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T am among those who think that science fias great beauty.

A sclentist in niis laboratory is not only a techinician:

ne is also a child placed before natural phenomena

WAIC/ Tmpress Aim like a Jairy tale”

Marie Curie
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1. Introduction

1.1 Mechanochemistry

Mechanochemistry is an important branch of chemistry that focuses on promoting and accelerating
chemical reactions through the application of mechanical energy. Unlike other methods that often
rely on solvents or liquid-phase reagents, mechanochemistry uses techniques such as grinding,
milling, and friction to induce chemical transformations. This approach not only significantly reduces
the use of solvents, thus aligning with the principles of green and sustainable chemistry [1,2], but also
facilitates the discovery of new materials and solid forms that are otherwise inaccessible through
conventional methods [3—7].

Mechanochemical processes have gained considerable attention in pharmaceutical chemistry as a
powerful tool for developing novel drug formulations and drug combinations, which can improve
therapeutic efficacy and patient compliance, as well as the modification of the physicochemical
properties of active pharmaceutical ingredients (APIs). Particularly, the use of mechanochemical
methods has proven effective in stabilizing APIs in their metastable forms, which are often more
soluble but less stable than their thermodynamically favored counterparts [8,9]. Additionally,
mechanochemistry enables the creation of pharmaceutical salts, cocrystals, hydrates/solvates and
coamorphous, which can simultaneously translate into improved properties of a drug, such as
solubility, dissolution rate, and permeability, offering new pathways for drug development and
delivery [10-15].

Given its advantages, mechanochemistry represents a promising frontier in the pharmaceutical
sciences, with the potential to revolutionize the discovery and manufacture of pharmaceutical solid
forms. Its application in drug development not only aligns with current demands for greener and more
sustainable practices but also provides innovative solutions to long-standing formulation challenges,

positioning mechanochemistry as a key technology for the future of pharmaceutical innovation.

1.1.1 Definition, origins and mechanistic models

Mechanochemistry is the discipline focused on obtaining solid forms through the sole application of
mechanical energy. James et al. define mechanochemical reactions as “Reactions, normally of solids,
induced by the input of mechanical energy, such as by grinding in ball mills” [3].

Historically, mechanochemistry can be divided into four distinct periods (Figure 1):

10



o "Involuntary" Mechanochemistry: this initial phase encompasses the use of friction to
generate fire and the grinding of herbs with mortars, practices that were not yet recognized as
chemical processes mediated by mechanical force.

« Recognition of Mechanochemical Processes (19" Century Onwards): during this period, there
was a growing acknowledgment that such practices involved mechanochemical principles.
This era marked the beginning of understanding mechanochemistry as a distinct discipline,
capable of facilitating a variety of chemical reactions through mechanical energy.

o Development of Mechanochemistry with Potential Pharmaceutical Applications: This phase
saw the exploration of mechanochemistry in pharmaceutical contexts, revealing its potential
to enhance the synthesis and formulation of APIs and other drug-related compounds.

o Application and Continuous Advancement in Pharmaceutical Mechanochemistry: the most
recent phase is characterized by the active application of mechanochemical techniques in drug
development and their continuous refinement to optimize pharmaceutical processes and
outcomes. In the pharmaceutical field, one of the most widely used mechanochemical
techniques is grinding, wherein reagents, with or without the presence of minimum amount

of liquid, are milled for a specified time within a milling apparatus [16].

Figure 1. Schematic representation of mechanochemistry history. Adapted from reference [17].

Over the past three decades, the field has expanded significantly and is currently considered one of
the most effective techniques for the synthesis and screening of solid forms (i.e., polymorphs, salts,

cocrystals and hydrates/solvates) [4,14,18].
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To explain the behavior of organic compounds in mechanochemical processes, three mechanistic
models have been proposed:

o The Molecular Diffusion Hypothesis: this model suggests that molecules in solids possess
sufficient mobility to migrate across the crystal surface, particularly when the compounds
have high vapor pressures in the solid state.

o The Eutectic Intermediate Hypothesis: this theory suggests the formation of a eutectic
intermediate that subsequently nucleates to form a crystal, which occurs especially in liquid-
assisted crystallization processes, where a transient liquid interface forms between two solid
substances.

o The Amorphous Phase Formation Hypothesis: This hypothesis suggests that the temporary
formation of amorphous phases occurs in all compounds that exhibit dense H-bonding
patterns and limited molecular mobility.

The common feature of these three mechanisms is the formation of an intermediate phase—whether

gaseous, liquid, or solid—possessing higher energy or mobility than the initial compound [19].

Until recently, understanding the real-time dynamics of these reactions has been challenging due to
the lack of suitable monitoring techniques. However, recent breakthroughs in ‘in situ monitoring
techniques’ have opened new possibilities for understanding and optimizing these reactions, making
them more accessible and controllable for a broader range of chemists.

The ability to monitor mechanochemical reactions in real-time is revolutionary because it allows
chemists to map reaction pathways, uncover previously unknown intermediates, and determine the
exact conditions that lead to the formation of desired products. Prior to these advancements,
mechanochemical reactions were often seen as "black box" processes, where the inputs and outputs
were known but the exact mechanisms were difficult to trace. With in situ techniques, this opacity is
lifted, leading to better control over reaction conditions, faster optimization, and the possibility to
scale up processes for industrial use.

Specifically, the application of in situ Synchrotron X-ray diffraction (XRD) and Raman spectroscopy
allow chemists to observe chemical transformations as they occur during mechanical processing

(Figure 2).
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Figure 2. Schematic representation of ex situ and recent in situ monitoring techniques. Adapted from reference
[20].

These techniques provide real-time insights into the kinetics and structural changes occurring during
the reaction, revealing the formation of intermediates, phase transitions, and product formation
without having to pause or interfere with the reaction itself. /n situ XRD allows researchers to observe
the crystalline phase evolution during milling or grinding, offering precise data on how the crystal
structure changes as the reaction progresses. Raman spectroscopy, on the other hand, provides
molecular-level information on the vibrational modes of the reactants, intermediates, and products,
giving insight into bond formation, breakage, and changes in the molecular environment [21-26].

These techniques were first used to monitor the synthesis of porous metal-organic frameworks
(MOFs) from ZnO [22,27]. Considering the importance of mechanochemistry for the screening and
synthesis of pharmaceutical solids [28-30], in 2013 Halasz et al. proposed the first in sitzu XRD study
of mechanochemical transformations of organic pharmaceutically relevant solids. They selected
carbamazepine-saccharin cocrystal as a suitable first model for the application of real-time
Synchrotron XRD analysis [25]. Since then, few examples of pharmaceutically relevant

mechanochemical reactions monitored in real-time have been reported in literature [31,32].

1.1.2 Devices and main process variables

Regarding the mechanochemical preparation of pharmaceutical solids, the most frequent
mechanochemical operation is represented by grinding, usually by means of mills of different types
and with various equipment [4,5,14,17].

The manual grinding of materials using mortars and pestles has been a traditional method for

centuries. However, the process was characterized by several challenges, primarily due to the
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variability introduced by human operators. Studies have shown that manual grinding is often
inefficient, resulting in a lower yield and inconsistent particle size distribution, which is critical for
various applications, particularly in pharmaceutical and food industries. The dependence on the
operator's skill, strength, and endurance made difficult to standardize the grinding process.

Moreover, when grinding was conducted in open environments, the evaporation of liquids used to

facilitate the process was a common problem, further affecting the final product's quality.

As a response to these challenges, the invention of automated mills marked a significant
advancement. These machines enabled a consistent, operator-independent grinding process, which
could be controlled and scaled according to specific requirements, thereby significantly improving
productivity and product uniformity. The first “automatic mortar and pestle” was developed by the
company Retsch in 1923 [16].

Ball mills are among the most effective devices for rapidly imparting large quantities of mechanical
energy to materials. Their design enables the continuous and uniform collision of milling media with
the loaded material, resulting in efficient energy transfer. This process facilitates the breakdown of
particles, promotes chemical reactions, and accelerates phase transformations, all within a relatively
short time frame [33]. The three main categories of ball mills used are vibrational mills and, at larger

scales, attritor and planetary mills (Figure 3).

Figure 3. (a) Planetary mill (top left) and schematic representation of the operation and involved motions
(bottom left); (b) Vibrational mill (top centre) and schematic representation of the operation and involved
motions (bottom centre); (c) Attritor mill (top right) and schematic representation of the operation and involved

motions (bottom right). Adapted from reference [33].
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1.1.2.1 Planetary mills

A planetary mill operates by rotating around its own central axis, while simultaneously, multiple jars
fixed on a rotating plate move either clockwise or counterclockwise relative to the base (Figure 3a).
This dual rotation creates a complex motion within each jar, where the grinding media and the loaded
material are subjected to intense and continuous collisions. These collisions, occurring on the walls
of the jars, induce high shear and compressive forces that result in mechanochemical activation
[17,18,33,34].

While planetary mills are frequently used for synthesizing crystalline inorganic materials [35], their
main use in the pharmaceutical industry is due to their high effectiveness in reducing particle size and

promoting drug amorphization at the laboratory scale [36,37].

1.1.2.2 Vibrational mills

Vibrational mills, as the name suggests, operate through a vibrational mechanism. The system
consists of a vibrating clamp that is horizontally connected to two jars (frequently of steel), which
oscillate at frequencies ranging from 3 to 25 Hz (Figure 3b). This rapid shaking motion causes the
grinding media (usually spheres) inside the jars to collide continuously with one another, with the
walls of the jars, and with the sample material. These frequent impacts result in the efficient transfer
of mechanical energy, leading to the fragmentation of particles and the initiation of chemical
reactions.

In addition to steel, a range of jars and grinding materials is commercially available for these devices,
including alumina, tungsten carbide, zirconia, agate, plastic, and methacrylate. The volumes of the
grinding jars can vary from 1 to 50 mL, while the diameter of the grinding balls ranges from 1
millimiter to several centimeters.

Vibrational mills are particularly useful for applications requiring fine grinding and the uniform
dispersion of materials, as the vibrational motion ensures consistent energy distribution throughout

the process [18,38].

1.1.2.3 Process variables

By optimizing factors such as milling speed, ball size, material loading, etc. (Figure 4), ball mills can
achieve high levels of mechanical activation, making them essential tools in both research and
industrial applications for mechanochemical synthesis and processing. Thus, process variables cannot

be underestimated when talking about grinding.
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Figure 4. Main process variables involved in mechanochemistry. Adapted from references [33, 36, 39—42].

1.1.2.3.1 Material of jars and grinding media

The selection of jar and grinding media materials is crucial in mechanochemical processes. Stainless
steel is a common choice for both jars and balls due to its durability and hardness. However, stainless
steel has the drawback of potentially contaminating the final product, which can be problematic in
applications requiring high purity. To mitigate this issue, alternative materials such as zirconia,
methacrylate, or other plastics are often employed, especially when contamination must be minimized
[39].

When choosing grinding media, three key factors must be considered:

o Shape: spherical grinding media are generally preferred, as their shape provides a larger
surface area for impact, leading to more efficient energy transfer to the powder.

o Number: the quantity of grinding media directly affects the energy intensity of the milling
process and should be adjusted based on the specific material being processed.

» Size: the size of the grinding balls can range from 1 millimiter to several centimeters, and it
should be selected according to the desired particle size reduction and the nature of the
material being milled [40].
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Additionally, the capacity of the jars used in these processes can vary from as small as 1 mL to as
large as 50 mL, depending on the scale of the milling operation.

An idea of the great variety of grinding media can be seen in Figure 5.

Figure 5. Examples of grinding media in planetary mills (left) and vibrational mills (right) [41].

1.1.2.3.2 Empty space in the jars

Another important parameter is the volume of empty space in the jars, which influences both energy
transfer and mixing efficiency. The trajectories and collisions of the grinding balls are dependent on
the volume of the jar and the degree of filling. The optimal filling volume will vary based on the type
of mill and the specific requirements of the reaction, as different mills and reactions require different

conditions to achieve efficient mechanochemical processing [33].

1.1.2.3.3 Ball-to-powder ratio

The ball-to-powder ratio is a critical factor that can significantly affect the efficiency and outcome of
the milling process. A higher proportion of grinding media generally leads to a more energetic milling
process, which can reduce reaction time. However, an excessively high ratio may also cause
degradation of the powder, resulting in an undesirable outcome. Thus, careful optimization of this

ratio is necessary to balance the need for sufficient energy input with the risk of over-milling [33].

1.1.2.3.4 Grinding time

The duration of the milling process is another key variable that primarily affects the progression of
the reaction. As grinding time increases, the mechanical activation of the starting materials also
increases, which can lead to the formation of amorphous phases. This is often the desired outcome in
mechanochemical synthesis, as demonstrated in studies that aim to enhance the solubility of poorly

soluble drugs, such as vinpocetine, by inducing amorphization through co-grinding [36].
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1.1.2.3.5 Temperature

The temperature control is one of the more complex variables in mechanochemical processes, as it is
inherently linked to the milling action itself. The collisions between the grinding balls and the jar
contents generate heat, which can influence the reaction. Specialized mills, such as cryomills, which
use jars cooled with liquid nitrogen, are designed to control temperature and prevent overheating [42].
In most cases, however, temperature remains uncontrolled, and traditional mills typically operate at

room temperature.

1.1.2.3.6 Frequency

Finally, frequency is a relatively simple parameter to adjust, as most mills are equipped with
frequency control settings. Increasing the frequency directly raises the kinetic energy of the grinding
balls, which enhances the milling intensity. Frequencies around 25 Hz are most used, although higher

frequencies, such as 30 Hz, can be employed depending on the specific needs of the process [33].

By carefully controlling these variables, it is possible to optimize mechanochemical reactions to

achieve the desired outcomes efficiently and effectively.

1.1.3 Several techniques applicable to the same instrument

There are various milling techniques that can be selected depending on the desired final product
characteristics. These most common mechanochemical applications are neat grinding (NG), liquid-
assisted grinding (LAG), variable amount of liquid-assisted grinding (VALAG) and polymer-assisted
grinding (POLAG). There are also more specific methods which are less often used such as variable-
temperature grinding (VATEG) and ion liquid-assisted grinding (ILAG) [17].

Each approach offers specific advantages and is tailored to optimize different aspects of the
mechanochemical process, such as particle size, crystallinity, solubility, or chemical reactivity, to

achieve the targeted material properties.

1.1.3.1 Neat grinding (NG)

This milling process relies solely on the transfer of mechanical energy to achieve the desired solid
form, making it a solvent-free and environmentally friendly technique. This approach is particularly
advantageous for producing new solid-state compounds, such as polymorphic forms, amorphous or

coamorphous solids, polymeric amorphous dispersions, and inclusion complexes [11,12,43-45].
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A range of variables can influence mechanochemical processes. In NG, these variables can be broadly
classified into grinding conditions within the jar (such as speed, ball size, and ball-to-powder ratio),
conditions external to the jar (like temperature and atmosphere), the nature of the starting materials,
and the specific type of milling device used.

Compared to liquid-assisted grinding (LAG) (presented below), NG tends to produce a product with
a lower degree of crystallinity when starting from the same solid material. This makes NG more
suitable for obtaining amorphous forms, as it provides conditions that more readily disrupt the
crystalline structure [46—48].

However, the energy input in NG may sometimes be insufficient to induce complete
mechanochemical activation [5]. In such cases, the addition of a small amount of solvent (LAG) may

be necessary to facilitate the desired chemical transformation or structural change.

1.1.3.2 Liquid-assisted grinding (LAG)

LAG is a technique that involves milling in the presence of small quantities of a liquid, which acts
under catalytic conditions to enhance the grinding process. While LAG is more complex than NG, it
offers significant advantages by accelerating reaction kinetics and enhancing the crystallinity of the
product. This is particularly beneficial in cases where NG may not provide enough energy to achieve
full mechanochemical activation, especially when dealing with multicomponent crystalline systems
such as cocrystals, solvates/hydrates, and salts [17,49,50].

Compared to traditional solution-based crystallization methods, LAG provides a valuable alternative
that facilitates direct interactions (often H-bonds) between the different components in the system,
rather than between the components and the solvent [3]. This results in a final product that can be
easily dried, eliminating the need for extensive solvent removal and reducing the risk of residual
solvent contamination.

The exact mechanism behind the effectiveness of LAG remains partially understood. It is
hypothesized that the solvent primarily plays a physical role, enhancing the diffusion of molecules
and enabling closer contact between reactants. However, the choice of solvent can be crucial in some
cases, particularly for the formation of multicomponent systems like cocrystals, and for controlling
polymorphism and solvate formation [19].

A critical step in LAG is determining the optimal amount of solvent to add, which can greatly
introduced the empirical parameter 1, which serves as a practical tool for selecting the appropriate

solvent quantity to achieve desired reaction conditions [51].
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The parameter 1 is defined as the ratio of the volume of the added solvent (in uL) to the mass of the

sample (in mg), as shown in equation 1:

_ V (liquid, pL)
"~ m (sample, mg)

M

This parameter helps categorize different milling environments based on the solvent-to-solid ratio,
thereby assisting in the optimization of mechanochemical processes.
Depending on the value of 1, several techniques can be identified:
e 1 =0 corresponds to NG, where no solvent is used.
o 0 <m <2 represents LAG, where small amounts of liquid catalyze the process without
dissolving the solid components.
e <1 <12 describes slurry methods, where more liquid is added to create a thick slurry that
facilitates mixing and grinding.
o m> 12 indicates solution synthesis, in which the components are fully dissolved in a solvent
to achieve complete mixing and reaction.
For LAG, n values typically range between 0 and 2 pul/mg, a range that defines the catalytic
conditions of the liquid. Within this range, the solvent does not dissolve the solid components
appreciably but instead acts to enhance the mobility of the reactants, improving the frequency and
efficiency of their collisions [5].

A schematic representation of LAG is shown in Figure 6.

Figure 6. Addition of solvent in LAG.

-----

quantities that optimize the balance between solid-state reactivity and liquid-phase catalysis. By
adjusting m, researchers can fine-tune the milling environment to target specific outcomes, such as

increased reaction rates, enhanced crystallinity, or the selective formation of desired multicomponent
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systems [51]. This makes 1 an invaluable tool in the growing field of mechanochemistry, enabling a
more systematic approach to optimizing complex reactions that were previously governed by trial

and error.

1.1.3.3 Variable amount of liquid-assisted grinding (VALAG)

Grinding with a variable amount of liquid has emerged as an advanced technique in the field of
mechanochemistry, representing an evolution of LAG. This approach involves systematically adding
varying amounts of a liquid tailored to the specific requirements of the system being studied. The
primary goal of this method is to determine the optimal liquid quantity needed to drive the
mechanochemical reaction to completion efficiently.

Recently, it has been discovered that, by carefully adjusting the amount of liquid, this technique not
only improves reaction kinetics and yields but also enables access to different polymorphic forms of
the target compound. For example, using different liquid volumes can favor the formation of a
more/less stable polymorph, an amorphous form with enhanced solubility, or even enable the
selective synthesis of less common crystalline forms that may not be accessible under standard

conditions [17,51-53].

1.1.3.4 Polymer-assisted grinding (POLAG)

POLAG is a mechanochemical technique where polymers are added during the grinding process to
influence the reaction environment, modulate the energy transfer, and guide the formation of desired
solid products. In POLAG, the polymers act as grinding aids, facilitating the transformation of
reactants into new solid phases, such as polymorphs, amorphous phases, cocrystals, or other
multicomponent systems [54—56] (Figure 7). The polymers can affect the reaction in several ways:
by improving the mixing of reactants, providing additional kinetic energy, and stabilizing specific
intermediates or products. The length and molecular weight of the polymer chains play a crucial role
in determining the outcomes of the mechanochemical process, as they influence the energy transfer
and the nature of the interactions with the reactants [17,57,58].

POLAG is characterized by a parameter known as 9§, defined as the ratio of polymer additive (in mg)
to reactant mass (in mg), which is used to quantify the effect of the polymer on the reaction process.
This parameter represents the ability of the polymer to interact with the reactants and modulate the
energy landscape of the system. A higher o6 value typically indicates stronger polymer-reactant
interactions, which can enhance the grinding efficiency or promote the formation of specific solid

phases [57]. In this context, the polymer is more effective at reducing the energy barrier for the
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reaction or stabilizing intermediate states, leading to faster or more complete transformations. The
choice of polymer type, molecular weight, and concentration are critical factors that influence 6 and,
consequently, the outcome of the grinding process. For instance, shorter polymer chains may enhance
mixing and reduce agglomeration of reactants, while longer chains may provide more substantial
steric effects or participate in specific interactions that guide product formation [17].

Polymers have shown to be crucial in dehydrating hydrated systems, as the polymer may help to
remove water molecules from the crystalline lattice by disrupting H-bonding networks [59,60].
Recent developments have demonstrated that POLAG can go beyond its traditional role as a catalytic
aid in mechanochemical reactions. It has been discovered that in some cases, polymers can become
an integral part of the newly formed solid-state systems, resulting in the formation of novel polymeric
cocrystals (Figure 7). In these instances, the polymer is not just facilitating the reaction but is actively
incorporated into the crystal lattice, creating new materials with potentially unique structural and
functional properties and, thus, expanding POLAG applications in pharmaceuticals, material science,

and sustainable chemistry [61].

Figure 7. First application of POLAG (left) and recent advancements (right). Adapted from references [17,61].

1.1.3.5 Variable-temperature grinding (VATEG)

VATEG is a mechanochemical technique where the temperature is deliberately controlled and varied
during the grinding process to influence reaction pathways, kinetics, and product formation. By
adjusting the temperature of the grinding environment, VATEG allows researchers to precisely
modulate the energy input and thermal environment of the reaction, thus affecting the formation and

stability of different solid phases, such as polymorphs, amorphous phases, or cocrystals. VATEG

22



provides an additional degree of control over mechanochemical processes, enabling the synthesis of
target materials that may not be accessible under ambient conditions.

For instance, grinding at temperatures below the glass transition temperature (7) of a material may
facilitate the formation of amorphous phases, as suggested by Willart and Descamps [37]. In contrast,
grinding above the 7 but below the melting point can promote the formation of specific polymorphic
forms or stabilize metastable phases.

Recent studies have used VATEG to synthesize pharmaceutical cocrystals, where temperature control
was shown to influence the stability and crystallinity of the resulting compounds [62]. VATEG has
also been used to investigate the thermodynamics and kinetics of solid-state reactions, providing
insights into the role of temperature in driving phase transitions, solvate formation, and

decomposition processes [4].

1.1.3.6 Ion liquid-assisted grinding (ILAG)

ILAG is a mechanochemical technique where small quantities of ionic liquids (ILs) are added during
the grinding process to act as reaction facilitators or catalysts [63]. ILs are salts that are liquid at
relatively low temperatures (typically below 100 °C) and consist of a large organic cation and a small
inorganic or organic anion [64]. Their unique properties, such as low volatility, high thermal stability,
tunable polarity, and strong solvation ability, make them particularly suitable for enhancing
mechanochemical processes. In ILAG, ILs are employed to improve the efficiency and selectivity of
the grinding process by modulating the reaction environment, enhancing molecular diffusion, and
stabilizing intermediates or products.

