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Abstract Dapsone (DAP) is a synthetic sulfone drug with
bacteriostatic activity, mainly against Mycobacterium lep-
rae. In this study we have investigated the interactions of
DAP with cyclodextrins, 2-hydroxypropyl-f-cyclodextrin
(HPSCD) and f-cyclodextrin (fCD), in the presence and
absence of water-soluble polymers, in order to improve its
solubility and bioavailability. Solid systems DAP/HPSCD
and DAP/SCD, in the presence or absence of polyvinyl-
pyrrolidone (PVP K30) or hydroxypropyl methylcellulose
(HPMC), were prepared. The binary and ternary systems
were evaluated and characterized by SEM, DSC, XRD and
NMR analysis as well as phase solubility assays, in order to
investigate the interactions between DAP and the excipi-
ents in aqueous solution. This study revealed that inclusion
complexes of DAP and cyclodextrins (HPSCD and pCD)
can be produced in order to improve DAP solubility and
bioavailability in the presence or absence of polymers
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(PVP K30 and HPMC). The more stable inclusion complex
was obtained with HPSCD, and consequently HPSCD was
more efficient in improving DAP solubility than SCD, and
the addition of polymers had no influence on DAP solu-
bility or on the stability of the DAP/CDs complexes.
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Introduction

Dapsone or diaminodiphenylsulfone (DAP, Fig. 1) is a
synthetic sulfone that has bacteriostatic activity, mainly
against Mycobacterium leprae. The mechanism of action is
based on the antibacterial inhibition by competitive
antagonism with p-aminobenzoic acid, or involves inhibi-
tion of folic acid synthesis in susceptible organisms [1].
DAP is used in many compulsory-notification diseases
such as leprosy and malaria, and to treat pneumonia caused
by Pneumocystis carinii in patients with AIDS. This drug
shows low solubility in water, high solubility in acetone,
partially soluble in alcohols, and has a bioavailability of
70-80%. Because of its low solubility and high/low per-
meability, DAP is classified as a Class II or IV drug
according to the Biopharmaceutics classification system
(BCS) [2, 3].

Since its low solubility in water decreases the bio-
availability of the drug, several approaches have been
attempted in order to improve its solubility, such as
nanoparticles, microemulsion and solid dispersion prepa-
rations, as well as the formation of water-soluble inclusion
complexes [4]. Cyclodextrins (CDs) are cyclic torus-
shaped oligosaccharides with six (zCD), seven (fCD) and
eight (yCD) «-1,4-glucopyranose units. They have a
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Fig. 1 Chemical structure of dapsone (DAP)

hydrophilic outer surface and a lipophilic central cavity
that can accommodate a wide variety of lipophilic drugs
[5]. The formation of complexes usually increases the
stability, solubility, dissolution rate and bioavailability
[6-12]. The efficiency of the formation of inclusion com-
plexes with CDs can be enhanced by the addition of small
amounts of polymers to the drug/CD system in order to
improve the complexation and solubilization process [12,
13]. In this study, we investigated the interactions of
DAP with 2-hydroxypropyl-f-cyclodextrin (HPSCD) and
p-cyclodextrin (fCD) in the presence or absence of the
synthetic polymer polyvinylpyrrolidone (PVP K30) and the
natural polymer hydroxypropyl methylcellulose (HPMC).
Nuclear magnetic resonance (NMR), Differential scanning
calorimetry (DSC), powder X-ray diffractometry (XRD)
and scanning electron microscopy (SEM) analyses were
used to characterize the binary and ternary systems and
compare them with the physical mixtures prepared in the
same molar ratio. In order to evaluate the influence of CDs
as well as the polymers on DAP solubility the interactions
in aqueous solutions were investigated by phase solubility
assays.

