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A B S T R A C T

We successfully assembled via mechanochemistry 3 anthelmintic molecules in a single stable solid, namely 
praziquantel (PZQ), niclosamide (NCM), and acetic acid (AA). We obtained a cocrystal solvate with largely 
superior anthelmintic activity against in vitro Schistosoma mansoni adults and, notably, against Newly Trans
formed Schistosomula compared to pure individual drugs (i.e., PZQ and NCM) and to its binary counterparts (i.e., 
PZQ-NCM cocrystal and PZQ-AA monosolvate).

We also demonstrated 5 different strategies for synthesizing the ternary cocrystal not only starting from in
dividual coformers but also by combining different building blocks (i.e. preformed binary solids). The new phase 
was only obtainable through mechanochemistry as comparative slurry experiments were unsuccessful. Even 
though the ternary solid was crystallized through all five investigated routes, a pure phase was obtained by 
milling the preformed praziquantel-acetic acid monosolvate and raw niclosamide in an equimolar ratio for 60 
min in the presence of 160 μL of acetic acid. Acetic acid acted both as a solvate-forming molecule and a liquid 
additive.

The purity of this new solid phase was confirmed by SS-NMR spectrum, also suggesting the presence of one 
independent molecule of PZQ, one of NCM and one of AA, as confirmed by 1H NMR. The cocrystal structure was 
solved from the Synchrotron powder X-ray pattern and optimized via DFT calculations. Crystallizing in the 
triclinic P-1 space group, the solid comprises one PZQ, one NCM, and one AA molecule linked via hydrogen 
bonds, as demonstrated by FT-IR analyses. The solid phase exhibits small plate agglomerates, as observed 
through SEM analysis, a desolvation event at ~107 ◦C (TGA weight loss: 9.77 %), and physical stability over 24 
months at room temperature.

The drastic reduction in IC50 (0.01 μM against Newly Transformed Schistosomula and Schistosoma mansoni 
adults) of the new solid fully justifies the ambitious challenge of incorporating more than two components into a 
single crystalline phase, underscoring the pivotal role of the ternary system in enhancing bioactivity. This finding 
highlights the need to tackle the next challenge: identifying the most suitable oral dosage form for a cocrystal 
solvate, a requirement that remains unmet in the pilot studies conducted in this work.

Abbreviations: APIs, active pharmaceutical ingredients; PZQ, praziquantel; NCM, niclosamide; AA, acetic acid; DSC, differential scanning calorimetry; PXRD, 
Powder X-ray diffraction; LAG, liquid-assisted grinding; NG, neat grinding; FT-IR, infrared spectroscopy; SSNMR, solid-state NMR; DFT, Density Functional Theory; 
SEM, scanning electron microscopy; CSD, Cambridge Structural Database; NTS, Newly Transformed Schistosomula; S. mansoni, adult Schistosoma mansoni; WBR, 
worm burden reduction; TMS, tetramethyl silane; ASU, asymmetric unit; RH, relative humidity.
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1. Introduction

Solvated crystals are multicomponent solids that contain molecules 
of one (or more) solvent/s incorporated into their crystal lattice [1]. As a 
result, a solvated solid often (an exception is given by the of isostructural 
solvates [2]) exhibits a different crystal structure than its anhydrous 
form, consequently also different physicochemical properties, including 
solubility, dissolution (eventually bioavailability) and both physical and 
chemical stability. Contrary to hydrates (i.e. solvates containing water in 
their crystalline structure [1]), solvates are infrequently used in phar
maceutical products, primarily due to potential toxicity issues as regu
lated by the ICH guideline Q3C on residual solvents in pharmaceuticals 
[3].

In fact, to the best of our knowledge, only few pharmaceuticals are 
marketed as solvates (i.e., trametinib [4], dapagliflozin [5], cabazitaxel 
[6], darunavir [7], doxycycline [8], indinavir sulfate [9] and warfarin 
sodium [10]), with three of them dosed as ethanolates.

In 2021, Werner and Swift published a study listing the 50 most 
present solvate classes in the Cambridge Structural Database (CSD) [11], 
where acetic acid (AA) solvates occupy the 17th position with 341 cases 
reported (1.08 % of the total). Among them, temozolomide-AA solvate 
monohydrate [12], temozolomide-AA solvate [12], phenarsazine 
chloride-AA solvate [13], cephaloglycine-AA solvate monohydrate [14], 
praziquantel-AA solvate [15], sertraline hydrochloride-AA solvate [16], 
galunisertib-AA solvate [17] are just some of the solvated APIs con
taining AA reported in the CSD. In this study, we report a new 
three-components solvate containing AA, praziquantel (PZQ) and 
niclosamide (NCM) (PZQ-NCM-AA, Fig. 1), all having demonstrated 
anthelmintic properties. Indeed, PZQ is a first-choice drug for the 
treatment of schistosomiasis, that is an infection caused by trematodes 
of the genus Schistosoma [18]. NCM is mainly applied to cure parasite 
infestations, such as those of tapeworms and cestode [19]. AA has 
recently shown anthelmintic activity (against Gyrodactylus Kobayashii 
trematode) in fish [20], although its efficacy against schistosomes re
mains to be demonstrated. While its oral administration in humans is 
obviously not feasible, its incorporation into a cocrystal could enable its 
use as an anthelmintic.

As far as we know, literature does not provide examples of cocrystal 
solvates where all three components – two solids and one liquid – are 
active molecules with the same therapeutic activity (in this case, all 
being anthelmintic). Combining three different molecules having the 
same therapeutic activity can bring to additional advantages, including 
the synergistic effect, potentially allowing for a simplification of the 
individual drug dosage, and reducing drug resistance [21,22]. Note
worthy, the simultaneous administration of three different molecules in 
the form of a cocrystal can possibly bring to an increase of the potency of 
a drug, for example, by reducing the half-maximal inhibitory concen
tration (IC50), compared to the values of each molecules considered 
singularly, in absence of any covalent modification of the drug. This was 
also the objective of the present study.

PZQ-NCM-AA can be considered as a pharmaceutically acceptable 
solvate since AA is classified as a GRAS substance [23], being frequently 
used in the food industry as an antimicrobial agent, flavor enhancer, 
flavoring agent, adjuvant and pH control agent [24]. Furthermore, in 
accordance with ICH guideline Q3C, which sets limits on residual sol
vents in pharmaceutical products, AA is classified as a class 3 solvent, 
indicating low toxicity and minimal risk to human health [3].

In our previous study [25], which resulted in a binary antiparasitic 
cocrystal of PZQ and NCM (CSD refcode RIPFOP01), we observed the 
formation of a drug-drug binary cocrystal, which we are aiming to 
transform into a ternary cocrystal solvate with AA. For this purpose, five 
different synthetic strategies (which will be detailed in this work) were 
investigated using mechanochemistry, with the idea of starting with five 
distinct building blocks and adding the “missing piece” for each strategy 
to get the same cocrystal solvate. We successfully obtained the same 
cocrystal solvate through all the explored mechanochemical routes, 
though with varying yields. Slurry experiments, conducted for 
comparative purposes, did not result in the formation of the cocrystal 
solvate at any point. This highlights the significant potential of 
solid-state techniques like mechanochemistry in efficiently and effec
tively achieving the desired outcome.