ILAG has been used to synthesize a variety of solid-state materials, including cocrystals, salts,
solvates, and MOFs [15,58,63—66]. The addition of ILs can facilitate the formation of desired solid
forms by acting as both a solvent and a template for the reactions, promoting the association between
different molecules and enhancing the mechanochemical activation of reactants. In fact, ILAG has
shown promising results in various applications, particularly in the synthesis of pharmaceutical
cocrystals, where it has been demonstrated that ILs can provide a pathway to achieve desired cocrystal
forms that are challenging to synthesize using traditional methods. Additionally, ILAG has been used
to control polymorphism, enhance the solubility of poorly soluble drugs, and stabilize reactive

intermediates during grinding processes [17,22,64—66].
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1.1.4 Recent advances in mechanochemistry: speed mixing and resonant acoustic mixing
(RAM)

Speed mixing and resonant acoustic mixing (RAM) are relatively recent advancements in the field of
mechanochemistry, having gained attention in the last decade as novel methods for inducing and
accelerating solid-state reactions. These techniques offer alternative ways to apply mechanical energy
to materials, allowing for the efficient preparation of various pharmaceutical compounds, including
cocrystals, amorphous dispersions, and other solid-state forms.

While speed mixing relies primarily on high-speed rotation and shear forces to achieve mixing [67—
69], RAM leverages acoustic energy to accomplish similar goals. Both methods share the common
objective of enhancing the energy transfer between particles, leading to improved mixing efficiency
and faster reaction kinetics [70-73]. They can also be combined to achieve complementary effects;
for example, using RAM to initially disperse and mix components and speed mixing to achieve a

finer, homogeneous mixture [74].

1.1.4.1 Speed mixing

Speed mixing, also known as high-speed or dual asymmetric centrifugal (DAC) mixing, was
developed to combine high rotational speeds with rapid mixing. This method involves the
simultaneous rotation of a mixing vessel around two axes, creating a combination of centrifugal and
shear forces. The dual-axis rotation creates complex flow patterns and high shear rates that promote
intimate mixing and enhanced contact between reactant particles, leading to accelerated reaction
rates. Speed mixing is particularly effective for producing homogeneous mixtures in a short amount
of time, making it an ideal choice for mechanochemical processes that require precise control over

reactant distribution [67-69,75].

1.1.4.2 Resonant acoustic mixing (RAM)

RAM was developed around the early 2000s and is a technique that uses low-frequency acoustic
waves to induce vibrations in a mixing vessel, typically at frequencies between 50-100 Hz. The
vibrations create high-acceleration movements that efficiently transfer mechanical energy to the
reactant particles, causing collisions and friction that can trigger solid-state reactions. The term
"resonant" refers to the mixing vessel being tuned to a resonant frequency, which maximizes energy
transfer efficiency and minimizes energy loss [5,70-73,76,77].

RAM technique offers a significant advantage over traditional ball milling and other mechanical

grinding methods by eliminating the need for direct contact between grinding media and the reactants.
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This innovative approach allows for a more controlled and efficient mixing process, where
mechanical energy is transferred acoustically rather than through physical collisions. As a result,
RAM minimizes issues like excessive heat generation, which can lead to the degradation of heat-
sensitive materials, and significantly reduces the risk of contamination. By maintaining the integrity
of delicate compounds while still promoting mechanochemical reactions, RAM represents a cutting-
edge solution in the field, particularly beneficial for applications requiring high precision and material
stability. RAM has been shown to be effective for processing highly viscous materials, powders, and

even composite materials with varying densities [71,72,77-79].

1.1.4.3 Pharmaceutical applications of speed mixing and RAM

These innovative mixing techniques have found applications in the pharmaceutical field, where they
offer advantages in terms of improved process efficiency, scalability, and product quality. For
instance, in literature there are few examples of their application for:

o Cocrystals: they have been used to synthesize pharmaceutical cocrystals by enhancing the
contact between APIs and coformers, reducing the time needed to achieve the desired solid-
state form [32,79-81].

o MAOFs synthesis: both speed mixing and RAM have been successfully applied in the synthesis
of MOFs, which are highly porous crystalline materials with significant potential in drug
delivery, gas storage, and catalysis [78,82].

o Amorphous solid dispersions (ASDs): RAM has been employed in the preparation of ASDs,
where APIs are dispersed within a polymeric matrix to improve solubility and stability. The
gentle yet efficient mixing provided by RAM ensures that the API is uniformly distributed in
the polymer, minimizing the risk of recrystallization and maintaining the amorphous state,
which is critical for enhancing dissolution rates [83,84].

» Blend uniformity in tablet formulations: RAM is also being explored for ensuring uniformity
in tablet formulations. The resonant acoustic waves can effectively mix powders of different
particle sizes and densities, resulting in more consistent dosage forms and reducing the risk

of content uniformity issues that can arise during conventional mixing methods [73,85].
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This section has already been published.

1.2 Praziquantel

In recent years, the focus on developing innovative and affordable pharmacological solutions for
neglected tropical diseases, such as Schistosomiasis, has grown significantly. The need for such
treatments is accentuated by the fact that approximately 240 million people currently suffer from
Schistosomiasis, and over 251 million required preventive treatments in 2021, according to the World
Health Organization (WHO) [86]. Schistosomiasis is a parasitic disease, both acute and chronic,
caused by blood flukes (trematode worms) of the genus Schistosoma. It is particularly prevalent in
areas lacking adequate sanitation and clean water [87-89]. Infection primarily occurs when
individuals encounter contaminated water, where larval forms of the parasite penetrate the skin [90].
Once inside the body, immature parasites develop into adult schistosomes, which release eggs into
various tissues, leading to severe complications such as bladder cancer, kidney failure, liver fibrosis,
and intestinal and urinary diseases [91].

Currently, praziquantel (PZQ) is the treatment of choice for all forms of Schistosomiasis [92,93]. It
is included in the WHO Model List of Essential Medicines for both adults and children [94,95]. The
recommended therapeutic regimen consists of a dose of 20 mg/kg administered three times per day
at intervals of 4 to 6h, or a single dose of 40 mg/kg as preventive chemotherapy [91,96]. The relatively
high dosage is due to PZQ classification as a Biopharmaceutics Classification System (BCS) class 11
drug, which indicates high permeability but low solubility (0.40 mg/mL in water (H,O) at 25 °C) and
bioavailability [97—100]. Additionally, PZQ undergoes extensive first-pass metabolism within 1-3h,
forming mono- and di-hydroxy derivatives as its main metabolites [88,92,101]. Despite these
challenges, PZQ is well-tolerated, safe, and cost-effective [102].

PZQ is administered orally (under the trade name Biltricide® [103]) as a racemic mixture [i.e.,
(11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4-H-pyrazino[2,1-a]isoquinolin-4-one],
although only the (R)-enantiomer is responsible for its therapeutic effects [104—109]. The (S)-
enantiomer, on the other hand, contributes to the drug's bitter taste and certain side effects, such as
abdominal pain, drowsiness, fever, nausea, and vomiting [110-113].

Due to its poor solubility, PZQ must be administered in relatively high doses, and its side effects, that
are attributed to the (S)-enantiomer, highlight the importance of exploring alternative solid forms to
enhance its physicochemical and biopharmaceutical properties. Over the past 50 years, significant
research has been performed with the aim of improving the properties of PZQ through the
development of ASDs with excipients like povidone [102,114-116], sodium starch glycolate [117],

mesoporous silica [118], calcium carbonate complexes [119,120], mannitol and gelucire [121], and
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clay minerals [122]. Other approaches have included the preparation of PZQ-B-cyclodextrin
complexes [123—-129], PZQ-liposome systems [130], polymeric and solid lipid nanoparticles [131—
134], coground systems [42,45,135,136], fast-dispersing granules [137], melt granulation combined
with ultrasonic spray congealing [138] and, more recently, micro- and nanocrystals [139,140].
Currently, alternative strategies are being explored to improve the physicochemical properties of
PZQ. These include deracemizing the racemic compound by forming diastereomeric cocrystals,
converting it into crystalline polymorphs, and developing multicomponent systems such as solvates,
hydrates, and cocrystals.

In Table 1 are reported the different solid forms of PZQ (including enantiomers, polymorphs,

solvates/hydrates, and cocrystals) discovered and isolated over the past five decades.

Table 1. Reported solid forms for PZQ.

Acronym Type of solid form Stoichiometry  Reference code  References
Anhydrous polymorphs
PZQ Form A polymorph A N/AS TELCEU [141]
PZQ Form B polymorph B N/AS TELCEUO1 [43]
PZQ Form C polymorph C N/AS GOYZOM [142]
PZQ Form D polymorph D N/AS Not indexed [143]
PZQ Form E polymorph E N/AS Not indexed [143]
PZQ Form G polymorph G N/AS Not indexed [144]
PZQ Form H polymorph H N/AS Not indexed [144]
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Hydrates

(S)-PZQ-HH (S)-praziquantel hemihydrate 1:0.5 SIGBUG [110]
R)-PZQ-HH R)-praziquantel hemihydrate 1:0.5 SIGBUGO1 [111]
praziq
R)-PZQ-MH (R)-praziquantel monohydrate 1:1 LIVFED [104]
praziq Y
PZQ-MH praziquantel monohydrate 1:1 Not indexed [145]
PZQ-HH (RS)-praziquantel hemihydrate 1:0.5 WUHQAU [146]
praziq
PZQ-HH (RS)-praziquantel hemihydrate 1:0.5 Not indexed [147]
praziq
Solvates
i tel-
PZQ-2P praziquanie 11 DAJCAW [148]
2-pyrrolidone
PZQ-AA praziquantel- 11 DAJCEA [148]
acetic acid
praziquantel- .
PZQ-DMA 1:1 Not indexed 144
Q dimethylacetamide o ndexe [144]
Cocrystals
PZQ-OXA praziquantel-oxalic acid 1:1 TELCOE [141]
PZQ-MALO praziquantel-malonic acid 1:1 TELDEV [141,149]
. el i acid
a-PZQ-SUC praziquantel-succtiic act 11 TELDAROI [141,150]
Form a
. el i acid
B-PZQ-SUC praziquantel-succinic aci 11 TELDAR [141]
Form B
PZQ-MALE raziquantel-maleic acid 1:1 TELCLJ [141]
praziq
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PZQ-FUM praziquantel-fumaric acid 1:1 TELBUJ [141]
PZQ-GLU praziquantel-glutaric acid 1:1 TELDIZ [141]
PZQ-ADI praziquantel-adipic acid 2:1 TELCAQ [141]
PZQ-PIM praziquantel-pimelic acid 2:1 Not indexed [141]
(R)-PZQ-GLU (R)-praziquantel-glutaric acid 1:1 KEQVEL [151]
(R)-PZQ-SUC (R)-praziquantel-succinic acid 1:1 KEQVAH [151]
(R)-PZQ/L-MAL (R)'praZiqu:ztgl'(L)'mahc 11 CUZPIY [152]
(S)-PZQ/L-MAL (S)'praZiqu:::itgl'(L)'mahc 1:1 CUZPEU [152]
PZQ-MAL praziquantel-malic acid 1:1 Not indexed [124]
PZQ-SA praziquantel-salicylic acid 1:1 Not indexed [124]
PZQ-TA praziquantel-tartaric acid 1:1 Not indexed [124]
PZQ-KAE praziquantel-kaempferol 2:1 ANAYOG [153]
PZQ-QUE 1 praziquantel-quercetin 1 2:1 ANAYUM [153]
PZQ-QUE 2 praziquantel-quercetin 2 1:1 Not indexed [153]
PZQ-MYR praziquantel-myricetin 1:1 ANAZAT [153]
PZQ-1.4-DITFB 1 ,4—diioggz‘?;gszﬁbenzene b AVEKAQ [154]
PZQ-3,5-DNA 35, dﬁizriueﬁsic rcid 1:1 AVEJET [154]
PZQ-HQ praziquantel-hydroquinone 1:1 AVEKIJ [154]
PZQ-VA praziquantel-vanillic acid 1:1 AVEJAP [154]
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PZQ-VA praziquantel-vanillic acid 1:2 Not indexed [154,155]
praziquantel-
-2,5-DHA 1:1 AVEHUH 154
PZQ-2.5 2,5-dihydroxybenzoic acid VEHU [154]
praziquantel-
-2,4- 1:1 AVE 154
PZQ-2.4-HA 2,4-dihydroxybenzoic acid VEIU] [154]
PZQ-ORC praziquantel-orcinol 1:1 AVEHOB [154]
PZQ-SA MH praziquantel-salicylic acid 11 AVEHER [154]
monohydrate
praziquantel-
PZQ-4-ASA ACN 4-aminosalicylic acid 1:1:1 AVEJOD [154]
acetonitrile solvate
praziquantel-
PZQ-2,5-DHA ACN 2,5-dihydroxybenzoic acid 1:1:1 AVEHIV [154]
acetonitrile solvate
praziquantel-
PZQ-3,5-DHA ACN 3,5-dihydroxybenzoic acid 1:1:1 AVEKEU [154]
acetonitrile solvate
PZQ-CA praziquantel-citric acid 1:1 DAJYUM [156]
PZQ-PA praziquantel-phtalic acid 1:1 DAJZIB [156]
praziquantel-
PZQ-3-HA L 2:1 DAJZEX 156
Q-3 3-hydroxybenzoic acid [136]
praziquantel-
PZQ-4-HA . 1:1 AVEJIX01 156
Q 4-hydroxybenzoic acid [156]
praziquantel-protocathecuic .
PZQ-PA . 1:1 Not indexed [157]
acid
PZQ-GA praziquantel-gallic acid 1:1 Not indexed [157]
PZQ-FA praziquantel-ferulic acid 1:1 HIVXIX [157]
PZQ-PA ACN praziquantel-protocathecuic 1:1:1 HIVXUJ [157]
acid acetonitrile solvate
PZQ-GA ACN praziquantel-gallic acid 1:1:1 HIVXOD [157]
acetonitrile solvate
(R)-PZQ/(S)- (R)-praziquantel-(S)-
PZQ/D-MAL/L- praziquantel-(D)-malic acid- L:1:1:x.x 2205816* [158]

MAL

(L)-malic acid
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(R)-PZQ/(S)-

(R)-praziquantel-(S)-

praziquantel-(D)-tartaric acid- I:1:1:x.x 2205817* [158]
PZQ/D-TA/L-TA (L)-tartaric acid
PZQ-PU praziquantel-N-phenyl urea 1:1 VOCRIS [159]
(S)-praziquantel-1,3- )
(S)-PZQ-DMTU dimethylthiourea 1:1 VOCREO [159]
(R)/(S)-PZQ- (R)/(S)-praziquantel-1,3- '
DMTU dimethylthiourea = VOCROY [159]
PZQ-CU praziquantel-curcumin 2:1 GOGSOO0O [160]
PZQ-CU EA praziquantel-curcumin 2:1:1 GOGVEH [160]
ethyl acetate solvate
praziquantel-

-3- 1:1 ROLMEO 161

PZQ-3-HA 3-hydroxybenzoic acid [161]
i tel- -1,2,4,5-

PZQ-BTC praziquantel-benzene-1,2,4,5 2:1 ROLMIS [161]

tetracarboxylic acid

praziquantel-5-

PZQ-5-HIP ACN hydroxyisophtalic acid 1:4:2 ROLMOY [161]

acetonitrile solvate

praziquantel-trimesic acid .
PZQ-TRI DH dihydrate 1:2:2 ROLNIT [161]
praziquantel-

- 2:1 ROLMAK 161
PZQ-SUB 3-hydroxybenzoic acid © [161]
PZQ-CLA praziquantel-chloranilic acid 1:1 JORKOU [162]

R -P7Q}- -prazi -1.4-
(R)/(S)-PZQ (.R)/(S) praziquantel-1,4 11 JORKUA [162]
DBTFB dibromotetrafluorobenzene
praziquantel-1,4- )
PZQ-DBTFB dibromotetrafluorobenzene b JORLAH [162]
PZQ-trans-FA praziquantel-trans-ferulic acid 1:2 HIVXIXO01 [162]
PZQ-2,3-DHA praziquantel-2,3- 11 JORLIP [162]
o dihydroxybenzoic acid )
i tel-1,3,5-trifluoro-
PZQ-TFTIB praziquantel-1,3,5-trifluoro 11 JORLOV [162]

2,4,6-triitodobenzene

§ not applicable for single compound, * reference code not found
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1.2.1 (RS)-Praziquantel ((RS)-PZQ) (Form A): the commercial Form

PZQ is a white, crystalline, odorless powder known for its pronounced bitterness [98,163].
Chemically, it is a synthetic tetracyclic tetrahydroisoquinoline derivative with the IUPAC name
(11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,1 1b-hexahydro-4-H-pyrazino[2,1-a]isoquinolin-4-one,

as shown in Figure 8. As depicted, PZQ lacks any H-bond donor groups, while its two amide carbonyl

groups can act as H-bond acceptors.

Figure 8. PZQ chemical structure with atom numbering.

PZQ is highly hydrophobic, with a LogP value of 2.7 [164], and is sparingly soluble in H>O at 25 °C
(0.40 mg/mL) across a pH range of 1 to 7.5 [99]. However, it is more soluble in organic solvents,
with a solubility of 97 mg/mL in ethanol (EtOH) and 567 mg/mL in chloroform (CHF) [97,98,165].
Recent studies have further explored its solubility in various solvents at different temperatures,
reporting results in terms of mole fraction. For instance, at room temperature, the solubility is 2.214
x 1072 in acetone (ACT), 4.336 x 1072 in cyclohexanone (CyHXN), 2.291 x 1072 in n-hexane (n-
HXN), 2.012 x 1072 in ethyl acetate (EA), and 2.521 x 1072 in acetonitrile (ACN). As typical of an
endothermic process, the solubility of PZQ increases with rising temperature [166,167].

PZQ exhibits an intrinsic dissolution rate (IDR) of 31.2 + 0.6 pg x cm™ min'! at 37 °C [43] (Figure
9). Its melting point is characterized by a sharp endothermic signal within the range of 136-142 °C,

with no indication of concurrent decomposition [98,99] (Figure 9).
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Figure 9. DSC curve (left) and IDR (right) of PZQ Form A.

Needle-like single crystals of suitable size for single-crystal X-ray diffraction (SXRD) analysis were
first obtained by Espinosa and colleagues through the slow evaporation of a 1:1 solution of (RS)-PZQ
and pimelic acid (PIM) in a solvent mixture of ACT and H2O [141]. The (RS)-PZQ form, commonly
referred to as Form A and indexed as TELCEU in the Cambridge Structural Database (CSD [168]),
crystallizes in the triclinic space group P-1, featuring four crystallographically independent molecules
in the asymmetric unit (ASU).

Among these four independent molecules, two exhibit orientational disorder in the cyclohexyl
segment due to the presence of two rotamers, as confirmed by dynamic '"H-NMR measurements [ 104].
Despite this disorder, all the carbonyl groups of the four PZQ molecules in the unit cell are aligned
in the syn-conformation, indicating a consistent spatial arrangement [141,169,170].

The crystallographic data, as well as the details of the crystal structure, are illustrated in Figure 10.

Figure 10. PXRD pattern and crystallographic data of PZQ Form A.
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In addition to differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and
powder X-ray diffraction (PXRD), Fourier-transform infrared spectroscopy (FT-IR) and solid-state
NMR (SSNMR) are key solid-state techniques used to investigate crystal polymorphism and the
interactions between PZQ and coformers in its various multicomponent solid forms. These techniques
have been instrumental in characterizing all the polymorphs and new solid forms of PZQ discovered

to date.

The FT-IR spectrum of (RS)-PZQ can be seen in Figure 11.

Various FT-IR spectra of (RS)-PZQ have been reported in literature [117,125,133,138,171,172], but
some discrepancies were noted in the assignment of certain vibrational bands, particularly those
associated with the carbonyl groups. These discrepancies were later refined through calculations
based on Density Functional Theory (DFT) using the DMOL3 program [170].

Specifically, (RS)-PZQ exhibits two main characteristic bands in the range of 3028-2852 cm™,
attributed to the stretching vibrations v(CH) of CH and CH: groups, with the aromatic CH bonds
appearing at higher frequencies than the aliphatic ones. The v(C=0) bands are observed between
1736-1627 cm™'; however, initial studies failed to differentiate between the two carbonyl groups of
PZQ (i.e., the heterocyclic carbonyl and the cyclohexyl carbonyl). This difficulty arises from the fact
that both carbonyl groups share a similar local environment, making it challenging to assign specific
bands to each group [117,125,133,138,170,171].

In a subsequent study, Borrego et al. were able to distinguish the two v(C=0) bands through additional
computational calculations. They suggested that the stretching of the C-C=O plane, twisted for the
heterocyclic carbonyl group, appears at higher frequencies, while the cyclohexyl carbonyl group,
where the carbonyl is coplanar with the ring, resonates at lower frequencies [169].

Other researchers have also reported bands corresponding to C-H bond deformation or bending 5(CH)
and stretching vibrations of the C-N bonds v(CN) in the range of 1450-1200 cm™ [125,133], which
are slightly lower than those predicted by Borrego and coauthors [170]. Simulations comparing the
DFT-calculated spectra for both the anti- and syn-conformation of (RS)-PZQ with experimental data
revealed that in the syn-conformation, both carbonyl groups are oriented toward the COCH2N group,
creating a stronger local dipole effect than in the anti. Consequently, the frequency difference in
v(C=0) between the two carbonyl groups is greater in the syn-conformation [170]. In a later study,
the authors concluded that the anti-conformation is less polar and therefore more stable in an apolar

environment, whereas the syn-conformation is more polar [169].
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A comparison of the two calculated conformations with experimentally observed carbonyl group
frequencies (bands at 1647 and 1624 cm™) confirmed that (RS)-PZQ Form A adopts the syn-

conformation, as evidenced by its molecular packing in the crystal structure [43,45,141,169,170].

The 3C and "N CPMAS SSNMR spectra of (RS)-PZQ have been detailed by Arraa, Costa and
Zanolla et al. [43,116,127]. The '*C CPMAS spectrum is characterized by the splitting of all signals,
most prominently seen in the resonance around 164 ppm, which corresponds to the carbonyl C4 (refer
to Figure 8 for atom numbering). This signal splitting confirms the presence of four
crystallographically independent molecules in the unit cell, consistent with the known crystal
structure. The spectrum can be divided into three distinct regions: the aliphatic carbon region (20-60
ppm), the aromatic carbon region (120-135 ppm) and the carbonyl region (160-175 ppm).

In the >N CPMAS spectrum, resonances for the nitrogen atoms N2 and N5 are clearly distinguishable
with chemical shifts at 82.4 and 97.2 ppm, respectively.

The Table in Figure 11 provides the experimental '*C and >N chemical shifts (in ppm) with their
corresponding assignments for each atom. Figure 11 illustrates the '*C and >N spectra of (RS)-PZQ,

providing further clarity on the molecular structure and its solid-state behavior.