Experimental
Materials

Dapsone (diaminodiphenylsulfone) was obtained from
Farmos® Distribuidora de Produtos Quimicos e Farm-
acéuticos LTDA, part number 20051104, 99.15% purity.
B-Cyclodextrin  (Glycosan®) with average molecular
weight of 1,135 Da and 2-hydroxypropyl-f-cyclodextrin
(Glycosan® HPBCD) with average molecular weight of
1,400 Da and average degree of molar substitution of
0.58-0.73 were purchased from Chemyunion. Polyvinyl-
pyrrolidone (PVP K30) was purchased from Basf, and
hydroxypropyl methylcellulose (HPMC) was obtained
from Galena. All other chemicals were of analytical grade.

Phase solubility assays
The phase solubility assays were performed according to

the Higuchi and Connors method [14]. The binary systems
were carried out with an excess amount of DAP (~1 g)
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added to aqueous solutions containing increasing concen-
trations of PVP K30 or HPMC (0.00-0.30%, w/w) or
HPBCD or SCD (040 mmol L™"). Subsequently, the ter-
nary systems of DAP/HPSCD and DAP/SCD were gener-
ated with the addition of 0.25% (w/w) of PVP K30 or
0.15% (w/w) of HPMC. The suspensions were equilibrated
at room temperature under mechanical stirring for 72 h.
Follow, they were filtered (0.45 um pore size) and the
absorbance was measured on a Shimadzu UV-1601
UV-Vis spectrophotometer at 290 nm. The apparent sta-
bility constants (K.) of the inclusion complexes were
determined from the slope of the phase solubility diagrams
and the solubility of the drug in water (Sy).

K. = slope/Sy(1 — slope)

Solid systems preparation
Binary and ternary physical mixtures

Equimolar amounts of DAP and HPSCD or fCD were
prepared by blending in a mortar until a homogeneous
mixture was obtained. For ternary physical mixtures, PVP
K30 or HPMC was added to the binary systems to obtain a
final concentration of 0.25 and 0.15% (w/w), respectively.

Binary and ternary systems

Equimolar amounts of DAP and HPSCD or fCD were
dissolved in methanol and water, respectively. The two
solutions were mixed and stirred magnetically for 24 h at
room temperature. The resulting suspension was evapo-
rated in an oven at 40 °C for 56 h. The ternary systems
were prepared in the same way, but PVP K30 or HPMC
was added to the CDs aqueous solution, to reach the same
final concentrations as for the physical mixtures.

NMR analysis

The formation of inclusion complexes between DAP and
HPSCD or fCD was investigated stepwise by means of
NMR spectroscopy analysis. For this, '"H and 1D ROESY
NMR experiments were performed at 293 K on a Bruker
AVANCE 400 NMR spectrometer operating at 9.4 Tesla,
observing 'H at 400.13 MHz, equipped with a 5 mm
multinuclear direct detection probe with z-gradient. The
DAP, HPSCD and DAP/HPSCD NMR investigations were
performed in MeOD-d, and the SCD and DAP/SCD
spectra were obtained in D,O. The "H NMR spectra were
acquired with a spectral width of 3,306.88 Hz (=~ 8.3 ppm)
and 64 K data points, providing a digital resolution of
0.05 Hz. The 1D ROESY experiments were obtained with
the same conditions as in 'H NMR spectra, although using
selective 180° pulse excitation and selective refocusing
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with shaped pulse through the gradient selrogp pulse
sequence, using a mixing time of 200 or 300 ms for RO-
ESY spin-lock, a recycle delay of 1.0 s and 512 transients.
The 'H and 1D ROESY NMR spectra were processed by
applying Fourier transform with zero-filling to 128 K data
points and by an exponential multiplication of the FIDs by
a factor of 0.3 and 1 Hz for 'H and 1D ROESY NMR,
respectively. All '"H NMR chemical shifts are given in ppm
related to the TMS or TMSP-d, signal at 0.00 ppm as
internal references, and all pulse programs were supplied
by Bruker BioSpin.

