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Introduction

Abstract

Objectives This study sought to evaluate the achievement of carvedilol (CARV)
inclusion complexes with modified cyclodextrins (HPBCD and HPyCD) using
fluid-bed granulation (FB).

Methods The solid complexes were produced using FB and spray drying (SD)
and were characterised by differential scanning calorimetry (DSC), Fourier trans-
form infrared spectroscopy (FTIR), powder X-ray diffraction, SEM, flowability
and particle size analyses and in vitro dissolution.

Key findings The DSC, FTIR and powder X-ray diffraction findings suggested
successful CARV inclusion in the modified B- and y-cyclodextrins, which was
more evident in acidic media. The CARV dissolution rate was ~7-fold higher for
complexes with both cyclodextrins prepared using SD than for raw CARV. Com-
plexes prepared with HPBCD using FB also resulted in a significant improvement
in dissolution rate (~5-fold) and presented superior flowability and larger particle
size.

Conclusions The findings suggested that FB is the best alternative for large-scale
production of solid dosage forms containing CARV. Additionally, the results sug-
gest that HPyYCD could be considered as another option for CARV complexation
because of its excellent performance in inclusion complex formation in the solid
state.

[4]

failure.”™ It is a basic and lipophilic compound with

pH-dependent solubility, making it a class II drug in the

Cyclodextrins are cyclic oligosaccharides composed of 6-8
glucopyranoside units linked by o-[1,4] bonds. The parent
cyclodextrins (o, B, y) are products of bacterial digestion of
starch.!" These substances have a central hydrophobic cav-
ity and a hydrophilic outer surface composed of hydroxyl
groups. This structure allows the inclusion of poorly sol-
uble drugs, thus increasing their solubility and bioavailabil-
ity.!**! The hydroxyl groups of the parent cyclodextrins can
be chemically modified to improve their aqueous solubility
and complexation ability.*!

Carvedilol (CARV) is a nonselective B-blocker used in
the treatment of hypertension and congestive heart

Biopharmaceutics Classification System.!”! These properties
contribute to the poor oral bioavailability of CARV
(20%).1¢]

Different strategies have been studied to improve the
aqueous solubility of CARV." " Inclusion complexation
with cyclodextrins using different techniques has been eval-
uated, resulting in significant improvements in the solubil-
ity and dissolution profile of the drug.!"*' Superior
enhancement of the dissolution rate was observed when
CARV was complexed with hydroxypropyl-B-cyclodextrin
(HPBCD).[14’17] Nevertheless, in the major world markets,
there are no commercial products containing CARV in the
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form of an inclusion complex with cyclodextrin. The tech-
nological difficulties of industrial production, combined
with the high costs of modified B-cyclodextrins are obstacles
that still need to be overcome.

Co-precipitation, kneading, spray drying (SD) and freeze
drying are methods that have been used with great results
for solid-state complexation with cyclodextrins.!**! Despite
their outstanding complexation performance, those meth-
ods are characterised by low yield, stability problems and
difficulty of scale-up.*>?!! In contrast, fluid-bed (FB) gran-
ulation has been widely used in the development and pro-
duction of solid dosage forms, because it is a fast and
versatile process.'*?! Solid processing by this method may
allow the formation of inclusion complexes simultaneously
with the granulation process. In spite of that, few studies
have explored the use of this technique to produce
cyclodextrin inclusion complexes. Some studies have
reported the drying of drug : cyclodextrin solutions by
spouted or FB apparatus.”>**) In addition, there are
reports on the preparation of solid complexes by FB
coating'?*?*! and, more recently, FB granulation.*”!

Accordingly, improvements in the inclusion complex
formation methods of CARV : cyclodextrin, making them
more suitable for industrial processing, may finally provide
a commercial product of CARV : cyclodextrin in the form
of inclusion complexes. This study sought to evaluate car-
vedilol inclusion complexes with cyclodextrins formed
using FB granulation. The complexation of CARV with a
modified y-cyclodextrin, which has thus far not been tested
for this drug in a solid state, was also evaluated.

