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Praziquantel (PZQ) is the first-line treatment for schistosomiasis, but its low aqueous solubility and exten-

sive first-pass metabolism limit PZQ's bioavailability. Furthermore, the commercial formulation of PZQ

includes the inactive (5)-PZQ enantiomer, which causes unwanted side effects and a bitter taste. This

work aimed to evaluate the impact of chirality on PZQ's performance in amorphous solid dispersion (ASD)

formulations prepared from both racemic and the active (R)-PZQ enantiomer, with additional studies on

polymer type and processing method. ASDs of (R,S)-PZQ and (R)-PZQ at 30% drug loading were prepared
with HPMCAS MF and HPMC E5 via solvent evaporation (SE) and hot-melt extrusion (HME). Release
testing was conducted in aqueous media with different pH values and in biorelevant media simulating

fasted- and fed-state conditions. Results demonstrated that ASDs significantly enhanced PZQ concen-

trations, with the amorphous solubility being up to 8-fold higher than that of the corresponding crystalline

form. HPMCAS-based ASDs showed pH-dependent release, with poor release at gastric pH but achieving

near-complete release with crystallization inhibition at intestinal pH conditions, while HPMC-based ASDs

exhibited faster gastric release but reduced stability due to crystallization, which was confirmed by polar-
ized light microscopy (PLM) and powder X-ray diffraction (PXRD). (R)-PZQ-HPMCAS ASDs outperformed
(R.S)-PZQ-HPMCAS ASDs in simple media at pH 6.5 at high target concentration, which was attributed to
a slightly higher amorphous solubility. However, both ASDs exhibited comparable release in fasted-state

media due to bile salt-enhanced solubility. PZQ-ASDs showed crystallization when evaluated in
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1. Introduction

Schistosomiasis is a tropical disease caused by trematode
worms of the genus Schistosoma that occurs in regions
where water is contaminated or sanitation conditions are
inadequate.”” According to the World Health Organization
(WHO), it is estimated that more than 250 million people
worldwide required preventive treatment in 2021.%
Currently, praziquantel (PZQ) is an anthelmintic drug rec-
ommended as the first-line treatment for all types of schisto-
somiasis and is also included in the WHO Model List of
Essential Medicines for the treatment of both adults and
children.**
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FeSSIF-V2 and did not release well. Different processing methods minimally affected release profiles,
highlighting HME's potential as a scalable, solvent-free method. These findings suggest that (R)-
PZQ-HPMCAS is a promising alternative to commercial racemic PZQ formulations, potentially reducing
side effects and improving patient compliance through allowing for a reduced pill burden.

PZQ belongs to Biopharmaceutics Classification System
(BCS) class II and is characterized by high permeability and
low solubility (0.4 mg mL™" in water at 25 °C), which results in
a slow dissolution rate in the gastrointestinal (GI) tract and
consequently low bioavailability.>”” Furthermore, PZQ under-
goes an extensive first-pass effect metabolism, converting into
inactive metabolites rapidly.>* ' In this context, it is necessary
to administer a high drug dosage, usually 20 mg kg™ three
times a day at intervals of 4 to 6 hours or as a single dose of
40 mg kg™' for preventive chemotherapy.'™'* Therefore,
investigations are warranted to obtain formulations with
enhanced solubility and bioavailability to decrease the PZQ
therapeutic dose and, thereby, the tablet size, which is difficult
to swallow, in particular for pediatric treatment.

PZQ [2-(cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4H-pyr-
azino[2,1alisoquinolin-4-one] is commercially available in
tablet form as the innovator product Biltricide®, as well as
various generic versions, and is dosed as a crystalline racemic
mixture at a proportion of 1:1.">"® The (R)-PZQ enantiomer is
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Fig. 1 Chemical structures of (R)-PZQ (a), (S)-PZQ (b), HPMCAS (c), and HPMC (d).

responsible for the pharmacological activity, while the (S)-PZQ
enantiomer has little or no antischistosomal action and pro-
vides a bitter taste along with side effects such as abdominal
pain, fever, nausea, and vomiting.*'*'® Given the drawbacks
associated with PZQ, a possible way of overcoming its low bio-
availability is to increase PZQ solubility through amorphous
solid dispersion (ASD).

ASDs consist of a homogeneous dispersion of the active
pharmaceutical ingredient (API) in an inert excipient carrier in
the amorphous state."”'® Since the API is in the amorphous
state within an ASD formulation, no energy is necessary to
break the crystal lattice, which increases the apparent water
solubility, dissolution rate, and bioavailability."*>" Moreover,
improvements in release and wettability due to the presence of
a hydrophilic polymer are also factors that may contribute to
enhanced drug release.”>>?

Several studies have reported release studies of PZQ-ASD
formulations prepared by solvent evaporation (SE),>*>® the
fusion method, co-precipitation,>?° co-grinding,*' spray
drying,*> and hot-melt extrusion (HME).**?** Most of these
studies performed dissolution testing in simple aqueous
media. It is also valuable to evaluate the dissolution profile in
media that simulate fasted and fed states, in particular for
poorly soluble compounds.®® While the impact of biorelevant
media has been studied for a formulation containing crystal-
line PZQ,*® to the best of our knowledge, no studies have
explored the influence of biorelevant media on the release rate
of PZQ-ASD formulations. In addition, there are limited
studies on the release properties of ASDs prepared with the
pharmacologically active (R)-PZQ enantiomer.

Therefore, this work aims to evaluate the impact chirality
on the PZQ release behavior from ASDs in aqueous media at
different pH conditions and in fasted/fed-state simulated GI
fluids (FaSSGF, FaSSIF, and FeSSIF-V2), while also varying
polymer type and processing method. ASDs of (R,S)-PZQ and
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(R)-PZQ at 30% drug loading (DL) were prepared with HPMCAS
MF and HPMC E5 LV via solvent evaporation (SE) and hot-melt
extrusion (HME). Crystallization during release studies was
analyzed using polarized light microscopy (PLM) and powder
X-ray diffraction (PXRD). Fig. 1 shows the chemical structure of
(R)-PZQ, (S)-PZQ, and polymers.

2. Experimental section

2.1. Materials

(R)-PZQ (purity 99.9%) was sourced from Tongli Biomedical
Co. (Zhangjiagang, China).