DSC analysis

Samples of DAP, CDs, polymers, DAP/CDs and DAP/
CDs/polymers physical mixtures, and inclusion complexes
in powdered form were examined by DSC on a TA
Instruments DSC-910, using aluminum crucibles with
approximately 2 mg of sample in a dynamic nitrogen
atmosphere (100 mL min~') and a heating rate of
10 °C min~" in the temperature range of 40-300 °C. The
DSC cell was calibrated with indium (mp 156.4 °C;
AHpys = 28.5 7 g7 ") and zinc (mp 419.6 °C).

XRD analysis

X-ray powder diffraction patterns of the samples described
above were collected on a Shimadzu XRD-6000 powder
diffractometer at room temperature. The diffractograms
were recorded in the 20 angle range, using a scan step size
of 2° min~', operating with 40 kV and 40 mA using
polycrystalline silicon (Si) as standard.

SEM analysis

Samples of DAP, CDs, polymers, DAP/CDs and DAP/
CDs/polymers physical mixtures, and inclusion complexes
in powdered form were examined by conventional scan-
ning electron microscopy on a JEOL JSM-6360 LV
microscope. For this, the samples were fixed on a metallic
support using double-face tape and copper-coated under
vacuum, to make them electrically conductive. The
observation was performed in increments from 300 to
1,000 times with an excitation voltage of 10 kV AlS.

Results and discussion

Phase solubility assays

The phase solubility assays were performed with the binary
systems DAP/HPSCD and DAP/SCD as well as with the
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Fig. 2 Phase solubility diagrams for the binary systems DAP/
HPSCD and DAP/SCD in the presence or absence of polymers (PVP
K30 or HPMC).The lines represent the best-fit linear regression of
data points

ternary systems DAP/HPSCD/PVP, DAP/SCD/PVP, DAP/
HPSCD/HPMC and DAP/SCD/HPMC. All phase solubility
diagrams were Higuchi & Connors Ay type, showing linear
increases in drug solubility as a function of the CDs
concentrations, indicating the formation of a first-order
complex with HPSCD and SCD (Fig. 2). As the slopes of
all phase solubility diagrams were lower than 1 (Table 1), a
1:1 stoichiometry can be assumed [4]. Many authors have
demonstrated that polymers can improve the complexation
efficiency with different drugs by increasing their solubility
[15-17]. They can interact with the outer surface of CDs
torus as well as with the drug/CD systems, forming
co-complexes or aggregates that can show higher stability
constants (K.). The DAP intrinsic solubility was
0.0233 mM (Table 2). In the study of the effect of poly-
mers PVP or HPMC on the solubility of DAP, the highest
solubility of DAP was observed when 0.15% of HPMC
(0.1060 mM) was used, and this value was used to obtain
the ternary system containing HPMC, however, the
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Table 1 Dapsone intrinsic

] —1
solubility (Sp), slope and System So (mmol L) Slope R
correlation coefficient (R) from DAP/PVP K30 0.0170
phase solubility diagrams
DAP/HPMC 0.1060
DAP 0.0233
DAP/HPSCD 0.9751 0.0235 0.9993
DAP/HPSCD/PVP K30 0.3574 0.0183 0.9953
DAP/HPCD/HPMC 0.2469 0.0159 0.9915
DAP/SCD 0.3546 0.0171 0.9444
DAP/SCD/PVP K30 0.2094 0.0174 0.9310
DAP/SCD/HPMC 0.3137 0.0181 0.9935
Table 2 Solubility values - -
and solubility increment for System Solubility Increment solubility
the DAP from the binary mg mL™! mM
and ternary systems obtained
by coevaporation using SCD DAP 5.77 0.0233
or HPCD DAP/HPBCD 242.12 0.9751 x42
DAP/HPSCD/PVP K30 88.75 0.3574 x15
DAP/HPSCD/HPMC 61.30 0.2469 x11
DAP/CD 88.06 0.3546 x15
DAP/SCD/PVP K30 51.99 0.2094 x9
DAP/CD/HPMC 77.89 0.3137 x13

