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Abstract: Background/Objectives: Chagas disease is a neglected tropical disease caused
by infection with the parasite Trypanosoma cruzi. Benznidazole and nifurtimox are the
only approved drugs for treating this condition, but their low aqueous solubility may
lead to erratic bioavailability. This work aimed for the first time to formulate tablets
of nifurtimox by hot melt extrusion coupled with 3D printing as a strategy to increase
drug dissolution and the production of tablets with dosage on demand. Methods: Differ-
ent pharmaceutical-grade polymers were evaluated through film casting, and those with
promising nifurtimox amorphization capacity were further used to prepare filaments by hot
melt extrusion. The printability of the obtained filaments was tested, and the polyvinyl al-
cohol filament was further used for printing tablets containing 120 and 60 mg of nifurtimox.
Results: Three-dimensional tablets showed a remarkable improvement in the drug disso-
lution rate compared to commercial tablets and a dissolution efficiency 2.8 times higher.
In vivo studies were carried out on Swiss mice. Parasitemia curves of nifurtimox printed
tablets were significantly superior to the pure drug. Moreover, NFX 3D tablets provided a
similar Trypanosoma cruzi reduction in plasmatic concentration to benznidazole, the gold-
standard drug for acute-phase treatment of the Chagas disease. Conclusions: The findings
of this work showed that hot melt extrusion coupled with 3D printing is a promising alter-
native for increasing nifurtimox biopharmaceutical properties and an attractive approach
for personalized medicine.

Keywords: nifurtimox; film casting; hot melt extrusion; 3D printing; fused deposition
modeling; anti-T. cruzi activity

1. Introduction

Nifurtimox (NFX) is a nitrofuran antiprotozoal drug prescribed to treat Chagas dis-
ease, which is transmitted by the vector Trypanosoma cruzi and affects both animals and
humans. According to the Biopharmaceutical Classification System, NFX belongs to class
II, exhibiting a low aqueous solubility while presenting satisfactory membrane perme-
ability [1]. Controversially, this drug was also labeled as a class IV drug, indicating that
limited permeability could be another concern [2]. This drug’s commercially available
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dosage form is an immediate-release tablet (Lampit® 120 mg), which presents limited
absorption and erratic bioavailability. Clinical use indicates that this dosage should be
adjusted, particularly for pediatric patients who require 30 to 60 mg doses, as well as even
smaller doses [1-3]. Consequently, novel delivery systems are urgently needed to improve
their biopharmaceutical properties, providing a suitable treatment for Chagas disease.

Over the last few decades, hot melt extrusion (HME) has emerged as a promising
technology in the pharmaceutical field. It involves the mixture of a drug and a polymer at a
molecular level, affecting the crystalline state of the drug [4]. This increase in the amorphous
phase of drugs and a reduction in particle size have helped improve the aqueous solubility
of hydrophobic drugs [4-6].

The extrudate filaments obtained by HME are highly versatile and have multiple
pharmaceutical applications, such as the preparation of an amorphous solid dispersion
for solubility enhancement as granules or pellets, microencapsulation, taste masking, and
the preparation of films, implants, semisolid formulations, capsules, and tablets, among
others [6-9]. Recently, the use of HME filaments to feed three-dimensional (3D) printers
has been explored, allowing us to obtain tablets with diverse geometries and personalized
doses on demand [10-12]. In particular, the flexibility to produce customized doses of
medications using this approach can be promising for Chagas disease, where patients
exhibit a wide range with regard to age and weight, and part of the population may
be undernourished [13].

Among the dozens of 3D-printing technologies currently available, the extrusion-based
technique, particularly fused deposition modeling (FDM), is one of the most promising and
most studied in the pharmaceutical field [14-17]. Briefly, FDM is based on the deposition of
melted filament, where different layers bond with each other as they solidify after cooling,
producing the desired dosage form. The small-scale production of personalized medicines
can be achieved using industrially produced HME filaments in FDM 3D printers, enabling
dose optimization for each patient during follow-up medical appointments. Moreover, FDM
3D printing makes it possible to safely combine various drugs and drug delivery in the same
dosage form. Such an approach has been successfully applied with fluconazole, budesonide,
hydrochlorothiazide, prednisolone, and acetaminophen, obtaining a wide range of final
dosage forms, from controlled release to fast-release drug delivery systems [18-20].

During the HME process and the subsequent FDM 3D printing, the drug is ex-
posed to high temperatures. Therefore, drug candidates must demonstrate thermal
stability to ensure that no degradation will occur during the processing stages [21,22].
Recent studies have demonstrated that NFX is an excellent candidate for HME/FDM pro-
cesses, since it is highly prone to remaining amorphous after melting and cooling without
thermal degradation [7].

Thus, this work aimed to obtain, for the first time, NFX tablets by FDM 3D printing as
an alternative to commercial tablets, allowing for personalized drug dosages and improving
their bioavailability. For this purpose, several pharmaceutical polymers used in HME were
tested by the film-casting method. Then, the thermal compatibility of NFX with the selected
polymers was evaluated. Subsequently, NFX filaments were produced with compatible
materials by HME, and the printable filaments were used to produce tablets using FDM
3D printing in two different dosages, 60 and 120 mg. The HME filaments and 3D tablets
had their physicochemical properties evaluated, including their thermal and dissolution
profiles. Finally, the Anti-T. cruzi activity of these innovative tablets was tested by an
in vivo rodent model.
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2. Materials and Methods
2.1. Materials

NEX (purity 99.9%, lot 160209), benznidazole (N-benzyl-2-nitro-1-imidazolacetamide),
and Lampit® (120 mg, lot SVF1381, Bayer S.A., Leverkusen, Germany) were kindly donated
by Gador S.A. (Buenos Aires, Argentina) and Secretaria de Salud de la Nacion (Buenos Aires,
Argentina), respectively. Polyvinyl caprolactam—polyvinyl acetate-polyethylene glycol
graft copolymer (Soluplus®, BASF, Ludwigshafen, Germany, Lot 84414368EO), polyvinyl
alcohol (PVA, Parteck® MXP, Merck, Darmstadt, Germany, Lot: F215B464), 60:40 linear
random copolymer of N-vinyl-2-pyrrolidone and vinyl acetate (PVP/VA, Plasdone® $-630,
Ashland, Mumbai, Maharashtra, India, Lot 0002177615), hydroxypropyl methylcellulose
(HPMC, Affinisol®, Colorcon, Harleysville, PA, USA, Lot 1099015561), hydroxypropyl
cellulose (HPC, Klucel® ELF, Ashland, Lot 40915), copolymers of ethyl acrylate, and methyl
methacrylate with a low content of methacrylic acid ester with quaternary ammonium
groups (Eudragit® RLPO, Evonik, Essen, Germany, Lot 6170936626 and Eudragit® RSPO,
Evonik, Lot G0310398154) were donated. Triethyl citrate was obtained from Sigma-Aldrich
(TEC, St. Louis, MO, USA). All reagents used were analytical grade.

2.2. Film Casting

NFX miscibility with different pharmaceutical grade polymers commonly used in extru-
sion processes and available in the laboratory was evaluated following the method described
by Parikh et al., with modifications [23]. Briefly, NFX and polymer stock solutions were
prepared with an equal final concentration. NFX was dissolved in acetone (30 mg mL~! or
15 mg mL™1), and polymers (Soluplus®, PVP/VA, HPMC, HPC, Eudragit® RLPO,
Eudragit® RSPO) were dissolved in a 90 % v/v acetone solution in water to facilitate
polymer dissolution, reaching a final concentration of 30 mg mL~!. Due to solubility limita-
tions, PVA was prepared in a 60% v/v acetone solution in water, with a final concentration of
15 mg mL~!. Specific volumes of each stock solution were mixed and placed in aluminum
pans, reaching a final volume of 20 uL, to obtain the following NFX—polymer mass ratios:
20:80, 40:60, 50:50, 60:40, and 80:20. All samples were prepared and analyzed in duplicate.
As a control, 20 uL of NFX dissolved in acetone was placed in an aluminum pan. Samples
were kept at room temperature until they dried completely (around 24 h).

