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Abstract PURPOSE Ro 28-2653 (RO) is a synthetic
inhibitor of matrix metalloproteinases (MMPs), which
is potentially effective against bronchial remodeling.
Given that this molecule has very poor aqueous solu-
bility, different cyclodextrins (CDs) have been tested
to increase its solubility. The aim of this study was to
prepare and to characterize inclusion complexes
between RO and CDs, in order to develop nebulizable
solutions. METHODS The complex formation was
investigated by phase solubility studies. 1H-NMR spec-
troscopy and molecular modeling studies were carried
out to elucidate the structure of the inclusion complex
between RO and dimethyl-β-CD (DIMEB). Nebuliz-
able solutions of RO were developed with CDs and a
stability study was performed over 9 months.
RESULTS The phase solubility studies showed that β-
CD and its derivatives form a 1:2 complex with RO,
whereas γ-CD includes RO with a 1:1 stoichiometry
and a weak stability constant. T-ROESY spectra
showed that DIMEB is able to complex two RO sub-
stituents (nitrophenyl and biphenyl groups) with pref-
erential orientations, while molecular modeling
demonstrated that the configurations observed with
1H-NMR are energetically favorable, especially owing
to H-bond formation between RO and DIMEB. Two
CDs were selected to develop nebulizable solutions of
RO and the stability study demonstrated that RO deg-
radation in solution is strongly dependent on the con-
centration of the 1:2 inclusion complex. 

CONCLUSIONS CDs are able to include RO and to
improve its aqueous solubility. The β-CD derivatives
can be used to formulate nebulizable solutions of RO,
the stability of which depends on the concentration of
the 1:2 complex.

INTRODUCTION

Matrix metalloproteinases (MMPs) are zinc-dependent
proteolytic enzymes able to break down basement
membranes and most extracellular matrix components
(1). The expression and activation of MMPs are care-
fully regulated in physiological conditions in order to
prevent uncontrolled destruction of body tissues, but
this regulation may be modified or disrupted in many
pathological processes (2-6). Asthma is a chronic
inflammatory disease characterized by bronchial
hyperresponsiveness and profound extracellular matrix
changes that are collectively referred to as bronchial
remodeling (7, 8). It has been demonstrated that over-
expression of some MMPs into asthmatic airways
(especially MMP-2 and MMP-9) is involved in bron-
chial remodeling (9-11). For these conditions, a specific
inhibition of both MMPs could lead to a new therapeu-
tic approach for asthma (12, 13).

Ro 28-2653 (RO), a barbituric derivative (Figure 1), is a
synthetic inhibitor of MMPs with a high selectivity for
MMP-2, MMP-9 and MMP-14 (14). As its effectiveness
has already been demonstrated in disease models with
MMP-9 expression disorders (15, 16), RO should be
effective against bronchial remodeling. 
164



J Pharm Pharmaceut Sci (www.cspscanada.org) 8(2):164-175, 2005
Figure 1: Chemical structure of Ro 28-2653.

The inhalation route is widely studied for many drug
applications focusing on local distribution. The poor
solubility of active substances poses problems, for
example, the aqueous solubility of RO (<1μg/ml)
does not allow the exploration of large concentration
ranges and corresponding pharmacological responses.
Rather than using co-solvents, which can be irritant or
toxic after inhalation (17, 18), cyclodextrins (CDs)
have been tested to increase RO aqueous solubility and
to develop nebulizable solutions. CDs are cyclic oli-
gosaccharides consisting of α 1-4 linked glucopyranose
units with a hydrophilic outer surface and a lipophilic
cavity, which is able to include some organic molecules
by non-covalent interaction forces. In the pharmaceuti-
cal field, CDs are used to enhance solubility, dissolu-
tion rate and bioavailability of insoluble drugs (19, 20). 

The feasibility of using different CDs to elaborate
pharmaceutical formulations for the inhalation route
has previously been demonstrated and short-term tox-
icity of these solutions on C57BL/6 has been tested
(21).

The effect of different CDs on the aqueous solubility
and on the chemical stability of RO was investigated
by phase solubility studies and by 1H-NMR spectros-
copy and molecular modeling studies, with the aim of
preparing stable and effective nebulizable solutions.

