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A B S T R A C T

Polysaccharides-based delivery systems and interpolyelectrolyte complexes (IPECs) are interesting alternatives
to control the release of drugs, thereby improving therapies. Benznidazole (BZ) is the selected drug for Chagas
disease pharmacotherapy. However, its side effects limit its efficacy and safety. We developed novel multi-
particulated BZ-loaded IPECs based on chitosan and alginic acid, and investigated their physicochemical and
pharmacotechnical properties. IPECs were obtained using the casting solvent method, followed by wet granu-
lation. They presented ionic interaction between the biopolymers, revealed that free BZ was uniformly dis-
tributed and showed adequate flow properties for hard gelatin-capsule formulation. The multiparticles exhibited
mucoadhesion properties and revealed modulation of BZ release, depending on the release media, in accordance
with the fluid uptake. The IPECs developed possess interesting properties that are promising for the design of
novel alternatives to improve Chagas disease pharmacotherapy, which would diminish BZ’s adverse effects and/
or allow a reduction in the frequency of BZ administration.

1. Introduction

Chagas disease, caused by Trypanosoma cruzi, has become a serious
global health problem that has spread to non-endemic countries (Cencig
et al., 2012; Rassi et al., 2012; Rassi et al., 2010). To date, the efficacy
and safety of Chagas disease pharmacotherapy is still unsatisfactory
(García et al., 2016), and is mainly based on two drugs developed five
decades ago, benznidazole (BZ; Radanil®, La Roche and Abarax®, Elea,
Arg.) and nifurtimox (NFX; Lampit®, Bayer) (Bellera et al., 2015).
Pharmacotherapy with these drugs is characterized by poor com-
pliance, especially in adult patients, due to the high dose and long-term
treatment, frequent undesirable side effects, and biochemical damage
to mammalian tissues (Davies et al., 2014). However, it has been pro-
posed that BZ is better tolerated than NFX (Rassi et al., 2010; Rojo
et al., 2014).

The field of pharmaceutical technology designs novel strategies that
contribute to the development of new controlled drug release systems
and/or new formulations for existing approved drugs (Bermudez et al.,
2016; Chatelain and Ioset, 2011). They can be used to improve many
negative aspects of the current pharmacological treatment of Chagas
disease. The rationale for developing delivery systems includes ex-
tending the duration of action of the drug, reducing the frequency of
dosing, and improving therapeutic efficacy by providing a constant

drug level, thereby overcoming adverse side effects (Pagels and
Prud'homme, 2015). Even when several BZ delivery systems have been
described, many of which are based on the use of polysaccharides, in-
cluding cyclodextrins complexes (de Melo et al., 2016; Leonardi et al.,
2013; Soares-Sobrinho et al., 2012), microparticles of chitosan
(Leonardi et al., 2009), solid dispersions of low-substituted hydro-
xypropyl cellulose (Fonseca-Berzal et al., 2015; Palmeiro-Roldán et al.,
2014), oil/water emulsions (Streck et al., 2014), liposomal formulations
(Morilla et al., 2002; Morilla et al., 2004), and BZ microcrystals
(Leonardi et al., 2009; Maximiano et al., 2011); the use of inter-
polyelectrolyte complexes (IPECs) has been poorly explored.

Polyelectrolytes (PE) are charged polyelectrolytes that can interact
electrostatically in aqueous media to form soluble or insoluble IPECs.
This approach has received much attention in recent years (Bani-Jaber
et al., 2011; Moustafine et al., 2011; Obeidat et al., 2008; Prado et al.,
2008). IPECs are capable of more sustained drug release than single
biopolymers (Bani-Jaberm et al., 2011; Jeganathan and Prakya, 2015),
and they have been used in a large variety of pharmaceutical applica-
tions (AlHusban et al., 2011; Auriemma et al., 2013; Dey et al., 2008;
Pan et al., 2010; Severino et al., 2012). Among the research on the use
of IPECs for controlled drug release, the following systems have been
emphasized: Eudragit® E100-sodium alginate (Moustafine et al., 2005),
Chitosan (CH)-Eudragit® L100 (Moustafine et al., 2008), and Eudragit®
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EPO-Kappa carrageenan (Prado et al., 2008), and they are demon-
strated interesting properties for use as drug delivery systems, which
can be explored for controlled BZ delivery.

In particular, CH is a natural polysaccharide derivative of chitin that
has been studied for several purposes in the biomedical field (Thakur
and Thakur, 2014; Zargar et al., 2015). CH-based materials have re-
ceived attention because of their unique properties, namely biode-
gradability, biocompatibility, non-toxicity, and antibacterial activity
(Ahmed and Aljaeid, 2016; Kong et al., 2010; Raafat and Sahl, 2009).
Alginic acid (AA) is another polyelectrolyte with potential; it is a
naturally occurring hydrophilic colloidal polysaccharide consisting
mainly of residues of D-mannuronic acid and L-glucuronic acid, ob-
tained from various species of brown seaweed (Karbassi et al., 2014).
This biopolymer is an effective polyanion and is readily associable with
many molecules through ionic interactions or covalent bonds (Ramirez-
Rigo et al., 2006). The combination of CH and alginate has been re-
ported for several purposes (Algul et al., 2015; Jabeen et al., 2016; Kim
et al., 2015; Lacerda et al., 2014; Nista et al., 2015; Wang et al., 2014);
however, information on the ionic interaction between CH and AA is
still very limited, and there are no reports related to the use of these as
carriers of BZ.

Considering the advantageous properties that IPECs exhibit, we
hypothesize that these kinds of systems formulated as multiparticles
would be promising carriers of BZ, which could improve the treatment
of Chagas disease. As it is well known that multipaticulated systems
offer numerous advantages over single-unit dosage forms, such as re-
duced risk of systemic toxicity, low risk of dose dumping, more uniform
and reliable gastrointestinal transit, due to their multiplicity and small
sizes, in which each particle can be considered a true drug delivery
system (AlHusban et al., 2011; Auriemma et al., 2013; Dey et al., 2008;
Pan et al., 2010; Severino et al., 2012). Moreover, controlled BZ release
would reduce its adverse effects by avoiding high plasmatic BZ con-
centration and would allow a reduction in its frequency of adminis-
tration. In addition, BZ is poorly soluble in water (García et al., 2015)
which may have a direct impact on its oral bioavailability (Sá-Barreto
et al., 2013). Thus, the development of novel biocompatible materials
capable of overcoming the undesirable properties of BZ would therefore
be useful in the preparation of oral solid formulations, with simple and
low-cost manufacturing processes. These could provide an interesting
approach for the development of new effective and safe forms of BZ
dosage.

