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Abstract. The aims of this study were to enhance the solubility and dissolution rate of nimodipine (ND) by
preparing the inclusion complexes of ND with sulfobutylether-b-cyclodextrin (SBE-B-CD) and 2-
hydroxypropyl-b-cyclodextrin (HP-3-CD) and to study the effect of the preparation method on the
in vitro dissolution profile in different media (0.1 N HCI pH 1.2, phosphate buffer pH 7.4, and distilled
water). Thus, the inclusion complexes were prepared by kneading, coprecipitation, and freeze-drying
methods. Phase solubility studies were conducted to characterize the complexes in the liquid state. The
inclusion complexes in the solid state were investigated with differential scanning calorimetry (DSC), X-
ray diffractometry (X-RD), and Fourier transform infrared spectroscopy (FT-IR). Stable complexes of
ND/SBE-R-CD and ND/HP-3-CD were formed in distilled water in a 1:1 stoichiometric inclusion complex
as indicated by an A -type diagram. The apparent stability constants (Ks) were 1334.4 and 464.1 M ! for
ND/SBE-3-CD and ND/HP-3-CD, respectively. The water-solubility of ND was significantly increased in
an average of 22- and 8-fold for SBE-p-CD and HP-p-CD, respectively. DSC results showed the formation
of true inclusion complexes between the drug and both SBE-p-CD and HP-B-CD prepared by the
kneading method. In contrast, crystalline drug was detectable in all other products. The dissolution studies
showed that all the products exhibited higher dissolution rate than those of the physical mixtures and ND
alone, in all mediums. However, the kneading complexes displayed the maximum dissolution rate in
comparison with drug and other complexes, confirming the influence of the preparation method on the
physicochemical properties of the products.

KEYWORDS: 2-hydroxypropyl-b-cyclodextrin; dissolution rate; inclusion complexes; nimodipine;

sulfobutylether-b-cyclodextrin.

INTRODUCTION

Nimodipine (3-(2-methoxyethyl) 5-propan-2-yl 2, 6-di-
methyl-4-(3-nitrophenyl)-1, 4-dihydropyridine-3, 5-
dicarboxylate; Fig. 1a) is an effective second generation calci-
um channel blocker with a molecular weight of 418.4 Da and a
molecular formula of C,;HpsN,O5 (http://www.drugbank.ca/
drugs/DB00393). It is used in the treatment of cerebrovascular
spasms following subarachnoid hemorrhage [1, 2] and has
been the most widely studied calcium channel block in the
treatment of acute cerebral ischemia [3]. It is highly crystalline
and practically insoluble in water (24.3 mg/L at 25°C). Since it
has a high permeability, but has a low solubility, ND has been
categorized as a Biopharmaceutical Classification System
(BCS) class II compound. The lower bioavailability of
nimodipine, which averages 13% after oral administration,
might be due to high hepatic first pass effects and poor aque-
ous solubility and this slower its dissolution rate.
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In order to enhance the dissolution characteristics of
poorly soluble drugs, such as nimodipine, and improve its
solubility, complexation with oligosaccharide derivatives-
cyclodextrins (CD) appears to be one of the most effective
methods [4-6].

Cyclodextrin molecules are crystalline, are cyclic (a-1, 4)-
linked oligosaccharides composed of seven a-D-glucopyranose
units, which together form a rigid cone-shaped structure
(Fig. 1b). This structure possesses a hydrophobic inner cavity
and hydrophilic outer surface which allows the formation of
inclusion complexes in which lipophilic compounds are
noncovalently bound within the cavity. Cyclodextrins are pop-
ular for their ability to form inclusion complex and has been
extensively used to enhance the aqueous solubility, stability,
and dissolution rate of poorly water-soluble drugs [7-9]. Beta
cyclodextrins (B-CDs) are most commonly used because of
lower toxicities than other CDs, and their cavity size is suitable
for a wide range of guest molecules. However, with no sub-
stituent on the glucopyranose unit, 3-CD has poor water
solubility and is parenterally unsafe due to its nephrotoxicity
[10]. Recently, several synthetically modified B-CD s, such as
hydroxypropyl-b-cyclodextrin (HP-p-CD) and sulfobutyl
ether-b-cyclodextrin (SBE-3-CD) have been made to improve
the inclusion capacity and the physicochemical properties of
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Fig. 1. Molecular structures. Nimodipine (a) and CD derivative (b),
where R is 2-hydroxypropyl (CH2CHOHCH3) or sulfobutylether
((CH2)4 SO3 Na) for HP-B-CD and SBE-B-CD, respectively

parent CDs. They have been reported on account of their high
solubility in water (excess 70 g/100 ml for SBE-p-CD and 65 g/
100 ml for HP-B-CD at 25°C) and minimal toxicity [11-13].
Especially, SBE-p-CD, which is currently used in five com-
mercially approved injectable products in the USA, has been
recently been used to stabilize drugs and is currently under-
going extensive chronic safety assessment [14].

