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A B S T R A C T

Praziquantel (PZQ), an antihelmintic agent commonly administered to humans and cattle, has low aqueous
solubility, which compromises its bioavailability and efficacy. The purpose of this study was to develop a new
formulation, in order to improve PZQ dissolution rate. PZQ dispersions have been developed by high-pressure
homogenization (HPH) using different stabilizers, selected upon PZQ saturation solubility. After the screening,
two promising formulations were developed, combining poloxamer 188 with polyvinylpyrrolidone or mal-
todextrin. Characterization studies including particle size distribution, crystallinity, morphology, drug content,
and in vitro dissolution profiles, were performed over selected formulations. The scanning electronic micro-
graphs revealed that the morphology of suspended particles corresponded to elongated shapes, with an average
particle size close to the micron range. X-ray powder diffractometry and differential scanning calorimetry results
confirmed the drug crystallinity, before and after the HPH process. Besides, differential scanning calorimetry
revealed the absence of interactions between PZQ and excipients. The dissolution rate of PZQ dispersions was
significantly enhanced compared with raw PZQ, either in phosphate buffer or hydrochloric acid, mainly due to
particle size reduction, thus improved saturation solubility.

1. Introduction

The antihelmintic Praziquantel (PZQ) is a broad-spectrum agent
classified as a pyrazinoisoquinoline [1]. PZQ presents a considerably
high activity against trematodes and tapeworms, including all Schisto-
soma species and Taenia solium, which is the agent responsible for cy-
sticercosis disease in its larval phase [2]. Although it is considered an
effective, safe, and low-cost drug, its usefulness is limited due to its low
water solubility (only 0.04 g/100mL) and its important first pass effect
[3–5]. Nevertheless, this agent is widely used in developing countries
for the treatment of various parasitic diseases that cause morbidity,
both in man and in cattle [6]. An improvement of those unfavorable
properties would promote a more effective and rational pharma-
cotherapeutic scheme.

PZQ is classified in the Biopharmaceutical Classification System
(BCS) as a class II active pharmaceutical ingredient, which implies that
the drug presents low aqueous solubility and high permeability through
the intestinal membrane [7]. Moreover, due to its low solubility and
high metabolism, in the Biopharmaceutics Drug Disposition Classifica-
tion System (BDDCS), it is also classified as a type II drug [8]. It is well

known that only the dissolved fraction of the drug will be available to
be absorbed, and exert a therapeutic effect. Due to those unfavorable
properties, these drugs may present significant oral absorption pro-
blems, which could lead to a compromised bioavailability [9]. A pos-
sible approach for overcoming the low water solubility issue is to re-
duce the drug particle size, especially below the micrometer range,
leading to the enhancement of the specific surface area, the saturation
solubility and, thus, the dissolution rate [10]. The Noyes-Whitney
equation clearly states the dependence between these variables [11].
Moreover, the influence of PZQ systems with reduced particle size on
the cysticerci metabolism was previously established [12].

A well-established procedure to reduce particle size is high-pressure
homogenization (HPH), a top-down methodology, which is widely ap-
plied in food, cosmetic, and pharmaceutical industries [13]. The ad-
vantages of this technology include ease of operation and industrial
scaling up, ability to be applied to several active pharmaceutical in-
gredients, avoidance of harsh solvents, and reduction of product con-
tamination [14]. Moreover, compared with other size reduction tech-
niques, HPH has no drug loading evaluation concern, since all active
pharmaceutical ingredients added will be present in the final
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formulation. Nevertheless, the reduced size of the nanoparticles and the
associated high surface energy entails a high probability of obtaining
systems with physical instability, which is the major drawback of this
technique [15].

