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Abstract

Aripiprazole (ARP) is one of the newest antipsychotic drugs, exhibiting very low aqueous solubility and high lipophilicity.
Considering the necessity of improvement of ARP physicochemical properties and its biopharmaceutical profile, cyclodex-
trin complexation of the drug substance was performed. As selected cyclodextrin, a functionalized f-cyclodextrin was used,
namely heptakis(2,6-di-O-methyl)-f-cyclodextrin (DIMEB), and the supramolecular adduct ARP/DIMEB was prepared by
kneading technique and characterized using thermoanalytical tools (TG—thermogravimetry/DTG—derivative thermogravim-
etry/HF—heat flow), powder X-ray diffractometry patterns (PXRD), universal-attenuated total reflectance Fourier transform
infrared (UATR-FTIR) and UV (ultraviolet) spectroscopy and, as well, saturation solubility studies. Job’s method was used
for the stoichiometry of APR/DIMEB inclusion complex determination, which was found to be 1:2. Molecular modeling
studies were complementary realized as to get a view over the way that ARP is hosted inside the cyclodextrin. The compat-
ibility between the inclusion complex and some common pharmaceutical excipients, namely starch, magnesium stearate,
lactose monohydrate, microcrystalline cellulose and methylcellulose, has been evaluated by means of thermal methods of
analysis (TG/DTG/HF), UATR-FTIR spectroscopy and PXRD pattern. The preformulation data regarding the compatibility of
ARP/DIMEB complex with selected excipients suggested that under ambient conditions, chemical interactions are observed
solely between ARP/DIMEB inclusion complex and magnesium stearate, as indicated by the UATR-FTIR spectroscopy. The
incompatibility in the system ARP/DIMEB +MgS is also confirmed by the PXRD study, this second investigational technique
revealing also the advanced amorphization of components during mixing of complex with starch, microcrystalline cellulose
and methylcellulose, but without indicating interactions. Later on, under thermal stress, thermally induced interactions occur
between the components in the systems containing magnesium stearate and methylcellulose, while starch, microcrystalline
cellulose and lactose can be safely used as excipients in developing solid formulations containing ARP/DIMEB inclusion
complex as active pharmaceutical ingredient.

Keywords Aripiprazole - Cyclodextrin - Inclusion complex - Thermal analysis - Excipient - Compatibility study

P4 Laura Sbarcea 3 Research Center for Thermal Analysis in Environmental
sbarcea.laura@umft.ro Problems, Faculty of Chemistry-Biology-Geography, West
University of Timisoara, 16 Pestalozzi Street, Timisoara,
! Faculty of Industrial Chemistry and Environmental Romania
Engineering, Politehnica University of Timisoara, Vasile 6

Department of Physical Chemistry, Faculty of Pharmacy,
University of Medicine and Pharmacy Craiova, 2-4 Petru
Department of Drug Analysis, Faculty of Pharmacy, “Victor Rares Str, 200349 Craiova, Romania

Babes” University of Medicine and Pharmacy, Eftimie 7
Murgu Square 2, 300041 Timisoara, Romania

Parvan Street 6, 300223 Timisoara, Romania

Department of Physical Chemistry, Faculty of Pharmacy,
“Victor Babes” University of Medicine and Pharmacy,
Department of Analytical Chemistry, Faculty of Pharmacy, Eftimie Murgu Square 2, 300041 Timisoara, Romania
“Victor Babes” University of Medicine and Pharmacy,

Eftimie Murgu Square 2, 300041 Timisoara, Romania

Faculty of Physics, West University of Timisoara, 4 Vasile
Parvan Blvd, 300223 Timisoara, Romania

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-020-09901-7&domain=pdf

1964

|.-M. Tanase et al.

Introduction

Current therapeutic strategies for patients suffering of differ-
ent psychotic disorders include the use of a novel functional-
ized quinolone derivative, namely 7-[4-[4-(2,3-dichlorophe-
nyl)piperazin-1-yl]butoxy]-3,4-dihydro- 1 H-quinolin-2-one
(structure presented in Fig. 1), known under common name
of aripiprazole (ARP) [1].

ARP is mainly used in the treatment of manic episodes
in both adult and pediatric subject, as monotherapy, and as
well in the treatment of mania, bipolar disorders and schizo-
phrenia [2—4].

The biopharmaceutical profile of ARP shows some incon-
veniences, due to its low aqueous solubility, making it a BCS
(biopharmaceutics classification system) II class molecule.
Its high lipophilicity requires the improvement of water solu-
bility before developing pharmaceutical formulations [5].
Polymorphs and solvatomorphs of ARP are well known, and
their physicochemical profile, including stability, dissolution
behavior and solubility, is reported in the literature [6—8],
along with crystalline transitions and their instrumental
analysis [9-11].

Up to the date, several papers are published aiming
toward improving ARPs physicochemical profile, including
preparation of orodispersible films containing ball-milled
ARP-poloxamer (R) 407 solid dispersions [12], self-micro-
emulsifying drug delivery systems [13], pH-modulated
solid dispersions using hot-melt extrusion technique [14],
cocrystals with dihydroxy- and trihydroxybenzene coform-
ers [15], coprecipitation and nanomilling along with sev-
eral excipients [16], salt formation [17], organic—inorganic
nanohybrid systems containing montmorillonite [18], but
as well formation of supramolecular adducts represented
by inclusion complexes with native and/or functionalized
cyclodextrins [19-21].