Differential scanning calorimetry (DSC) was performed in the range of 25 to 250 °C,
with a heating rate of 5 °C min~! under a N, atmosphere (50 mL min~!) in a DSC-60
(Shimadzu, Kyoto, Japan). An empty pan sealed with a cover was used as a reference
sample. The relative degree of crystallinity was calculated following Equation (1), where
AmH was the melting enthalpy change from each sample corrected by NFX content and
AmHNgx was the melting enthalpy change in pure NFX (considered 100% crystalline).

AnH

x 100 1
AwHnrx M

Degree of crystallinity (%) =

2.3. Thermal Compatibility

Binary equimass physical mixtures of NFX and selected polymers were prepared
(RSPO-pm, RLPO-pm, Soluplus-pm, PVP/VA-pm, and PVA-pm) and analyzed by thermo-
gravimetric analysis (TGA) to obtain information about the stability of the samples from
their decomposition profile. Samples were heated from 30 to 500 °C in platinum pans under
a N, atmosphere, with a heating rate of 10 °C min~! (DTG-60H, Shimadzu, Kyoto, Japan).

2.4. Preparation of NFX Filaments by Hot Melt Extrusion

Physical mixtures of NFX with the selected polymers and plasticizer were prepared
as described in Table 1. Mixtures were subjected to extrusion in a co-rotating conical
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twin-screw extruder (HAAKE MiniCTW, ThermoScientific, Waltham, MA, USA) operated
in open mode at 50 rpm, and temperatures were chosen based on the polymer. The
extruder was operated with a torque of 0.39 Nm, an extrusion speed of 1.74 g min~?!, and
a residence time of approximately 12 min. Filaments were ground and further sieved for
characterization purposes to obtain a particle size range between 150 and 250 pm.

Table 1. Description of physical mixtures prepared by HME.

Soluplus-Fil PVP/VA-Fil RSPO-Fil RLPO-Fil PVA-Fil
o ® 70% Eudragit® 70% Eudragit® 80% Parteck®
Composition 00 SOMPIUST 609, Plasdone® RSPO RLPO MXP
% (m/m) 10% TEC 40% NEX 20% NEX 20% NFX 10% NFX
10% TEC 10% TEC 10% TEC
HME 110 °C 110 °C 120 °C 120 °C 150 °C
parameters 50 rpm 50 rpm 50 rpm 50 rpm 50 rpm

2.5. D Printing of NFX Dosage Forms

PVA-fil was produced by coupling the extruder outlet to a filament puller to produce
filaments with a regular diameter of approximately 1.75 mm. These printable filaments
were used to fabricate tablets with 120 and 60 mg of NFX using an FDM 3D printer (Voolt 3D
model Gi3; Sao Paulo, Brazil). The templates were designed with Tinkercad® (Autodesk®
Inc., San Rafael, CA, USA). The chosen geometry was cylindrical, with X =Y = 16.5 mm
and Z = 6.5 mm for 120 mg tablets (PVA-3DP 120) and X =Y = 13 mm and Z = 5 mm for
60 mg tablets (PVA-3DP 60). All samples were printed with a needle with a diameter of
0.4 mm, using a 40 mm s~ ! printing speed and 60% infill percentage. The layer thickness
was set at 0.2 mm, and the tablets were printed using 33 layers. The printing temperature
was 190 °C, and the build plate was 70 °C.

2.6. Tablets Characterization

Printed tablets were weighted using an analytic balance (AUW220D, Shimadzu, Kyoto,
Japan), and their dimensions were measured using an electronic caliper. The results were
expressed as the mean of 10 units. Drug content was determined by high-performance
liquid chromatography (HPLC). Calibration curves were prepared in triplicate in the
2.5-20 ug mL~! range for NFX (r> = 0.999). Samples were analyzed by a Shimadzu
chromatograph (Kyoto, Japan), model LC 20-AD, equipped with a DAD detector (SPD-20A),
pump (LC-20D), degasser (DGU-20A3), automatic injector (model 9SIL-20AD), and oven
(model CTO-20AS). The stationary phase was a C18 reversed-phase column (Shimadzu,
150 x 4.5 mm, 5 um). The mobile phases consisted of 60% water and 40% acetonitrile
using a gradient flow of 0.6 mL min~! from 0.00 to 3.50 min and 0.5 mL min~! from 3.51 to
12.00 min. The wavelength used for detection was 402 nm. The analysis of raw data
and peak integrations were performed using the software LabSolutions v5 (Shimadzu,
Kyoto, Japan).

2.7. In Vitro Dissolution Assay

A dissolution assay was performed in HC1 0.1 N to emulate the oral administration,
with a bath temperature of 37 °C and a stirring speed of 75 rpm (299-8TS Ethik Technology,
Sao Paulo, Brazil). At predetermined intervals, an aliquot of the dissolution medium
(3 mL) was withdrawn and replaced by fresh medium pre-heated at 37 °C. Aliquots were
adequately diluted, and their absorbances were measured at 396 nm (UV-1800, Shimadzu,
Kyoto, Japan). NEX powder as supplied or the commercial tablet Lampit® 120 were
used as control. Assays were carried out in triplicate, and the results were expressed as
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mean =+ standard deviation. Dissolution efficiency (DE) was calculated using Equation (2),
where y is the percentage of dissolved product, and DE is the area under the dissolution
curve between t1 and t2 expressed as a percentage of the curve at maximum dissolution
y100, over the same period.

2
dt
pE— BV 0 @)
Y100 X (2 — )
2.8. In Vivo Anti-T. cruzi Activity Assay
2.8.1. Animals and Parasites

Swiss female mice, aged 6-8 weeks, were obtained from the Animal Science Center
at Universidade Federal de Ouro Preto. For the parasite, the Y strain of Trypanosoma cruzi,
classified as T. cruzi I, was used in this study, with the strains obtained from successive
passages in Swiss mice. The procedures adopted are under the ethical principles of animal
experimentation preestablished by the National Council for Control of Animal Experimen-
tation (CONCEA). This research was previously approved by the Ethics Committee on
Animal Research of UFOP-CEUA (protocol n® CEUA n°.2151070922).

2.8.2. Experimental Designs and Infection Procedure

Mice were randomly divided into eight groups of 6 individuals, resulting in 48 ani-
mals. Each animal was inoculated via intraperitoneal injection with 10° blood trypomastig-
ote forms of T cruzi. (Y strain). The 8 groups were divided according to the treatment:
(i) infected, untreated mice; (ii) infected mice treated with benznidazole at a dose of
100 mg kg~ !; (iii) infected mice treated with NFX at a dose of 25 mg kg ~!; (iv) infected mice
treated with NFX at a dose of 50 mg kg~!; (v) infected mice treated with NFX at a dose of
100 mg kg~!; (vi) infected mice treated with an NFX 3D-printed tablet at a dose of
25 mg kg’l ; (vii) infected mice treated with an NFX 3D-printed tablet at a dose of
50 mg kg~!; (viii) infected mice treated with an NFX 3D-printed tablet at a dose of
100 mg kg~!. Treatment began 72 h post infection and continued for 27 consecutive
days. Samples were administered orally (via gavage) in a volume of 0.1 mL, diluted in
water suspended in 0.05% w/v methyl cellulose in appropriate concentrations for each
dose. Parasitemia was monitored daily through an optical microscopy analysis of 5 pL
blood samples obtained from tail bleeding, according to Brener’s method [24]. The area
under the curve (AUC) was calculated to assess statistical differences. Additionally, daily
animal behavioral observations were also performed.