Researchers have established the potential of various
approaches to improve the solubility, dissolution rate, and/or
oral bioavailability of ND, such as solid dispersions of ND
with hydroxypropyl methylcellulose, polyvinylpyrrolidone/
vinyl acetate copolymer, and ethyl acrylate, methyl methacry-
late polymer [15], preparation of solid lipid nanoparticles and
nanostructured lipid carriers of nimodipine in the presence of
electrolytes [16] and particularly the formation of inclusion
complexes with p-cyclodextrin and hydroxypropyl-p-
cyclodextrin [17-19].

However, until today, complexation of ND with SBE-p-
CD has been less studied and to our knowledge no detailed
characterization studies of this complex are present in
literature.

Thus, the aims of this work were to study the interaction
of nimodipine with SBE-B-CD, in both solution and solid
state, in order to improve the aqueous solubility of the drug
and to enhance its dissolution rate and its inclusion capacity
was compared with that of HP-R-CD. The complexes with
both B-CD derivatives were prepared by different methods:
kneading, coevaporation, and freeze drying at various stoi-
chiometric ratios. Both the preparation method of solid

705

drug—CD complexes and the nature of the particular CD play
important roles in the performance of a drug—CD formulation
application [20].

The complexation of nimodipine with SBE-g-CD and
HP-B-CD was characterized in the liquid state through the
use of phase solubility diagrams. Solid-state complexation was
examined through differential scanning calorimetry (DSC), X-
ray diffractometry (X-RD), Fourier-transform infrared spec-
troscopy (FTIR), and the improvement in solubility and dis-
solution rate of the solid drug complex. The dissolution
properties of the solid complexes were evaluated and com-
pared with those of nimodipine alone and of the correspond-
ing physical mixtures.

MATERIALS AND METHODS

Materials

Nimodipine was purchased from Chang Yi Pharmaceuti-
cal Co., Ltd. (Guangdong, China). Sulfobutyl ether; p-
cyclodextrin (CAPTISOL, degree of substitution, 0.9, average
M,,=2163 Da) and 2-Hydroxypropyl-b-cyclodextrin (average
degree of substitution, 0.6, average M,=1541.5 Da) were
purchased from Giant Ring Technology Co., Ltd. (Nanjing,
China) and Rick Chemicals Co., Ltd. (Kunshan, China), re-
spectively. All other chemicals and solvents were of analytical
reagent grade, double distilled water was used throughout the
study.

Phase Solubility Studies

The effects of CDs on the solubility of nimodipine were
investigated according to the phase solubility technique
established by Higuchi and Connors [21]. Excess amounts of
nimodipine (50 mg) were added to 15 ml of distilled water
containing increasing concentrations of SBE-p-CD and HP-p-
CD (2-16 mM) in 25 ml stoppered glass bottles. The obtained
suspensions were shaken at 37+0.5°C for 3 days in a thermo-
statically controlled shaking water bath (Model SHY-2A,
Jintan, China). After equilibrium attainment, aliquots were
withdrawn, filtered through a 0.45 um membrane filter, and
assayed spectrophotometrically (UV-2000, Hangzhou, China)
for nimodipine content at 239 nm against blank solutions
containing the same concentrations of cyclodextrins. Each
experiment was carried out in triplicate. Solubility diagrams
were constructed by plotting the molar concentration of
nimodipine dissolved (solubility) versus the molar concentra-
tion of the CD. From these diagrams, the stability rate con-
stants for the complexation of nimodipine with CDs were
calculated.

The UV spectrophotometric method for nimodipine was
validated. The calibration curve was linear in the working
range of 1-10 pg/mL with a slope of 0.0657 (r*=0.9996) in
distilled water.

In addition, absorption spectra were used to confirm the
formation of inclusion complex. The maximum absorbance of
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the phase solubility samples was measured against a reagent
blank which was prepared with identical reagent concentra-
tion but without nimodipine.

A UV-Visible spectrophotometer (Agilent 8453, USA)
was used to record the maximum absorption spectra of
nimodipine-free and its inclusion complex with SBE-3-CD
and HP-B-CD between 200 and 400 nm.