The suspension, consisting of a drug, a stabilizing agent, and a liquid
dispersion medium, is forced through a very small gap under pressure,
with a significantly high velocity. During the process, particle size re-
duction is achieved because of shear and cavitation forces, and inter-
particle collisions. Smaller particle size and narrower distributions can
be obtained by the increase of pressure and/or number of cycles in the
HPH process [10]. Critical points of this technique include the suitable
selection of stabilizer type, and concentration of both drug and stabi-
lizer, in order to achieve an adequate size reduction and improve the
physical stability of obtained formulations [16,17].The most common
approaches to impart repulsive forces or energy barriers are steric and/
or electrostatic techniques. Steric stabilization can be obtained by ad-
sorption of polymers (e.g., cellulose derivatives, polyvinylpyrrolidone,
polyvinyl alcohol) or non-ionic surfactants (e.g., poloxamers, poly-
sorbates) to the surface of the particle. On the other hand, electrostatic
stabilization is achieved by adsorbing ionic surfactants (e.g., SLS) onto
the particle surface [16,18]. However, in the case that dispersions of
nanoparticles are intended to be post-processed as a dry powder, long-
term stability of the liquid formulation is not a major concern. Finally,
the characterization of the obtained system is crucial in the effective
development of these formulations [10].

Multiple strategies have been carried out attempting to improve the
solubility and dissolution rate of PZQ, e.g. solid dispersions, inclusion
complexes with α-, β- and γ-cyclodextrins, solid lipid nanoparticles and
polymeric nanoparticles, Poly (−caprolactone) implants, co-crystals by
grinding methodology, microparticles, granules or coprecipitates
[19–28]. Although these systems exhibited several advantages, im-
portant drawbacks could also be detected in the applied techniques,
such as a greater process complexity, the use of organic solvents, a
higher excipient proportion, and a drug loading estimation requirement
or some matrix effects. However, to the best of our knowledge, the
development of a suitable system for PZQ by HPH has not been studied.

The purpose of this study was to formulate novel dispersions of PZQ
and selected stabilizers using the HPH technique, in order to improve
the solubility and dissolution rate of the drug. The obtained formula-
tions were subsequently characterized, regarding technological and
crystallographic properties, such as particle size distribution, drug
content, in vitro dissolution profiles, particle morphology, differential
scanning calorimetry, and X-ray powder diffraction. Finally, all these
properties were compared with the raw materials and their physical
mixtures.

These novel systems, developed with a not complex and scalable
technique, would promote the adoption of this technology in order to
improve the properties of PZQ and parasitic diseases treatment.

2. Materials and methods

2.1. Materials

Pharmaceutical-grade PZQ was purchased from Todo Droga
(Argentina), and complied with the British Pharmacopoeia require-
ments [29]. Selected stabilizers, including poloxamer 188 (P188 – Lu-
trol F68®), polyvinylpyrrolidone K30 (PVP – BASF), sodium lauryl
sulfate (SLS – Lab. Cicarelli), and maltodextrin (MDX-Todo Droga),
were pharmaceutical-grade quality. Dissolution media were prepared
using analytical-grade potassium dihydrogen phosphate (Anedra-Re-
search AG, Argentina), sodium hydroxide (Cicarelli, Argentina), and
hydrochloric acid (HCl - Anedra Research AG, Argentina). Different
types of water were used: triple distilled for the formulation of PZQ
dispersions, deionized for dissolution media preparation, and Ultra-
purified Milli-Q® (Millipore SAS, France) for dilution of samples during
particle size analysis. For PZQ assay, ethanol analytical grade (Dorwil,

Argentina) was used.

2.2. Methods

2.2.1. Physical mixtures preparation
For physical mixtures (PM) preparation, PZQ and stabilizers were

thoroughly mixed in a glass mortar, considering the same drug/stabi-
lizer ratios (w/w) as for the PZQ dispersions.

2.2.2. Saturation solubility studies
The HPH process is sensitive to the proper selection of stabilizers

and drug concentration [16]. Excipients were selected based on their
stabilization properties (i.e., steric [PVP, MDX], electrostatic [SLS] or a
combination of polymeric/surface active agents [P188]). These four
water-soluble compounds are approved as inactive ingredients by the
U.S. Food and Drug Administration (FDA), and commonly used for the
formulation of drug delivery systems [30]. In general, they exhibit good
binding ability on the surface of drug particles, and affinity to hydro-
phobic and hydrophilic areas [31]. In particular, it has been reported
that interactions between PZQ and PVP are mostly van der Waals forces
[32].

