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Abstract
Aripiprazole (ARP), an innovative atypical antipsychotic drug, exhibits very low aqueous solubility, affecting its dissolution 
and absorption and high lipophilicity. Its complexation with cyclodextrins (CDs) was designed to improve drug solubility and 
consequently its bioavailability. The inclusion complexes of aripiprazole with two β-cyclodextrin derivative, namely random 
methyl-β-cyclodextrin (RAMEB) and heptakis(2,3,6-tri-O-methyl)-β-cyclodextrin, were obtained and investigated both in 
solution and in solid state. The kneading method was used to prepare the inclusion complexes, and they were characterized 
with different analytical techniques, including thermal analysis, powder X-ray diffractometry, universal attenuated total 
reflectance Fourier-transform IR spectroscopy and UV spectroscopy. The stoichiometry of both APR/CDs inclusion com-
plexes was found as 1:2 by employing continuous variation method. Benesi–Hildebrand equation was used for the apparent 
constant stability determination. Structural studies of the inclusion complexes were carried out using molecular modeling 
techniques in order to explain the complexation mechanism. The results of the studies demonstrate that the physicochemical 
properties of the kneaded products are different from ARP, testifying the inclusion complexes formation between aripiprazole 
and CDs when the kneading method is used. The solubility of the drug substance was improved upon complexation with 
CDs; higher increase in ARP solubility was noticed in the presence of RAMEB.
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Introduction

Aripiprazole (ARP), 7-[4-[4-(2,3-dichlorophenyl)piperazin-
1-yl]butoxy]-3,4-dihydro-1H-quinolin-2-one (Fig. 1) is an 
atypical antipsychotic drug with a unique mechanism of 

action used for the treatment of schizophrenia and mania in 
type I bipolar disorder [1, 2]. ARP is a quinolinone deriva-
tive, having poor aqueous solubility (10.98 ± 1.39 ng mL−1) 
and high lipophilicity (Log P of 4.55), which makes it a 
Class II candidate of the Biopharmaceutics Classification 
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System (BCS) [2, 3]. After oral administration, ARP under-
goes high first-pass effect that leads to low therapeutic avail-
ability [4]. Aripiprazole possesses the ability to form a lot 
of polymorphs [5], which can exhibit different solubility, 
dissolution rates and stability, leading to the existence of 
non-equivalent bioavailabilities for different forms [6, 7].

Solubility is an essential property of drugs, being one 
of the most critical and important parameters influencing 
their bioavailability. Among the various approaches used 
to enhance the solubility of BCS II class drugs, inclusion 
of the active pharmaceutical ingredients in cyclodextrin is 
a valuable one [7].

Cyclodextrins (CDs) are cyclic glucose oligomers built 
up from glucopyranose units linked by 1,4-α-glycosidic 
bonds. The three major types of CDs consist of six, seven 
or eight glucose units (α, β and γ-cyclodextrin, respectively). 
CDs molecules have a hydrophilic outer surface, making 
them water-soluble and a hydrophobic internal cavity avail-
able to form non-covalent host–guest inclusion complexes 
with numerous drug molecules of appropriate shape and size 
[8–12]. The encapsulation of the drug in the cyclodextrin 
cavity has gained pharmaceutical interest as physicochemi-
cal and biopharmaceutical properties of the guest, such as 
aqueous solubility, physical and chemical stability, melting 
point, volatility, unpleasant taste or odors, drug delivery 
through biological membranes, are notably changed by its 
inclusion [11–20]. Furthermore, CDs are used to alleviate 
the gastrointestinal irritation and prevent the incompat-
ibilities between drug substances and excipients [8, 15, 
21]. Therefore, the CD complexation leads to considerable 
improvement in drugs pharmaceutical formulations and 
enhancement of solubility, dissolution, bioavailability and 
biological activity of drugs [11, 12, 15, 22–24]. Among the 
CDs, β-cyclodextrin (β-CD) has achieved pharmaceutical 
relevance despite its low aqueous solubility. The random 
substitution of any β-cyclodextrin hydroxyl group cre-
ates a disruption of stable hydrogen bond system around 
the cyclodextrin rims producing an intensive enhancement 
of its aqueous solubility. Thus, several CD derivatives of 
pharmaceutical interest have been developed, among them 
methylated β-CDs [25].