Materials and Methods

Materials

Carvedilol (MW 406.5) was kindly donated by Shenyang
Chengtai Fine Chemicals Factory (China) and IQUEGO
(Industria Quimica do Estado de Goids, Brazil). Hydrox-
ypropyl-B-cyclodextrin (HPBCD, degree of substitution
6.0-8.0, Cavitron W7 HP7®) and hydroxypropyl-y-cyclo-
dextrin (HPyCD, 4.1-5.1, Cavasol W7 HP®) were kindly
donated by Ashland Inc. (Sao Paulo, Brazil). Lactose (Flow-
lac 100®) was purchased from Meggle Pharma. All solvents
and reagents used in this study were of analytical grade.

Preparation of solid inclusion complexes by
spray drying and fluid-bed granulation

Suspensions containing CARV and cyclodextrin (HPBCD
or HPYCD) at a 1 : 1 molar ratio were prepared in a 0.1 M
phosphate buffer solution (PBS), pH 6.8. In some cases, the
pH of the solution was adjusted to 2.2 with phosphoric
acid. The dispersions were magnetically stirred (IKA
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C-MAG HS 7) for 1 h at room temperature, and then they
were spray-dried or used as an agglomeration liquid during
FB granulation. A CARV suspension (pH 6.8) without
cyclodextrin was also spray-dried under the same experi-
mental conditions. The spray drying was carried out in an
LM MSD 1.0 (Labmaq do Brasil Ltda, Ribeirao Preto, Sao
Paulo, Brazil) laboratory-scale dryer using a double-fluid-
type atomizer nozzle with an orifice of 1.2 mm. Table 1
lists the experimental conditions used in this study.

Granules were prepared in a FB granulator (FL-Multi-1;
Freund-Vector Corporation, Marion, Iowa, USA) under
the operational conditions described in Table 1. A suspen-
sion containing CARV and cyclodextrin was prepared in
PBS, adjusted to pH 2.2 with phosphoric acid. Five hun-
dred millilitres of the suspension was stirred for 1 h, and
then it was sprayed into the processing chamber containing
lactose (390 g).

Inclusion complex samples of CARV and cyclodextrins
prepared by the FB or SD processes were named IC, while
their physical mixtures prepared by grinding the materials
in a mortar and pestle were designated PM. LAC PM is the
physical mixture with lactose, mimicking the composition
of FB complexes.

Thermal studies

Differential scanning calorimetry (DSC) analysis of the
CARYV, the physical mixtures and the different inclusion
complexes was performed in a Shimadzu DSC-60 cell
(Shimadzu, Kyoto, Japan) using aluminium-sealed cru-
cibles (approximately 5.0 mg samples) under dynamic N,
atmosphere (flow rate of 50 ml/min) and at a heating rate
of 10 °C/min. The temperature ranged from 25 to 150 °C.
The equipment was calibrated with indium and zinc
standards.

Fourier transform infrared spectroscopy

The spectra of the CARV, the physical mixtures and the
different inclusion complexes were recorded on a Spectrum
400 FT-IR/FT-NIR spectrometer (PerkinElmer, Waltham,

Table 1 Summary of experimental conditions for spray drying and
fluid-bed granulation

Parameter Spray drying Fluid-bed granulation
T4 (°C) 130 58-70

Tgo (°C) 58-60 40-45

Vae (/min) 30 45-57

P, (bar) 3.0 1.0

W, (ml/min) 3.0 5.5

Cleaning filters - 10's

Tqi, inlet temperature; Tyo, outlet temperature; V;, atomisation air vol-
ume; P, atomisation air pressure; W,, dispersion feed outflow.

1300 © 2016 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 68 (2016), pp. 1299-1309

€202 Joquiadaq /0 uo 1sanb Aq 96182 19/662 /0 1/89/2l01Me/ddl/woo"dno-ojwepeoe)/:sdiy WwoJy papeojumoq



Ellen C. P. Alonso et al.