Formulation of Solid Nimodipine-Cyclodextrin Complexes

Solid inclusion complexes of ND with SBE-3-CD and HP-
3-CD were prepared by kneading, coprecipitation, and freeze-
drying procedures in a 1:1 M ratio. Physical mixtures (PM) were
prepared in the same molar ratios for comparative purpose,
where the ND and the different CDs were put together and
thoroughly mixed in a mortar for 20 min without kneading or
freezing them. The three different methods employed for the
preparation of solid complexes are described:

Kneading Method (Kn)

The calculated amounts of nimodipine and cyclodextrin
were accurately weighed, transferred to a mortar, and
kneaded for 45 min. During this process, a small volume of
methanol:water (50:50 v/v) solution was added to the mixture
to maintain a suitable consistency. The final product was dried
at 40°C for 48 h and then was ground to powder, passed
through a 100-mesh sieve, and stored in a sealed glass vial.

Coprecipitation Method (CoP)

Quantities of drug and cyclodextrin, in the required mo-
lar ratio (1:1), were dissolved in methanol:water, respectively.
The ND solution was added dropwise into CD solution. The
mixture was vigorously stirred for 6 h at 50°C. The solvent was
removed using a rotary evaporator. The obtained product was
dried at around 45-50°C and stored for further measurements.

Freeze-Drying Method (FD)

A 1:1 M ratio of ND and CD were dissolved in methanol
and distilled water, respectively. The resulting solutions were
mixed for 24 h at 25°C using a magnetic stirrer. The final
solution was frozen at —70°C, and subsequently freeze-dried
for 48 h at —50°C using a freeze-dryer (FD-1C-50; Beijing,
China). The lyophilized powder was passed through a 100-
mesh sieve and stored in a sealed glass vial.

Characterization of Nimodipine-Cyclodextrin Inclusion
Complexes

Differential Scanning Calorimetry

Nimodipine and its complexes with SBE-B-CD and HP-
R-CD were analyzed by differential scanning calorimeter
(NETZSCH DSC 204(Selb/Bavaria). ND (2.5 mg) and PM,
Kn, CoP, FD samples (equivalent to 2.5 mg of nimodipine)
were sealed using aluminum pans and scanned at 10°C/min
between 30 and 300°C at a frequency modulation of 60 Hz.
DSC analysis was carried out under nitrogen gas flow of
40 mL/min.
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Powder X-ray Diffractometry

The powder X-ray diffractometry (X-RD) patterns of
nimodipine (200 mg), CDs, and PM, Kn, CoP, and FD formu-
lations (containing an equivalent amount of nimodipine) were
recorded at room temperature using a Bruker D8 Advance X-
Ray diffractometer (Bruker, Germany). The samples were
irradiated with Cu K,, radiation, at 40 kV voltage and 40 mA
current. The scanning rate employed was 4°/min over a dif-
fraction angle of 20 and range of 3°—40°.

Fourier-Transform Infrared Spectroscopy

The FTIR spectra were recorded using a Bruker FTIR
spectrophotometer (Model Tensor 27, Bruker, Germany).
Spectra were measured with a KBr disk and performed in
the scanning range of 4000-500 cm at ambient temperature.

Molecular Modeling Studies

Molecular modeling was performed to elucidate the in-
termolecular interaction between nimodipine and HP-3-CD/
SBE-p-CD into the inclusion complex.

The 3D structures of nimodipine and p-cyclodextrin were
retrieved from the Drug Bank and the Protein Data Bank,
respectively. The structure of HP-R-CD was built by adding
four 2-hydroxypropyl groups on the hydroxyl groups of p-CD
[22], whereas SBE-B-CD was constructed by adding seven
sulfobutyl groups to parent 3-CD [23] using the Chembio3D
ultra (Version 8.0, CambridgeSoft com., USA). Geometrical
energies for cyclodextrins and drug structures were minimized
using the MM2 method and force field.

The inclusion model of nimodipine with HP-p-CD/SBE-
B-CD was set up using the MOE (Molecular Operating Envi-
ronment) software. The search for the lowest energy structure
for the inclusion system of nimodipine into HP-3-CD/SBE-3-
CD cavity has been adopted, and the optimal complex struc-
ture was then established in Chembio3D ultra 8.0.