In this context, the goal of this work was to develop novel multi-
particulated IPECs, based on polysaccharides (CH and AA), as carriers
of BZ, and to investigate their pharmacotechnical properties for oral
administration. Moreover, the physicochemical characterizations to
evaluate the polymer-polymer and polymer-drug interactions were
studied.

2. Materials and methods

2.1. Materials: drug, biopolymers and reagents

The benznidazole (BZ) was extracted and purified from commer-
cially available tablets (Radanil®, Roche, Argentine), as reported in a
previous work (García et al., 2016). Briefly, 100 tablets were crushed;
the powder was transferred into a glass container and dispersed with
2mL of ethanol per tablet under controlled heating (40–45 °C) and
constant stirring for 30min. Then, the dispersion was filtered and the
remaining solid was discarded. BZ was recrystallized by the addition of
200mL of cold distilled water under an ice bath condition. The solid
was dried in an oven at 45 °C until constant weight and it was stored at
room temperature in well-closed light resistant glass containers. The
solid BZ was obtained with yield of 87 ± 2%. The analysis by Fourier
transform infrared spectroscopy (FT-IR) showed the characteristics
absorption bands of BZ and the differential scanning calorimetry (DSC)
curves demonstrated narrow melting temperature range at

190.2–191.2 °C (Figs. 3 and 4, respectively). The quantification of BZ
assayed by high-performance liquid chromatography with UV–visible
detection exhibited 99.2 ± 0.5%p/p of BZ in the solid obtained, en-
suring its quality as an active pharmaceutical ingredient. These results
agree with an acceptable purity of BZ according to Pharmacopoeia
specifications (World Health Organization, 2015).

Two polysaccharides: alginic acid (AA) from Macrocystis pyrifera
(PA grade, Sigma Aldrich®) and chitosan (CH) (PA grade, Sigma
Aldrich®) were used. The proportions of ionizable groups of these
polyelectrolytes were determined by potentiometric titration and the
equivalents of amino or carboxylic groups, expressed as mmol g−1 of
polyelectrolytes (PE) were 5.11 and 4.40, respectively.

The following reagents: potassium phosphate monobasic (KH2PO4,

PA grade, Anedra®),) and potassium phosphate dibasic (K2HPO4, PA
grade, Anedra®), sodium chloride (NaCl, PA grade, Parafarm®), abso-
lute ethanol (CH3CH2OH), 1 N sodium hydroxide (NaOH) and hydrogen
chloride (HCl) solutions (Anedra®) were used as purchased without
further purification.

Physiological solution (sodium chloride 0.9% w/v), simulated gas-
tric solution without pepsin (SGS, to represent gastric pH in the fasted
state), and phosphate buffer pH 6.8 (to represent intestinal pH), were
prepared according to United States Pharmacopoeia (USP) specifica-
tions, using analytical grade reagents.

All experiments were carried out with distilled and purified water.

2.2. Preparation of polysaccharides-based interpolyelectrolyte complexes
loaded with benznidazole

Two types of interpolyelectrolyte complexes (IPECs) were prepared,
one of them obtained in water and the other in hydroalcoholic mixture
as interaction media. The addition of AA was in stoichiometric pro-
portions to neutralize all ionizable groups of CH. The BZ was in-
corporated in a ratio of 1:1 w/w respect to the total amount of IPEC.

To obtain the solid state of these systems the casting solvent method
was employed. The solids of the two PE and BZ were put in contact in a
mortar and the interaction medium was added in small aliquots. Water
and hydroalcoholic mixture (1:1 H2O: CH3CH2OH) were used as in-
teraction media. With the addition of the interaction medium a semi-
solid paste was formed, which was subjected to a mixing process during
10min and left overnight at room temperature. The volume of media
employed was 1.7 ± 0.2 and 1.5 ± 0.1mL/g of solid, for water and
hydroalcoholic medium, respectively. After 24 h, the material was dried
at room temperature until the constant weight was achieved, monitored
by mass determination on an analytical balance. It was considered
constant when three successive determinations presented a mass var-
iation less than 5%. The maximum time required to dry the IPECs was
in average 72 h, which depends on the amount of solid to be processed.
Once dry, the solid materials were milled and passed through 210 and
400 μm size pores of mesh sieves.

Finally, the systems based on BZ-loaded IPEC were obtained, both in
water (subscript w) and in hydroalcoholic medium (subscript h),
namely CH-AA-BZw y CH-AA-BZh.

Physical mixtures (PM) with composition equivalents to the IPEC
were prepared by a simple mixing of the powders in a mortar of the two
polysaccharides and BZ.

2.3. Solid processing to obtain multiparticulated benznidazole-loaded
interpolyelectrolyte complexes

After sieving the solids obtained were processed to obtain the
multiparticulated BZ-loaded IPECs. The wet granulation process was
made as follow: each solid complex was placed in the mortar and it was
moistened with 39 ± 2% of water respect to the total amount of solid.
No additional binder agents were added. Only water was used as wet-
ting agent. Then, the mass was manually extruded using a Teflon spa-
tula through an 850–1000 µm metal mesh and the multiparticles
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obtained were dried to constant weight in an oven at 40 °C.
The multiparticles were classified according to their particle size

based on the analytical sieves used (mesh sieves: 1000–850 µm,
850–600 µm and ≤600 µm). The total amount of each fraction col-
lected was summed and compared to the initial amount of solid used to
obtain the IPEC, and the yield was determined. Also, the yield of each
fraction collected was analyzed respect to the total amount of each
multiparticulated system.

The different fractions collected (1000–850 µm, 850–600 µm and
≤600 µm) were packing in light-resistant glass containers for further
characterization.