Massachusetts, USA), with wavenumbers ranging from
4000 to 400 cm™'. The samples were ground and mixed
thoroughly with potassium bromide in a mortar and pestle,
with samples 1% (w/w) of the mixture. KBr discs were pre-
pared by compressing the powders in a hydraulic press
(Shimadzu).

Powder X-ray diffraction studies

The samples were distributed on a sample holder (grooved
glass slide) and mounted on the goniometer of a Shi-
madzu XRD-6000 diffractometer. A graphite monochro-
matised X-ray beam from a copper anode (CuKoa
radiation, A = 0.15418 nm) was produced into a sealed
tube at generator setting of 40 kV and 30 mA. All powder
X-ray diffraction profiles were measured at room tempera-
ture under continuous scan mode (0-20 scan axis) with a
scan speed of 1.000°/min. Intensity data were recorded at
each 0.020° in a 20 range between 5° and 40°. Divergence
and scattering slits were used at 1.000°, and a receiving slit
(0.300 mm) and counter monochromator were used dur-
ing data acquisition. The experimental setup and following
data measurement were undertaken using the Search
Match program (version 4.1) from Shimadzu XRD-6000.
The X-ray patterns were dealt as acquired, except for the
only raw data treatment of normalisation of all intensities
against the most intense one of each diffraction pattern.
For each sample, a file containing normalised intensity
data as a function of raw 20 positions stepped by 0.020°
was generated.

Dissolution study

In vitro dissolution of CARV was studied by filling trans-
parent capsules with pure drug or CARV : cyclodextrin
physical mixtures or inclusion complexes (equivalent to
10 mg of CARV). The samples were added to cubes con-
taining 900 ml of 0.1 M phosphate buffer solution pH 6.8,
at 37 °C. Analysis was performed in a VK 7000 (VARIAN,
Palo Alto, California, USA) dissolution apparatus equipped
with USP apparatus II set at 50 rpm. Aliquots were with-
drawn every 10 min, filtered through a 0.45-pm mem-
brane, appropriately diluted and analyzed by UV-Vis
spectrophotometry (Cary 50; Varian), at 241 nm. Data
from in vitro dissolution were fitted to zero-order, and
first-order equations (Excel®; Microsoft Corporation,
Redmond, Washington, USA). Statistical analysis was per-
formed taking into account the drug dissolved at 30 min
using SPSS® version 20. All samples showed a normal dis-
tribution according to the Shapiro—Wilk test. Hence, possi-
ble differences between groups were investigated by
performing ANOVA, followed by Tukey’s multiple
comparison test.

Inclusion complexation by fluid-bed granulation

Scanning electron microscopy

Scanning electron microscopy (SEM) photomicrographs
were taken using a JEOL JSM 6610 equipped with EDS
model NSS spectral imaging (Thermo Scientific, Waltham,
Massachusetts, USA). Samples were coated with gold using
a sputter coater EM SCD 050 (Leica, Wetzlar, Hessen,
Germany) and were examined at x 500 magnification.

Flow and particle size

The flowability of the powders was determined by pouring
100 g of the sample through a funnel (6 mm or 10 mm
diameter orifice). Analyses were performed in a GTB
instrument (Erweka, Heusenstamm, Germany). The aver-
age diameter and size distribution of the particles were
evaluated in a laser diffraction particle size analyser (Beck-
man Coulter, LS 13320, Brea, California USA). Fifteen
grams of inclusion complexes prepared by SD and FB were
fed into the system using a dry powder sample module.
Analyses were performed with an obscuration of 5% using
a Fraunhofer optical model.