(R,S)-PZQ (purity 95%+) was sourced from ChemShuttle
(Burlingame, CA). Hydroxypropyl methylcellulose acetate succi-
nate MF grade (HPMCAS-MF; AQOAT AS-MF, Shin-Etsu, Tokyo,
Japan) and hydroxypropyl methylcellulose E5 LV grade (HPMC;
Methocel E5 Premium LV, The Dow Chemical Company,
Midland, MI) were the polymers used in this work.

Table 1 Solution composition of fasted and fed-stated simulated
media®>®

Fasted state Fed state
Composition FaSSGF FaSSIF  FeSSIF-V2
SIF powder (g) 0.06 2.24 9.76
Sodium taurocholate (mmol L™")  0.08 3.00 10
Phospholipids (mmol L™) 0.02 0.75 —
Lecithin (mmol L™") — — 2
Glycerol monooleate (mmol L™)  — — 5
Sodium oleate (mmol L") — — 0.8
HCl solution pH 1.6 (L) 1 — —
PBS pH 6.5 (L) — 1 —
Maleate buffer (L) — — 1
Osmolarity (mOsm kg™") 120 270 387
Buffer capacity (mM L™" pH™") Unbuffered 10 25

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Dimethylsulfoxide (DMSO), dichloromethane (DCM), metha-
nol (MeOH), sodium chloride (NaCl), sodium hydroxide
(NaOH), hydrochloric acid (HCl), and glacial acetic acid
(CH;3;COOH) were purchased from Fisher Chemical (Fair Lawn,
N]J). Sodium phosphate monobasic anhydrous (NaH,PO,) and
maleic acid (C4H,0,) were purchased from Acros Organics
(Geel, Belgium). ortho-Phosphoric acid 85% (H;POH,,
Switzerland) was obtained from Merck, while sodium acetate
anhydrous (CH3;COONa) was purchased from Macron Fine
Chemicals (Center Valley, PA). Biorelevant simulated gastric
and intestinal fluids, including FaSSIF/FaSSGF, and FeSSIF-V2
were purchased from Biorelevant (London, UK).

2.2. Methods

2.2.1. Dissolution media preparation. The HCIl solution
(pH 1.6) was prepared by dissolving 2 g of NaCl and adding
1.4 mL of concentrated HCl into water. Phosphate-buffered
saline (PBS) at pH 3.0 was prepared using 7.16 g of NaCl, 3.84 g
of NaH,PO,, and 320 pL of ortho-phosphoric acid (H;PO,),
whereas PBS at pH 6.5 was prepared using 0.42 g of NaOH
pellets, 3.44 g of NaH,PO,, and 6.19 g of NaCl. Concentrated
PBS at pH 7.3 was prepared using 17.40 g of NaOH, 11.10 g of
NaCl, and 68.69 g of NaH,PO,. Acetate buffer at pH 4.5 was pre-
pared by dissolving 2.99 g of CH;COONa in water along with
1.60 mL of CH;COOH,*” whereas acetate buffer at pH 5.0 was
prepared using 13.85 g of NaCl, 2.44 g of CH3;COONa, and
980 pL of CH;COOH in water. Maleate buffer at pH 5.8 was pre-
pared using 6.39 g of maleic acid, 3.27 g of NaOH, and 7.33 g of
NaCl. The chemicals for each buffer were solubilized in 900 mL
of ultrapure water and had their pHs adjusted using either
1 mol L™' NaOH or concentrated HCI solution. The volumes
were then made up to 1 L with ultrapure water.

For the fasted-state simulated media preparations, 0.06 g of
Biorelevant 3F powder was added in 900 mL of the prepared
HCI solution at pH 1.6, while 2.24 g was dissolved in 900 mL
of PBS at pH 6.5 to produce FaSSGF and FaSSIF, respectively.
The fed-state simulated medium was prepared by adding
9.60 g of Biorelevant FeSSIF-V2 powder to 900 mL of maleate
buffer at pH 5.8. The SIF powder was solubilized, and the
volume was made up to 1 L with the appropriate buffer. For
two-stage experiments in biorelevant media, Biorelevant 3F
powder was added to a concentrated PBS at pH 7.3 to obtain
FaSSIF at a concentration 10 times higher than required by the
Biorelevant media protocol. Biorelevant media were equili-
brated for 2 hours before use and were used within 48 h.
Table 1 shows the composition of fasted- and fed-state simu-
lated GI media.

2.2.2. ASDs via solvent evaporation (SE). ASDs of (R,S)-PZQ
and (R)-PZQ with HPMCAS-MF and HPMC E5 LV were pre-
pared by SE using a Hei-VAP Core rotary evaporator (Heidolph
Instruments, Schwabach, Germany) equipped with an
EcoChyll S Cooler (Ecodyst, Apex, NC) and a water bath set to
50 °C. The drug and polymer were dissolved in a DCM and
MeOH mixture (1:1 v/v) to prepare ASDs with DL of 30% for
(R,S)-PZQ and (R)-PZQ. The ASDs were subjected to further
drying overnight in a vacuum oven at room temperature to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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remove residual solvents. A 6750 Freezer/Mill cryogenic impact
mill (SPEX SamplePrep, Metuchen, NJ) was used to pulverize
ASDs, and the powders were passed through a 60 mesh
(250 pm) sieve to obtain a uniform particle size.

2.2.3. ASDs via hot-melt extrusion. HME ASDs of (R,S)-
PZQ, (R)-PZQ with HPMCAS-MF at DL of 30% were prepared
using an Xplore PME extruder (Geleen, The Netherlands)
equipped with a 5 mL volume barrel set and conveying screws.
A temperature of 120 + 1 °C was used for (R)-PZQ ASD, while
150 + 1 °C was used for (R,S)-PZQ ASD, with a screw speed of
20 rpm for extrudate preparation in a continuous process. All
extrudates were cryomilled and passed through a 60 mesh
(250 pm) sieve to obtain a uniform particle size.

