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The  present  work  investigates  the  effect  of  complexation  with  hydroxypropyl-beta-cyclodextrin  (HPBCD)
and 2-O-methyl-beta-cyclodextrin  (2-O-MBCD),  on  voriconazole  solubility,  dissolution  rate  and  chemi-
cal  stability.  Drug–cyclodextrin  complexes  were  prepared  as  aqueous  solutions,  which  were  spray-dried,
and  their  properties  were  compared  to wet  ground  samples  and  physical  mixtures.  DSC  analysis  revealed
absence  of crystalline  voriconazole  from  spray-dried  complexes.  FTIR  spectroscopy  indicated  changes  in
the H-bonding  network  of the  hydroxyl  groups  of  cyclodextrin  following  drug  inclusion.  Dissolution  rate
oriconazole
yclodextrins
olubility
issolution
tability
olecular docking

of voriconazole  was  significantly  higher  from  spray-dried  complexes  with  either  cyclodextrin  in  com-
parison  with  free  drug,  physical  mixtures,  or wet  ground  mixtures.  However,  two  degradation  impurities
were  found  in aged samples,  with  slightly  higher  impurity  level  with  HPBCD.  Performed  solubility  studies
suggested  that  2-O-MBCD  is more  efficient  solubilizer.  Molecular  docking  simulations  showed  a differ-
ence  in  the 1:1  binding  affinities  and  sites,  with  HPBCD  surprisingly  forming  complexes  of  much  lower
energy,  thus  suggesting  a  multiple  rather  than  a 1:1 complexation.
. Introduction

As the number of new poorly soluble drugs is increasing (Dubin,
006), exploring ways of improving their solubility and bioavail-
bility is becoming an essential part of formulation development.
omplexation of the drugs with cyclodextrins is one of the possible
trategies for enhancing the drug’s solubility (Brewster & Loftsson,
007). Some of the additional advantages of cyclodextrins applica-
ion include the potential for improvement of the drug’s stability,
afety, organoleptic properties (Challa, Ahuja, Ali, & Khar, 2005;
reitas et al., 2012; Hu, Zhang, Song, Gu, & Hu, 2012). Among many
actors that can influence the character of drug–cyclodextrin inter-
ction, the most important is the nature of the cyclodextrin used
Redenti, Szente, & Szejtli, 2000; Szejtli, 2004). Many chemically

odified beta cyclodextrins, such as methyl- or hydroxypropyl-
ubstituted are currently under testing or have already been
pproved for use in pharmaceutical products. Hydroxypropyl-beta-

yclodextrin (HPBCD) is one such marketed product, known for
ts good aqueous solubility and low toxicity (Brewster & Loftsson,
007), while 2-O-methyl-beta-cyclodextrin (2-O-MBCD) has been
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presented by its manufacturer as a novel, easy-to-use, solubilizing
aid for pharmaceutical formulations with potentially more benefi-
cial properties than the HPBCD (oral dosage forms and injectable
ones) (Kleptose® Crysmeb exp e-brochure).

Voriconazole, or (2R,3S)-2-(2,4-difluorophenyl)-3-(5-
fluoropyrimidin-4-yl)-1-(1H-1,2,4-triazol-1-yl)butan-2-ol, has
properties suitable for complexation with cyclodextrins. Complex-
ation of antifungal azoles and beta-derivatives of cyclodextrins
has attracted the attention of researchers (Buchanan, Buchanan,
Edgar, & Ramsey, 2007; Ribeiro, Figueiras, Santos, & Veiga, 2008),
and there is already a product containing an voriconazole–beta-
cyclodextrin derivative complex, marketed by Pfizer (New York,
USA) under the brand name Vfend® in the form of powder for
solution for injection. However, voriconazole is a single diastere-
omer, which in addition to having low aqueous solubility, suffers
from stability problems due to retro-aldol reactions in solution
(Buchanan et al., 2007). This fact can potentially add a level of
complexity when preparing voriconazole–cyclodextrin complexes.

Therefore the main focus of this study was  to examine the
influence of type of cyclodextrin on the properties of a poorly solu-
ble model drug, voriconazole. For that purpose, two  cyclodextrins,
HPBCD and 2-O-MBCD were used. The potential for using HPBCD

and 2-O-MBCD for voriconazole solubility improvement, and com-
paring their relative effectiveness in solubilizing voriconazole, was
assessed by phase-solubility studies and a 23 factorial design,
performed similarly as in some previous studies (Borghetti, Lula,

dx.doi.org/10.1016/j.carbpol.2013.05.084
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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allowed to equilibrate at room temperature during 24 h.
T. Miletic et al. / Carbohydr

inisterra, & Bassani, 2009; Brewster & Loftsson, 2007; Loftsson,
reinsdottir, & Masson, 2005). Drug–cyclodextrin complexes in
owder form were prepared by spray-drying and compared with
et ground samples as well as simple physical mixtures applying

hermo-analytical methods, attenuated total reflectance FTIR spec-
roscopy (ATR-FTIR) and dissolution rate testing. A computational

ethod, molecular docking simulation was used as an attempt to
ain insight into the binding of drug into the cavity of CDs at the
olecular level (Miro et al., 2012; Wang, Ouyang, Liu, Yuan, & Liu,

013; Yuan, Jin, & Xu, 2012).

