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We present new supramolecular complexes of two different solid forms of furosemide (I or II) with mal-
todextrin, in order to explore their application as delivery systems improving the bioavailability of the
drug. The complexation in solution was evaluated by 'H nuclear magnetic resonance experiments and
phase solubility studies. The products in solid state were exhaustively characterized by using spectro-
scopic techniques ('3C solid state nuclear magnetic resonance, infrared, scanning electron microscopy,
X-ray powder diffractometry) and thermal analysis. 'H relaxation times experiments gave further sup-
port in distinguishing the new solid forms. Dissolution studies in simulated gastric fluid showed that
both supramolecular complexes presented significant increase in the dissolution, while the correspond-
ing physical mixtures exhibited the most discriminating conditions between the furosemide forms I
and II. Our results suggest the enhancement of the solubility and the dissolution of furosemide in the
new complexes, making them promising candidates for the preparation of alternative matrices in oral
pharmaceutical formulations.
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1. Introduction

It is well-established that pharmaceutical solids can exist in sev-
eral polymorphic forms having very varied physical and mechanical
properties, with resulting differences in the activity of the drug
molecules (Brittain, 2009; Snider, Addicks, & Owens, 2004). As a
drug is affected by the properties of the solid form, experimen-
tally obtained information about the solid-state behavior during
production and storing, and knowledge of the solubility and disso-
lution conditions are very important to be able to select the solid
form with the optimal characteristics for the intended use (Hilfiker,
2006).

Furosemide (FUR, Fig. 1) is widely applied as a strong loop
diuretic in the pharmacotherapy of edematous states associ-
ated with cardiac, renal, and hepatic failure and the treatment
of hypertension (Sweetman, 2009). Although seven polymor-
phic forms have been described and characterized for this
compound (four true polymorphs (I, II, IIl, IV), two solvates
(IV-DMS and V-dioxane) and one amorphous form [Bauer et al.,
2002; Beyers, Malan, van der Watt, & de Villiers, 2000; Doherty
& York, 1988; Latosinska, Latosinska, Medycki, & Osuchowicz,
2006; Matsuda & Tatsumi, 1990; Pudipeddi & Serajuddin, 2005]),
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polymorph-dependent bioavailability has not been reported to
date. It is known that FUR is practically insoluble in water. In
humans, FUR is absorbed from the upper gastrointestinal tract
following dissolution in the stomach. Its bioavailability has been
reported to be about 60-70% (Sweetman, 2009), but the rate and
extent of absorption are subject to large inter- and intra-subject
variabilities. In addition, absorption following oral administration
is influenced by the dosage form, underlying disease processes and
by the presence of food (Ponto & Schoenwald, 1990).

An approach to increase the water solubility, stability, and
bioavailability of drugs is the formation of complexes with mod-
ified starches as cyclodextrins, calyx[n]arenes and maltodextrins
(MDs) (Brewster & Loftsson, 2007; Corralo Spada, Zapata Norefia,
Ferreira Marczak, & Tessaro, 2012; Munoz-Celaya et al., 2012). In
particular, recently MD based systems have been used success-
fully for drug delivery (Gurrapu, Jukanti, Bobbala, Kanuganti, &
Jeevana, 2012; Kumar, Subbarao Murthy, & Sahu, 2012). MDs are
products obtained from the partial hydrolysis of food grade starch
with suitable acids and/or enzymes (Reineccius, 1989; Shahidi &
Han, 1993). The p-glucose units are primarily linked by «a-(1,4)
bonds, but there are also branched segments linked by «a-(1,6)
bonds (Shahidi & Han, 1993). MDs differ in average molecular size
and are classified by their dextrose equivalent (DE) values, defined
as the percentage of reducing sugars calculated as glucose on a
dry substance basis (Wang & Wang, 2000). Normally, MDs are
defined as having a DE value of less than 20 and, depending on
this value, they have distinct physicochemical properties, such as
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Fig. 1. Chemical structure of (a) FUR and (b) MD, showing the carbon and proton
numbering used in the NMR spectra.

solubility, freezing temperature and viscosity (Dokic, Jakovljevic, &
Dokic-Baucal, 1998; Dokic-Baucal, Dokic, & Jakovljevic, 2004). Their
typical structures are shown in Fig. 1.