2.2.4. X-ray powder diffraction. The crystallinity of starting
materials ((R,S)-PZQ, (R)-PZQ, and polymers) and the ASDs pre-
pared by SE and HME was assessed using a Rigaku SmartLab
diffractometer (Rigaku Americas, The Woodlands, TX)
equipped with a Cu Ka radiation source and D/tex ultradetec-
tor. Samples were added to glass sample holders, and X-ray
powder diffraction (XRPD) patterns were recorded over the
range of 4-40° 20 at a scanning speed of 0.2 per min and a
0.02° step size with the voltage and current set to 40 kV and
44 mA, respectively.

2.2.5. Polarized light microscope (PLM). Drug crystalliza-
tion was evaluated wusing a PLM Nikon Eclipse
E600 microscope coupled to a Nikon DS-Ri2 camera (Melville,
NY). Aliquots of solutions were collected during release studies
and added to a slide with a concave depression (Fisher
Scientific, Pittsburgh, PA). The cover glass (22 mm x 22 mm)
was placed in contact with the solution, and drug crystalliza-
tion was visualized under PLM using a 20x objective after
sample collection. PLM images were collected using Nikon
imaging software NIS Elements version 4.30.10.

2.2.6. Amorphous solubility determination. The amor-
phous solubility of (R,S)-PZQ and (R)-PZQ in different media was
determined under constant stirring (400 rpm) at 37 °C using the
UV-extinction method.*® 50 mL of each aqueous medium was
added to a water-jacketed beaker and allowed to equilibrate at
the target temperature. Stock solutions of (R,S)-PZQ and (R)-PZQ
in DMSO with a concentration of 125 mg mL ™" were added to
the aqueous media at a rate of 50-200 pL min~" using a syringe
pump (Harvard Apparatus, Holliston, MA). Light scattering in
the solution was monitored at a non-absorbing wavelength
(400 nm) with a SI Photonics UV/vis spectrometer (Tucson,
Arizona). A 1 mm probe was used, and data was collected at
intervals of 5-10 s. The amorphous solubility of (R,S)-PZQ and
(R)-PZQ was taken as the concentration at which a rapid increase
in the amount of scattered light was observed.

2.2.7. Crystalline solubility determination. The equili-
brium solubility of crystalline (R,S)-PZQ and (R)-PZQ was deter-
mined at 37 °C with stirring speed of 300 rpm. After 48 h,
excess powder was removed by ultracentrifugation at 40 000
rpm (37 °C, 15 minutes) using an Optima L-100 XP ultracentri-
fuge (SW 41Ti rotor) (Beckman Coulter, Inc., Brea, CA). The
supernatant was diluted in acetonitrile and water (60 :40 v/v)
and 10 pL was injected into an Agilent high-performance
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liquid chromatography (HPLC) 1260 Infinity Series (Agilent
Technologies, Santa Clara, CA), equipped with a G4225A HiP
degasser, quaternary pump G1311B 1260 Quat Pump, an auto-
matic sampler G1329B 1260 ALS, column compartment
G1316A 1260 TCC, and UV-Vis detector G1314F 1260 VWD. An
Eclipse plus C18 column (4.6 x 150 mm, 5 pm) was used with
a mobile phase comprising acetonitrile and water (60 : 40 v/v)
at a flow rate of 1 mL min™", an injection volume of 10 pL, and
an ultraviolet (UV) detector set at 220 nm. Data were collected
and processed using OpenLab CDS ChemStation Edition, Rev.
C.01.05. A stock solution of (R,S)-PZQ at 20 mg mL ™" in the
mobile phase was prepared, and PZQ solubility was obtained
from a standard curve in the range of 1-300 pg mL™".

2.2.8. Powder release studies. Powder release studies were
conducted in triplicate in single-stage or two-stage experi-
ments using a USP II dissolution apparatus (Hanson Vision G2
Classic 6, Teledyne Hanson Research, Chatsworth, CA). An
in situ Rainbow fiber optic ultraviolet spectrometer coupled
with 2 or 5 mm fiber optic dip probes (Pion, Billerica, MA,
USA) was used to monitor drug concentration over 2 h at 37 °C
with 100 rpm of paddle stirring. Data were collected and
treated using the AuPRO software, version 6.0.1.5775. The
target PZQ concentration for release studies was either 667 pg
mL™" or 1.5 mg mL™', which is close to PZQ amorphous
solubility.

For single-stage experiments, ASD powders of (R,S)-PZQ and
(R)-PZQ were added to 50 mL of PBS at pH 6.5, FaSSIF, or
FeSSIF-V2. The two-stage release experiments were performed
under gastric conditions at pH 1.6, 3.0, or 5.0, for 1 h, then
shifted to pH 6.5 for an additional hour. The drug release was
conducted in 45 mL of gastric fluid at pH 1.6, followed by the
addition of 5 mL of concentrated PBS pH 7.3 to adjust the pH
of the solution to pH 6.5. Release studies in media at pH 3.0
and pH 5.0 were conducted in 47 mL and 48 mL, respectively,
and after 1 h, volumes were made up to 50 mL with concen-
trated PBS at pH 7.3. The fasted-state two-stage experiments
were performed in 45 mL of FaSSGF (pH 1.6), followed by the
addition of 5 mL of 10x concentrated FaSSIF solution
(0.57 mol L PBS, pH 7.3) to achieve 50 mL of FaSSIF pH 6.5.
The fed-state condition was performed in 45 mL of acetate

Table 2 Amorphous and crystalline solubility of PZQ
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buffer pH 4.5, followed by the addition of 5 mL of 10x concen-
trated FeSSIF-V2 (pH 12) to achieve 50 mL FeSSIF-V2 pH 5.8.