The importance of cyclodextrins in developing guest—host
type supramolecular systems in pharmaceutical field is
nowadays unquestionable, since numerous recent papers
are devoted to these studies [22—32]. In our previous paper,
we have presented the preparation and instrumental char-
acterization for two inclusion complexes of ARP with two
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Fig. 1 Structural formula of aripiprazole (ARP)
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functionalized f-cyclodextrins, namely random methyl-/-
cyclodextrin (RAMEB) and heptakis(2,3,6-tri-O-methyl)-/-
cyclodextrin (TRIMEB), both in solution and in solid state
[21]. Our investigations followed other studies reported ear-
lier in the literature, where the host molecule for ARP was
beta-cyclodextrin (BCD) and hydroxypropyl-beta-cyclodex-
trin (HPBCD) [20], or solely HPBCD [19]. Also, ARP is
formulated and commercialized on pharmaceutical market
as injectable solution along with a functionalized cyclodex-
trin, namely sulfobutylether-4-CD [33].

Pharmaceutical dosage forms are the result of the active
pharmaceutical ingredients (API) combination with excipi-
ents, these being various inactive pharmacological sub-
stances that are added in the final formulation for several
reasons, such of improving stability, solubility and bioavail-
ability of API, or making it more easily to be administered
to patient; also, the adequate selection of excipient leads
to formulations where biopharmaceutical properties can
be modulated, and also increasing the shelf-time of it, in
benefit to patients [34—38]. Preformulation studies are nec-
essary, even if excipients are considered inert molecules,
since during formulation stage and/or under storage of final
formulation, interactions may occur even in solid state, lead-
ing to diminution of concentration of API, which is crucial,
especially for drugs with narrow therapeutics index, which
are incorporated in tablets in orders of micrograms [39, 40].

Since there no data were found in the literature regard-
ing the compatibility between ARP/CDs inclusion com-
plexes and pharmaceutical excipients, in this study we
set our goal in studying the complexation of ARP with a
methylated f-CDs, namely heptakis(2,6-di-O-methyl)-f-
cyclodextrin (DIMEB) and later to evaluate the thermally
induced interactions between the prepared complex and
several excipients. In accordance with this, the selected list
of excipients was represented by starch (STA), magnesium
stearate (MgS), lactose monohydrate (LA), microcrystalline
cellulose (CE) and methylcellulose (MCE), while the phys-
icochemical characterization of samples included ultravio-
let (UV) spectroscopy, thermoanalytical tools (TG/DTG/HF
data), powder X-ray diffractometry (PXRD) and universal-
attenuated total reflectance Fourier transform IR spectros-
copy (UATR-FTIR).

Experimental
Materials

Aripiprazole (as Pharmaceutical Secondary Standard) was
purchased from Sigma-Aldrich, and it was used as supplied
by the producer. Heptakis(2,6-di-O-methyl)-f-cyclodextrin
was a commercial product acquired from Cyclolab R&L
Ltd (Budapest, Hungary). The pharmaceutical grade
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excipients, namely starch, microcrystalline cellulose, mag-
nesium stearate, lactose monohydrate and methylcellulose,
were obtained from Sigma-Aldrich. All other used reagents,
including solvents and salts, were of analytical purity.

Preparation of the ARP/DIMEB solid inclusion complex
and physical mixtures

The ARP/DIMEB inclusion complex was obtained employ-
ing the kneading technique in 1:1 molar ratio. For the prepa-
ration of inclusion complex, a mass of 0.0760 g ARP and
that of 0.2244 ¢ DIMEB were accurately weighed. The
mixture was triturated in an agate mortar in the presence
of 0.30 g ethanol/HCI 0.1 M solution (1:1, m/m) until a
homogeneous paste was obtained, for 45 min and under add-
ing of few drops of solvent so that a suitable consistency is
maintained. Later on, the product was dried under ambient
conditions and then in an oven, at 40 °C for 24 h. The dried
kneaded product was pulverized with the pestle and sieved
through a 75-um size sieve.

For comparison, a physical mixture containing ARP and
DIMESB in the same molar ratio as the inclusion complexes
was prepared, by mixing in the agate mortar with pestle for
10 min, using a solvent-free technique.

The mixtures of ARP/DIMEB inclusion complex and
each selected excipient were prepared by physically mixing
in an agate mortar with pestle for approximately 5 min, in
the ratio of 1:1 (m/m). This mass ratio was chosen in order to
maximize the observation of possibly occurring interactions
between components. The samples were then transferred
in sealed vials and kept under ambient condition until the
analysis was carried out, in the absence of light.

Study of formation of inclusion complex in solution

For all UV spectroscopy studies, a double-beam spectropho-
tometer SPECTRONIC UNICAM UV 300 UV-visible was
used. All the measurements were realized in 1.0 cm matched
quartz cells.