Among different mechanochemical routes, PZQ-NCM-AA cocrystal 
solvate was obtained as a pure phase by grinding preformed PZQ-AA 
monosolvate and raw NCM in an equimolar ratio, with the addition of 
micromolar amounts of AA (i.e., 160 μL). The structure of the cocrystal 
solvate was successfully solved and refined from the Synchrotron PXRD 
data and its geometry was optimized by DFT calculations. To charac
terize the cocrystal solvate, a combination of techniques was employed, 
including differential scanning calorimetry (DSC), thermogravimetric 
analysis (TGA), infrared spectroscopy (FT-IR), solid-state NMR 
(SSNMR), 1H NMR and scanning electron microscopy (SEM). In
vestigations also comprised assessing the chemical and physical stability 
under various conditions (i.e., drug recovery, physical stability as solid 
phase and under high relative humidity (RH)).

Finally, in vitro anthelminthic activity against Newly Transformed 
Schistosomula (NTS), and adult Schistosoma mansoni (S. mansoni) of the 
single components, the known binary systems and new ternary system 
was evaluated and in vivo preliminary tests on mice were also performed 
through the administration of an oily suspension of the novel phase.

2. Materials and methods

2.1. Materials

PZQ, (RS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4-H- 
pyrazino[2,1-a]-isoquinolin-4-one], of Ph. Eur. grade was kindly 
donated by Fatro S.p.a. (Bologna, Italy), while NCM (5-chloro-N-(2- 
chloro-4-nitrophenyl)-2-hydroxybenzamide) was purchased from 
Sigma-Aldrich (St. Louis, USA) with a declared purity of 98–100 %. 
Acetic acid (AA) was provided from Carlo Erba (Rodano-Milan, Italy). 

Fig. 1. (a) PZQ and (b) NCM and (c) AA molecular structures with atom numbering.
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All the actives and chemicals were used without further purification.

2.2. Methods

2.2.1. Synthetic strategies for preparing PZQ-NCM-AA cocrystal solvate

2.2.1.1. Mechanochemical routes. The mechanochemical synthesis of 
the ternary cocrystal solvate was performed in Retsch MM400 vibra
tional mill (Retsch, Germany) equipped by two 25 mL stainless steel jars 
and one 10 mm Ø bead, respectively. Both screw cap and plug-in jars 
were used, with no significant differences observed in the yield of the 
experiments.

Five different synthetic strategies were explored to obtain the coc
rystal solvate. The milling frequency for each pathway was maintained 
at 25 Hz, and the void volume in the jar was also kept constant (i.e., a 
total of about 400 mg of powder per 25 mL jar).

Each synthetic strategy was tested with three different milling times: 
30, 60 and 120 min.

After a set of preliminary trials, the volume of AA added to each 
experiment was 160 μL (η [26] = 0.4).

2.2.1.1.1. From individual coformers. An equimolar ratio of com
mercial PZQ Form A and NCM Form A (i.e., 0.625 mmol which equals to 
195.4 mg and 204.6 mg, respectively) was ground with 160 μL of AA. 
This strategy is depicted in red in Fig. 2.

2.2.1.1.2. From preformed PZQ-NCM 1:3 anhydrous cocrystal, raw 
PZQ and AA. Preformed PZQ-NCM 1:3 anhydrous cocrystal (indexed as 
RIPFOP01 in the CSD) in the amount of 269.74 mg, obtained according 
to the procedure reported in our previous work [25], was ground in the 
presence of 130.26 mg of raw PZQ Form A (to get PZQ-NCM equimolar 
ratio) and 160 μL of AA (pink strategy in Fig. 2).

2.2.1.1.3. From preformed PZQ-AA monosolvate, raw NCM and AA.
Preformed PZQ-AA monosolvate (reported as DAJCEA in the CSD) (i.e., 
212.97 mg), mechanochemically obtained according to Zanolla and 
coauthors’ procedure [15], was ground with an equimolar ratio of solid 
NCM (i.e., 187.03 mg) in the presence of AA (black strategy in Fig. 2).

2.2.1.1.4. From preformed PZQ-NCM 1:1 coamorphous and AA. 400 
mg of PZQ-NCM 1:1 coamorphous, mechanochemically obtained 

through 4h of neat grinding (NG) was ground in the presence of 160 μL 
of the liquid at 25 Hz (violet strategy in Fig. 2).

2.2.1.1.5. From individual coformers in the presence of preformed seeds 
of cocrystal solvate. An equimolar ratio of commercial PZQ Form A and 
NCM Form A (i.e., 175.86 mg and 184.14, respectively) was ground with 
160 μL of AA in the presence of preformed seeds of the cocrystal solvate 
(i.e. 40 mg, corresponding to 10 % wt ratio) (blue strategy in Fig. 2).

2.2.1.2. Slurry bridging routes. For comparative purposes, slurry ex
periments (grey strategies in Fig. 2) were conducted adopting the pro
cedure reported in a previous experimental study [27]. Specifically, 300 
mg of solid and 5 mL of AA were placed into 10 mL glass vials equipped 
with a screw cap and sealed with parafilm. The suspensions (prepared in 
duplicate) were continuously stirred at room temperature (20 ◦C) for 7 
days. Subsequently, the excess solid phases were recovered, filtered 
under vacuum pump through paper filters and characterized.

For obvious reasons, not all the above-mentioned mechanochemical 
routes are viable via slurry approach; three (out of the five) starting 
points were hence tested for comparison: 

1. An equimolar ratio of commercial PZQ Form A and NCM Form A (i. 
e., 146.55 mg and 153.45 mg, respectively) in 5 mL of AA;

2. Preformed PZQ-NCM 1:1 coamorphous (300 mg) in 5 mL of AA;
3. Preformed PZQ-NCM 1:3 anhydrous cocrystal (300 mg) in 5 mL of 

AA.

2.2.2. Laboratory PXRD analysis
Laboratory PXRD analysis was carried out by a Bruker D2 Phaser 

benchtop diffractometer (Bruker, Manheim, Germany) using the Bragg- 
Brentano geometry, using Cu-Kα radiation (λ = 1.5418 Å) with a 300 W 
low-power X-ray generator (30 kV at 10 mA). All the measurements 
were conducted in a 2θ range of 3–40◦ with a step size of 0.02◦ and a 
scan speed of 0.6◦/s.

Each sample was prepared by gently pressing approximately 200 mg 
of ground product into the cavity of a steel sample holder equipped with 
a cylindrical polyvinylidene fluoride (PVDF) reducer.

Fig. 2. Cartoon illustrating characterization results by DSC (top left) and PXRD (bottom left) of the cocrystal solvate samples obtained via different mechanochemical 
synthetic routes (centre). Each strategy and its corresponding DSC/PXRD data are distinguished by a specific color code: (from top to bottom) from individual 
coformers in the presence of preformed seeds of cocrystal solvate (blue), from preformed PZQ-NCM 1:3 anhydrous cocrystal, raw PZQ and AA (pink), from individual 
coformers (red), from preformed PZQ-NCM 1:1 coamorphous and AA (violet), from preformed PZQ-AA monosolvate, raw NCM and AA (black). Inefficient slurry 
bridging routes (grey) are depicted on the right side (their characterizations results are omitted for brevity). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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2.2.3. Synchrotron X-ray diffraction and solution of the crystal structure
The data collection of the cocrystal obtained in powder form was 

performed at the X-ray diffraction beamline (XRD2) of Elettra Syn
chrotron (Trieste, Italy) [28]. The powder sample was measured at 298 
K in transmission mode filling a boron capillary of 0.5 mm of diameter. 
The powder data was acquired using monochromatic wavelength of 
1.00 Å on Pilatus 6M hybrid-pixel area detectors (DECTRIS Ltd., 
Baden-Daettwil, Switzerland). The two-dimensional powder pattern has 
been integrated using Fit2D program [29,30], after preliminary cali
bration of hardware setup, using a capillary filled with LaB6 standard 
reference powder (NIST 660a).