MATERIALS AND METHODS

Materials

RO was synthetized by Syntheval (Caen, France)
according to patent WO9858925. Hydroxypropyl-β-
CD (HP-β-CD, Kleptose HPBR) (Eur. Ph. 4th Edition,
3.22% H2O, D.S. 0.62) and β-CD (KleptoseR) (Eur. Ph.
4th Edition, 7.58% of H2O) were provided by Roquette
(Lestrem, France). Randomly methylated-β-CD
(RAMEB) (2.7% H2O, D.S. 1.7) and γ-CD (7.7% H2O)
were generously given by Wacker Chemie GmbH
(Munich, Germany). 2, 6-dimethyl-β-CD (DIMEB)
was synthesized by CEA (Saclay, France) and was
highly purified by extensive preparative chromatogra-
phy. Apyrogenic phosphate buffered saline (PBS) and
water for injection were purchased from Bio-Wittaker
(Verviers, Belgium). Cyclodextrins and RO were tested
following the Bacterial Endotoxin Test described in
USP XXVI using Limulus Amebocyte Lysate (LAL).
All the other reagents were of analytical grade.

Assay of RO 

The RO concentration was assayed by an HPLC
method. The HPLC system consisted of an L-7100
Merck-Hitachi pressure pump, an L-7200 Merck-Hita-
chi autosampler, an L-7350 Merck-Hitachi column
oven, an L-7455 Merck-Hitachi diode array detector
and a D-7000 interface. The system was controlled by a
computer running the “HPLC System Manager v 4.0”
acquisition software developed by Merck-Hitachi.
Twenty-μl samples were injected on a Lichrocart col-
umn (125 x 4 mm i.d.) prepared with a Lichrospher 60
RP-Select B 5 μm phase (Merck) and the temperature
was maintained at 30°C. The mobile phase consisted of
a 70:30 (v/v) mixture of methanol (HPLC grade) and a
0.05 M potassium dihydrogenphosphate buffer (pH3).
The flow rate was adjusted to 1.0 mL/min. All samples
were analyzed in duplicate at 265 nm. This method
was successfully validated and showed good linearity,
reproducibility and accuracy between 4 and 20 μg/ml.
The limits of detection (LOD) and of quantification
(LOQ) were both determined and found to be equal to
0.083 μg/mL and to 0.28 μg/mL respectively. 

Phase solubility studies

Solubility studies were performed as described by
Higuchi and Connors (22). Excess amounts of RO
were added to aqueous CD solutions of increasing con-
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centration. The tested CDs were β-CD (0, 2, 4, 8, 10,
12, 16 mM), γ-CD (0, 10, 25, 50, 75, 100, 150 mM),
RAMEB and HP-β-CD (0, 10, 25, 50, 75, 100, 150, 200
mM). After shaking at 37°C for 7 days, the undissolved
RO was removed by filtration through a 0.45 μm filter
(Millex-HV, Millipore) and the solutions were assayed
for RO content by HPLC.

1H-NMR spectroscopy studies 

The 1H-NMR spectrum of RO in D2O could not be
performed due to its very low aqueous solubility,
therefore 1H-NMR signal assignments for RO were
performed in DMSO. Solutions containing RO and
DIMEB were prepared as follows: an excess amount of
RO was added to a 10 mM Dimeb D2O solution. After
shaking for 7 days at 37°C, the suspension was filtered
(Millex-HV, Millipore). All 1H-NMR experiments
were performed on a Bruker DRX500 spectrometer
operating at 500 MHz for protons. The temperature
was set at 25°C. Calibration was achieved using the
residual resonance of the solvent as secondary refer-
ence (4.80 ppm for HDO) corresponding to external
TMS at 0 ppm. For T-ROESY experiments, a 300-msec
mixing time was used. All processings were carried out
on a Silicon Graphics INDY data station using the
WINNMR program from Bruker.

Molecular modeling

Calculations were performed at the approximate quan-
tum chemistry AM1 level using the Gaussian 98 suite
of programs (23). The thermochemical results at
298.15°K and 1 atm were computed from the numeri-
cally derived frequencies using statistical mechanics
formulas (24). The same procedure had been used in
previous studies on miconazole and cyproterone ace-
tate inclusion complexes (25, 26). Starting from the
optimized geometry local minimum of each complex,
RO and CDs were re-optimized separately. This proce-
dure allows the determination of consistent energetic
data, as each relative energy is calculated by reference
to the geometry of the complex. Interatomic distances
were measured by Mercury 1.2.1 Software (Cam-
bridge, U.K.).