In Vitro Dissolution Studies

Dissolution experiments were performed on a ZRS-4 In-
telligent Dissolution Tester (Tianjin, China) according to the
dispersed amount method [24]. Ten milligrams of nimodipine
or the CD formulation (kneaded mixture, coevaporated, or
freeze dried formulation) equivalent to 10 mg of nimodipine
were added to 900 mL of three different mediums: simulated
gastric fluid (pH 1.2), phosphate buffer (pH 7.4), and distilled
water. The stirring speed was 100 rpm, and the temperature was
maintained at 37+0.5°C. At fixed time intervals (5, 10, 15, 20, 30,
40, 60, 90, and 180 min), 5 mL samples were drawn with a filter
syringe, and the nimodipine content was determined spectro-
photometrically at 239 nm. A correction was applied for the
cumulative dilution caused by replacement of the sample with
an equal volume of fresh medium.

The dissolution profiles were evaluated on the basis of
the dissolution efficiency parameter at 30 min (DE3y, %) and
at 180 min (DE gy, %). The dissolution efficiency parameters
were calculated from the area under the dissolution curves
and expressed as a percent of the area of the rectangle
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described by 100% dissolution in the same time [25]. All
dissolution tests were executed six times.

RESULTS AND DISCUSSION
Inclusion Complexation in the Liquid State

Phase Solubility Studies

The phase solubility diagram of nimodipine as a function
of the concentration of various CDs is shown in Fig. 2. The
phase solubility diagram was of A; according to Higuchi and
Connors. The aqueous solubility of nimodipine was increased
linearly as a function of the concentration of HP-p-CD/SBE-
B-CD with a slope of <1 showing that the increase in the
solubility was due to the formation of 1:1 M complex. The
apparent solubility constant (K;.;) obtained from the slope
and the intercept (Sp) of the linear portion of the phase
solubility diagram was found to be 1410.6 and 495.1 M for
SBE-p-CD and HP-B-CD, respectively. These values of sta-
bility constant indicate that complexes formed are quite stable
and that they seem suitable for improving the dissolution rate-
limited gastrointestinal absorption and oral bioavailability
[26]. If the complex were too weak, there is a little improve-
ment in the solubility of the drug. On the other hand, if the
complex was too strong, as indicated by a stability constant
greater than 10,000 M ', the complex may not dissociate
appreciably, and the complex itself is not absorbed [26].

In this study, the solubility of nimodipine in the presence
of SBE-p-CD increased more than in the presence of HP-p-
CD in distilled water. The highest K;.; value exhibited by
SBE-B-CD could be ascribed to the presence of the four-
carbon butyl chain coupled with repulsion of the end group
negative charges which allows for an “extension” of the hy-
drophobic region of the CD cavity and thus increase its affinity
towards nimodipine [27]. Which is in complete agreement with
the findings of De Chasteigner (1996), suggesting that the
longer the hydrophobic chain linked to the 3-CD, the higher
the association of drug within the complex [28].
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The complexing ability and, therefore, solubility improve-
ment by SBE-B-CD is generally higher than HP-B-CD for
many drug molecules, for example, DY-9760e [29], Bentazon
[30], Quercetin [31], and Piroxicam [32].

The absorption spectra of inclusion complex at different
concentrations range of SBE-3-CD and HP-B-CD are shown
in Figs. 3 a and b. The maximum concentration of nimodipine
in aqueous solution determined in the absence of CDs at 37°C
was of 4.75x10° M. It is observed that the absorbance value
increased with increasing SBE-p-CD/HP-p-CD
concentrations. It indicates the solubility of guest molecule
(nimodipine) increases upon forming the inclusion complex
[33]-

As shown in Fig. 2, solubility increase was highest when
SBE-p-CD was used, being 22-fold higher than that of
nimodipine with 16 mM SBE-p-CD. In the other hand, HP-
B-CD at the same concentration (16 Mm) displayed an eight-
fold solubility increase compared to the drug alone.

Inclusion Complexation in the Solid State

The inclusion complexes of nimodipine with CDs were
prepared and characterized in the solid state. The kneaded
formulations and the physical mixtures were analyzed to de-
termine if inclusion complexes were formed. The existence of
a nimodipine-CD complex in the solid state was confirmed by
DSC, X-RD, and FTIR.

Differential Scanning Calorimetry

The thermal behavior of ND-SBE-3-CD and ND-HP-$3-
CD inclusion complexes was studied using DSC to confirm the
formation of the solid complex. DSC thermograms of ND,
SBE-p-CD, HP-p-CD, physical mixtures, and inclusion com-
plexes from kneaded method are shown in Fig. 4.