Moreover, the solubility of the formulated drug in the stabilizer
solution plays an important role in the particle size increase during
storage, in terms of Ostwald ripening [33]. Therefore, the stabilizer
should have a slight effect on drug solubility [33]. For that reason, it is
critical to determine the solubility of the drug in different stabilizer
solutions, in order to establish the PZQ supersaturation concentration
required. Binary stabilizer solutions were prepared at a total con-
centration of 1% (w/v). These binary solutions consisted of a combi-
nation of P188 with SLS, PVP or MDX, in a 1:1 ratio. Moreover, P188
was used individually (1% w/v). An excess of PZQ was added to 7mL of
stabilizer solutions (n=3), and the mixtures were stirred for 96 h at
40 °C (the highest temperature reached by the dispersion during the
HPH process). The concentration of PZQ was determined at 264 nm
(Varian Cary 50Conc, Varian Instruments, Australia), after centrifuga-
tion (3500 rpm, 15min) and filtration (0.45-μm pore-size nylon mem-
brane, Microclar, Argentina) of the samples. At the PZQ maximum
absorption wavelength, no interference signals were recorded for sta-
bilizer solutions. Statistical evaluation of solubility results was per-
formed using Analysis of Variance (ANOVA) followed by LSD multiple
comparisons. Significance was tested at the 0.05 level of probability (p).

2.2.3. Preparation of PZQ dispersions
PZQ (2 g), as supplied, was dispersed within the stabilizer solution

at a concentration of 1% (w/v), in a final volume of 200mL. The
drug:stabilizer ratio was 1:1 (w/w), i.e. the concentration of stabilizer
was 1% (w/v) in the case of F1, and 0.5% per each stabilizer in the case
of F2-F4 (Table 1). The suspensions were stirred at 1000 rpm for
10min. To avoid obstruction of the homogenization valve, a first size-
reduction step was needed [10]. Therefore, mixtures were pre-homo-
genized at 22,000 rpm for 10min (PRO Scientific PRO250). The ob-
tained suspensions were then processed by HPH (APV 1000, Denmark)
for 60 cycles at 950 bar.

Table 1
Formulated PZQ systems.

Sample Stabilizer mixturea

F1 P188
F2 P188-SLS
F3 P188-MDX
F4 P188-PVP

a API concentration of 1% (w/v) and a
PZQ:stabilizer mixture ratio of 1:1.
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2.2.4. Particle size distribution analysis
Particle size distribution analysis of PZQ dispersions was performed

by photon correlation spectroscopy (PCS). This technique yields accu-
rate results in the range of 2 nm to 3 μm [10,34]. On the other hand,
laser diffraction (LD) was employed to evaluate particle size distribu-
tion of non-treated PZQ, with a measuring range up to 2000 μm [10].

The particle size distribution of PZQ dispersions was determined
using a Zetasizer Nano ZS90 (Malvern Instruments, UK). Samples were
backscattered by a helium-neon laser (633 nm), at an angle of 90°, and a
constant temperature of 25 °C. Each sample was analysed immediately
after its formulation (n=3). Before measurements, a drop of PZQ
dispersion was suitably diluted using ultrapurified water, in order to
achieve the required particle density for PCS analysis and results in-
dependent of particle concentration. The diameters reported were cal-
culated using volume weighted distribution. The median particle size
by volume D50 (i.e., the maximum particle diameter below which half
of the sample volume exists), D90, and D95 were used as characteriza-
tion parameters.

