxicity parameters of free melarsoprol (Mel) and complexed with mgkgyclodextrin (Mel/RAMECD) on human cancer cell line

U-937 and K562 (Trypan blue exclusion method; mg#®.D.n = 3)

Cytotoxicity parameter Mel Mel/RAMBCD

48h 72h 48h 72h
ICs0 (1L.M) 2.0940.08 2.40£0.02 2.38+ 0.44 3.16:£0.07
MCso (M) 5.2540.38 4.25+0.16 17.89+ 4.84 4.45+0.58

ICs0: concentration inducing half-maximal inhibition; Mg concentration inducing half-maximal mortality.

* P<0.01 vs. free melarsoprol (Mel).
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