A 5 mm fiber optic dip probe was used to monitor drug con-
centration in aqueous and fasted-state media, and for fed-state
media, a 2 mm fiber optic dip probe was required. Second
derivative analysis was applied to correct the spectral baseline,
and a calibration curve of the area under the curve (AUC) for
the range 278-285 nm was used to calculate the drug concen-
tration in all media, except for FeSSIV-V2, for which a second
derivative analysis at 280 nm was employed. Calibration curves
in solutions at pH 1.6, 4.5, 6.5, FaSSGF, FaSSIF, and FeSSIF-V2
were built over the concentration range of 10-1500 pg mL ™",
while those at pH 3.0 and 5.0 ranged from 10-1400 pug mL ™",

2.2.9. Differential scanning calorimetry (DSC) analysis.
The melting peak temperature (T},) and midpoint glass tran-
sition temperature (Tg) of (R,S)-PZQ and (R)-PZQ raw materials
were determined using a TA Instruments Discovery DSC 2500
equipped with an RCS90 refrigerated cooling accessory (TA
Instruments, New Castle, DE). Measurements were conducted
under a dry nitrogen atmosphere at a flow rate of 50 mL
min~'. Temperature calibration was performed with indium
and n-octadecane, while enthalpy and heat capacity calibra-
tions were conducted using indium and sapphire disks.
Approximately 1 mg of each sample was sealed in Tzero alumi-
num pans (TA Instruments) and equilibrated at 20 °C. The
samples were then heated at 10 °C min™" to 150 °C for (R,S)-
PZQ and 120 °C for (R)-PZQ, held isothermally for 3 minutes,
cooled to —75 °C at 20 °C min™", and subsequently reheated at
10 °C min™" to just above the respective melting points.

2.2.10. Statistical analysis. Microsoft Excel 365 (Microsoft
Corporation, Redmond, WA, USA) was used to apply the F-test
and unpaired ¢-test on solubility results.

3. Results

3.1. Amorphous and crystalline solubility of PZQ

Table 2 presents the amorphous and crystalline solubilities of
PZQ in aqueous media with different pH values and in fasted-
and fed-state simulated media. The solubility of crystalline

Amorphous solubility (mg mL™")

Crystalline solubility (mg mL™")

Medium (R,S)-PZQ (R)-PZQ (R,S)-PZQ (R)-PZQ (R,S)-PZQ A/C* (R)-PZQ A/C*
pH 1.6 1.41 +0.02 1.40 + 0.02 0.19 +0.01 0.27 + 0.00 7.4 5.2
pH 3.0 1.26 £ 0.02 1.26 +0.01 0.17 +0.00 0.23 +0.02 7.6 5.5
pH 4.5 1.43 +0.01 1.35 +0.04 0.21 + 0.01 0.29 +0.01 6.8 4.7
pH 5.0 1.23 £0.02 1.20 +0.01 0.16 +0.01 0.24 +0.01 7.7 5.0
pH 5.8 1.30 £ 0.09 1.33 +0.01 0.18 + 0.00 0.27 + 0.00 7.2 4.9
pH 6.5 1.17 £ 0.05 1.39 +0.05 0.17 +0.01 0.27 +0.01 6.9 5.1
FaSSGF 1.55 + 0.02 1.63 +0.04 0.22 + 0.01 0.28 + 0.00 7.0 5.8
FaSSIF 1.49 £0.11 1.67 +0.04 0.22 +0.01 0.32 +0.01 6.8 5.2
FeSSIF-V2 1.74 £ 0.09 1.70 + 0.10 0.31 +0.01 0.43 +0.00 5.6 4.0

“Ratio between amorphous and crystalline PZQ solubility.
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PZQ in different media at 37 °C ranged from 0.17 to 0.31 mg
mL™" for (R,S)-PZQ, and from 0.23 to 0.43 mg mL ™" for (R)-
PZQ. The corresponding amorphous solubility for (R,S)-PZQ
ranged from 1.17 to 1.54 mg mL™', while that of (R)}-PZQ
ranged from 1.20 to 1.67 mg mL™". The PZQ solubilities are in
line with the previously reported values for racemic and enan-
tiopure PZQ in aqueous media.>®***! Solubility was found to
be independent of pH, consistent with the molecular struc-
ture. Furthermore, solubilization by micellar species present
in biorelevant media was low. Finally, little difference was
noted between the amorphous solubility values for (R,S)-PZQ
versus (R)-PZQ, while the crystalline form of (R)-PZQ showed a
slightly higher solubility than (R,S)-PZQ.

3.2. Powder release studies of PZQ-ASDs

The influence of pH and fasted/fed-state simulated media on
drug release from ASD powders manufactured by SE or HME,
containing enantiopure versus racemic PZQ and formulated
with HPMCAS MF or HPMC E5 LV, was evaluated. These poly-
mers have demonstrated promising drug release and stability
at a DL of 30% in previous studies,** and hence were evaluated
further.

3.2.1. Release studies in aqueous media. At a PZQ target
concentration of 667 pg mL ™", HPMCAS-based ASDs presented
a similar drug release profile in single-stage experiments in
PBS pH 6.5 (Fig. 2A), independent of if the ASD comprised the
racemate or enantiomer. The (R,S)-PZQ-HPMCAS HME and (R)-
PZQ-HPMCAS SE formulations showed complete release at
approximately 40 minutes, while (R,S)-PZQ-HPMCAS SE had a
slightly slower dissolution rate, releasing 91% at the same dis-
solution time and achieving complete release within
100 minutes. In the two-stage experiments (Fig. 2B), formu-
lations with HPMCAS-based ASDs presented poor drug release
(no more than 30%) over the first hour of dissolution due to
the low solubility of HPMCAS MF in solutions with a pH lower
than ~6.0.*>** However, after shifting the pH to 6.5, HPMCAS-
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based ASDs achieved drug release higher than 92% within
120 minutes.

At a PZQ target concentration of 1.5 mg mL™", (R,S)-
PZQ-HPMCAS prepared by different processing methods
showed a similar release profile in PBS pH 6.5 (single-stage),
reaching 78% and 71% for the HME and SE methods, respect-
ively (Fig. 2C). Additionally, (R)-PZQ-HPMCAS SE showed a
higher dissolution rate than (R)-PZQ-HPMCAS HME, but by
the end of the experimental time frame, both samples
achieved a drug release of approximately 88%. As observed at
the low target concentration, the HPMCAS-based ASD released
poorly in pH 1.6 medium (Fig. 2D). After shifting to pH 6.5,
the drug release of (R,S)-PZQ-HPMCAS peaked at 73% and
69% for samples obtained by SE and HME methods, respect-
ively, while the (R)-PZQ-HPMCAS SE drug release achieved
91%.

For the ASD formulations containing HPMC, the (R,S)-
PZQ-HPMC SE sample reached a drug release of 82% at the
end of the single-stage experiments at a concentration of
667 pg mL~" (Fig. 2A). The same formulation showed a drug
release of 96% at 68 minutes and the concentration level
remained stable at intestinal pH (Fig. 2B). The ASD composed
of (R)-PZQ with HPMC E5 LV presented a maximum drug
release of 86% (~25 min) and 99% (~49 min) in the single-
stage and two-stage experiments, respectively. Subsequently,
these samples experienced a slight drop of 1% in drug concen-
tration after 120 minutes, likely due to drug crystallization.