For comparison purposes, particle size analysis of raw material was
conducted by LD (HORIBA LA950-V2, Japan), using the unit equipped
with a powder jet dry feeder system at 0.2 MPa airflow. The volume
weighted particle size distributions were obtained (n=3), using D10,
D50, and D90 as characterization parameters, associated with its corre-
sponding standard deviation (SD).

2.2.5. Crystalline state evaluation
To evaluate possible internal structure modifications during the

application of HPH, crystalline state evaluation was conducted, before
and after particle size reduction process, by differential scanning ca-
lorimetry (DSC) and powder X-ray diffraction (XRPD) analysis. In order
to obtain a powder, PZQ dispersions were dried at 40 °C in a thermo-
statically controlled oven.

DSC analysis was performed on raw PZQ, stabilizers, PMs, and dried
dispersions, using a differential scanning calorimeter (Perkin Elmer
Pyris1, USA). Approximately 8mg of each sample was scanned from 20
to 200 °C, at a heating rate of 10 °C/min, in aluminum-crimped pans
under nitrogen gas flow. An empty aluminum pan was used as the
standard reference.

Moreover, the physical state of stabilizers and PZQ in the different
samples (raw material, PMs, and dispersions) was evaluated using a
diffractometer (D/Max IIIC, Japan), with a Ni-filtered CuKα radiation
detector (k¼ 1.5405 Å). It was operated at a voltage of 35 kV and a
current of 15mA, in the 2ϴ range from 2.5° to 60°, with a scan angular
speed of 2° min−1 and a scan step of 0.02°.

2.2.6. Scanning electronic microscopy
The surface morphologies of raw materials (PZQ and stabilizers),

PMs, and dispersions were investigated by scanning electron micro-
scopy (SEM - LEO EVO 40-XVP, Germany). Raw material and PMs were
evaluated as supplied or prepared, respectively. In the case of PZQ
dispersions, a drop was dispersed onto glass coverslips, and the water
was left to evaporate naturally. The obtained powder was fixed on
aluminum stubs using double-sided adhesive tape and coated with Au
in a sputter coater (PELCO 91000, USA). All raw material (PZQ and
stabilizers) and PMs micrographs were recorded at 300×, and disper-
sions micrographs were recorded at 20,000×.

2.2.7. In vitro dissolution studies
In vitro dissolution studies on raw PZQ (100mg) and formulated

dispersions F3 and F4 (10mL) were performed using the paddle method
(Erweka DT60, Germany) at 50 rpm and 37.0 ± 0.5 °C (n= 3). At 5,
15, 30, and 60min, 10 mL samples were withdrawn (replacing an equal
volume of fresh medium) and filtered using a 0.45 μm pore-size nylon
membrane (Gamafil, Argentina). The amount of PZQ dissolved was
determined by UV spectrophotometry at 264 nm, and referred to real
drug content in each sample (also assessed by UV analysis, in ethanol,

using a calibration curve constructed for this purpose). For dissolution
profiles construction, the mean percentage of PZQ dissolved and SD
were reported.

The dissolution medium described for PZQ tablets analysis consists
of 0.1 N HCl containing 2.0mg of SLS per mL [35]. With this great
amount of surfactant, it is difficult to observe differences between the
dissolution profiles of raw material and formulated dispersions.
Therefore, in vitro dissolution profiles were carried out in 900mL of
0.1 N HCl without SLS, in order to obtain better discriminant condi-
tions. Besides, to evaluate the dissolution behaviour in a physiologically
relevant pH, the test was also performed in pH 7.4 phosphate buffer
solution (PB), prepared according to USP requirements [35]. According
to previous studies performed in our laboratory, carried out applying
similar methodology of Section 2.2.2, PZQ solubility in dissolution
media at 37 °C is 0.524 ± 0.013 for PB and 0.677 ± 0.067 for 0.1 N
HCl. Considering this solubility data, and the amount of sample used for
dissolution testing, sink conditions were assured.