The DSC thermogram of pure nimodipine revealed a
unique representative endothermic melting peak at the onset
temperature of 124.6°C. The DSC trace of SBE-R-CD and
HP-p-CD showed a broad endothermic effect ranging be-
tween 40 and 100°C, which may be attributed to a dehydration

0.000  0.002  0.004

0.006

0.008 0.010 0.012  0.014 0.016

CD Concentration (M)
Fig. 2. Phase solubility diagrams of nimodipine with SBE-3-CD and HP-B-CD in distilled

water (~37°C). (n=3)
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Fig. 3. a UV-Vis spectra of nimodipine free (a) and in the presence of increasing amount of SBE-B-
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spectra of nimodipine free () and in the presence of increasing amount of HP-3-CD b 2x107> M, ¢
4x103 M, d 6x10°> M, e 8x10> M, f12x10> M, and g 16x10°> M

process. The broad endotherm displayed by SBE-p-CD ther-
mogram around 275°C was due to the beginning of decompo-
sition events. The physical mixtures of nimodipine with SBE-
R-CD and HP-p-CD also show the endothermic peak that is
characteristic of nimodipine, (124.2°C), even though some size
reduction and broadening of endothermic peak of drug was
observed (Fig. 4a, b), indicating that there was partial ND-
SBE-p-CD/HP-p-CD interaction in physical mixture. Similar
results were reported for other drugs with SBE-3-CD and HP-
B-CD [34, 35]. The upward diagram of physical mixture was
analogous to the curves of SBE-B-CD and HP-p-CD,
respectively.

For the ND-SBE-p-CD formulations, the characteristic
melting point peak of nimodipine almost completely disap-
peared in the kneading complex, while the freeze-dried for-
mulation showed a slight endothermic peak, which is
indicative of some drug-CD interaction resulting in a loss of
ND crystallinity and suggests that the freeze drying method
did not produce a complete inclusion complex. On the con-
trary, the DSC thermogram of the coprecipitated formulation
showed the persistence of the endothermic peak of
nimodipine, indicating that a true inclusion complex had not
formed at 1:1 molar ratio in the solid state.

Similar results were observed for ND-HP-p3-CD com-
plexes, where the endothermic peak was also completely ab-
sent for the kneaded complex. This suggested a solid-state
interaction of HP-3-CD and ND by the kneading method.

These results indicate that the inclusion complexes pre-
pared by kneading exist in the new solid state, which confirms

that kneading method was the best method for the prepara-
tion of inclusion complexes [30, 36].

X-ray Diffractometry

The nimodipine cyclodextrins complexes from kneading
were evaluated using X-ray diffraction (Fig. 5a, b). The
diffractograms of nimodipine exhibited a series of strong and
well-defined peaks at 20.3°, 17.3°, and 12.8° (2) with peak
intensities of 1514, 1574, and 1807, respectively, which are
indicative of the crystalline nature of the drug (Fig. 5). Both
pure SBE-p-CD and HP-p-CD showed a halo-pattern dem-
onstrating their amorphous states as evidenced from the ab-
sence of diffraction peaks in Fig. 5 a and b, respectively.
Similar observations have been reported by other authors
[37-39]. As shown in Fig. 5, the diffraction patterns of physical
mixtures of ND with SBE-p-CD and HP-3-CD correspond to
the superposition of those of the pure components, with lower
intensities of the diffraction peaks compared with the X-RD
pattern of pure ND. The diffractogram of the physical mixture
ND-SBE-p-CD shows a higher reduction in peak intensities:
332, 399, and 286, respectively, whereas the ND-HPBCD PM
diffractograms presents the typical ND peaks at ~20.3°,17.3°,
and 12.8° with decreased intensities of 586, 310, and 745,
respectively. This could be explained by the particle size re-
duction during physical mixing [37] and some interaction be-
tween ND and SBE-B-CD/HP-B-CD resulting in reduction in
crystalline nature of ND [40].
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Fig. 5. a X-ray diffraction analysis of nimodipine (ND), SBE-p-CD,
physical mixtures (PM), and kneaded complexes (Kn). b X-ray dif-
fraction analysis of nimodipine (ND), HP-p-CD, physical mixtures
(PM), and kneaded complexes (Kn)

As presented in Fig. 5, the diffraction pattern of an inclu-
sion complex clearly differs from that of uncomplexed cyclo-
dextrins when complex formation is indicated [41].