The structure of the cocrystal form was solved through a simulated 
annealing (SA) protocol using EXPO2014 [31]. The starting structural 
model containing one PZQ molecule (TELCAQ model) [32], one mole
cule of NCM and one of AA and were built with Material studio software 
v 7.0. (MS) [33] and then geometrically optimized by the Dmol3 code 
implemented in MS. During the SA the cyclohexyl group of the PZQ 
molecule and methyl group of Acetic acid were allowed to freely rotate.

CCDC number 2391439 contains the supplementary crystallographic 
data for the cocrystal solvate. These data can be obtained free of charge 
from The Cambridge Crystallographic Data Centre via https://www.cc 
dc.cam.ac.uk/structures.

2.2.4. DSC analysis
For DSC analysis, each sample weighing 2–4 mg was introduced into 

an aluminum sealed and pierced 40 μL crucible and analyzed by a 
Mettler Toledo DSC 3 Star System (Milan, Italy) with a heating program 
of 30–250 ◦C (10 ◦C/min) under a nitrogen atmosphere (50 mL/min 
flow rate).

2.2.5. TGA analysis
TGA analysis was performed using a Mettler Toledo TGA TDA851 

(Milan, Italy). Briefly, 3–6 mg of the powdered sample were inserted 
into aluminum 40 μL crucibles and analyzed with a heating program of 
30–250 ◦C (10 ◦C/min) under a nitrogen atmosphere (50 mL/min flow 
rate).

2.2.6. FT-IR analysis
Powdered samples were analyzed with a Shimadzu IRAffinity-1S FT- 

IR instrument (Kyoto, Japan) in a range of 400–4000 cm− 1 with a res
olution of 4 cm− 1 and 20 scans.

Suitable discs for analysis were prepared by gently grinding in an 
agate mortar 200 mg of anhydrous KBr (99 % infrared grade) with 1 % 
w/w of analyte and then pressing the mixture with a hydraulic press 
(PerkinElmer, Norwalk, USA), applying a pressure of 10 Ton for 3 min.

2.2.7. SSNMR analysis
The PZQ-NCM-AA cocrystal solvate and PZQ-AA monosolvate 13C 

CPMAS spectra were acquired with a Jeol ECZR 600 instrument, oper
ating at 600.17 and 150.91 MHz, respectively for 1H and 13C nuclei. The 
powder samples were packed into cylindrical zirconia rotors with a 3.2 
mm o.d. and a 60 μL volume. A certain amount of sample was used 
without further preparation to fill the rotor. The 13C CPMAS spectra 
were collected at room temperature at a spinning speed of 20 kHz, using 
a ramp cross-polarization pulse sequence with a 90◦ 1H pulse of 2.2 μs, a 
contact time of 3.5 ms, an acquisition time of 29.5 ms, an optimized 
recycle delay of 4.2 s for PZQ-NCM-AA and 63.5 s for PZQ-AA and a 
number of scans between 938 and 1579. A two-pulse phase modulation 
(TPPM) decoupling scheme was used, with a radiofrequency field of 
108.5 kHz. The 13C chemical shift scale was calibrated through the 
methylenic signal of external standard adamantane (at 38.48 ppm with 
respect to tetramethyl silane, TMS).

The PZQ, NCM, PZQ-NCM 1:3 anhydrous cocrystal and PZQ-NCM 
1:1 coamorphous 13C CPMAS spectra were acquired with a Bruker 
Avance II 400 Ultra Shield instrument, operating at 400.23 and 100.63, 
respectively for 1H and 13C nuclei. Powder sample was packed into 

cylindrical zirconia rotors with a 4 mm o.d. and a 80 μL volume. A 
certain amount of sample was collected from the batch and used without 
further preparations to fill the rotor. 13C CPMAS spectra were acquired 
at a spinning speed of 12 kHz, using a ramp cross-polarization pulse 
sequence with a 90◦ 1H pulse of 3.60 μs, a contact time of 3 ms, opti
mized recycle delays between 4.4 and 40.0 s and scans numbers between 
95 and 4744. For every spectrum, a two-pulse phase modulation (TPPM) 
decoupling scheme was used, with a radiofrequence field of 69.4 kHz. 
The 13C chemical shift scale was calibrated through the methylenic 
signal of external standard glycine (at 43.7 ppm).

2.2.8. 1H NMR analysis
1H NMR (with deuterated chloroform, CDCl3) spectra were acquired 

on a Jeol ECZR 600 instrument operating at 600.2 MHz. In the 1H 
spectrum, to obtain quantitative information, it was necessary to employ 
a relaxation delay of 60 s. The number of scans acquired was 8.

2.2.9. DFT calculations
Solid state DFT calculations were performed with Quantum Espresso 

(QE, v. 6.4.1) [34], adopting the following methodology: we used the 
projector augmented wave (PAW) with the non-local vdW-DF2 
approach [35] and the B86r functional [36], employing the SSSP set of 
pseudopotentials [37,38]. An energy cut-off of 60 Ry was used for ge
ometry optimizations. NMR calculations were performed using the 
Gauge Including Projected Augmented Wave (GIPAW) [39] and the PBE 
pseudopotentials from PS Library 1.0.0 [40] with an energy cut-off of 80 
Ry, following the methodology previously described [41–43]. The 
theoretical absolute isotropic magnetic shielding (σiso) values were 
converted into isotropic chemical shifts (δiso) relative to the absolute 
magnetic shielding of the reference substance DABCO computed at the 
same level, applying the following equation: 

δiso(calc)= σiso(ref) − σiso(calc) + δiso(ref) (1) 

δiso (ref) 13C value for DABCO has been experimentally evaluated as 
47.74 ppm, while the absolute isotropic constant shielding σiso (ref) is 
120.59 ppm, calculated from the reported neutron diffraction crystal 
structure [44].

2.2.10. SEM analysis
Images of the cocrystal solvate were collected through scanning 

electron microscopy (SEM). The powdered sample was placed on an 
aluminum stub covered with a carbon double-sided tape and sputter- 
coated with gold using a Sputter Coater K550X (Emitech, Quorum 
Technologies Ltd, UK), before being analyzed by a scanning electron 
microscope (Quanta 250 SEM, FEI, Oregon, USA) with the secondary 
electron detector. The working distance was set at 10 mm to obtain the 
appropriate magnifications, and the acceleration voltage was set at 5 kV.

2.2.11. Drug recovery
To check possible degradation of PZQ-NCM-AA cocrystal solvate 

after preparation, 1H NMR spectra were recorded on a Bruker Avance 
600 spectrometer equipped with a 14 T superconducting magnet and 
two 5 mm probes. Analyzed samples were dissolved in deuterated 
chloroform (CDCl3) using tetramethylsilane as reference. Measurements 
were performed at 300 K using a simple pulse-acquire sequence.