Analysis of stoichiometry and estimation of binding
constant of inclusion complex

The stoichiometric ratio for interaction between ARP and
DIMERB in formation of inclusion complex in solution was
obtained according to the Job’s method, employing a pro-
tocol elsewhere described [31]. Equimolar 9.00 X 10° M
solution of ARP and DIMEB was prepared in 0.1 M acetate
buffer at pH 4.0 and mixed to a standard volume, so that the
ARP molar ratio varied from 0.1 to 0.9. Similar, a dilution
set of ARP stock solution was prepared in the same solvent.
After mixing, absorbances for all solutions were measured
at the wavelength of 249 nm. The plot of the difference

between ARP absorbances, AA (AA=A —A,) in the pres-
ence (A) and in the absence (A,) of DIMEB vs. ARP molar
fraction R (R=[ARP]/{[ARP] +[CD]}) was built, according
to our previous paper [21].

For the estimation of the apparent stability constants of
the ARP/DIMEB supramolecular system, the method pro-
posed by Benesi—Hildebrand was employed. The protocol
was established earlier [21], so the ARP concentration was
kept constant at 6.48 x 107> M in 0.1 M acetate buffer at pH
4.0, while the DIMEB concentration increased from zero to
5.184x 1073 M, in the same solvent. The UV spectra were
collected in the spectral range 235-310 nm, using 1.0 cm
matched quartz cells. All the experiments were carried out
in triplicate, and the results were practical identical.

The association constant of the inclusion complex can
be obtained from the Benesi—Hildebrand equations [21, 31,
41-43] for 1:2 guest—host inclusion complexes:

1 1 1
— = + .
AA  Ae-[ARP]-K - [DIMEB)*> A¢-[ARP] M

In the above equations, Ae represents the variation of
molar attenuation coefficient, AA is the variation of absorb-
ance and K represents the stability constant.

Characterization of inclusion complex and physical
mixtures in solid state

Thermal analysis

The pure ARP, DIMEB, excipients, the ARP/DIMEB physi-
cal mixture and kneaded product and the physical mixtures
of ARP/DIMEB kneaded product with selected excipients
were analyzed using a thermobalance produced by Perkin-
Elmer DIAMOND TG/DTA under air atmosphere (flow rate
of 0.1 L min~!) under non-isothermal regime at a heating
rate of 10 °C min~!. For studying the thermal behavior of
ARP, CD, kneaded product and all physical mixtures, sam-
ples with masses around 3—4 mg were weighted in aluminum
crucibles and subjected to thermal stress in the 40-500 °C
temperature domain. Simultaneous TG-thermogravimetry/
DTG-derivative thermogravimetry/HF-heat flow data were
collected. HF data (in mW) were obtained from DTA (dif-
ferential thermal analysis) data (in uV), by conversion.

Powder X-ray diffractometry (PXRD)

The PXRD analysis was carried using a diffractometer
produced by Bruker, model D8 Advance powder X-ray.
The X-ray diffraction patterns were collected with CuKo
radiation and a Ni filter over the interval of 5°—45° angular
domain (20). The instrument was operated at 40 kV and
35 mA.
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Universal-attenuated total reflectance Fourier transform
infrared spectroscopy

The FTIR spectra were recorded using a Perkin-Elmer
SPECTRUM 100 device. The data were collected directly on
solid samples using an UATR device in the spectral domain
4000-600 cm™'. Spectra were drawn up after 16 co-added
scans, with a spectral resolution of 4 cm™!,

Molecular modeling

Gaussian program suite at DFT/B3LYP/6-311G optimiza-
tion was used in order to generate the three-dimensional
(3D) coordinates of ARP. To visualize the interaction
between ARP and DIMEB, the molecular docking analy-
sis was performed using AutoDock 4.2.6 software along
with the AutoDockTools. The heptakis (2,6-di-O-methyl)-
p-cyclodextrin structure was generated from the curated
coordinates of ligand 2QKH (X-ray diffraction, resolution
1.9 A) downloaded from the Protein Data Bank database
[44]. Methyl groups were manually added on free hydroxyl
groups from 2 and 6 positions (GaussView 5, Semichem
Inc.), structure being optimized in the same manner with
ARP (DFT/B3LYP/6-311G).

Two consecutive docking cycles were carried out since
a single molecule of ARP was expected to accommodate
with 2 molecules of DIMEB and the best result from each
cycle was chosen. DIMEB dimers were obtained from two
identical DIMEB molecules aligned on the cavity axes, hav-
ing the outer sides pointing one to another. Two molecules
of DIMEB were used in the first docking, one as a receptor
and the other as a ligand in order to get the best configura-
tion of the dimer complex and to compute the total energy
of affinity (kcal/mol). In the second docking, ARP was used
as ligand and DIMEB dimer as receptor.

The obtaining of DIMEB dimers molecule and the dock-
ing between ARP and dimers involves adding all the polar
hydrogen atoms, computing the Gasteiger charge; grid box
was generated using Autogrid 4 with 60x60x 60 A in x, y
and z axis with 0.375 A spacing from receptor center. All
the calculations were carried out in vacuum.

The Lamarckian genetic algorithm with a population size
of 150 and 50 runs was selected for the docking study. All
other parameters were used with default values. Molecular
modeling figures were obtained using PyMOL software [45].