3. Results and Discussion
3.1. Film Casting

Film casting is a popular approach to evaluate the capacity of different polymers
to form a homogeneous phase with a drug after the complete evaporation of a common
solvent for both components [25]. The interactions between the drug and polymer can
strongly affect the crystallization behavior of the drug. Such interactions often inhibit
solid-state crystallization by physically preventing the drug molecules from organizing
into a crystal lattice [26]. In this context, such an effect on the crystalline fraction of the
drug can be investigated based on the enthalpy change associated with the drug melting
event [27,28]. Accordingly, polymers with different chemical structures and properties have
been evaluated, including polymers with high Tg which can retard the recrystallization
process from the amorphous state, increasing the stability [27].
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Almost all polymers promoted a slight shift in the NFX melting peak of around
1.0 °C to lower temperatures, indicating low interaction. Except for Soluplus®, which had a
2.5 °C shift at the 50:50 and 60:40 ratios, and Eudragit® RSPO, with a 5.0 °C shift at
50:50 ratio.

In Figure 1, differences in the miscibility of NFX can be observed for different ratios of
polymer used. For cellulose derivatives (HPMC and HPC), a homogenous dispersion of
NFX was achieved with higher amounts of polymer. However, in samples with drug ratios
of 50:50 or higher, a noticeable crystallization of the drug occurred, reaching around 40% of
crystallinity in the 80:20 ratio.

Different acrylate polymers were evaluated, considering the Eudragit® capacity to
inhibit the recrystallization of drugs in supersaturated solutions [29]. With Eudragit®
RSPO and Eudragit® RLPO, translucid films were obtained at a 20:80 ratio, with a com-
plete disappearance of the endothermic signal attributed to NFX melting, which could
indicate that 100% of NFX is in amorphous state. As the NFX ratio increased, some ag-
gregates started to be observed with increased crystallinity percentages, reaching 49.27%
and 47.21% for Eudragit® RLPO and Eudragit® RSPO, respectively. This capacity of both
Eudragit® variants to reduce the drug crystallinity has already been described for other
hydrophobic drugs [30,31].

With Soluplus® at 20:80, a translucid film was obtained that indicates the complete sol-
ubilization of NFX in the polymeric matrix. As the NFX proportion increased, films tended
to lose their translucent characteristic until the formation of different drug aggregates.
After 60:40, heterogeneities were formed in the recovered solid after solvent evaporation,
and at 80:20, multiple aggregations of NFX were observed. Soluplus® is an amphiphilic
polymer that is expected to exhibit great potential regarding the amorphization of dif-
ferent drugs by reducing their fluidity in the polymer matrix or by establishing multiple
hydrogen bonds [32,33].

Similar results were obtained with PVP/VA, but heterogeneities were visible as a
result of the 50:50 ratio. Carbonyl oxygen from the PVP/VA tends to form molecular
interactions with drugs containing hydrogen-bond donors [34]. This is not the case for NFX,
since its chemical structure presents several hydrogen-bond acceptor functional groups,
even though other possible weaker dipolar and dispersive interactions could occur.

PVA formed an opaque film at 20:80, with a drug crystallinity of 7.29%. Loss of homo-
geneity, with different degrees of aggregation, was obtained as the NFX ratio increased,
achieving the total recrystallization of NFX at an 80:20 ratio. NFX recrystallization could
have been induced by its low aqueous solubility and the water proportion used for dissolv-
ing PVA. Despite the experimental difficulty, PVA hydroxyls and hydrogen-bond acceptor
groups of NFX should potentially interact, especially in high polymer proportions, which
could inhibit drug self-association [35].

The higher drug amorphization values and better miscibility were used as selection
criteria. Hence, Eudragit® RSPO and Eudragit® RLPO, Soluplus®, and PVP/VA were
chosen for further evaluation. Although NFX tends to recrystallize with PVA during film
casting, as stated before, this could have been a consequence of the solvent mixture used
to dissolve the polymer rather than the drug-polymer interaction potential. Therefore,
considering its rapid aqueous dispersion and high-quality properties for 3D/FDM printing
with drugs, PVA was also added in the next phase of the study [36].
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NFX:Polymer
20:80 40:60 50:50

177.67 °C 179 26 °C 179 34 °C 179. 48 °C 179.18 °C
(7.29 %) (97.03 %) (92.36 %) (94.67 %) (100 %)

3 3 c & ? L e S8
178.72 °C 178.88 °C 179.08 °C
(1.71 %) (24.07 %) (37.93 %)

/
Soluplus® : :
176.77 °C 177.08 °C 179.26 °C
(1.92 %) (13.12 %) (26.60 %)

Eudragit® |

E100 ’ 177.86°C @ 178.35°C [ 178.60°C 178.44 °C
(1.15 %) (3.90 %) (16.79 %) (17.82 %)

Eudragit® R i ; '
RLPO 176.77 °C 177.08 °C 178.38 °C
(1.97 %) (12.59 %) (49.27 %)

AT
e
174.34°C
(11.77 %) . (47.21 %)

178.10 °C
(0.34 %)

178.07 °C 178.26 °C 178.28 °C 178.72 °C
(2.92 %) (16.14 %) (32.77 %) (40.43 %)

178.60 °C 178.60°Cc [ 178.80°C [ 178.90°C
(5.49 %) (16.78 %) (34.48 %) (38.40 %)

Figure 1. The film casting of pharmaceutical-grade polymers. Melting temperature peak and relative
degree of crystallinity of NFX, expressed in °C and as a percentage, respectively, are shown. Images
at 2x magnification. NA: not available.

3.2. Thermal Compatibility

NEFX, as supplied, presented a mass loss pattern similar to other nitrofuran deriva-
tives [37]. As seen in Figure 2, this drug exhibited a first intense decomposition step
between 283.1 °C and 291.4 °C with a 48.37% mass loss. In addition, a gradual mass loss
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of 16.39% occurred after 292 °C, reaching a total mass loss of 64.76%. These results are in
agreement with previously published results [7].

A B (&
( )0.000- ( )0_000. ( )0.000-
— - = i —0.001
_ 001 001 —W\/— -~
B z 20 —0.002
20—0.002 ©0—0.002 g’ ]
E E !
=
= —0.003 £ —0.003; & -0.0031
]
T —0.004 = —0.004- © —0.004
NFX NFX NFX
—0.0054 0005 —0.005{  PvA
0.005 —::::::::-Pm 0.005 _:z:x:_pm — PVApm
100 200 300 400 500 100 200 300 400 500 100 200 300 400 500
Temperature (°C) Temperature (°C) Temperature (°C)
(D) 0.0004 (E) 0.000+
—0.00I-W —0.0014
o &
- DA
on—0.002- o0 —0.002+
£ E
A N’
5 —0.0034 £ ~0.0031
E £
= —0.004 = —0.004
NFX NFX
—{ . RLPO — 4
0.005{ __REe 0.0051 __eroom
1 II)D 2&0 360 460 500 1 I‘)D Z(I]D 360 4(’]0 500
Temperature (°C) Temperature (°C)

Figure 2. The thermogravimetric analysis of the drug and polymer as supplied, and their respective
physical mixtures (pm) for thermal compatibility evaluation, namely (A) Soluplus-pm; (B) PVP/VA-
pm; (C) PVA-pm; (D) RLPO-pm; (E) RSPO-pm.

The TGA of Soluplus-pm showed a decomposition that occurs in two steps: the first
at 290.8 °C, with a mass loss of 43.81%, and another one at 401.4 °C, with a mass loss of
31.05% (Figure 2A). Similar mass loss profiles were obtained by Kulkarni et al. and Al-
Akayleh et al. with physical mixtures of morin hydrate and curcumin and Soluplus® [38,39].
PVP/VA-pm, in turn, showed a maximum decomposition at 296.6 °C, losing 68.79% of
its mass (Figure 2B). For PVA-pm, a total mass loss of 87.67% that occurred in two steps
was observed (Figure 2C). The initial mass loss was 17.33% between 157.4 °C and 159.5 °C,
followed by a more pronounced loss between 285.7 °C and 412.2 °C, relative to 70.34%.