Results

Calorimetric and spectroscopic studies

The DSC curve of CARV (Figure 1), a crystalline com-
pound, presents a characteristic sharp endothermic peak at
118.4 °C (AH 123.3 J/g), corresponding to melting, which
is in accordance with other studies.'****! It can be observed
that the endothermic peak of spray-dried CARV (CARV
SD) was shifted to a lower temperature (Tpeqc 111.4 °C,
AH 97.1 J/g). The DSC curves of the CARV : HPBCD
inclusion complex, prepared at pH 6.8 by SD and its physi-
cal mixture (Figure la) showed only a small endothermic
melting peak, which was significantly shifted to a lower
temperature. In turn, the melting endotherm could not be
observed in DSC curves of the complexes prepared at pH
2.2 by SD and FB techniques. Similarly, a complete absence
of the endothermic melting peak could be observed in the
inclusion complexes prepared with HPyCD (pH 2.2) by
both methods, while its physical mixture presented only a
small endothermic melting peak at a lower temperature
(Figure 1b).

Figure 2a shows the Fourier transform infrared spec-
troscopy (FTIR) spectra for nonprocessed CARV, spray-
dried CARV (CARV SD), and CARV : HPBCD PM, SD
and FB samples. CARV spectral bands were evaluated and
were found at 3343 cm ™' for NH and OH stretching vibra-
tions; at 1502, 1608 and 1631 cm ™' for the C=C aromatic
stretching vibration; at 1590 cm™' for NH bending vibra-
tions; and at 1256 cm ' for CN stretching vibrations. No
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Figure 1 Differential scanning calorimetry (DSC) curves of carvedilol (CARV) inclusion complexes prepared with HPBCD (a) or HPyCD (b). CARV
raw material, (IC) inclusion complexes obtained by (SD) spray drying or (FB) fluid-bed, and its physical mixture (PM and LAC PM).

significant changes were observed in the spectrum of CARV
SD when compared with the spectrum of the nonprocessed
CARV (Figure 2a). In contrast, differences could be
observed in all binary systems at 3343 cm™ ', because this
spectral band disappeared in complexes prepared at pH 2.2
by SD and FB or had very low intensity in complexes pre-
pared at pH 6.8 by SD (Figure 2a). The other spectral
bands of the drug are still present in the complexes with
lower intensity due to a dilution effect.

Figure 2b  shows the FTIR spectra of the
CARV : HPYCD complexes prepared by SD and FB granu-
lation. The findings were quite similar to that from CARV
complexes with HPBCD, with a disappearance of the
3343 cm™ ! spectral band in the processed samples, as well
as its attenuation in physical mixtures.

Powder X-ray diffraction studies

In Figure 3, the experimental powder X-ray diffraction
profiles of CARV, HPBCD, HPYCD and their inclusion
complexes prepared at pH 2.2 or 6.8 by SD or FB tech-
niques are shown. The theoretical powder X-ray diffrac-
tograms were simulated from single crystal structures of
carvedilol Form 11 and lactose monohydrate,m] and are
also plotted for comparison purposes. There is agreement
between the simulated diffraction peaks from the crystal
structure of carvedilol Form II and those observed in the
experimental powder X-ray diffraction pattern of
the CARV sample. The slight differences observed between
the simulated and experimental patterns of CARV are due
to the preferred orientation effects and overlapping of the

1302 © 2016 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 68 (2016), pp. 1299-1309
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Figure 2 Fourier transform infrared spectroscopy (FTIR) spectra of carvedilol (CARV) complexes prepared with HPBCD (a) or HPyCD (b). CARV
raw material, (IC) inclusion complexes obtained by (SD) spray drying or (FB) fluid-bed, and its physical mixture (PM and LAC PM).

diffraction peaks. Therefore, based on the matching of the
crystal structure and experimental powder X-ray diffraction
peaks, the CARV sample could undoubtedly be identified
as being Form II of the drug, which is an anhydrous poly-
morph composed of the free base only. That both HPBCD
and HPyCD samples are amorphous can be concluded
from the fact that there are no diffraction peaks in their X-
ray diffractograms. Only broad humps are seen. The X-ray
diffractogram of the CARV : HPBCD inclusion complex
sample, prepared at pH 6.8 by SD, contains both the broad
hump from HPBCD phase and the Bragg peaks from
CARV. Therefore, it is concluded that this sample has a
mixture of these two phases, which, however, does not rule