. Materials and methods

.1. Materials

Voriconazole (Medichem Manufacturing Limited, Malta)
as used as the active ingredient; (2-hydroxy)propyl-beta-

yclodextrin, MS  value (degree of molar substitution) ∼0.99
Kleptose HP, Roquette, France) and 2-O-methyl-beta-cyclodextrin,

S value ∼0.57 (Kleptose Crysmeb, Roquette, France), were used
or the inclusion of voriconazole.

All other reagents were of analytical grade.

.2. Solubility studies

.2.1. Phase-solubility studies
Effect of complexation with cyclodextrins on the drug solubil-

ty was evaluated by solubility studies. The amount of voriconazole
as kept in excess as the concentration of 2-O-MBCD (0–160 mM)

r HPBCD (0–320 mM)  was increased. The resultant dispersions
ere stirred on a magnetic stirrer at room temperature for 48 h. All
ispersions were filtered through a 0.45-�m membrane filter, suit-
bly diluted and assayed spectrophotometrically for voriconazole
t 255 nm,  on a Camspec M330 UV spectrophotometer (Camspec
nc., Cambridge, UK).

.2.2. Factorial design
A 23 factorial design was applied in order to assess the statis-

ical significance of cyclodextrin type (HPBCD, 2-O-MBCD), excess
mount of drug (500 mg  and 1000 mg), and mixing time (30 and
0 min), on voriconazole solubilization. For all experiments 5%
queous solutions of cyclodextrins were prepared (HPBCD or 2-
-MBCD), and 500 mg  or 1000 mg  of voriconazole was  added.
ispersions were then stirred on a magnetic stirrer at room tem-
erature during 30 or 60 min. After mixing, dispersions were
entrifuged, the obtained supernatants were suitably diluted and
nalyzed spectrophotometrically at 255 nm (8453 UV–vis spec-
rophotometer, Agilent, Santa Clara, USA). Results for solubility of
oriconazole were then statistically analyzed as a response to dif-
erent combinations of examined factors, with the assistance of
esign-Expert 7.0 software (Stat-Ease Inc., Minneapolis, USA).

.3. Molecular docking simulations

Docking simulations were performed using the AutoDock Vina
oftware program that uses a sophisticated gradient local opti-
ization algorithm, and automates grid map  generation and

esult clustering procedures (Trott & Olson, 2010). The starting
oordinates of voriconazole were taken from the crystal struc-
ure published in the Cambridge Structural Database (Ravikumar,
ridhar, Prasad, & Rao, 2007; CSD Ref code CEXMAU). Since it
s impractical to simulate all possible isomers of substituted

yclodextrins, one representative isomer of HPBCD was  chosen for
he simulation, on the basis of the declared molar substitution (MS)
f the commercial product (Kleptose HP, MS  = 0.99), with a total
f seven (2-hydroxy)propyl substituents, four on the O6 oxygens,
lymers 98 (2013) 122– 131 123

which is the most reactive site, and the remaining three placed on
the next most reactive site (Gramera & Caimi, 1969), the O2  oxygen
position (Fig. 1a). For 2-O-MBCD (Fig. 1a), starting coordinates were
taken from the crystal structure published in the Cambridge Struc-
tural Database (CSD Ref code IQOZIX), suitably adapted to match
the declared MS  of 0.57 by placing four methyl groups on the O2
oxygens.

Initial geometries of all structures were optimized prior to
the docking runs, using the AMMP  force field program as imple-
mented in the VegaZZ molecular modeling software (Pedretti, Villa,
& Vistoli, 2002). Subsequently, non-polar hydrogen atoms were
merged, Kollman united-atom type charges, and solvation parame-
ters were added with the aid of the AutoDock Tools program (Morris
et al., 1998).

The geometry of the resultant bound conformations with the
highest scores was  further optimized using the AMMP  force field
program, and the lowest energy complexes were subsequently sub-
mitted to a full geometry optimization at the semi-empirical level
of theory, using the PM6  Hamiltonian with the localized molecu-
lar orbital method, and simulating the effects of solvation with the
COSMO continuum model (Klamt & Schumann, 1993) with a dielec-
tric constant of 78.4. A single point energy run was performed using
the PM6-DH2 method (Korth, Pitonak, Rezac, & Hobza, 2010), in
order to account for the effects of non-covalent interactions (dis-
persion and hydrogen bonding). The binding energies, �E, were
calculated from the difference in the heat of formation of the indi-
vidual components and their complex, according to the Eq. (1):

�E  = E(complex) − E(bCD) − E(Vor) (1)

This combined docking – semi empirical geometry optimization
procedure is considered to increase the accuracy of docking simu-
lations (Stigliani, Bernardes-Genisson, Bernadou, & Pratviel, 2012).
All calculations were performed using MOPAC2012 (Stewart, 1990)
and the results were evaluated using the WinMostar (TENCUBE
Institute, Ltd.) graphical user interface to MOPAC.

2.4. Preparation of solid systems

2.4.1. Spray-dried samples
Solid drug–cyclodextrin systems were prepared by spray-drying

the final clear solution obtained after filtration of suspensions from
the phase-solubility studies. Spray-drying was performed on a
Büchi B-191 mini spray-drier (Büchi Laboratoriums-Technik AG,
Flawil, Switzerland) under the following conditions: inlet air tem-
perature 120 ◦C, outlet air temperature 70 ◦C, pump set to 15%,
aspirator 100% and atomization 550 l/h.