There are few studies regarding the use of CDs in increas-
ing ARP water solubility. Mihajlovic et al. [26] studied the 
inclusion of ARP in hydroxypropyl-β-CD (HP-β-CD) cavity. 
They observed higher solubility and dissolution rate for the 
ARP/HP-β-CD spray-dried inclusion complexes. Badr-Eldin 
SM et al. [27] formulated the inclusion complexes of ARP 
with β-CD and HP-β-CD using kneading, microwave irradia-
tion and freeze-drying techniques in a molar ratio of 1:1 and 
1:2 (drug to CD). They reported an important solubility and 
dissolution enhancement in the case of 1:2 molar ratio ARP/
HP-β-CD freeze-dried product. In addition, there is already 
a product containing the inclusion complex of ARP with 
sulfobutylether-β-CD marketed by Otsuka Pharmaceutical 
Company (Tokyo, Japan) under the brand name  Abilify® as 
an intramuscular injectable solution [26].

The role of random methyl-β-cyclodextrin (RAMEB) and 
heptakis(2,3,6-tri-O-methyl)-β-cyclodextrin (TRIMEB) in 
improving oral drug dissolution rate is based on the impor-
tant rise in the aqueous solubility of the two CDs and the 
affinity for the hydrophobic molecules compared to the par-
ent compound [28, 29].

In order to increase ARP solubility, this paper aimed to 
obtain and completely characterize the inclusion complexes 
of ARP with two β-CD derivatives, namely RAMEB and 
TRIMEB. The binary products obtained by employing the 
kneading method and their correspondent physical mixtures 
have been characterized using UV spectroscopy, thermal 
analyses, PXRD and FTIR spectroscopy, both in solid state 
and in solution. The saturation solubility studies were fur-
ther conducted in order to investigate the physicochemical 
performance of prepared kneaded products (KP).

Experimental

Materials

Aripiprazole (Pharmaceutical Secondary Standard) was 
purchased from Sigma-Aldrich. The two cyclodextrins, 
random methyl-β-cyclodextrin (DS~12) and heptakis(2,3,6-
tri-O-methyl)-β-cyclodextrin were purchased from Cyclolab 
R&L Ltd (Budapest, Hungary). All substances were used as 
received. All other chemicals and reagents used in this study 
were of analytical grade.

Characterization of inclusion complexes in solution

All UV spectra were carried out using SPECTRONIC UNI-
CAM—UV 300 UV–visible double-beam spectrophotom-
eter with 1-cm matched quartz cells.

The stoichiometry of the host–guest inclusion complexes 
was determined by employing Job’s method [14, 30]. UV 
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Fig. 1  Chemical structure of aripiprazole (ARP)
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spectroscopic measurements were used in order to generate 
the Job’s plot. For this purpose, equimolar 9.00 × 10−5 M 
solutions of ARP and CDs (RAMEB and TRIMEB, respec-
tively) prepared in 0.1M acetate buffer (pH 4.0) were mixed 
to a standard volume, varying the molar ratio of the guest 
from 0.0 to 1.0, keeping the total concentration of the sub-
stances constant. A similar dilution set of the ARP stock 
solution was also obtained employing the same solvent. 
After stirring, the absorbance of all solution was recorded 
at 249 nm. The difference in absorbance, ΔA (ΔA = A − A0) 
of ARP in the presence (A) and in the absence (A0) of 
CDs was plotted against ARP mole fraction R; R = [ARP]/
{[ARP] + [CD]}.

Benesi–Hildebrand method was performed for deter-
mining the apparent stability constants of the ARP/CDs 
inclusion complexes. The absorption measurements were 
recorded for ARP in the presence of increasing concen-
tration of CDs and also under free complexation condi-
tions. The ARP concentration was maintained constant, 
at 6.48 × 10−5 M in 0.1M acetate buffer (pH 4.0), and the 
CDs concentration was varied from 0 to 1.30 × 10−3 M, in 
the same solvent. Spectra were recorded in the range of 
200–310 nm, using 1.0-cm quartz cells. All the experiments 
were carried out in triplicate.

The binding constants determination is achieved by using 
the changes in absorbance at wavelength of 249 nm for ARP 
in the presence of increasing CD concentration. The stability 
constants values can be calculated using the Benesi–Hilde-
brand equation for 1:2 stoichiometry of the guest–host inclu-
sion complex [31, 32]:

where Δε is change in molar attenuation coefficient, ΔA is 
change in absorbance and K, stability constant.