Figure 11. FT-IR spectrum and chemical shifts assignments and *C and "N SSNMR spectrum of PZQ Form
A. Adapted from references [43,141].
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1.2.2 PZQ enantiomers

As highlighted before, PZQ is administered as a racemic mixture ((RS)-PZQ), even though its
schistosomicidal activity is solely attributed to the (R)-enantiomer. In contrast, the (S)-enantiomer is
primarily responsible for its bitter taste and undesirable side effects [108,109,113]. Studies have
shown that administering the pure (R)-eutomer can potentially reduce adverse effects and lower the
required dosage [173].

Enantiomerically pure (S)-(+)-PZQ and (R)-(-)-PZQ were first isolated as hemihydrates ((S)-PZQ-
HH [110] and (R)-PZQ-HH [111]) through an integrated approach combining chromatography for
enantioenrichment and subsequent crystallization from a methanol/water (MeOH/H20) mixture.
These two hydrated forms provided the first crystal structures of the pure enantiomers, indexed in the
CSD as SIGBUG and SIGBUGO01, respectively. Both enantiomers crystallize in the monoclinic space
group C2, featuring four molecules in the unit cell connected via hydrogen bonds (H-bonds) and one
independent molecule in the ASU. Notably, these enantiomers adopt an anti-conformation, in contrast
to the syn-conformation observed for racemic (RS)-PZQ. This difference is due to water molecules
forming bridging H-bonds between the carbonyl groups of different molecules [119,169,170]. The
melting points of these enantiomers (~110 °C) suggest improved solubility compared to racemic
(RS)-PZQ [165,172].

In 2013, Cedillo et al. [174] isolated an enantiomerically pure PZQ derivative, (S)-(+)-cis-4-
benzyloxy-PZQ, using praziquanamine as an intermediate for synthesizing (S)-(+)-cis-4-hydroxy-
PZQ, a key PZQ metabolite [101]. The crystal structure of this derivative was indexed as RIMBIA in
the CSD. A year later, the same group used an alternative approach to isolate the (R)-eutomer by
forming diastereoisomers derived from (S)-(+)-naproxen (i.e., (R)-(-)-PZQ-(S)-naproxen and (S)-(+)-
PZQ-(S)-naproxen). These diastereoisomers were separated via flash column chromatography,
followed by acid hydrolysis and acylation of the desired diastereoisomer (R)-(-)-PZQ-(S)-naproxen,
indexed as LIVDOL in the CSD, to yield enantiomerically pure (R)-PZQ as a monohydrate ((R)-
PZQ-MH) [104]. Through a four-step synthetic sequence starting from (R)-PZQ-MH, they also
produced enantiomerically pure (R)-PZQ derivatives, such as (R)-(-)-trans-4-hydroxy-PZQ-MH and
(R)-(-)-cis-4-benzyloxy-PZQ, with their respective crystal structures indexed as LIVFED, LIVFIH,
LIVDUR, and LIVFAZ. Interestingly, (R)-PZQ-MH exhibited the same anti-conformation as the
previously described hemihydrates (SIGBUG and SIGBUGO1), unlike the syn-conformation seen in
racemic (RS)-PZQ.

In 2015, researchers resolved (RS)-PZQ by forming diastereomeric cocrystals with enantiomerically

pure L-malic acid (L-MAL) as a coformer [152]. Using LAG with AcT, they obtained a novel phase
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that, upon further analysis, was revealed to be a mixture of diastereomeric cocrystals (R)-PZQ/L-
MAL and (S)-PZQ/L-MAL, indexed as CUZPIY and CUZPEU in the CSD. Both cocrystals displayed
similar unit cell parameters and space group (P21) and exhibited the anti-conformation of the PZQ
carbonyl groups. However, (R)-PZQ/L-MAL exhibited stronger intermolecular interactions and a
higher melting point, as confirmed by DSC. Solubility experiments showed notable differences
between the two cocrystals, which enabled the chiral resolution of racemic (RS)-PZQ via fractional
crystallization. Moreover, IDR analysis showed that (R)-PZQ/L-MAL exhibited significantly higher
dissolution rates than both (R)-PZQ-HH and (RS)-PZQ.

In 2021, Valenti et al. developed an innovative deracemization technique by coupling incompatible
racemization and crystallization processes [175]. By screening 30 crystalline derivatives, they
identified a derivative (PZQ + pivaloyl derivative) that crystallizes as a conglomerate, which enabled
racemization. Using a palladium on carbon (Pd/C) packed column at 130 °C, they achieved
racemization, while deracemization was accomplished by alternating crystal growth and dissolution
steps through temperature cycling. This approach achieved complete deracemization of the solid

phase, yielding the desired (R)-enantiomer.

1.2.3 PZQ crystalline polymorphs

Structural and crystal polymorphism are well-known phenomena in the solid-state. According to the
International Union of Pure and Applied Chemistry (IUPAC), a polymorph is defined as a solid
crystalline phase that shares the same chemical composition as another phase but exhibits a different
crystal structure [176]. These polymorphs possess distinct intermolecular and/or interatomic
distances, resulting in structural variations that can significantly impact the physical and chemical
properties of a drug [177—179]. As a result, polymorphism has gained attention as a viable strategy
for enhancing certain physicochemical properties of pharmaceutical solids, without introducing

exogenous atoms or molecules in the API structure.

Although investigations on PZQ began over fifty years ago, with the drug receiving approval for
human Schistosomiasis treatment in 1980 [87,180,181], the first polymorphic form of the racemic
compound, referred to as Form B, did not appear in literature until 2018. Multiple attempts to
crystallize new polymorphs of PZQ through slow evaporation using various solvents such as H>O,
EtOH, MeOH, 2-propanol (2-PrOH), 1,2-ethanediol, and dimethyl sulfoxide (DMSO), only resulted
in the formation of the known Form A [182].
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Table 2 provides a schematic overview of all known polymorphs of PZQ, along with the methods by

which they were discovered.

Table 2. Overview of known PZQ polymorphs and respective discovery methods.

polymorphic form method reference code reference
Espinosa-Lara et al.,
A commercial TELCEU
2013[141]
neat grinding, Zanolla et al.,
B TELCEUO1
4h, 20 Hz 2018[43]
neat grinding, Zanolla et al.,
C GOYZOM
4h, 23 Hz 2019[142]
neat grinding, Saikia et al.,
D Not indexed
Sh, 25 Hz 2021[143]
liquid-assisted grinding Saikia et al.,
E Not indexed
(10 uL THF), 1h, 25 Hz 2021[143]
desolvation of Guedes Fernandes de Moraes et al.,
G Not indexed
PZQ-DMA monosolvate 2023[144]
cooling crystallization, . Guedes Fernandes de Moraes et al.,
H Not indexed
without agitation 2023[144]

Zanolla et al. succeeded in isolating polymorph B by milling commercial Form A using NG
conditions at 20 Hz for 4h [43]. This new polymorph exhibited distinct physical properties and
improved biopharmaceutical characteristics, which will be discussed below.

Scanning electron microscopy (SEM) revealed that the crystals of Form B had a markedly different
morphology compared to the needle-like crystals of Form A. Form B appeared as aggregates of long,
thin whiskers (see Figure 13 below). DSC and TGA indicated that Form B is anhydrous, with the
DSC curve showing a single endothermic peak at 112.10 °C, corresponding to its melting point and
confirming the absence of any dehydration events. PXRD analysis further confirmed that Form B
was structurally distinct from Form A. The crystal structure of Form B, solved using Synchrotron
XRD, revealed that it crystallizes in the centrosymmetric monoclinic space group C2/c, with eight

molecules per unit cell and one independent molecule in the ASU (Figure 12).

38



Figure 12. Crystal structures of (a) polymorph B and (b) polymorph C of PZQ.

The *C CPMAS spectrum of Form B displayed a single set of resonances, unlike Form A, which
showed signal splitting due to the presence of four crystallographically independent molecules. Both
the *C and "N SSNMR spectra exhibited sharp peaks, shifted slightly from those of Form A,
confirming the formation of a new crystalline phase. FT-IR spectroscopy also revealed subtle
differences between the two polymorphs. In Form A, two distinct signals at 1647 cm™ and 1624 cm™
correspond to the stretching vibrations of the heterocyclic and cyclohexyl carbonyl groups,
respectively [43,45,141,169]. In Form B, these signals nearly overlapped, reducing the frequency
difference in carbonyl vibrations, consistent with the anti-conformation of PZQ, as supported by
theoretical calculations [119,170].

In terms of biopharmaceutical properties, Form B displayed significantly improved solubility and
IDR compared to Form A. Specifically, Form B exhibited a water solubility of 281.31 + 8.32 mg/L
at 20 °C, nearly double that of Form A (140.30 + 9.26 mg/L), and an IDR of 62.2 + 1.3 pg x cm™
min ' at 37 °C, also approximately double that of Form A (31.2 + 0.6 pg x cm™2 min™"). Furthermore,
in vitro tests of antischistosomal activity against Schistosoma mansoni (S. mansoni) demonstrated
that Form B had an ICso of 0.07 pug/mL, closely matching the value for Form A (0.05 pg/mL). In vivo
studies on infected mice revealed that both polymorphs significantly reduced the overall worm burden
(WBR) when administered orally, with a WBR of 89% for Form B and 87% for Form A at the highest
tested dose of 300 mg/kg [183].

Stability studies indicated that Form B remains physically stable under dry conditions at room
temperature for at least 12 months. Additional methods for producing polymorph B were later

developed. For instance, Zanolla et al. discovered that Form B could be obtained from PZQ
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hemihydrate (PZQ-HH) by subjecting it to various conditions. After four months of monitoring the
stability of PZQ-HH, they observed its conversion to Form B, which was initially misidentified as
Form A. Form B could also be generated by heating PZQ-HH at 50 °C under vacuum (35 mmHg)
overnight, or by milling the hemihydrate for 60 min at 25 Hz [146].

Another study identified other conditions leading to the formation of polymorph B during cooling
crystallization in the presence of triethylamine (TEA). When the crystallization process was
performed without filtration or agitation, Form B emerged [144]. In contrast, cooling crystallization
with TEA in the presence of agitation or filtration led to the formation of Form A or a solvated form
of PZQ, depending on the solvent. This demonstrates the significant role of process parameters in

determining the polymorphic outcome.

By systematically exploring the experimental design space for polymorph B formation as a function
of two key milling parameters—frequency and milling time—using a rotated Doehlert matrix [184],
Zanolla et al. discovered a third polymorph, designated Form C [142].

SEM revealed that Form C consists of clustered particles (see Figure 13), distinct from the needle-
shaped crystals of Form A and the thin whiskers of Form B. Thermal analysis showed that Form C
exhibits a single melting peak at 106.84 °C, with no dehydration or other thermal events, as confirmed
by TGA. Form C (indexed as GOYZOM in the CSD) crystallizes in the centrosymmetric monoclinic
space group /2/c, with eight molecules per unit cell and one independent molecule in the ASU (see
see Figure 12 above), as corroborated by *C CPMAS SSNMR spectroscopy. Polarimetric analysis
also confirmed its racemic nature, with an optical rotation of [a] = 0.0144 £ 0.0295 (n=3).

The FT-IR spectrum of Form C closely resembled that of Form B, further indicating a structural
relationship between the two polymorphs and their difference from the commercial Form A. The
characteristic carbonyl stretching bands of Form A at 1647 and 1624 cm™, indicative of its syn-
conformation, were shifted in Form C to 1642 and 1631 cm™!, suggesting a conformational change in
the anti PZQ coformer, as seen in polymorph B [119].

Further characterization of Form C revealed significant differences in its physicochemical properties.
The new polymorph exhibited the highest water solubility among the three forms, at 382.69 + 9.26
mg/L at 20 °C, compared to 281.31 + 8.32 mg/L for Form B and 140.30 + 9.26 mg/L for Form A.
This trend aligns with the relative melting points, where Form C has the lowest melting temperature,
followed by Forms B and A. In terms of in vitro antischistosomal activity against S. mansoni, Form
C demonstrated an ICso of 0.21464 uM after 72h, comparable to the literature-reported ICso of 0.1
uM for Form A [185]. However, in contrast to the high stability of Form B, which remained stable
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for over a year, Form C exhibited significantly lower physical stability, maintaining its form for only
two months. This reduced stability aligns with its lower melting point and higher water solubility.

Like Form B, subsequent research uncovered alternative methods for producing Form C. Saikia et al.
reported the formation of Form C with trace amounts of Form A by performing LAG using 5 puL of
tetrahydrofuran (THF) [143]. Additionally, Guedes Fernandes de Moraes et al. successfully obtained
Form C via both fast and slow cooling crystallization in TEA, regardless of the initial concentration

of PZQ Form A [144].

In 2021, Saikia and colleagues identified two new polymorphic forms of PZQ, designated Form D
and Form E, through mechanochemical methods [143]. Form D was specifically obtained by NG of
PZQ Form A for 5h at a frequency of 25 Hz. DSC revealed a melting point of 133.3 °C for this novel
polymorph. Further confirmation of the formation of Form D came through FT-IR spectroscopy,
which showed shifts in key frequencies.

LAG with the addition of 10 uL of THF or ACT led to the formation of a different polymorph, named
Form E. DSC analysis of this new form indicated a melting point at 135.5 °C, suggesting a distinct
solid-state structure. This was further supported by PXRD, which displayed a pattern significantly
different from that of Form A, including the disappearance of the characteristic peak at 6.7° 26 and
the emergence of a very intense peak at 21.8° 20. SSNMR spectroscopy of Form E further confirmed
its uniqueness by showing chemical shifts of the two carbonyl groups at 175.3/173.0 ppm and 162.2
ppm, as opposed to the shifts reported for Form A (175.4/176.2 ppm and 165.8/164.6/162.1 ppm).
Unfortunately, attempts to obtain suitable single crystals of Forms D and E for SXRD analysis were
unsuccessful, leaving their precise crystal structures unsolved. Nevertheless, the discovery of these
polymorphs further expands the polymorphic landscape of PZQ and underscores the versatility of

mechanochemistry in generating new solid forms.

More recently, two additional polymorphic forms of PZQ have been discovered, named Form G and
Form H [144]. Starting with Form G, Guedes Fernandes de Moraes et al. first detected its presence
while characterizing the PZQ-dimethylacetamide (PZQ-DMA) solvate through thermal analysis. The
DSC curve revealed a new endothermic peak at 132.57 °C, positioned between the desolvation event
and the melting point of Form A. Upon studying the physical stability of the PZQ-DMA solvate at
ambient conditions, it was observed that after 20 days, the solvate transformed into a mixture of Form
A and a previously unidentified form, confirmed by new peaks in PXRD analysis. The authors were
able to isolate pure Form G by exposing PZQ-DMA to a water-vapor-induced atmosphere overnight.

This newly identified form exhibited an endothermic event at 132.57 °C, attributed to its melting
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point, as no mass loss was detected in concurrent TGA experiments, ruling out desolvation.
Furthermore, Form G displayed a distinct habitus compared to the lath-shaped PZQ-DMA crystals,
presenting smaller rod-like crystals (Figure 13). However, no further characterization of Form G has
been conducted so far.

The other polymorph, Form H, emerged from studies investigating the influence of two process
parameters on the cooling crystallization of (RS)-PZQ in the presence of TEA. Specifically, when the
prepared solution was filtered before cooling and agitation was avoided, a new metastable polymorph,
Form H, was formed. DSC analysis identified a unique endothermic peak at 79.59 °C, which did not
correspond to any weight loss in the TGA, confirming it as a melting event. This established Form H
as the most thermally unstable anhydrous polymorph of PZQ. SEM images revealed small platy
crystals for Form H (Figure 13). However, no additional solid-state properties of this polymorph have
been reported to date [144].

Figure 13. SEM images of polymorph B (1000x), polymorph C (50x), polymorph G (295x) and polymorph H
(775x). Adapted from references [43,142,144].

1.2.4 PZQ amorphous forms

Literature provides limited information regarding the amorphous forms of PZQ.

Most studies highlight the formation of ASDs of PZQ in the presence of a secondary compound, such
as polymers, to enhance amorphization and stability [45,102,114,119,121,122,135,139,140,186,187].
However, in 2018, Zanolla et al. demonstrated that it was possible to obtain amorphous PZQ without
any secondary substances by employing a melt-quenching method [42]. Specifically, amorphous PZQ
was obtained by heating the compound from 25 °C to 160 °C at 10 K/min, cooling it down to 0 °C at
20 K/min, and subsequently re-heating to 100 °C at 20 K/min. The 7, of amorphous PZQ was
determined through modulated differential scanning calorimetry (MTDSC) and was identified as an
inflection point at 37.70 °C, closely matching the theoretically predicted value [188].

In the same study, the authors also achieved amorphous PZQ with residual crystallinity by conducting

cryogenic NG at low temperatures, using liquid nitrogen as a cryogenic medium.
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In a subsequent study on the mechanochemical conditions for PZQ polymorph C formation, Zanolla
and colleagues also observed the formation of amorphous-nanocrystalline PZQ when lower
mechanochemical energy (lower frequency and extended milling time) was applied [142]. Notably,
PZQ did not degrade when milled alone, unlike in cases where amorphous dispersions were formed.
In those cases, diminished drug recovery was often observed, with degradation highly dependent on
the type and percentage of the excipient used [42,45,118].

A later study introduced a novel approach to amorphizing PZQ by grinding polymorph E for 1h
without solvents. This amorphous state was stable under ambient conditions for two weeks, after
which it recrystallized into polymorph B following a heating cycle to 135 °C and cooling back to
room temperature [143].

In 2020, Salazar-Rojas et al. presented another method for obtaining amorphous PZQ, like that
proposed by Costa et al. [116]. Going into more details, Form A was placed in a vacuum oven at 150
°C under 60 mmHg for 30 min, then transferred to a desiccator and stored below 30 °C. Confirmation
of the amorphous state was provided by optical microscopy, which showed the absence of crystalline
habitus, and further supported by classical solid-state characterization techniques. No melting point
was detected via DSC, although no 7, value was reported. The amorphous form displayed typical
PXRD halo patterns and signal broadening in SSNMR. Moreover, the IDR of amorphous PZQ was
significantly higher, at 9.0 mg x cm™ h'!, compared to 1.6 mg x cm™ h'! for Form A [145].

Most recently, in 2023, Guedes Fernandes de Moraes et al. achieved amorphous PZQ via fast cooling
crystallization using MeOH/H2O mixtures with 50% v/v H2O content, although further

characterization of this form was not conducted [144].

1.2.5 PZQ multicomponent solid forms

1.2.5.1 PZQ Hydrates

The study of hydrated forms of drugs is crucial because water is commonly present in various
preformulation studies and throughout multiple stages of drug manufacturing. Water molecules, with
their donor and acceptor hydrogen groups, can form H-bonds with other compounds. This ability to
create H-bonds can significantly affect the properties of the drug. Specifically, the formation of
hydrates often alters several physicochemical characteristics of the drug, including its solubility.
Hydrates typically exhibit lower solubility compared to their anhydrous counterparts, which in turn
can influence their biopharmaceutical properties [189]. Therefore, a thorough investigation of the

hydrated forms of a drug is often essential.
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In the case of the anthelmintic drug (RS)-PZQ, three distinct hydrated forms have been documented

in literature.

The first hydrated form of PZQ), identified as PZQ monohydrate (PZQ-MH), was reported by Salazar-
Rojas and colleagues. This form appeared as a distinctive pink solid. To obtain PZQ-MH, PZQ Form
A was melted in a vacuum oven at 150 °C under 60 mmHg for 30 min. The molten PZQ was then
transferred to a humidity-controlled chamber, rapidly cooled to 20 °C with liquid nitrogen, and
exposed to 70% relative humidity (RH %). After cooling, the solid was stored in a freezer at -20 °C
overnight and subsequently kept below 30 °C in a closed flask for further analysis [145].

Thermal analysis of the new form revealed two distinct endothermic transitions: the first, a broad
endothermic event starting at approximately 78 °C and ending at 130 °C, was attributed to
dehydration, while the second peak at 144 °C corresponded to the melting point of PZQ Form A.
TGA analysis confirmed a gradual weight loss between 80-120 °C, totaling 5.4%, which aligns with
the theoretical value for a PZQ monohydrate. The water content of PZQ-MH confirmed the 1:1
stoichiometry.

Crystallinity of PZQ-MH was confirmed by PXRD, which displayed sharp peaks distinctly different
from those of Form A. Spectroscopic analysis revealed an intense peak at 3417 cm™ in the FT-IR
spectrum, indicating the presence of water within the crystal structure. In the region related to
carbonyl stretching vibrations, PZQ-MH exhibited a single shifted carbonyl signal at 1626 cm™,
compared to the double peak at 1647 and 1624 cm™ observed for anhydrous Form A. This shift
suggests interactions between the carbonyl group and water, as also indicated by the deshielding of
carbonyl carbon atoms in the SSNMR spectra.

"H-NMR spectroscopy further confirmed the presence of water, with a distinct resonance at 1.63 ppm.
The integral of this signal was compared to the doublets in the 4.6-3.7 ppm region to verify the 1:1
stoichiometry.

Interestingly, PZQ-MH demonstrated a slightly higher dissolution rate (2.2 mg x cm h'!) compared
to Form A (1.6 mg x cm™ h'!), which is contrary to the usual expectation that hydrates have lower
dissolution rates [189]. Despite the extensive characterization, the crystal structure of PZQ-MH has

not yet been solved or deposited in the CSD.

Zanolla and colleagues identified a new racemic PZQ hemihydrate (PZQ-HH) through
mechanochemical processes [146]. They described several methods for synthesizing this hydrated
form: PZQ-HH could be obtained by a two-step mechanochemical treatment comprising 30 min of
NG, which involves the formation of an amorphous intermediate, followed by 1h of LAG with water.

Alternatively, PZQ-HH was also successfully synthesized in a one-step 1h LAG process using Form
44



B as the starting material. Furthermore, slurry experiments with PZQ Form B over three days resulted
in the formation of PZQ-HH, whereas Form A did not convert to PZQ-HH under similar conditions.
PZQ-HH could also be formed by grinding PZQ Form A with a small amount of preformed PZQ-HH
seeds (95:5 or 90:10 w/w) in a 1h LAG process with water. This method demonstrated that even a
few seeds of PZQ-HH could promote the complete transformation of Form A into PZQ-HH, allowing
for a one-step procedure rather than the previously mentioned two-step treatment.

The new hydrated form was extensively characterized. PZQ-HH appeared as a white powder
composed of large, porous plate-like agglomerates with a broad specific surface area (see Figure 15
below). Thermal analysis of PZQ-HH revealed a sharp endothermic event at approximately 68 °C,
indicative of dehydration, followed by two additional endothermic transitions at 109.05 °C and
133.95 °C, corresponding to the melting points of polymorph B and Form A, respectively. These
transitions were corroborated by hot-stage microscopy (HSM). TGA analysis showed a weight loss
of 2.19%, consistent with the theoretical value for a hemihydrate.