Evaluation of solubility behavior of kneaded
product

For the investigation of solubility change due to the inclusion
complex formation, the saturation shake-flask method was
used. For this purpose, an excess amount of ARP and ARP/
DIMEB kneaded product was added in 5.0 mL of acetate
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buffer 0.1 M at pH 4.0, so that saturation was achieved. All
the protocols for sample preparation and estimation of ARP
concentrations were previously reported [21].

Results and discussion
Study of formation of inclusion complex in solution

Analysis of stoichiometry and estimation of binding
constant of inclusion complex

All the data were processed according to Job’s method [46].
The stoichiometry of the inclusion complex can be obtained
when a measurable property that correlates linearly with the
complex concentration (such as absorbance A) is plotted ver-
sus guest molar fraction. The complexation stoichiometry is
provided by the value of the molar ratio R, which indicates
the maximum concentration of the complex [31, 47, 48].
The value of R at the maximum deviation (AA) is reached
when ARP molar fraction is 0.33 (Fig. 2), which suggests a
stoichiometry of 1:2 of ARI in the complex.

The association constant of the ARP/DIMEB inclu-
sion complex was estimated based on Benesi—Hildebrand
model [21, 31, 42]. Changes in the UV absorption intensity
of the ARP at 249 nm have been evaluated as a function
of DIMEB concentration. An increase in ARP absorption
intensity as a result of increasing DIMEB concentrations has
been observed (Fig. 3a), along with a bathochromic shift in
the absorption maxima of ARP, proving that the inclusion
complex was formed.

In order to confirm the stoichiometry for ARP/DIMEB
complex, a double-reciprocal plot was built, namely AA™!
versus [DIMEB] 2, as shown in Fig. 3b. Good linear cor-
relation was obtained in the plot (R = 0.9878), confirming

0.0000045 ~
0.0000040 ~
0.0000035 ~

ARP/DIMEB
0.0000030 -

AA x [ARP]

0.0000025 -

0.0000020 ~

0.0000015 ~

0.0000010

OI.2 OI.3 OI.4 OI.5 OI.6 OI.7 OI.8 OI.9 1I.0
R

T
0.0 041

Fig.2 Job’s plot corresponding to the ARP/DIMEB inclusion com-
plex
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Fig.3 UV spectra of ARP and ARP/DIMEB adduct in the pres-
ence of increasing concentration of DIMEB, in 240-262 nm spec-
tral range-main image; UV spectra of ARP and ARP/DIMEB at

the formation of the inclusion complex with 1:2 stoichiom-
etry. The stability constant value was evaluated using Ben-
esi—Hildebrand Eq. (1) as a ratio of the intercept to slope of
the straight line in the Benesi—Hildebrand double reciprocal
plot, and the calculated value is 7.09 x 10° M2,

Characterization of solid-state inclusion complex
Thermal analysis

Among the techniques used for the study of the host—guest
interaction during the inclusion complex formation, the ther-
mal analysis leads to valuable results. The peak of phase
transitions, such as melting of the guest molecules entrapped
in the CDs cavity, is generally shifted to a different tempera-
ture in comparison to pure API or even disappears [49]. The
thermal curves (TG/DTG/HF) of ARP, DIMEB and ARP/
DIIMEB prepared as simple physical mixture (PM) and
kneaded product (KP) are shown in Fig. 4a—d.
Interpretation of thermoanalytical data recorded for
ARP is elsewhere discussed in detail [21]. Since the
thermoanalytical profile of the pure API was recorded in
identical conditions as in our previous paper, the obtained
results are practical identical [21], suggesting that the
first mass loss begins at 148 °C, reaching a DTG, at
149 °C, probably associated with release of water traces
(Am=0.4%). The main decomposition process of ARP
starts at 220 °C, reaching the DTG,,,, around 302 °C and
takes place in one step. Since no thermal oxidations occur
up to 220 °C, it can be said that ARP has a good thermal
stability after the insignificant mass loss that takes place
around melting. HF curve reveals two endothermic events,

1/[DIMEB]*/mM™

maximum DIMEB concentration, in 235-310 nm spectral domain-
inserted image a; Benesi—Hildebrand linear plots for AA™! against
[DIMEB]>b

the first at 139 °C corresponding to the solid-liquid tran-
sition of polymorphic form III, followed by another one
at 149 °C, corresponding to the solid—liquid transition of
polymorphic form I. The peritectic melting of ARP was
previously discussed [21]. The main exothermic process
due to oxidative thermolysis of ARP is revealed by the HF
curve, which shows a peak at 316 °C, being in excellent
agreement with previously reported data [21].

The thermal curves of DIMEB reveal that the cyclodex-
trin is thermally stable up to 232 °C, when the decomposi-
tion process starts, reaching DTG, at 343 and 353 °C,
respectively. The exothermic effects from the HF curve
(Thea = 252 and 360 °C, respectively) are related to the
thermooxidation processes of the cyclodextrin, DIMEB
melting being probably overlapped with these events [50].