Dissolution profiles were compared using ANOVA, in terms of dis-
solution rate constant (k) and Dissolution Efficiency (D.E.). D.E. is de-
fined as the area under the dissolution curve up to a certain time t,
expressed as a percentage of the area of the rectangle described by
100% dissolution, at the same time [36]. A p-value ˂0.05 was con-
sidered to be significant.

3. Results and discussion

3.1. Saturation solubility studies

PZQ solubility, in triple distilled water at 40 °C, was
0.332 ± 0.018mg/mL. The PZQ solubility results in stabilizer solu-
tions without SLS were 0.336 ± 0.019 (PZQ dispersed in P188),
0.367 ± 0.063 (PZQ dispersed in P188-MDX), and
0.421 ± 0.012mg/mL (PZQ dispersed in P188-PVP). These samples
showed no significant differences compared to the solubility of PZQ in
water. In contrast, PZQ dispersed in a binary mixture of P188-SLS (1%
w/v) exhibited a solubility value of 1.737 ± 0.052mg/mL, sig-
nificantly higher than the value in water (p ˂ 0.01). It is worth em-
phasizing that conventional small-molecular weight surfactants (e.g.,
SLS) may excessively promote the dissolution of hydrophobic drugs,
resulting in the destruction of crystalline structures (33). Therefore, to
ensure supersaturation, the selection of stabilizer mixtures without SLS
is a conservative condition for dispersions development.

3.2. Development and particle size distribution analysis of PZQ dispersions

The screening formulation compositions (F1–F4) are shown in
Table 1.

Particle size distribution results, for PZQ dispersions and the raw
material, are shown in Table 2. After 60 cycles of HPH, all formulations
exhibited a particle size distribution below 2 μm, with highly significant

Table 2
Particle size distribution resultsa.

Raw PZQb D10 (μm) D50 (μm) D90 (μm)

8.24 ± 0.3 18.63 ± 0.8 102.31 ± 29.9

Dispersionsc D50 (nm) D90 (nm) D95 (nm)

F1 1280.0 ± 30.0 1726.7 ± 32.1 1876.7 ± 32.1
F2 1113.3 ± 60.2 1456.7 ± 73.7 1540.0 ± 96.4
F3 891.0 ± 66.2 1138.0 ± 84.4 1214.0 ± 102.1
F4 830.3 ± 131.4 1063.3 ± 193.5 1132.7 ± 205.4

a The values are shown as mean particle size ± SD (n=3).
b LD measurements.
c PCS measurements.
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reduction with respect to PZQ raw material (Table 2). However, the
most effective particle size reduction was observed with the formula-
tions containing MDX (F3) and PVP (F4), where half of the particle
population (D50) had a size below the micrometer range. Moreover, F2
exhibited a poor short-term physical stability, with rapid sedimentation
of particles (visually inspected). For these reasons, only F3 and F4 were
subsequently characterized.

3.3. Crystalline state evaluation

To evaluate possible crystalline structure modifications or appear-
ance of amorphous patterns after HPH, DSC analysis were carried out
on dried PZQ dispersions, and compared with raw materials and PMs
(Fig. 1). PZQ exhibits only a single sharp endothermic peak, with an
onset temperature of 139.4 °C and a maximum at 144.0 °C
(ΔH=100.9 J/g), corresponding to its melting point (Fig. 1e). These
results are in agreement with the melting point and enthalpy of fusion
described for the racemic form of the drug [27,28,37]. No other thermal
events were recorded for the PZQ bulk drug.

As can be seen in Fig. 1f, P188 exhibited an endothermic peak at
57.6 °C, corresponding to its melting point, while PVP (Fig. 1h) showed
a glass transition temperature at roughly 166.0 °C, in agreement with
the results found in the literature [38,39]. Thermograms of MDX
(Fig. 1g) did not show any significant event, such as glass transitions or
melting endotherms, in the temperature range of 20 to 200 °C [40].