out the possibility that an amount of the drug is included
in the HPBCD. In case of the CARV : HPBCD and
CARV : HPYCD inclusion complex samples, prepared at
pH 2.2 by SD, only the amorphous humps from either
HPBCD or HPYCD were identified in their X-ray diffrac-
tion patterns. No Bragg peaks from CARV were observed,
which suggests that the occurrence of the drug inclusion
phenomenon resulting in a single amorphous phase com-
prised of either CARV : HPBCD IC or CARV : HPyCD
IC. In the two corresponding samples prepared by the FB
rather than the SD technique, however, only lactose mono-
hydrate could be identified. All the peaks in the experimen-
tal X-ray diffractograms of CARV : HPBCD and
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"J‘ CARV:HPYCD IC FB pH 2.2
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Figure 3 Experimental powder X-ray diffractograms of carvedilol
(CARV), HPBCD, HPyCD and their inclusion complexes prepared at pH
2.2 or 6.8 by SD or fluid-bed (FB) techniques. Predicted powder X-ray
diffractograms simulated from the single crystal structures of carvedi-
lol Form 1! and lactose monohydrate!®'! are also given.

CARV : HPYCD samples obtained at pH 2.2 by FB were
superimposed on those observed in the simulated X-ray
diffractogram from the single crystal structure of lactose

Ellen C. P. Alonso et al.

Dissolution study

The CARYV dissolution profiles determined from the differ-
ent systems studied are shown in Figures 4a and 4b, along
with the statistical analysis performed with the percentage
of CARV dissolved in 30 min. Other dissolution parame-
ters are summarised in Table 2. It is important to note that
the dissolution of CARV, alone or complexed, followed
zero-order kinetics. CARV alone showed well-defined zero-
order dissolution kinetics (r > 0.9630). On the other hand,
CARYV IC samples, although still fitting a zero-order kinetic
(r = 0.8413-0.8467), also show a good fit for first-order
kinetics (r = 0.6154-0.7014), which suggests a change on
the drug release profile and could be considered additional
evidence of inclusion complex formation.

Figure 4a  shows the dissolution curves of
CARV : HPBCD IC. It can be noted CARV SD (prepared
without the addition of cyclodextrin) increased the drug
dissolution rate; however, after 30 min, CARV dissolution
was only ~40%, and it had not reached completion by the
end of the experiment. The CARV dissolution rate from
physical mixtures was lower than that calculated from IC
prepared by both techniques, but it was higher than that
observed for CARV SD. The CARV : HPBCD IC prepared

[§

monohydrate. by SD showed a significant increase in drug dissolution
120 5 120 =
(@) (b)
100 - S
-
R
~ 80 — = é ,_:g
z e
3 = % —
2 z = ®
7 60 g
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z z
< =
S 40 4 9] +
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Figure 4 Dissolution profiles of carvedilol (CARV) complexes prepared with HPBCD (a) or HPyCD (b). CARV raw material, (IC) inclusion com-
plexes obtained by (SD) spray drying or (FB) fluid-bed, and its physical mixtures (PM and LAC PM).
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Table 2 Dissolution parameters of carvedilol raw material (CARV),
CARV : cyclodextrin physical mixtures (PM) and inclusion complexes
(IC) obtained using spray drying (SD) and fluid-bed (FB)

% Dissolved % Dissolved K Increase in

Product in 10 min in 30 min (/min) K (folds)