Eudragit® polymers have shown promising results for 3D-printing solid dosage forms
due to their thermal stability [40]. As shown in Figure 2, both polymers presented a
decomposition profile in three steps. RLPO-pm had a smooth mass loss at 208.5 °C (13.21%)
and at 290.0 °C (24.97%) (Figure 2D). RSPO-pm showed a similar profile, with an initial
mass loss of 15.32% at 253.9 °C, and 22.29% at 299.9 °C (Figure 2E).

The expected decomposition profiles appear preserved in the mixtures with all the
polymers tested, especially the first degradation event, which corresponds to NFX and
is more relevant for the sample stability (Figure 2). Moreover, the initial decomposition
temperatures of each sample remained at the same level, showing that the drug—polymer
mixtures are compatible. Finally, the decomposition ranges of the mixtures are above
200 °C, which makes them suitable for the HME process and FDM 3D printing [41,42].

3.3. Preparation of Filaments Loaded with NFX

Temperature is a key factor for HME, since it needs to be high enough to reach an
appropriate viscosity that facilitates the mixture of the drug into the polymer matrix and its
flow through the equipment, but not too high, as that could lead to the thermal degradation
of the drug, or the cleavage of the polymer chain [43]. A plasticizer was added to the
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extrusion process to ensure its viability. The plasticizer selection for each polymer was
based on the available literature and previous tests carried out in our laboratory [19,44,45].

As seen in Figure 3, PVA-fil had a higher dissolution rate, dissolving more than 80% of
NEX within the first 20 min. In the same period, 60% was dissolved from RLPO-fil, while
26%, 21%, and 17% from Soluplus-fil, PVP/VA-fil, and RSPO-fil, respectively. These results
are quite impressive compared with the dissolution profile of NFX as supplied, in which
only 4% was dissolved at 20 min, reaching a maximum dissolution of around 30% after
120 min.

100

80| F1

*

60

NFX dissolved (%)

| T T T
0 50 100 150 200 250 300

Time (minutes)

—+— RLPO-fil -+ RSPO-fil —e Soluplus-fil
-8 PVA-fil —— PVP/VA-fil o= NFX

Figure 3. The in vitro dissolution profiles of filaments prepared by HME. Raw NFX was used as
control. Data are represented as the mean of n = 3.

Eudragit® RSPO and RLPO are polymers commonly used for retarded release [46].
The difference between both is related to the higher permeability of Eudragit® RLPO
compared to Eudragit® RSPO, which could allow RLPO-fil to swell faster than RSPO-fil,
therefore facilitating the diffusion of NFX from the matrix [47]. The release mechanism
in the PVA matrix also involves swelling-dependent diffusion, but PVA-fil showed a fast
release profile [48]. In contrast, Soluplus-fil and PVP/VA-fil showed a slower release
rate, which could be due to a slower process of matrix disintegration and formation of
polymeric micelles [49].

From DSC data, Soluplus-fil had 14% NFX in a crystalline state, while PVA-fil and
PVP/VA-fil had 21% and 23%, respectively. No endothermic event was observed for RSPO-
fil and RSPO-fil, suggesting a total amorphization of NFX. These changes in crystallinity
do not appear to be directly related to the different dissolution rates observed, which are
more dependent on the polymer disintegration behavior [50]. Based on the outstanding
dissolution performance of PVA-fil and its excellent printing characteristics, it was chosen
to produce 3D-printed tablets.

3.4. NFX 3D Tablets

Extrudate filaments for FDM 3D printing must be plastic enough to be feedable and
avoid breaking during the feeding process, while not being so soft that they cannot be
pushed through the equipment [51-53]. Accordingly, PVA-fil met the printing requirements,
and cylindrical tablets were successfully printed (Figure 4). For 120 mg printed tablets
(PVA-3DP 120), the measured dimensions were 16.70 mm (+0.43) x 6.46 mm (£0.07), and
the average weight was 1.25 g (£0.03). The 60 mg printed tablets (PVA-3DP 60) had a
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diameter of 12.86 mm (£0.60) and 5.11 mm (4-0.10) thickness, with an average weight of
0.64 g (£0.04).

. 1 (
4' AutoCAD® Designs | l PVA-3DP '7
PVA-3DP 120 PVA-3DP 120
E SIS
£ g | | E
: = || :
3 e |0 g
PVA-3DP 60
£ E—— £
= £
@ |
P o ‘ @

Figure 4. Design and microphotographs of obtained 3D-printed tablets.

HPLC analysis presented recovery percentages of NFX of 92.43% (1-6.94) for the 60 mg
tablets and 109.45% (410.07) for the 120 mg tablets. No sign of degradation was observed,
i.e., the NFX peak remained unaltered after HME and FDM treatment at the same retention
time. These results confirmed the potential of 3D printing for precise dosage adjustment
based on printer settings.

A thermal characterization of the tablets was performed, as shown in Figure 5. The
drug crystallinity is reduced even in the physical mixture (PVA-pm = 71.02%), due to
an interaction effect of the drug with the formulation during the heating of the DSC
analysis [54]. The extrusion process, in turn, as previously mentioned, produced an
extensive reduction in the drug crystallinity in PVA-fil (21.04%). The second heating of
the sample after the 3D-printing process accentuated the degree of amorphization of NFX,
which reached almost total sample amorphization. In this case, the higher degree of drug
amorphization is possibly caused by additional heating to higher temperatures.

PVA-3DP
Melting = 172.9 °C
Drug crystallinity = 0.5%

PVA-fil
Melting = 176.2 °C
Drug crystallinity = 21.0%

\

BN

PVA-pm
Melting = 176.5 °C
Drug crystallinity = 71.0%

T T T T T T 1
75 100 125 150 175 200 225 250
Temperature (°C)

Figure 5. DSC curves of samples at different production stages, PVA-pm, PVA-fil, and PVA-3DP.
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The differences observed in the dissolution profiles between PVA-fil from Figure 3 and
NFX-3DP 60 and NFX-3DP 120, presented in Figure 6, can be attributed to the wettability
and increased surface area presented by PVA-fil, since it was used as powder. A commercial
NFX tablet (Lampit® 120 mg) was used as the control. For the first 45 min, Lampit® and
PVA-3DP 120 had similar dissolution rates, while PVA-3DP 60 was slightly higher. Marked
differences between printed and commercial tablets can be appreciated after 60 min, where
Lampit® reached a maximum of 34% while the 3D tablets dissolved nearly 100% of the
drug after 300 min.

NFX dissolved (%)

' — 1 T 1 T T T T

0 50 100 150 200 250 300
Time (minutes)

A~ NFX-3DP 60 -O- NFX-3DP 120 -@- Lampit®

Figure 6. The dissolution profiles of printed tablets of NFX of 120 mg and 60 mg and the commercial
tablet Lampit.

Both PVA-3DP 60 and PVA-3DP 120 3D tablets presented similar dissolution profiles,
as observed by the dissolution efficiency (DE) analysis (Table 2), demonstrating that the
printing process can adjust the dosage without altering its dissolution profile. The compari-
son at 30 min (DE3g) of PVA-3DP 120 and Lampit® indicates a similar value, which is also
evident in Figure 6 where both profiles are overlapped. Higher differences are observed
after 120 min, with a DE120 of 28% and 15% for PVA-3DP 120 and Lampit®, respectively,
and 47% and 17% after 300 min (DE3z).

Table 2. Dissolution efficiency calculated for 3D-printed tablets and Lampit®.