2.4.2. Wet  ground samples
Powder samples were also prepared by the wet  grinding tech-

nique, with CD:drug molar ratio 1:1. Cyclodextrin was wetted with
few droplets of methanol in a ceramic mortar. The required amount
of voriconazole was  then slowly added and the powders were
mixed with the help of a ceramic pestle for about 15 min. During
this process, an appropriate quantity of methanol was  added in
order to maintain a suitable consistency of mixture. The final prod-
uct was subsequently dried in an oven at 40 ◦C for 2 h and then
2.4.3. Physical mixtures
Simple physical mixtures of voriconazole and HPBCD or 2-O-

MBCD (CD:drug molar ratio 1:1) were prepared by blending the
powders in a polyethylene bag.
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Fig. 1. Molecular structure of HPBCD (a), 2-O-MBCD

.5. Characterization of powder samples

.5.1. Determination of water content in cyclodextrins
For the initial characterization of cyclodextrins used in the

tudy, semi-micro determination of water was conducted by
arl–Fischer titrimetry. It is based upon the quantitative reaction
f water with sulphur dioxide and iodine in a suitable anhydrous
edium in the presence of a base with sufficient buffering capacity

Ph.Eur. 2.5.12 Method A), by using the Karl–Fischer titrator (835
itrando, Metrohm, Switzerland).

For comparison purposes, loss on drying was also determined
or cyclodextrin by a gravimetric method for samples of 2.5 g, using

 Halogen moisture analyzer (Mettler-Toledo HR 83, Greifensee,
witzerland) at a temperature of 105 ◦C, and measurement time
ntil the mean weight loss drops below 1 mg/50 s.

.5.2. Differential scanning calorimetry (DSC)
DSC measurements of powder samples were carried out using

 Shimadzu DSC50 Differential Scanning Calorimeter (Shimadzu
orporation, Tokyo, Japan). Thermal behavior was studied after
ne scan performed by heating the samples (2–5 mg)  in a sealed
luminum pan from 30 ◦C to 300 ◦C, at a rate of 10 ◦C/min, using
itrogen as purge gas (flow rate 25 cm3/min). An empty pan was
sed as a reference.
.5.3. Thermogravimetric analysis (TGA)
TGA measurements of powder samples were carried out using

 Shimadzu TGA50 Thermogravimetric Analyzer (Shimadzu Cor-
oration, Tokyo, Japan). The weight loss was monitored during
voriconazole (c), Impurity 1 (d), and Impurity 2 (e).

heating the samples (2–5 mg)  in an aluminum pan from 30 ◦C
to 120 ◦C, at a rate of 10 ◦C/min, and under a nitrogen flow of
25 cm3/min. Results were expressed as percent weight loss at the
end of heating, which is assumed to represent water loss (percent
water).

2.5.4. Fourier transform infrared spectroscopy (FTIR)
Attenuated total reflectance (ATR) FTIR spectra were obtained

on a Shimadzu IR Prestige 21 spectrometer (Shimadzu Europa
GmbH, Duisburg, Germany), with a horizontal Golden Gate MkII
single-reflection ATR system (Specac, Kent, UK) equipped with a
heated diamond top plate, ZnSe lenses and a 4000 series tempera-
ture controller. Spectra were recorded between 4000 and 500 cm−1

at a resolution of 4 cm−1. A number of 32 scans were added for each
spectrum.

2.5.5. Dissolution study
Dissolution study was conducted on a DT800 Dissolution Tester

(Erweka, Heusenstamm, Germany) at 37 ± 0.5 ◦C, using USP  Appa-
ratus II (paddle rotating at 50 rpm) with 900 ml phosphate buffer
pH 6.8, acetate buffer pH 4.5, and 0.1 M hydrochloric acid, used as
dissolution media. Selection of dissolution media for dissolution
profile analysis was made in accordance to relevant FDA guidance
(FDA guidance for industry on Waiver of In Vivo Bioavailability
and Bioequivalence Studies for Immediate Release Solid Oral

Dosage Forms Based on a Biopharmaceutics Classification System,
2000).

The solid formulations (pure drug, spray-dried complex and
physical mixture with HPBCD, spray-dried complex and physical
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Fig. 2. Phase-solubility diagrams for voriconazole in aqueous solutions of HPBCD
(linear function curve fit: straight line, cubic function curve fit: dashed line) (a) and
T. Miletic et al. / Carbohydr

ixture with 2-O-MBCD) were filled into hard gelatin capsules
Size #0). Fill weight of each capsule corresponded to approxi-

ately 10–11 mg  of drug. At pre-set time intervals, aliquots were
ithdrawn from the dissolution medium, filtered through a 0.45-
m membrane filter, transferred to the spectrophotometer (8453
V–vis spectrophotometer, Agilent, Santa Clara, USA) and assayed

or voriconazole at 255 nm,  by comparison with a calibration curve.
eference solutions that were used for calibration were prepared
sing voriconazole reference standard supplied by the manufac-
urer, methanol and dissolution media, to obtain solutions with
oncentration of 16 �g/ml, 80 �g/ml and 160 �g/ml of voricona-
ole, which were used to measure absorbance at wavelength of
55 nm comparing to the methanol as the blank solution. Obtained
alibration curve had a coefficient of determination R2 > 0.990.
he test was repeated three times, and mean values and relative
tandard deviation were calculated.