In the kneaded complex formulations, the crystallinity of
ND was found to be reduced to a greater extent, in the
inclusion complexes of ND with SBE-B3-CD and HP-p-CD
evidenced by complete disappearance of intense of peaks of
ND (Fig. 5a, b). It also differs much from the diffractograms of
the corresponding physical mixtures indicating that
nimodipine and SBE-B-CD/HP-p-CD form true inclusion
complexes in solid state [41, 42]. The peak of high intensity
at ~3.55 (2) appearing in some of the diffractograms in both
Fig. 5a and b is probably due to diffraction from the planes of
the aluminum sample holder. This is a common error incurred
in the recording of X-ray diffraction patterns and is not an
indication of potential crystalline characteristics of a com-
pound [43].

Fourier-Transform Infrared Spectroscopy

FTIR spectroscopy has been carried out to assess the
interaction between drug and cyclodextrin molecules in the
solid state. Figure 6 illustrates the FTIR spectra of
nimodipine, HP-3-CD, SBE-B-CD, physical mixtures, and
complexes from kneading method.

Semcheddine er al.

Nimodipine spectra showed the presence of the following
main peaks at ~3297 cm ' (N-H stretching), ~3097 cm ' (C—
H aromatic stretching), ~2933 cm' (C-H aliphatic
stretching), ~1695 cm ' (C=0 stretching in ester),
~1648 cm ! (C=C stretching), ~1621 cm ' (C=C aromatic),
~1523 cm™' (-NO,), ~1381 cm™' (-C-CH3), and ~1134 cm ™
(—C-O-ester).

The FTIR spectrum of SBE-R-CD is mainly character-
ized by intense bands at 3446.4 cm ' due to the O-H
stretching vibration. The band at 2939.4 cm ™' correspond to
the C-H stretching, whereas the peaks at 1204.7 and
1040.7 cm ™! are respectively ascribed to C-H and C-O
stretching vibrations. C=C-O asymmetric stretching and O-
H bending, while that of HP-p-CD (Fig. 6b) shows prominent
peaks at 3387 cm ™! (O-H), 2930 cm ™! (C-H), and 1655 cm ™
(H-O-H bending).

The FTIR spectra of both physical mixtures contain all
the contributions coming from the nimodipine and SBE-p-
CD, HP-p-CD without showing any significant differences.
This demonstrates that the drug remains intact and that there
is no interaction between the drug and the cyclodextrin. On
the contrary, when compared to that of the physical mixture,
the spectrum of the inclusion complex exhibits relevant chang-
es in center-frequencies, intensities, and widths of the charac-
teristic absorption peaks, revealing the formation of a new
chemical bond between the drug and the cyclodextrin [44].

As shown in Fig. 6, the characteristic absorption band of
carbonyl group (C=0) of pure nimodipine, which appears at
1695.4 cm ™, is shifted to a higher frequency and a narrower
shape for both inclusion complexes. The curve of the ND-
SBE-3-CD complex was moved from 1695.4 to 1696.4 cm Y,
while it was shifted from 1695.4 to 1695.7 cm* for the ND-
HP-B-CD complex. This fact, which has been reported for
similar systems [45, 46], has been attributed to the disruption
of the strong hydrogen bonds in nimodipine, and their re-
placement by a less intense association [47].

Moreover, the absorption band at 3331 cm™ ascribed to
stretching vibration of the N-H bond in the dihydropyridine
ring was broadened, slightly shifted, or nearly disappeared in
inclusion complex spectra (3300.8 and 3302.1 cm ! for the
ND-SBE-3-CD and ND-HP-B-CD, respectively). Similar ef-
fects were observed and explained previously [48].

Thus, one can conclude that the functional groups mainly
involved in the inclusion process are the N-H and C=0
molecular groups. In both cases, the peak maxima are shifted
to higher frequencies for the inclusion complex system as
compared to the pure nimodipine, which indicate that the
nimodipine molecule is included in the SBE-3-CD and HP-
R-CD cavity through the dihydropyridine ring. During the
complexation process, some water molecules are expelled
from the inner part of the CD truncated conus, being demon-
strated by the intensity decrease in the high frequency wing
1040.7 cm ™! of the v(O-H) profile of SBE-p-CD and HP-p-
CD spectra.

1

Molecular Modeling Studies

Molecular structure of the inclusion complex was
established using computational modeling technology to visu-
ally illustrate the formation of ND-HP-3-CD/ND-SBE-3-CD
complexes. The focal benefit of performing Molecular
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Fig. 7. a Three-dimensional structures of the least energy structure of
ND-HP-3-CD inclusion complex. b Three-dimensional structures of
the least energy structure of ND-SBE-p-CD inclusion complex

Modeling calculations is to provide some insights on the in-
clusion process that can support the experimental findings.
Based on the lowest energy structure for the inclusion system,
the most stable geometry found for the inclusion complexes
can be observed in Fig. 7 a and b. It was evident that the drug
has been included in the cyclodextrin cavity in a 1:1 M ratio,
which is in agreement with the conclusions of the DSC, X-ray,
and FTIR studies.