DE PVA-3DP 60 PVA-3DP 120 Lampit® 120 mg
DEgs 12.89 8.98 9.79
DEg, 22.32 18.01 12.80
DEi20 29.77 28.79 15.45
DEoy 49.90 43.62 17.19
DEsgo 51.04 47.90 17.04

Dissolution profiles were modeled with different mathematical models to determine
the dissolution mechanism involved in the printed tablets (Table 3). The determination
coefficient (R?) values suggested that the first-order model fit better for the evaluated
tablets. This implicates a dissolution dependent on NFX concentration in polymeric films
or porous matrixes, where dissolution rates decrease as the gradient concentrations decline
in time [55]. Korsmeyer—Peppas also showed a good correlation for the PVA-based 3D-
printed tablets, which indicates anomalous transport, where the mechanism of drug release
is governed by diffusion and swelling due to the slowly rearranged polymeric chains.
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Table 3. Kinetic parameters from different mathematical models.

Model Parameter NFX-3DPT 60 NFX-3DPT 120 Lampit® 120 mg
First order Ky 0.005 0.006 0.026
(wi tsh ;m:X) Fonax 187.67 136.48 33.32
R2 0.9919 0.9800 0.9919
o Ky 6.823 6.218 251
Higuchi R 0.9141 0.8890 0.7790
_ Kiip 3.46 2.329 5.44
Kolf:meg’:r n 0.63 0.728 0.34
PP R2 0.9609 0.9478 0.9152
Hi Crowell Kyc 0.003 0.003 0.000685
Ixson—i-rowe R2 0.9274 0.9703 ~0.1194

3.5. In Vivo Antichagasic Activity Assay

Animals treated with the 3D tablet showed no signs of sociability disturbances, fur
bristling, diarrhea, changes in food intake, or any other symptoms indicative of central
nervous system toxicity associated with the 3D drug administration. The parasitemia
curve demonstrates the efficacy of different treatment regimens of NFX in comparison to
benznidazole against T. cruzi infection. The control group, which received no treatment,
exhibited a high peak of parasites in the blood around day 7 post infection. In contrast, all
treatment groups showed a significant reduction in parasitemia levels. The benznidazole-
treated group (100 mg/kg) maintained parasitemia levels close to zero throughout the
study period, demonstrating high efficacy, which is expected for this drug in a high-dose
regime (Figure 7).

—o— T.cruzi

150 —#—  + penznidazole 100 mg kg’
. + NFX 25 mg kg

§ _ 100 H —*— &+ NFX 50 mg kg
S H 50l —— +NFX 100 mg kg'
® X 20T + NFX 3D 25 mg kg
g = —®— 4+ NFX 3D 50 mg kg
2 8 104 L —4+—  +Nfx 3D 100 mg kg’
g2 5 e
S5
= 0.5

0_

10 15 20 25
Days of infection

o
(¢)]

Figure 7. Parasitemia curves in mice infected by T. cruzi treated with benznidazole, NFX, or 3D-
printed NFX tablets. The curve represents the number of circulating parasites in Swiss mice over a
25-day infection period. Each treatment group consisted of six animals.

Among the NFX treatments, the pure drug formulations showed dose-dependent
efficacy, with higher doses resulting in lower parasitemia levels. Furthermore, the NFX
3D tablets at doses of 25 mg/kg, 50 mg/kg, and 100 mg/kg demonstrated consistent and
effective suppression of T. cruzi, comparable to the benznidazole-treated group (Figure 7).
Notably, the NFX 3D tablets exhibited enhanced efficacy compared to the pure drug, even at
equivalent doses. AUC analysis revealed a highly significant difference (p < 0.0001) between
untreated infected animals and all treatment groups. When comparing the benznidazole
(100 mg/kg) curve to other therapies, the NFX 25 mg/kg and NFX 50 mg/kg treatments
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showed statistically significant differences (p < 0.001). The processing of NFX by HME and
3D FDM decisively modified its physicochemical properties. Indeed, the conversion of
this drug to the amorphous state and the high degree of interaction with the water-soluble
polymer matrix promoted important improvements in its oral pharmacokinetics. This
underscores the potential of such technology in enhancing therapeutic outcomes of existing
drugs, offering an encouraging alternative for treating Chagas disease.

Indeed, Chagas disease is a neglected disease, and there is a lack of research on drug
delivery involving NFX. Recently, an association between benznidazole and NFX in self-
nano emulsified drug delivery systems impregnated on mesoporous silica particles was
proposed, with a rapid dissolution rate and enhanced reduction in parasitemia [56]. The
approach presented in our work is a more straightforward and lower-cost technological
solution, which are crucial features in this case.

4. Conclusions

This work describes the successful application of HME coupled with FDM 3D printing
to produce NFX tablets. Printed tablets presented a remarkable improvement in the NFX
dissolution profile compared to commercial tablets. Such a result could be explained by the
amorphization of NFX in the PVA matrix and mainly by the rapid dissolution profile of
this polymeric matrix. Moreover, the 60 mg tablets showed a dosage accuracy and similar
performance to the 120 mg tablets, validating 3D printing as an encouraging technology for
personalizing antichagasic therapy. The study reinforces that the association of industrial
production of filaments by HME to feed FDM 3D printers aimed at printing personalized
recipes can solve the clinical needs of diversified dosages for treating Chagas disease.

Finally, the parasitemia curves in the in vivo studies showed that the NFX 3D tablets
presented a superior antichagasic activity compared to the pure drug. Additionally, the NFX
3D tablets showed similar T. cruzi reduction in plasmatic concentration to benznidazole,
the gold-standard drug for acute-phase treatment of the Chagas disease. It is crucial to
monitor the thermal processing conditions carefully. Furthermore, the long-term stability
of the formulation needs to be studied in further studies. Nevertheless, such a performance
improvement had never been demonstrated before for NFX, which once again positions
this molecule as a promising option for treating Chagas disease.

Author Contributions: Conceptualization, G.R.B., A.T., M.C.-F. and C.J.S.; methodology, G.R.B.,
A.LL., I.PG. and T.PM.; formal analysis, G.R.B.; investigation, G.R.B., A.LL., LP.G. and T.PM,;
resources, A.T., M.C.-F. and C ].S.; writing—original draft preparation, G.R.B.; writing—review and
editing, A.LL., LPG., TPM., AT, M.C.-F. and C].S,; project administration, A.T., M.C.-F. and C.J.S,;
funding acquisition, A.T., M.C.-F. and C.]J.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES), grant number 88887.691321/2022-00, Research Funding Foundation of Minas
Gerais (FAPEMIG), grant number APQ-02511-22, National Council for Scientific and Technological
Development—CNPq, grant number 405946 /2021-0, Federal District Research Support Foundation
(FAP-DF, Brazil, grant number 00193-00000817/2021-64 and 00193-00000735/2021-10, and the
National Council for Scientific and Technical Research (CONICET), grant number PIP 3179.

Institutional Review Board Statement: The study was conducted in accordance with the National
Council for Control of Animal Experimentation (CONCEA) and approved by the Ethics Committee
on Animal Research of UFOP-CEUA (protocol code CEUA No. 2151070922).

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors upon request.