2.2.12. Cocrystal physical stability under several conditions
The solid-state stability of the cocrystal solvate was analyzed at room 

temperature (20 ◦C) by storing the sample for 24 months in a desiccator 
containing calcium chloride. Periodically (every 3 months) and at the 
end of this period, the stored sample was analyzed by means of PXRD, 
applying the operating conditions reported in section 2.2.2.

Solid-state changes possibly caused by mechanical stresses were 
tested by compressing PZQ-NCM-AA at 10 Ton for 3 min, and by 
grinding the sample for 200 min at 25 Hz.
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Further, the stability of the new system was also evaluated by storing 
for 6 months at 75 % RH at room temperature, in a sealed enclosure 
containing a saturated aqueous NaCl solution [45].

2.2.13. In vitro and in Vivo activity
In vitro experiments were conducted in accordance with the local 

cantonal veterinary guidelines, license number 520. The in vitro 
anthelmintic activity of the cocrystal solvate was tested using Newly 
Transformed Schistosomula (NTS), which are immature Schistosoma, 
and adult Schistosoma mansoni (S. mansoni).

NTS and adult S. mansoni were obtained by transforming cercariae 
from infected B. glabrata snails. Adult S. mansoni of both sexes were 
collected from the hepatic portal system and mesenteric veins of infected 
mice.

Around 50 NTS were placed in each well of a 96-well plate with 
culture medium and the test compound for a final well volume of 
200–250 μL. Culture medium was composed of M199 medium (Gibco, 
Waltham MA, USA) supplemented with 5 % fetal calf serum (iFCS, 100 
U/mL), 1 % penicillin/streptomycin mixture (Invitrogen, 100 U/mL) 
and 1 % Mäser Mix. Each compound was tested in triplicate and 
repeated. NTS incubated with no more than 1 % DMSO served as con
trol. NTS were kept in the incubator at 37 ◦C and 5 % CO2 for up to 72 h.

3 pairs of adult worms were placed in each well of a 24-well plate 
with 2–2.5 mL culture medium and the test compound. Culture medium 
was composed of RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented 
with 5 % horse serum (Gibco, Waltham MA, USA) and 1 % penicillin/ 
streptomycin mixture (Invitrogen, 100 U/mL). Each compound was 
initially tested in duplicate and repeated. Schistosomes incubation with 
no more than 1 % DMSO served as control. Worms were kept in an 
incubator at 37 ◦C and 5 % CO2 for up to 72 h.

Worms and NTS are scored as 0 = dead; 0.25–1 = reduced motility 
and significant tegument damage; 1.25–2 = reduced motility or marked 
tegument damages 2.25–3 = viable, nice tegument, good motility.

IC50 values were calculated using the CalcuSyn software (ComboSyn 
Inc., Paramus, NJ., USA).

For the in vivo studies groups of 4 infected NMRI mice characterized 
by a patent S. mansoni infection (23 days postinfection) were treated 
orally with the test drugs via single oral doses (400 mg/kg) as oily 
suspensions. Untreated mice (n = 4) served as controls.

Three weeks post-treatment, animals were sacrificed by the CO2 
method and dissected. Worms were sexed and counted [46].

Worm burdens of treated mice were compared to those of control 
animals, and reductions of worm burden (WBR %) were calculated. A 
Kruskal Wallis Test was used to compare the statistical significance be
tween the treatment and control groups.

3. Results and discussion

In our previous study [25], which resulted in a binary antiparasitic 
cocrystal of PZQ and NCM (CSD refcode RIPFOP01), we observed the 
formation of a drug-drug binary cocrystal, which we are aiming to 
transform into a ternary cocrystal solvate with AA, due to the inherent 
interest of AA as anthelmintic molecule recently recognized [20]. Dur
ing exploratory studies, we noticed traces of a new solid phase when 
combining PZQ and NCM by liquid-assisted grinding (LAG) with AA (as 
visible in Fig. S1 in the Supporting Information file (SI). Via preliminary 
mechanochemical trials and characterization analyses (which will be 
detailed in this work), we determined that the correct molar ratio for the 
new system was PZQ-NCM-AA 1:1:1 (see Fig. S2 in the SI file as example 
of characterization analyses performed).

According to the ICH Q3C guidelines, which establish limits on re
sidual solvents in pharmaceutical products, AA is classified as a Class 3 
solvent, indicating a low toxicological risk. It can be used at levels up to 
50 mg/day without requiring justification [3]. Considering the stoi
chiometric content of AA in the cocrystal solvate and the high thera
peutic dose of praziquantel (PZQ) for Schistosoma infection (600 mg) 

[47,48], the investigated solvate would contain approximately 100 mg 
of AA. However, since it is reasonable to assume that the therapeutic 
dose of PZQ may be reduced due to the concomitant presence of NCM 
and AA itself, it is likely that the AA content will fall within the limits 
established by the aforementioned ICH guidelines. This will be 
confirmed following efficacy studies.

Interestingly, during the mechanochemical screening, we observed 
that milling for 120 min in equimolar ratio the three coformers (i.e, 
195.4 mg of PZQ, 204.6 mg of NCM and 38 μL AA) led to the formation 
of a PZQ-NCM-AA 1:1:1 solid phase plus visible residues of the previ
ously reported binary solid phase PZQ-NCM 1:3 anhydrous cocrystal 
(hereinafter referred to as its CCDC refcode RIPFOP01 [25]) (see Fig. S3
in the SI file). Through a series of additional screening experiments, we 
observed that the appropriate volume of AA for obtaining the cocrystal 
solvate was 160 μL, which largely exceeds the equimolar ratio among 
the components (approximately to 4.5 mmol of AA for 1 mol of PZQ and 
NCM). The need of such a large amount of AA cannot be explained only 
to the evaporation of the volatile solvent. A more plausible explanation 
would be that AA acts both as a reactant for the inclusion into the 
multicomponent solid and as a liquid that facilitates the mechano
chemical reaction. While the importance of the volume of the liquid 
additive during mechanochemical synthesis of anhydrous multicompo
nent solids has been already reported [49–51], in the present study we 
extend such observation also for the crystallization of solvate phases.

3.1. Synthetic routes for preparing PZQ-NCM-AA cocrystal solvate

Given our previous knowledge of the solid-state landscape of PZQ, 
NCM and AA, having already synthetized some binary combinations of 
these coformers [15,25], and considering the high versatility of mech
anochemistry [52–54], which allows the combination of multiple tech
niques within the same process, we decided to explore five 
mechanochemical synthetic routes to obtain the cocrystal solvate as 
pure as possible. The results are summarized in Fig. 2. Interestingly, all 
five explored strategies successfully resulted in the formation of the 
cocrystal solvate with very high yield, except for minor traces of RIP
FOP01, in some synthetic routes.

Indeed, we started assembling the 3 individual coformers using the 
classic LAG method for 120 min (with the previously mentioned excess 
volume of 160 μL of AA). Through this strategy, we still noticed 
consistent traces of RIPFOP01 (red strategy in Fig. 2).

The second synthetic route (pink strategy in Fig. 2) encompassed the 
use of preformed PZQ-NCM 1:3 anhydrous cocrystal, pure PZQ Form A 
(to reach the PZQ-NCM equimolar ratio) and 160 μL of AA. In such 
conditions, the best results were obtained with 120 min of milling.