In the case of F3, the PM (Fig. 1c) exhibited two thermal events,

corresponding to the melting point of P188 and PZQ, at 51.2 °C and
136.4 °C respectively. For dried dispersions (Fig. 1a), the same peaks
are observed at approximately the same temperatures (52.5 °C and
133.9 °C, respectively). For F4, both PM (Fig. 1d) and dispersions
(Fig. 1b) also exhibited two thermal events, corresponding to P188 and
PZQ melting peaks, at 51.3 °C and 132.0/133.8 °C respectively.

In both cases (F3 and F4), the particles exhibited a sharp en-
dothermic melting peak, indicating the conservation of the crystalline
structure of PZQ in the dispersions. It could be pointed out that the
melting point of PZQ, in both PMs and dispersions, was slightly lower
than the raw material. This might be due to a decrease in purity of
individual components, or a partial dissolution of the drug in the melted
excipient in the case of PM; and to the particle size reduction as pre-
dicted by the Gibbs–Thomson equation, in the case of PZQ dispersions
[41–44]. On the other hand, even though the crystalline behaviour
remained, a certain reduction in crystallinity percent was observed.
Relative crystallinity of PZQ dispersions with respect to the raw ma-
terial was calculated from the DSC data, by comparison of the area
under the curve for the melting peak (ΔH), with results of 71.6% and
47.2% for F3 and F4 respectively. This behaviour agreed with ob-
servations made along other formulations and processing methods,
where it is described that PVP has the ability to promote amorphous
phase formation and inhibit crystal growth [9,19,45–50].

Crystallographic properties were also evaluated by XRPD (Fig. 2).
As shown in Fig. 2e, sharp and intense diffraction peaks demonstrated
the crystalline behaviour of raw PZQ. The XRPD pattern corresponded

Fig. 1. DSC Thermograms
DSC thermograms for F3 dispersion(a), F4 dispersion (b), F3 PM (c), F4 PM(d), PZQ(e), P188 (f), MDX (g), and PVP (h).

Fig. 2. X-ray diffractograms
X-ray diffractograms for F3 dispersion (a), F4 dispersion (b), F3 PM (c), F4 PM (d), PZQ (e), P188 (f), MDX (g), and PVP (h).
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to that of PZQ racemate, both by the diffraction angles and by the in-
tensity of the peaks, as reported by Liu et al. [37].

On the other hand, the excipients showed a crystalline state in the
case of P188 (Fig. 2f), and an amorphous pattern in the case of PVP
(Fig. 2h) and MDX (Fig. 2g), supporting the DSC results. The char-
acteristic diffraction pattern of PZQ is conserved, both in PMs as dried
dispersions of F3 and F4 (Fig. 2a–e). Although subtle differences in
scattering intensity were observed, these results confirmed that the
HPH technique retain the crystalline behaviour of PZQ (i.e., change
from crystalline to amorphous), as it was also concluded for DSC ana-
lysis.

It is well known that the amorphous state exhibit greater instability
and enhanced dissolution rates [51]. With time, high-energy amor-
phous particles could be transferred to low-energy crystalline form,
depending on the temperature, type of stabilizer used, and the presence
of the crystalline form [52]. Moreover, to prevent stability concerns,
crystalline particles are preferable, considering the higher mobility of
the drug in amorphous phases [53]. For these reasons, the developed
formulations have a significant advantage.

3.4. Scanning electron microscopy

Shape and morphology of raw PZQ, excipients, PMs, and dispersions
were evaluated using SEM analysis.

Raw PZQ drug presented a prismatic form with particles larger than
30 μm, which corresponded with the results obtained by LD (Fig. 3a).
Both PVP (Fig. 3b), P188 (Fig. 3c), and MDX (Fig. 3d) exhibited a
spherical shape. These results are in agreement with the literature
[19,39,54].

In the case of PMs, F3 conformed an agglomerate containing large
PZQ particles (Fig. 3g). The same occurs for F4, where the spherical
particles of PVP and P188 can be distinguished, and the prismatic
crystallites of PZQ were adsorbed on the surface of these polymers
(Fig. 3e).