CARV 9.8 + 2.45 139 £ 2.79 0.46 -

CARV SD 10.3 + 2.04 40.4 + 8.18 1.56 2.55

CARV : 17.6 £ 3.73 61.0 £ 096 1.40 3.01
HPBCD PM

CARV : 36.1 + 1.48 82.1 +£4.14 156 3.36
HPBCD IC
SD pH 6.8

CARV : 56.8 £ 2.14 102.0 + 3.43 3.44 7.39
HPBCD IC SD

CARV : 35.3 + 1.05 72.7 £ 090 1.27 2.74
HPRCD
LAC PM

CARV : 457 + 5.22 81.8 +£1.78 2.12 4.55
HPBCD IC FB

CARV : 19.6 + 1.08 65.6 £2.08 1.70 3.67
HPYCD PM

CARV : 58.3 + 1.49 943 + 162 3.12 6.70
HPyCD IC SD

CARV : 325+ 0.16 729 +1.79 1.65 3.56
HPyCD
LAC PM

CARV : 29.3 + 3.10 689 + 2.68 1.49 3.26
HPyCD IC FB

rate, notably for the complex prepared in acidic pH
(Table 2, Figure 4), which shows a complete dissolution of
CARV in 30 min with k= 3.44. Likewise, the
CARV : HPBCD IC produced using FB granulation
showed a fast dissolution profile, with 82% of CARV
dissolved in 30 min and k = 2.12 (Table 2).

Figure 4b shows the differences in the dissolution pro-
files of the inclusion complexes prepared with HPyCD. The
IC obtained using SD showed a fast CARV dissolution pro-
file, with 94% of the drug dissolved in 30 min and k = 3.12
(Table 2). In case of this cyclodextrin, in contrast to what
happened with HPBCD, FB granulation presented an infe-
rior ability in accelerate CARV dissolution, showing a drug
dissolution of 69% in 30 min and k = 1.26 (Figure 4b,
Table 2).

Complexation using SD showed that there were no
differences in dissolution profile between the two
selected cyclodextrins (Figure 4). In contrast, there are
marked differences between the two cyclodextrins in
inclusion complexes obtained by FB. While HPBCD pro-
mote significant improvements in dissolution of CARYV,
complexes obtained with HPyCD showed an inferior
performance, presenting a dissolution profile statistically
equal to the PM.

Inclusion complexation by fluid-bed granulation

Scanning electron microscopy

The SEM photomicrographs of pure CARV, CARV SD and
its complexes with HPBCD or HPyCD produced by the SD
and FB techniques are shown in Figure 5. Figure 5a shows
CARV raw material that is characterised by the presence of
irregular crystals. These CARV crystals still could be
observed, embedded in an amorphous material, in spray-
dried CARV (Figure 5b). In contrast, inclusion complexes
prepared by SD in acidic pH showed significant changes in
particle shape and size. These complexes appeared as small
and spherical particles, without any significant differences
between HPBCD and HPyCD complexes (Figures 5¢ and
5d). Figures 5e¢ and 5f show solid complexes obtained by
FB granulation. In these cases, it could be observed the
presence of round shape larger agglomerates.

Particle size and flow

Solid complexes that showed the highest improvement in
dissolution rate were selected for size analysis and flow
measurement. Table 3 shows size parameters of the selected
formulations. It can be seen that complexes obtained by the
FB technique showed a more uniform size distribution and
bigger particle size than SD complexes. The type of
cyclodextrin used had no effect on the particle size. In con-
trast, the differences in particle size between SD and FB
complexes resulted in a drastic effect on flow measure-
ments. Spray-dried complexes did not flow through a 6- or
10-mm diameter orifice of the GTB flow tester. Solid com-
plexes prepared by FB granulation exhibited a marked
improvement in flowability (Table 3).

Discussion

Fluid-bed technology has been frequently used in the phar-
maceutical industry to manufacture solid dosage forms.
This granulation method is a ‘one-step” process capable of
removing solvents with high efficiency at relatively low
temperatures.'**) Recently, FB coating was used for com-
plexation of piroxicam with modified cyclodextrins.'*! The
authors showed a significant improvement in drug dissolu-
tion from pellets based on complexes of the drug with
cyclodextrins. However, there have been few reports in the
literature of the complexation of drugs with cyclodextrins
using FB granulation.!””! In this study, we explored FB
granulation as a possible method of producing inclusion
complexes and compared it with SD, one of the most effi-
cient methods of obtaining inclusion complex in the solid
state.