The (R,S)-PZQ-HPMC SE sample released 55% at 39 min
and increased slowly to 65% in the single-stage experiment at
a target concentration of 1.5 mg mL™'. In contrast, (R)-
PZQ-HPMC SE showed a drug release of 65% at the same time,
and afterwards, dropped to 60% over the experimental time
frame period (Fig. 2C). In the two-stage experiments (Fig. 2D),
HPMC-based ASDs exhibited similar drug release extent, with
the formulation containing the PZQ racemate releasing slower
(71% at 60 minutes) than the enantiopure form (71% at
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Fig. 2 Single- and two-stage release experiments with PZQ ASD samples prepared by SE and HME in aqueous media. PZQ target concentrations:

0.667 mg mL™* for A and B; 1.5 mg mL™* for C and D.
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26 minutes). After reaching maximum release, (R,S)-
PZQ-HPMC SE remained almost constant over the dissolution
experiment, whereas (R)-PZQ-HPMC SE concentration
decreased.

Two-stage experiments were also carried out with media at
PH 3.0 or pH 5.0, followed by a shift to pH 6.5. The HPMCAS-
based ASDs did not exceed a drug release of 25% in the first
dissolution state (gastric pH), but the release increased after
shifting to intestinal pH. The samples prepared with HPMCAS
presented similar drug release profiles and ranged from 62%
to 77% in dissolution experiments at low target concentration
(Fig. S1A and S1Bf), and from 43% to 58% at high target con-
centration (Fig. S1C and S1Dft). At low PZQ target concen-
tration, HPMC-based ASDs showed very similar drug release
profiles, with a drug release higher than 85% up to 35 min,
which remained steady over the intestinal pH (Fig. S1A and
S1Bf). On the other hand, at high target concentration,
HPMC-based ASDs released slightly faster in pH 5.0 than in
pH 3.0. For (R)-PZQ-HPMC SE, a maximum drug release of
72% was observed at pH 5.0 and 68% at pH 3.0, and sub-
sequently, the drug concentration decreased in both experi-
ments (Fig. S1C and S1D¥) due to PZQ crystallization.

3.2.2. Release studies in fasted-state simulated media. The
ASD samples studied exhibited complete or nearly complete
release in approximately 30 minutes whereby the concen-
tration remained constant over the experimental time frame in
FaSSIF, when dosed at a concentration of 0.667 pg mL™", as
shown in Fig. 3A. Compared to single-stage experiments in
PBS pH 6.5, no relevant differences were observed for ASD
samples in FaSSIF, except that HPMC-based ASDs showed a
slight improvement in drug release. For two-stage experiments,
HPMCAS-based ASDs released PZQ poorly in FaSSGF, but com-
plete or nearly complete release was observed in FaSSIF at
both low and high target concentrations. In the single-stage
experiment at high target concentration, HPMCAS-based ASDs
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released more than 85% of the drug within 60 minutes, while
more than ~90% release was observed in two-stage experi-
ments (Fig. 3B-D).

HPMC-based ASDs achieved 93% (~25 min) in FaSSIF and
complete drug release in simulated gastric media at low target
concentration (Fig. 3A and B). (R,S)-PZQ-HPMC and (R)-
PZQ-HPMC reached respectively 82% (~40 minutes) and 75%
(~19 minutes) at a high target concentration in the simulated
intestinal fluid, and then exhibited a 30% drop in release
(Fig. 3C). A decrease in the release was also observed after
reaching ~75% release for formulations with HPMC in the
two-stage experiments (Fig. 3D). The drop in release reflects a
concentration decreased resulting from PZQ crystallization.
HPMC has been demonstrated to be less effective in drug
stabilization against crystallization than either HPMCAS MF or
LF grades.*” The ASD samples had an increase in the drug
release in FaSSIF medium compared to in PBS pH 6.5 medium
at high target concentration, which was more evident with
samples prepared with the racemic form of PZQ and HPMCAS.
This increase in drug release is likely due to the slightly
enhanced solubility of the drug in the FaSSIF medium
(Table 2). Bile salts present in the medium can improve drug
solubility through micellar incorporation, improving the dis-

solution rate.*>™*” However, this effect is relatively minor for
PZQ.
3.2.3. Release studies in fed-state simulated media. ASD

samples in FeSSIF-V2 single-stage experiments showed a
release of approximately 70-80% at a concentration of
0.667 mg mL™", while no more than 55% release was observed
at 1.5 mg mL™'. As expected in two-stage experiments,
HPMCAS-based ASDs exhibited low drug release in simulated
gastric medium (pH 4.5), but a drug release of approximately
64% and 32% was observed in FeSSIF-V2 at low and high
target concentration, respectively for the second stage
(Fig. 4A-D).
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Fig. 3 Single- and two-stage release experiments in fasted-state simulated media with PZQ ASD samples prepared by SE and HME. PZQ target con-

centrations: 0.667 mg mL™* for A and B; 1.5 mg mL™* for C and D.
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Fig. 4 Single- and two-stage release experiments in fed-state simulated media with PZQ ASD samples prepared by SE and HME. PZQ target con-

centrations: 0.667 mg mL™* for A and B; 1.5 mg mL™ for C and D.

HPMC-based ASDs  presented complete release
(~35 minutes) at pH 4.5 and 70% release at low and
high target concentration, respectively. Upon shifting to
FeSSIF-V2 medium, a decrease in drug release was observed
for HPMC-based ASDs, which may be related to drug
crystallization.

3.3. PLM analysis

PLM images were collected during release studies at 5, 60, and
120 minutes to evaluate the presence of crystals at a PZQ target
concentration of 1.5 mg mL ™. PLM images showed particles
with no evidence of birefringence for HPMCAS-based ASDs in
all instances (Fig. S2-S71). Even in experiments performed in
fed-state simulated media using a two-stage dissolution
approach, where drug release was less than 32%, no evidence
of PZQ crystallization in HPMCAS-based ASDs was observed
using PLM. Thus, the particles appear to consist of undis-
solved ASD.