The thermoanalytical curves of ARP/DIMEB binary
system present differences as compared with those of the
parent compounds (Fig. 4). Thus, the endothermic melt-
ing peak of ARP form III has disappeared from the HF
curves of ARP/DIMEB KP and has been shifted to lower
temperature (7, = 131.3 °C) in the HF curve of ARP/
DIMEB PM. Also, the endothermic melting event of ARP
form I is no longer present neither in the HF curve of
KP nor in the HF curve of PM (Fig. 4d). Furthermore,
the DIMEB decomposition exothermic peak is shifted
toward higher temperature in the HF diagrams of both KP
(Tpearr=302.3 °C) and PM (7., =366.8 °C). A greater
thermal stability of ARP is revealed by the thermoana-
Iytical curves of the binary systems, since the drug decom-
position begins around 228 °C and 251 °C for KP and PM
respectively, as the thermal curves show (Fig. 4c, d).

@ Springer
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Fig.4 Thermoanalytical curves TG, DTG and HF for: a ARP; b DIMEB; ¢ ARP/DIMEB PM and d ARP/DIMEB KP in air atmosphere (0.1 L

min~1), 40-500 °C temperature range at a heating rate =10 °C min™"

The absence of the melting processes of ARP form III and
form I from the thermal profile of the ARP/DIMEB kneaded
product indicates ARP involvement in the complexation pro-
cess. The results provided by thermal analysis demonstrate
the existence of an interaction between ARP and DIMEB
and confirm inclusion complex formation under kneading.

Powder X-ray diffractometry

The diffractometry profile of ARP, DIMEB and their PM
and KP is shown in Fig. 5.

The ARP diffraction pattern indicates the presence of
two peaks of higher intensity at 2 value of 20.38 and 22.04
and other several secondary peaks at 11.02; 14.36; 16.54

@ Springer

and 19.39 2, revealing its crystalline nature (Fig. 5), as
reported earlier [21]. In the diffraction pattern of DIMEB,
the appearance of sharp peaks at 8.54, 9.95, 10.29, 12.31,
16.89, 19.04 and 21.32 2 demonstrates that DIMEB has a
crystalline structure. The examination of PXRD patterns
of the binary compounds reveals major changes in relation
to the pure substances. The ARP/DIMEB PM diffracto-
gram shows a marked diminution of the characteristic dif-
fraction peaks of ARP and DIMEB, respectively. In addi-
tion, the presence of two broad peaks and many undefined,
diffused peaks with low intensities is noticed in both PM
and KP diffraction patterns, reflecting the amorphous state
of the samples (Fig. 5). The disappearance of the ARP
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Fig.5 PXRD patterns recorded for ARP, DIMEB, ARP/DIMEB PM
and ARP/DIMEB KP
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Fig.6 UATR-FTIR spectra of ARP, DIMEB, ARP/DIMEB PM and
ARP/DIMEB KP samples

characteristic peaks in the ARP/DIMEB KP diffractogram
suggests the interaction of API with CD and demonstrates
the formation of the inclusion complex in solid state, in
good agreement with the results suggested by thermoana-
lytical techniques.

UATR-FTIR analysis

The UATR-FTIR spectra of ARP, DIMEB and binary mix-
tures represented by ARP/DIMEB PM and ARP/DIMEB
KP are shown in Fig. 6.

The UATR-FTIR spectrum of ARP shows characteristic
bands of polymorphic form III, as previously described in
detail [21]. In order to identify the characteristic bands of
ARP in binary mixtures with DIMEB, the wavenumbers
of the main bands are presented here without association
with functional groups from the structure of the antip-
sychotic drug (in cm‘l): 3192, 2945, 2812, 1676, 1627,
1594, 1576, 1522, 1444, 1375, 1259, 1047, 1030, 806 and
778, respectively.

DIMEB exhibits a broad absorption band in the 3500-
3300 cm™! spectral region assigned to O—H stretching vibra-
tion from the non-methylated hydroxyl moieties and a large
region below 1500 cm™! which displays distinct peaks, most
probably characteristic to the cyclodextrin ring [50, 51].

The IR spectra of both ARP/DIMEB KP and PM reveal
differences in comparison with those of the pure substances.
Therefore, the absorption band at 1676 cm™! assigned to the
stretching vibration of ARP carbonyl group was shifted to
1678 cm™! in the PM spectrum and to 1686 cm™! in the KP
spectral pattern and the intensity of band was diminished.
Similarly, the peaks associated with the C-H bending vibra-
tion shifted from 1444 to 1375 cm™! in the pure ARP to
1449 and 1364 cm™" in the PM spectrum and to 1452 and
1363 cm™! in the KP spectrum. The characteristic bands for
the N-H bending vibration at 1627 cm™' and for the aro-
matic ring (1594 and 1576 cm™") are still present in the PM,
but their intensity was diminished, while they were disap-
peared from the KP spectrum. Also, the peak corresponding
to N—H stretching vibration situated at 3192 cm™~! in pure
ARP spectrum is no more present in the spectra of ARP/
DIMEB PM and KP, most probably due to the formation of
H-bonding between drug substance and CD. Therefore, it
can be seen that the characteristic peaks of drug substance
either have reduced their intensity along with shifting to
different wavenumbers or have disappeared in the binary
products, these changes indicating the interactions between
ARP and DIMEB molecule.