Formulation of RO nebulizable solution

Nebulizable solutions were formulated with RO in
water for injection; at a concentration of 30 and 300
μg/ml. Suitable amounts of RO were added. In order

to decrease the required time for inclusion, freshly pre-
pared suspensions were heated in an autoclave at
120°C for 30 minutes. After this treatment, an HPLC
analysis was performed in order to check possible RO
degradation. Osmolality of the solutions was measured
by a Knauer Automatic semi-micro Osmometer
(Chromspec, Canada) and adjusted to the value of 286
mOsm/kg by addition of a sufficient amount of NaCl.
Terminal sterilization of the solutions was performed
by a steam sterilization process.

The distribution of aerosol sprayed droplets emitted
from RO solutions was determined with a laser size
analyzer Mastersizer (Malvern, Orsay, France). Ten
milliliters of each solution were directly nebulized in
the laser beam. The mouthpiece was held at 1 cm from
the center of the laser beam. The resulting aerosol was
aspirated on the opposite side of the beam. Environ-
mental temperature and relative humidity were main-
tained constant, which is to say at 20°C and 40-45%
RH. Each experiment was carried out in triplicate. The
results are expressed as the median diameter of droplets
and the percentage of droplets in the range of 0.5 – 5.8
μm. The concentration of droplets in the air evaluated
by the obscuration percentage of the laser beam was in
the same range for each experiment (15-25%). The RO
solution aerosol was produced by using an ultrasonic
nebulizer SYSTAM (Système Assistance Medical, Le
Ledat, France), the vibration frequency of which is 2.4
MHz, with variable vibration intensity and ventilation
levels. Vibration intensity was fixed in position 6 and
the ventilation level was 25 L/min. 

RO chemical stability in nebulizable solutions was
investigated according to the European Guidelines
(27). For each formulation, three independent batches
were prepared. One mL aliquot samples were stored at
two temperatures (4 and 25°C). RO content was deter-
mined by the previously described HPLC method
after 7 days, 1, 3, 6 and 9 months. The effect of time,
temperature, type and concentration of CD, as well as
their interaction with the RO concentration, was
tested by means of the general linear mixed model.
This accounts for repeated observations on the sample
units. All results were considered to be significant at
the 5% critical level (p<0.05). Statistical analyses were
carried out using SAS (version 8.2 for Windows). The
solutions were also checked visually for the absence of
precipitation.
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Table 1: Stoichiometry and stability constant of RO-CD complexes in water.

RESULTS AND DISCUSSION

Phase solubility studies

Figure 2 shows diagrams obtained with the different
CDs. β-CD and γ-CD show a very slight increase of RO
aqueous solubility, whereas solubility increases much
more using β-CD derivatives HP-β-CD and RAMEB).
The most significant increase was observed with
RAMEB.

Figure 2: Phase solubility diagrams of RO with β-CD (•),
γ-CD (■), RAMEB (▲) and HP-β-CD (↵). In the frame, an
enlargement of the RO solubility profile obtained with β-
CD.

According to Higuchi and Connors (22), β-CD shows a
BS diagram. From 0 to 4 mM β-CD concentration, the
apparent solubility of RO is increased due to the for-
mation of a soluble complex. As the ascending portion
of this diagram may be considered as an AL type dia-
gram, it is possible to determine the complex stoichi-
ometry. 

As the slope value is less than 1 (2.4 10-3), it could be
considered as a 1:1 complex. At the β-CD concentra-
tion value of 4 mM, the solubility limit of this complex
is reached (6.8 μg/mL). Further β-CD addition results
in the precipitation of the complex. From 8 mM β-CD
concentration, RO solubility decreases to reach a pla-
teau. Because of RO excess, this decrease cannot be
explained by its depletion in solution. These observa-
tions suggest that β-CD adding above 8 mM forms
another complex with a different stoichiometry (prob-
ably 1:2) and a lowest solubility (1.5 μg/mL). 

The stability constant of the 1:1 complex may be calcu-
lated by the ascending part of the diagram by equation
1 and this is given in Table 1.

Eq.1

where So corresponds to aqueous solubility of RO
(0.56 μg/ml) without CD.

The γ-CD shows an AL diagram (r²=0.99), and because
the slope is lower than 1 (4.10-4), the complex stoichi-
ometry is most probably 1:1. The stability constant is
determined by equation 1. The low stability constant
value means that interactions between RO and γ-CD
are weak, probably because the CD cavity is too large
to include RO tightly. HP-β-CD and RAMEB diagrams
are classified as AP diagrams. In order to determine the
stoichiometry of the complexes with HP-β-CD and
RAMEB, 

St-So/[CD]t-(St-So)

was plotted as a function of ([CD]t-(St-S0)) (Figure 3). 
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Figure 3: Representation of ([CD]t-(St-S0)) in function of
St-So/[CD]t-(St-So) to determine the stoichiometry and
the stability constant of the Ro 28-2653 complex with
RAMEB (▲) and HP-β-CD (◆).