2.4. Yield

The multiparticles obtained were classified according to their par-
ticle size based on the sieves used. The total amount of each fraction
collected as summed and compared to the initial amount of solid used
to obtain the IPEC, and the yield was determined. Also, the yield of each
fraction collected was analyzed respect to the total amount of each
multiparticle.

Physicochemical and pharmacotechnical characterization were de-
termined mainly from multiparticles with sizes in the range of
1000–850 µm, except to the comparison of release profiles of multi-
particulated IPECs with different particle sizes.

2.5. Physicochemical characterization of benznidazole-loaded
interpolyelectrolyte complexes

Solid products IPEC, CH, AA, BZ and its PM, were characterized
through confocal microscopy, powder X-ray diffraction (PXRD), Fourier
transform infrared spectroscopy (FT-IR) and thermal analysis.

Both IPECs were analyzed using a confocal reflection microscope
(LEXT OLS4000 3D Confocal Laser Microscope, Olympus®, Latin
America). Specific software (Lext OLS 4000 version 3.1.1v, Olympus
Corp) was used to take and process the images. Samples were prepared
by carefully placing the solid material on a slide. Images were obtained
with an increase of 408X.

The PXRD patterns were acquired at room temperature on an X-ray
diffractometer (PANalytical® X'Pert Pro, Holland) using Cu Ka radiation
(λ=1.5418 Å, tube operated at 40 kV, 100mA). Data were collected
over an angular range from 5 to 90° 2θ/θ in continuous scan mode, with
a step size of 0.02° 2θ and a time counting of 5 s per step. The obtained
diffractograms were analyzed by an X'Pert data viewer (PANanalytical,
Holland).

FT-IR spectra were acquired on an infrared microscope (Nicolet
iN10, Thermo Scientific®, USA). The samples were dried under vacuum
for 2 h before the determination. Samples were scanned from 4000 to
400 cm−1 and the recording conditions were resolution, 8.0; sample
scan, 40. The spectra were obtained, processed and analyzed using the
program EZ OMNIC ESP 5.1.

Thermal behavior was evaluated by differential scanning calori-
metry (DSC) and thermogravimetric analysis (TGA) in a TA®-instru-
ment, Discovery series equipped with a data station (Trios® software,
v4.1.1, TA Instruments). DSC was performed on samples (0.9–1.7 mg)
heated in non-hermetic aluminum pans with a pine hole, using heating
ramp of 10 °C/min from 15 to 200 °C, under N2 flux (50mLmin−1).
TGA was performed on samples (approximately 2mg) placed in open
aluminum pans and heated from room temperature to 300 °C under the
conditions used in DSC analysis.

2.6. Pharmacotechnical assays benznidazole-loaded multiparticulated
interpolyelectrolyte complexes

2.6.1. Flow properties of particles
The flow properties of the multiparticulated IPECs were determined

in order to select the solids with better flowability for further studies.

The angle of repose (α) was determined according to Eq. (1).

=tg α h
r

( ) (1)

where h and r were height and base radius of the cone formed by the
particles, respectively (Pérez et al., 2006). The bulk and tapped den-
sities (δbulk and δtap, respectively) were measured in a 10-mL graduated
cylinder. A known weight of particles (approximately 1 g) was in-
troduced into the cylinder and the initial volume was recorded. Then, it
was manually tapped (approximately 100 times) until a constant vo-
lume was reached, and the final volume was recorded. The δbulk was
calculated as the ratio between the particles weight (g) and the initial
volume (mL) and the δtap as the ratio between the particles weight (g)
and the final volume (mL). From these results, the Carr’s Index (CI %)
and Hausner’s ratio (HR) were calculated according to Eqs. (2) and (3),
respectively, which are parameters to determine the flow properties of
solids (Vila Jato, 1997)

=
−

×CI
δ δ

δ
% 100tap bulk

tap (2)

=
δ
δ

HR
tap

bulk (3)

All of these determinations were made using the methods described
in the European Pharmacopoeia (Section 2.9.15–16) (European
Pharmacopoeia, 2017). These experiments were carried out six times;
mean values ± SD are reported.

2.6.2. Uptake measurements
Plastic cylinder containers (1 cm of diameter) loaded with 50mg of

CH-AA-BZw were subjected to water or SGS sorption (uptake) kinetics
using an Enslin’s apparatus as described by Nogami et al. (1969) at a
room-controlled temperature. The volume of liquid captured by ca-
pillarity at pre-established time intervals was measured. All assays were
performed in triplicate and the fluid uptake was expressed in mL.

2.7. Release of benznidazole from interpolyelectrolyte complexes

The BZ released from hard gelatin capsules (size 0) containing the
multiparticulated IPECs in proportion equivalent to 100mg of BZ was
evaluated. The release rate of BZ from them was measured in a rotating-
basket dissolution apparatus (Sotax®AT 7 Smart, Switzerland) at
100 rpm and 37.0 ± 0.5 °C using 900mL of degassed dissolution
medium for distilled water and physiological solution media and the
“A” method encoded at the United States Pharmacopoeia (U.S.
Pharmacopoeial Convention, 2015) to evaluate modified release dosage
forms, which involves the evaluation of the release of BZ in acid
medium for 2 h (HCl 0.1M, 250mL), followed by a simulated intestinal
solution without enzymes for 4 h (phosphate buffer to achieve a final
pH 6.8, 750mL) to simulate gastrointestinal tract conditions was em-
ployed. The basket apparatus was selected to avoid floating of the
capsules in the dissolution vessel. Standard baskets of 40# mesh size
were used. Before each sampling time, 10mL of medium was taken out
of the vessel, filtered through a Teflon® membrane (10 µm pore size)
and then returned to the vessel in order to saturate the filter. Finally,
samples of 5mL were taken at defined time intervals, filtered through a
Teflon® membrane and replaced with equivalent amounts of preheated
fresh medium. BZ released was spectrophotometrically determined at
324 nm (UV–Vis Evolution 300 spectrophotometer, Thermo Electron
Corporation, USA).

To evaluate the influence of the sizes particles in the release profiles
of BZ, all the fraction collected were analyzed for the CH-AA-BZw. The
release assays were performed according to “A” method encoded at the
United States Pharmacopoeia (U.S. Pharmacopoeial Convention, 2015).