Preparation of the solid inclusion complexes 
and physical mixtures

The ARP/RAMEB and ARP/TRIMEB inclusion complexes 
were prepared employing the kneading method and 1:1 
molar ratio. This method was chosen because of its simplic-
ity, rapidity, accessibility and economic advantages when 
compared to other methods [33]. For the ARP/RAMEB 
inclusion complex preparation, the amounts of 0.0508 g 
ARP and 0.1499 g RAMEB were weighed and the obtained 
mixture was pulverized in a mortar and triturated with 0.20 g 
ethanol/HCl 0.1M solution (1:1, m/m). In the case of ARP/
TRIMEB binary product, 0.0717 g ARP and 0.2287 g TRI-
MEB were accurately weighed and the obtained mixture was 
pulverized and triturated with 0.30 g ethanol/HCl 0.1M solu-
tion (1:1, m/m) in order to obtain a homogeneous paste. The 

(1)
1

ΔA
=

1

Δ� ⋅ [ARP] ⋅ K ⋅ [CD]2
+

1

Δ� ⋅ [ARP]

paste was kneaded for 45 min, and an appropriate quantity 
of solvent was added during this process in order to main-
tain a suitable consistency. The product thus obtained was 
dried at ambient temperature and then in the oven, at 40 °C 
for 24 h. The dried kneaded products were pulverized and 
passed through a 75-µm-size sieve.

Additionally, physical mixtures consisting of ARP and 
every cyclodextrin in the same molar ratio as the inclusion 
complexes were prepared. Aripiprazole and the host sub-
stances were mixed together in the mortar and pestle for 
10 min, in the absence of the solvent.

Characterization of solid‑state binary systems

Thermal analysis

TG/DTG/HF measurements were acquired using a Perki-
nElmer DIAMOND TG/DTA instrument. The thermal 
behavior of ARP, CDs, physical mixtures and kneaded 
products was evaluated by using samples of about 3–4 mg 
in aluminum crucibles, under air atmosphere at a flow rate 
of 100 mL min−1, over the temperature range of 40–500 °C, 
with heating rate of 10 °C min−1.

Powder X‑ray diffractometry

Data collection was carried out using a Bruker D8 Advance 
powder X-ray diffractometer. The X-ray diffraction patterns 
were collected at ambient temperature, using CuKα radiation 
(40 kV, 40 mA) and a Ni filter, over the interval of 10–45° 
angular domain (2θ).

Fourier‑transform infrared spectroscopy

The FTIR spectra of ARP, RAMEB, TIMEB, ARP/CDs 
kneaded products and physical mixtures were obtained using 
a PerkinElmer SPECTRUM 100 device. The analysis was 
carried out directly on solid samples, in the 4000–600 cm−1 
spectral domain on an UATR device. Spectra were built up 
after 16 co-added acquisitions, with a spectral resolution of 
4 cm−1.

Molecular modeling

Three-dimensional coordinates of ARP were generated using 
the Gaussian program suite at DFT/B3LYP/6-311G optimi-
zation. To gain insight into the interaction between ARP and 
the two CDs, RAMEB and TRIMEB, the molecular dock-
ing technique was used. The RAMEB structure used in this 
work was generated from the curated coordinates of ligand 
2QKH (X-ray diffraction, resolution 1.9 Å) downloaded 
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from the Protein Data Bank database [34]. Methyl groups 
were manually added on free hydroxyl groups in order to 
obtain a degree of substitution equal with 12 (GaussView 
5, Semichem Inc). Substituents were added on the β-CD 
natural core, namely 4 –CH3 on the O2- position for the 
2, 3, 4 and 6 glucopyranose units, 5 groups on the O3- for 
the 1, 2, 4, 5, 7 glucose residues and finally 3 –CH3 on 1, 
5, 7 glucopyranose units O6- position. For TRIMEB, the 
same initial β-CD was used, methyl groups being manually 
added on all free hydroxyl groups in order to obtain a fully 
permethylated structure (GaussView 5, Semichem Inc). Both 
RAMEB and TRIMEB were optimized in the same manner 
with ARP (DFT/B3LYP/6-311G). All dihedral angles of the 
methoxy groups were homogenized, the resulting conforma-
tions being compatible with an unhindered CD cavity.