.5.6. Visualization of particles
Scanning electron microscopy analysis was  performed using

canning electron microscope (Phenom G2 Pro, Phenom-World,
he Netherlands). For sample preparation, double sided carbon
dhesive pad was placed to a sample stub, then sample was placed
n top of the exposed adhesive making sure it was  firmly attached
o the stub before placing the sample into the SEM. The samples
ere photographed at a voltage of 5 KV.

.5.7. Determination of impurities in spray-dried complexes
Several impurities of voriconazole were monitored in spray-

ried complexes: Impurity 1 (4-ethyl-5-fluoropyrimidine)
nd Impurity 2 (1-(2,4-difluorophenyl)-2-(1H-1,2,4-triazol-1-
l)ethanone) which are degradation products, and Impurity 3,
pi-voriconazole, which is the 2S, 3R isomer of voriconazole (Fig. 1).
mpurities were determined using appropriate high-performance
iquid chromatography (HPLC) methods.

The analysis of Impurity 1 and Impurity 2 was performed using
n Agilent HPLC system, 1200 Series (Agilent, Santa Clara, CA,
SA). The chromatographic procedure was carried out using a C-
8, 100 mm × 4.0 mm column packed with particles of silica (3 �m)
Hypersil, Thermo, Thermo Fisher Scientific Inc., MA, USA). The

obile phase consisted of 0.0125 M solution of sodium dihydro-
en phosphate dihydrate (buffer pH 4.0) and acetonitrile in 90:10
atio. The flow rate was 1.0 ml/min, the injection volume was  50 �l,
olumn temperature was 35 ◦C and the UV detector was set at
54 nm.

The analysis of chiral Impurity 3 was performed using an Agi-
ent HPLC system, 1200 Series (Agilent, Santa Clara, CA, USA).
he chromatographic procedure was carried out using a C-18,
50 mm × 4.6 mm column packed with particles of silica (5 �m)
Zorbax Eclipse, Agilent, Santa Clara, CA, USA). The mobile phase
onsisted of 0.01 M solution of ammonium acetate and 0.02 g/ml 2-
ydroxypropyl-beta-cyclodextrin (buffer pH 5.0) and acetonitrile

n 78:22 ratio. The flow rate was 2.0 ml/min, the injection volume
as 50 �l, column temperature was 25 ◦C and the UV detector was

et at 254 nm.
Standard solutions were adequately prepared using voricona-

ole and impurities reference standards (supplied by the
oriconazole manufacturer), acetonitrile and diluent and they were
sed to check System suitability criteria.

Test solutions were adequately prepared from spray-dried
owder samples. The responses (peak area) for the major peaks
voriconazole and each impurity) were measured and the their

uantity was calculated using the equation Cs x (Au/As), where Au is
he area of peak of interest in the test solution, As is the area of peak
f interest in the standard solution, and Cs is the concentration of
ubstance of interest in the standard solution.
2-O-MBCD (linear function curve fit: straight line, cubic function curve fit: dashed
line)  (b).

3. Results and discussion

3.1. Solubility studies

3.1.1. Phase-solubility studies
Fig. 2 sums up the results of the phase-solubility studies per-

formed and analyzed using the approach described by Brewster and
Loftsson (2007) and Higuchi and Connors (1965). For this study, a
range of CD concentrations were selected which cover the maxi-
mum  solubility of CDs in water at room temperature: 0–160 mM
for 2-O-MBCD and 0–320 mM for HPBCD. For both 2-O-MBCD and
HPBCD, the solubility of voriconazole increased linearly with the
concentration of cyclodextrins over the CD concentration range
up to 160 mM,  corresponding to the AL type profile (Brewster &
Loftsson, 2007). For HPBCD after 160 mM,  drug concentration began
to plateau which was  indicative of AN type profile, and that CD is less
effective at higher concentrations (Brewster & Loftsson, 2007). For
voriconazole–HPBCD solutions Buchanan et al. (2007) also reported
that over the lower HPBCD concentration range AL type profile
could be recognized, as well as existence of AN profile at higher con-
centrations. AN profiles were explained by bulk changes imparted
to the solvent by the solubilizer at various concentrations and/or

self-association of the solubilizer (HPBCD) at high concentrations.

A fit to the initial linear portion of the curve could be used
for calculation of the apparent binding constant, which provides
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Table 1
Design of experiments and responses for 23 factorial design.

Sample no. Independent variables Response

A B C R

1 +1 +1 +1 7.20
2  +1 −1 +1 6.95
3  +1 +1 −1 4.65
4  +1 −1 −1 4.55
5  −1 +1 +1 4.64
6  −1 −1 +1 4.28
7  −1 +1 −1 4.52
8  −1 −1 −1 4.17

Coding of factors and factor levels: A = cyclodextrin type: −1 corresponds to
HPBCD, +1 to 2-O-MBCD; B = mixing time: −1 corresponds to 30 min, +1 to 60 min;
C  = voriconazole amount: −1 corresponds to 500 mg,  +1 to 1000 mg; R = voriconazole
26 T. Miletic et al. / Carbohydr

nformation about the relative strength of the drug–cyclodextrin
nteraction. However, intrinsic solubilities for poorly water-soluble
rugs are typically very low and difficult to measure accurately and
his can significantly impact the accuracy of the reported binding
onstant (Brewster & Loftsson, 2007; Miro et al., 2012). There-
ore, when comparing cyclodextrins in a given medium, observing
he difference in achieved solubility results for the same concen-
rations of the different cyclodextrins could be more meaningful
Buchanan et al., 2007). With 2-O-MBCD somewhat higher solu-
ility was achieved than with HPBCD solutions of the same molar
oncentration. As the slope obtained for 2-O-MBCD is greater than
or HPBCD, it appears that 2-O-MBCD is a more efficient solubilizer
or voriconazole. By simple phase-solubility diagram analysis it is
ifficult to further distinguish whether simple (1:1) or higher order
omplexes are being formed (Brewster & Loftsson, 2007; Loftsson
t al., 2005).