Molecular modeling

AutoDock provides docking tools, being able to predict the
binding interaction that takes place between small molecules

@ Springer



1970

|.-M. Tanase et al.

Fig.7 Molecular geometry of the inclusion complex ARP/DIMEB in
1:2 molar ratio. Images a, b and d show the inclusion complex from
the narrow rim of DIMEB’s cavity. ARP guest molecules are shown
in mesh/surface/sticks colored by element, while DIMEB is repre-
sented in green and blue. Image ¢ shows polar contacts between ARP
and DIMEB, ARP being colored in purple and DIMEBs, in blue and
green

(ligand), to a known 3D-structured receptor. The theoretical
basis of AutoDock was elsewhere presented [21, 52].
Molecular modeling was employed for a detailed
characterization of the inclusion complex ARP/DIMEB
(1:2), the calculated binding free energy value being
—6.02 kcal mol™!. The theoretical structural geometry of
ARP/DIMEB inclusion complex, as generated in PyMOL
software, simulated in 1:2 molar ratio is shown in Fig. 7.
Three hydrogen bonds between ARP and DIMEB are
formed as the 3D images of the ARP/DIMEB 1:2 inter-
action revealed. The hydrogen bonds are established
between the heterocyclic nitrogen atom from the pipera-
zine moiety (namely the N-butoxylated one) and the OH
(position 3) of the dimer, with a length of 3.3 A, and
between the nitrogen from N-aryl-substituted piperazine
moiety and the oxanic oxygen of the dimer, with a length
of 2.1 A. The third intermolecular interaction represented
by a H-bonding occurs between the hydrogen belonging
to NH group from the 2-piperidinone heterocyclic moi-
ety and the hydroxyl (position 6) of dimer glucopyranose
unit with a length of 2.1 A. The presence of Keesom-type
dipole—dipole interaction between the carbonyl oxygen of
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the 2-piperidinone heterocycle and the oxygen hydroxyl
(position 6) of a glucopyranose unit is also to be noticed
having a length of 2.3 A.

Solubility profile of kneaded product

The solubility of the drug substance in the ARP/DIMEB
KP was evaluated by means of shake-flask technique
[53-55]. The ARP concentration in the saturated solu-
tion was determined using UV spectrophotometric meas-
urements and a calibration curve of ARP, at 25 °C [21].
The solubility of the included ARP was calculated to be
2237.822+0.011 pg mL~" as a mean value of five experi-
mental measurements. In standard controlled experiments,
clear solutions were obtained by dissolving 44.4 mg of ARP/
DIMEB KP in 5.0 mL 0.1 M acetate buffer of pH=4.0, at
room temperature.

The saturation solubility studies demonstrate the effi-
ciency of DIMEB in the solubility enhancement of this
practically water-insoluble drug (ARP). A 37.87-fold incre-
ment in the solubility of ARP in 0.1 M acetate buffer of
pH=4.0 in the presence of DIMEB as compared to free
ARP (59.09 pg mL~!) was noticed due to the solubilizing
effect of this functionalized CD.

Compatibility studies of ARP/DIMEB inclusion
complex with pharmaceutical excipients

TG/DTG/HF analysis

TG/DTG/HF curves recorded in dynamic air atmosphere at
=10 °C min~' for ARP/DIMEB inclusion complex and the
mixtures of inclusion complex with excipients are presented
in Fig. 8a—d.

The thermoanalytical profile of the ARP/DIMEB
inclusion complex (Fig. 4d) reveals its thermal decom-
position in the following temperature ranges: 35-70 °C
(Am=2.7%, due to dehydration), 167-330 °C (Am=19.3%,
DTG, =305.6 °C), 330-290 °C (Am=62.5%, DTG,
at 365.5 °C) and 390-500 °C (Am=15.5%, DTG, at
468.1 °C). The HF profile of the inclusion complex reveals
the presence of four exothermic events, the first one present-
ing low intensity and a maximum at 173.6 °C, and the other
three in the 250-500 °C temperature domain with maximum
at 302.3 °C, 383.3 °C and 469.4 °C, respectively, that cor-
respond to the decomposition of the complex.

In the situation of inclusion complex—excipients physical
mixtures (Fig. 8), the evaluation of TG/DTG curves indi-
cates that the mass loss processes are noticed in the same
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Fig.8 TG a, DTG b and HF (c temperature range of 40-500 °C; d
temperature range of 40-300 °C) curves drawn up in air, at f=10 °C
min~! for ARP/DIMEB inclusion complex (1) and inclusion com-

temperature range as for the ARP/DIMEB pure complex,
excepting the mixture ARP/DIMEB + LA. All the rest mix-
tures display a mass loss at temperatures lower than 70 °C
due to the release of water, then being stable up to tempera-
ture values around 200 °C. With further increase of tempera-
ture, the main stage of mass loss due to thermal degradation
process arises between 205 and 403 °C in the case of ARP/
DIMEB + STA mixture (DTG, at 308 and 354 °C), in the
temperature range of 215-389 °C for ARP/DIMEB + CE
(DTG ey at 342 °C), between 225 and 383 °C for mixture
with MgS (DTG, at 346 °C) and between 210 and 394 °C
(DTGyeq at 348 °C) in the case of ARP/DIMEB +MCE.