The MDs are endowed with the capability of complexation to
various classes of compounds, with the host-guest one being the
most common interaction for starch derivatives. The conforma-
tional change from a flexible coil to a helix form in the presence
of a guest, which depends on the size of the complexing molecules,
is believed to be essential for interactions to occur. Internally, the
helical structure is hydrophobic, as in the cyclodextrin cavity, but
MDs have considerably more flexible entities than cyclodextrins
(Soini, Stefansson, Riekkola, & Novotny, 1994).

In previous reports, several strategies have been developed
to increase the solubility and/or the dissolution rate of FUR,
for example using cyclodextrins (Vlachou & Papaioannou, 2003),
calix[n]arenes (Bayrakci, Ertul, & Yilmaz, 2012) and particle size
reduction as well as formation of solid dispersions (De Zordi et al.,
2012). However, these studies do not refer about the polymor-
phism of this drug. Because it is of great importance to select
a proper polymorph and to control its polymorphic transforma-
tions, we focused our work on preparing and characterizing new
supramolecular systems of FUR polymorphs I and Il with MD DE17.
The aim of these complexes was to enhance the low permeabil-
ity and the solubility of FUR, which are the two critical factors
responsible for its poor and highly variable human bioavailability.
Complexation in solution and solid state was studied using solubil-
ity analysis, solution and solid state Nuclear Magnetic Resonance
(ssNMR), Fourier-transform infrared spectroscopy (FT-IR), differen-
tial scanning calorimetry (DSC), thermogravimetric analysis (TGA),
scanning electron microscopy (SEM), and X-ray powder diffraction
(XRPD). In addition, 'H spin lattice relaxation time measurements
were also carried outin solid state. In order to investigate the poten-
tial application of the supramolecular complexes as new delivery
systems that enhance the bioavailability of the drug, dissolution

tests were used to correlate the performance between the poly-
morphic forms and the complexes.

2. Materials and methods
2.1. Chemicals and reagents

Furosemide was provided by Parafarm (Argentina), Maltodex-
trin (DE17) was given by Todo Droga (Argentina), and D,0
(deuterium content 99.9%) was obtained from Aldrich® (USA). All
other chemicals were of analytical grade. A Millipore Milli Q Water
Purification System (Millipore, Bedford, MA, USA) generated the
water used in these studies.

2.2. Obtaining two polymorphic forms of furosemide

The two polymorphic forms of FUR, I and II, were prepared as
reported by De Villiers, van der Watt, and Lotter, 1992. Form [ was
recrystallised from a hot saturated solution of FUR in methanol,
which was allowed to stand at room temperature. Form II was
obtained from an acetone solution, which was evaporated to dry-
ness at 25°C under reduced pressure in a rotary evaporator. The
resulting crystals were collected and dried in vacuo at room tem-
perature.

2.3. Solubility studies

The effects of MD with DE 17 on the solubility of FUR polymorphs
were studied at 25.0 + 0.1 °Cin aqueous and buffered aqueous solu-
tions of pH 2.0, and at 37.0+0.1 and 45.0+0.1°C in solutions of
pH 2.0. The solubility measurements were performed according
to the method of Higuchi and Connors (1965). An excess of FUR
forms I or II, was added to solutions containing increasing concen-
trations of MD ranging from 0.50 to 10.00% (w/v), with FUR, in the
absence of MD, being used to determine the intrinsic solubility.
The suspensions were sonicated for 15 min (ULTRASONIC LC 30 H
Elma) and then placed for 72h in a constant temperature water
bath [Haake DC10 Thermostat (Haake, Paramus, NJ, USA)]. These
suspensions were sonicated at several time intervals, and after the
equilibrium was reached, the remaining solid FUR was removed
by filtration through a 0.45 pm membrane filter (Millipore, USA).
The clear solutions were suitably diluted and analyzed by UV-Vis
Spectrophotometry (SHIMADZU UV-160A spectrophotometer) at
A=274nm.

2.4. Solid sample preparations

Solid-state systems of FUR polymorphsIand Il in equimolar ratio
with the MD were prepared as following.