The PXRD pattern of PZQ-HH exhibited unique sharp reflections, distinct from those of known PZQ
forms, including Form A, B, and C, as well as enantiomeric hemihydrates. The crystal structure of
PZQ-HH was solved from the capillary PXRD pattern and indexed as WUHQAU in the CSD (Figure
14). PZQ-HH crystallizes in the triclinic space group P-1 (like Form A) but contains only one
independent molecule per ASU, unlike the four in TELCEU. Each H2O molecule in the crystal
structure is H-bonded to two PZQ molecules (one (R)- and one (S)-), confirming the 1:0.5
stoichiometry. The carbonyl groups in PZQ-HH exhibit the anti-conformation, like Forms B and C,

but different from the syn-conformation in Form A.
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Figure 14. Rietveld refinement from the experimental pattern and crystal structure with packing and H-bonds

motifs of PZQ-HH. Adapted from reference [146].

13C CPMAS SSNMR spectra supported the formation of a new pure phase and confirmed the presence
of only one molecule per ASU, aligning with crystallographic data. SSNMR analysis indicated
significant similarities between PZQ-HH and Form B, but notable differences from Form A.

FT-IR spectroscopy revealed a sharp band at 3543 cm™, confirming the presence of water, and a
broad band at 1629 cm™ for the carbonyl stretching, shifting from the typical doublet at 1647 and
1624 cm™ in Form A. This shift indicates intermolecular interactions between PZQ carbonyl groups
and water.

Regarding biopharmaceutical properties, PZQ-HH demonstrated improved water solubility,
measured at 310.89 + 3.07 mg/L, compared to 217 £+ 10.33 mg/L for Form A. The IDR of PZQ-HH
was 0.0618 + 0.0051 mg x cm h'!, comparable to Form B and about twice that of Form A (0.0299 +
0.031 mg x cm2 h™). In in vitro tests against S. mansoni, PZQ-HH exhibited an ICso of 0.15 pM, like
the ICsp of 0.1 uM for Form A [185].

PZQ-HH demonstrated physical stability at ambient temperature for 3 months before gradually
converting to Form B.

Notably, other researchers have found that PZQ-HH can also be obtained by exposing PZQ
monosolvate with acetic acid (PZQ-AA) to a water-vapor atmosphere, resulting in the desolvation of

AA and subsequent hydration [144].

In a study by Salazar-Rojas et al., both PZQ-MH and PZQ-HH were subjected to thermal stress and
monitored using hot-stage attenuated total reflectance mid-infrared spectroscopy (HS-ATR-MIR)
combined with multivariate curve resolution and alternating least squares (MCR-ALS), alongside
DSC analysis [190]. The monitoring setup involved heating the samples at a rate of 5 °C/min (30-145
°C) while collecting MIR spectra (3500-600 cm™) every minute. MCR-ALS was employed to solve
the spectral overlap between the different solid-state forms.

For PZQ-HH, prior DSC analysis indicated that dehydration leads first to polymorph B, followed by
the appearance of Form A [146]. The HS-ATR analysis confirmed that PZQ-HH fully converted to
Form B at around 90 °C, followed by a second transformation at 107 °C, yielding Form A at
approximately 115 °C. Finally, Form A underwent complete fusion at 136 °C. MIR spectra captured
during this process revealed a key transformation: the disappearance of the v(OH) band at 3485 cm™,
signaling water loss as PZQ-HH converted to Form B. Additionally, the carbonyl stretching band

(v(C=0)) of the amide group at 1634 cm™! split into two peaks at 1643 and 1631 cm™, which shifted
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during the transformation to Form B, reflecting increased bond rigidity. As Form B converted to Form
A, the v(C=0) peaks shifted further to 1645 and 1620 cm™, confirming the transformation.

In the case of PZQ-MH, the dehydration was observed as a single-step transformation directly to
Form A [145]. Under HS-ATR thermal treatment, dehydration began at approximately 70 °C, with
maximum conversion to Form A (around 90%) occurring at 90 °C. Melting of Form A became evident
after 125 °C. These events aligned perfectly with DSC observations. Similarly to PZQ-HH, the initial
MIR spectral change for PZQ-MH was the disappearance of the v(OH) band at 3481 cm™, marking
water loss during conversion to Form A. The carbonyl stretching band at 1624 cm™ split into two
vibrations, shifting to 1645 and 1620 cm™, consistent with Form A.

Salazar-Rojas et al. also investigated the impact of thermal stress on the dissolution behavior of PZQ-
HH and PZQ-MH. For this, PZQ-HH was heated to 84 and 124 °C for 20 min (referred to as HH84
and HH124, respectively), and PZQ-MH was heated to 124 °C for 20 min (MH124). DSC and PXRD
analyses confirmed the HS-ATR-MIR findings: HH84 showed the presence of Form B with a small
amount of amorphous material (indicated by a baseline shift in PXRD), while both HH124 and
MH124 contained predominantly Form A with traces of amorphous content.

Regarding dissolution, HH84 exhibited a faster initial dissolution rate and increased drug release at
early time points (10 min) compared to unheated PZQ-HH, likely due to the presence of Form B. In
contrast, HH124 and MH124, containing Form A and some amorphous content, showed faster early
dissolution due to the amorphous fraction, but overall had a lower dissolution rate compared to HH84,

driven by the predominance of Form A.

A subsequent study reported a new hydrated form of PZQ discovered through supercritical CO:
(scCO2) processing. MacEachern and colleagues used rapid expansion of supercritical solution
(RESS) as the scCO: processing method to obtain the new solid form [147]. In their experiment, PZQ
was placed in a Kimwipe and inserted into a 100 mL high-pressure vessel, which was maintained at
40 °C and 17.9 MPa for 22.5h. Following this, the vessel was purged with CO. for 20 min at a flow
rate of 4-5 L/min before being depressurized, allowing the solubilized solids to be collected. The solid
remaining in the Kimwipe was simply exposed to high-pressure conditions for the duration of the
experiment.

SEM analysis revealed that the new form had a distinct needle-like morphology with larger particle
sizes than those seen in anhydrous PZQ Form A (Figure 15). In terms of its thermal properties, DSC
indicated a complex thermal profile: an initial endotherm with an onset at 83.11 °C (peak at 92.5 °C)
corresponded to dehydration, producing a novel dehydrate. This dehydrate subsequently melted and
recrystallized into Form A, with the final endotherm occurring at 139 °C, consistent with the melting
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point of Form A. TGA showed a mass loss of 3.38% corresponding to the first endothermic event,
which, together with KF titration revealing a water content of 3.24%, confirmed the hydrate nature
of the new solid, containing approximately 0.6 equivalents (eq.) of water. The slight excess of water
(0.1 eq.) was attributed to the hygroscopicity of the material, thus classifying it as a hemihydrate.
PXRD pattern of this new form was indexed using PDXL2 software, identifying a monoclinic space
group of P2/m with a unit cell volume of 2332.09 A3 (a=14.128 A, b=13.536 A, c=13.187 A; a =
v =90° B =112.368°) and a value of five formula units per unit cell (Z=5). Despite this, the scCO:
process did not yield single crystals, so no full crystal structure solution was deposited in the CSD.
IR analysis of the new hydrate revealed a band at 3586 cm™, absent in anhydrous Form A, and like a
peak at 3543 cm™! reported by Zanolla et al. for a different hemihydrate [146], which was attributed
to an O-H stretching typical of hydrates. Shifts in the carbonyl stretching bands at 1624-1649 cm™
were also observed, resembling those of PZQ polymorphs B and C, indicating a potential shift from
a syn to an anti-conformation of PZQ molecules.

The new hydrate demonstrated notable physical stability, remaining stable for at least 7.5 weeks under
stressed conditions (40 °C and 75% RH). Additionally, it exhibited improved solubility in biorelevant
media, such as fasted state simulated gastric fluid (FaSSGF) (pH 1.6) and fasted state simulated
intestinal fluid (FaSSIF) (pH 6.5), as well as in water, showing a 13-20% higher solubility compared
to unprocessed PZQ Form A. In a later study, this same PZQ-HH, obtained through the scCO-
process, was also found to form during fast cooling crystallization in mixtures of MeOH/H20 (30-

40% v/v H>0) and EtOH/H:0 (40-50% v/v H20) [144].

Figure 15. SEM images of PZQ-HH (1000x) (left) and PZQ-HH from CO, supercritical (500x) (right).
Adapted from references [146,147].

1.2.5.2 PZQ Solvates
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It is well-known from literature that solvates are often discovered either serendipitously during
specific manufacturing processes or through systematic polymorph screening programs, which
include techniques such as solution crystallization, slurry methods, and more recently,
mechanochemistry [191]. To date, only a few PZQ solvates have been identified, primarily through

cooling crystallization and mechanochemical approaches (see Figure 19 below).

The first two PZQ solvates were obtained via mechanochemical screening using different liquids
[148]. Specifically, 2-pyrrolidone (2-pyr) and acetic acid (AA) were identified as suitable solvents to
form PZQ solvates (PZQ-2-pyr and PZQ-AA, respectively) with a 1:1 stoichiometry. This was
achieved by grinding the drug in the presence of each solvent, regardless of the quantity added (with
tested n values in the range 0.05-0.5 pL [51]) for 30 min at 25 Hz. The same result was observed
when starting from PZQ polymorph B.

Moreover, PZQ-2-pyr and PZQ-AA could also be obtained via slurry experiments by suspending an
excess of PZQ Form A in 2-pyr and AA. SEM images revealed distinct morphologies: PZQ-AA
appeared as layered blocks with flat particles and rough surfaces showing some holes, while PZQ-2-
pyr exhibited flat agglomerates with very thin needle-like formations on the surface (see Figure 17
below).

PXRD patterns for both solvates revealed sharp reflections, distinct from PZQ Form A and other
known PZQ forms, suggesting isostructurality between the two new solvates. This was confirmed
through Synchrotron XRD, which solved their crystal structures, showing that both solvates
crystallize in the triclinic P-1 space group (Figure 16). Each PZQ molecule is linked via strong H-
bonds to one molecule of solvent in the ASU. FT-IR and SSNMR analyses confirmed the

intermolecular interactions and the stoichiometry.

Figure 16. Crystal structures of (a) PZQ-AA and (b) PZQ-2-pyr solvates.
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In FT-IR, PZQ-2-pyr and PZQ-AA both exhibited a shift in the stretching vibration of the heterocyclic
carbonyl group (which appears at 1647 cm™ in Form A) to 1638 cm™, confirming the presence of an
anti-conformation. Additionally, the N-H stretching band of 2-pyr (originally at 3488-3474 cm™)
was shifted down to 3243 cm™ in PZQ-2P, confirming both the presence of 2-pyr in the structure and
the intermolecular interactions between the two components. In the case of PZQ-AA, two
characteristic bands at 2600 cm™ confirmed the presence of AA in the structure.

SSNMR spectra further verified the presence of solvent molecules in both solvates. PZQ-AA
displayed peaks at 172.1 ppm (COOH) and 19.7 ppm (CHs), while PZQ-2-pyr exhibited signals at
177.5 ppm (C=0) and 19.4, 28.9, and 40.4 ppm (CH:). In PZQ-AA, one carbonyl signal overlapped
with the COOH signal of AA (172.1 ppm), while in PZQ-2P, this signal remained distinguishable. In
both spectra, the number of signals was consistent with the 1:1 stoichiometry. PZQ-2-pyr and PZQ-
AA were indexed in the CSD under refcodes DAJCAW and DAJCEA, respectively.

Thermally, PZQ-2-pyr and PZQ-AA exhibited a single endothermic event corresponding to
desolvation, occurring at 85.69 °C and 72.26 °C, respectively. In terms of biopharmaceutical
performance, both solvates demonstrated superior water solubility and IDR, approximately double
that of the anhydrous (RS)-PZQ.

These monosolvates also exhibited remarkable physical stability. When stored at room temperature
in sealed vials, they remained stable for at least 18 months. Additionally, even after prolonged
mechanical treatment (25 Hz for 200 min), no transformation was observed.

Notably, PZQ-AA monosolvate was later reproduced via fast and slow cooling crystallization,

regardless of the initial concentration of (RS)-PZQ [144].

Guedes Fernandes de Moraes et al. reported the discovery of a dimethylacetamide solvate of PZQ
(PZQ-DMA) [144]. This solvate was obtained through a fast-cooling crystallization process of PZQ
Form A. The study explored two variables: the initial concentration of PZQ (low and high) and the
cooling rate (slow at 0.2 °C/min and fast at 5 °C/min). The PZQ-DMA solvate formed under both
low and high concentrations of PZQ, but only when fast cooling crystallization was applied. In
contrast, the slow cooling method consistently resulted in the recovery of the starting Form A.

The newly obtained solvate was characterized by a PXRD pattern with diffraction peaks that were
distinctly different from those of TELCEU and all previously reported PZQ solid forms. However,
thermal analysis was critical in confirming that the new form was indeed a solvate. The DSC curve
revealed an endothermic event at 58 °C, corresponding to the desolvation of PZQ-DMA solvate,
followed by two melting events. These melting points were attributed to Form G and Form A,
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respectively. The desolvation was further confirmed through TGA, which showed a weight loss of
approximately 20%, consistent with the theoretical value for a monosolvate.

SEM imaging revealed lath-shaped crystals for the PZQ-DMA solvate (Figure 17), which were
noticeably different from the smaller, acicular crystals typical of Form A. Although solid-state
characterization confirmed the formation of a new phase, no crystal structure for PZQ-DMA was

solved or deposited in the CSD.

Figure 17. SEM images of PZQ-AA (1500x) (left) and PZQ-2-pyr (370x) (centre) and PZQ-DMA (160x)
(right) monosolvates. Adapted from references [144,148].
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1.2.5.3 PZQ Cocrystals

Cocrystallization has emerged as a promising strategy in pharmaceutical science to develop new
crystal forms with enhanced properties [192]. Pharmaceutical cocrystals, consisting of an API and
one or more cocrystal formers, are particularly valuable due to their ability to improve various
physicochemical properties such as solubility, bioavailability, mechanical, humidity, and thermal
stability, as well as compressibility. Additionally, they play a crucial role in separation technologies,
especially for chiral molecules [29,44,49,193-198].

Given that PZQ lacks traditional salt-forming functional groups, possessing only two carbonyl groups
capable of acting as H-bond acceptors, the drug presents an intriguing potential for cocrystal
formation. This characteristic, combined with the possibility of creating diastereomeric cocrystal
pairs for chiral resolution, has recently drawn significant attention to PZQ as a candidate for

cocrystallization studies.

Espinosa-Lara and coworkers were the first to investigate the cocrystallization potential of (RS)-PZQ
with aliphatic dicarboxylic acids, hypothesizing that dimeric heterosynthons could induce
cocrystallization through LAG [141]. The study involved combining PZQ with oxalic acid (OXA),
malonic acid (MALO), succinic acid (SUC), maleic acid (MALE), fumaric acid (FUM), glutaric acid
(GLU), adipic acid (ADI), pimelic acid (PIM), suberic acid (SUB), azelaic acid (AZE), and sebacic
acid (SEB) in molar ratios of 2:1, 1:1, and 1:2, using either ACT or ACN as solvents. Of these, nine
new cocrystals were discovered, while no cocrystallization occurred with SUB, AZE, or SEB.
PXRD analysis confirmed that OXA, MALO, SUC, MALE, FUM, and GLU formed 1:1 cocrystals
(i.e., PZQ-OXA, PZQ-MALO, a-PZQ-SUC, PZQ-MALE, PZQ-FUM, and PZQ-GLU), whereas ADI
and PIM produced 2:1 cocrystals (PZQ-ADI and PZQ-PIM). FT-IR spectra analysis demonstrated
notable shifts in PZQ’s carbonyl stretching vibrations, suggesting diverse H-bonding patterns and
weaker interactions in the cocrystals. These C=O0 stretching vibrations, initially ranging from 1658 to
1704 cm™ in the starting materials, shifted to higher wavenumbers in the cocrystals, indicative of
weaker C-H---O and O-H:-O bonds.

To obtain single crystals suitable for SXRD, PZQ and each coformer were dissolved in different
molar ratios (2:1, 1:1, 1:2, 1:3, and 1:4) in hot ACT or ACN with mechanochemically preformed
cocrystals acting as seeds. This approach succeeded in isolating single crystals of PZQ-OXA, PZQ-
MALO, PZQ-MALE, PZQ-FUM, PZQ-GLU, and PZQ-ADI, but not for PZQ-PIM (Figure 18).
Notably, solution crystallization of PZQ and SUC yielded a new polymorph, B-PZQ-SUC (Figure
18), distinguishable from a-PZQ-SUC by PXRD and FT-IR, suggesting polymorphic behavior.
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Figure 18. H-bonds motifs and ASUs of first seven cocrystals discovered: (a) PZQ-OXA; (b) PZQ-MALO;
(¢) B-PZQ-SUC; (d) PZQ-MALE,; (e) PZQ-FUM; (f); PZQ-GLU; (g) PZQ-ADI.

Structural analysis revealed that PZQ-OXA, B-PZQ-SUC, and PZQ-GLU (indexed as TELCOE,
TELDAR, and TELDIZ, respectively, in the CSD) crystallized in the space group P-1 with similar
unit cell edge lengths, indicating commonality in their supramolecular arrangements. Each cocrystal
featured a 1:1 stoichiometry, with PZQ molecules adopting an anti-conformation. PZQ molecules in
SUC and GLU cocrystals formed homodimeric motifs, while PZQ-OXA and PZQ-FUM (CSD
refcode TELBUYJ) displayed double-bridged heterodimeric motifs.

PZQ-MALE (CSD refcode TELCIJ) crystallized in the orthorhombic space group Pna2; and showed
connectivity like PZQ-SUC, with additional C-H: - O contacts between MALE molecules. In contrast,
PZQ-MALO (TELDEYV in the CSD) crystallized in P21/c and was the only cocrystal exhibiting the
syn-conformation of PZQ Form A. This unique configuration enabled the formation of 26-membered
cyclic [2+2] aggregates due to MALO disorder over two positions, facilitating additional stability via
interconnections. Recently, this cocrystal was also obtained by MacEachern and coauthors through
scCOz in the presence of MeOH as cosolvent: varying the operating conditions, applying a pressure
of 30 MPa, a monomodal particle size distribution with an average particle size of 600 nm was
obtained [149].

PZQ-ADI (CSD refcode TELCAQ) crystallized in P-1 with a 2:1 stoichiometry, where excess PZQ
facilitated the formation of homodimeric motifs, creating double chains linked to the coformer.
Additionally, a low-temperature crystal structure (CSD refcode TELCAQOI) confirmed the
compactness of the PZQ-ADI crystal structure.

In all analyzed cocrystals, heterodimeric O-H:--O H-bonding motifs dominated, involving both C=0
groups of PZQ. Most cocrystals exhibited an anti-conformation for PZQ, except for PZQ-MALO,

53



which maintained the syn-conformation of PZQ Form A. PZQ-MALO was also the only system
featuring double-bridged H-bonding contacts between coformer molecules.

Recent work by Wang et al. provided further insight into the a-PZQ-SUC polymorph. Using seeded
cooling crystallization, they obtained single crystals of a-PZQ-SUC (CSD refcode TELDARO1),
revealing that it crystallized in the orthorhombic space group Pbca (Z=8). Compared to B-PZQ-SUC,
the o form exhibited higher stability, with a monotropic relationship and a higher melting point and
enthalpy of fusion. Despite similar intermolecular interactions, the two polymorphs differed in
packing: a-PZQ-SUC formed wavy molecular layers, while B-PZQ-SUC showed nearly planar layers.
Hirshfeld analysis suggested that a-PZQ-SUC was more stable based on pairwise interaction energy.
Cocrystallization improved PZQ solubility (from 0.26 mg/mL to 0.43 mg/mL in a-PZQ-SUC and
0.50 mg/mL in B-PZQ-SUC), with significant improvements in IDRs, especially for B-PZQ-SUC,
which demonstrated a 5.70-fold increase compared to pure PZQ.

Wasim et al. conducted a comprehensive investigation into the physicochemical properties—such as
thermal and spectroscopic behavior, solubility, and dissolution—as well as the oral bioavailability
and pharmacokinetic parameters of several PZQ cocrystals [199]. Their study aimed to elucidate the
relationship between these properties and pharmacokinetic parameters (Cmax, Tmax, and AUC) in
relation to the chain lengths (n) of selected dicarboxylic acid coformers: OXA (n=0), MALO (n=1),
SUC (n=2), GLU (n=3), and ADI (n=4). They also explored the impact of the polymer hydroxypropyl
cellulose (HPC) on cocrystal formation.

The cocrystals were synthesized using the slurry crystallization method, and their nature was assessed
by comparing their PXRD patterns with those in the CSD. FT-IR analysis revealed that the spectra of
PZQ cocrystals differed from those of the starting materials. Specifically, the carbonyl amidic groups
of pure PZQ appeared at 1645 and 1622 cm™, consistent with previous reports. In the cocrystals, the
carbonyl stretching ranged from 1593 to 1630 cm™, indicating changes in H-bonding. The C=0
stretching vibrations of the dicarboxylic acid coformers ranged from 1664 to 1697 cm™, whereas in
the cocrystals, they shifted to 1712-1742 cm™. This shift suggests weaker intermolecular interactions.
Thermal analyses using DSC and TGA showed that none of the cocrystals underwent dehydration
and exhibited different melting points from the starting materials. The melting points were observed
at 159.9, 147.7, 141.2, 126.2, and 122.9 °C for PZQ-OXA, PZQ-MALO, PZQ-SUC, PZQ-GLU, and
PZQ-ADI, respectively, reflecting a trend where a higher number of carbon atoms in the coformer
resulted in a lower melting point. TGA results indicated that PZQ-OXA, PZQ-MALO, and PZQ-SUC
cocrystals began to dissociate at approximately 163, 147, and 167 °C, respectively. In contrast, PZQ-
GLU and PZQ-ADI were thermally more stable, starting to decay at 199 and 208 °C, respectively.
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From a biopharmaceutical perspective, solubility studies demonstrated a significant improvement in
the aqueous solubility of PZQ cocrystals compared to pure PZQ, which had a solubility of 0.392 +
0.1 mg/mL. The solubility of PZQ cocrystals ranged from 3.7 + 1.08 to 10.5 = 1.7 mg/mL. Dissolution
profiles at 90 min showed a trend of improved dissolution: PZQ-SUC (68%), PZQ-ADI (57.96%),
PZQ-GLU (54.05%), PZQ-OXA (51%), and PZQ-MALO (46.05%).

Pharmacokinetic studies in rabbits revealed enhanced oral bioavailability for all cocrystals compared
to pure PZQ, which had an AUC of 10.06 + 2.51 pg h/mL. PZQ-SUC exhibited the highest oral
bioavailability (33.84 + 6.05 pg h/mL), while PZQ-MALO had the lowest (15.40 + 3.65 ug h/mL).
The cocrystals generally achieved higher Cmax within 1 hour compared to pure PZQ, except for
PZQ-OXA and PZQ-MALO.

The improvements in solubility, dissolution, and oral bioavailability were consistent, indicating that
enhanced solubility led to better dissolution and bioavailability. However, the effects of the spacer
groups on biopharmaceutical properties and pharmacokinetics were not consistently observed. Lastly,
when HPC polymer was included during the slurry preparation, it did not inhibit cocrystal formation,
except for PZQ-SUC, where PXRD analysis revealed residual pure PZQ.