As a single molecule of ARP was expected to accom-
modate with 2 molecules of CDs, two consecutive dock-
ing cycles were carried out starting and selecting the best 
result from each cycle. CDs dimers were generated from two 
identical CD molecules aligned on the cavity axes, with the 
outer sides pointing one to another. In the first docking, two 
molecules of CD were used, one as a receptor and the other 
like a ligand in order to obtain the best configuration of the 
dimer complex and to compute the total interaction energy 
(kcal mol−1). In the second docking, ARP as a ligand and 
CDs dimers as receptors were used.

The molecular docking analysis was carried out in 
vacuum using the AutoDock 4.2.6 software and the Auto-
DockTools. The preparation of CDs dimers molecule and 
the docking between ARP and dimers involve adding all 
the polar hydrogens, computing the Gasteiger charge; grid 
box was created using Autogrid 4 with 50 × 50 × 50 Å in x, 
y and z directions with 0.375 Å spacing from CD center. 
The Lamarckian genetic algorithm with a population size 
of 150 and a number of 50 runs was applied in the docking 
process. All the other parameters were used with the default 
values. Molecular modeling figures were generated using 
PyMol [35].

Solubility profile of kneaded products

In order to evaluate the change in solubility due to the com-
plexation, the saturation shake-flask method was employed. 
An excess amount of ARP, ARP/RAMEB and ARP/TRI-
MEB binary systems was added in 5 mL of acetate buffer 
0.1M (pH 4.0) so that saturated solutions were obtained. The 
samples were shaken 24 h at the ambient temperature and 
then, the insoluble drug substance was removed by filtration 
using 0.45-μm cellulose acetate filter. After appropriate dilu-
tion, the absorption intensity of the filtrate was recorded at 
249 nm. The drug substance content was evaluated by means 
of ARP calibration curve. To obtain the standard curve, a 
set of ARP solution in acetate buffer 0.1M (pH 4.0) with 

concentration ranging between 2.64 and 40.36 μg mL−1 
was prepared. The absorbance of the calibration standards 
was recorded at 249 nm, and the data were used in order 
to obtain a standard curve plotting the concentration (C, 
μg mL−1) on the x-axis and absorbance (A) on the y-axis. 
The ARP calibration curve is described by the equation: 
A = 0.02848·C − 0.0078, with R = 1.

Results and discussion

Characterization of inclusion complexes in solution

Stoichiometry and stability constant determination

According to Job’s method [36], the stoichiometry of the 
inclusion complex is given by the value of the molar ratio 
R which indicates the maximum concentration of the com-
plex, when a measurable parameter that correlates linearly 
with the complex concentration (i.e., absorbance) is plotted 
against guest mole fraction. The maximum point of molar 
ratio corresponds to the complexation stoichiometry [14, 15, 
30].

The maximum absorbance variation (ΔA) for ARP in 
the presence of both RAMEB and TRIMEB (Fig. 2) is 
reached when ARP mole fraction is 0.33, thus indicating 
that both inclusion complexes were formed with 1:2 guest/
host stoichiometry.

The Benesi–Hildebrand method is the classical approach 
to estimate the stoichiometry and binding constant of the 
inclusion complexes [14, 30, 31, 37]. In order to confirm 
the stoichiometry and to obtain the binding constants of the 
inclusion complexes, changes in the UV absorption inten-
sity signals of ARP at 249 nm in the absence and in the 
presence of CDs have been measured. An increase in ARP 
absorption intensity as a consequence of increasing concen-
trations of both CDs has been noticed (Fig. 3a, c), along with 
a bathochromic shift in the absorption maxima of ARP in the 
presence of RAMEB (Fig. 3c), demonstrating the inclusion 
complexes formation.

In order to confirm the 1:2 stoichiometry for ARP and 
the two cyclodextrins inclusion complexes, double recip-
rocal plots were represented ΔA−1 versus  [CD]−2, as they 
are presented in Fig. 3b, d. For each of CDs, the plot ΔA−1 
versus  [CD]−2 was linear, with correlation coefficient values 
R2 = 0.9889 for RAMEB and R2 = 0.9877 in the case of TRI-
MEB, thus proving the formation of 1:2 ARP/CD inclusion 
complexes.

The values of the binding constants were evaluated using 
Benesi–Hildebrand Eq. (1) as a ratio of the intercept to slope 
of the straight line in the Benesi–Hildebrand double recipro-
cal plot. The stability constants values were determined as 
(6.09 ± 0.05) × 106 M−2 for ARP/RAMEB inclusion complex 
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and (6.12 ± 0.09) × 106 M−2 in the case of ARP/TRIMEB 
binary system.