Pharmaceutics 2025, 17, 80 14 of 16

Acknowledgments: The authors thank Laboratorios Gador S.A. (Argentina) for providing nifurtimox
as a gift sample. G.R.B is grateful to CONICET for a Ph.D. fellowship and the Ministry of Production
Science and Technology/Ministry of Equality, Gender and Diversity of Santa Fe for a mobility schol-
arship. A.T. (Process#305634/2017-8) is grateful to CNPq for the research productivity fellowship,
and T.PM. is grateful to FAPEMIG (BPD-00754-22) for her post-doctoral scholarship. The authors
also thank UnB, UFOP, and UNR for their institutional support during the research development.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Stass, H.; Just, S.; Weimann, B.; Ince, I.; Willmann, S.; Feleder, E.; Freitas, C.; Yerino, G.; Miinster, U. Clinical Investigation of the
Biopharmaceutical Characteristics of Nifurtimox Tablets—Implications for Quality Control and Application. Eur. J. Pharm. Sci.
2021, 166, 105940. [CrossRef]

Moroni, A.B.; Mayoral, E.P; Lionello, D.E; Vega, D.R.; Kaufman, T.S.; Calvo, N.L. Solid-State Properties of Nifurtimox. Preparation,
Analytical Characterization, and Stability of an Amorphous Phase. Eur. |. Pharm. Biopharm. 2023, 184, 25-35. [CrossRef] [PubMed]
Papich, M.G.; Martinez, M.N. Applying Biopharmaceutical Classification System (BCS) Criteria to Predict Oral Absorption of
Drugs in Dogs: Challenges and Pitfalls. AAPS J. 2015, 17, 948-964. [CrossRef] [PubMed]

Malaquias, L.EB.; Schulte, H.L.; Chaker, J.A.; Karan, K.; Durig, T.; Marreto, R.N.; Gratieri, T.; Gelfuso, G.M.; Cunha-Filho, M. Hot
Melt Extrudates Formulated Using Design Space: One Simple Process for Both Palatability and Dissolution Rate Improvement.
J. Pharm. Sci. 2018, 107, 286-296. [CrossRef] [PubMed]

Agrawal, A.M.; Dudhedia, M.S.; Zimny, E. Hot Melt Extrusion: Development of an Amorphous Solid Dispersion for an Insoluble
Drug from Mini-Scale to Clinical Scale. AAPS PharmSciTech 2016, 17, 133-147. [CrossRef]

Patil, H.; Tiwari, R.V.,; Repka, M.A. Hot-Melt Extrusion: From Theory to Application in Pharmaceutical Formulation.
AAPS PharmSciTech 2016, 17, 20-42. [CrossRef] [PubMed]

Gross, L.P,; Lima, A.L.; Bedogni, G.R.; Sa-Barreto, L.; Gratieri, T.; Gelfuso, G.M.; Salomon, C.J.; Cunha-Filho, M. Melt Crystallization
and Thermal Degradation Profile of the Antichagasic Drug Nifurtimox. J. Pharm. Biomed. Anal. 2024, 239, 115878. [CrossRef]
[PubMed]

Lang, B.; McGinity, ] W.; Williams, R.O., 3rd. Hot-Melt Extrusion—Basic Principles and Pharmaceutical Applications. Drug Dev.
Ind. Pharm. 2014, 40, 1133-1155. [CrossRef] [PubMed]

Sarabu, S.; Bandari, S.; Kallakunta, V.R.; Tiwari, R.; Patil, H.; Repka, M.A. An Update on the Contribution of Hot-Melt Extrusion
Technology to Novel Drug Delivery in the Twenty-First Century: Part II. Expert Opin. Drug Deliv. 2019, 16, 567-582. [CrossRef]
Norman, J.; Madurawe, R.D.; Moore, C.M.V,; Khan, M.A.; Khairuzzaman, A. A New Chapter in Pharmaceutical Manufacturing:
3D-Printed Drug Products. Adv. Drug Deliv. Rev. 2017, 108, 39-50. [CrossRef] [PubMed]

Tambe, S.; Jain, D.; Agarwal, Y.; Amin, P. Hot-Melt Extrusion: Highlighting Recent Advances in Pharmaceutical Applications.
J. Drug Deliv. Sci. Technol. 2021, 63, 102452. [CrossRef]

Vaz, V.M.; Kumar, L. 3D Printing as a Promising Tool in Personalized Medicine. AAPS PharmSciTech 2021, 22, 49. [CrossRef]
[PubMed]

Verrest, L.; Wilthagen, E.A_; Beijnen, J.H.; Huitema, A.D.R.; Dorlo, T.P.C. Influence of Malnutrition on the Pharmacokinetics
of Drugs Used in the Treatment of Poverty-Related Diseases: A Systematic Review. Clin. Pharmacokinet. 2021, 60, 1149-1169.
[CrossRef] [PubMed]

Dumpa, N.; Butreddy, A.; Wang, H.; Komanduri, N.; Bandari, S.; Repka, M.A. 3D Printing in Personalized Drug Delivery: An
Overview of Hot-Melt Extrusion-Based Fused Deposition Modeling. Int. J. Pharm. 2021, 600, 120501. [CrossRef] [PubMed]
Pitzanti, G.; Mathew, E.; Andrews, G.P; Jones, D.S.; Lamprou, D.A. 3D Printing: An Appealing Technology for the Manufacturing
of Solid Oral Dosage Forms. J. Pharm. Pharmacol. 2022, 74, 1427-1449. [CrossRef]

Englezos, K.; Wang, L.; Tan, E.C.K,; Kang, L. 3D Printing for Personalised Medicines: Implications for Policy and Practice. Int. .
Pharm. 2023, 635, 122785. [CrossRef]

Wang, S.; Chen, X.; Han, X.; Hong, X; Li, X.; Zhang, H.; Li, M.; Wang, Z.; Zheng, A. A Review of 3D Printing Technology in
Pharmaceutics: Technology and Applications, Now and Future. Pharmaceutics 2023, 15, 416. [CrossRef] [PubMed]

Goyanes, A.; Chang, H.; Sedough, D.; Hatton, G.B.; Wang, J.; Buanz, A.; Gaisford, S.; Basit, A.W. Fabrication of Controlled-Release
Budesonide Tablets via Desktop (FDM) 3D Printing. Int. ]. Pharm. 2015, 496, 414-420. [CrossRef] [PubMed]

Melocchi, A.; Parietti, F.; Loreti, G.; Maroni, A.; Gazzaniga, A.; Zema, L. 3D Printing by Fused Deposition Modeling (FDM) of a
Swellable/Erodible Capsular Device for Oral Pulsatile Release of Drugs. J. Drug Deliv. Sci. Technol. 2015, 30, 360-367. [CrossRef]
Skowyra, J.; Pietrzak, K.; Alhnan, M.A. Fabrication of Extended-Release Patient-Tailored Prednisolone Tablets via Fused
Deposition Modelling (FDM) 3D Printing. Eur. J. Pharm. Sci. 2015, 68, 11-17. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ejps.2021.105940
https://doi.org/10.1016/j.ejpb.2023.01.008
https://www.ncbi.nlm.nih.gov/pubmed/36681284
https://doi.org/10.1208/s12248-015-9743-7
https://www.ncbi.nlm.nih.gov/pubmed/25916691
https://doi.org/10.1016/j.xphs.2017.08.014
https://www.ncbi.nlm.nih.gov/pubmed/28847477
https://doi.org/10.1208/s12249-015-0425-7
https://doi.org/10.1208/s12249-015-0360-7
https://www.ncbi.nlm.nih.gov/pubmed/26159653
https://doi.org/10.1016/j.jpba.2023.115878
https://www.ncbi.nlm.nih.gov/pubmed/38039869
https://doi.org/10.3109/03639045.2013.838577
https://www.ncbi.nlm.nih.gov/pubmed/24520867
https://doi.org/10.1080/17425247.2019.1614912
https://doi.org/10.1016/j.addr.2016.03.001
https://www.ncbi.nlm.nih.gov/pubmed/27001902
https://doi.org/10.1016/j.jddst.2021.102452
https://doi.org/10.1208/s12249-020-01905-8
https://www.ncbi.nlm.nih.gov/pubmed/33458797
https://doi.org/10.1007/s40262-021-01031-z
https://www.ncbi.nlm.nih.gov/pubmed/34060020
https://doi.org/10.1016/j.ijpharm.2021.120501
https://www.ncbi.nlm.nih.gov/pubmed/33746011
https://doi.org/10.1093/jpp/rgab136
https://doi.org/10.1016/j.ijpharm.2023.122785
https://doi.org/10.3390/pharmaceutics15020416
https://www.ncbi.nlm.nih.gov/pubmed/36839738
https://doi.org/10.1016/j.ijpharm.2015.10.039
https://www.ncbi.nlm.nih.gov/pubmed/26481468
https://doi.org/10.1016/j.jddst.2015.07.016
https://doi.org/10.1016/j.ejps.2014.11.009
https://www.ncbi.nlm.nih.gov/pubmed/25460545