Recently, Salas-Zuiiga and colleagues explored the potential of enhancing the solubility and
dissolution of PZQ cocrystals by confining them within mesoporous silica (SB-15) with nanopores
approximately 5.6 nm in size [186]. Among seven cocrystals previously synthesized, PZQ-GLU
cocrystal was selected due to its favorable characteristics: (i) it had a smaller unit cell volume
compared to racemic PZQ, (ii) it melted at a lower temperature than raw (RS)-PZQ (AT =-15.8 °C),
facilitating the melt loading method for confinement, and (iii) upon recrystallization, it consistently
produced the original cocrystal and exhibited a distinct IR fingerprint, making it easily identifiable.
Four different SBA-15/cocrystal weight ratios were prepared, and similar experiments were
conducted with pristine PZQ in the same silica material for comparison. The nanoconfined materials
were characterized using N> adsorption-desorption analysis, PXRD, IR spectroscopy, *C SSNMR,
DSC, and field-emission SEM (FE-SEM). These analyses compared the properties of the
nanoconfined materials with SB-15, raw PZQ, and pure PZQ-GLU cocrystal.

N2 adsorption-desorption analysis indicated complete filling of the SB-15 channels at a 50:50 w/w
ratio, leading to the selection of the SBA-15/PZQ and SBA-15/PZQ-GLU composites at this ratio for
further studies. FE-SEM images revealed a rod-like morphology for SBA-15/PZQ-GLU, in contrast
to the smooth surface of micrometer-sized PZQ-GLU crystals. PXRD analysis showed a broad halo
for SB-15/PZQ-GLU, indicative of amorphous SBA-15, with low-intensity diffraction peaks
overlapping with PZQ-GLU cocrystal. In contrast, SBA-15/PZQ displayed a typical halo diffusion

for amorphous materials, with no visible peaks for crystalline PZQ.
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FT-IR results demonstrated that the two C=O0 stretching vibrations of the GLU coformer at 1612 and
1715 em™ were present in SBA-15/PZQ-GLU, confirming that the cocrystal remained in the
nanoconfined state. For SBA-15/PZQ, the C=0 bands of raw PZQ (1647 and 1624 cm™') merged into
a broad band at 1645 cm™, a behavior also observed by Perissutti et al. in ASDs [45]. 1*C CPMAS
and SPE (Single Pulse Excitation) analysis revealed that SBA-15/PZQ-GLU consisted of a mixture
of a cocrystalline bulk solid (outside the mesopores) and a more mobile phase (inside the mesopores),
with the latter more evident in composites with lower PZQ-GLU ratios.

Thermal analysis showed that SBA-15/PZQ did not exhibit a distinct melting transition, confirming
its amorphous state. SBA-15/PZQ-GLU displayed two broad endothermic transitions at 63.0 and
117.2 °C, indicating the presence of two phases: a cocrystalline bulk solid outside the mesopores,
melting at 117.2 °C (like pure PZQ-GLU at 123.0 °C), and a more mobile phase inside the mesopores,
melting at 63.0 °C. This suggests that nanoconfined drugs often exhibit significant melting point
depression [200-202].

Overall, characterization techniques demonstrated that PZQ was primarily loaded in an amorphous
form, while PZQ-GLU showed a more mobile/solid-like phase within SBA-15. This contrasting
behavior is attributed to the stronger O-Hgru: - -O=Cpzq H-bonds in the cocrystal compared to the C-
H---O=Cpzq interactions in (RS)-PZQ, as well as a larger crystal lattice volume of PZQ compared to
PZQ-GLU (3320.1 vs. 1167.9 A3).

Dissolution studies in two experimental settings further assessed the impact of the confined
cocrystals. Under non-sink conditions with a saturation index (SI) of 0.014 for PZQ and 0.02 for
PZQ-GLU, in the presence of a precipitation inhibitor polymer (Methocel 60 HG), SBA-15/PZQ-
GLU showed sustained solubilization, increasing the AUC0-90min up to 5.1-fold compared to
pristine PZQ, like SBA-15/PZQ. In another setting with a SI of 1.99 for both PZQ and PZQ-GLU in
aqueous HCI pH 1.2 at 37 °C, the nanoconfined composites resulted in immediate drug release. These
findings confirm that nanoconfinement combined with cocrystallization is an effective strategy to
enhance the properties of poorly soluble drugs like PZQ.

Focusing again on PZQ-GLU and PZQ-SUC cocrystals, Salas-Zufiiga and colleagues recently
reported the synthesis of two novel cocrystals through LAG using the enantiomerically pure (R)-PZQ
in a 1:1 molar ratio with the aforementioned coformers [151]. The newly obtained cocrystals,
designated as (R)-PZQ-GLU and (R)-PZQ-SUC, were thoroughly characterized and compared with
previously reported analogous cocrystals made from racemic PZQ, hereafter referred to as (RS)-PZQ-
GLU and (RS)-PZQ-SUC. The study also compared these with the pure (R)-PZQ hemihydrate (i.e.,
(R)-PZQ-HH) and pristine (RS)-PZQ.
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PXRD patterns of the new cocrystals distinctly differed from both the starting materials and the
analogous cocrystals made with racemic PZQ. Single crystals suitable for SXRD were obtained via
classical solution crystallization, and the simulated PXRD patterns matched the experimental data.
Both (R)-PZQ-GLU and (R)-PZQ-SUC (indexed as KEQVEL and KEQVAH in the CSD,
respectively) crystallized in the chiral space group P21, confirming the enantiomerically pure nature
of (R)-PZQ. Structural analysis revealed that the dominant supramolecular interactions in these new
crystals were quite similar. Both cocrystals featured amide functions of (R)-PZQ engaged in
heterosynthons with O-Heoformer - -*O=Cpzq H-bonds involving the COOH groups of the dicarboxylic
acids. Additionally, complementary (N)C-Hpzq"*:O=Ccoformer interactions formed slightly different
eight- and nine-membered cyclic double-bridged heterodimeric synthons.

In IR spectra, the characteristic band for H,O molecules at around 3500 cm™, present in (R)-PZQ-
HH, was absent in (R)-PZQ-GLU and (R)-PZQ-SUC, indicating their anhydrous nature. Moreover,
C=0 stretching vibrations of PZQ were shifted to lower wavenumbers, while the C=0 bands of the
coformers shifted to higher wavenumbers. These shifts suggest that the H-bonding interactions in the
cocrystals were stronger than those between water molecules and (R)-PZQ in the hemihydrate, and
stronger than the interactions between dicarboxylic acid dimers.

The thermal behavior of the two cocrystals differed slightly. (R)-PZQ-SUC had a melting point of
130.2 °C, which was intermediate between the melting points of its starting materials (112.9 °C for
(R)-PZQ-HH and 184.9 °C for SUC). In contrast, (R)-PZQ-GLU exhibited a melting temperature of
81.0 °C, lower than the individual components (112.9 °C for (R)-PZQ-HH and 102.9 °C for GLU).
This difference in melting points could be attributed to variations in stability, solubility, and
dissolution rates of the cocrystals.

In dissolution studies, the two enantiomerically pure cocrystals were compared to their racemic
counterparts and the pure (R)-PZQ-HH in a simulated gastric dissolution medium (HCL, pH 1.2, 37
°C), where dicarboxylic acids are fully protonated. IDR results showed that all four cocrystals (both
enantiomerically pure and racemic) demonstrated superior dissolution compared to (RS)-PZQ and
(R)-PZQ-HH, with improvements ranging from 2 to 5 times greater relative to (R)-PZQ-HH. The
IDR ranking was (R)-PZQ-GLU > (RS)-PZQ-SUC = (RS)-PZQ-GLU > (R)-PZQ-SUC. Notably, the
IDR curves for the cocrystals exhibited a significant change in slope between 30 and 60 min, likely
due to a phase transformation into (R)-PZQ-HH and (RS)-PZQ-HH, as confirmed by IR and PXRD
analysis of the IDR tablets.

Powder dissolution tests were conducted under non-sink conditions by adding dissolution medium to
excess cocrystal solid to assess the supersaturation potential. (R)-PZQ-GLU, (RS)-PZQ-GLU, and
(RS)-PZQ-SUC exhibited increased solubility compared to (RS)-PZQ and (R)-PZQ-HH, with
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maximum concentrations reaching 4.6 mM, 3.8 mM, and 2.7 mM, respectively, within the first 5 min.
Conversely, (R)-PZQ-SUC displayed a dissolution profile like that of (R)-PZQ-HH, indicating no
supersaturation. After approximately 5 min, the concentrations of the three cocrystals declined to
levels comparable to (RS)-PZQ and (R)-PZQ-HH, suggesting rapid reprecipitation. PXRD analysis
of the recovered samples indicated a conversion of the cocrystals back to the parent compounds, as

observed in the IDR studies.

Returning to the cocrystallization strategy, three years after the initial discovery of PZQ cocrystals
with dicarboxylic acids [141], Sdnchez-Guadarrama et al. applied cocrystallization for the chiral
resolution of racemic PZQ [152]. They achieved this by forming a diastereomeric cocrystal pair with
L-MAL, as detailed in paragraph 1.2.2. Specifically, the authors employed LAG with 10 pL of ACT,
using a 1:1 stoichiometric mixture of (RS)-PZQ and L-MAL as coformer. The grinding was
conducted for 30 min at 25 Hz, resulting in the formation of two enantiomerically pure cocrystals:
(R)-PZQ/L-MAL and (S)-PZQ/L-MAL. The structures of these cocrystals were solved and deposited
in the CSD [152].

Similarly, Cugovcéan and colleagues reported the successful formation of PZQ cocrystals with citric
acid (CA), malic acid (MAL), salicylic acid (SA), and tartaric acid (TA) using LAG [124]. In their
study, PZQ was milled with each coformer in a 1:1 molar ratio for 30 min at 25 Hz, with or without
15 pL of absolute EtOH. LAG proved to be the most effective technique for cocrystal formation.
PXRD patterns of PZQ-CA, PZQ-MAL, PZQ-TA, and PZQ-SA revealed the presence of new peaks
and the absence of residual peaks from the starting materials, confirming the successful formation of
cocrystals in a 1:1 molar ratio. DSC analyses showed a new endothermic peak at 51.07 °C for PZQ-
CA and at 150.81 °C for PZQ-TA. However, DSC did not provide conclusive information about
melting events for PZQ-MAL and PZQ-SA.

Further insights into cocrystal formation were obtained through FT-IR analysis. The typical carbonyl
stretching vibrations of PZQ Form A, observed at 1647 and 1624 cm™, were shifted to lower
wavenumbers, and only one broader band was detected at 1612 cm™ for PZQ-MAL, 1593 cm™ for
PZQ-SA, and 1606 cm™ for PZQ-TA. These shifts suggest the involvement of both carbonyl groups
in H-bonding with the coformer acids. Specifically, the C=0 of PZQ H-bonded the alcoholic group
of SA. For MAL, differences in band intensities at 3438 and 1683 cm™, attributed to the -OH and
C=0 groups of MAL, suggest that the hydroxyl group of MAL likely participated in H-bonding with
PZQ carbonyl groups. In the case of TA, the bands at 3402 and 3330 cm™, corresponding to the
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alcoholic group of TA, shifted in PZQ-TA, with a new band emerging around 3480 cm™, indicating
interaction with PZQ carbonyl groups through the alcoholic group of TA.

Notably, in the case of PZQ-CA, FT-IR spectra did not show shifts in PZQ characteristic bands.
However, a shift in the C=0 groups of CA from 1751, 1745, and 1699 cm™ to 1753, 1726, and 1691
cm' was observed, suggesting the formation of a new solid form.

All prepared cocrystals exhibited pH-dependent solubility, with the highest saturation solubility
observed at pH 4.5, where the ionizable groups of the coformers were fully ionized, as indicated by
their pKa values [203,204]. Among the four cocrystals, PZQ-MAL showed the highest solubility. In
dissolution studies, all cocrystals demonstrated significantly improved dissolution properties
compared to the pure drug. However, it was noted that the PZQ-MAL cocrystal was chemically
unstable and promoted PZQ photodegradation. Despite these findings, no new crystal structures were

solved and reported in the CSD.

Subsequently, Yang et al. published a study in which they employed theoretical calculations to predict
the formation of PZQ cocrystals with three flavonols: kaempferol (KAE), quercetin (QUE), and
myricetin (MYR) [153]. They used DFT to analyze the conformations of PZQ and the flavonols,
focusing on molecular electrostatic potential surfaces (MEPS) to predict intermolecular interactions
and potential cocrystal formation [205]. By determining the conformations of the flavonols and PZQ
Form A and their Boltzmann distributions at 300 K, they calculated MEPS to estimate interaction site
pairing energies (AE). The smaller the AE value, the higher the likelihood of cocrystal formation.
KAE, QUE, and MYR exhibited two main conformations. For KAE and MYR, the difference
between the two conformations was minimal, whereas QUE displayed more significant variation
between its conformations due to the asymmetric distribution of hydroxyl groups. According to the
CSD database, conformation 1 (QUE C1) represents approximately 75% of QUE, while conformation
2 (QUE C2) accounts for about 25%. PZQ, on the other hand, showed four primary conformations
resulting from the rotation of the cyclohexylcarbonyl group: two anti-conformations (C1 and C2) and
two syn-conformations (C3 and C4). CSD data indicated a predominance of conformations C1 and
C3 for PZQ.

AE values, which considered the number of H-bond acceptors and donors in PZQ and the flavonols,
predicted four potential cocrystals: PZQ-KAE, PZQ-QUE 1, PZQ-QUE 2, and PZQ-MYR. For KAE,
the MEPS maxima were found on the hydroxyl groups, which could form H-bonds with the minima
on PZQ C1, suggesting a 2:1 stoichiometric ratio. For QUE, C1 had two maxima on hydroxyl groups
interacting with PZQ minima, while C2 had maxima that could interact only with PZQ C3. Similarly,
MYR was predicted to interact with PZQ C3.
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All four predicted cocrystals were successfully synthesized via the suspension-stirring method
(Figure 19) and characterized by PXRD. The PZQ-KAE cocrystal was obtained in a 2:1
stoichiometric ratio. For QUE, two distinct cocrystals were identified by PXRD: one with a 2:1
stoichiometry (PZQ-QUE 1) and another with a 1:1 ratio (PZQ-QUE 2), though no single crystal was
obtained for the latter. The PZQ-MYR cocrystal was achieved in a 1:1 ratio and single crystals were

obtained.

Figure 19. Main preparation techniques used for PZQ multicomponent systems. Adapted from

references[153,156,206,207].

SXRD analysis revealed the following structures: PZQ-KAE (indexed as ANAYOG) crystallizes in
the monoclinic space group P2i/a with four formula units per unit cell (Z=4), featuring PZQ in
conformation C1 (anti). PZQ-QUE 1 (CSD refcode ANAYUM) crystallizes in the triclinic space
group P-1 with two formula units per unit cell (Z=2), containing both PZQ conformations C1 and C3
(anti and syn). PZQ-MYR (indexed as ANAZAT) crystallizes in the monoclinic space group P2i/c
with four formula units per unit cell (Z=4), featuring PZQ in conformation C3 (syn). These SXRD
results corroborated the predicted interactions.

DSC and FT-IR spectroscopy further characterized the cocrystals. DSC curves showed a single
melting peak for each cocrystal, situated between the melting points of the starting materials, with
PZQ-KAE <PZQ-QUE 1 <PZQ-QUE 2 <PZQ-MYR. FT-IR analysis revealed that the characteristic
peaks around 3000 cm™, associated with crystal water in the raw flavonols, were diminished in the
cocrystals, indicating the absence of crystal water due to H-bonding between the hydroxyl groups of
the flavonols and the carbonyl groups of PZQ.

Given that both flavonols and PZQ belong to BCS class II, with flavonols being less soluble than
PZQ, solubility studies showed that while the solubility of PZQ decreased upon cocrystal formation,

the solubility of the flavonols increased approximately threefold.
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Building on the knowledge from the previous PZQ cocrystal structures deposited in the CSD,
Devogelaer and colleagues employed a network-based link-prediction algorithm [208,209] to forecast
30 new coformer candidates for PZQ [154]. This list included five aliphatic dicarboxylic acids (four
of which were previously explored by Espinosa-Lara et al.), derivatives of benzoic acid, and aromatic
compounds featuring hydroxyl, amine, and nitro groups. Notably, the list also included salicylic acid
and an enantiomer of tartaric acid, which had been mentioned earlier but lacked solved crystal
structures [124]. Among the predicted coformers was 1,4-diiodotetrafluorobenzene (1,4-DIFTB), an
unusual candidate given its structural divergence from the other coformers.

Of the 30 predicted coformers, 17 were experimentally tested for cocrystal formation. Out of these,
12 were successfully crystallized and analyzed using SXRD. Specifically, eight of these were binary
cocrystals: PZQ-1,4-diiodotetrafluorobenzene (PZQ-1,4-DITFB), PZQ-4-hydroxybenzoic acid
(PZQ-4-HA), PZQ-3,5-dinitrobenzoic acid (PZQ-3,5-DNA), PZQ-hydroquinone (PZQ-HQ), PZQ-
vanillic acid (PZQ-VA), PZQ-2,5-dihydroxybenzoic acid (PZQ-2,5-DHA), PZQ-24-
hydroxybenzoic acid (PZQ-2,4-HA), and PZQ-orcinol (PZQ-ORC). The remaining four were
cocrystal hydrates/solvates: PZQ-salicylic acid monohydrate (PZQ-SA MH), PZQ-4-aminosalicylic
acid acetonitrile solvate (PZQ-4-ASA ACN), PZQ-2,5-dihydroxybenzoic acid acetonitrile solvate
(PZQ-2,5-DHA ACN), and PZQ-3,5-dihydroxybenzoic acid acetonitrile solvate (PZQ-3,5-DHA
ACN).

In all 12 crystal structures, PZQ molecules adopted the anti-conformation, with carbonyl groups
oriented in opposite directions and, in some cases, a 90° rotation of the cyclohexyl ring. All structures
were centrosymmetric, including both the (R)- and (S)-enantiomers of PZQ. The cocrystal structures
were classified into four distinct classes based on their intermolecular interaction patterns and
enantiomer packing:

e Class 1: This class includes PZQ-2,5-DHA, PZQ-2,5-DHA ACN, PZQ-4-HA, and PZQ-4-
ASA ACN (refcodes CSD: AVEHUH, AVEHIV, AVEJIX, AVEJOD, respectively). These
cocrystals are characterized by one-dimensional enantiopure chains where both carbonyl
groups of PZQ engage in H-bonding with the coformer. The centrosymmetric nature of these
crystals means they also contain chains of opposite chirality. The solvates in this class were
isostructural with enantiopure chains aligned along the same crystallographic direction.

o Class 2: PZQ-HQ, PZQ-2,4-HA, and PZQ-3,5-DHA ACN (refcodes: AVEKIJ, AVEJUJ,
AVEKEU, respectively) belong to this class. Here, H-bonding patterns lead to chains
containing both enantiomers of PZQ in a 1:1 molar ratio, with each carbonyl group of

alternating PZQ enantiomers participating in H-bonding with the coformer.
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e Class 3: PZQ-VA, PZQ-3,5-DNA, and PZQ-SA MH (refcodes: AVEJAP, AVEJET,
AVEHER, respectively) are categorized as racemic pair cocrystals, where (R)- and (S)-
enantiomers of PZQ interact via H-bonds like those in PZQ polymorph B.

o Class 4: PZQ-1,4-DITFB (indexed as AVEKAQ in the CSD) is unique in this class, where H-
bonding is not present. Instead, halogen bonds and n- interactions are observed. Specifically,
alternating PZQ enantiomers form carbonyl-iodide interactions with the coformer, while
fluorine atoms in the coformer interact with hydrogen atoms on the aromatic and cyclohexyl
rings of PZQ.

This comprehensive approach of predicting and experimentally verifying cocrystal structures
significantly expands the understanding of PZQ crystallization behavior and its interactions with a

diverse range of coformers.

In a subsequent study, the same research group conducted an in-depth comparison of three cocrystal
screening methods: LAG, solvent evaporation (SE), and saturation temperature measurements
(STM), evaluating their respective advantages and drawbacks in cocrystal preparation [210]. These
methods identified 17 cocrystals in total, with 14 demonstrating stability and 12 having new crystal
structures solved.

For the LAG experiments, a 1:1 molar ratio of PZQ and each coformer was ground in the presence
of various solvents (MeOH, EtOH, isopropanol (iPOH), ACT, and EA), and the outcomes were
assessed via PXRD. Of the 30 tested coformers, 11 (3,5-DNA, SA, 1,4-DITFB, 4-HA, 4-ASA, HQ,
VA, 2,5-DHA, 2,4-DHA, and ORC) produced new PXRD patterns, indicating successful
cocrystallization. Notably, most coformers yielded consistent solid phases across multiple solvents,
though two—VA and 2,5-DHA—produced different PXRD patterns depending on the solvent used.
These LAG experiments identified 13 new systems from the 11 successful coformers. SXRD analysis
further clarified the nature of these systems, revealing 12 new cocrystal structures, with 8 forming
1:1 cocrystals with PZQ (including 1,4-DITFB, 4-HA, and ORC). Four of these cocrystals were
solvates, with three involving ACN (4-ASA, 2,5-DHA, 3,5-DHA), and one (SA) unexpectedly
forming a monohydrate due to ambient humidity. VA remained an exception, producing two distinct
phases through LAG, one of which was a 1:1 cocrystal confirmed by SXRD. The other phase
produced with ACN was not obtained through single-crystal growth experiments and therefore
remained a question mark. Only recently, the same scientific group clarified that the second solid
form was a 1:2 PZQ-VA cocrystal, which gave positive second harmonic generation (SHG) result.
This analysis was useful to understand that the cocrystal crystallized as a conglomerate, (R)/(S)-PZQ-

VA, showing a noncongruent melting. Numerous efforts to grow single crystals of this cocrystal have
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been done without any success. A possible explanation could be that this cocrystal behaves as an
epitaxial conglomerate, showing disorder which makes the cocrystal solution more complicated.
Nevertheless, the cell parameters and the space group have been determined: (R)/(S)-PZQ-VA
crystallizes in the chiral space group, P21, with a volume that is consistent with the presence of two
PZQ molecules and four VA molecules in the ASU, indicating the 1:2 stoichiometry [155].

The SE experiments, using the same solvents as LAG for consistency, identified 10 successful
coformers, with 12 new PXRD patterns observed. As with LAG, VA and 2,5-DHA produced distinct
PXRD patterns depending on the solvent. However, unlike LAG, no single crystals were grown from
SE phases. For HQ and 2,4-DHA, the PXRD patterns differed from those obtained through LAG,
suggesting possible metastable phases. A new PXRD pattern for PIM was also identified through SE,
but without corresponding single crystals. Interestingly, 4-ASA showed no new PXRD pattern in SE,
contrary to its LAG results.