The results are presented as the cumulative percentage of BZ re-
leased as a function of time. All of the experiments were conducted in
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triplicate; mean values ± SD are reported.
The mean release profiles obtained in water and physiological so-

lution were fitted according to following equations (Eqs. (4) and (5))
(Costa and Lobo, 2001; Siepmann and Peppas, 2001).

The Higuchi model describes drug release as a diffusion process
based in the Fick’s law. Eq. (4) is generally known as the simplified
Higuchi model:

= ×M
M

k tt
H

0

0.5
(4)

where “Mt” is the amount of drug permeated at time “t”, “M0” is the
initial amount of drug in the donor compartment and “kH” is a constant
reflecting structural and geometric characteristic of the device. In the
application of Eq. (4), an independent value, “b”, can be obtained,
which corresponds to the “burst effect” or lag time. From linear analysis
of the release profiles, plotting percentage of BZ release with respect to
the square root of time, kH was calculated and the correlation coeffi-
cients were determined (R2).

Eq. (5) proposed by Peppas allows the exponential drug release to
be related to the elapsed time; this can be used to characterize different
release mechanisms (Peppas, 1985):

= ×M
M

k tt
P

n

0 (5)

where “Mt”, “t”, “M0” and “kP” were described above, and n is the re-
lease exponent characterizing the diffusional mechanism. For a slab,
when n is 0.5, the fraction of drug released is proportional to the square
root of time and the drug release is pure diffusion controlled; when n is
1, drug release is swelling controlled (zero order release kinetics or
case-II transport). Values of n between 0.5 and 1 indicate anomalous
transport and a superposition of both phenomena. This equation is valid
in the release interval between 5 and 60% of the cumulated drug re-
leased. Plots of ln Mt/M0 versus ln t were drawn, n and kP values were
calculated from the slopes and intercepts of the lines, respectively.

The correlation coefficient values (R2) was used to compare the fit
of the profiles using these kinetic models.

In addition, the release profiles of BZ from the multiparticulated
IPECs were statistically compared using the similarity factor (f2, Eq.
(6)). According to this methodology, two profiles were considered si-
milar when the f2 value calculated between them was equal to or
greater than 50 (Costa and Lobo, 2001; Food and Drug Administration,
1997).
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−

f
n

R P50·log 1 1 ( ) ·100
t

n

t t2
1

2
0,5

(6)

Where log is the logarithm to base 10, n is the number of sampling
time points, ∑ is the summation of all time points and Rt and Pt are the
cumulative percentages of drugs released at each of the n time points of
the reference and test product, respectively

2.7.1. In vitro mucoadhesion assay
The bioadhesion assay was performed by the mucin particle method

(García et al., 2017; Takeuchi et al., 2005) in order to investigate mucin
interaction with the IPECs in comparison to their precursors for all (BZ
and biopolymers). In this study, pig gastric mucin was used. The mucin
was suspended in USP phosphate buffer solution pH 7.4 at a con-
centration of 0.1mgmL−1 and 3mL of this suspension was placed in
contact with (40 ± 2) mg of each solid at room temperature. After
incubation for 48 h, the zeta potentials of mucin suspension in the ab-
sence of solids, and mucin suspension in contact with all the solids
evaluated were measured in a Zetasizer Nano Series (Malvern®) and
change values of the mucin particles due to the presence of the IPECs,
BZ or biopolymers was an indication of mucoadhesion (García et al.,
2017).

2.7.2. Statistical analysis
Statistical significance of comparisons of mean values was assessed

by a two-tailed Student’s t-test and, two-way ANOVA followed by
Tukey’s post-test using GraphPad software. A p-value < 0.05 was
considered significant.

3. Results

The polysaccharides-based IPECs loaded with BZ were developed
using a two-step manufacturing process. First, the casting solvent
method was used to obtain BZ-loaded IPEC materials in solid state,
using two different interaction media, water or hydroalcoholic solvent.
In the second step, wet granulation of the IPEC materials was per-
formed, using water as the wetting agent, to obtain the multiparticles.
The mass recovery for multiparticulated products was determined by
weight of the dry particles with respect to the initial total amount of
solids used, and showed 94 ± 3% w/w of process yield. The wet
granulation process allowed us to obtain particles with different sizes.
The fractions collected (Retsch GmbH, 2017), presented as percentages
recovered, are shown in Table 1.

As can be seen in Table 1, the highest percentage of multiparticles
recovered was obtained in the fractions 850–1000 µm and 600–850 µm.

3.1. Physicochemical characterization of IPECs loaded with BZ

Fig. 1 shows images of the multiparticles from both BZ-loaded IPECs
(obtained in water and hydroalcohol mixture as interaction media, re-
presented in the left and the right of each image, respectively). The
macroscopic images of the multiparticles show that they appear as a
pale yellow color with a smooth or slightly porous surface.

The confocal reflection microscopy allowed observation of the su-
perficial microscopic morphological features of the smallest multi-
particles (≤600 µm fractions). As can be seen in Fig. 1, the multi-
particles based on CH-AA-BZ possess an irregular shape, rough surface,
and a heterogeneous coloration. In some regions, orange-brown dyes
were observed, while in others, the coloration was pale yellow; this
could be related to the natural polysaccharide biopolymers of the IPEC.
The interaction media influenced the surface characteristics of the
particles. When water was used to obtain the IPEC, BZ was more freely
present on the surface of the particles, which is evident by the increased
reflection due to its crystallinity. Also, when the interaction medium
was a hydroalcoholic mixture, the reflection was lower, which indicates
that a higher proportion of BZ was incorporated into the biopolymeric
matrix of the particulated system.

The PXRD of the IPECs, PE, BZ, and PM was performed. The PXRD
profiles of BZ are shown in Fig. 2. BZ raw material presented a dif-
fraction pattern revealing the characteristic peaks of the crystalline
form I of BZ at 19.5°, 23.8°, 24.6° and 25.6° 2ϴ/ϴ, in accordance with a
previous report (Honorato et al., 2014). As can be seen, the char-
acteristics peaks of BZ were also observed in the PXRD patterns of the
IPECs obtained in both interaction media; however, they show less
intensity than the PM, indicating that a proportion of BZ interact with
the polymer matrix and other proportion remains as free crystalline
drug even after application of the procedure to obtain the multi-
particulated IPECs. No noticeable differences were observed between
the PXRD patterns of the IPECs obtained in water and hydroalcoholic

Table 1
Percentages recovered for each fraction of sizes of multiparticulated inter-
polyelectrolyte complexes.