A third approach consisted of the use of preformed PZQ-AA mono
solvate [15] plus an equimolar ratio of solid NCM and 160 μL of AA. In 
such conditions, the best result was achieved within only 60 min of 
milling (black strategy in Fig. 2).

In the fourth (violet) strategy, a PZQ-NCM 1:1 coamorphous was 
used as starting material for the synthesis of the cocrystal solvate. This 
intrinsically reactive solid system [55] was chosen as starting point of 
the solvation reaction, adopting the same rationale as in Zanolla’s work 
[56], where, to hydrate PZQ Form A, a two-step grinding mixed process 
has been carried out, under neat conditions, followed by LAG conditions. 
A homogenous amorphous PZQ-NCM 1:1 binary system was obtained by 
NG for 4h. The typical halo diffusion characteristic of amorphous ma
terials was documented using laboratory PXRD and confirmed with 
Synchrotron PXRD. SSNMR confirmed the formation of a new solid, as it 
showed no signals attributable to the starting materials and exhibited 
the typical broadening of signals seen in amorphous solids (LWHM 
~280 Hz). SEM image showed the absence of a crystalline habitus. Most 
importantly, the DSC curve exhibited a unique Tg (59.09 ◦C), confirming 
the formation of a homogeneous binary system (see Fig. S4 in the SI file 
for the results of these analyses). This new solid was then added of 160 
μL of AA to perform the cocrystal synthesis. The cocrystal solvate was 
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obtained after just 30 min of grinding.
A fifth synthetic route (blue strategy) involved PZQ and NCM indi

vidual coformers in equimolar ratio (with the previously mentioned 
excess volume of AA of 160 μL) in the presence of seeds of preformed 
cocrystal solvate (10 % wt). In this pathway, the most crystalline coc
rystal solvate with minor traces of RIPFOP01was obtained with 120 min 
of milling.

Thus, we demonstrated a strategy for synthesizing ternary cocrystals 
by using not only individual coformers but also starting from preformed 
building blocks. This approach allows for a more versatile and efficient 
pathway to achieve the desired cocrystal solvate. Specifically, we 
assembled different building blocks, including the three pure coformers 
as well as various preformed combinations. Through these five different 
combinations, we were able to consistently obtain the same cocrystal 
solvate with very high yield and to identify the best synthetic strategy to 
achieve the desired cocrystal solvates as a pure phase (as attested from 
Synchrotron X-ray powder diffraction, in section 3.3).

The cocrystal solvate was obtained in a 100 % pure phase by adding 
to the preformed PZQ-AA monosolvate an equimolar ratio of solid NCM 
and 160 μL of AA (black strategy).

These results highlight the flexibility and robustness of our puzzle- 
approach, enabling the optimization of the synthesis process and the 
selection of the most efficient combination of starting materials.

For comparative purposes, slurry experiments were also performed 
(grey strategies). However, the suspension-phase synthetic routes, 
which were fewer in number and involved significantly longer times (7 
days), were unsuccessful as they consistently produced only the binary 
system (RIPFOP01).

Fig. 2 shows a cartoon which reports all the synthetic pathways 
explored through mechanochemistry and slurry to get the new cocrystal 
solvate.

Even though the ternary solid was crystallized through all five 
investigated routes, a pure phase was obtained by milling the preformed 
PZQ-AA monosolvate and raw NCM in an equimolar ratio with the 
addition of 160 μL of AA. The time needed for completing the solid-state 
reaction was only 60 min.

The comprehensive characterization, presented below, was exclu
sively performed on the pure cocrystal solvate obtained from the best 
synthetic route. The new crystalline phase at the end of the mechano
chemical process appeared as a white powder.

3.2. Cocrystal solvate characterizations

3.2.1. Laboratory PXRD analysis
The laboratory diffraction patterns of PZQ, NCM, PZQ-NCM-AA 

cocrystal solvate are shown in Fig. 3. The diffraction pattern of pure 

PZQ-NCM-AA shows reflections at 3.68, 4.33, 5.92, 7.10, 7.40, 14.20, 
15.60, 17.70◦ 2θ, which are distinctly different from those of the starting 
materials. The absence of signals corresponding to PZQ-NCM 1:3 
anhydrous cocrystal further confirms the purity of the new solid phase.

3.2.2. Synchrotron X-ray diffraction and solution of the crystal structure
The crystal structure of the cocrystal was solved from the synchro

tron X-ray powder diffraction data, presented in Fig. 4. The sample 
showed high crystallinity, and the indexing has been performed using 
the program EXPO2014 [31]. The samples resulted in a P-1 triclinic unit 
cell (Fig. 5) with the following parameters: a = 6.780(1) Å, b = 16.308 
(5) Å, c = 16.508(5) Å, α = 107.3089(8) ◦, β = 92.409(1)◦, γ = 91.873(1) 
density = 1.339 g/cm3 and volume 1739.37(3) Å3, The number of for
mula units (1PZQ:1NCM:1AA) per unit cell is Z = 2, containing one 
independent molecule of PZQ, one independent molecule of NCM and 
one independent molecule of solvent AA in agreement with SSNMR 
results (see below). A first whole powder pattern fitting (Pawley 
method) on the experimental powder pattern resulted in a good Rwp of 

Fig. 3. PXRD of PZQ (blue), NCM (red), PZQ-NCM 1:3 anhydrous cocrystal (brown), PZQ-AA monosolvate (green) and the new phase obtained mechanochemically 
(black). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Rietveld refinement profile fit (obtained after the simulated annealing 
with EXPO14) of the cocrystal: in blue the experimental pattern (recorded using 
Synchrotron radiation, wavelength: 1.00 Å), in red the calculated one. The 
residuals are displayed on the bottom in grey and the reflection ticks in blue. 
The hump centered at 15◦ of 2θ is due to the capillary sample holder used to 
perform the measurement. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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1.36 %. The final Rietveld refinement, where soft restrains on the atom 
distances (±0.03 Å) and angles (±0.1◦) were applied, was performed in 
TOPAS V5 resulted in an R-Bragg factor of 3.32 %.

The cocrystal packing is showed in Fig. 5, while Table 1 reports 
geometrical parameters of hydrogen bonds. In this structure the coc
rystal partners are tightly bounded through H-bond and molecules are 
coplanar. Particularly, PZQ carbonyl groups adopt the less preferred syn 
conformation in the cocrystal solvate. Similar H-bond take place be
tween PZQ and NCM as has been founded in the anhydrous 1:3 PZQ- 
NCM cocrystal [25].

The powder structure resolved by the Synchrotron data has been 
confirmed by the DFT simulation (see section 3.8).

3.2.3. Thermal analyses
Fig. 6 shows the DSC curve of the new system, compared to pure PZQ 

and NCM. Specifically, the cocrystal solvate is characterized by an 
endothermic event at 111.11 ± 0.25 ◦C (enthalpy of 88.98 ± 15.56 J/g), 
expressed as peak temperature, which was attributed to the desolvation 
process. Subsequently, the solid collapses, showing no melting events for 
either PZQ or NCM, whose melting points are usually detected at 141 ◦C 
and 230 ◦C, respectively [57,58].