(b)
S
K
(O]
'_
)
s~ T‘
T T T T T T T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500
Temperature/°’C
(d)
1
2
s
K
fra
T
4
5
6

T T T T T T T T T T T T 1
40 60 80 100 120 140 160 180 200 220 240 260 280 300
Temperature/°C

plex-excipients mixtures, as follows: (2) ARP/DIMEB+STA; (3)
ARP/DIMEB +CE; (4) ARP/DIMEB +MgS; (5) ARP/DIMEB + LA
and (6) ARP/DIMEB + MCE

The TG/DTG profile of the mixture with LA expresses a
mass loss event up to 170 °C associated with dehydration of
excipient, followed by a narrow stability stage in the temper-
ature range of 170-200 °C, and then, the mass loss continues
with the main decomposition event between 200 and 400 °C
(DTG, at 236, 308 and 356 °C, respectively).

Regarding the HF profile of all complex-excipients mix-
tures, the exothermic event of low intensity is missing from
all curves (Fig. 8d), while the main exothermic event from
HF curve of the complex, with maximum at 383.3 °C was
preserved but shifted to a lower temperature in the HF curves
of the physical mixture as follows: 363 °C in case of ARP/
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Fig.9 UATR-FTIR spectra recorded for ARP/DIMEB inclusion com-
plex and its binary mixtures with selected excipients

DIMEB + STA and ARP/DIMEB + MCE, 348 °C for the
mixture with CE, 346 °C in the presence of MgS and 364 °C
for the ARP/DIMEB + LA (Fig. 8c). These significant shifts
to lower temperature may indicate a potential incompatibil-
ity between ARP/DIMEB inclusion complex and the excipi-
ents taken into study, at advanced thermal treatment. On
the other hand, shifting of ARP/DIMEB exothermic event
to lower temperature may be the result of mixing with the
excipients which decrease the purity of every component
in the mixture, as previously stated in the literature [56].
The identification of nature of thermally induced interaction
between the complex and each excipient (namely a chemi-
cal interaction versus a physical depression of melting point
due to the presence of “impurities,” represented here by the
molecules of excipient) can be tentatively presented based
on the analysis of HF profile for the main exothermic event
occurring over 275 °C, as follows: for mixtures with STA,
CE and LA, the thermoanalytical profile is similar as for
pure complex (Fig. 8), while for MgS and MCE, the profile
is considerable modified. Taking these observations into

account, it can be suspected that thermally induced interac-
tions take place in the systems containing MgS and MCE,
while the impurity effect of excipient is noticed in systems
containing STA, CE and LA.

Following the data of the compatibility studies between
ARP/DIMEB inclusion complex and selected excipients by
using thermal analysis, we can conclude that possible inter-
action occurs between the components of the physical mix-
tures. Therefore, complementary techniques, such as FTIR
and PXRD, were further used in order to get an objective
view over the compatibility of the components of these sys-
tems under ambient conditions.

UATR-FTIR studies

UATR-FTIR technique is a valuable tool used for revealing
the potential physicochemical interaction between an API
and the selected excipients used. The chemical modifications
which occur due to the interaction at the reactive functional
groups of API and excipient cause the shifting toward dif-
ferent wavenumbers and the appearance or disappearance
of characteristic bands for “reactive” moieties of API in
multicomponent systems when compared with pure drug
substance [57]. The UATR-FTIR spectra of ARP/DIMEB
inclusion complex and its mixtures with tested excipients
recorded in ambient temperature are presented in Fig. 9.
The FTIR spectrum of ARP/DIMEB inclusion complex
presents a broad band between 3500 and 3300 cm™! (peak
at 3404 cm™") which is indicative of hydroxyl groups (O-H
stretching vibration) and other several bands, which are
noticed in Table 1 and are presented in “Characterization
of solid-state inclusion complex” section. The carried out
investigations based on spectra results depicted in Fig. 9
and data collected in Table 1 reveal that the majority of
ARP/DIMEB characteristic bands arise in the binary mix-
ture either at the same wavenumber as in the complex or
are slightly shifted to different wavenumbers—suggesting
lack of chemical interactions between the complex and the
selected excipients, except for the mixture with MgS. In this

Table 1 UATR-FTIR bands of ARP/DIMEB inclusion complex and the mixtures with excipients