Sample Fraction collected (%)

1000–850 µm 850–600 µm ≤600 µm

CH-AA-BZw 33.82 37.12 29.06
CH-AA-BZh 67.87 22.36 9.77
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media.
The samples were analyzed by FT-IR and some differences in the

band patterns were observed. BZ displayed an amide II band in the
region of 1555–1536 cm−1, attributable to an interaction between the
N-H bending and the C-N stretching of the C-N-H group. A second,
weaker band near 1250 cm−1 also resulted from an interaction between
the N-H bending and C-N stretching. In addition, carbonyl stretching
vibration (amide I band) was observed at 1658 cm−1 (Fig. 3). The
characteristic bands of BZ were more defined in the spectra corre-
sponding to the PM than both IPECs characterized by different relative
intensity, corresponding to the carbonyls groups of BZ and biopolymers.
These different patterns observed between both IPEC could be related
to the formation of hydrogen bonds between carbonyl groups of the
biopolymers and amide groups of BZ. This interaction was less evident
in PM.

The spectra of CH-AA-BZ showed different patterns in the region
corresponding to the vibration bands of C]O and C–O bonds. Hydroxyl
groups of alcohols of CH and AA absorbed strongly at 3450 and
3360 cm−1, respectively (Fig. 3). These bands were shifted to a higher
frequency in the spectra of the IPECs, compared to the band patterns of
the PM. In addition, the C–O stretching bands of alcohols present in CH
and AA, which involve coupling with other vibrations within the mo-
lecule, appear between 1030 and 1080 cm−1. The relative intensity of
these bands was clearly different in the samples obtained from water
compared to those obtained in hydroalcoholic media (Fig. 3). These
findings could all be due to the formation of hydrogen bonds between
hydroxyl groups of the biopolymers and the carbonyl group of BZ,
which is observed in the two IPECs. The spectra of AA shows the
characteristic bands, and highlights the band corresponding to the
carbonyl group (C]O) stretching vibration at higher frequencies (ap-
prox. 1730 cm−1). This band was more intense in the two IPECs than in
the PM; this could be due to ionic interaction between the two PE.

Fig. 4 shows the DSC and TGA curves of each IPEC, their precursors
(AA, CH, BZ,), and the PM (CH-AA-BZ). DSC curves shown in Fig. 4A
correspond to a second heating run in which the moisture of samples
was previously eliminated by an isotherm at 100 °C for 10min.

The DSC curve of BZ presents an intense endothermic peak (onset:
190.4 °C, maximum peak: 191.2 °C) without mass loss in TGA, corre-
sponding to the melting point of the crystalline form. In the assay
conditions, neither moisture nor drug decomposition of BZ was

detectable. In assayed conditions, the events corresponding to glass
transition (Tg) of pure PE were not present, since reported Tg values for
AA and CH are ∼110 °C and ∼200 °C, respectively (Dong et al., 2004;
Sakurai et al., 2000). The DSC curve of the PM showed a similar en-
dothermic peak corresponding to the melting point of pure BZ.

In the DSC curves for both IPECs, the melting process of BZ showed
a small and wide endothermic peak which is substantially lower than
expected for the amount of BZ in the sample, followed by an exothermic
event above 195 °C, attributable to a decomposition process. In addi-
tion, a shift of baseline at 157 °C, which it is not present in the DSC
curve of PM, may be attributed to glass transition of CH-BZ-AA com-
plexes.

The TGA curves presented in Fig. 4B suggest that, under heating, AA
and CH initially underwent a dehydration process between 70 and
100 °C, with mass loss of 4–5%, followed by decomposition above
170 °C and 280 °C for AA and CH, respectively. The TGA curve of BZ
proved the anhydrous conditions of this crystalline drug, and only a
decomposition process above 210 °C was observed. Both IPECs and the
PM showed similar TG curves; however, both IPECs presented a higher
weight loss than PM, which could be attributable to a wet granulation
process.

3.2. Flow properties of BZ-loaded multiparticulated IPECs

Table 2 shows the flow properties of BZ and the multiparticles
corresponding to the highest fraction collected (850–1000 µm). As ex-
pected, the multiparticles demonstrated significantly improved flow
properties, compared to those of powdered pure BZ, which are ade-
quate for the production of monolithic solid dosage forms (capsules). In
fact, according to European Pharmacopeia scores, the Carr’s Index and
the Hausner’s ratio of BZ changed in the IPECs from very poor to ex-
cellent flow properties, and the angle of repose changed from poor to
acceptable (Staniforth, 2002) depending on the IPEC. There were no
observed differences between the IPEC obtained in water and that ob-
tained in hydroalcoholic mixture as the interaction media.

3.3. Fluid uptake by BZ-loaded IPECs

Water and SGS sorption were evaluated to assess the uptake of fluids
by the IPEC multiparticles obtained in water as the interaction medium.

Fig. 1. A) Images of the BZ-loaded IPEC obtained in water as the interaction medium. B) Images of the IPECs obtained using water (left images) and hydroalcoholic
mixture (right images) as the interaction media, obtained by confocal reflection microscopy (scale bar: 200 µm).
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An Enslin’s apparatus was used, which allows measurement of the vo-
lume of liquid captured by capillarity at pre-established time intervals.
Fig. 5A shows the water and SGS uptakes, respectively, at room tem-
perature, as a function of time (min). The water uptake of CH-AA-BZw
showed a very fast capture of 0.2mL of fluid (corresponding to 400%
w/w), followed of a linear sorption of water as a function of time. Si-
milar results were observed for the uptake of SGS, but in this case, the

initial amount of fluid uptake was 0.5mL (corresponding to 1000% w/
w). In assay conditions, the total amount of fluids captured for this
system over 180min was higher in SGS (1.2 mL) in comparison to water
(0.85 mL) (corresponding to 2400% and 1700% of incremental weight,
respectively).

The sorption rates of fluids determined from the linear regression of
the uptake profiles are presented in the legend of Fig. 5. These results
revealed that the linear regressions for the sorption profiles were ade-
quate, given that the R2 was higher than 0.97 in both profiles evaluated.