Carvedilol is a basic lipophilic drug that has been
tested with different cyclodextrins (parent and
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Figure 5 Scanning electron microscopy images of nonprocessed and spray-dried carvedilol (CARV) and its inclusion complexes (IC) at 500x mag-
nification. (a) CARV (pure carvedilol); (b) CARV SD (spray-dried carvedilol); (c) CARV : HPBCD IC SD; (d) CARV : HPyCD IC SD; (e) CARV : HPBCD

IC FB; (f) CARV : HPyCD IC FB.

modified)."* ) Loftsson et al.'®’ showed that HPBCD
had the highest overall complexation efficiency for CARV
in an aqueous, acidic solution. Yuvaraja and Khanan''!
also showed that HPBCD is a better carrier for CARV
than PBCD. These authors showed that complexation

under acidic conditions could further improve the aque-
ous solubility of CARV by a combination of drug ionisa-
tion and drug complexation. Thus, we decided to test
two media at different pH (2.2 and 6.8) for the complex-
ation of CARV using SD. Additionally, y-cyclodextrins
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Table 3  Size parameters and flowability of carvedilol (CARV) inclusion complexes (IC) with HPBCD or HPyCD using spray drying (SD) or fluid-bed

(FB)

Particle size Flowability
Inclusion complex dqo (um) dso (um) dgo (M) Span 6 mm (s/100 g) 10 mm (s/100 g)
CARV : HPBCD IC SD 3.99 10.31 20.99 1.64 - -
CARV : HPBCD IC FB 83.87 159.4 2414 0.99 424 + 0.24 104 + 1.11
CARV : HPyCD IC SD 3.99 10.73 22.58 1.73 - -
CARV : HPyCD IC FB 85.17 166.2 295.7 1.26 44.8 + 1.06 32.1 +1.47

have not yet been exploited for inclusion complexation
with CARYV in the solid state. Considering the volume of
the carvedilol molecule, with its bulky cyclic groups on
both sides, the larger cavity available in vy-cyclodextrin,
approximately 15% larger than that of B-cyclodextrin,
can favour the formation of inclusion complexes with
this drug. Based on this, HPyYCD, a gamma derivative
with high aqueous solubility was selected for this work,
along with HPBCD.

Differential scanning calorimetry was used to charac-
terise the solid systems. The DSC curve of the CARV SD
(prepared without addition of cyclodextrin) suggested its
partial amorphisation, which is probably related to the
drying process. In turn, the CARV melting endotherm was
markedly reduced after SD of CARV : HPBCD dispersions
(prepared in PBS pH 6.8). The reduction in expected
melting enthalpy seen in physical mixtures could be
attributed to an in situ complexation that occurs during
thermal analysis.”>*! No melting peak could be detected in
IC containing HPBCD or HPYCD prepared in an acidic
medium, which can be attributed to a combined effect of
drug ionisation and drug complexation, as discussed
before.!'! Drug amorphisation is an evidence of inclusion
complex formation.®® FTIR analysis of the solid com-
plexes showed consistent changes in the drug’s spectral
band at 3343 cm™', which was reduced (for complexes
prepared at pH 6.8) or absent (for complexes prepared at
pH 2.2) in the spectra of the binary systems containing
HPBCD or HPYCD, prepared by SD or FB. This finding
suggests the formation of hydrogen bonds between CARV
and cyclodextrin'* and corroborated the thermal results
as an additional sign of complexation. No chemical differ-
ences were observed between SD and FB samples. IC pre-
pared from a dispersion in a pH 6.8 medium
demonstrated an inferior level of interaction compared
with IC prepared from a dispersion in a pH 2.2 medium.
As discussed by Loftsson and Brewster'', in an acidic
medium there is a higher level of CARV ionisation which
increases its aqueous solubility and can improve complex-
ation efficiency. This effect could explain the higher
drug : cyclodextrin interaction observed in complexes
prepared at pH 2.2.