The stoichiometry of the system can be probed by curve fitting
f the diagram with linear, quadratic or a cubic model (Brewster

 Loftsson, 2007). In this study the solubility curve for complexa-
ion with HPBCD was better fitted by a cubic function (R2 = 0.978)
han by a linear and quadratic function (R2 = 0.958 and R2 = 0.958,
espectively), suggesting a 1:3 drug:CD complex formation rather
han 1:1 or 1:2 complex (Fig. 2a). Similar stoichiometry was  sug-
ested in a patent application for a formulation of voriconazole with
ulfo-butyl-ether-beta-cyclodextrin (Harding, 2003).

As for complexation with 2-O-MBCD fit was equally good for lin-
ar, quadratic and cubic function (R2 = 0.9990, 0.9992 and 0.9994
espectively), therefore providing virtually no information about
hether complexes are 1:1 or higher order (Fig. 2b). For 2-O-MBCD,
hich is a beta-cyclodextrin derivative still not in wide use, it
as been pointed out by its manufacturer (Kleptose® Crysmeb exp
-brochure), that solubilization of drugs by aqueous solutions of
-O-MBCD should be high and depending linearly on CD concen-
ration. There should be no complication characteristic that leads
o self-association and non-linear decrease of solubilization effi-
iency at high concentrations, which is a common problem for
ome other cyclodextrin derivatives such as HPBCD (Buchanan
t al., 2007; Loftsson, Masson, & Brewster, 2004; Piel et al., 2006).
his is explained by the size of the methyl substituents, which are
mall and do not function as guests at high concentration. Also,
he cavity of beta-cyclodextrin is slightly extended by methyl sub-
tituents, which are equally stereo-rigid as the cavity itself (Mosher

 Thompson, 2007). This should all increase the solubilization
ower of 2-O-MBCD, which seems to be in agreement with the
esults obtained in this study. Owens, Fell, Coleman, and Berridge
2000) studied the nature of interaction between the voriconazole
tereoisomers and a number of derivatised CDs and concluded that
he size of the CD toroid and the nature of the derivative side chain
ave significant effect on the nature of the complexation, but also
hat consideration of the three-dimensional spatial arrangement
f each stereoisomer is important. Therefore, the application of
olecular modelling techniques may  be helpful in clarifying the

ature of interaction of drug and CD by suggesting stable three-
imensional models of complexes.

.1.2. Factorial design
Results of factorial analysis indicate that the most significant

actor (p < 0.05) affecting voriconazole solubility was cyclodextrin
ype (Table 1 and Table A.1, supplementary data). The amount
f drug was also a significant factor for the rate of the drug sol-
bilization, since after the addition of higher amount of drug,

olubility results were higher in the same time points in compar-
son with lower amount of drug. This is in agreement with the
esults of Borghetti et al. (2009), where it was suggested that in
ore concentrated conditions the interaction between the drug
solubility (mg/ml).

and cyclodextrin was  easier and the complex formation seemed to
occur faster.

The only important interaction effect was the one between
cyclodextrin type and mixing time. The longer mixing time helped
to improve voriconazole solubility more with HPBCD, whereas
with 2-O-MBCD solubilization occurred with shorter mixing time
(Table 1). It was noticed that after addition of 1000 mg  of voricona-
zole, larger amount of voriconazole was  dissolved in the examined
period of time in 2-O-MBCD than in HPBCD solutions (Table 1). That
means that drug solubilization was easier and therefore faster with
2-O-MBCD, which was  also assumed by simple observation of the
visual appearance of dispersions (presence of visible undissolved
drug particles) during mixing. Therefore, the results of factorial
design statistical analysis suggest that 2-O-MBCD is a more effi-
cient solubilizer than HPBCD, in agreement with phase-solubility
studies.

3.2. Molecular docking simulations

The docking simulations followed by further geometry opti-
mization of the highest score complexes, revealed that the most
stable complex between voriconazole and 2-O-MBCD is formed
when the fluoropyrimidine ring is included in the cavity (Fig. 3a1,
�E = −14.6 kcal/mol), while less stable inclusion compounds can
be formed when the triazole or the difluorophenyl ring is included
in the cavity (Fig. 3a2 and a3, �E  = −9.1 and −6.0 kcal/mol, respec-
tively). The interactions responsible for the inclusion seem to be
purely hydrophobic in nature, as no indications of hydrogen bond-
ing can be found in the optimal complex geometries.