2.4.1. Kneading method (KN)

The FUR I:MD (KN I) and FUR II:MD (KN II) systems were pre-
pared by weighing accurately appropriate amounts of MD and then
transferring them to a mortar. An ethanol-water (50:50, v/v) mix-
ture was added to the MD powder and the resultant slurry was
kneaded for about 10 min. For each system, the corresponding FUR
polymorph was added in small portions with the simultaneous
addition of solvent in order to maintain a suitable consistency. This
slurry was kneaded thoroughly for about 30 min, and the resultant
paste was dried in vacuo at 40°C for 48 h, protected from light.

2.4.2. Physical mixture (PM)

Physical binary mixtures of FUR I:MD (PM I) and FUR II:MD
(PM II) were prepared by blending the corresponding components
uniformly in a mortar.
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2.5. Solution NMR

TH NMR spectra of FUR and the combination of FUR and MD
were recorded in D, 0. In addition, 13C NMR, heteronuclear single
quantum correlation with distortion enhancement by polarization
transfer ('H-13C HSQC-DEPT) and heteronuclear multiple bond
correlation (HMBC) experiments were realized for FUR. A small
amount of methanol (<1 mM)was added to the FUR solutions due to
its poor solubility in D, 0, and the concentration of the components
was 15 mM. All experiments were performed on a Bruker® Avance
11400.16 MHz High Resolution Spectrometer equipped with a Broad
Band Inverse probe (BBI) and a Variable Temperature Unit (VTU).
The spectra were obtained at 298 K using 5 mm sample tubes. The
chemical shifts (§) were reported as ppm, and the residual sol-
vent signal (4.80 ppm) was used as the internal reference. Induced
changes in the 'H NMR chemical shifts (A8) for FUR caused by its
interaction with MD, were calculated according to the following
equation:

AS = acomplex - (Sfree (1)
2.6. Solid state NMR (ssNMR)

High resolution solid state '3C spectra of FUR Iand II, the MD and
the systems KN I, KN II, PM I and PM I, were recorded with the ramp
cross polarization/magic angle spinning (CP-MAS) sequence, with
proton decoupling during acquisition (Harris, 1994). All ssNMR
experiments were performed at room temperature in a Bruker
Avance Il spectrometer operating at 300.13 MHz for protons and
equipped with a 4mm MAS probe. The operating frequency for
carbons was 75.46 MHz. Glicine was used as an external reference
for the 13C spectra and for setting the Hartmann-Hahn match-
ing condition in the CP. Spectra were recorded with 2000 or
3000 scans to obtain an adequate signal to noise ratio. The con-
tact time during CP was 2ms and recycling times of 5 and 10s
were used. The SPINAL64 pulse sequence was used for decou-
pling during acquisition, with the proton field Hyy satisfying
w1n/2m=yyHu/2m =78 kHz (Khitrin, Fujiwara, & Akutsub, 2003).
The spinning rate for all the samples was 10 kHz. Quaternary carbon
and methyl group edition spectra were recorded for FUR I and II.
These spectra were acquired with the non-quaternary suppression
(NQS) sequence (Harris, 1994).

TH spin-lattice relaxation times in the laboratory frame (T;)
measurements were carried out for all the solid samples in static
conditions with an inversion-recovery (IR) pulse sequence, using
recovery times 7 of between 10 s and 300 s with a recycling delay
of 160s.

2.7. FT-IR spectroscopy

The FT-IR spectra were recorded on a Nicolet 5 SXC FT-IR Spec-
trophotometer (Madison, WI, USA). The potassium bromide disks
were prepared by compressing the powder.

2.8. Thermal analysis (DSC and TGA)

The DSC curves of the samples were produced with a DSC TA
2920, and the TGA curves were recorded on a TG TA 2920. The
samples of 1-3 mg were placed in aluminum hermetic pans, and
the experiments were carried out under a nitrogen gas flow, at a
heating rate of 10°C/min over a temperature range of 25-300°C.

2.9. SEM

Microscopic morphological structures of the raw materials and
the solid-state systems were investigated and photographed using

a scanning electron microscope LEO Model EVO-40 XVP. The sam-
ples were fixed on a brass stub using double-sided aluminum
tape. To improve the conductivity, samples were gold-coated under
vacuum by employing a sputter coater PELCO Model 3. The magni-
fication selected was sufficient to appreciate in detail the general
morphology of the samples under study.