Birefringence was clearly observed in both the racemic and
enantiopure forms of PZQ with HPMC E5 LV after 60 min

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Fig. 5, S8, and S9%). Birefringent particles with needle-like
and rectangular morphologies were observed for (R)-
PZQ-HPMC SE and (R,S)-PZQ-HPMC SE samples, respectively.
Since HPMC-based ASDs already presented evidence of crystal-
lization in both single-stage and two-stage experiments in
aqueous media, PLM images were not collected from these
samples in FaSSGF or FaSSIF.

In fed-state simulated media, HPMC-based ASDs showed
no presence of crystals in acetate buffer pH 4.5, but crystalliza-
tion was observed at the beginning of dissolution in the
single-stage experiments and after shifting to FeSSIF-V2
medium (Fig. 6 and S107).

3.4. PXRD analysis

3.4.1. PXRD analysis of PZQ-ASD samples. ASDs prepared
with (R,S)-PZQ and (R)-PZQ by SE and HME were analyzed by
PXRD to evaluate residual crystallinity. The diffractogram pro-
files were compared to the neat forms of PZQ or polymer, as
well as the physical mixture of PZQ and polymer.
Diffractograms of PZQ ASDs did not show any sharp peaks,

RSC Pharm., 2025, 2, 1125-1138 | 131
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Fig. 5 PLM images of (R)-PZQ-HPMC ASD obtained during the release studies in aqueous media.
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Fig. 6 PLM images of neat HPMC E5 LV, (R,S)-PZQ-HPMC SE, and (R)-PZQ-HPMC SE obtained during the release studies in fed-state simulated

media.

confirming that the samples were in an X-ray amorphous state
after preparation by either SE or HME (Fig. S117).

3.4.2. PXRD analysis after release studies. After release
studies, solutions were filtered using a 0.45 pm filter to collect
the residue, which were then analyzed by PXRD to verify the
presence of crystals. Fig. 7 shows diffractograms for samples
obtained after release studies. Both racemic and enantiopure

M32 | RSC Pharm., 2025, 2, 125-1138

forms of PZQ formulated with HPMC E5 LV via SE presented
crystalline peaks in aqueous media after single and two-stage
experiments.

The (R,S)-PZQ-HPMC ASD sample exhibited small peaks at
7.8°, 15.0°, 19.8°, and 25.2° 26, characteristic of crystalline (R,
S)-PZQ (Fig. 7A). Samples from release studies with a pH
switch from 5.0 to 6.5 presented a small peak at 31.5°, attribu-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Diffractograms of neat PZQ and PZQ ASDs prepared by solvent evaporation after release studies in single and two-stages experiments. (A) (R,
S)-PZQ-HPMC and (B) (R)-PZQ-HPMC in aqueous media, (C) PZQ-ASDs formulated with HPMC, and (D) PZQ-ASDs with HPMCAS in fed-state simu-

lated media.

ted to NaOH. The (R)-PZQ-HPMC SE ASD presented character-
istic peaks of the neat crystalline (R)-PZQ at 8.3°, 14.9°, 17.4°,
19.6°, 21.8°, 24.3°, and 27.3° 20 (Fig. 7B). Some peaks were
slightly shifted due to sample non-uniformity in the alumi-
num cavity holder. Since PXRD was utilized solely for qualitat-
ive analysis, the variations in signal intensities of (R)-
PZQ-HPMC and (R,S)-PZQ-HPMC SE should not be attributed
only to crystalline concentration in the sample. Additionally,
factors such as crystal size and degree of crystalline ordering,
as well as sample mass also affect signal intensity.
Formulations prepared with racemic and enantiopure
forms of PZQ presented crystalline peaks with either HPMC
or HPMCAS in fed-state simulated media in both single and
two-stage experiments (Fig. 7C, D, and S12%). The peaks
were more intense for HPMC ASDs, while they were much
smaller for HPMCAS-based ASDs. ASD formulations contain-
ing HPMCAS with (R,S)-PZQ or (R)-PZQ in aqueous media or

© 2025 The Author(s). Published by the Royal Society of Chemistry

fasted-state simulated media were not analyzed by PXRD,
since these samples showed no evidence of crystallinity in
PLM images or a decrease in drug release during the dis-
solution experiments.

4. Discussion

4.1. Crystalline and amorphous solubility of PZQ

The solubility of PZQ was determined in aqueous media across
various pH levels, as well as in fasted- and fed-state simulated
GI media. The amorphous solubility of (R,S)-PZQ and (R)-PZQ
was approximately 8- and 6-fold greater than in the corres-
ponding crystalline state. According to the t-test, there is no
statistically significant difference in amorphous solubility at
the 95% confidence level between the racemic and enantio-
pure forms of praziquantel (PZQ) across different media,

RSC Pharm., 2025, 2,1125-1138 | 1133
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except in PBS pH 6.5, where a significant difference was
observed in the amorphous solubility.

The amorphous and crystalline solubilities of PZQ exhibi-
ted minimal variation in aqueous media. This result is consist-
ent with the calculated pK, of 1.14 (Fig. $13%),*® which
suggests limited ionization-dependent solubility changes
across the studied pH range. The solubility of PZQ in both
amorphous and crystalline forms exhibited higher values in
FeSSIF-V2, probably due to the higher concentration of bile
salts (10 mmol L™ sodium taurocholate) present in this
medium. However, the solubility enhancement observed in
FeSSIF-V2 was modest which suggests that PZQ has limited
interaction with micellar components. Interestingly, it has
been reported that both high fat and high carbohydrate diets
increase the bioavailability of praziquantel, with a high carbo-
hydrate diet resulting in a greater increase.*® Thus, the positive
food effect could depend on factors other than an increase in
drug solubility which is quite moderate in FeSSIF-V2.

4.2. Impact of polymer type on drug release

ASD formulations can enhance drug solubility leading to
supersaturated solutions upon dissolution, resulting in higher
membrane flux and improved absorption and bioavailability.
The polymer used to form the ASD, serving an important role
in maintaining drug supersaturation by preventing both
nucleation and crystal growth - processes involved in
crystallization.’>>" HPMCAS and HPMC have been widely
employed as drug crystallization inhibitors.>>>® Furthermore,
a previous study has demonstrated that they are able to delay
crystallization of PZQ,** motivating the studies performed
herein.