solubility of DAP remained unchanged throughout the
concentration range of PVP evaluated (0.05-0.30%) and
the amount of 0.25% PVP was selected for the preparation
of the ternary system containing PVP K30. For the systems
with HPSCD, DAP solubility increased 42-fold in the
binary complex and 15- and 11-fold in the ternary systems
with PVP K30 and HPMC, respectively, while the systems
with SCD, DAP solubility increased 15-fold in the binary
system and 9- and 13-fold in the ternary systems with PVP
K30 and HPMC, respectively (Table 2). A reduction in the
solubility of DAP was observed by the addition of poly-
mers (HPMC or PVP K30), compared the solubility
obtained for the binary system (Table 2). Several authors
have shown an increase in solubility of drugs by means of
addition to complexation of a small amount of water-sol-
uble polymers, followed by heating in an autoclave. In this
case, the heating and consequent reduction of medium
viscosity was not performed, and thus, the high viscosity of
medium complexation resulted in a reduction in mobility of
hindering the formation of DAP/CDs systems due to the
presence of polymers.

According to Rama et al. [18], only complexes with K.
between 100 and 1,000 mol L™ have biological applica-
tions, because complexes with K, lower than 100 mol L~}
constitute unstable drug/CD systems, whereas complexes
with a K, higher than 1,000 mol L™ could adversely affect
the absorption of the drug. The K, values found in all the
systems investigated (Table 3) indicate the formation of
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inclusion complexes with a suitable stability. Loftsson
et al. [4] proposed another method to evaluate the solubi-
lizing effects of CDs, which consists of determining the
complexation efficiency (CE) by either the slope of the
phase solubility profile or the complex to free cyclodextrin
concentration ratio:

CE = SoK,.; = [D/CD]/[CD] = Slope/1 — Slope

where [D/CD] is the concentration of dissolved complex,
[CD] the concentration of dissolved free cyclodextrin and
Slope is the slope of the phase solubility diagrams.

From the value of CE is possible to determine the molar
ratio (MR) drug/CD complexation obtained by the
relationship:

MR = 1: (1+ 1/CE)

Since the numerical value of CE is only dependent of
the slope of the phase solubility profile less variation is
usually observed in the CE values compared to the Kj.;
values. If CE is 0.1 then 1 out of every 11 cyclodextrin
molecules forms a complex with the drug and if CE is 0.01
then only 1 out of every 100 cyclodextrin molecules forms
a complex. Based on this approach, the DAP/CD ratio was
determined (Table 3). The addition of PVP K30 or HPMC
did not greatly affect the K. or CE values or the molar ratio
for the both systems. Higher values for K. and CE as well
as lower molar ratio were observed for the binary system
DAP/HPBCD (Table 3).
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Table 3 Stability constant

—1
(K.), complexation efficiency System K. (mol L™) CE MR (DAP/CD)
(CE) and molar ratio (MR) DAP/HPSCD 1,035 0.0241 1:43
for binary and ternary systems
DAP/HPSCD/PVP K30 802 0.0186 1:55
DAP/HPSCD/HPMC 695 0.0162 1:63
DAP/CD 753 0.0174 1:58
DAP/SCD/PVP K30 761 0.0177 1:58
DAP/SCD/HPMC 793 0.0185 1:55
Fig. 3 'H NMR spectra for H, H, H, H,
DAP (bottom) and DAP/ DAP/HPBCD
HPSCD inc'lusion complex ON S0, NO,
(top), showing the changes
in the chemical shifts
HY H, H/ H,
H, H,
DAP
\ |
ppm (t1) 7.50 7.00
Fig. 4 1D ROESY NMR
spectrum for the DAP/HPCD
inclusion complex obtained
by selective irradiation of the
signal at 3.88 ppm
corresponding to the H-3 and
H-5 hydrogens of HPSCD,
showing nOe enhancements
of DAP hydrogen signals
— T ‘ T T T T 7
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
ppm (f1)

NMR analysis

The formation of DAP/CDs complexes was first evidenced
by comparing DAP, and DAP/HPSCD and DAP/SCD 'H
NMR spectra, recorded under the same experimental con-
ditions, which revealed a significant interaction between
DAP and both CDs. Variations as well as broadening of the