2.10. XRPD

X-ray powder diffraction patterns of the samples were recorded
using a Philips PW1710 diffractometer, with Ni filtered Cu Ka radi-
ation. Measurements were taken from 2 to 40° (20) at steps of 0.05°,
a voltage of 45 kW and a current of 30 mA for the generator.

2.11. Dissolution study

The dissolution tests were carried out at 37 °C using the USP XXX
paddle apparatus (Hanson SR II 6 Flask Dissolution Test Station,
Hanson Research Corporation, Chatsworth, CA, USA) with three
replicates. The dissolution medium was simulated gastric fluid
(pH 1.2) without enzymes prepared according to USP30. Testing
was conducted on samples of FUR forms I and II, and also for the
systems KN [, KN I, PM I and PM II. Suitable quantities of each pow-
der containing 50 mg of drug were compressed using a hydraulic
press at an appropriate force to obtain discs which would not
disintegrate under the test conditions. The discs were immersed
into 500 ml of the dissolution medium and agitated at 50 rpm.
Samples were collected at prearranged time intervals, with replace-
ment, before being filtered and adequately diluted with dissolution
media. The amount of dissolved drug in the samples was analyzed
spectrophotometrically at 274 nm. Cumulative percentages of the
drug released from the discs were calculated.

3. Results and discussion
3.1. Phase solubility analysis

The effect of MD on the solubility of FUR I and Il was investi-
gated at 25.0+0.1°C in aqueous solutions. In order to determine
the influence of temperature, the phase solubility diagrams were
determined at 25.0+0.1, 37.0+0.1 and 45.0+0.1°C in buffered
solutions of pH 2.0, thus simulating the gastric fluid where the
drug molecule is unionized. The phase solubility diagrams were
obtained by plotting the changes in FUR solubility as a function of
MD concentration (see Supplementary data).

The interactions of the FUR I:MD and FUR II:MD systems, both in
aqueous and buffer solutions at 25.0 £ 0.1 °C, displayed typical Ay
type solubility curves (Brewster & Loftsson, 2007), indicating the
formation of soluble binary complexes of a presumably 1:1 stoi-
chiometry. The apparent stability constant (K¢) values, shown in
Table 1, were estimated from the slope of the initial linear portion
of the diagrams and the intrinsic solubility of each polymorph (Sg)
according to the following equation:

slope

Ke = So(1 —slope)

(2)
On analyzing the effects of pH, it could be observed that the value
of K¢ for FUR I:MD was higher in aqueous solutions. These results
reveal that ionized FUR I exhibited a higher affinity for the host
than the neutral species. However, FUR Il showed the same value
of K¢ in both solvents, indicating that the ionization did not affect
the interaction of this polymorph with MD. The solubility of both
systems was higher in water, because of the combined effect of
the complex formation and the existence of the drug as an ionized
species.
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Table 1
Summary of solubility studies.
Temperature FUR I:MD system FUR II:MD system
So (ng/mL) Smax (pg/mL) Ke (M) So (pg/mL) Smax (pg/mL) Ke (M)
Aqueous solution
25.0£0.1°C 35.6 79.1 193 274 50 167
Buffer solution
25.0 £0.1°C 44 13.7 156 6.1 15.8 167
37.0+£0.1°C 6.1 245 - 4.4 30.2 -
45.0 +£0.1°C 13.1 254 - 15.2 26.4 -

The profiles obtained with the buffer solution at 37.0+ 0.1 and
45.0+0.1°C were characteristic of Ay type diagrams (Brewster &
Loftsson, 2007), demonstrating a negative deviation from linearity
as a function of MD concentration, and indicating that the solu-
bilizing capacity was less effective at higher temperatures. This
behavior may have originated from both an alteration in the effec-
tive nature of the solvent and a self-association of MD at higher
concentrations, thus affecting the apparent degree of complexa-
tion.