In STM, 9 coformers successfully formed cocrystals, yielding 12 new PXRD patterns. While PXRD
results were generally consistent with LAG and SE, 2,4-DHA produced a unique pattern in EtOH,
suggesting a possible polymorph or solvate, though no single crystal was grown to confirm this. A
false positive was observed for benzoic acid in EtOH, which yielded a physical mixture (PM) rather
than a true cocrystal.

In summary, 12 new cocrystals were fully characterized via SXRD and deposited in the CSD. LAG
was the most effective method, identifying 13 stable cocrystals, including one unique to LAG (ORC).
SE identified 12 new systems, 9 of which overlapped with LAG and STM, while PIM, HQ, and 2,4-
DHA were specific to SE but considered metastable due to inconsistencies. STM produced 12 new
patterns, with 11 overlapping with LAG. A unique cocrystal for 2,4-DHA was discovered in STM
using EtOH.

Overall, LAG was found to be the most efficient and reliable method for cocrystallization, followed

by STM and then SE.

Liu and colleagues conducted a study aimed at investigating the solubility of four PZQ cocrystals
formed with carboxylic acids and exploring their structural features through theoretical calculations
of intermolecular interactions [156]. The coformers selected—citric acid (CA), phthalic acid (PA), 3-
hydroxybenzoic acid (3-HA), and 4-hydroxybenzoic acid (4-HA)—were chosen for their favorable
solubility. The cocrystals (PZQ-CA, PZQ-PA, PZQ-3-HA, and PZQ-4-HA) were synthesized via
LAG. PZQ-CA had been previously obtained, though its crystal structure remained unsolved [124],
and while PZQ-4-HA crystal structure had been reported, no solubility tests or further
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characterization were performed [154]. On the other hand, PZQ-PA and PZQ-3-HA had only been
theoretically predicted but never synthesized [154].

The study fully characterized the four cocrystals and analyzed the interactions between PZQ and each
coformer using advanced theoretical calculations, such as Atoms in Molecules (AIM) topology
analysis, electron density difference (EDD) analysis, and energy decomposition analysis (EDA).
PXRD analysis revealed distinct diffraction patterns for all four cocrystals, confirming the successful
formation of the new phases. PZQ-CA, PZQ-PA, and PZQ-4-HA formed in a 1:1 stoichiometry, while
PZQ-3-HA adopted a 2:1 molar ratio. These stoichiometries were further confirmed by SXRD
analysis. The crystallographic data showed that PZQ-CA (refcode DAJYUM) crystallizes in the
orthorhombic P21212; space group, PZQ-PA (indexed as DAJZIB) in the monoclinic P2i/c space
group, and both PZQ-3-HA (CSD refcode DAJZEX) and PZQ-4-HA (indexed as AVEJIXO01) in the
triclinic P-1 space group. In all cases, PZQ carbonyl groups exhibited an anti-conformation.

SXRD revealed that H-bonding between PZQ carbonyl groups and the hydroxyl groups of the
coformers played a key role in stabilizing the cocrystals, with distinct H-bond interaction modes
observed. These interactions were further corroborated by FT-IR spectroscopy, which showed shifts
in the -OH stretching bands of the coformers and the C=0 stretching bands of PZQ. DSC provided
insights into the thermal stability of the cocrystals. PZQ-CA had a melting point of 137.2 °C, lower
than both PZQ and CA, indicating reduced thermal stability. Similarly, PZQ-3-HA exhibited a
melting point of 109.3 °C. In contrast, PZQ-PA and PZQ-4-HA had melting points of 150.0 °C and
155.0 °C, respectively, indicating enhanced thermal stability compared to pure PZQ.

Theoretical calculations via AIM and EDD confirmed the presence of both classical (O-H:--O) and
nonclassical (C-H---O) H-bonds, with classical interactions being dominant. EDA identified H-
bonding as the primary contributor to cocrystal formation, while dispersion and induction forces,
though present, played a lesser role.

Solubility tests were conducted in vitro in four media with varying pH values. The results showed
that all four cocrystals exhibited improved solubility compared to pure PZQ. After 4h, the cocrystals
were approximately four times more soluble in a pH 1.2 medium, twice as soluble in pH 4.5 and H>O,
and 3.3 times more soluble in a pH 6.8 medium. Among the four, PZQ-CA demonstrated the lowest

solubility, though still higher than that of pure PZQ.

In 2022, the same research group reported the cocrystallization of PZQ with polyhydroxy phenolic
acids, including protocatechuic acid (PA), gallic acid (GA), and ferulic acid (FA) [157]. Five new
cocrystals were prepared using LAG and SE methods: PZQ-PA, PZQ-GA, and PZQ-FA were
synthesized through LAG by grinding a 1:1 molar ratio of PZQ and each coformer in the presence of
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ACN. The SE method, using the same solvent, yielded different results, producing two cocrystal
solvates, PZQ-PA ACN and PZQ-GA ACN, along with the same PZQ-FA cocrystal previously
obtained via LAG. These cocrystals were extensively characterized in the solid state, with the crystal
structures of the two cocrystal solvates and the PZQ-FA cocrystal successfully solved.

DSC revealed unique endothermic peaks for the three LAG-derived cocrystals, with melting points
intermediate between PZQ and their respective coformers. The two cocrystal solvates displayed
endothermic events at 86.16 °C (PZQ-PA ACN) and 104.88 °C (PZQ-GA ACN), corresponding to
desolvation. TGA further confirmed that the crystalline lattice collapsed after ACN was lost, with no
additional endothermic events observed post-desolvation.

PXRD showed that all five cocrystals had distinct patterns, different from both PZQ and the
coformers. Interestingly, PZQ-PA and PZQ-GA exhibited similar PXRD patterns, which was also
observed in their respective ACN solvates. This similarity was attributed to the structural resemblance
between PA and GA, differing only by the hydroxyl group at the 5-position.

The SE method enabled single-crystal growth, and three out of the five cocrystals were analyzed by
SXRD, with their structures deposited in the CSD. The structures of PZQ-PA ACN, PZQ-GA ACN,
and PZQ-FA were assigned CSD refcodes HIVXUJ, HIVXOD and HIVXIX, respectively. Both
cocrystal solvates crystallized in the monoclinic space group /2/a and contained one PZQ molecule,
one PA/GA molecule, and one solvent molecule, confirming a 1:1:1 PZQ:coformer:solvent
stoichiometry. PZQ-FA, on the other hand, crystallized in the monoclinic space group P21/n, with an
ASU containing one PZQ and one FA molecule. In the cocrystal solvates, the phenolic acid formed
H-bonds with both PZQ and the solvent as a monomer, whereas in PZQ-FA, the phenolic acid first
dimerized and then bonded with PZQ via H-bonds. In all three cocrystals, the PZQ molecules
exhibited an anti-conformation of their carbonyl groups.

FT-IR spectroscopy corroborated the H-bond interactions and cocrystal formation, showing a shift in
the C=0 stretching bands of the carboxylic acid. Specifically, for the cocrystal solvates, the vibration
of conjugated carboxylic acid monomers was detected at 1716 cm™, while the characteristic
absorption peaks of conjugated carboxylic acid dimers were observed at 1667 cm™, 1686 cm™, and
1686 cm™ for PZQ-PA, PZQ-GA, and PZQ-FA, respectively.

The mechanism of cocrystal formation was further explored through theoretical calculations,
including molecular interaction energy, EDD analysis, and MEPS analysis. The interaction energies
revealed that PZQ-PA ACN exhibited lower interaction energy compared to PZQ-GA ACN,
consistent with the lower desolvation temperature of PZQ-PA ACN. PZQ-FA showed the lowest
interaction energy, indicating that the FA dimer provided the most stable and easily generated

cocrystal structure. EDD and MEPS analyses also demonstrated a decrease in electron density around
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the hydroxyl oxygen atoms of the coformers and an increase around the carbonyl oxygen of PZQ), as
well as the cyano nitrogen atoms of ACN in the cocrystal solvates, confirming H-bond formation in
all cases.

Biopharmaceutical evaluations were performed on the cocrystals without solvents. Solubility tests
were conducted in four different media: aqueous HCl solution (pH 1.2), acetate buffer (pH 4.5), and
phosphate buffer (pH 6.8). In all media except for acetate buffer (pH 4.5) in the case of PZQ-PA, the
solubility of the three cocrystals was significantly improved compared to PZQ. Due to its superior
solubility, PZQ-FA was selected for in vivo biological activity testing. Although the Tmax and Cmax
values of PZQ and PZQ-FA cocrystal were similar, the absorption of PZQ-FA was notably higher.

Recently, Yang et al. presented a study showcasing the application of artificial intelligence in the
screening of cocrystals [211]. Specifically, they developed a data-driven prediction method using the
eXtreme Gradient Boosting (XGBoost) machine learning model from the scikit-learn package. This
model was applied to eight previously reported PZQ cocrystals obtained experimentally
[153,156,157]. To train the model, they used cocrystal data from the CSD alongside experimental
data where no cocrystal formation occurred. The drug and coformer structures were represented by
Simplified Molecular Input Line Entry System (SMILES) strings, and RDKit molecular descriptors,
derived from the SMILES strings, were used as features. These descriptors were computed via the
ChemDes website [212].

When applied to PZQ cocrystallization, the model successfully predicted cocrystal formation with all
eight coformers, which aligned with previous experimental results [153,156,157]. This validation
demonstrated the potential of the model as a powerful tool for predicting and designing cocrystals in

drug research.

A different approach to cocrystal screening was reported by Cappuccino et al., who focused on
investigating the formation of cocrystalline solid solutions of PZQ with enantiomerically pure malic
(MAL) and tartaric (TA) acids in scalemic and racemic stoichiometry, rather than exploring new
coformers for PZQ [158]. Two new cocrystals were structurally characterized and deposited in the
CSD, and three non-stoichiometric mixed crystal forms were identified and isolated. Building on
previous work that demonstrated the 1:1 cocrystallization of (RS)-PZQ with enantiomerically pure
L-MAL—yielding two diastereomeric cocrystals (R-PZQ/L-MAL and S-PZQ/L-MAL) [152]—the
authors explored the crystallization of PZQ with racemic MAL. This led to the formation of a novel
four-component cocrystal, (R)-PZQ/(S)-PZQ/D-MAL/L-MAL, whose crystal structure was solved
using PXRD due to the lack of single crystals of suitable size (CCDC number 2205816). In this

66



structure, PZQ and MAL molecules alternate in racemic H-bonded chains along the b-axis of an
orthorhombic Pbca unit cell, with the carboxylic acid group acting as a bridge between two carbonyl
groups from different PZQ racemes. The hydroxyl group of MAL forms both intramolecular and
intermolecular H-bonds, the latter with neighboring antiparallel chains. PZQ carbonyl groups
displayed the common anti-conformation.

A similar four-component phase was achieved by grinding PZQ with racemic TA, yielding a cocrystal
(R-PZQ/S-PZQ/D-TA/L-TA), whose structure was solved (CCDC number 2205817). Here, chains
of (S)-PZQ with L-TA alternate along the g-axis of a triclinic P-1 unit cell with chains of (R)-PZQ
and D-TA. These chains are held together by monodentate interactions between the carboxylic groups
of TA and the carbonyl groups of PZQ, with additional intermolecular H-bonds formed between
hydroxyl groups, and PZQ again displayed an anti-conformation.

In contrast, the structure resulting from mechanochemical crystallization of (RS)-PZQ with D-TA
remained undetermined, leaving it unclear whether this system was a three-component system ((R)-
PZQ/(S)-PZQ/D-TA) or a mixture of diastereomeric crystals ((R)-PZQ/D-TA and (S)-PZQ/D-TA),
as seen with MAL. The authors then explored scalemic mixtures and substitutions between MAL and
TA to investigate the formation of (RS)-PZQ solid solutions with varied acid compositions. For
instance, milling (RS)-PZQ with scalemic MAL ratios (1.5:1.5:1:2 for (R)-PZQ/(S)-PZQ/D-MAL/L-
MAL) did not yield diastereomeric crystals but resulted in a solid solution (R-PZQ/S-PZQ/D-
MAL/L-MAL), as confirmed by DSC, which showed a superimposition of peaks for the solid solution
and the four-component cocrystal.

A similar result was observed for TA: grinding (RS)-PZQ with D-TA and L-TA in a 3:1:2 ratio also
produced the solid solution (R-PZQ/S-PZQ/D-TA/L-TA), supported by DSC analysis. Moreover,
LAG of (RS)-PZQ with homochiral D-TA and L-MAL in the same ratio did not yield a solid solution
but rather a mixture of (R)-PZQ/L-MAL, (S)-PZQ/L-MAL, and the unknown product with D-TA.
When (RS)-PZQ was milled with a pseudoracemate of L-MAL and L-TA, the unknown product with
D-TA was obtained, even when the L-TA content was increased relative to L-MAL, suggesting that
a four-component solid solution forms at high TA content. The (R)-PZQ/L-MAL and (S)-PZQ/L-
MAL phases only appeared when the L-MAL ratio was high. The authors further demonstrated the
potential to obtain five-component solid solutions by partially substituting L-MAL with D-MAL in
the unknown D-TA product (forming (R)-PZQ/(S)-PZQ/D-MAL/L-MAL/L-TA) or substituting D-
TA with L-MAL in (R)-PZQ/(S)-PZQ/D-TA/L-TA, but attempts to substitute D-MAL with L-TA or
achieve a six-component solid solution resulted in PMs.

Solubility tests indicated that the solid solutions exhibited a fourfold solubility improvement over

pure PZQ, with a faster dissolution rate, likely due to their metastable nature. Pilot in vivo studies on
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rats, using minicapsules size M containing the solid solutions, showed faster absorption compared to

pure PZQ, with a more consistent steady-state concentration.

Given that numerous racemic PZQ cocrystals have been identified, with only a few examples of
conglomerate cocrystals, Rapeenun et al. conducted a screening aimed at discovering new
conglomerate cocrystals of PZQ [159]. They selected 20 achiral coformers with diverse functional
groups (e.g., hydroxyl, carboxyl, amine, amide, and urea) and found that only N-phenyl urea (PU)
and 1,3-dimethylthiourea (DMTU) were able to form new cocrystals with PZQ. The study followed
a four-step workflow: first, cocrystals were prepared as powders via LAG; second, the samples
underwent SHG analysis to detect noncentrosymmetric crystals [213]; third, those with SHG response
were further evaluated for conglomerate cocrystal formation by cocrystallizing enantiopure PZQ with
the coformers via LAG; and finally, single-crystal structures were determined by SXRD.

For the PZQ-PU cocrystal, the enantiopure cocrystallization process showed that PZQ forms a
racemic cocrystal with PU. This conclusion was supported by PXRD analysis, where the diffraction
pattern of R-PZQ ground with PU revealed a PM of the starting materials. Therefore, the SHG signal
likely originated from residual PU crystals on the cocrystal surface. SXRD analysis further confirmed
the racemic nature of the PZQ-PU cocrystal, as it crystallized in the P2:/c space group with one PZQ
and one PU molecule in the ASU (CSD refcode VOCRIS).

In contrast, the enantiopure cocrystallization of PZQ with DMTU via LAG yielded the same PXRD
pattern as the racemic PZQ-DMTU cocrystal, indicating a conglomerate behavior. Single crystals
suitable for SXRD were grown using two different cooling methods: fast cooling resulted in a rare
epitaxial conglomerate (a disordered racemic twin cocrystal), where alternating domains of nearly
pure (R)-PZQ-DMTU and (S)-PZQ-DMTU coexisted within the same crystal. This cocrystal (CSD
refcode VOCROY) featured a 1:1 ratio of PZQ and DMTU molecules. However, under slow cooling
conditions, the epitaxial formation was suppressed, and only (S)-PZQ-DMTU single crystals grew
(CSD refcode VOCREO). Both cocrystals crystallized in the monoclinic P2: space group.

In all three newly identified cocrystals, PZQ consistently exhibited an anti-conformation of its

carbonyl groups, underscoring the recurring structural motif across these systems.

Caro Garrido and coauthors explored the potential for cocrystallization of PZQ with the nutraceutical
curcumin (CU) [160], leading to the discovery of two novel solid forms: a cocrystal solvate with EA
and a non-solvated cocrystal. Initially, LAG with toluene indicated the formation of a new solid form,
as confirmed by PXRD analysis. The new pattern differed significantly from the starting materials,

although some residual peaks of unreacted CU were present. After performing a series of slurry

68



experiments, they successfully isolated a 2:1:1 PZQ-CU EA cocrystal solvate. Suitable single crystals
for SXRD were obtained via cooling and slow evaporation experiments.

This cocrystal solvate (CSD refcode GOGVEH) crystallizes in the monoclinic space group C2/c, with
four formula units per unit cell. In the structure, PZQ molecules adopt an anti-conformation of the
carbonyl groups. The PZQ and CU molecules are connected by two H-bonds, forming a
PZQ---CU---PZQ molecular assembly. The EA solvent molecules are loosely integrated into the
crystal lattice, filling voids with minimal influence on the overall packing arrangement. Due to the
weakly bound nature of the solvent molecules, the PZQ-CU EA cocrystal could be desolvated,
yielding a non-solvated cocrystal that exhibited the same PXRD pattern initially obtained through
LAG experiments with toluene. To obtain single crystals of the anhydrous cocrystal, a single crystal
of the solvated form was mounted in a glass capillary and heated gradually from room temperature
to 370 K at a rate of 3 °C/min, followed by further heating from 370 K to 390 K at 2 °C/min. The
anhydrous cocrystal (CSD refcode GOGSOO) crystallizes in the monoclinic space group P2:/n with
four molecules per unit cell. When comparing the solvated and non-solvated structures, only minor
differences in their solid-state arrangement were observed.

Thermal analyses, including DSC and TGA, indicated that the cocrystal solvate was stable up to
approximately 100 °C, at which point it transitioned to the non-solvated phase. The anhydrous
cocrystal exhibited a melting point at 130 °C, lower than that of the individual components. Variable-
temperature X-ray diffraction (VT-XRD) experiments conducted from room temperature to 395 K
helped clarify the thermal behavior and phase transition from the 2:1:1 cocrystal solvate to the

desolvated 2:1 cocrystal form.

Muresan-Pop et al. recently identified five new cocrystals of PZQ through mechanochemical
reactions, using variations in process conditions such as liquid type, amount, and milling time [161].
The newly discovered cocrystals were formed with suberic acid (SUB), 3-hydroxybenzoic acid (3-
HA), benzene-1,2,4,5-tetracarboxylic acid (BTC), trimesic acid (TRI), and 5-hydroxyisophthalic acid
(5HIP), with their structures solved and deposited in the CSD. Notably, a prior study by Liu et al.
reported a 2:1 PZQ-3HA cocrystal in the P-1 space group [156], but in this work, Muresan-Pop's
group identified a 1:1 anhydrous cocrystal crystallizing in the monoclinic P2:/n space group with
PZQ molecules adopting the common anti-conformation of the carbonyl groups (CSD refcode
ROLMEO).

The PZQ-BTC cocrystal crystallizes in the triclinic P-1 space group, with a 2:1 stoichiometry and
PZQ in anti-stereochemistry, H-bonded with BTC via COOH:--O=C interactions (CSD refcode
ROLMIS). For the PZQ-5HIP system, an ACN cocrystal solvate was obtained, crystallizing in the P-
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1 space group, with one PZQ, four SHIP, and two ACN molecules per ASU (CSD refcode
ROLMOY). In this structure, layers of SHIP molecules form a hexagonal arrangement stabilized by
O-H:---O H-bonds, while PZQ molecules adopt the less common syn-conformation, stabilized by O-
H---O=C H-bonds involving the PZQ carbony]s.

The PZQ-TRI dihydrate cocrystal (PZQ-TRI DH) crystallizes in the monoclinic C2/c space group
with an ASU containing one PZQ, two TRI, and two H,O molecules (CSD refcode ROLNIT). In this
structure, the anti-conformation carbonyl groups of PZQ are H-bond acceptors from H>O molecules,
and TRI is similarly H-bonded to H>O.

The PZQ-SUB cocrystal, crystallizing in the monoclinic /2/a space group, exhibits a 2:1 host-guest
stoichiometry, with eight PZQ molecules in anti-conformation and four SUB molecules per unit cell
(CSD refcode ROLMAK). This cocrystal underwent a more comprehensive characterization,
including DSC analysis, which revealed a single sharp endothermic peak at 104 °C, suggesting lower
thermodynamic stability compared to the starting materials and indicating potentially higher
solubility. Stability testing at 40 °C and 75% RH confirmed the stability of the system over five
months. FT-IR analysis revealed shifts in the C=0O and O-H stretching vibrations, confirming
cocrystal formation: the carbonyl stretching of PZQ shifted from 1650 cm™ to 1638 cm™, while
SUB’s carbonyl vibration moved from 1699 cm™ to 1715 cm™ in the cocrystal. The PZQ-SUB
cocrystal also displayed a sheet-like structure, with thin parallelepiped layers measuring 100-300 um
in length.

Solubility tests were performed in ultrapure water, simulated gastric fluid (SGF), simulated intestinal
fluid (SIF), and simulated colonic fluid (SCF). Among the new cocrystals, PZQ-5HIP ACN showed
the highest solubility in SIF but lower solubility than pure PZQ in SCF. The PZQ-BTC and PZQ-
SUB cocrystals emerged as the most promising candidates, demonstrating the highest solubility in

water across various media.

The most recent advancements in PZQ cocrystallization research come from de Vries and coauthors,
who have identified 11 new coformers suitable for PZQ cocrystallization and solved six new cocrystal
structures [162]. Their approach used link prediction methods, which were enhanced using a scoring
function known as "multi-steps resource allocation." Further refinement of the prediction models was
achieved by analyzing the local network structure to eliminate imperfections, alongside the
application of an algorithm originally developed by Devogelaer et al. [154].

The newly identified coformers for PZQ include chloranilic acid (CLA), 1,4-
dibromotetrafluorobenzene (DBTFB), trans-ferulic acid (trans-FA), 1,3,5-trifluoro-2,4,6-
triltodobenzene (TFTIB), and 2,3-dihydroxybenzoic acid (2,3-DHA). The stoichiometric ratio for the
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PZQ-trans-FA cocrystal was found to be 1:2, while the other four coformers yielded a 1:1 ratio. All
five cocrystals exhibited centrosymmetric structures in the P-1 or P2:/c space groups. Interestingly,
the cocrystallization of DBTFB also led to the discovery of a racemic conglomerate cocrystal, which
crystallized in the P2: space group. One particularly notable finding was the syn-conformation of
PZQ carbonyl groups in the PZQ-TFTIB cocrystal.

The CSD refcodes for these cocrystals are JORKOU (PZQ-CLA), JORKUA and JORLAH ((R)/(S)-
PZQ-1,4-DBTFB and PZQ-1,4-DBTFB, respectively), HIVXIX01 (PZQ-trans-FA), JORLIP (PZQ-
2,3-DHA), and JORLOV (PZQ-TFTIB).
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1.3 Niclosamide

Niclosamide (NCM), a salycilanilide derivative, was first introduced in the 1950s as an anthelmintic
agent for the treatment of human tapeworms and cestodes parasites [214]. Currently, NCM is still
considered a second-choice drug in the treatment of Schistosomiasis because of its short spectrum of
action [215].