In Vitro Dissolution Studies

The dissolution curves of ND, physical mixtures and ND-
SBE-B-CD, ND-HP-p-CD various binary systems in distilled
water, 0.1 N HCI (pH 1.2) and phosphate buffer (pH 7.4), at
37+0.5°C are shown in Fig. 8 a—f.

In all mediums, it was evident that no complete dissolu-
tion was achieved for pure nimodipine, only 5% (Fig. 8c—f)
and 10% (Fig. 8a, b) even after 180 min, under the specified
dissolution conditions. The hydrophobic property of the drug
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prevented its contact with the dissolution medium causing it to
float on the surface, and consequently hindering its
dissolution.

Dissolution rates of physical mixtures of both cyclodex-
trins were slightly higher than that of ND alone (p>0.05), this
improvement can be mainly attributed to the hydrophilic ef-
fect of CD which increase the drug solubility in the solid-
liquid interface and can reduce the interfacial tension between
ND and the dissolution medium, thus leading to a higher
dissolution rate [49].

It can be observed (Fig. 8a-f) that dissolution rate was
significantly improved by ND complexation with SBE-p-CD
and HP-p-CD, showing that all the prepared binary systems
exhibit a drug dissolution rate higher than that of the pure
ND, in all the mediums. The extent of the enhancement of the
dissolution rate was found to be dependent on the preparation
method, since physical mixture, coevaporated, and freeze-
dried systems showed lowest dissolution rates than the
kneaded complex (kneaded>freeze—dried>coevaporated>
physical mixture>ND).

To evaluate the effect of cyclodextrin complexation on
the dissolution rate of nimodipine, two parameters, dissolu-
tion efficiency calculated at 30 and at 180 min (DEj3, and
DEg), were measured for all products studied (Table I).

The kneaded complexes of both SBE-p-CD and HP-p-
CD showed higher dissolution rate of the drug compared with
the other methods (followed in order by freeze-drying,
coprecipitation, and physical mixing Fig. 8b, d and e, f) indi-
cating a better interaction of the drug with CD by the
kneading method, as expected from the physicochemical char-
acterization. The HP-p-CD kneading complexes showed rapid
dissolution in distilled water (Fig. 8f); about 25% of the drug
dissolved in 30 min. The DE5, and DE g, were about seven-
and fivefolds, respectively, higher than the ND alone
(P<0.001), whereas the DE;3; and DEg, of the SBE-B-CD
kneaded complexes were about five- and fourfolds higher
than those of ND (p<0.001) Fig. 8 ¢ and f.

The lower dissolution rates exhibited by the
coevaporated and freeze-dried systems in all the mediums
could be explained by the partial formation of a true inclusion
complex in these methods, as seen in the DSC results.

The enhancement in dissolution of the kneaded complex
could be attributed mainly to the formation of soluble inclusion
complexes in the solid state with reduction in the crystallinity of
ND [50], as confirmed by DSC, FTIR, and X-RD studies. The
interactions between the hydrophobic part of the guest and the
apolar cavity causes dehydration of the hydrophobic guest mol-
ecule and its transfer into the cavity, thereby increasing the
affinity toward water and hence increasing the dissolution [51].

The highest dissolution rate exhibited by the kneaded
complexes comparing to the other methods could be due to
greater hydrophilicity, higher wetting effect, decrease of drug
crystallinity obtained with the sample mechanical treatment,
which increased the drug—carrier contact surface and ability to
form stable inclusion complex of the SBE-p-CD and HP-p-
CD [26]. This suggests that the enhancement of the dissolution
rate is dependent on the preparation method since
coevaporated and freeze-dried complexes showed lowest dis-
solution rates.