These studies also revealed different solubility behaviors of both
polymorphs. Whereas at 25 °C polymorph 1 had the highestintrinsic
solubility in water, in buffer solution of pH 2, polymorph II was
the more soluble. In addition, it can be noted that the apparent
solubility of each FUR polymorph was significantly increased upon
complexation with MD, as shown in Table 1. In buffer solution, FUR
[ solubility increased as a function of MD concentration and with a
rise in temperature. However, the FUR Il system showed the highest
solubility value at 37.0+0.1°C.

3.2. Nuclear magnetic resonance (NMR) experiments

Heteronuclear single quantum correlation with distortion
enhancement by polarization transfer ('H-13C HSQC-DEPT) and
heteronuclear multiple bond correlation (HMBC) experiments
were carried out to obtain the full assignment of the FUR 'H spec-
trum (not shown). The "H NMR spectra were recorded to evaluate
the changes in the chemical shifts (A§) of FUR after forming MD
complexes, and the corresponding A are displayed in Table 2 (see
proton numbering in Fig. 1). It can be observed that most of the FUR
protons were influenced by the presence of MD. Deshielding was
observed for H1, H2, H5 and H10, while H3 and H7 showed shiel-
ding effects. These shifts suggest the establishment of van der Waals
interactions and the proximity of atoms rich in 7 electrons such as
glycosidic linkage oxygens, respectively. It is important to note that
H7 revealed the greatest displacement in the binary system with
respect to the pure drug. This behavior indicates that the FUR ben-
zene ring containing the sulphonamide group was involved in the
interaction between FUR and MD, thus confirming the formation of
a supramolecular complex in solution.

Table 2
TH NMR chemical shifts corresponding to FUR free and in the presence of the binary
system FUR:MD.

Proton 802 Scb A8

H1 7.4993 7.5244 0.0251
H2 6.4476 6.4614 0.0138
H3 6.3999 6.3886 -0.0113
H5 4.5284 4.5441 0.0157
H7 7.0622 7.0057 —0.0565
H10 8.3943 8.4282 0.0339
a3 free.

b 3 complex.

¢ A§=6¢c —do.

3.3. Solid state characterization

3.3.1. Solid state NMR

The solid state 13C CP-MAS spectra for FUR I and II are shown
together with their NQS spectra in Fig. 2(a-d). The corresponding
carbon chemical shifts can be seen in the Supplementary data. The
assignments were made by taking into account the quaternary car-
bon edition spectra and by comparing with solution 13C NMR and
solid state spectra previously reported (Doherty & York, 1988). The
13C CP-MAS spectrum of MD (Fig. 2(e)) exhibited broad signals that
were assigned based on the solution NMR spectrum.

It was possible to identify the polymorphs I and II of FUR from
their 13C solid state spectra, due to several sharp resonances that
could be distinguished in each case. Consider, for example, the shift
of 1.4ppm in C12, a signal around 148 ppm in FURI, and 117.6 and
154 ppm in FUR L. Note that there are two resonances for some
carbons in FUR I (C6, C9, C10, C11), providing evidence of more
than one molecule in the unit cell. In contrast, the broad peaks in
the 13C spectrum of MD suggest an amorphous material with reso-
nances of 400 Hz wide. It is interesting to note that the signals in
the MD spectrum (inside the region between 58 and 107 ppm) are
separated from those of the FUR spectra (in the region between
105-176 ppm and 42 ppm).

Fig. 3 displays the 13C CP MAS spectra of the complexes KNI (a)
and KN II (b), the corresponding physical mixtures PM I (c) and PM
I1 (d), and the pure drugs FUR I (e) and FURII (f). Comparing the KNs
spectra with those of the corresponding PMs, it can be seen some
differences in the relative intensities of the broad signals found in
the region between 58 and 107 ppm. This fact indicates that the
KNs are new solid forms with an amorphous character. The pres-
ence of sharp signals in the region 105-176 ppm, in the chemical
shifts belonging to FUR, indicates that there is a certain amount

T T T T T T T

|
100
8:./ppm

f
180 160 140 120

Fig. 2. 13C CP-MAS spectra of (a) FUR I, (c) FUR Il and (e) MD. NQS spectra of: (b)
FUR I and (d) FUR II. The numbering corresponds to those in Fig 1.
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of pure drug without interacting to MD. On the other hand, the
amorphous character of the complexes prevented to observe the
corresponding part of FUR interacting to MD. Both complexes and
the PMs presented only signals of FUR I. Then a phase conversion
occurred from FUR II to I in the mixing process of preparation of KN
Il and PM II. Comparing KN I with KN II, the spectra look very sim-
ilar, nevertheless there are differences in the relative intensity of
the signals belonging to the range of 100-180 ppm, making them,
distinguishable spectra.