As PZQ, it is also included in the WHO Model List of Essential Medicines for both adults and children
[94,95].

NCM has recently emerged as a promising candidate for drug repositioning across a diverse array of
therapeutic domains. Originally used for its antiparasitic effects, it has garnered renewed interest due
to its potential applications in other fields, including antiviral (e.g., SARS-Cov-2), antibacterial,
anticancer, and anti-inflammatory treatments. This broad pharmacological profile underscores the
potential of NCM to address various unmet medical needs beyond its initial use in parasitology
[214,216,217].

Despite its promising therapeutic potential, the clinical development of NCM has been significantly
hindered by its poor water solubility, categorizing it as a BCS Class II drug. Since it is practically
insoluble in H>O at 25 °C (13.32 pg/mL [218]), it is poorly absorbed in the gastrointestinal tract,
resulting in reduced bioavailability and the occurrence of various gastrointestinal side effects [219].
In the treatment of intestinal trematodes, the recommended posology is 2g per day in a single dose
[220], further underscoring the challenges in optimizing therapeutic efficacy for such conditions.
Additionally, this drug has a complex solid-state behavior. A particularly problematic aspect of NCM
solubility profile is its tendency to convert easily into a highly insoluble monohydrate form [218,221].
This conversion severely limits its bioavailability, posing a major obstacle for its therapeutic use
[30,218,221-225]. To address these solubility challenges, strategies involving the intentional
formation of multicomponent systems (such as salts, cocrystals and solvates) have been explored.
These solids can prevent or delay the conversion to the monohydrate form, thereby enhancing the
solubility and stability of the drug in various formulations [191]. The formation of new
multicomponent systems not only improves the solubility but can also affect the physical properties
and stability of the drug, which are crucial for developing effective pharmaceutical formulations
[191,226,227].

In Table 3 are reported the different solid forms of NCM (including polymorphs, hydrates, solvates,

salts, salt cocrystals and cocrystals) discovered so far.
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Table 3. Reported solid forms for NCM.

Ref
Acronym Type of solid form Stoichiometry e::;le:ce References
Anhydrous polymorphs
NCM Form A polymorph A N/AS HEBFUR [30]
NCM Form B polymorph B N/AS HEBFURO1 [221]
Hydrates
NCM-H;p niclosamide monohydrate 1:1 OBEQAN [218,228,229]
NCM-Ha niclosamide monohydrate 1:1 OBEQANO1 [221]
icl i hydrat
NCM-H, REF niclosamide monohydrate 1:1 OBEQANO(2 [224]
(refined)
Solvates
NCM-ACT niclosamide acetone solvate 1:1 KUKRIT [221]
niclosamide acetonitrile
NCM-ACN 1:1 KUKROZ [221]
solvate
NCM-MeOH niclosamide methanol solvate 1:1 GOJLIC [230,231]
icl ide tetrahydrofi
NCM-THF niclosamide tetrahydrofuran 11 OBEQER (229.231]
solvate
icl ide tetracthyl
NCM-TEG HEMI niclosamide tetracthylen 1:0.5 OBEQIV [229,231]
glycol hemisolvate
icl ide diethyl eth
NCM-DE niclosamide diethyl ether 11 Not indexed [231]
solvate
icl ide dimethyl
NCM-DMSO niclosamide dimethy 1:1 WOXVIS [231,232]

sulfoxide solvate
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niclosamide

NCM-DMF 1:1 WOXVEO 231,232
¢ dimethylformamide solvate [ |
NCM-DMA | . niclosamide 1:1 WOXVOY [232]
dimethylacetamide solvate |
il .
NCM-DMA II . niclosamide 2:2 WOXVOY0l [232]
dimethylacetamide solvate 11
NCM-DOX 1 niclosamide dioxane 1:0.5 WOXWAL [232]
solvate I
NCM-DOX I niclosamide dioxane 2:1.5 WOXWEP [232]
solvate 11
Salts
NCM-IMI niclosamide-imidazole 1:1 ELOQIH [224]
NaNCM-DMSO- aqua-(niclosamide)-sodium .
1:1:1 Not 222
H,O dimethyl sulfoxide solvate ot indexed [222]
NaNCM-DMSO- diaqua-(niclosamide)-sodium
1:1:2 EKOH 222
2H,0 dimethyl sulfoxide solvate OHUJ [222]
NCM-ETA niclosamide-ethanolamine 1:1 Not indexed [233-235]
NCM-PIP niclosamide-piperazine 1:1 Not indexed [235]
Salt Cocrystals
tena-lbis(Lnicl L
KNCM-NCM-H,0  ctena-[bis(u-niclosamide) 1:1:1 EKOJAR [222]
aqua-potassium]
KNCM-NCM- tena-[bis(p-nicl ide)-
CM-NC catena-[bis(u-niclosamide) 1:1:3 Not indexed [222]
3H.0 triaqua-potassium]|
NaNCM-NCM- catena- [b1s( u—mcl.osamlde)— 1113 Not indexed (222]
3H.0 triaqua-sodium]
NaNCM-NCM- catena-[bis(p-niclosamide)- .
1:1:2 Not 222
2H,0 diaqua-sodium] ot indexed [222]
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Cocrystals

NCM-CAF niclosamide-caffeine 1:1 HEBDUP [30]
NCM-URE niclosamide-urea 1:1 HEBFOL [30,236,237]
ol . .
NCM-PABA niclosamide-p -arnmobenzow 11 HEBFAX 30]
acid
NCM-THEO niclosamide-theophylline 1:1 HEBFEB [30]
i ide- hylli
NCM-THEO ACN ~ Diclosamide-theophylline 1:1:1 HEBFIF [30]
acetonitrile solvate

NCM-NCT niclosamide-nicotinamide 1:1 Not indexed [30]

NCM-INA niclosamide-isonicotinamide 1:1 Not indexed [30]
NCM-IMI niclosamide-imidazole 1:1 Not indexed [222]
NCM-AT niclosamide-2-aminothiazole 1:1 ELOPOM [224]
NCM-BA niclosamide-benzamide 1:1 Not indexed [224]
NCM-ISO niclosamide-isoniazide 1:1 Not indexed [224]
NCM-ACE I niclosamide-acetamide [ 1:1 ELOPUSO1 [224]
NCM-ACE II niclosamide-acetamide 11 1:1 ELOPUS [224]

§ not applicable for single compound
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1.2.1 Niclosamide (NCM) Form A: the commercial Form

NCM is a pale yellow/yellowish-white fine crystalline powder which is photounstable [163]. Its
chemical formula is C13HgC12N204 with a molecular weight of 327.12 g/mol and its [UPAC name is
5-chloro-N-(2-chloro-4-nitrophenyl)-2-hydroxybenzamide (Figure 20). As evident from the chemical

structure, unlike PZQ, NCM contains an amide capable of forming salts.

Figure 20. NCM chemical structure with atom numbering.

NCM is highly hydrophobic, with a LogP value of 3.6 [164] and practically insoluble in H>O at 25
°C (13.32 pg/mL [218]). In contrast, NCM is slightly soluble in ACT and sparingly soluble in EtOH,
with its solubility increasing to 43 mg/L in an alcohol/water mixture (40% iPOH) [30].

Bhanushali et al. recently reported the solubility of NCM, expressed as mole fraction, in eight
different solvents. At 323.15 K, NCM exhibited its highest mole fraction solubility in polyethylene
glycol 400 (PEG400) (1.103 x 107%), followed by PEG200 (5.272 x 107*), 1-butanol (1-ButOH)
(3.047 x 10™), 2-PrOH (2.42 x 10™*), EtOH (1.66 x 10~*), DMSO (1.52 x 10~*), MeOH (7.78 x 107?),
and H>0 (3.27 x 1077) [238].

Despite its poor aqueous solubility, NCM exhibits a high affinity for water. It has been reported that
the drug tends to rapidly convert to its monohydrate form (NCM Ha, CSD refcode OBEQANO02
[224]), even after a month of simple exposure to ambient humidity. This hydrated form is less soluble
than the anhydrous A form and has been described as having a "cement-like" behavior due to its
extreme insolubility in H>O [30,239].

Its melting point is characterized by a sharp endothermic signal within the range of 227-232 °C, with

no indication of concurrent decomposition [30].
The crystallographic structure of NCM has been solved and deposited in the CSD [168] with refcode

HEBFUR [30]. From a crystallographic perspective, NCM exhibits a monoclinic unit cell with space
group P2i/c and one molecule in the ASU (Z'=1) (Figure 21).
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Figure 21. PXRD pattern and crystallographic data of NCM Form A.

As shown in Figure 22, intramolecular N-H:--O H-bonds between the amine and hydroxyl groups
lock the molecule into a nearly planar conformation. In contrast, intermolecular O-H---O H-bonds
between the hydroxyl and carbonyl groups facilitate the formation of a layered structure.
Additionally, there are stabilizing interactions between Cl---NO, groups (halogen bonds) (Figure 22).
Figure 22 also illustrates the arrangement of NCM molecules within the crystal lattice, where the
molecules form channels between the layers, stabilized by n—r interactions with distances of 3.39 A
and 3.34 A [30].

According to a recent study, the poor aqueous solubility of anhydrous NCM is likely related not only
to its parallel planar structure, which forms n-m interactions, but also to its antiparallel arrangement,
which results in cation-m interactions (7 ---NO3). It has been hypothesized that NCM solubility could
be enhanced by disrupting these cation-m interactions, thereby promoting the formation of parallel

planar interactions [240].

Figure 22. H-bonds between O-H---O form a layered structure (left), planar structure with n-m stacking

interaction (right). Adapted from reference [30].
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The SEM image provides a depiction of the crystalline habitus of anhydrous NCM: the drug exhibits
peculiar rectangles with distinctive protrusions (Figure 23). The formation of this characteristic
habitus is attributed to the hygroscopic properties of anhydrous NCM, resulting from moisture

absorption [218].

Figure 23. SEM image of NCM Form A at a magnification of 500x.

FT-IR characteristic bands and SSNMR spectrum with chemical assignments of anhydrous NCM are
reported below (Figure 24).

NCM displays characteristic bands in the FT-IR spectrum that correspond to the various functional
groups present in the molecule:

* In the range of 3300-3500 cm™!, the two bands at 3242.7 cm'! € 3199.5 cm! are attributed to
the N-H stretching vibration of the secondary amide group, with their precise position
influenced by H-bonding [241];

+ The band at 897 cm! corresponds to the N-H bending of the amide group [241];

* In the range of 1650-1700 cm™!, the two bands at 1681 cm e a 1618 cm™! are associated to
the amide carbonyl group and the ester carbonyl C=0 group, respectively [242];

¢ The C=0 bending group absorbs at 1217 cm! [242];

e At 1192 cm’, it is visible the C-OH stretching band [242];

 In the range of 700-800 cm!, strong bands are due to the C-Cl stretching vibration in the

aromatic ring where chlorine is substituted [242].
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Figure 24. Chemical shifts assignments and *C and "N SSNMR spectrum and FTIR spectrum of NCM Form
A.

The 3C and "N CPMAS SSNMR spectra of NCM are shown in Figure 24. Detailed chemical shift
assignments are provided in the work by Grifasi and colleagues [222].

The 3C spectrum is characterized by well-defined signals corresponding to key functional groups in
the NCM structure:

e A strong peak at 153.9 ppm is assigned to the C-OH carbon in the phenolic group.

e The signal at 139.9 ppm corresponds to the C-NH carbon, related to the amide group.

e The peak at 117.4 ppm is attributed to the C=O carbon of the ester functional group.
Additionally, the aromatic carbons are observed in the region of 110-140 ppm, where the overlapping
signals indicate the multiple carbons of the benzene rings in the NCM structure. The N spectrum
clearly distinguishes the nitrogen environments of the two nitrogens within the molecule:

* The amide nitrogen (N-H) shows a chemical shift at 108.7 ppm, consistent with its position

in the amide functional group.

* A prominent signal at 341.9 ppm is associated with the NO: (nitro) group, reflecting the

highly deshielded nature of nitrogen in the nitro functionality [222].
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1.2.2 NCM crystalline polymorphs

The other polymorphic form of NCM obtained so far is Form II (also referred to as Polymorph B of
NCM), which has been deposited in the CSD under the refcode HEBFUROI1 [221]. This new
polymorph was produced through slow evaporation of Form A from an absolute EtOH solution.

The limited available information on Polymorph B primarily focuses on its crystallographic
properties. It crystallizes in a monoclinic unit cell that contains four molecules in the ASU (Z' = 4)
and belongs to the P2/n space group. Compared to Form A, Polymorph B exhibits pseudosymmetry,
as seen in the formation of parallel layers along specific planes, which define its molecular
rearrangement. Two out of the four molecules form a centered layer. Intermolecular H-bonds between
O-H:--O can be seen along the b-axis (Figure 25). This structural reorganization highlights the subtle
differences between the two forms, with Polymorph B showing a distinct arrangement that can

potentially influence its physical and chemical properties [221].

Figure 25. The typical layers of Form II connected throughout H-bonds (left); view of the (010) layers,
indicating the direction of propagation of the O-H:--O H-bonds with respect to the b-axis (right). Adapted from

reference [221].
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1.2.3 NCM amorphous forms

The available literature provides little information about the amorphous forms of NCM. The
compound is primarily described as a poor glass former, exhibiting a strong tendency to recrystallize.
This makes it almost impossible to obtain a stable amorphous solid from the pure substance by itself
[243].

Most studies highlight the formation of ASDs of NCM in the presence of a secondary (or third)
compound, such as polymers, to enhance amorphization and stability.

Jara et al. prepared, using the hot melt extrusion method, ASD in the presence of poly(1-vinyl
pyrrolidone-co-vinyl acetate) (PVA-VA). These systems exhibited: a 60-fold enhancement in
apparent solubility in FaSSIF at pH 6.5 and 37 °C and a remarkably ameliorated diffusion. These in
vitro results were confirmed in animal studies, where the ASD showed a doubled oral bioavailability

[243].

Bhanushali et al. developed a range of binary and ternary ASDs of NCM using various polymers and
different polymer-to-NCM ratios [244]. Among these formulations, the most successful was the one
that combined NCM with hydroxyethyl cellulose (HEC) at a ratio of 1:4. The PXRD results
confirmed the amorphous transformation of NCM within this formulation, indicating a successful
incorporation of the drug into an amorphous state. Notably, the water solubility of NCM increased
dramatically, showing a 70-fold enhancement to 428.33 + 14.14 pg/mL, compared to the solubility
of the pure compound, which was only 6.14 + 0.67 pg/mL. The study reported that Cmax, AUCo-,
and AUCo-inf increased four-fold compared to the pure drug after oral administration (25 mg/kg) in

healthy female Wistar rats.

1.2.4 NCM multicomponent solid forms

NCM possesses several functional groups that enable it to form supramolecular interactions, thus
forming cocrystals and solvates, like PZQ, but also salt species. Its chemical structure allows

interactions that facilitate salt formation, expanding its potential for various solid-state modifications.

1.2.4.1 NCM Salts

According to TUPAC, a salt is a “chemical compound consisting of an assembly of cations and
anions” [245]. In a pharmaceutical context, this refers to an ionizable API paired with a counterion,

which can be either molecular (e.g., acetate, mesylate) or atomic (e.g., sodium, chloride). The
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formation of a pharmaceutical salt is one of the most effective strategies for enhancing the solubility
and bioavailability of a drug [246,247]. Over the past decades, this process has become increasingly
prevalent in drug development, with more than half of the marketed drugs formulated as salts
[14,246].

Unlike PZQ, NCM is well-known for its ability to form salts. However, the number of NCM salts

reported in literature is relatively limited [224,233-235], despite its potential as a salt-forming agent.

Luedeker and collaborators report a salt of NCM with imidazole (NCM-IMI), the structure of which
has been solved and deposited in the CSD under the reference code ELOQIH [224]. The crystal
structure of NCM-IMI was solved in the monoclinic space group P2i/c, with one molecule of NCM
and one molecule of IMI in the ASU. The presence of an imidazolium ion is assumed, linking two
molecules of NCM via a charge-assisted {N-H"---"O} and a neutral {N-H---O} synthon, leading to
the formation of chains that constitute layers. The obtained unit cell is relatively flat and stabilized
by n-n stacking (Figure 26).

This salt was obtained by NG the two components in a 1:1 molar ratio for 15 min. This new salt
exhibited a single endotherm peak at 213.5 °C, ranging between those of the pristine drug [30] and
imidazole coformer, thereby suggesting no decomposition before melting. The compound also
demonstrated improved solubility characteristics (in absolute EtOH after 72h), with a NCM content
in solution of 22 mg/L, compared to the anhydrous Form A (3.5 mg/L) [30].

Figure 26. Unit cell formed by layers of NCM-IMI salt (ELOQIH) viewed along b-axis [248].
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Two solvated sodium salts of NCM (i.e., NaNCM-DMSO-H,0O and NaNCM-DMSO-2H,0) were
synthetized by Grifasi and coauthors [222]. These two salts were obtained via salification of NCM
with NaOH and subsequent kneading in DMSO. NaNCM-DMSO-2H>O generated single crystals
suitable for SCXRD: it crystallizes in an orthorhombic unit cell with space group Pnma and its crystal
structure is deposited in the CSD with refcode EKOHUJ. The packing is characterized by layers and
each H>O molecule bridges two sodium cations and donates two H-bonds to NCM and DMSO. The
structure of the other salt, NaNCM-DMSO-H>O, was instead deduced from SSNMR analysis.
NaNCM-DMSO-H:O salt formation is confirmed by the signal at 168.8 ppm which is typical of C-
O- groups (6C—OH NCM = 153.9 ppm), while the CH; groups of DMSO fall at 41.0 and 40.3 ppm
suggesting lower molecule symmetry than the dihydrated form. In the 'H MAS spectrum, the peak at
15.0 ppm indicates a moderate intramolecular N-H:--O- H-bond. The presence of one molecule of
DMSO and one molecule of H,O was confirmed by combining the integration of 'H MAS peaks with
TGA data.

Kapale et al. describe the synthesis of the NCM-ethanolamine (NCM-ETA) salt (also known as NES)
and its corresponding patent, CN106496060A [235]. Initially, the primary objective of this salt form
was to enhance the bioavailability of NCM as an anthelmintic agent by improving its solubility and
absorption in the gastrointestinal tract. Ethanolamine was selected as the counterion to form the salt,
resulting in a substantial increase in aqueous solubility compared to the original, poorly soluble form
of NCM. Specifically, the solubility of NES increased to 180-280 mg/L at 20 °C (compared to 5-8
mg/L for NCM) and NES also demonstrated an excellent safety profile [234,235].

In recent years, the application of NCM-ETA has expanded far beyond its original use for treating
parasitic infections. NCM itself has gained recognition for its potential in repurposing for various
non-parasitic diseases, including cancer, metabolic disorders such as diabetes, and viral infections.
NES has emerged as a preferred candidate due to its improved pharmacokinetic properties. In cancer
therapy, preclinical studies have shown that the salt can induce apoptosis in cancer cells and suppress
tumor growth in animal models [234]. Furthermore, NCM-ETA has been explored for its potential in
managing metabolic disorders, particularly type 2 diabetes. Research suggests that NCM can enhance
insulin sensitivity and reduce inflammation in diabetic models, highlighting its promise as a

therapeutic option for metabolic diseases [233].

Kapale and colleagues also referenced the synthesis of a NCM-piperazine (NCM-PIP) salt, as detailed
in patent CN102432493A. This patent describes a multi-step procedure where PIP and NCM are

refluxed in a specific ratio for several hours, using solvents such as EtOH, MeOH, or MeOH/H>O
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solutions. After the reaction, the mixture is cooled, filtered, centrifuged, washed, and dried to produce
a pale-yellow crystalline NCM-PIP salt. In 2012, Jingjing Guo and collaborators reported that NCM-
PIP exhibited mitochondrial uncoupling activity comparable to NES and demonstrated potential in
reducing obesity, hepatic steatosis, and high blood sugar in mouse models following oral

administration [235].

1.2.4.2 NCM Salt Cocrystals

A salt cocrystal refers to a cocrystal composed of a salt (formed by an ion and its counterion) and a
neutral molecule, held together by non-ionic interactions, typically H-bonds [249]. This distinguishes
it from molecular cocrystals, which involve two or more neutral molecules, and from crystalline salts,
which are solid-state adducts where proton transfer occurs from the acidic to the basic component,

resulting exclusively in a cation and an anion.

Grifasi et al. successfully prepared four salt cocrystals of NCM (i.e., KNCM-NCM-H>O, KNCM-
NCM-3H,0, NaNCM-NCM-3H>0, and NaNCM-NCM-2H;0) by grinding (through NG or LAG
with little amount of solvent, such as pure EtOH or EtOH/H>0 mixtures in different ratios) NCM
with carbonates and bicarbonates. These species were employed to supply the coformers (K" or Na*
as counterions) and offer the added benefit of preventing NCM degradation during the process [222].
Only the crystal structure of KNCM-NCM-H;O salt cocrystal was solved (CSD refcode EKOJAR):
it crystallizes as triclinic P-1 and the ASU contains one NCM, its potassium salt (KNCM), and one
H>0 molecule (Figure 27).

Figure 27. Unit cell of KNCM-NCM-H-O salt cocrystal (EKOJAR) [248].
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The other three salt cocrystals were fully characterized by means of SSNMR: the structures of all
obtained samples are characterized by a strong (C-O---H---O-C) H-bond as confirmed by the large
'H high frequency shift in OH signals (about 18 ppm).

All salt cocrystals showed an improvement in physical properties over pure NCM. In terms of
increase in thermal stability, KNCM-NCM-H>O has raised the melting point by up to 70 °C.

Also, solubility tests were conducted in absolute EtOH: the salt cocrystal NaNCM-NCM-2H>O
exhibited a NCM concentration of 24 mg/L in solution after 72h, representing a significant
improvement compared to the anhydrous Form A (3.5 mg/L). Additionally, IDR tests, performed in
a 1:1 EtOH/H-O solution, showed enhanced dissolution profiles for all four salt cocrystals obtained.
Notably, NaNCM-NCM-2H>0O improved the dissolution rate by five-fold compared to anhydrous
NCM Form A.

1.2.4.3 NCM Cocrystals

Sanphui and colleagues were the first to report NCM cocrystals. In their study, they successfully
synthesized six new anhydrous NCM cocrystals in a 1:1 molar ratio with caffeine (NCM-CAF), urea
(NCM-URE), p-aminobenzoic acid (NCM-PABA), theophylline (NCM-THEQO), nicotinamide
(NCM-NCT), and isonicotinamide (NCM-INA), along with a 1:1:1 cocrystal solvate of NCM-THEO
with acetonitrile (NCM-THEO ACN) [30].

The six anhydrous cocrystals were produced using NG, wet granulation, and slow evaporation
methods, while the cocrystal solvate was prepared in mortar-pestle via 15-min LAG using NCM and
THEO in a 1:1 molar ratio, with the addition of 5 drops of ACN. Crystallization was then performed
ina 10 mL 1:1 mixture of EA and ACN.