Both cyclodextrins show a straight line, which means
that these CDs form complexes with RO of 1:1 and 1:2
stoichiometries. Stability constants (K1:1, K1:2) were cal-
culated by solving equation 2 and are reported in Table
1.

Eq.2

where St and [CD]t correspond to total RO and CD
concentration respectively.

According to the important aqueous solubility
increase, both complexes display a very high K1:1 value
(more than 10,000 M-1). The apparent low value of K1:2

does not have to be interpreted as an unfavorable 1:2
complex formation. Indeed, the 1:1 and 1:2 complex
ratios depend on CD concentration and may be calcu-
lated by solving the equation system 3:

Eq.3

Where:
[RO] = uncomplexed RO concentration 
[CD] = uncomplexed CD concentration
[CD.RO] = 1:1 complex concentration

For example, if the RAMEB concentration is equal to
200 mM, the 1:1 and 1:2 complexes concentration will
correspond to 5.04 mM and 18.28 mM respectively. 

1H-NMR spectroscopy studies

As methylated β-CD seems to give the highest increase
in solubility, further investigations of the chemical
structure of the complex were undertaken with
DIMEB, a pure methylated-β-CD derivative which
allows to obtain a high resolution spectrum from
which all protons can be assigned contrary to RAMEB.
The spectrum of pure DIMEB was compared with the
spectrum of DIMEB in the presence of RO (Figure 4). 

Figure 4: Partial 1H-NMR spectra of 10 mM solutions (a)
DIMEB in presence of RO and (b) DIMEB in D2O with
assignment of the signals of the CD.

The signals corresponding to H-3 and H-5 protons
were shifted upfield. Because these protons are inside
the cyclodextrin cavity, their shift suggests that RO or
part of RO is included inside the DIMEB (23). T-
ROESY spectra were performed to provide more
information on the structure of the complex (Figure
5). 

Figure 5: Contour plot of T-ROESY spectrum of RO
dissolved in a 10 mM DIMEB solution in D2O.
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Correlation spots indicated interactions between b, c,
e, f, g and h RO protons and H-3 and H-5. Other inter-
actions between RO protons and DIMEB –CH3 6* and
2* (corresponding to primary and secondary hydroxyl
faces respectively) were observed. On the one hand, H-
b only interfered with –CH32*, whereas H-c only
showed correlation spots with –CH36*. On the other
hand, all biphenyl protons interfered with –CH32* and
6*. All these observations suggest that both barbituric
substituents of RO are complexed by DIMEB. 

The nitrophenyl group is included by DIMEB with
primary hydroxyls oriented towards the piperazin
cycle, whereas the biphenyl group is included by a sec-
ond DIMEB molecule, but with two possible inclusion
directions, primary or secondary hydroxyls oriented
towards the barbituric ring (Figure 6).

Figure 6: Representation of RO-DIMEB complex
according to T-ROESY spectrum.

Molecular modeling

In aqueous solution, DIMEB and RO are in dynamic
equilibrium with free CD, free RO, and RO/DIMEB
complexes. Different conformations of the isolated
molecules and of the complexes are mixed in the solu-
tion. Molecular modeling was performed to calculate
some of the most energetically favorable conforma-
tions and possibly to confirm the 1H-NMR observa-
tions. To perform calculations, RO and DIMEB

geometries were reoptimized separately. RO presents
many free rotation axes. 

The piperazin cycle can take boat or chair conforma-
tion and sp3 nitrogen substituents can switch from the
axial to the equatorial position. A DIMEB conformer
has been built and optimized from an “opened” β-CD,
in order to be able to load RO substituents. Since two
subunits of RO can be included using DIMEB, five
possible models were optimized. 

To facilitate understanding, these different structures
were numbered. For models B1 and B2, the biphenyl
group is included inside the cavity of the DIMEB,
whereas N1 and N2 correspond to the inclusion of the
nitrophenyl group. The optimization of RO com-
plexed by two DIMEBs was also investigated and was
noted as B2N1. The suffixes “1” and “2” mean that
DIMEB includes respectively the primary or the sec-
ondary hydroxyl face.