The TGA analysis revealed one distinct event corresponding to a 
weight loss of 9.77 ± 0.18 % (Fig. S5 in the SI file) (theoretical value 
calculated from the molecular weights: 8.56 %). The first derivative of 
the TGA curve showed a sharp peak at 107.23 ± 2.00 ◦C, confirming 
that the weight loss corresponded to the desolvation event already 
observed as an endothermic peak in the DSC curve.

3.2.4. FT-IR analysis
A detailed comparison between the spectrum of the PZQ-NCM-AA 

1:1:1 cocrystal solvate shown in Fig. 7 compared to the spectra of the 
starting materials brings to the following observations: 

- In the region from 3300 to 3000 cm− 1, the two bands at 3242.7 cm− 1 

and 3199.5 cm− 1, corresponding to the -NH stretching of NCM [59], 
are absent in the cocrystal solvate spectrum, testifying the involve
ment of the -NH amine group of NCM in hydrogen bonding.

- The band at 897 cm− 1, corresponding to the -NH bending of NCM 
[59], converts into a doublet at 893 and 886 cm− 1 in the cocrystal 

solvate spectrum, further supporting the observed changes in -NH 
stretching.

- The complex bands at 2800-2400 cm− 1 range, typically related to the 
O-H stretching vibrations in AA [60], are absent in the cocrystal 
solvate spectrum, indicating the involvement of hydroxyl groups in 
interactions.

- In the cocrystal solvate, two bands are observed at 1681 cm− 1 and 
1618 cm− 1, which are attributed to the two C=O stretching of PZQ 
initially at 1647 and 1624 cm− 1 [61]. This can be explained by the 
involvement of both C=O groups in hydrogen bonding, as observed 
in the crystal lattice.

- The C-OH stretching of NCM, initially at 1192 cm− 1 [62], shows a 
small shift.

The FT-IR spectrum of the cocrystal solvate aligns perfectly with the 
interactions observed in the crystal lattice: one of the C=O groups of 
PZQ interacts with the -OH of AA, while the other with the -OH of NCM. 
Additionally, the shift observed for the N-H signal of NCM corresponds 
to the intramolecular interaction with the -OH group of the same NCM 
molecule, as seen in the crystal structure.

3.2.5. SSNMR analysis
The 13C CPMAS spectra of PZQ, NCM, PZQ-NCM-AA cocrystal sol

vate, PZQ-NCM 1:3 anhydrous cocrystal and PZQ-AA monosolvate are 
shown in Fig. 8. Details about 13C chemical shifts (ppm) for PZQ, NCM 
and PZQ-NCM-AA are reported in Table 2.

PZQ-NCM-AA cocrystal solvate spectrum appears different from the 
spectra of the pure PZQ and NCM (see also Fig. S7 in the SI file), con
firming the formation of a new system; the absence of residual signals of 
PZQ – in particular those at 165.8, 55.5, 47.9 and 38.1 ppm – and of 

Fig. 5. Capped-stick representation of the proposed structure of PZQ-NCM-AA viewed along a axis. H-bonds showed with dashed blue lines. Atom color scheme: 
chlorine (green), nitrogen (purple), oxygen (red), carbon (grey), and hydrogen (white). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)

Table 1 
Geometrical parameters of hydrogen bonds found in cocrystal solvate at 298K. 
Atom naming in use is shown.

D-H⋅⋅⋅A d(D-H) (Å) d(H⋅⋅⋅A) (Å) d(D⋅⋅⋅A) (Å) <(DHA) (◦)

O7-H33⋅⋅⋅O2 0.99(1) 1.90(9) 2.89(5) 170.1(13)
O5-H25⋅⋅⋅O1 0.97(2) 2.00(9) 2.95(10) 166(4)
N3-H26⋅⋅⋅O5 1.02(2) 1.55(3) 2.40(3) 135(16)
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Fig. 6. DSC curves of mechanochemically prepared PZQ-NCM-AA cocrystal solvate (black), raw PZQ (blue) and raw NCM (red). (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. FT-IR spectra of PZQ (blue), NCM (red), AA (green) and PZQ-NCM-AA cocrystal solvate (black). 
(the complete spectra are reported in Figure S6). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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NCM – in particular those at 153.9, 139.9 and 117.4 ppm – highlight that 
there is no presence of pristine PZQ and NCM. The purity of this new 
solid phase is further confirmed by the absence of signals corresponding 
to PZQ-NCM 1:3 anhydrous cocrystal – especially that at 161.5, 154.1, 
151.8, 138.2, 115.0 ppm – and to PZQ-AA solvate – particularly that at 
172.2, 134.8, 53.7 and 37.2 ppm (see also Fig. S8 in SI).

The presence of AA can be observed from the peak at 20.2 ppm 
corresponding to the CH3 group, highlighted in Fig. 8 with a green 
arrow. The AA carbonyl group is visible as shoulder around 173.7 ppm, 
see green arrow in Fig. 8.

The number of signals in the PZQ-NCM-AA cocrystal solvate spec
trum suggests the presence of one independent molecule of PZQ, one of 
NCM and one of AA, confirmed also from 1H NMR analysis (see below).

3.2.6. 1H NMR analysis
The 1H NMR spectrum of PZQ-NCM-AA cocrystal solvate is reported 

in Fig. S9 in SI. The integrations of the signals at 2.6 and 2.5 ppm, 
corresponding to PZQ H4 (it is split due to the presence of two coformers 
of PZQ [64]), at 8.7 ppm, related to an aromatic CH of NCM, and at 2.1 
ppm, corresponding to the three protons of the CH3 of AA, confirm the 
stoichiometric ratio of 1PZQ:1NCM:1AA, in agreement with Synchro
tron X-ray powder diffraction results.

3.2.7. DFT calculations
The initially Rietveld refined structure was re-optimized at DFT level 

with Quantum Espresso and submitted for a second refining. This “quasi 

self-consistent” process, which combines experimental and theoretical 
data, has proven to be very useful in helping to refine the resolution of 
particularly difficult structures [65,66]. The final structure has been 
optimized with a fixed cell scheme, in which only atoms were allowed to 
move, while the cell shape and volume were kept constant. The com
parison between the experimental data and the simulated one (fixed 
cell) is shown in Fig. 9. The root-mean-square error (RMSE) relative to 
the overlap between the two structures was calculated by the crystal 
packing similarity tool implemented in Mercury and it is 0.245, typical 
of reliable structures [67]. It should be mentioned, however, that full 
free cell optimization resulted in a structure very similar to the experi
mental one (RMSE = 0.245), which indicates a very good agreement 
with the theoretical structure computed at 0 K. To further validate the 
structure from powder data the experimental and computed chemical 
shifts (see Table 2) were compared and a low 13C RMSE (2.13) was 
obtained. Fig. S10 in the SI file displays the good correlation between the 
experimental and computed chemical shifts.

3.2.8. SEM analysis
SEM images of powders of PZQ, NCM and PZQ-NCM-AA cocrystal 

solvate are reported in Fig. 10. The new system is composed of ag
glomerates of small thin plates (with an approximate diameter less than 
1 μm), exhibiting a habitus distinctly different from the needle-shaped 
particles typically observed in PZQ [68] and the rectangles with pro
trusions characteristic of NCM [69].