"H NMR signals from aromatic hydrogens of DAP [dou-
blets at 6.65 (8.9 Hz, H,) and 7.52 ppm (8.9 Hz, Hy,)] were
observed (Figs. 3 and 5). This specific interaction was
supported by one-dimensional rotating frame nuclear
Overhauser effect (1D ROESY) NMR experiments, which
are usually suitable to measure nOe in complexes. The 1D
ROESY NMR experiment obtained by selective excitation
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Fig. 5 'H NMR spectra for
DAP (bottom) and DAP/SCD
inclusion complex (top),
showing the changes

in the chemical shifts

Hﬁ
DAP M

Hh Ha Ha Hh
DAP/BCD
O,N SO, NO,
Hy H, H{ Hy JL
Hy

[
7.50
ppm (t1)

Fig. 6 1D ROESY spectrum
for DAP/SCD inclusion
complex obtained by selective
irradiation of the signal at
3.84 ppm corresponding to
the H-3 hydrogens of fCD,
showing nOe enhancements
of the DAP hydrogen signals

I
7.00

\
8.0 7.0
ppm (t1)

of the hydrogens H-3 and H-5 at 3.88 ppm in HPCD and
hydrogen H-3 at 3.84 ppm in BCD has caused nOe
enhancement in the aromatic hydrogen signals of DAP
(Figs. 4 and 6). The higher nOe intensification observed for
the signal of the hydrogens H, (doublet at 7.52 ppm,
Fig. 6) in the DAP/SCD system is due to the selective
excitation of only H-3 in the SCD structure.

The intensification of DAP signals in the 1D ROESY
NMR spectra, after selective excitation of the resonance
frequency of H-3 and/or H-5 CDs hydrogens, as well as the
variations and broadening on the '"H NMR chemical shifts
of DAP, revealed that DAP/CDs inclusion complexes were
formed, with DAP structure inserted in the cavity of
HPSCD or SCD (Fig. 7). This means that the drug
hydrogens (termed H, and Hy) are interacting with the CDs
hydrogens H-3 and/or H-5 (Fig. 7).

@ Springer

6.0 5.0 4.0 3.0

The NMR results indicate that the drug DAP is fully
enclosed within the HPSCD and SCD cavities, as repre-
sented in Fig. 7. The intensity of signals in the ROESY 1D
NMR spectra of the DAP/HPSCD system was higher than in
the DAP/SCD system, indicating that the inclusion complex
formed with HPBSCD was more effective or stable than those
formed with SCD. These observations are in accordance
with the K. and CE values from the phase solubility assays.

DSC analysis

In a previous study we demonstrated that DSC can be used
to characterize drug/CDs inclusion complexes [12].
Therefore, DSC was used to characterize the DAP/HPSCD
and DAP/SCD complexes in the solid state, and to obtain
further supporting evidence of complex formation. The
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Fig. 7 Representation of DAP/CD inclusion complex, showing DAP
structure inserted in the CD cavity

DAP/HPBCD/HPMC
DAP/HPBCD/PVP
DAP/HPBCD
HPBCD
DAP/BCD/HPMC
DAP/BCD/PVP
DAP/BCD

BCD

HPMC

PVP K30

DAP

50 100 150 200 250
Temperature (°C)

Fig. 8 DSC curves of DAP, CDs (fCD and HPSCD), polymers
(PVP K30 and HPMC), and inclusion complexes (DAP/SCD, DAP/
SCD/PVP, DAP/SCD/HPMC, DAP/HPSCD, DAP/HPSCD/PVP and
DAP/HPSCD/HPMC) obtained in dynamic nitrogen atmosphere
(100 mL min~") and a heating rate of 10 °C min~!