To obtain additional information on the interaction between
FUR polymorphs and MD, we measured continued relaxation time
experiments measuring 'H-T;. The spin diffusion process tends to
average the spin lattice relaxation times of the different protonsina
sample to a single value. This average is usually complete when pro-
tons belong to the same phase domain, whereas relaxation times
of different domains in heterogeneous samples can be averaged
or not, depending on the dimensions of the different domains.
This allows information to be obtained on the mixing degree of
the different domains on a 100 A scale (Geppi, Guccione, Mollica,
Pignatello, & Veracini, 2005).

To determine the 'H-T; values from the IR experiments in each
compound, the broad 'H spectrum was integrated. Then, the behav-
ior of TH magnetization as a function of the recovery time was fitted
using one or two relaxation times. Table 3 displays the values of T;
for all the compounds. The high crystallinities of FUR I and FUR II
led to very long values for T; (45.8 and 35.2s) in a very different
order of magnitude than MD. For the measurements of the PMs, two
relaxation times were obtained with values close to those belong-
ing to each pure component. One of these was very close to MD
TH-T;, with the other being similar to the FUR polymorph used to
prepare the physical mixture involved. In turn, the measurements
in the KNs gave two values of relaxation times, with the short T;
values (5s for KN I and 4s for KN II) being different to that cor-
responding to MD. This fact provides evidence of the presence of a
new solid form originating from the molecular interaction between
the corresponding FUR polymorph and MD, which can be identified
from its dynamical properties being different from its precursors.

2'3.5'

Table 3

TH-T; values obtained by fitting the experimental data of ' H magnetization vs recov-
ery time with one or two parameters for the relaxation times. Errors are within
7%.

Ty (s)
MD 2.26
FURI 45.8
FURI 35.2 10
FUR [:MD system
PM I 38.9 2.31
KNI 48.7 5.00
FUR II:MD system
PM II 27.4 2.36
KNI 31.4 4.00

Note that the long T; value in each case corresponded to a certain
amount of free FUR that remained in the complex, as was observed
spectroscopically.

3.3.2. FT-IR

In order to identify the individual polymorphic forms of
FUR, the characteristic FT-IR bands were examined (Fig. 4(a)),
with the main differences between the polymorphs being seen
in the 3400-3200cm~! and 1350-1100cm~! zones. The FT-IR
spectrum of FUR I was characterized by bands at: 3398 and
3284cm~! (sulphonamide NH stretch), 3352cm~! (secondary
amine NH stretch), and 1322cm~! and 1141 cm~! (S=O stretch),
while FUR II exhibited bands at: 3345 cm~! (secondary amine NH
stretch), 3251 cm~! (sulphonamide NH stretch), and 1337 cm™!
and 1169 cm~! (S=0 stretch). The observed spectral features agreed
with those reported previously (Doherty & York, 1988; Matsuda &
Tatsumi, 1990).

As shown in Fig. 4(b), in the FT-IR spectrum of KN I, the band
assigned to the S=0 stretch was shifted to the higher frequency
of 1148 cm~!. In addition, the bands corresponding to the C=0
(1671cm~1) and Cl (581 cm™!) vibrations were shifted to 1674
and 575 cm™!, respectively. From these events, we suggest that the

T 1T T

T E T
120 100 80 60 40 20

1T
180 160 140

../ppm

T T — T 1

| T T
180 160 140 120 100 80 60 40 20

8.3clppm

Fig. 3. 13C CP-MAS spectra of (a) KNI, (b) KN II, (¢) PM I, (d) PM II, (e) FUR I and (f) FUR II. The numbering has been included for visible signals in the spectra.
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a) FURI

e p—— T
3500 3300 1300 1100

b) FURI

1000 500
c) FUR I o
o

FURI

MD

KN Il

PM Il
r— AL

3500 3300 1500 1000 500

Wavemumbers (cm)

Fig.4. FT-IR spectra of (a) FUR polymorphs, (b) FURI:MD systems, and (¢) FUR II:MD
systems.

sulphonamide group and the aromatic ring interacted with the MD
in the solid state. The spectrum of PM I corresponded simply to the
superposition of the FT-IR spectra of the components.