Fig. 5B shows the macroscopic aspect of the multiparticles of CH-
AA-BZw at 0, 90, and 180min during the assay of water uptake, cor-
responding to the initial condition, midpoint of the assay, and final
evaluation time, respectively. These images illustrate that most of the
particles contained in the hollow cylinder are wetted with SGS. CH-AA-
BZw developed a broad gel layer and exhibited remarkable swelling.
The particles had a similar appearance when the sorption medium was
water.

3.4. Drug release behavior of BZ-loaded IPECs

The BZ release behaviors from the IPECs were studied to evaluate
their performance as an oral drug delivery dosage form. Water and
saline solution were used as simple models of physiological fluids to
evaluate the main kinetic mechanisms involved in the release of BZ
from both IPEC. In addition, a specific pharmacopoeia method, to
evaluate modified release dosage forms, which simulates gastro-
intestinal tract conditions (gastric followed by intestinal environment)
was used. Fig. 6A shows the BZ release profiles from CH-AA-BZw to
water and physiological solution. A slow and extended release of BZ
towards both receptor media was observed. However, a massive release
of BZ during the first 30min, and important “burst” effects were present
in both release media; approximately 20 and 40% of BZ was released
during the first 5 min, in saline solution and water, respectively. In
assay conditions, after the first hour, both release profiles showed a
controlled and sustained release of BZ, and the drug loaded in the IPEC
was completely released in water after 6 h, while only 50% of BZ was
released toward saline solution at the same time point. Thus, the release
media influenced the release of BZ, and different release profiles from
each complex was obtained (f2=24.5).

Kinetic analysis of in vitro release data using Higuchi and Peppas
equations was performed in order to evaluate the main mechanism of
BZ transport through the biopolymeric matrix of the IPEC both toward
water and physiological solution. This data is summarized in Table 3.
The BZ release profiles of multiparticles from CH-AA-BZw, plotted as
Higuchi and Peppas model, in physiological solution, were found to be
linear for both models. Regression coefficient values (R2= 0.99) were
higher for physiological solution, compared to those obtained in water
(R2= 0.95). The BZ release from the CH-AA-BZw complex was char-
acterized by a diffusional process; the swelling of microparticles may be
the main mechanism of kinetics control in both assayed conditions.

Fig. 6B shows the release profiles of BZ from both IPEC, using a
specific pharmacopoeia method to evaluate modified release dosage
forms, which simulates gastrointestinal tract conditions. As can be seen,
for both IPECs, an initial “burst effect” for both IPECs, reaching up to
10% of BZ released in the first 5 min was observed. After that, the re-
lease of BZ was modulated; approximately 55 and 65% of BZ was re-
leased during the first 2 h (acid stage), from CH-AA-BZh and CH-AA-
BZw, respectively. The interaction medium (water or hydroalcoholic
mixture) used to obtain the IPECs did not influence the release of BZ,
and similar release profiles were obtained from both complexes
(f2=53.08).

Furthermore, the kinetic data for both the IPEC obtained in water
and the IPEC obtained in hydroalcoholic mixture was analyzed
(Table 3); only the simulated gastric environment was considered in
these analyses. The release data of BZ from CH-AA-BZh, plotted as Hi-
guchi and Peppas model, was found to be linear for each IPEC, which is

Fig. 2. Powder X-ray diffraction patterns of both the IPEC obtained in water
and the IPEC obtained in the hydroalcoholic mixture, their precursors, and the
physical mixture (PM CH-AA-BZ).
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supported by their regression coefficient values (R2= 0.98). The drug
transport mechanism of BZ from CH-AA-BZh was found to be anomalous
(non-Fickian) diffusion, as determined by an n value>0.45 and<0.89
(Costa and Lobo, 2001). However, from CH-AA-BZw, the release of BZ
showed a lower fit in the kinetic models evaluated, evidenced by low R2

values (0.94 and 0.88 for Higuchi and Peppas models, respectively). In
terms of R2 values, CH-AA-BZw had the best fit with the Higuchi release
model, in which drug diffusion across swelled particles would be the
preponderant mechanism of BZ delivery.

The analysis of the influence of particle sizes on the release profiles
of BZ was performed for CH-AA-BZh (Fig. 6C). The release rates of BZ
were slightly higher at lower particle sizes. In addition, the pH-sensitive
property of the IPEC toward the release media, assayed after 2 h, was
more evident at lower particle sizes. This finding is in accordance with
the anomalous kinetic behavior, in which both IPEC relaxation and
diffusion process take place.

3.5. In vitro mucoadhesion

The in vitro interaction of IPEC multiparticles, and their precursors,
with mucin was characterized by measuring the zeta potential of mucin
suspension under equilibrium conditions. Mucin in aqueous dispersion
was used as a control in this assay. Fig. 7 shows the zeta potential under
the different conditions evaluated. As can be seen, mucin possessed a

negative charge due to ionization of carboxyl groups, since environ-
mental pH was higher than its pKa (pKa of mucin= 2.6). In the pre-
sence of the IPECs, and their precursors, the zeta potential of mucin
changed to higher negative values (****p < 0.001 and **p < 0.01,
Fig. 7). Further, a significant difference (**p < 0.01) was observed
between the IPEC obtained in water (CH-AA-BZw) and the IPEC ob-
tained in hydroalcoholic mixture (CH-AA-BZh) as interaction media;
however, both of these IPECs were significantly different from pure
mucin.

4. Discussion

In this study, we provide new knowledge related to BZ-loaded
polysaccharides-based pharmaceutical technology approaches aimed to
improve Chagas disease pharmacotherapy. Specifically, we report on a
strategy involving mucoadhesive and biocompatible multiparticulated
systems for controlled BZ release.

The use of multiparticles for oral drug delivery offers numerous
advantages over single-unit dosage forms, namely multiplicity and
small sizes, more uniform and reliable gastrointestinal transit, low risk
of dose dumping, reduction in risk of systemic toxicity, and reduced
incidence of side effects (AlHusban et al., 2011; Auriemma et al., 2013;
Dey et al., 2008; Pan et al., 2010; Severino et al., 2012).