Results are presented as energetic outcomes expressed
as complexation, deformation and interaction energies.
Complexation energy (ΔE) is the difference between
the energy of the complex and the sum of the energies
of the RO and the DIMEB in their respective opti-
mized equilibrium geometry. In this way, ΔE negative
value means that the complex formation is energeti-
cally favorable. Deformation energy is the difference
between the energy of partners of the complex at their
respective equilibrium geometry and their energy at
complex geometry. Interaction energy is the difference
between the energy of the complex and the sum of the
energies of both partners at their complex geometry. 

This interaction energy can also be calculated as the
sum of the deformation energy of both molecules and
the complexation energy. The difference of free energy
(ΔG) is positive for all the models; that is the reason
why a contribution of energy is necessary to form
these complexes. On optimized complexes, some inter-
atomic distances were measured in order to show
hydrogen bond formation between DIMEB and RO.
In fact, a distance less than 3 Å between oxygen and
hydrogen (aliphatic or not) allows the formation of a
bond which improves complex stability (29,30). Ener-
gies, entropy and enthalpy values are presented in
Table 2, while some interatomic distances are summa-
rized in Table 3.
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Table 2: Interaction, deformation and complexation energies in Kcal/mole (ΔS in calories/mole-Kelvin) with reference to the DIMEB 
and RO reoptimized.

Table 3: Distance (Å) between some functions of RO and DIMEB able to form hydrogen bonds.

Docking of biphenyl (B1 and B2)

The results show that both biphenyl inclusion modes
form a stable complex (ΔE < 0). Even if B1 complex-
ation energy is higher than B2 value, the entropy is simi-
lar for both complexes. It is interesting to note that B1
and B2 conformations lead to hydrogen bond forma-

tion between DIMEB and the barbituric ring (see
Table 3), which consolidates the inclusion and
improves interaction and, thereby, complexation
energy values. These observations suggest that B1 and
B2 conformations are stable complex configurations
that can exist with the same probability. 
170



J Pharm Pharmaceut Sci (www.cspscanada.org) 8(2):164-175, 2005
Table 4: Composition of RO nebulizable solutions at 300 and 30 μg/mL.

Docking of nitrophenyl (N1 and N2)

In contrast to the docking of biphenyl, N1 and N2 do not
give equivalent results. In fact, ΔE values show that N1
is more stable than N2. It can also be observed for N2
that DIMEB needs twice as much energy to lose its
shape in order to complex the nitrophenyl group. Con-
cerning H-bond formation, Figure 7 shows that, in
contrast with N1, the barbituric ring orientation in N2
does not allow the formation of many H-bonds with
DIMEB. These results demonstrate that N1 is more
favorable than N2 and confirm the 1H-NMR observa-
tions.

Figure 7: The five inclusion modes of RO: B1, B2, N1, N2
and B1N2 

Docking of biphenyl and nitrophenyl (B2N1)

As expected, this complex formation exhibits great
entropy variation. The closeness of partners in B2N1
requires that RO and DIMEB undergo some geometry
deformations to form the complex, thereby explaining
the high level of deformation energies. The inter-
atomic measurements again show H-bonds between
the barbituric ring and DIMEB, but surprisingly
between both DIMEBs too. All these interactions con-
tribute to complex stability, which is confirmed by the
ΔE value.

Development of RO nebulizable solutions and study 
of their stability

300 and 30 μg/mL RO solutions were prepared with
HP-β-CD and RAMEB (see Table 4). Both CDs were
selected taking into consideration their solubilizing
properties and their compatibility with pulmonary
administration (21). Suitable amounts of CD were cal-
culated by solving equations 3 and 4 from the stability
constants obtained after phase solubility studies (see
Table 1).

Eq.4

Y corresponds to RO concentration (μg/mL)
t corresponds to time (0, 0.25, 1, 3, 6 and 9 months)
T corresponds to temperature (4 or 25ºC) 
CD corresponds to CD type (HP-β-CD = 1, RAMEB = 0)
r corresponds to the percentage of 1:2 complex v.s. 1:1 com-
plex in solution (RAM30 4.4%, HP30 5.6%, RAM300 33.4%
and HP300 36.4%)

It can be noted that CD concentrations (4 and 30 mM
for HP-β-CD, 2 and 15 mM for RAMEB), needed to
solubilize RO, are compatible with aerosol production
(21). 
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Table 5: Percentage of droplets in the range of 0.5 to 5 μm, mass median aerodynamic diameter (MMAD) and 

geometric standard deviation (GSD).