HPBCD on the other hand, shows a preference of forming stable
inclusion compounds mostly when the difluorophenyl (Fig. 3b1 and
b3, �E  = −88.9 and −57.3 kcal/mol, respectively) or the fluropyrim-
idine ring is included in the cavity (Fig. 3b2, �E = −84.8 kcal/mol).
Inclusion of the difluorophenyl group into the CD toroid while the
CD side chains interacted with the triazole and pyrimidine groups of
voriconazole stereoisomers, was also discussed in a study by Owens
et al. (2000). Strong hydrophilic interactions including hydrogen
bonds between the hydroxypropyl groups of HPBCD and sev-
eral hydrophilic groups of voriconazole explain the calculated low
energy of the complexes. It is remarkable that the calculated energy
of voriconazole–HPBCD complexes is much lower than those of
2-O-MBCD complexes, which implies that it should be a much bet-
ter solubilizer for voriconazole (Table 2). The discrepancy between
computer simulations and experimental results may be attributed

to the self-association and formation of multiple complexes of
HPBCD molecules, in agreement with the phase-solubility studies
that suggested a multiple complexation and not the formation of
1:1 complexes between voriconazole and HPBCD. Self-association
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ig. 3. Lowest energy voriconazole–2-O-MBCD (a1–3), and voriconazole–HPBCD (b
f  docking simulations.

f HPBCD molecules is very likely due to the presence of hydrogen
ond donor and acceptor groups at the rim of the cavity. Forma-

ion of HPBCD–HPBCD complexes would prevent voriconazole from
ntering the cavity and forming the stable complexes predicted by
he 1:1 docking simulations.

able 2
emi-empirical level binding energies of voriconazole–cyclodextrin complexes, cal-
ulated using the PM6-DH2 Hamiltonian.

Complex no.a PM6-DH2 binding energy, �E (kcal/mol)

2-O-MBCD HPBCD

1 −14.6 −88.9
2  −9.1 −84.8
3  −6.0 −57.3

a Key as in Fig. 3.
omplexes identified by PM6-DH2 energy minimization of the highest score results

3.3. Characterization of powder samples

3.3.1. Thermal analysis
From the DSC thermograms (Fig. 4), it is seen that pure voricona-

zole shows a melting endotherm with a maximum at 133 ◦C,
in agreement with the reported melting point of 128–134 ◦C
(Herbrecht, 2004), indicating that the raw material belongs to the
polymorphic form I described in US patent US20090023922 (Benito
et al., 2009). Regarding the spray-dried products, the total absence
of a melting endotherm was observed while the physical mixtures
and the co-ground products show clear indications of the pres-
ence of crystalline voriconazole (melting peak maximum at 132 ◦C
with HPBCD and 133 ◦C with 2-O-MBCD for physical mixtures, and

for co-ground products, 129 ◦C with HPBCD, and 131 ◦C with 2-
O-MBCD). This slight melting point depression can indicate that
some kind of interaction occurs with the cyclodextrins during co-
grinding (Lin et al., 2012), although in previous studies a similar
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Fig. 4. Representative DSC thermograms: voriconazole (a), HPBCD (b), 2-O-MBCD
(c), physical mixture of voriconazole and HPBCD (d), physical mixture of voricona-
zole and 2-O-MBCD (e), voriconazole–HPBCD inclusion compound produced by
spray drying at 160 mM HPBCD concentration (f), voriconazole–2-O-MBCD inclu-
sion compound produced by spray drying at 160 mM 2-O-MBCD concentration (g),
voriconazole–HPBCD inclusion compound produced by solvent-drop co-grinding
(h) and voriconazole–2-O-MBCD inclusion compound produced by solvent-drop
c
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Fig. 5. Representative ATR-FTIR spectra: voriconazole (a), HPBCD spray-dried (b),
2-O-MBCD spray-dried (c), voriconazole–HPBCD inclusion compound produced by
spray-drying at 160 mM HPBCD concentration (d), and voriconazole–2-O-MBCD

tion rate improvement. Fig. 6 shows the percent of voriconazole
o-grinding (i).

elting point depression of voriconazole in the presence of poly-
ers, was considered insignificant (Beinborn, Lirola, & Williams,

012). Although the wet grinding method appears as an attractive
olvent and energy saving alternative, more experimental work is
equired for the optimization of its parameters, which is beyond
he scope of the present study.

The absence of a melting endotherm of the drug in the spray-
ried product indicates that the total voriconazole amount exists in
omplexed form and is amorphous (Fig. 4f and g). Another feature
f the thermograms is the broad endotherm spanning from room
emperature to 100 ◦C, with a maximum in the range of 79–80 ◦C
hat probably corresponds to the loss of strongly bound water from
he cyclodextrin hydration shell. No effect of the cyclodextrin molar
oncentration in the spray-drying solution was observed in the
hermograms, indicating that the amounts of cyclodextrins used
n the present study were suitable and sufficient to fully include
he drug in a molecular state.

Results of thermogravimetric analysis, performed for the pur-
ose of moisture content determination in powder samples
repared by different methods, were obtained by heating up to
20 ◦C where the water loss is expected to occur, and are presented

n Table A.2 (supplementary data). Results for physical mixtures
nd wet ground samples of drug and CDs are similar to the results
or CDs alone (Tables A.2 and A.3, supplementary data). For sam-
les with two different cyclodextrins prepared by spray-drying,

t was observed that products with 2-O-MBCD had much higher
ater content than products with HPBCD, when using the same
rocess parameters. It seems that it is more difficult to remove
he water from 2-O-MBCD than from HPBCD complex during the
pray-drying process, suggesting that the formulation with 2-O-
BCD might be more hygroscopic than with HPBCD, which could

ffect the cost-effectiveness of spray-drying process, the next steps
n potential production of solid oral dosage forms, and potentially

he extent of physical and chemical stability of resulting powders
ver a prolonged time period.
inclusion compound produced by spray-drying at 160 mM 2-O-MBCD concentration
(e).