To study the polysaccharides-based systems that we developed, the

Fig. 3. FT-IR spectra of both the IPEC obtained in water and the IPEC obtained in hydroalcoholic mixture, their precursors, and the physical mixture (PM CH-AA-BZ).
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yields for obtaining the multiparticles of BZ-loaded IPECs, with respect
to the initial amount of solid (drug and biopolymers) employed, were
analyzed. Table 1 shows that yields higher than 91% were obtained for
all fractions collected. It is important to stress that the methodologies
employed (casting solvent and wet granulation) in order to obtain the
BZ-loaded IPEC multiparticles were simple and scalable to higher pro-
duction. Flow properties of particles were also evaluated (Table 2) and
these multiparticles were found to have better flow properties than pure
BZ. The Carr’s Index and the Hausner’s ratio were excellent, and the
angle of repose was good, indicating that both multiparticulated BZ-
loaded IPECs are adequate for producing monolithic solid dosage forms
(capsules) (Vila Jato, 1997).

The macroscopic observation of the polysaccharides-based BZ-

loaded IPEC multiparticles (Fig. 1A) showed that they are a pale yellow
color, in accordance with the intrinsic color of the biopolymers em-
ployed, and have a smooth or slightly porous surface. However, the
microscopic observation using confocal reflection microscopy (Fig. 1B)
showed that the BZ-loaded IPEC multiparticles possess irregular shapes,
rough surfaces, and a heterogeneous coloration, with some regions
presenting with orange-brown dyes were evident microscopically de-
spite macroscopic pale yellow observations. Further, the interaction
media influenced the surface characteristics of the multiparticles. The
IPEC obtained in water as interaction media showed a higher propor-
tion of crystalline BZ as acicular crystals on the surface of the particles,
while the IPEC obtained in hydroalcoholic medium had a smaller pro-
portion of free crystalline BZ. This could be attributed to a higher
proportion of BZ being incorporated into the biopolymeric matrix, fa-
cilitated by its higher solubility in hydroalcoholic mixture than water.
These results are in accordance with the PXRD obtained (Fig. 2). It has
been reported that binary polyelectrolyte-drug complexes obtained by
mixing a polyelectrolyte with an oppositely charged drug, in a con-
venient medium (water or ethanol) able to dissolve one or both com-
ponents, result in solid amorphous materials where the drug is ionically

Fig. 4. A) DSC and B) TGA curves of both IPECs (CH-AA-BZ), their precursors,
and their physical mixture (PM CH-AA-BZ).

Table 2
Flow properties of particles of BZ and BZ-loaded IPEC.

Sample Flow parameters

Bulk density (gmL−1) Tap density (g mL−1) Carr’s Index Hausner’s ratio Angle of repose (°)

BZ (powder) 0.11 ± 0.01 0.24 ± 0.02 54 ± 2 2.16 ± 0.03 52 ± 2
CH-AA-BZw 0.33 ± 0.01 0.33 ± 0.03 4 ± 1 1.04 ± 0.01 36 ± 1
CH-AA-BZh 0.35 ± 0.02 0.34 ± 0.03 3 ± 1 1.03 ± 0.01 37 ± 2

Note: Carr’s Index lower than 12% indicates excellent flow for particulated solids and angle of repose lower than 40° indicates acceptable flow properties (Staniforth,
2002).

Fig. 5. A) Uptake of water and SGS by 50mg BZ-loaded IPEC obtained in water
as the interaction medium. The sorption rates of water and SGS determined
from the linear regression of the uptake profiles for the IPEC multiparticles
were 3.47 ± 0.07 µLmin−1 with R2= 0.99 and 3.7 ± 0.1 µLmin−1 with
R2= 0.97, respectively. B) Images of the IPEC based on CH-AA-BZw at different
times of the assays of SGS uptake.
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bonded to the biopolymeric carrier (Olivera et al., 2017). Further,
IPECs loaded with different drugs have been found to exhibit an ab-
sence of significant signals in the PXRD, indicating that they have an
amorphous state (Moustafine, 2011; Moustafine et al., 2011; Palena
et al., 2015). In contrast, BZ-loaded IPECs presented with diffracto-
grams characteristic of crystalline materials, with sharp peaks observed
on PXRD (Fig. 2). This could be because BZ does not have ionizable
groups in its chemical structure that able to interact with the poly-
electrolytes; thus, BZ is molecularly dispersed in the biopolymeric
matrix (Huang and Dai, 2014) where the two polyelectrolytes can in-
teract ionically (Moustafine, 2011). Accordingly, evidence of acid-base
reactions between CH and AA were observed. Further, the band char-
acteristics of BZ were more defined in the spectra corresponding to the
PM than both the IPEC obtained in water and the IPEC obtained in
hydroalcoholic media (Fig. 3).

In line with these results, thermal analysis of both IPECs showed
that a proportion of BZ remains in a free crystalline form, showing a
broad endothermic peak and lower enthalpy at the melt temperature of
pure BZ. DSC curves for both IPECs showed a new shift in the baseline
at 159 °C that could be attributable to glass transition of CH-AA-BZ
complexes.

The applicability of novel biopolymeric matrices as drug carriers
can be determined by studying their swelling capacity in relevant
media, including those that imitate the passage through the gastro-
intestinal tract (Moustafine et al., 2011). We studied the water sorption
with a simple model and SGS to assess the uptake of fluids by the
multiparticulated complex CH-AA-BZw using an Enslin’s apparatus.
Notable differences were observed between the water and SGS uptakes
by the BZ-loaded IPEC (Fig. 5). The swelling properties of CH-AA-BZw
were remarkably higher in SGS compared to water. However, the
sorption rates in both swelling media, determined from the linear