The influence of the polymer on PZQ release was evaluated
in ASD samples composed of HPMCAS MF or HPMC E5 LV
with (R,S)-PZQ and (R)-PZQ prepared via SE. ASD samples pre-
pared with HPMC E5 LV showed a greater extent of drug
release in the first dissolution stage than those prepared with
HPMCAS MF in experiments initiated at pH 1.6, 3.0, 4.5, 5.0,
fasted- and fed-state simulated media (two-stage) (Fig. 2-4,
and S1%). (R)-PZQ-HPMC SE showed a decrease in drug release
with time in all dissolution media studied at a high PZQ dose
concentration, and (R,S)-PZQ-HPMC SE had a decrease in drug
release with time only in the fasted- and fed-state simulated
media (Fig. 3 and 4). These observations indicate that (R)-PZQ
has a higher tendency to crystallize from highly supersaturated
solutions than the racemic form. This observation is consist-
ent with a previous study that found that (R)-PZQ had a
shorter nucleation induction time than the racemic form,
from supersaturated solutions.*> The release results further
demonstrated that HPMC E5 LV was not sufficiently effective
in preventing PZQ crystallization during dissolution, as con-
firmed by PLM and PXRD (Fig. 5 and S9f). ASD samples with
HPMC E5 LV (approximately 70%) showed little difference in
the extent of release for different pH conditions. On the other
hand, formulations containing HPMCAS MF did not show a
decrease in drug concentration with time, except in fed-state
simulated media, consistent with HPMCAS MF being a better
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nucleation inhibitor.*””***® XRD analysis revealed that formu-
lations containing HPMCAS exhibited drug crystallization in
FeSSIF-V2. Thus, the higher concentration of bile salts and
lecithin present in FeSSIF-V2 promoted crystallization, which
could not be as effectively inhibited by HPMCAS when com-
pared to buffer. A previous study with the poorly soluble com-
pounds, posaconazole and atazanavir, found that induction
times were much longer in buffer than in FaSSIF when
HPMCAS was present in both instances.’® In other words, the
crystallization inhibitory power of a polymer was diminished
when bile salts and lecithin were present. Therefore, the
increased crystallization tendency following (R,S)-PZQ and (R)-
PZQ ASD dissolution in FeSSIF-V2 is in broad agreement with
these previous observations.

HPMCAS-based ASDs released poorly at low pH, but had
similar or greater release than HPMC E5 LV ASDs after 2 h in
PBS pH 6.5 (single stage), pH-shift experiment from pH 1.6 to
pH 6.5 fasted state media, and in FeSSIF-V2 (single stage).
HPMCAS has pH-dependent solubility and is insoluble at
gastric pH due to the minimal ionization of succinoyl groups,
explaining why ASD samples with this polymer showed limited
dissolution at low pH, with drug release below 30%. This
aligns with its resistance to gastric dissolution and its role as
an enteric polymer, solubilizing in media with pH ~ 5.5-6.

No decrease in drug release with time was observed with
HPMCAS-based ASDs, suggesting that HPMCAS MF better inhi-
bits crystallization from supersaturated PZQ solutions than
HPMC E5 LV. It is worth noting that neither polymers could
prevent PZQ crystallization in FeSSIF-V2, as observed through
PLM and PXRD analyses, although the extent of crystallization
was much smaller for HPMCAS formulations (Fig. 7). Samples
formulated with HPMC E5 LV showed nearly immediate PZQ
crystallization in FeSSIF-V2 (Fig. 6 and S10%), which could be
related to the rapid decrease in drug release extent during the
transition to FeSSIF-V2 in the two-stage experiments. Further
studies are needed to understand the stability of supersaturated
PZQ solutions in fed-state simulated media.

4.3. Impact of chirality on drug release

The therapeutic efficacy of PZQ is attributed mostly to (R)-PZQ
while the (S) enantiomer and its metabolites do not contribute
to the therapeutic effect, but does lead to side effects and a
bitter taste.”” A formulation produced with only (R)-PZQ is
expected to eliminate most of the drawbacks of the racemic
form, and would further allow the tablet size/overall dose to be
reduced by half. Given this, the exclusion of (S)-PZQ is crucial
to improve dosing of PZQ. In this work, (R)-PZQ-ASDs were
evaluated to determine whether they could provide better per-
formance and serve as an alternative to the commercially avail-
able racemic crystalline PZQ mixture. If bioavailability
enhancement could be achieved, as has been observed in pre-
clinical models with racemic PZQ-ASDs,>*>”*® the dose could
be further reduced, mitigating the increased production costs
of isolating the (R) enantiomer.

The enantiomer (R)-PZQ formulated with HPMC showed a
similar or better dissolution rate and extent of drug release

© 2025 The Author(s). Published by the Royal Society of Chemistry
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than the corresponding ASD with (R,S)-PZQ in aqueous media
at low or high target concentrations. After achieving the
maximum extent of drug release, the (R)-PZQ-HPMC SE ASD
exhibited a faster decrease in drug concentration at the high
target concentration than (R,S)-PZQ-HPMC SE, particularly in
pH-shift experiments from pH 3.0 or 5.0 to 6.5, in PBS pH 6.5
(single-stage) and FaSSIF (single stage). Crystals of both the
enantiopure and racemic forms of PZQ formulated with HPMC
were clearly observed during PLM monitoring, which was also
confirmed by PXRD analysis after release studies. Notably, (R,
S)-PZQ-HPMC and (R)-PZQ-HPMC showed a greater drug
release in FaSSIF as compared to in PBS pH 6.5 at high concen-
tration, but the presence of bile salts may have also contribu-
ted to the faster crystallization of (R)-PZQ. No significant differ-
ence was observed between the enantiopure and racemic
mixture of PZQ formulated with either HPMCAS or HPMC in
FeSSIF-V2. PZQ crystallization tendency is theoretically associ-
ated with the crystal lattice energy and solvation of com-
ponents that vary for each drug solid state form and affect the
crystallization kinetics.>® Since the (R,S)-PZQ anhydrous (Form
A) and (R)-PZQ hemihydrate were formed herein, polymers can
interact differently with the drug based on its conformational
structure, thereby impacting crystal growth, and the thermo-
dynamic driving force for crystallization likely differs between
racemate and enantiomer. In the enantiopure (R)-PZQ, all
molecules have the same stereochemistry, which can lead to
more efficient molecular packing and stronger intermolecular
interactions. This can promote a higher nucleation rate com-
pared to the racemic compound, where the presence of both R-
and S-enantiomers leads to less favorable packing and where
the counter-enantiomer can act as an “impurity”.°® The greater
crystallization tendency of an enantiomer over a racemate in
the amorphous form has been noted previously.*°