Pharmaceutics 2025, 17, 80 15 of 16

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Sadia, M.; Arafat, B.; Ahmed, W.; Forbes, R.T.; Alhnan, M.A. Channelled Tablets: An Innovative Approach to Accelerating Drug
Release from 3D Printed Tablets. J. Control. Release 2018, 269, 355-363. [CrossRef]

Pyteraf, J.; Jamréz, W.; Kurek, M.; Bak, U.; Loskot, J.; Kramarczyk, D.; Paluch, M.; Jachowicz, R. Preparation and Advanced
Characterization of Highly Drug-Loaded, 3D Printed Orodispersible Tablets Containing Fluconazole. Int. |. Pharm. 2023,
630, 122444. [CrossRef] [PubMed]

Parikh, T.; Gupta, S.S.; Meena, A.K.; Vitez, I.; Mahajan, N.; Serajuddin, A.T.M. Application of Film-Casting Technique to
Investigate Drug-Polymer Miscibility in Solid Dispersion and Hot-Melt Extrudate. J. Pharm. Sci. 2015, 104, 2142-2152. [CrossRef]
[PubMed]

Brener, Z. Therapeutic Activity and Criterion of Cure on Mice Experimentally Infected with Trypanosoma cruzi. Rev. Inst. Med.
Trop. Sao Paulo 1962, 4, 389-396. [PubMed]

Simoes, M.E,; Pinto, RM.A.; Simobes, S. Hot-Melt Extrusion in the Pharmaceutical Industry: Toward Filing a New Drug Application.
Drug Discov. Today 2019, 24, 1749-1768. [CrossRef] [PubMed]

Song, R.-Q.; Colfen, H. Additive Controlled Crystallization. CrystEngComm 2011, 13, 1249-1276. [CrossRef]

Knopp, M.M.; Olesen, N.E.; Holm, P; Langguth, P.; Holm, R.; Rades, T. Influence of Polymer Molecular Weight on Drug-Polymer
Solubility: A Comparison between Experimentally Determined Solubility in PVP and Prediction Derived from Solubility in
Monomer. J. Pharm. Sci. 2015, 104, 2905-2912. [CrossRef] [PubMed]

Marsac, PJ.; Shamblin, S.L.; Taylor, L.S. Theoretical and Practical Approaches for Prediction of Drug-Polymer Miscibility and
Solubility. Pharm. Res. 2006, 23, 2417-2426. [CrossRef]

Budiman, A ; Citraloka, Z.G.; Muchtaridi, M.; Sriwidodo, S.; Aulifa, D.L.; Rusdin, A. Inhibition of Crystal Nucleation and Growth
in Aqueous Drug Solutions: Impact of Different Polymers on the Supersaturation Profiles of Amorphous Drugs-the Case of
Alpha-Mangostin. Pharmaceutics 2022, 14, 2386. [CrossRef] [PubMed]

Alshetaili, A.; Almutairy, B.K.; Alshehri, S.M.; Repka, M.A. Development and Characterization of Sustained-Released Donepezil
Hydrochloride Solid Dispersions Using Hot Melt Extrusion Technology. Pharmaceutics 2021, 13, 213. [CrossRef] [PubMed]
Park, J.-B.; Lee, B.-].; Kang, C.-Y.; Tiwari, R.V.; Repka, M.A. Process Analytical Quality Control of Tailored Drug Release
Formulation Prepared via Hot-Melt Extrusion Technology. J. Drug Deliv. Sci. Technol. 2017, 38, 51-58. [CrossRef] [PubMed]

Liu, P; Zhou, J.-Y.; Chang, J.-H.; Liu, X.-G.; Xue, H.-F; Wang, R.-X; Li, Z.-S.; Li, C.-S.; Wang, ].; Liu, C.-Z. Soluplus-Mediated
Diosgenin Amorphous Solid Dispersion with High Solubility and High Stability: Development, Characterization and Oral
Bioavailability. Drug Des. Dev. Ther. 2020, 14, 2959-2975. [CrossRef] [PubMed]

Sarpal, K.; Munson, E.J. Amorphous Solid Dispersions of Felodipine and Nifedipine with Soluplus®: Drug-Polymer Miscibility
and Intermolecular Interactions. J. Pharm. Sci. 2021, 110, 1457-1469. [CrossRef] [PubMed]

Zhang, J.; Guo, M.; Luo, M.; Cai, T. Advances in the Development of Amorphous Solid Dispersions: The Role of Polymeric
Carriers. Asian J. Pharm. Sci. 2023, 18, 100834. [CrossRef] [PubMed]

Kapourani, A.; Palamidi, A.; Kontogiannopoulos, K.N.; Bikiaris, N.D.; Barmpalexis, P. Drug Amorphous Solid Dispersions Based
on Poly(Vinyl Alcohol): Evaluating the Effect of Poly(Propylene Succinate) as Plasticizer. Polymers 2021, 13, 2922. [CrossRef]
[PubMed]

Lima, A.L,; Pires, EQ.; Hilgert, L.A.; Sa-Barreto, L.L.; Gratieri, T.; Gelfuso, G.M.; Cunha-Filho, M. Oscillatory Shear Rheology
as an In-Process Control Tool for 3D Printing Medicines Production by Fused Deposition Modeling. |. Manuf. Process. 2022,
76, 850-862. [CrossRef]

Leslie, M.N.; Marasini, N.; Sheikh, Z.; Young, PM.; Traini, D.; Ong, H.X. Development of Inhalable Spray Dried Nitrofurantoin
Formulations for the Treatment of Emphysema. Pharmaceutics 2022, 15, 146. [CrossRef] [PubMed]

Al-Akayleh, F; Al-Naji, I.; Adwan, S.; Al-Remawi, M.; Shubair, M. Enhancement of Curcumin Solubility Using a Novel
Solubilizing Polymer Soluplus®. J. Pharm. Innov. 2022, 17, 142-154. [CrossRef]

Kulkarni, A.D.; Belgamwar, V.S. Influence of Novel Carrier Soluplus® on Aqueous Stability, Oral Bioavailability, and Anticancer
Activity of Morin Hydrate. Dry. Technol. 2019, 37, 1143-1161. [CrossRef]

Dos Santos, ].; da Silva, G.S.; Velho, M.C.; Beck, R.C.R. Eudragit®: A Versatile Family of Polymers for Hot Melt Extrusion and 3D
Printing Processes in Pharmaceutics. Pharmaceutics 2021, 13, 1424. [CrossRef]

Maximiano, F.P; Novack, K.M.; Bahia, M.T; de Sa-Barreto, L.L.; da Cunha-Filho, M.S.S. Polymorphic Screen and Drug-Excipient
Compatibility Studies of the Antichagasic Benznidazole. ]. Therm. Anal. Calorim. 2011, 106, 819-824. [CrossRef]

Pinho, L.A.G.; Lima, A.L.; Sa-Barreto, L.L.; Gratieri, T.; Gelfuso, G.M.; Marreto, R.N.; Cunha-Filho, M. Preformulation Studies to
Guide the Production of Medicines by Fused Deposition Modeling 3D Printing. AAPS PharmSciTech 2021, 22, 263. [CrossRef]
[PubMed]