Characterization of solid‑state inclusion complexes

Thermal analysis

The thermoanalytical curves (TG/DTG/HF) of ARP, 
RAMEB, TRIMEB, ARP/RAMEB and ARP/TRIMEB pre-
pared by physical mixture (PM) and kneading method are 
shown in Fig. 4a–g.

The TG/DTG curves of ARP indicate a very small mass 
loss that begins at 148.3 °C, with a  DTGmax = 148.7 °C 
(Δm = 0.4%). The ARP decomposition takes place in one 
step [38], starting around 220 °C,  DTGmax = 301.7 °C, as 
shown in Fig. 4a, indicating a good thermal stability of the 
drug substance. The HF curve of ARP reveals two endother-
mic events, one at 139.1 °C, corresponding to the melting 
of polymorphic form III and another at 148.7 °C, attributed 
to the melting of form I, these indicating the polymorphic 
transition from metastable form III to form I with the high-
est thermodynamic stability [39]. An exothermic effect 
(Tpeak = 316.2 °C) is also noticed in the HF curve of ARP 
corresponding to its thermal degradation.

The thermal curves of RAMEB indicate a small mass 
loss between 40 °C and 85 °C (Δm = 5.3%) accompanied 
by endothermic effect (Tpeak = 52.0 °C) that corresponds to 
the CD crystallization water loss (Fig. 4b). The RAMEB 
dehydration is followed by a stability stage between 85 and 
270 °C, but after 270 °C the mass loss continues and the 
degradation process occurs as the exothermic peak effect 
(Tpeak = 361.0 °C) of the HF curve indicates.

The thermoanalytical curves of ARP/RAMEB binary sys-
tems reveal differences in comparison with those of the pure 
substances. The disappearance of the endothermic melting 
peak of ARP form III can be noticed in the HF curves of 
both ARP/RAMEB PM and KP and the displacement at 
higher temperature of the endothermic melting event of ARP 
form I, which appears at 157.7 °C in the HF curve of PM 
(Fig. 4c) and at 169.1 °C in the KP thermal curve (Fig. 4d). 
Furthermore, the RAMEB decomposition exothermic peak 
is shifted toward lower temperature in the HF diagram of KP 
(Tpeak = 334.9 °C) and to higher temperature in the case of 
PM curve (Tpeak = 365.1 °C).

The HF curve of TRIMEB exhibits an endothermic 
event with a maximum at 161 °C due to the melting of CD 
(Fig. 4e). A good thermal stability is noticed for TRIMEB 
up to 190 °C as the TG profile shows, the main decompo-
sition process starting at 190, with a  DTGmax = 348.0 °C. 
According to the HF curve, this process is accompanied by 
an exothermic event with a maximum at 348.0 °C.

Differences are also noticed in the case of thermal 
behavior of the binary systems ARP/TRIMEB PM and KP 
in relation to that of the parent compounds. Thus, the dis-
appearance of the endothermic melting peak of ARP form 
III is observed in the HF curve of ARP/TRIMEB KP. The 
two melting endothermic peaks of ARP are shifted toward 
lower temperature 128.8 °C and 146.1 °C, respectively, in 
the HF diagram of ARP/TRIMEB PM. Also, the exother-
mic event corresponding to the TRIMEB decomposition is 
displaced to higher temperature in the HF curve of both PM 
(Tpeak = 369.4 °C) and KP (Tpeak = 360.8 °C).

The thermal analysis leads to valuable outcome regard-
ing the interaction between host and guest molecules during 
the inclusion complex formation. When the guest molecules 
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Fig. 2  Job’s plot for ARP/RAMEB (a) and ARP/TRIMEB (b) inclusion complexes at 249 nm in acetate buffer 0.1M (pH 4.0)
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are entrapped in the CDs cavity, their melting point gener-
ally shifts to a different temperature or disappears [40]. The 
absence of melting process of ARP form III from the ther-
mal profile of the kneaded products ARP/RAMEB and ARP/
TRIMEB along with the shift toward higher temperature of 
the melting of ARP form I indicates ARP involvement in 
the complexation process. The results obtained by using the 
thermal analysis strongly suggest the existence of an interac-
tion between the drug substance and the two CDs and the 
formation of inclusion complexes in solid state.