For KN II, as well as for PM II (Fig. 4(c)), the FT-IR spectra cor-
responded to the superposition of the spectra of FUR I and MD,
suggesting that a polymorphic transformation could have occurred
by mechanical grinding during the preparation, as evidenced by
ssNMR.

3.3.3. DSCand TGA

The DSC and TGA profiles of FUR I and II, and of the systems KN
[, KN II, PM I and PM 11, are shown in Fig. 5.

The DSC profile of FUR I showed three transitions: a weak
endotherm at 136.8 °C, and a melting endotherm at 205.8 °C before
an exotherm at 220.8°C due to decomposition phenomena. In
addition, no mass loss was seen in the TGA curve over the range
130-140°C, indicating that the first endothermic event did not arise
from desolvation and may have been associated with a polymor-
phic transformation at a temperature above 130°C. The DSC profile
of FUR Il showed three transitions: an endotherm at 213.3 °C due to
drug melting, and two exotherms at 215.9 and 218.1 °C attributed
to the decomposition of the drug. The melting endotherms were
very small for the FUR polymorphs because the compound decom-
posed at its melting temperature and the exotherm heat evolution
dominated the profile. The TGA curves showed mass losses of up
to 200°C, which corresponded to the decomposition of the FUR
polymorphs.

A
2
a
3
z T ———
o b
o \\_\_)/,—’———-\_
& s )
£ \C_
* 2 d T V/
—
-
-4 r v -
w“]25 75 125 175 2N2w5n‘_‘:[L S
Temperature ('C)
B 41

Heat Flow (W/g)

25 75 125 175 225
Temperature ("C) :

80

Weight (%)

40

20 . . . . . . . . . . .
50 100 150 200 250 300 } ’_\'_!_‘39_
Temperature (‘C)

Fig. 5. DSC (A, B) and TGA (C) curves of (a) FUR, (b) MD, (c) KN I, (d) PM [, (e) FUR
1L, (f) KN 11, and (g) PM IL.

Comparison of the DSC curves of both systems prepared by
KN with those obtained by PM confirmed an interaction between
the components. The DCS curve of the KN systems showed the
complete disappearance of the FUR thermal events, indicating
molecular interaction of the drug with the MD. Interestingly, in
the PM the characteristic events observed for the individual com-
ponents were found.

3.34. SEM

Supporting evidence for the complexation of FUR polymorphs I
and II with MD was also obtained from SEM, with Fig. 6 showing
the distinct morphological differences between the samples.

FUR I gave rise to the largest crystals, which appeared as hexag-
onal tubular crystals, whereas FUR II resulted in fine prisms with
small elongations. The MD consisted of hollow spherical entities,
with large particles containing smaller particles inside.

The images of KN I and KN II revealed a less ordered structure
with compactand irregular arrangements. The original morphology
of the raw materials disappeared, with it being impossible to dif-
ferentiate between the two components. The drastic change in the
particle shape and aspect of the solids obtained by KN was evidence
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30 um

Fig. 6. Scanning electron microphotographs of (a) FUR I, (b) FURII, (¢) MD, (d) KN I, (e) PM [, (f) KN II, and (g) PM II.

of solid-state interactions and may indicate the presence of new
solid phases. In contrast, SEM images of the PMs showed similar-
ities with the components, revealing an absence of interactions in
these solid systems.

3.3.5. XPRD

The XPRD patterns of the raw materials and the binary systems
are shown in Fig. 7(a). The diffraction patterns of the FUR poly-
morphs I and II exhibited clear differences in terms of a series of
intense and sharp peaks, confirming that they were different crystal
forms. These results are in agreement with those reported previ-
ously (De Villiers et al., 1992; Matsuda & Tatsumi, 1990). In addition,
the MD showed a hollow pattern, revealing its amorphous state.