Sample Analysis of UATR-FTIR spectral regions/cm™!
3600-2700 1700-1000 1000-650

ARP/DIMEB 3404; 2930, 2848 1686; 1452; 1363; 1194; 1155; 1084; 1043; 1010 966; 917, 857; 761; 704
ARP/DIMEB + STA 3394;2928; 2835 1685; 1450; 1365; 1191; 1155; 1084; 1044; 1013 964; 919; 857; 763; 706
ARP/DIMEB + CE 3390; 2925; 2834 1686; 1450; 1365; 1191; 1156; 1085; 1044; 1018 964; 917, 857; 762; 704
ARP/DIMEB +MgS 2916; 2850 1686; 1464; 1366; 1190; 1086; 1045; 1018 963; 876; 722; 686
ARP/DIMEB + LA 3345;2931; 2837 1685; 1449; 1363; 1192; 1157; 1085; 1035; 1019 964; 916; 857; 762; 712
ARP/DIMEB +MCE 3402; 2921 1686; 1450; 1365; 1191; 1155; 1085; 1043; 1017 963; 917, 857; 762; 710
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last case, an interaction between ARP/DIMEB and MgS is
revealed, since several bands of the complex (namely the
ones appearing at 3404, 1155 and 917 cm™!, respectively)
are no longer present in the spectra of mixture with this
excipient. Interactions are not suggested for other mixtures
under ambient temperature by this technique, leading to the
conclusion that the incompatibility with MCE is thermally
induced.

PXRD analysis

In order to assess the potential interactions between ARP/
DIMEB inclusion complex and excipients, which correlate
with changes in the crystallinity of the samples, X-ray dif-
fractometry was used as a complementary tool. The PXRD
patterns of the ARP/DIMEB complex and its physical mix-
ture with previously mentioned excipients recorded in identi-
cal conditions are shown in Fig. 10.

The diffractogram of ARP/DIMEB inclusion complex
reveals two main broad peaks and numerous undefined ones,
with low intensities clearly indicating an amorphous state.
According to the obtained data, amorphization is even fur-
ther advanced after trituration of complex with excipient, as
in the case of mixtures with STA, CE and MCE (Fig. 10a,
b, e). The PXRD profile of MgS reveals characteristic dif-
fraction peaks at 20 of 5.35, 7.20, 8.90, 21.78 and 22.53
indicating the crystalline nature of the excipient (Fig. 10c).
Also, the crystalline profile of LA is proven by the sharp and
intense peaks at 12.46, 16.42, 19.12, 19.51, 19.94, 20.72
and 21.19 20 which are present in its diffraction pattern
(Fig. 10d).

The PXRD pattern of physical mixture of inclusion com-
plex with MgS contains most the characteristic excipient
peaks (at 5.34; 21.78 and 22.45 260 values); while the peak
at 8.92 24 is highly alliterated and the one from 7.20 is no
longer visible. Even if it plausible to explain that the allitera-
tion/disappearance of peaks that appear for pure excipient
below 10.00 26 values is due to dilution effect, an in-depth
analysis reveals that the disappearance is due to solid-state
interaction that takes place between the complex and MS—
confirmed by the fact that the peaks of excipient from 21.78
to 22.45 26 values are still present, unadulterated in com-
parison with pure excipient. Following this observation, the
interaction suggested by thermal analysis and FTIR spec-
troscopy is also confirmed by this instrumental technique.

In the case of mixture with LA (peaks at 12.53, 16.45,
19.01, 19.39, 19.99, 20.83 and 21.23, respectively 260 val-
ues), the bands of excipient are entirely visible in the dif-
fraction pattern, as in the case of pure excipient—but with
a corresponding decrease of intensity due to dilution effect.
The PXRD data suggest compatibility between complex
and LA, incompatibility between complex and MgS, while
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the information for the mixtures with STA, CE and MCE is
inconclusive by themselves, revealing solely the advanced
amorphization of samples during mixing.

Conclusions

In this current work, a supramolecular adduct represented by
an inclusion complex of poorly water-soluble drug ARP with
a methylated p-cyclodextrin, namely DIMEB, was obtained
and characterized by theoretical and experimental approaches.
Our results achieved by applying Job’s method indicate a stoi-
chiometry of 1:2 for ARP/DIMEB inclusion complex. The
thermal and spectroscopic techniques used for the evaluation
of inclusion complex in solid state demonstrate different phys-
icochemical properties of the kneaded product in comparison
with pure precursors, thus proving the obtaining of real inclu-
sion complex when the kneading method is employed. The
ARP solubility is increased by 37.87-fold in the presence of
DIMEB, which demonstrates the utility of the cyclodextrin in
improving ARP physicochemical properties and consecutively
its biopharmaceutical profile.

Also, the compatibility of the ARP/DIMEB inclusion com-
plex with five excipients used in the pharmaceutical formula-
tion, namely starch, microcrystalline cellulose, magnesium
stearate, lactose monohydrate and methylcellulose, is also
evaluated by means of thermoanalytical and spectroscopic
methods. FTIR analysis suggested chemical interactions solely
between ARP/DIMEB inclusion complex and MgS, while
with all other excipients showed compatibility. The incompat-
ibility in the system ARP/DIMEB +MgS is also confirmed by
the PXRD study, this second investigational technique reveal-
ing also the advanced amorphization of components during
mixing of complex with STA, CE and MCE.

Thermoanalytical data suggested that thermally induced
interactions take place between the components in the sys-
tems containing MgS and MCE, while STA, CE and LA can
be safely used as excipients in developing solid formulations
containing ARP/DIMEB inclusion complex as active phar-
maceutical ingredient. The results of this study reinforce the
applicability of thermal methods along with FTIR and PXRD
as fast, precise and reproducible screening tools for analysis
of API-excipient compatibility in the preformulation stage of
drug development.
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