Powder X‑ray diffractometry

The PXRD patterns of ARP, RAMEB, TRIMEB and their 
corresponding PM and KP are presented in Fig. 5.

The ARP diffractometric profile reveals the presence of 
two peaks of higher intensity at 2θ value of 20.38 and 22.04 
beyond several secondary peaks at 11.02; 14.36; 16.54 and 
19.39 2θ, confirming the ARP polymorphic form III [39] 
and indicating its crystalline nature. The diffraction pattern 
of RAMEB has two broad peaks and many undefined, dif-
fused peaks with low intensities, reflecting the amorphous 
nature of cyclodextrin [16]. The diffractograms of the binary 
compounds, both KP and PM present considerable reduction 
in the intensity of ARP major peaks and many undefined and 
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diffused peaks, similar to that of pure RAMEB, indicating 
the amorphous state of the compounds.

The crystalline nature of TRIMEB is clearly demon-
strated by the appearance of sharp peaks at 8.14; 9.73; 10.84; 
12.58; 15.31; 17.09; 19.40; 22.57 2θ in its diffractogram 
[41]. The PXRD pattern of ARP/TRIMEB PM presents a 
diminution of the characteristic diffraction peaks of drug 
substance and CD, indicating that the new compound is less 
crystalline than the ARP and the TRIMEB alone. The ARP/
TRIMEB KP diffractometric profile has two broad peaks, 
fewer, less intense CD peaks and the absence of the ARP 
sharp characteristic peaks, thus suggesting that ARP is in 
an amorphous state.

Therefore, the reduction in crystallinity attributed to the 
ARP/RAMEB and ARP/TRIMEB KP suggests that ARP 
form with CDs inclusion complexes in solid state, demon-
strating that new compounds are formed.

UATR‑FTIR analysis

Figure 6 illustrates the UATR-FTIR spectra of pure ARP, 
RAMEB, TRIMEB, the ARP/CDs kneaded products and 
their corresponding physical mixtures. The IR spectra of 
the KP have been evaluated as compared to those of the 
parent substances in order to assess the inclusion complexes 
formation.

The UATR-FTIR spectrum of ARP presents characteris-
tic bands of polymorph III [39, 42]. Specifically, the C=O 
stretching vibration from lactam ring appears as a strong band 
at 1676 cm−1, the N–H stretching vibration band is located 
at 3192 cm−1 while the N–H bending vibration is identified 
at 1627 cm−1 [27]. ARP spectral pattern also presents other 
characteristic bands for ether group  (Car-O stretching vibra-
tion at 1259 cm−1) and for aromatic ring (C=C–C stretching 
vibration at 1594 and 1576 cm−1;  Car-H wagging vibration 
at 806 and 778 cm−1; ortho Cl-Car stretch vibration at 1030 
and 1047 cm−1;  Car-CH from dihydroquinoline-2-one ring 
wagging vibration at 1522 cm−1) [43, 44]. C–H stretching 
vibration  CH2 arises at 2945 and 2812 cm−1, and bending 
vibration appears at 1444 and 1375 cm−1 [26, 44].

RAMEB exhibits a broad absorption band in the 
3600–3100 cm−1 region assigned to O–H stretching vibra-
tion from the non-methylated hydroxyl moieties and a large 
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region below 1500 cm−1 which displays distinct peaks, most 
probably characteristic to the cyclodextrin ring [17, 45].

The IR spectra of both ARP/RAMEB KP and PM reveal 
considerable differences in comparison with the pure com-
pounds. As Fig. 6 shows, the ARP characteristic peaks either 
have reduced their intensity along with shifting to different 
wavenumbers or have disappeared in the binary products. By 
analysis of the spectral data, we found that the ARP char-
acteristic bands corresponding to the C=O stretching vibra-
tion and the skeletal vibration of the aromatic ring shifted 
from 1676 to 1576 cm−1 in the pure compound to 1677 and 
1578 cm−1 in the PM and they are no more present in the 
KP spectrum. Also, the ARP characteristic bands from 1627, 

1444 and 1376 cm−1 shifted to different wavenumbers in 
the ARP/RAMEB KP spectrum, namely 1639, 1452 and 
1365 cm−1, respectively. The intensity of ARP spectral 
bands in the KP is rather low in relation with the PM spec-
trum, where the drug presents higher intensity bands, thus 
highlighting weaker interaction between ARP and RAMEB 
when physically mixed (Fig. 6a).