The enantiopure form and racemic PZQ mixture, when for-
mulated with HPMCAS, released drug similarly in all release
conditions studied, except in PBS pH 6.5 and pH shift experi-
ment from pH 1.6 to 6.5, where (R)-PZQ-HPMCAS (SE) had a
better release rate and extent than (R,S)-PZQ-HPMCAS (SE).
Based on the calculated pK, of 1.14, PZQ remained predomi-
nantly as a neutral form under the conditions studied,
suggesting minimal pH-dependent solubility and little-to-no
ionization in low-pH conditions. Indeed, the amorphous and
crystalline solubilities of (R,S)-PZQ and (R)-PZQ showed no
substantial differences across the pH range investigated. The
improved release observed for (R)-PZQ-HPMCAS compared to
(R,S)-PZQ-HPMCAS is likely attributable to the slightly higher
amorphous solubility of (R)-PZQ in PBS pH 6.5. This is sup-
ported by the maximum concentrations achieved during dis-
solution, which were approximately 1.4 mg mL™" for (R)-
PZQ-HPMCAS SE and 1.1 mg mL™" for (R,S)-PZQ-HPMCAS SE,
in agreement with the amorphous solubility data presented in
Table 1.

4.4. Impact of processing method type on drug release

(R,S)-PZQ has good thermal stability upon reaching its melting
point (Tp,,) of 136-142 °C,*" but undergoes significant thermal

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

decomposition above 200 °C.®> (R)-PZQ possesses a slightly
lower T, 113-115 °C,** and, unless influenced by chirality-
specific interactions, this enantiomer should likely follow a
similar decomposition temperature to that of the racemic PZQ
mixture. The glass transition temperature (T) of (R,S)-PZQ has
been reported to be around 38 °C,'* in good agreement with
the value obtained herein (around 37 °C, Fig. $147). The T, of
(R)-PZQ was observed at around 34 °C, consistent with its
lower Tp,. The thermal stability of PZQ makes it a promising
candidate for preparation via HME, where the typical proces-
sing temperature exceeds the drug’s melting point and is
15-60 °C higher than the polymer’s glass transition tempera-
ture® (around 154 °C for HPMC® and 120 °C for HPMCAS®®),
although this latter criterion can be reduced if plasticization
by the drug occurs.®””*" Based on the Ty values of (R,S)-PZQ
and (R)-PZQ, plasticization of both polymers would occur.
Consequently, X-ray amorphous extrudates of both systems
could be prepared at reasonable temperatures. Additionally,
HME samples benefit from the inherent advantages of the
technique, such as continuous manufacturing, solvent-free
processing, potential for automation, and the possibility of
real-time monitoring.”®

To evaluate the impact of the processing method on PZQ
release, (R,S)-PZQ and (R)-PZQ were formulated with HPMCAS
MF via SE and HME. HPMC-based ASDs via SE had a higher
tendency to crystallize compared to those prepared with
HPMCAS under most dissolution conditions studied and,
therefore, formulations with HPMC were not prepared by
HME. The racemic form of PZQ prepared by both SE and HME
exhibited a very similar dissolution profile, achieving an equi-
valent dissolution rate and extent of release in most media.
Thus, the (R,S)-PZQ-HPMCAS sample was studied under all
conditions, whereas (R)-PZQ, where material was limited, was
evaluated only using single-stage experiments in PBS pH 6.5
and FeSSIF-V2 at a high target concentration.

Despite presenting a slightly slower dissolution rate in PBS
pH 6.5, the (R)-PZQ-HPMCAS HME ASD presented the same
extent of release as the formulation prepared by SE at the end
of the experiment. HPMCAS-based ASDs prepared by HME
released slightly less than those prepared by SE in FeSSIF-V2,
which can be attributed to different extents of drug crystalliza-
tion as confirmed by PXRD analysis. These results demon-
strated that preparation approach for both the enantiopure
and racemic forms of PZQ ASDs had no discernable impact on
PZQ dissolution.

5. Conclusions

This work evaluated the impact of polymer type, processing
method, and chirality on PZQ release in ASD formulations of
racemic and enantiopure PZQ at a DL of 30% in simple
aqueous media and under fasted/fed-state media conditions.
The medium pH had no influence on PZQ drug release when
formulated with HPMC E5 LV, but these formulations exhibi-
ted lower stability to crystallization than HPMCAS-based ASDs
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during release studies. PZQ crystallization was observed
through PLM images and PXRD analyses in HPMC-based ASDs
under all release conditions. Although formulations contain-
ing HPMCAS MF released poorly at gastric pH due to low solu-
bility of HPMCAS MF at low pH, (R,S)-PZQ-HPMCAS and (R)-
PZQ-HPMCAS demonstrated good release in PBS pH 6.5 and
fasted-state simulated media. HPMCAS-based ASDs showed no
evidence of crystallization, except in fed-state simulated
media, and HPMCAS was more effective as a crystallization
inhibitor compared to HPMC E5 LV.

The enantiopure (R)-PZQ formulated with HPMCAS MF
released more than (R,S)-PZQ-HPMCAS in PBS pH 6.5 at high
target concentration, but both formulations had a similar per-
formance in fasted-state simulated media due to enhanced
solubility of PZQ induced by the presence of bile salts. (R,S)-
PZQ-HPMCAS and (R)-PZQ-HPMCAS prepared via HME and SE
exhibited a similar drug release profile, demonstrating that
HME is a promising technique for producing PZQ-ASDs. (R)-
PZQ-HPMCAS appears to be a potential formulation to replace
the currently available commercial racemic PZQ mixture,
thereby avoiding the side effects and bitter taste associated
with the enantiomer (S)-PZQ, as well as lowering the patient
pill burden.
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