Powder X-ray diffraction analyses showed complete
amorphisation of CARV : HPBCD and CARV : HPyCD
when prepared at pH 2.2 by SD technique. This indicates
that the drug, in its protonated form acquired at such low
pH,**! could have been included in the cyclodextrins.
Nevertheless, the sorption phenomenon on the cyclodex-
trin surface cannot be ruled out. By contrast, the samples
prepared at pH 6.8 by the same technique presented a
phase mixture of crystalline CARV and amorphous
B-cyclodextrin. In this case, the inclusion complex could
have been formed, but, undoubtedly to a lesser extent, as
most of the drug content crystallised at this pH. This can
be stated on the basis that the diffraction peaks from crys-
talline CARV are relatively intense. Using another tech-
nique (FB) but at the same pH 2.2, however, no broad
humps from cyclodextrin or diffraction peaks from CARV
could be detected. Only Bragg reflections typical of lactose
monohydrate were seen, which is in accordance with the
high content of this excipient.

The dissolution study showed very low dissolution of
raw CARV at 30 min (13.9%). Spray drying of a CARV sus-
pension resulted in a 2.61-fold increase of the dissolution
rate constant. This can be attributed to a partial conversion
from the crystalline to the amorphous state during the dry-
ing process. CARV : HPBCD and CARV : HPyCD physi-
cal mixtures also showed an improvement in dissolution
rate, which is related to CARV : cyclodextrin surface inter-
actions in the solid state, formation of inclusion complexes
during the dissolution process, or improvement in powder
wettability.'"®! A higher improvement was seen when
CARV was complexed through SD or FB. The highest
increase was observed for HPBCD complex prepared in
acidic conditions by SD, probably due to combined effect
of salt formation and complexation. The same behaviour
was reported by Yuvaraja and Khanan'"?' for solid disper-
sions prepared by a kneading method, which resulted in
rapid dissolution for the tertiary and quaternary complexes
containing CARV, HPBCD, PVP-K30 and tartaric acid,
prepared with a 1 : 3 molar ratio of drug : cyclodextrin.
CARYV dissolution from these formulations was >95% after
<30 min at pH 6.8 In the present work,
CARYV : HPBCD complexes were prepared at a 1 : 1 molar
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ratio and showed complete drug dissolution (102%) at
30 min. The complexes prepared with HPyCD by spray
drying showed ~95% dissolution at 30 min. It is important
to note that the formulations reported here showed compa-
rable CARV dissolution even when using a significantly
lower amount of cyclodextrin. The IC produced by SD of a
dispersion in a pH 2.2 medium dispersion showed better
dissolution results, than the IC from SD of a pH 6.8 disper-
sion, probably due to ionisation of the drug.

Both complexation methods evaluated showed superior
dissolution results to the raw CARV or CARV in physical
mixtures. The complexes obtained from SD showed faster
drug dissolution than ones obtained from FB. Those differ-
ences in dissolution profile can be attributed to the differ-
ences in particle size, the changes in drug crystallinity,!” or
even the complexation efficiency. Despite these differences,
all inclusion complexes obtained meet the requirements of
the FDA for immediate release of drugs, with 85% of the
dose having dissolved within 60 min.">®!

To elucidate the effects of particle size on dissolution
performance, the CARV : HPBCD complex prepared by
FB granulation was ground, and the dissolution profile of
the resulting product was compared with that of the corre-
sponding unground sample. The dissolution curves over-
lapped (data not shown), and k values were comparable
(2.10 vs 2.12, for ground and unground samples). These
findings suggested that the differences between spray-dried
and FB dried samples were not related to the differences in
particle size. This result reinforce that the treatment plays a
significant role in complex efficiency and consequently in
drug dissolution profile.

With regard to the cyclodextrins, the dissolution results
obtained to date with HPBCD or HPyCD using SD statis-
tically present the same performance when considering the
percentile dissolved at 30 min. In this context, HPyCD
appears to be one more option for CARV complexation,
with great inclusion complex formation in the solid state,
although HPBCD remains the most potent material for
augmentation of the CARV dissolution profile considering
the results of complexation by FB. In spite of the improve-
ment in dissolution, technological aspects should be taken
into account when considering large-scale pharmaceutical
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Conclusions

This study demonstrates that the method, the production
conditions and the cyclodextrin variety dramatically
influence the performance of a solid system obtained
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state.
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