The diffraction patterns corresponding to KN I and KN I showed
a decrease in the degree of crystallinity. However, it was not

possible to differentiate between systems I and II. Presumably, a
phase conversion had occurred when the mixture of raw compo-
nents was subjected to grinding in a mortar-pestle. On the other
hand, the diffractograms of the PMs demonstrated the superimpo-
sition of the characteristic peaks of the FUR polymorphs and MD,
although at a lower intensity due to dilution of the raw materi-
als. These results correlated well with those of the FT-IR, thermal
analysis and SEM studies.

3.4. Dissolution study

Fig. 7(b) displays the dissolution profiles of free FUR polymorphs
I and II, and of the systems KN I, KN II, PM I and PM II. It can be seen
that the dissolution behavior of KN I and II and the corresponding
PMs displayed more dissolved drug and a faster dissolution rate,
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Fig. 7. (A) Powder X-ray diffraction patterns of (a) FUR I, (b) FURI, (c) MD, (d) KN I, (e) KN II, (f) PM 1, and (g) PM II. (B) Dissolution profiles in simulated gastric fluid of
suitable quantities of each powder containing 50 mg of drug: FUR I (@), FURO 11 (v), KN I (M), PM I (¢), KN 11 (o) and PM II (O).

compared to the free polymorphs. Therefore some differences may
have existed in the bioavailability of the two polymorphs.

It is interesting to note that KN I and II exhibited the great-
est dissolution (although with similar dissolution curves), with KN
I displaying a faster dissolution rate than KN I. This difference
can be based on the FUR II behavior which showed the highest
solubility in the phase solubility analysis, demonstrating the char-
acteristic solid form obtained for each system, as evidenced by 13C
CP-MAS spectra and the 'H-T; measurements. Our results indi-
cated that the increase in drug solubility, resulting of the formation
of supramolecular complexes, significantly favored the dissolution
in simulated gastric fluid. The driving forces responsible for com-
plex formation include electrostatic interactions, van der Waals
contributions, hydrogen bonding, release of conformational strain
and charge-transfer interactions. The increase in the amounts of
drug dissolved allowed to suggest that there were interactions
between each FUR polymorph and MD in the KN systems.

This performance is a bio-relevant fact since FUR is a drug clas-
sified into Class IV of the Biopharmaceutical Classification System
(Granero et al., 2010). When used orally it is mainly absorbed
from the stomach, and then the low solubility of the drug in this
medium is the rate-determining step for its absorption. Consider-
ing that the dissolution characteristics are an important parameter
to ensure the bioavailability of a drug product, these supramolec-
ular complexes obtained by KN can be regarded as pharmaceutical
alternatives to FUR, and may be a good method to develop more
dose-efficient formulations.

The profiles of the PMs within the experimental conditions of
the test demonstrated an increased dissolution rate in comparison
to the free polymorphs. More specifically, significant differences
in the dissolution properties between the two polymorphic forms
became evident from the PMs, which reflected energetically dis-
similar crystal forms. Despite the slower dissolution rate in relation
to the KN systems, the PMs exhibited the most discriminating con-
dition between the FUR forms I and Il in simulated gastric fluid. In
addition, the extent and rate of dissolution revealed that interac-
tions between each FUR polymorph and MD may also be possible.

4. Conclusions

Our results confirm the formation of supramolecular complexes
between FUR and MD, in solution and in solid state. The new com-
plexes were characterized exhaustively using solubility studies,
and the NMR, FT-IR, DSC, TGA, SEM and XRPD techniques. Based on
these experiments, we can postulate that the complexes are new

solid forms. Although it was difficult to spectroscopically charac-
terize the new complexes in the solid state, probably due to the
amorphous character of the MD and the KNs, the 'H-T; relaxation
NMR studies, DSC, TGA and SEM were decisive to be able to confirm
the existence of the new solid forms.

The strategy based on the interaction between FUR and MD was
demonstrated to have a positive effect on drug dissolution. This is
encouraging, because the formation of the new complexes between
the FUR polymorphs and MD might be of future use at on indus-
trial scale for pharmaceutical formulations. Taking into account
that FUR is incompletely absorbed after oral administration, the
FUR:MD complexes provide an interesting alternative that is poten-
tially useful for the preparation of pharmaceutical dosage products
with a resultant positive impact on the oral bioavailability of FUR.
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