regression of the uptake profiles, showed values of
0.00347 ± 0.00007mLmin−1 and 0.0037 ± 0.0001mLmin−1 for
water and SGS, respectively, which indicates that the initial fluid up-
take, approximately double in SGS in comparison to water, was the
main reason for the remarkable differences observed in the sorption
capacity of the multiparticles. There were no noticeable differences
observed in uptake rates. Related to that, it has been reported that the
permeability of a biopolymeric matrix in relation to a drug is strongly
dependent on its water content. The mobility of the macromolecules
increases at higher relative amounts of water and, thus, the free volume
available for diffusion is increased. Thus, the fluid uptake and the
consequent swelling of the multiparticles obtained is an important
parameter associated with the mechanism and kinetics of active release
(Lacerda et al., 2014). Our results suggest that the multiparticles un-
dergo pH-dependent fluid uptake (Fig. 5). A previous study has re-
ported that microparticles of alginate and CH at low pH exhibit swelling
due to protonation of the primary amino groups of the CH, and with
increasing pH, the swelling of the microparticles increases. In contrast,
our IPEC multiparticles exhibited higher uptake of SGS than water.
These differences can be attributed at the presence of electrolytes in the
solution, given that the swelling studies have been performed in SGS or
buffer phosphate solution at pH 6.8. However, our results also revealed
that IPEC multiparticles based on ionic complexes between CH and AA
act as a pH-dependent polyelectrolyte complex, where the amino and
carboxylate groups respond to stimuli from the environment in which
they are inserted (Lacerda et al., 2014).

The release of BZ from CH-AA-BZw towards water and physiological
solution allowed the study of the kinetic mechanisms involved in its
release. As can be seen, the release of BZ was modified (Fig. 6A) and
significant differences were observed in the release profiles obtained
toward water as compared to physiological solution as a receptor

Fig. 6. A) Release profiles of BZ from IPEC obtained in water as the interaction media, towards water and physiological solution. B) Release profiles of BZ in method
A-USP medium for both the IPEC obtained in water and the IPEC obtained in hydroalcoholic mixture as interaction media. C) Release profiles of BZ in method A-USP
medium from polysaccharides-based IPEC with different particles sizes (IPEC obtained in hydroalcoholic medium).
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medium (f2=24.5). Further, Fickian transport with a preponderant
release mechanism controlled by drug diffusion was observed (Table 3),
which is in agreement with the analysis using Higuchi and Peppas ki-
netic models (Costa and Lobo, 2001; Siepmann and Peppas, 2001).

Regarding the release of BZ from both multiparticulated IPECs to-
wards the fluids which simulate gastrointestinal tract conditions
(Fig. 6B), we observed a modulated release of BZ; up to 65% of BZ was
released in the gastric environment, and there was no influence of the
interaction media for obtaining the IPEC (f2=53.08). Furthermore, the
analysis of BZ release from CH-AA-BZw showed a poor plot (low cor-
relation coefficients). In terms of R2, the drug transport mechanism was
found to be Fickian diffusion, and in accordance with the swelling re-
sults, BZ diffusion across to swelled particles is the preponderant me-
chanism of kinetic control. However, BZ delivery from CH-AA-BZh
showed a shift in the kinetic control, and the release profile presented
anomalous behavior, in which BZ transport is determined by both drug
diffusion and IPEC relaxation in the dissolution medium (Costa and
Lobo, 2001; Siepmann and Peppas, 2001). In line with this result, the
amount of BZ released from CH-AA-BZh (Fig. 6C) was slightly higher at
lower particle sizes, which could be related to the gel layer erosion of
swelled particles. In addition, this system showed an increase in the pH-
sensitive property at lower particles sizes, which is also related to the
larger surface exposed for the erosion in the acid release media. The
anomalous kinetic behavior can be explained considering that besides
IPEC relaxation in the dissolution medium (Costa and Lobo, 2001;
Siepmann and Peppas, 2001), the diffusion process has great influence
in the drug release. If each particle is considered as a sphere, when the
particle size is decreased, the larger surface area of the particle allows
the increase in the surface area to volume ratio, thus increasing the
surface area in contact with the release media, which increases the
dissolution rate of the drug (Khadka et al., 2014).

Mucoadhesion is an important property because it provides many
advantages, which include increased residence time at application sites
(in this case, in the gastrointestinal tract), increased drug permeation,
and improved drug availability (Bassi da Silva et al., 2017). All of these
benefits allow improvement in the performance of the BZ-loaded IPECs.

Our results (Fig. 7) showed significant changes in the zeta potential
values which are evidence that interactions occur between the solids
and mucin; this reveals the bioadhesive properties of the multiparticles
of the BZ-loaded IPECs obtained in both interaction media (García
et al., 2017).

Considering the results as a whole, it is possible to establish that the
flow properties of the BZ-loaded IPECs obtained in both interaction
media showed suitable flowability features for hard gelatin-capsule
formulation. The multiparticulated BZ-loaded IPECs exhibited mu-
coadhesion properties, and the release profiles revealed modulation of
BZ release, depending on the release media, in accordance with the
fluid uptake. Thus, the BZ-loaded IPECs act as a reservoir for the drug,
and these systems can be used to design bioadhesive and controlled BZ
delivery systems.

5. Conclusions

Multiparticulated BZ-loaded IPECs were obtained and their physi-
cochemical and pharmacotechnical properties were evaluated. The
mucoadhesive behavior and controlled BZ release are encouraging
characteristics for the design of novel therapeutic alternatives to im-
prove the treatment of Chagas disease, which could diminish BZ ad-
verse effects and/or allow a reduction in the frequency of its adminis-
tration.
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Fig. 7. Interactions between mucin and the IPECs (CH-AA-BZw and CH-AA
-Bzh), and their precursors (CH, AA, and BZ), measured with dynamic light
scattering. Asterisks indicate a significant difference between the indicated
groups with respect to mucin (****p < 0.001 and **p < 0.01); the line denotes
a significant difference between the IPECs obtained in the different media.

Table 3
Kinetic data obtained from BZ release studies of both the IPEC obtained in water and the IPEC obtained in hydroalcoholic mixture toward the simulated gastric
environment (method A-USP), using Higuchi and Peppas equations.

IPEC Release media Higuchi Peppas

kH (%.h−0.5) b* (%) R2 kP (%.h−n) n R2

CH-AA-BZw Water 29.2 44.0 0.95 33.7 0.47 0.95
CH-AA-BZw Physiological solution 13.3 30.4 0.99 21.5 0.30 0.99
CH-AA-BZw Simulated gastric environment 29.4 0.0 0.94 46.7 0.53 0.88
CH-AA-BZh 21.0 13.2 0.98 32.9 0.58 0.98

* b: value corresponding to the intersection of the extrapolated line with the y axis.
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