thermal curve of DAP was typical of a crystalline anhy-
drous substance (Fig. 8), with a sharp endothermic event at
180.4 °C corresponding to DAP melting point, and an
endothermic event at 83-84 °C corresponding to the
polymorphic forms of DAP. For HPSCD as well as for
BCD broader endothermal events associated with starch
gelatinization were observed (Fig. 8). For DAP/HPSCD
physical mixtures, the characteristic thermal profile of DAP
was still present at around 180 °C. On the other hand, in
binary and ternary systems containing HPSCD, the endo-
thermic event associated with DAP melting was totally
absent, indicating the formation of amorphous entities or
inclusion complexes (Fig. 8). When HPSCD was replaced

M_//\\..MM_ e

oINS e
BCD
DAP/BCD

oMM —n—n—Cpnpnoo DAPRCDPYE

Wmcwmc

HPBCD
DAP/HPRCD
__———————.—//N\"‘_
DAP/HPRCD/PVP
T DAP/HPRCD/HPMC
10 20 30 40 50 60

2 0 (degrees)

Fig. 9 Powder XRD patterns of DAP, CDs (fCD and HPSCD),
polymers (PVP and HPMC), and inclusion complexes (DAP/SCD,
DAP/SCD/PVP, DAP/SCD/HPMC, DAP/HPSCD, DAP/HPSCD/
PVP and DAP/HPSCD/HPMC)

by PCD in the binary and ternary systems in both the
physical mixtures and complexes, the characteristic ther-
mal profile of DAP was still present, indicating the pres-
ence of free DAP without interaction with SCD (Fig. 8)
and therefore in accordance with the NMR analysis and
phase solubility assays.

XRD analysis

Powder XRD was also used to characterize the DAP/
HPSCD and DAP/SCD complexes in the solid state,
because it is a useful method for detecting complexation in
powder or microcrystalline states. If a true inclusion
complex is formed, the diffraction pattern of the complex
should be clearly distinct from those of the pure forms. The
XRD pattern of DAP revealed high-intensity reflections
corresponding to the diffraction peaks at 19.5°, 20.7°,
22.5°, 23.8° and 29.2° (20), which indicated its crystalline
character (Fig. 9). On the other hand, a hollow pattern was
recorded for HPSCD, PVP K30 and HPMC, indicating
their amorphous state (Fig. 9). For DAP/HPSCD, some
diffraction peaks assigned to DAP crystals were still
detectable in the physical mixtures, whereas they were
totally absent in the respective binary and ternary systems,
indicating the formation of complexes (Fig. 9). For the
DAP/SCD physical mixtures, as well as in the binary and
ternary systems, some DAP crystal diffraction peaks were
still detectable (Fig. 9), which is in full accordance with the
DSC and NMR analyses as well as the phase solubility
assays, indicating the presence of free DAP without inter-
action with fCD.

SEM analysis

Scanning electron microscopy photomicrograph shows that
the drug (DAP) is composed of irregular orthorhombic

@ Springer



474

J Incl Phenom Macrocycl Chem (2012) 73:467-474

Fig. 10 Scanning electron microscopy (SEM) of DAP (a) and the binary systems [DAP/SCD (b) and DAP/HPSCD (c)]

crystals (Fig. 10a), while HPSCD is composed by regular
spherical particles. On the other hand, SEM analysis shown
that fCD is consisted of irregular crystals, and the photo-
micrograph of DAP/SCD system was not conclusive due to
the characteristic crystalline structure of fCD (Fig. 10b).
However, for the binary system DAP/HPSCD, the photo-
micrograph demonstrate the formation of well-defined
spherical particles, suggesting an interaction between the
drug and HPSCD (Fig. 10c).

Conclusions

All our investigations revealed that inclusion complexes of
dapsone (DAP) and cyclodextrins (HPSCD and SCD) can
be produced in order to improve DAP solubility and bio-
availability in the presence or absence of polymers (PVP
K30 and HPMC). However, the addition of polymers had
no influence on DAP solubility or on the stability of the
DAP/CDs complexes. The more efficient or stable inclu-
sion complex was obtained with HPSCD, and consequently
HPSCD was more efficient in improving DAP solubility
than was pCD.
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