Although a higher solubility of ND is reached using SBE-
B-CD, the increment in drug dissolution from ND-HP-p3-CD
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Fig. 8. a In vitro dissolution profile of nimodipine-SBE-B-CD inclusion complex (kneading, coprecipitation, and freeze-dried method) and its
physical mixture in simulated gastric fluid (pH 1.2). b In vitro dissolution profile of nimodipine-HP-p-CD inclusion complex (kneading,
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tion, and freeze-dried method) and its physical mixture in distilled water. f In vitro dissolution profile of nimodipine-HP-p-CD inclusion complex
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systems was slightly higher than the corresponding ones with
SBE-p-CD. Similar observations have been reported by other
authors with no explanation provided [52, 53]. However, this
phenomenon could be attributed to the difference in water
volume used in the phase solubility and dissolution studies.
Since the inclusion complex of ND-pB-CD is actually a mixture
of both, inclusion complex and free ND, CDs [30], the hydro-
philic effect of both SBE-p-CD and HP-p-CD on ND

solubility is more pronounced in small volume due to the
encircling of ND by uncomplexed CDs forming drug-CD ag-
gregates which reduce the interfacial tension between ND and
water, thus leading to a higher solubility. In the other hand,
when large water volume is used such as in dissolution studies,
this phenomenon is unlikely to occur since nimodipine floats
on the surface, hindering its contact with CDs, and therefore
its dissolution.
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Table I. The Dissolution Parameters (DEz; and DE;g0) of Pure
Nimodipine, Physical Mixtures, Coevaporated, Freeze-Dried, and
Kneaded Products in Distilled Water, 0.1 M HCI (pH 1.2) and Phos-

phate Buffer (pH 7.4) at 37+£0.5°C (n=6)

Dissolution Dissolution
efficiency efficiency
Product Medium  (0-30 min) (0-180 min)
Nimodipine Dw 2.93+0.402 5.70+1.380
pH 12 6.42+0.935 10.10+0.859
pH 7.4 2.94+0.460 5.29+0.020
Effect of HP-p-CD
Physical mixture =~ DW 4.51+0.080 8.71+0.480
pH 12 8.32+1.710%* 9.75+0.422*
pH 7.4 4.67+0.770 8.45+1.060
Co-precipitation Dw 6.38+1.160 * 12.37+0.890%*
pH 1.2 6.75+0.475%* 13.92+0.560%*
pH 7.4 5.70+0.530%* 12.84+1.080*
Freeze-drying DW 8.37+0.413%* 17.81+1.126%*
pH 12 10.97+1.356%** 17.69+1.938 #**
pH 7.4 7.18+0.760%* 15.58+2.190%*
Kneading DW 20.12+0.198*#* 27.63+1.058*#*
pH 1.2 9.63+2.530%* 18.27+2.320%*
pH 74 18.18+0.785%#* 27.16+1.495%%*
Effect of SBE-p-CD
Physical mixture =~ DW 3.75+1.085 7.58+1.955
pH 1.2 9.24+1.095%* 11.04+1.275%*
pH 74 3.08 +0.250 7.10+0.510
Co-precipitation ~ DW 7.20+0.560%* 17.31+0.964%*
pH 12 9.60+0.874*#%  15.88 + 0.840%**
pH 7.4 9.43 + 0.570%* 17.45 + 0.440%*
Freeze-drying Dw 7.12+0.654** 17.99+1.120%*
pH 1.2 8.41+0.334 % 17.21£0.760%%*
pH 74 7.95+0.540%* 14.09+0.990%*
Kneading DW 15.81+0.675%#* 24.65+0.395%**
pH12 8.74+0.770** 19.15+0.680%*
pH 7.4 14.35+1.120%%* 22.11£0.975%%*

*p<0.05; **p<0.01; ***p<0.001 versus nimodipine

CONCLUSION

In this work, inclusion complexes of nimodipine with
SBE-3-CD and HP-p-CD have been successfully prepared.
The solubility of ND in water was significantly increased in an
average of 22- and 8-fold for SBE-p-CD and HP-B-CD, re-
spectively. Results showed that the kneading method yielded
the higher degree of amorphous entities suggesting the forma-
tion of true inclusion complexes between ND and SBE-B-CD/
HP-p-CD. Phase solubility studies indicated stable inclusion
complexes with association rate constants (K;.;) of 1410.6 and
495.1 M ! for SBE-p-CD and HP-B-CD, respectively. In all
mediums (0.1 N HCI pH 1.2, phosphate buffer pH 7.4, and
distilled water), dissolution profiles showed that all the prod-
ucts exhibit higher dissolution rate than those of the physical
mixtures and ND alone. The dissolution of ND was substan-
tially higher for SBE-B-CD and HP-p-CD inclusion com-
plexes prepared by the kneading method. Thus, the method
of preparing complexes played a key role in enhancing the
dissolution rate. No significant difference was found between
the two cyclodextrins at p<0.05. Therefore, the kneaded sys-
tem of ND with SBE-p-CD prepared at a molar ratio of 1:1
could be chosen for the formulation of nimodipine tablets for
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better therapeutic efficacy due to the better solubilization
capacity of SBE-B-CD, compared to HP-B-CD.
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