Crowley, M.M.; Zhang, F.; Repka, M.A.; Thumma, S.; Upadhye, S.B.; Battu, S.K.; McGinity, ].W.; Martin, C. Pharmaceutical
Applications of Hot-Melt Extrusion: Part I. Drug Dev. Ind. Pharm. 2007, 33, 909-926. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jconrel.2017.11.022
https://doi.org/10.1016/j.ijpharm.2022.122444
https://www.ncbi.nlm.nih.gov/pubmed/36503848
https://doi.org/10.1002/jps.24446
https://www.ncbi.nlm.nih.gov/pubmed/25917333
https://www.ncbi.nlm.nih.gov/pubmed/14015230
https://doi.org/10.1016/j.drudis.2019.05.013
https://www.ncbi.nlm.nih.gov/pubmed/31132415
https://doi.org/10.1039/c0ce00419g
https://doi.org/10.1002/jps.24410
https://www.ncbi.nlm.nih.gov/pubmed/25740567
https://doi.org/10.1007/s11095-006-9063-9
https://doi.org/10.3390/pharmaceutics14112386
https://www.ncbi.nlm.nih.gov/pubmed/36365204
https://doi.org/10.3390/pharmaceutics13020213
https://www.ncbi.nlm.nih.gov/pubmed/33557076
https://doi.org/10.1016/j.jddst.2017.01.007
https://www.ncbi.nlm.nih.gov/pubmed/29312469
https://doi.org/10.2147/DDDT.S253405
https://www.ncbi.nlm.nih.gov/pubmed/32801637
https://doi.org/10.1016/j.xphs.2020.12.022
https://www.ncbi.nlm.nih.gov/pubmed/33359813
https://doi.org/10.1016/j.ajps.2023.100834
https://www.ncbi.nlm.nih.gov/pubmed/37635801
https://doi.org/10.3390/polym13172922
https://www.ncbi.nlm.nih.gov/pubmed/34502962
https://doi.org/10.1016/j.jmapro.2022.03.001
https://doi.org/10.3390/pharmaceutics15010146
https://www.ncbi.nlm.nih.gov/pubmed/36678775
https://doi.org/10.1007/s12247-020-09500-x
https://doi.org/10.1080/07373937.2018.1488261
https://doi.org/10.3390/pharmaceutics13091424
https://doi.org/10.1007/s10973-011-1371-6
https://doi.org/10.1208/s12249-021-02114-7
https://www.ncbi.nlm.nih.gov/pubmed/34729662
https://doi.org/10.1080/03639040701498759
https://www.ncbi.nlm.nih.gov/pubmed/17891577

Pharmaceutics 2025, 17, 80 16 of 16

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Hess, F; Kipping, T.; Weitschies, W.; Krause, ]. Understanding the Interaction of Thermal, Rheological, and Mechanical Parameters
Critical for the Processability of Polyvinyl Alcohol-Based Systems during Hot Melt Extrusion. Pharmaceutics 2024, 16, 472.
[CrossRef]

Mohsin, M.; Hossin, A.; Haik, Y. Thermal and Mechanical Properties of Poly(Vinyl Alcohol) Plasticized with Glycerol. J. Appl.
Polym. Sci. 2011, 122, 3102-3109. [CrossRef]

Apu, A.S.; Pathan, A.H.; Kibria, G.; Jalil, R.-U. In Vitro Release Kinetic Study of Theophylline from Eudragit RS PO and Eudragit
RL PO Matrix Tablets. Dhaka Univ. J. Pharm. Sci. 1970, 8, 1-6. [CrossRef]

Apu, AS,; Pathan, A.H.; Shrestha, D.; Kibria, G.; Jalil, R. Investigation of in Vitro Release Kinetics of Carbamazepine from
Eudragit® RS PO and RL PO Matrix Tablets. Trop. J. Pharm. Res. 2009, 8, 145-152. [CrossRef]

De Jaeghere, W.; De Beer, T.; Van Bocxlaer, J.; Remon, J.P.; Vervaet, C. Hot-Melt Extrusion of Polyvinyl Alcohol for Oral Immediate
Release Applications. Int. J. Pharm. 2015, 492, 1-9. [CrossRef]

Guo, Z.; Lu, M,; Li, Y,; Pang, H.; Lin, L.; Liu, X.; Wu, C. The Utilization of Drug-Polymer Interactions for Improving the Chemical
Stability of Hot-Melt Extruded Solid Dispersions: Improve Chemical Stability in HME. J. Pharm. Pharmacol. 2014, 66, 285-296.
[CrossRef] [PubMed]

Pina, M.E; Zhao, M,; Pinto, ].E; Sousa, J.J.; Craig, D.Q.M. The Influence of Drug Physical State on the Dissolution Enhancement
of Solid Dispersions Prepared via Hot-Melt Extrusion: A Case Study Using Olanzapine. J. Pharm. Sci. 2014, 103, 1214-1223.
[CrossRef] [PubMed]

Fuenmayor, E.; Forde, M.; Healy, A.V.; Devine, D.M.; Lyons, ].G.; McConville, C.; Major, I. Material Considerations for Fused-
Filament Fabrication of Solid Dosage Forms. Pharmaceutics 2018, 10, 44. [CrossRef] [PubMed]

Xu, P; Li, J.; Meda, A.; Osei-Yeboah, F.; Peterson, M.L.; Repka, M.; Zhan, X. Development of a Quantitative Method to Evaluate
the Printability of Filaments for Fused Deposition Modeling 3D Printing. Int. ]. Pharm. 2020, 588, 119760. [CrossRef]

Tabriz, A.G.; Scoutaris, N.; Gong, Y.; Hui, H.-W.; Kumar, S.; Douroumis, D. Investigation on Hot Melt Extrusion and Prediction on
3D Printability of Pharmaceutical Grade Polymers. Int. J. Pharm. 2021, 604, 120755. [CrossRef] [PubMed]

Alves-Silva, I.; Sa-Barreto, L.C.L.; Lima, E.M.; Cunha-Filho, M.S.S. Preformulation Studies of Itraconazole Associated with
Benznidazole and Pharmaceutical Excipients. Thermochim. Acta 2014, 575, 29-33. [CrossRef]

Mathematical Models of Drug Release. In Strategies to Modify the Drug Release from Pharmaceutical Systems; Elsevier: Amsterdam,
The Netherlands, 2015; pp. 63-86, ISBN 9780081000922.

Rolon, M.; Hanna, E.; Vega, C.; Coronel, C.; Dea-Ayuela, M.A; Serrano, D.R.; Lalatsa, A. Solid Nanomedicines of Nifurtimox and
Benznidazole for the Oral Treatment of Chagas Disease. Pharmaceutics 2022, 14, 1822. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/pharmaceutics16040472
https://doi.org/10.1002/app.34229
https://doi.org/10.3329/dujps.v8i1.5328
https://doi.org/10.4314/tjpr.v8i2.44523
https://doi.org/10.1016/j.ijpharm.2015.07.009
https://doi.org/10.1111/jphp.12145
https://www.ncbi.nlm.nih.gov/pubmed/24433427
https://doi.org/10.1002/jps.23894
https://www.ncbi.nlm.nih.gov/pubmed/24765654
https://doi.org/10.3390/pharmaceutics10020044
https://www.ncbi.nlm.nih.gov/pubmed/29614811
https://doi.org/10.1016/j.ijpharm.2020.119760
https://doi.org/10.1016/j.ijpharm.2021.120755
https://www.ncbi.nlm.nih.gov/pubmed/34052338
https://doi.org/10.1016/j.tca.2013.10.007
https://doi.org/10.3390/pharmaceutics14091822
https://www.ncbi.nlm.nih.gov/pubmed/36145570

	Introduction 
	Materials and Methods 
	Materials 
	Film Casting 
	Thermal Compatibility 
	Preparation of NFX Filaments by Hot Melt Extrusion 
	D Printing of NFX Dosage Forms 
	Tablets Characterization 
	In Vitro Dissolution Assay 
	In Vivo Anti-T. cruzi Activity Assay 
	Animals and Parasites 
	Experimental Designs and Infection Procedure 


	Results and Discussion 
	Film Casting 
	Thermal Compatibility 
	Preparation of Filaments Loaded with NFX 
	NFX 3D Tablets 
	In Vivo Antichagasic Activity Assay 

	Conclusions 
	References