3.3.2. FTIR spectroscopy
Fig. 5 illustrates ATR-FTIR spectra of voriconazole, cyclodex-

trins and spray-dried products. Voriconazole (Fig. 5a) shows
characteristic bands of polymorph I (patent US20090023922), in
agreement with the melting range observed in the DSC thermo-
grams. Specifically, the CN, CF and CC stretching bands appear at
3190–3046 cm−1, 1495–1451 cm−1 and 1585–1451 cm−1, respec-
tively, in agreement with Xiang-Gen, Li-Na, Meng, and Hao-Ran
(2011). The FTIR spectra of spray-dried pure cyclodextrins
(Fig. 5b and c) show a broad reflectance band in the range
of 3100–3600 cm−1 with a maximum ∼3340 cm−1, which is
attributed to the OH stretching vibrations, indicating strong asso-
ciation of the hydroxyl groups via hydrogen bonds. However,
the existence of lower intensity sharp peaks in the range of
3600–3700 cm−1, indicates the presence of free OH groups that pos-
sibly belong to adsorbed water that is not fully involved in hydrogen
bonds.

The FTIR spectra obtained for voriconazole–CD spray-dried
complexes (Fig. 5d and e) displayed only the typical bands of CD,
indicating that free voriconazole cannot be detected in the sam-
ples. This might actually indicate that voriconazole is completely
included in the cyclodextrin cavity, as discussed by Yang et al.
(2010), where the observed close agreement of the FTIR band dis-
appearance with the reported sites of complexation of itraconazole
and HPBCD was considered to be credible evidence for the pres-
ence of true inclusion complexes (Peeters, Neeskens, Tollenaere,
Van Remoortere, & Brewster, 2002). The spectra for the physical
mixtures of CD and voriconazole (Fig. A.1d and A.1e, supplementary
data) showed the typical bands of the CD and voriconazole, indicat-
ing weak or no interaction between the drug and the cyclodextrin
when physically mixed.

3.3.3. Dissolution study
Dissolution profile was tested in three different media (phos-

phate buffer pH 6.8, acetate buffer pH 4.5 and 0.1 M hydrochloric
acid pH 1.2) for the assessment of drug solubility and dissolu-
dissolved vs time for a voriconazole–HPBCD and voriconazole–2-O-
MBCD complex, in comparison to corresponding physical mixture
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Fig. 6. Dissolution profiles for voriconazole from various solid samples – dissolu-
tion method conditions: Apparatus II (Paddle), agitation speed 50 rpm, 900 ml  of
dissolution media: phosphate buffer pH 6.8 (a), acetate buffer pH 4.5 (b) and 0.1 M
hydrochloric acid pH 1.2 (c).
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and pure voriconazole. There was  an obvious difference in dissolu-
tion rate between these samples.

In physical mixtures with drug, the presence of cyclodex-
trin contributed to some in vitro dissolution rate improvement.
Voriconazole was dissolved faster from the physical mixture with
HPBCD than from the capsules with the pure drug, or from the
physical mixture with 2-O-MBCD. The reason for difference in dis-
solution rate from physical mixture with 2-O-MBCD and HPBCD
could be attributed to different solubility of CD derivatives and/or to
smaller particle size of 2-O-MBCD and the adsorbed air on their sur-
face, which made the wetting somewhat slower, which was  not the
issue with larger particles of HPBCD. Also, during the cyclodextrin
solution preparation it was observed that the 2-O-MBCD particles
were floating and more intensive mixing was needed in order to
wet the powder and dissolve it.

From spray-dried complexes more than 80% of voriconazole
was dissolved in all three media after 10 min, regardless of type of
cyclodextrin. Considering the pH-dependent voriconazole solubil-
ity, interestingly it was  observed that for the spray-dried complexes
with cyclodextrins dissolution profile of drug was independent of
pH. The possibility that the solubility of a drug can become indepen-
dent of the pH through the application of CD for drug complexation
was also reported by Nacsa, Berkesi, Szabo-Revesz, and Aigner
(2009), as well as Buchanan et al. (2007). By comparing the rela-
tive standard deviation values (represented by error bars in Fig. 6),
it was concluded that the dissolution was  very rapid and uniform
only from the spray-dried drug–CD complex, which is a significant
desirable characteristic of the dissolution profile.

Overall, results obtained in this study suggest that the com-
plexation of voriconazole with both cyclodextrins can be used as a
formulation strategy for solubility and dissolution rate enhance-
ment. There was  not much difference in maximum solubility
between complex and mixture of drug and CD, probably because in
case of mixture, complex formation and solubilization took place
in the dissolution medium. This however, may  not happen in the
gastro-intestinal tract, where absorption takes place following dis-
solution. Therefore, prior formation of complexes is expected to be
beneficial.