In the developed dispersions, particles maintained their prismatic
shape, but the size was significantly decreased (Fig. 3f and h). Con-
sidering the broad particle size distribution visualized in the micro-
graphs, similar particle sizes were observed in comparison with the PCS
methodology. Nevertheless, more than 95% of the particle population
was below 1214.0 nm and 1132.7 nm for F3 and F4, respectively (i.e.,
although a broad size distribution was obtained, the majority of PZQ
particles measured around 1 μ). It should also be emphasized that after

the HPH process, particles retained the initial elongated shape, which
might be advantageous for oral bioavailability, according to the results
described by Banerjee et al. [55].

3.5. In vitro dissolution studies

Fig. 4a and b show the dissolution profiles of raw PZQ and dispersed
formulations (F3–F4) in pH 7.4 PB and 0.1 N HCl, respectively. As it can
be seen in both figures, the PZQ bulk drug did almost not dissolve after
60min (5% dissolved in PB and 1% in HCl). In the case of PZQ dis-
persions, F4 showed a higher mean percentage dissolved result than F3,
in both media, after 60min of analysis (75% and 87% dissolved in PB
and HCl, respectively, for F4, versus 57% and 66% dissolved for F3).

The obtained profiles were then adjusted to a first-order kinetics,
and the constant rate k was calculated (Table 3). F4 showed the fastest
dissolution rate (highest first order constant) and highest dissolution
performance, in both media. Subsequently, a statistical comparison of
profiles was performed, in terms of k and D.E. results (Table 3). Sig-
nificant differences were recorded in all cases, both when comparing
dissolution rate k and D.E. values of F3 and F4.

Modification of variables, such as a saturation solubility increase
and a particle size reduction, lead to the improvement of drug dis-
solution rate, as is stated in Noyes–Whitney equation [11]. Therefore,
the enhanced dissolution observed for PZQ dispersions could be at-
tributed to the reduced particle size, associated with a higher surface
area, and possible better contact between the active pharmaceutical
ingredient and dissolution medium [56–58]. Additionally, the crystal
habit might have a significant effect on in vitro dissolution behaviour.
As described by Mengran Guo et al., rod nanocrystals reveal higher
bioavailability and in vitro dissolution than spherical crystals, due to
the larger surface area and small diffusion layer thickness exhibited by
the former [59]. Moreover, amorphous solids have higher aqueous so-
lubility than the corresponding crystalline state, due to differences in
the lattice energies, leading to enhanced dissolution rates [60]. The
improved dissolution performance observed for F4 relative to F3 could
be ascribed to the lower crystallinity percent recorded for the former.

Finally, in comparison with other formulations described in the
literature [19,26,27], the significant improvement in dissolution rate
was achieved using a not complex (one-step), organic solvent-free and
scalable methodology.

Fig. 3. SEM micrographs
SEM micrographs of raw PZQ (a), PVP (b), P188 (c), MDX (d), F4 PM (e), F4 dispersion (f), F3 PM (g) and F3 dispersion (h).
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4. Conclusion

Two formulations of PZQ, stabilized with P188 and PVP or MDX,
were developed by HPH methodology. This technique had shown to be
a robust and not complex process for particle size reduction, leading to
a significant enhancement of PZQ dissolution rate. Furthermore, PZQ
crystallinity was partially preserved during the HPH process, which is
an important factor to be considered for formulation stability features.
It is worth to mention that improved dissolution profiles were achieved,
even maintaining some degree of PZQ crystallinity. In addition, oral
bioavailability might be improved due to elongated-shaped particles,
which will increase cellular uptake and transport across the intestinal
membrane. Considering the overall results, it could be concluded that
F4 is the formulation with best optimized parameters.

Future studies will be performed, in order to evaluate the applic-
ability and versatility of the developed formulation to solid and liquid
pharmaceutical products, with preserved properties, as well as alter-
native administration routes for specific types of parasitic diseases
treatment.
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