HPLC analysis of nebulizable solutions prepared as
described by phase solubility study (Figure 8a) or after
steam sterilization process (Figure 8b) shows that those
solutions exhibit identical chromatograms and RO
peak area values, which demonstrates that the steam
sterilization process does not provoke any detectable
RO degradation. Chromatographic analysis of stored
RO solutions shows that some unidentified peaks,
which do not interfere with the RO peak, can be
detected (Figure 7c). 

Figure 8: Chromatograms obtained after injection of
30μg/mL RO solutions freshly prepared with RAMEB as
described by the phase solubility study (a), by steam
sterilization process (b) and after 9 months storage at
25°C (c). The value mentioned on the left of the peak
corresponds to its area.

Those peaks probably correspond to RO degradation
products, which cannot be quantified by this HPLC
method. Droplet size data of the nebulized solutions
are summarized in Table 5. 

For all solutions, the percentage of droplets in the
range of 0.5--5 μm is close to 45%. Those size distribu-
tions are compatible with an appropriate human pul-
monary deposition. The RO content in nebulizable
solutions according to time is plotted in Figure 9.

Figure 9: Representation of RO content in HP300 (◆), HP
30 (✧), RAM300 (▲)and RAM30 (Δ) according to time at
two temperatures.

These results show that higher CD concentrations
(RAM300 and HP300) are more effective in protecting
RO in solution. Unfortunately, the CD concentration
is not correlated with the ratio [CD]/[RO]. In fact,
RAM300 and HP300 exhibit a lower ratio [CD]/[RO]
than RAM30 and HP30, which is incompatible with a
potential CD protective effect. For this reason, it is
better to express CD concentration as the percentage
of 1:2 complex vs. 1:1 complex (calculated by eq. 3 and
4), which increases with CD concentration. 

In order to investigate how some parameters influence
RO solution stability, a statistical analysis was per-
formed on a general linear mixed model described by
equation 4. This statistical analysis determines the val-
ues of all βx and their significance in equation 4. 

Statistical results (Table 6) confirm that solutions are
not stable (β1< 0) and that degradation of RO solution
does not follow zero order kinetics (P value of β5 <
0.05). 
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Table 6: Statistical analysis of equation 4.

Concerning the percentage of 1:2 complex, the analysis
shows that this is a critical parameter. The higher this
percentage is, the greater the RO stability in solution.
Even though the RO degradation mechanism is not yet
understood, a hypothesis can explain this phenome-
non. In the case of 1:1 complex conformation, only
one barbituric group is inside the CD cavity, whereas
with a 1:2 inclusion, the whole of RO is closely pro-
tected by both CDs. 

If the CD type has an effect on RO solution stability
(P value of β3 < 0.05), it is the interaction between
CD and r, in particular, which has the biggest impact
(P values of β8 and β4 < 0.05). In fact, HP-β-CD can be
considered as more effective than RAMEB to protect
RO, but only if the percentage of 1:2 complex is equal
or greater than the RAMEB one. It may also be noted
that storage temperatures (4 or 25°C) do not affect RO
solution stability (P value of β2 > 0.05). All these
results allow the optimization of the formulation of a
nebulizable solution of RO. Thus, to prepare solutions
whatever the RO concentration, it is preferable to use
HP-β-CD with the higher concentration, which must
be compatible with the production of a respirable aero-
sol (21). The solutions do not require storage in a
refrigerator. 

CONCLUSIONS

This study shows that RO aqueous solubility can be
improved by the use of CDs (up to 12 mg/ml with

RAMEB at 200 mM). RAMEB, HP-β-CD and β-CD
form a mixture of 1:1 and 1:2 complexes with high 1:1
stability constant values, whereas γ-CD shows a weak
affinity for RO, probably because it has too large a cav-
ity. The 1H-NMR study demonstrated that DIMEB
interacts with RO through the nitrophenyl and biphe-
nyl groups with preferential inclusion directions. The
molecular modeling study demonstrated that inclusion
modes observed with 1H-NMR were energetically pos-
sible and that these complexes are notably stabilized by
H-bonds formation between complex partners. The
stability study demonstrated that RO nebulizable solu-
tions are not stable (RO content was < 95% after 9
months). It was also demonstrated that the proportion
of 1:2 complex in solution is the most critical parame-
ter on RO stability and that HP-β-CD is the most pro-
tective cyclodextrin. 
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