In the UATR-FTIR spectrum of TRIMEB, the charac-
teristic peaks have been identified at 2929 cm−1 assigned 
to symmetric and asymmetric C–H stretching vibration 
from  CH2, at 1365 cm−1 due to C–H bending from  CH2, 
at 1016 cm−1 associated to C–C–O stretching vibration 
and in the spectral region 1076–1022 cm−1 attributed to 
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C–O–C stretching vibrations, these being in agreement with 
previously reported data [41]. The broad band located in 
3600–3100 cm−1 region (O–H stretching vibration), charac-
teristic for RAMEB, was not observed in TRIMEB spectrum 
due to the methylation of the –OH moieties.

The IR spectroscopy results of the ARP/TRIMEB binary 
products prepared by physical mixture and kneading reveal 
changes in relation to the pure host and guest spectra. Thus, 
the ARP characteristic band corresponding to the C=O 
stretching vibration shifted to higher wavenumbers, 1677 
and 1686 cm−1, in the spectra of PM and KP, and the ARP 
band assigned to C=C–C stretching vibration shifted from 
1576 cm−1 in pure drug to 1578 and 1580 cm−1 in the PM 
and KP spectra, as a result of the existence of an interaction 
between ARP and TRIMEB.

Also, the peak corresponding to N–H stretching vibra-
tion band, situated at 3192 cm−1 in pure ARP spectra, is no 
more present in the spectra of ARP/CDs PM and KP, most 
probably due to the formation of H-bonding between drug 
substance and CDs.

Molecular modeling

Automated docking is widely used for prediction of bio-
molecular complexes in structure/function analysis and in 
molecular design. Dozens of effective methods are available, 
incorporating different trade-offs in molecular representa-
tion, energy evaluation, and conformational sampling to 
provide predictions with a reasonable computational effort. 
AutoDock combines an empirical free energy force field 
with a Lamarckian Genetic Algorithm, providing fast pre-
diction of bound conformations with predicted free energies 
of association [46].

The force field evaluates binding in two steps. The ligand 
and target start in an unbound conformation. In the first step, 
the intramolecular energetics is estimated for the transition 
from these unbound states to the conformation of the ligand 
and target in the bound state. The second step then evaluates 
the intermolecular energetics of combining the two compo-
nents in their bound conformation. The force field includes 
six pair-wise evaluations (V) and an estimate of the confor-
mational entropy lost upon binding ( ⊗S

conf
 ): 

where L refers to the “ligand” and P refers to the “protein” in 
a ligand–protein docking calculation. Each of the pair-wise 
energetic terms includes evaluations for dispersion/repul-
sion, hydrogen bonding, electrostatics, and desolvation.

⊗G =
(

V
boundL - L

− V
unboundL - L

)

+
(

V
boundP - P

− V
unboundP - P

)

+
(

V
boundP - L

− V
unboundP - L

+⊗S
conf

)

Molecular modeling was used for an in-depth charac-
terization of the interaction between ARP and RAMEB/
TRIMEB in ratio 1:2. As the optimal distance between 
two RAMEB and TRIMEB molecules is not known, tar-
gets were initially generated from two identical CDs. We 
obtained dimers with the outer sides pointing one to another, 
aligned on the cavity axes, with distances between cavity 
centers ~ 10 Å.

The binding free energy values are calculated as fol-
lows: − 5.29  kcal  mol−1 for the 2 RAMEB/ARP inclu-
sion complex and − 5.24 kcal mol−1 for 2 TRIMEB/ARP. 
According to our data, the ARP/RAMEB inclusion com-
plex is more stable than the ARP/TRIMEB, because it has a 
lower value of binding free energy. Figures 7 and 8 present 
the theoretical ARP/RAMEB and ARP/TRIMEB inclusion 
complexes, as rendered in the PyMOL molecular visualiza-
tion system, simulated in 1:2 molar ratio.  

By the 3D images of the ARP/RAMEB 1:2 interaction, 
the presence of two hydrogen bonds is noticed between N–H 
hydrogen of the 2-piperidinone heterocycle and the hydroxyl 
(position 6) of a glucopyranose unit with a length of 2.3 Å, 
and with the hydroxyl from second position of a neighboring 
glucopyranose (1.8 Å). The carbonyl group of the heterocy-
cle forms a hydrogen bond with the distance of 2.8 Å with 
hydrogen hydroxyl from position 6 of a carbohydrate moiety.