Fig. 8. 13C (150.91 MHz) CPMAS spectrum of PZQ-NCM-AA cocrystal solvate 
(black), acquired at a spinning speed of 20 kHz at room temperature, compared 
to 13C (100.63 MHz) CPMAS spectra of pure NCM (red), pure PZQ (blue), PZQ- 
NCM 1:3 anhydrous cocrystal (pink), acquired at a spinning speed of 12 kHz at 
room temperature, and 13C (150.91 MHz) CPMAS spectrum of PZQ-AA mono
solvate (orange), acquired at a spinning speed of 20 kHz at room temperature. 
The two green arrows highlight the signals attributed to AA. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)

Table 2 
Experimental (exp)13C chemical shifts (ppm) for PZQ [57], NCM [63] and 
PZQ-NCM-AA and computed (calc)13C chemical shifts (ppm) for PZQ-NCM-AA, 
with assignments.

Group Atom PZQ exp NCM exp PZQ-NCM- 
AA exp

PZQ-NCM- 
AA calc

C = O 1 175.4, 176.2 
sh

​ 175.2 176.02

C = O 14 165.8, 164.6, 
162.1

​ 167.4 166.56

Cq 12 137.7, 136.5 ​ 133.1 134.52
Cq 11 135.8, 134.6 ​ 129.0 129.27
CH 8 129.7, 127.5, 

124.8
​ 130.1 131.02

CH 18 133.7 ​ 122.0 126.72
CH 19 132.0 ​ 129.0 129.23
CH 7 130.5 ​ 127.4 129.2
CH 17 56.3, 55.5 ​ 57.3 56.92
CH2 15 46.1 ​ 46.2 43.34
CH2 16 47.9 ​ 50.0 48.03
CH 4 39.7 ​ 42.1 40.57
CH2 10 38.1 ​ 39.1 36.34
CH2 3 32, 30.1, 27.9, 

26.3, 25.3
​ 31.3 29.51

CH2 5 ​ 28.1 26.94
CH2 9 ​ 28.1 25.15
CH2 13 ​ 26.4 23.68
CH2 6 ​ 26.4 24.36
CH2 2 ​ 26.4 24.29
C = O 7′ ​ 162.9 163.0 163.24
C - OH 13′ ​ 153.9 156.1 159.04
C - 

NO2

4′ ​ 143.3 142.3 143.44

C - NH 1′ ​ 139.9 142.3 142.49
CHAr 12′ ​ 136.1, 130.3, 

125.7, 119.7
119.2 119

11′ ​ 136.1 137.63
9′ ​ 133.1 133.18
3′ ​ 122.0 123
5′ ​ 125.5 128.68
6′ ​ 122.0 121.63

C - Cl 10′ ​ 129.8 sh 129.0 131.33
2′ ​ 125.5 127.68

C - CO 8′ ​ 117.4 119.2 118.31
COOH 1″ ​ ​ 173.7 177.8
CH3 2″ ​ ​ 20.2 15.66
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3.2.9. Drug recovery
1H NMR spectroscopy was also used to determine whether compo

nent degradation occurs after different synthetic procedures. The 
spectra of pure PZQ, NCM, with two samples of PZQ-NCM-AA cocrystal 
solvates, which only differ from the process used for obtaining the solid 
product, were compared (Fig. S11). One sample was obtained through 
the synthesis reported in section 2.1.1.1and the other one following the 
procedure of section 2.1.1.4. Spectroscopic evaluations have shown no 
evidence of PZQ degradation upon grinding in the presence of NCM and 
AA, even though is well-known from literature the PZQ propensity to 
degradation when ground in the presence of other substances, with the 
insurgence of peculiar degradation products as a function of the excip
ient used [68,70,71].

3.2.10. Physical stability under several conditions
The stability of solvates is a critical aspect of pharmaceutical science, 

since these materials are inherently prone to desolvation, a process 
where the solvent molecules are expelled from the crystal lattice, often 
leading to significant structural and thermodynamic changes which 
result in potential loss of desired properties [72,73].

In the present case, the physical stability of the cocrystal solvate was 
assessed under various conditions. The main objectives were to deter
mine if there were signs of (spontaneous or induced) desolvation leading 
to cocrystal dissociation or conversion into the corresponding PZQ-NCM 
anhydrous cocrystal, and to evaluate if the new system could prevent the 
formation of the insoluble NCM monohydrate, which typically occurs 
within a month of exposure to ambient humidity [58].

Under static conditions (i.e., 20 ◦C, 0 % RH), the new multicompo
nent crystal remained stable for 24 months with no signs of cocrystal 
dissociation or conversion into the anhydrous cocrystal (see Fig. S12 in 
the SI file). During this period, the sample retained its white crystalline 
powder appearance, unlike the samples containing trace amounts of 
RIPFOP01 (obtained by the other synthetic routes), which exhibited a 
pinkish hue during storage under similar conditions (Fig. S13 in the SI 
file). Interestingly, this pink coloration could not be attributed to RIP
FOP01 itself (reported to be a white powder [25]), nor to impurity B of 
PZQ (as demonstrated by 1H NMR analysis), which is indeed reported to 
be a pink solid [74]. A plausible explanation of the appearance of such 
coloration, therefore, is still missing.

Additionally, the physical stability of PZQ-NCM-AA upon mechani
cal stress was also evaluated since it is well known that solvates tend to 
desolvate and undergo structural relaxation when subjected to 
compression, which can significantly impact their physical stability and 
performance [75–77]. We therefore evaluated the physical stability of 
the cocrystal solvate under compression to better understand its 
behavior under potential practical pharmaceutical manufacturing 
conditions.

Specifically, the solid was subjected to compression under the same 
operating conditions used for creating KBr discs for FT-IR analysis (see 
section 2.2.6). In this case, mechanical compression did not cause any 
dissociation or the formation of other phases, as evidenced by PXRD, 
however, DSC analysis indicated a reduction in the overall crystallinity 
of the sample (see Fig. S14 in the SI file).

The mechanical resistance was also tested through milling the coc
rystal solvate for 200 min at 25 Hz, following the procedure adopted by 
Zanolla and coauthors [15]. The PXRD and DSC results demonstrated 
that, despite the cocrystal solvate being subjected to intense and im
pactful mechanical stress, the new phase remained almost intact. Only 
partial desolvation with conversion into the corresponding PZQ-NCM 
1:3 anhydrous cocrystal was observed, as could be expected (Fig. S15
in the SI file).

PZQ-NCM-AA cocrystal solvate was also placed for 6 months in a 
sealed enclosure with a saturated aqueous NaCl solution (75 % RH) and 
periodically analyzed by means of PXRD. These analyses were carried 
out as the phenomenon of cocrystal dissociation at high humidity is well 
known [78]. Further, the possibility of the formation of NCM mono
hydrate is a constant risk when handling this drug [58,69]. The new 
ternary cocrystal remained stable throughout the entire six-month 
period under such conditions (Fig. S16 in the SI file). Importantly, the 
conservation of the powdered material at high humidity conditions did 
not bring in the typical greenish color of NCM monohydrate. This is, 
therefore, one of those cases where cocrystallization enhances the 
physical stability of moisture-sensitive drugs [79].

Fig. 9. Overlap conformations between the experimental refined crystal 
structures (red) and the computed one (fixed cell) by DFT (cyano). (For inter
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.)