3.3.4. Visualization of particles
The visualization of the particles was performed using scanning

electron microscopy. With both CDs similar particles were pro-
duced by spray-drying the solutions of complexes. A representative
photomicrograph is presented in Fig. 7. It was  observed that the par-
ticles were of spherical shape, most of which were with wrinkled
and some with smooth surface. The presence of apparently hollow
particles was  also observed. Spherical shape is typical for spray dry-
ing of solutions. An empty interior can result from gas expansion in
the droplets with a vapour-impervious film or from air entrained in
the liquid feed. Since the particle formation kinetics is controlled by
the evaporation rate, the rising droplet viscosity, and the compo-
nents’ receding as the liquid droplet dries, it imposes stresses on the
forming surface which control the morphology of the spray dried
particles (Snyder & Lechuga-Ballesteros, 2008). Probably particles
became wrinkled and hollow because they were subjected to high
drying rates (total residence time of the droplets/particles in the
Büchi mini spray dryer is approximately 1s (Lee & Brandenberger,
2002)). The detailed physics of the entire droplet-to-particle forma-
tion process is highly complex and dependent upon both process
variables and formulation physicochemical properties (Snyder &
Lechuga-Ballesteros, 2008).
3.3.5. Long term stability of voriconazole–cyclodextrin inclusion
complexes

The long term stability of voriconazole–cyclodextrin inclusion
complexes upon storage in ambient conditions was examined
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Table 3
Results for impurities determined in spray-dried samples initially and after 12 months of storage.

Impurity Complex with HPBCD Complex with 2-O-MBCD

Initially (%) After 12 months (%) Initially (%) After 12 months (%)

Impurity 1a <0.05 0.24 <0.05 0.16
Impurity 2b <0.05 0.46 <0.05 0.31
Impurity 3c <0.05 0.05 <0.05 0.06

Total impurities <0.05 0.75 <0.05 0.53

,2,4-tr

a
g
c
a
v
T
g

0
w
s
s
T

f
v
r
o
(
w
a
t
o
C

F
c

a Impurity 1: 4-ethyl-5-fluoropyrimidine.
b Impurity 2: 1-(2,4-difluorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethanone.
c Impurity 3: (2S,3R)-2-(2,4-difluorophenyl)-3-(5-fluoropyrimidin-4-yl)-1-(1H-1

fter 12 months by differential scanning calorimetry and thermo-
ravimetric analysis (results not shown). No sign of voriconazole
rystallization could be identified in the thermograms (complete
bsence of endotherm peaks corresponding to the melting of
oriconazole). Additionally, examination of the water content by
GA showed no significant change. These results could indicate
ood physical stability over the 1 year time frame examined to date.

Although initially the level of impurities in powders was below
.05%, determination of impurities in aged spray-dried complexes
ith both cyclodextrins showed that there might be some chemical

tability issues. Results for voriconazole impurities determined in
pray-dried samples after 12 months of storage are presented in
able 3.

Only small amounts of Impurity 3 or epi-voriconazole were
ound in aged spray-dried powders, which might indicate that
oriconazole epimerization is not very likely to take place. Impu-
ity 1 and Impurity 2 are degradation products that are the result
f splitting the voriconazole molecule at the butanol backbone
Fig. 1). With both CDs, some chemical degradation of voriconazole
as observed. The difference in impurity levels between HPBCD
nd 2-O-MBCD complexes is not particularly big, but it might be
he result of the difference in binding affinity and the orientation
f voriconazole molecule in the inclusion complex with different
D derivatives, as it was observed in phase-solubility study and

ig. 7. Representative SEM photomicrograph of voriconazole:CD spray-dried parti-
les.
iazol-1-yl)butan-2-ol; (epi-voriconazole).

molecular docking simulations. In case of 2-O-MBCD, the some-
what extended cavity might additionally contribute to somewhat
better drug stability. However, complexation with either CD did
not prevent degradation of voriconazole that was  present in the
complex as the less stable, amorphous form. As it was  shown in
some other studies, higher mobility of amorphous drug:CD com-
plexes can be the reason for chemical instability irrespective of
the chemical nature of the side chain or cavity dimensions of CD
(Hong, Shah, & McGonagle, 2011). The other reason for instability
might be the specific bound conformations of drug:CD complexes,
which could not stabilize the drug (Mosher & Thompson, 2007).
Molecular modeling results revealed that the parts of the voricona-
zole molecule that are most probably included in the CD cavity
are its rings (difluorophenyl, fluoropyrimidine, or triazole). There-
fore, the most sensitive part of the voriconazole molecule, butanol
backbone, would probably stay outside the CD cavity and there-
fore remain unprotected against the degradation and formation of
Impurities 1 and 2. This might indicate that, in order to prevent the
degradation of voriconazole in complex, CD derivative with larger
substituents might be necessary to provide a steric barrier which
might stabilize the drug (Mosher & Thompson, 2007).

4. Conclusions

From phase-solubility studies, the 2-O-MBCD derivative seemed
to be more efficient in complexation than HPBCD as indicated
by the greater slope of the solubility diagram. This was  addi-
tionally confirmed by performed factorial design study, which
indicated that CD type was  the most significant factor for voricona-
zole solubilization, and that complexation occurred easier and
faster with 2-O-MBCD. Molecular docking simulations showed a
marked difference in the 1:1 binding affinities, with HPBCD form-
ing complexes of much lower energy. This discrepancy between
the predicted and experimentally observed solubilizing ability
of HPBCD suggested a multiple rather than a 1:1 complexation.
Spray-drying of cyclodextrin solutions proved to be an efficient
technique for the preparation of highly soluble inclusion complexes
of voriconazole with both HPBCD and 2-O-MBCD. The spray-dried
products were free of crystalline voriconazole, and provided higher
solubility and dissolution rate. Although physically stable enough
over a prolonged period of storage, the observed chemical instabil-
ity of powders that was  slightly more pronounced with HPBCD, may
lead to a more detailed study and further formulation development.
Combining of applied methods helped in better understanding the
nature of complexation of voriconazole with two CD derivatives
and how it can affect drug properties such as solubility, dissolution
rate and stability.
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