Analyzing the 3D images of the ARP/TRIMEB 1:2 
interaction, it was observed that a hydrogen bond is formed 
between the N–H hydrogen of the 2-piperidinone heterocy-
cle and the hydroxyl (position 6) of a glucopyranose unit 
with a length of 2.6 Å. An intermolecular N–O bond of 2 Å 
is formed between ARP piperazine nitrogen and the oxygen 
in the pyranose ring of a carbohydrate moiety. With the sec-
ond TRIMEB molecule, a hydrogen bond is formed between 
the ARP N–H hydrogen of the 2-piperidinone heterocycle 
and the oxygen of a methoxy group from second position, 
with the length of 2 Å. From estimated binding free ener-
gies, we can conclude that the ARP/RAMEB 1:2 complex 
has greater stability, in comparison with ARP/TRIMEB 1:2. 
There is a predictable correlation between the type of inter-
molecular bonds and the stability of the complexes. ARP 
binds through three hydrogen bonds to the RAMEB dimer 
(1.8 Å, 2.3 Å, 2.8 Å), while to the TRIMEB dimer it binds 
through two hydrogen bonds (2 Å and 2.6 Å) and a N–O 
bond, which is inferior in strength as compared to hydrogen 
bonding.

Solubility profile of kneaded products

In order to measure the ARP solubility as it is in the ARP/
RAMEB KP and ARP/TRIMEB KP, the shake-flask 
technique [47–49] was applied. The concentration of the 
drug substance in the saturated solution was determined 
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spectrophotometrically, using a calibration curve of ARP, 
at 25 °C (Fig. 9).

The UV spectrophotometric measurements have 
indicated that the APR solubility in ARP/RAMEB KP 
and ARP/RAMEB KP is 671.35 ± 0.01  μg  mL−1 and 
232.86 ± 0.02 μg mL−1, respectively, as an average value 
of five experimental determinations. In standard controlled 
experiments, clear solutions were obtained by dissolv-
ing 13.20 mg of ARP/RAMEB KP and 4.90 mg of ARP/

TRIMEB KP in 5 mL 0.1M acetate buffer (pH 4), at ambient 
temperature.

The results of the saturation solubility studies highlighted 
that RAMEB and TRIMEB are efficient carriers for solubil-
ity enhancement of poorly soluble drug ARP. The ARP solu-
bility in 0.1M acetate buffer (pH 4) is increased by 3.94-fold 
in the presence of TRIMEB and by 11.36-fold with RAMEB 
in comparison with free ARP (59.09 μg mL−1) due to the 
solubilizing effect of CDs.

Fig. 7  Geometry of 1:2 ARP/
RAMEB inclusion complex. 
Images a, b and d show the 
inclusion complex from the 
narrow rim of RAMEB’s cav-
ity. ARP guest molecules are 
represented in mesh/surface/
sphere colored by element, 
while RAMEB is represented 
in red and blue. Image c shows 
polar contacts between ARP 
and RAMEB, ARP is colored 
in purple, RAMEBs are colored 
in blue and green. (Color figure 
online)

Fig. 8  ARP/TRIMEB inclu-
sion complex simulation for 
1:2 stoichiometry. Images a, 
b and d show the inclusion 
complex from the narrow rim of 
TRIMEB’s cavity. ARP guest 
molecules are represented in 
mesh/surface/sphere colored by 
element and TRIMEB, in red 
and blue. Image c shows polar 
contacts between ARP and TRI-
MEB, ARP is colored in purple, 
TRIMEBs, in blue and green. 
(Color figure online)
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Conclusions

The present study investigates the inclusion complexation 
behavior and characterization of aripiprazole with two 
CD derivatives, RAMEB and TRIMEB by theoretical and 
experimental approaches. The experimental results clearly 
demonstrate that real inclusion complexes were formed 
between ARP and the two CDs, when the kneading method 
was employed, with a 1:2 stoichiometry, as the Job’s method 
indicated. The physicochemical properties of the kneaded 
products ARI/RAMEB and ARI/TRIMEB are different 
in relation to the pure precursors, as the thermal analysis, 
PXRD and UATR-FTIR spectroscopy highlighted. A signifi-
cant enhancement in ARP solubility is demonstrated by the 
shake-flask method when RAMEB is used as host molecule.
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