Fig. 10. SEM images of (a) PZQ (5000x), (b) PZQ-NCM-AA cocrystal solvate (20000x) and (c) NCM (5000x).
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3.2.11. In Vitro activity
The new cocrystal solvate revealed the highest activity against both 

NTS and adult S. mansoni (Table 3). Concentrations of 0.1–10 μM 
resulted in death of all worms. A concentration of 0.01 μM revealed an 
activity of 41.7 % (NTS) and 53.7 % (adult worms). This translates to 
IC50 values of 0.01 μM against adult worms and NTS, respectively. For 
comparison, against NTS, pure PZQ and NCM, binary PZQ-NCM coc
rystal and PZQ-AA monosolvate showed a 10-fold lower activity, i.e., 
were only active at 1 and 10 μM – Against adult worms only NCM and 
the PZQ-NCM cocrystal showed a similar good performance as the new 
cocrystal solvate with moderate activity still observed at 0.01 μM.

3.2.12. In Vivo preliminary studies
In a pilot study, the cocrystal solvate was orally administered as an 

oily suspension to a group of four mice infected with a patented S. 
mansoni infection, at a single dose of 400 mg/kg. Twenty-three days 
post-infection, the mice treated with the cocrystal solvate showed a 
statistically significant (p < 0.05) 74.3 % reduction in worm burden, 
compared to approximately 87 % in mice treated with the original PZQ 
in a previous study [80] (Table 4). These results suggest that the coc
rystal solvate retains its antischistosomal activity relative to the raw 
PZQ.

The in vitro activity tests were promising, as the three active phar
maceutical ingredients (APIs) in the new multicomponent system 
appeared to exert a synergistic effect. The hypothesis proposed in the 
introductory section of the results has been confirmed by efficacy 
studies, demonstrating that the therapeutic dose of PZQ may be reduced 
due to the synergistic effect of NCM and AA.

The discrepancy between the in vitro and in vivo results could 
potentially be attributed to the vehicle used for administration; the 
cocrystal solvate was difficult to disperse in corn oil, resulting in a 
cloudy suspension with sediment rather than a clear homogeneous 
suspension, which would have guaranteed an accurate dosage.

Moreover, the use of an oil-based vehicle suspension, although better 
than the aqueous-based one, may not be ideal for showcasing the full 
potential of the cocrystal, which would likely benefit from being 
administered in a solid form, such as in minicapsules of size M. However, 
the minicapules are very difficult to administer to mice, as observed in 
the previous study, where many animals died during administration 
[25]. Future in vivo studies should be conducted using minicapsules size 
M, following thorough training and refinement of the administration 
technique for these pharmaceutical forms.

4. Conclusions

In this paper, we reported a cocrystal solvate composed of prazi
quantel, niclosamide and acetic acid, all having documented anthel
mintic properties. The ternary cocrystal exhibited largely superior 
anthelmintic activity against in vitro Schistosoma mansoni adults and, 
notably, against Newly Transformed Schistosomula compared to pure 
individual drugs (i.e., PZQ and NCM) and to its binary counterparts (i.e., 

PZQ-NCM cocrystal and PZQ-AA monosolvate).
Mechanochemical methods demonstrated a great potential by suc

cessfully producing the new system across five different routes. A pure 
phase was achieved by milling for 60 min preformed praziquantel-acetic 
acid monosolvate and raw niclosamide in an equimolar ratio. For 
completing the mechanochemical reaction, 160 μL of acetic acid were 
needed, since the solvent acted both as a solvate-forming molecule and 
as a liquid additive.

On the contrary, slurry experiments, performed for comparative 
purposes, were unsuccessful.

The structure of the cocrystal solvate was successfully solved and 
refined from the Synchrotron PXRD data, with the support of theoretical 
periodic calculations and an integrated SSNMR approach. The new 
system crystallizes in the triclinic space group of P-1, showing one 
praziquantel, one niclosamide and one acetic acid molecules linked 
through homo- and heteromolecular hydrogen bonds in the asymmetric 
unit. Spectrometric evaluations have shown no evidence of degradation 
of praziquantel upon grinding. Such observation is important consid
ering the well-known tendency of this molecule to degrade under 
mechanochemical processing in the presence of excipients.

The new multicomponent crystal remained stable for 24 months at 
ambient temperature and demonstrates physical stability under high 
relative humidity conditions (75 % RH), effectively preventing the for
mation of the well-known niclosamide monohydrate, which typically 
forms within just one month of air exposure at room temperature. 
Analysis of solid-state transformations after mechanical treatments 
revealed that extended grinding (200 min) just led to a decrease of 
crystallinity degree, whereas compression (10 Ton for 3 min) just pro
motes a partial conversion in the praziquantel-niclosamide 1:3 anhy
drous cocrystal.

However, the most important aspect of this higher-order crystal 
remains— as mentioned above— the anthelmintic activity enhancement 
compared to the individual active ingredients and their binary coun
terparts (PZQ-NCM cocrystal and the PZQ-AA monosolvate).

The drastic reduction in IC50 (0.01 μM against Newly Transformed 
Schistosomula and S. mansoni adult) of the new solid fully justifies the 
ambitious challenge of incorporating more than two components into a 
single crystalline phase, underscoring the pivotal role of the ternary 
system in enhancing bioactivity. This finding highlights the need to 
tackle the next challenge: identifying the most suitable oral dosage form 
for a cocrystal, a requirement that remains unmet in the pilot studies 
conducted in this work.

Table 3 
In vitro activity of the cocrystal solvate against S. mansoni adult and Newly Transformed Schistosomula (NTS), compared to pure PZQ, NCM and PZQ-AA monosolvate.

S. mansoni adult Newly Transformed Schistosomula

Testconc. Effect in % (72h) + SD IC50 (μM) (72h) 
Dm

Effect in % (72h) + SD IC50 (μM) (72h) 
Dm

10 μM 1 μM 0.1 μM 0.01 μM 10 μM 1 μM 0.1 μM 0.01 μM

New cocrystal solvatea 100 (0) 100 (0) 90.8 (1.9) 53.7 (5.6) 0.01 100 (0) 100 (0) 100 (0) 41.7 (1.7) 0.01
PZQ 92.1 (1.6) 92.1 (1.6) 51.1 (4.7) ​ 0.44 82.4 (2) 70.8 (4.2) 31.3 (2.1) 82.4 (2) ​
NCM 100 (0) 62.1 (1.6) 77.8 (3.2) 49.5 (0) 0.09 100 (0) 83.3 (0) 31.3 (2.1) 100 (0) ​
PZQ monosolvateb 100 (0) 87.5 (0) 41.7 (8.3) ​ 0.18 87.5 (0) 62.5 (0) 31.3 (2.1) 87.5 (0) ​
PZQ-NCM cocrystalc ​ 100 (0) 72.0 (4.0) 39.6 (6.3) 0.02 ​ ​ 92.3 (3.8) 25.0 (1.9) 0.20

a The micromolar dose was calculated using cocrystal molecular weight.
b Obtained as previously reported [15].
c Taken from ref. [25].

Table 4 
Effect of the cocrystal solvate (administered as oily suspension at a single coc
rystal dose of 400 mg/kg) on the worm burden reduction (WBR) in mice 
harboring a chronic S. mansoni infection.

Sample Average of WBR % Number of mice

Control – 4
PZQ-NCM-AA cocrystal solvate 74.3 4
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