Single crystals suitable for SCXRD were obtained for five out of the seven cocrystals (i.e., NCM-
CAF, NCM-URE, NCM-PABA, NCM-THEO, and NCM-THEO ACN). For NCM-NCT and NCM-
INA, due to the lack of suitable single crystals, characterization was carried out using 3*C SSNMR.
The crystal structures of NCM-CAF, NCM-URE, NCM-PABA, NCM-THEO, and NCM-THEO
ACN have been deposited in the CSD with refcodes HEBDUP, HEBFOL, HEBFAX, HEBFEB, and
HEBFTIF, respectively. Structurally, in the cocrystal forms, the intermolecular O-H:--O H-bond from
the hydroxyl donor to the carbonyl acceptor in the NCM crystal structure was replaced by an acceptor
atom from the coformer.

All six cocrystals showed improved dissolution rates (tested in 40% iPOH-H20) compared to the pure
APIL. NCM-THEO ACN exhibited the highest solubility, with a six-fold increase, while NCM-THEO

demonstrated similarly strong dissolution behavior with a five-fold increase over a 90-min period.
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Equilibrium solubility experiments revealed that all cocrystals, as well as the pure API, transformed
into NCM Hj within 24h in a 40% iPOH-H>O slurry medium.

Stability tests under accelerated humidity conditions (75% RH, 40 °C) indicated that NCM-NCT and
NCM-INA had superior stability compared to the other cocrystals.

Grifasi and coworkers, along with NCM salt cocrystals, also developed a classic cocrystal of NCM
with imidazole (NCM-IMI). This cocrystal was obtained by grinding NCM and IMI in a 1:1
stoichiometric ratio at room temperature for 15 min. Due to the lack of single crystals, its structure
and packing arrangement were deduced using '*C, >N, and 'H SSNMR.

The 3C CPMAS spectrum of NCM-IMI indicated the formation of a cocrystal rather than a salt,
although the classification remained somewhat ambiguous. The significant high-frequency shift of
the NCM '*C C-OH resonance from 153.9 to 161.6 ppm suggested the presence of a strong H-bond,
likely formed with the tertiary nitrogen atom of IMI. Additionally, the '’N chemical shift, showing a
change of about 20 ppm (from 220.5 to 195.8 ppm), was consistent with the formation of a strong C-
OH: - ‘N interaction.

The NCM-IMI cocrystal exhibited a significantly higher melting point (275.5 °C) compared to pure
NCM (224 °C), along with an improved dissolution profile and much better solubility (22 mg/L) than
pure NCM (reported in this article as 0.0035 mg/L) [222].

Luedeker and colleagues successfully obtained 1:1 NCM cocrystals with 2-aminothiazole (NCM-
AT), benzamide (NCM-BA), isoniazid (NCM-ISO), and acetamide (two polymorphs, NCM-ACE I
and NCM-ACE II) via LAG and/or slow SE [224].

No crystal structures were reported for NCM-BA and NCM-ISO, with their structural deductions
made using SSNMR. For NCM-AT and the polymorphs NCM-ACE I and NCM-ACE II, structure
solutions were derived from powder samples by combining PXRD and SSNMR data. These
confirmed successful cocrystal formation, based on the presence of robust synthons such as {O-
H---O}, {N-H---O}, and {O-H---N}.

The crystal structure of NCM-AT (CSD refcode ELOPOM) was solved in the monoclinic space group
P2i/c, with one NCM and one AT molecule in the ASU, consistent with 'H MAS NMR data (Figure
28a).

In the case of the NCM-ACE system, cocrystallization yielded polycrystalline mixtures of at least
two polymorphs. LAG using EtOH predominantly produced NCM-ACE I, while ACN favored the
formation of NCM-ACE II. NCM-ACE I (CSD refcode ELOPUSO1) crystallizes in the triclinic space
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group P-1 with one molecule of NCM and ACE in the ASU. In contrast, NCM-ACE II (CSD refcode
ELOPUS) crystallizes in the orthorhombic space group P2:212; (Figure 28b).

A comparison of the cell parameters for NCM-ACE I and II revealed similarities with the hydrated
forms NCM Ha and NCM Hs, respectively. However, upon transformation of NCM-ACE II to NCM-
ACE I, the symmetry dropped from orthorhombic to triclinic.

Thermal stability was assessed via DSC analysis. NCM-AT, NCM-BA, and NCM-ISO each showed
a single endothermic event at 187.5 °C, 156.1 °C, and 185.5 °C, respectively, within the range of the
pure drug and coformers. Conversely, the DSC curve for NCM-ACE 1I revealed two endothermic
peaks at 171.5 °C and 157.7 °C, likely due to residual NCM-ACE I, followed by ACE sublimation
and NCM melting. NCM-ACE 1, on the other hand, showed only one endothermic peak at 159.2 °C,
alongside ACE sublimation and NCM melting.

Significant solubility improvement was observed for NCM-AT, whose equilibrium solubility was 2.8

times higher than that of pure NCM in 40% iPOH-H20 medium.

Figure 28. BFDH morphology of (a) NCM-AT cocrystal (ELOPOM) and (b) polymorphs NCM-ACE I
(ELOPUSO1) and NCM-ACE II (ELOPUS) [248].
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1.2.4.4 NCM Hydprates

To date, two monohydrate forms of NCM have been identified: Form Ha and Form Hsg. Studies
examining the relationship between these two monohydrates have established that Form Ha is the
kinetically favored form, which readily transforms into the thermodynamically more stable form
Hg [218,228,250]. Dehydration of monohydrates is reported to give, in both cases, anhydrous Form
A of NCM, even passing through different mechanistic pathways [223].

Jara et al. reported that the transition of NCM anhydrate to NCM Ha during storage can be visually
confirmed, as the original yellowish-white powder of the anhydrate turns yellow in the Ha form [217].
The two monohydrate forms of NCM have been prepared using different methods starting from the
anhydrous Form A. The formation of Form Ha was achieved through cooling crystallization of NCM
suspensions in H>O, followed by filtration to obtain the suspended material. In contrast, Form Hg was
obtained from the suspension of both the anhydrous Form A and Form Ha in crystallization solvents
[218].

Additionally, another study reported an alternative synthesis method for Form Ha through LAG. In
this process, the monohydrate Ha was obtained using 160 pL of H2O or a mixture of EA and H>O
or ACT and H>O (with a molar fraction of H>O of 0.67), achieving successful synthesis after just 30
min of milling [228].

Both monohydrate forms, Ha and Hg, exhibited a significant decrease in solubility compared to the
anhydrous Form A, with solubility values of 0.90 pg/mL for Ha and 0.58 pg/mL for Hg, whereas the
anhydrous form displayed a solubility of 13.32 pg/mL [218].

Single crystals of Form Hg were grown from wet ACT and its crystal structure was solved by Caira
and coauthors and deposited in the CSD with refcode OBEQAN. Form Hg crystallizes in
the monoclinic space group P21/a with one molecule of NCM and one molecule of H>O in the ASU
(Z' = 1). The two H>O molecules within the unit cell occupy a cavity bounded by the van der Waals
envelopes of surrounding drug molecules. The cavity is separated from an identical cavity in the
adjacent unit cell [229].

Form Ha was first deposited in the CSD under the refcode OBEQANOI1 [221]. It crystallizes in
the monoclinic space group P21/a with one molecule of NCM and one molecule of H>O in the ASU
(Z' = 1). For comparative purposes, Luedeker et al. re-solved the structure again starting from a
powder diffraction pattern. The monohydrate structure was independently refined in a monoclinic
unit cell, like the previously reported crystal structure [221]. However, the positions of the cell axes

a and ¢ were exchanged to facilitate comparison with the pseudopolymorphic hydrate Form Hg. The
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resulting structure of Form Ha crystallizes in the monoclinic space group P2i/c, with Z' = 1 (CSD
refcode OBEQANO2), matching the symmetry and arrangement of the original form, but offering
improved comparability with Form Hg [229]. Figure 29 illustrates the two crystallographic unit cells
of Form Ha, highlighting their structural features and symmetry.

Figure 29. Crystal structures of (a) OBEQANOI1 and (b) OBEQANO02 [248].

1.2.4.5 NCM Solvates

NCM pronounced tendency to form solvates/hydrates (rather than anhydrous forms) is well-
documented in literature [218,221,229,231,240,251]. This tendency is largely attributed to planar
molecular structure of NCM. This planarity allows its molecules to pack in a way that facilitates the
creation of channel solvates, where solvent molecules are incorporated into the crystal lattice. To
date, in addition to the above-mentioned two monohydrates (Ha and Hg [30,218,221-224,228]),
twelve solvates of NCM with ten different solvents (i.e., ACT, ACN, MeOH, THF, TEG, DE, DMSO,
DMF, DMA, DOX [221,229-232]) have been identified. These solvates are typically stabilized by
n-n stacking interactions between the aromatic rings of the NCM molecules. The planar structure
enables efficient stacking of these molecules, creating voids or channels in the crystal that can
accommodate solvent molecules. The m-n stacking interactions, which occur between parallel
aromatic rings, provide additional stability to the crystal structure by maximizing attractive forces
between the n-electron clouds [230,240,251].

Moreover, recent studies by Kuri and others have highlighted that the strength of H-bonds between

NCM and solvent molecules plays a crucial role in this behavior. They found that, while both
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anhydrous and solvated forms are stabilized by H-bonds, those in solvated forms are significantly

stronger, leading to a preference for solvate formation over anhydrous forms [232,236].

Based on the available information, the first study on NCM solvates was published in 1998 by Caira
et al., in which single crystals of NCM Hg, along with two solvated NCM structures—one with
tetrahydrofuran (1:1 NCM-THF) and one hemisolvate with tetraethylene glycol (1:0.5 NCM-TEG
HEMI)—were obtained [229].

NCM-THF (CSD refcode OBEQER) crystallizes in the orthorhombic space group Pn2ia, featuring
one NCM molecule and one THF molecule in the ASU. In this structure, the THF molecules occupy
void channels formed by the nearly planar conformation of the NCM molecules (intramolecular N-
H---O H-bond) (Figure 30a).

A notable characteristic of this solvate is its rapid desolvation upon exposure to air. TGA showed an
onset of mass loss at 30 °C, significantly lower—by 36 °C—than the boiling point of THF [252],
indicating accelerated desolvation under ambient conditions.

NCM-TEG HEMLI, deposited in the CSD under the refcode OBEQIV, crystallizes in the monoclinic
space group P2i/c. The ASU (Z' = 1) contains two NCM molecules and one TEG molecule. TEG
adopts a folded conformation stabilized by intramolecular H-bonds and appears to be intercalated
within the crystal structure. Perpendicular to the b-axis, the structure consists of alternating infinite
layers of host NCM molecules and guest TEG molecules (Figure 30b).

TGA analysis revealed mass loss due to TEG release over a broad temperature range (65-230 °C).
Desolvation of the crystals in ambient conditions at 20 °C occurs very slowly, consistent with the low
volatility of TEG (328 °C [50]). This slow desolvation is also explained by the strong O-H:--O H-

bonds anchoring each TEG molecule to the surrounding host layers, between which it is intercalated.

Figure 30. Crystal structures of (a) NCM-THF and (b) NCM-TEG HEMI [248].
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In a subsequent study, Caira and coworkers focused on identifying the physicochemical, structural,
and spectral properties of the previously mentioned NCM-THF and NCM-TEG HEMI solvates, along
with four additional monosolvates (1:1 molar ratio) of NCM with methanol (NCM-MeOH), diethyl
ether (NCM-DE), dimethyl sulfoxide (NCM-DMSO), and N,N-dimethylformamide (NCM-DMF)
[231].

To obtain these solvates and the hemisolvate, saturated NCM solutions were prepared in the
respective solvents at room temperature. These solutions were then gently heated (not exceeding 60
°C) under stirring until most of the anhydrous form dissolved. The solutions were filtered, covered,
and left at room temperature to allow full crystallization. The resulting crystals were stored in their
corresponding solutions to prevent desolvation.

SEM analysis revealed distinct morphologies for NCM solvates. NCM-MeOH formed needle-like
crystals with sharp, uneven surfaces, while NCM-THF crystallized as long, flat yellow tabular
crystals with a layered structure. Similarly, NCM-DMSO produced smooth, thin, plate-like needles,
also showing a layered structure, though with uneven surfaces. NCM-DE solvate appeared as bent,
tangled crystals with rough surfaces, and NCM-TEG HEMI crystallized into yellow prismatic forms.
The DSC curves for all the solvates exhibited two endothermic peaks: one for desolvation and the
other for melting. In the case of NCM-TEG HEMI, the endothermic peaks appeared at 103 °C and
205 °C, with the typical melting point of NCM at 229 °C shifted to 205 °C due to TEG acting as a
solvent after its release from the crystals. This indicates that the crystals partially dissolved in TEG
before melting between 195 °C and 205 °C. For NCM-MeOH and NCM-THF, the desolvation
endotherms were observed at temperatures below 100 °C, while those for NCM-DMSO, NCM-DMF,
and NCM-DE occurred between 140 °C and 170 °C. TGA analysis was conducted to assess solvent
loss from the crystals and determine the stoichiometry of the solvates. Among the solvates, NCM-
THF was the least stable; in contrast, NCM-TEG HEMI demonstrated the highest stability,
desolvating gradually over a broad temperature range due to the mode of inclusion and the low
volatility of TEG.

Solubility tests in H,O (at 25 °C after 24h) showed that all these solvates are poorly soluble in H>O
(<1 mg/mL), being NCM-DE the most soluble solvate (£6.16 pg/mL).

The solubility of various crystal forms in H>O at 25 °C after 24h follows this order: anhydrous NCM
>NCM-DE > NCM-MeOH > NCM-TEG HEMI > NCM-DMSO > NCM-DMF. Among them, NCM-
TEG HEMI exhibited the highest dissolution rate at 3.65 pug x cm?min™'. In an alcoholic mixture, the
dissolution rates of the other forms matched that of the monohydrate Hg, indicating that under the

given dissolution conditions, all the solvated forms were converted to the monohydrate Ha [218,221].
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However, no crystallographic data were reported in this work, and the structures of NCM-MeOH,
NCM-DMSO, and NCM-DMF were later characterized by other research groups. To date, NCM-DE

monosolvate remains the only crystal structure that has not yet been solved.

The crystal structure of NCM-MeOH was described by Harriss and colleagues [230]. Single crystals
were grown by heating an equimolar mixture of NCM and nicotinic acid in MeOH. After separating
the solution from the solid residue, it was refluxed for 10 min and then cooled to room temperature.
Yellow needle-shaped crystals of NCM-MeOH began to form within a few hours. NCM-MeOH (CSD
refcode GOJLIC) crystallizes in the orthorhombic space group P212:12;, with one NCM and one
MeOH molecule in the ASU. In this structure, NCM adopts a planar conformation within the crystal
structure, creating channels where MeOH molecules are located. These molecules interact with NCM
through intermolecular O-H:--O H-bonds, between the hydrogen of the NCM hydroxyl group and the
oxygen of the MeOH hydroxyl group. Notably, NCM-MeOH easily converts into NCM Ha when
exposed to air. This phenomenon was explained by the authors as resulting from a structural
correlation between NCM-MeOH and NCM Ha, which aligns with the low dehydration temperature
of NCM Hj and the conversion of NCM-MeOH to the hydrate upon exposure to air.

In a 2015 study, two additional NCM monosolvates with acetone (NCM-ACT) and acetonitrile
(NCM-ACN) were identified and deposited in the CSD under refcodes KUKRIT and KUKROZ,
respectively [221]. They both crystallize in the triclinic P-1 space group.

NCM-ACT was obtained by dissolving anhydrous NCM in ACT under heat. Upon cooling, along
with the rapid formation of a fibrous white material, a few crystals corresponding to NCM-ACT
solvate were observed. In this structure, ACT molecules interact with NCM through intermolecular
O-H:--O H-bonds between the hydroxyl group of NCM and the carbonyl group of ACT. NCM
molecules are stacked along the a-axis, and within these stacks, the NO; groups of neighboring NCM
molecules form intermolecular interactions. The C=0 groups of NCM face outward from the stacks,
each participating in a C-H---O interaction with a NCM molecule from a neighboring stack.
NCM-ACN was, instead, obtained by dissolving anhydrous NCM in ACN with stirring at about 80
°C. The solution was then left at ambient conditions, leading to the formation of needle-like crystals
within 24h. The crystals were removed from the mother liquor before complete SE, as prolonged
exposure often resulted in the formation of NCM Ha,

In NCM-ACN, NCM molecules also stack, with intermolecular O-H---O H-bonds between the
hydroxyl group of NCM and the cyano group of ACN molecules, which occupy channels between
NCM stacks.
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Kuri et al. successfully grew single crystals of NCM-DMSO and NCM-DMF solvates, previously
reported by Van Tonder and colleagues. In addition, they identified four new solvate systems: two
polymorphs with N,N-dimethylacetamide (1:1 NCM-DMA I and 2:2 NCM-DMA 1II) and two
variable-stoichiometric solvates with 1,4-dioxane (1:0.5 NCM-DOX I and 2:1.5 NCM-DOX II)
[232].

NCM-DMSO, NCM-DMF, and NCM-DOX I were crystallized via slow evaporation, while NCM-
DOX II and NCM-DMA 1 were obtained using anti-solvent crystallization. NCM-DMA 11, on the
other hand, was grown using the vapor diffusion technique.

NCM-DMF crystallizes in the monoclinic space group P21/n with one NCM and one DMF molecule
in the ASU (CSD refcode WOXVEOQO). NCM-DMSO forms crystals in the monoclinic P2i/c space
group, also with one NCM and one DMSO molecule in the ASU (CSD refcode WOXVIS). NCM-
DMA I crystallizes in the monoclinic P21/c space group with one NCM and one DMA molecule in
the ASU (CSD refcode WOXVOY), while NCM-DMA 1I crystallizes in the triclinic P-1 space group
with two NCM and two DMA molecules in the ASU (2:2) (CSD refcode WOXVOYO01). Although
the stoichiometry of NCM-DMA II matches that of NCM-DMA I, the multiple molecules in the ASU
(high Z' or Z' > 1) indicate it is a polymorph of the low Z' form.

NCM-DOX I crystallizes in the triclinic P-1 space group with one NCM molecule and half a DOX
molecule (positioned on an inversion center) in the ASU (CSD refcode WOXWAL). NCM-DOX I,
also in the triclinic P-1 space group, has two NCM molecules, one full DOX molecule, and half a
DOX molecule on an inversion center in the ASU (CSD refcode WOXWEP).

In all these crystal structures, the amide group of NCM forms an intramolecular N-H---O H-bond,
stabilizing its planar conformation, while the hydroxyl group engages in intermolecular O-H---O
H-bonding with solvent acceptors like carbonyl, sulfonyl, and ether oxygen atoms. A zigzag
molecular arrangement is observed in NCM-DMF, whereas NCM-DMSO adopts a stacked layer
structure with solvent molecules stabilizing adjacent layers. NCM-DMA is polymorphic, with NCM-
DMA 1 featuring stacked 2D layers of NCM, while NCM-DMA I has corrugated 2D layers. The
non-stoichiometric NCM-DOX solvates (1:0.5 and 2:1.5) also display layered structures, but with

loose packing and open channels that accommodate solvent molecules (Figure 31).
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Figure 31. Crystal packing of NCM-DMF, NCM-DMSO, NCM-DMA I, NCM-DMA II, NCM-DOX I and
NCM-DOX II. Adapted from reference [232].

In the DSC scans, all the NCM solvates exhibit two endothermic events: the first corresponding to
desolvation and the second to melting. Once desolvated, they all melt at approximately the same
temperature, around 229-230 °C, which aligns with the melting point of anhydrous polymorph I of
NCM. The desolvation process occurs in a single step for most solvates, as indicated by a single
desolvation endotherm: 129 °C for NCM-DMF, 168 °C for NCM-DMSO, 148 °C for NCM-DMA 1,
and 146 °C for NCM-DMA II. However, the NCM-DOX I solvate displays a two-step desolvation
process, with peaks at onset temperatures of 83 °C and 127 °C.

All NCM solvates (discovered so far) were divided into two groups based on the interaction energy
between the drug and solvent, as well as the solvent contribution to the crystal lattice. Solvents like
THF, MeOH, DOX, and H>O acted as moderate acceptors, while DMF, DMA, and DMSO were
stronger acceptors, providing greater lattice stability and resulting in higher desolvation temperatures.
Exceptions to this trend were NCM-DOX II and NCM-THF, which exhibited the lowest desolvation

temperatures due to their loosely bound solvent molecules.
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2. Aim of the research

Currently, PZQ and NCM are respectively considered the first- and second-choice drugs in the
treatment of Schistosomiasis, and they are both listed in the WHO Model List of Essential Medicines
for treating both adults and children.

Despite being available for over 50 years, PZQ has gained renewed interest only in the past decade,
particularly due to its pronounced tendency to solid-state transformations—interacting with water,
solvents, and various coformers. PZQ has shown compatibility with modern preparation techniques,
such as mechanochemistry, and aligns well with advanced design strategies, including chemometric
methods. To date, literature reports 7 anhydrous polymorphs of PZQ (including the commercially
available Form A), 6 hydrates, 3 solvates, and 60 cocrystals, which include 2 cocrystal hydrates and
7 cocrystal solvates [43, 104, 110, 111, 124, 141-162].

NCM, originally developed for its antiparasitic properties, has recently emerged as a promising
candidate for drug repurposing across a wide range of therapeutic areas. In addition to its antiparasitic
use, NCM has attracted attention for its potential in antiviral (e.g., SARS-CoV-2), antibacterial,
anticancer, and anti-inflammatory therapies. Given its broad therapeutic potential, the solid-state
study of NCM is essential for optimizing its formulation across diverse applications. However, a
significant challenge with NCM is its propensity to convert into a highly insoluble monohydrate form,
which drastically reduces its solubility and bioavailability, limiting its therapeutic efficacy. To
overcome these limitations, researchers have explored the intentional formation of multicomponent
systems, such as salts, cocrystals, and solvates, primarily through mechanochemical methods.
According to current literature, NCM 1is known to exist in 2 anhydrous polymorphs (including the
commercially available Form A), 2 hydrates, 12 solvates, 4 salts, 4 salt cocrystals, and 12 cocrystals,
as well as 1 cocrystal solvate [30, 218, 221, 222, 224, 228, 229-237].

The growing number of solid forms of PZQ and NCM discovered in recent years underscores their
potential for innovative research and new pharmaceutical applications.

With this in mind, the main objective of this PhD thesis is to further explore the solid-state landscape
of PZQ and NCM by developing novel drug-drug multicomponent systems using mechanochemistry.
While some drug-drug multicomponent systems involving NCM have already been reported [30,
224], prior research on PZQ cocrystallization has mainly focused on using Generally Recognized as
Safe (GRAS) coformers. No literature reports have yet explored drug-drug solid forms involving
PZQ.

To fill this gap, this work begins with the mechanochemical cocrystallization of PZQ and NCM, both

known for their strong tendency to undergo solid-state transformations, particularly through
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mechanochemical activation. The rationale behind this novel drug-drug combination is twofold: to
improve the physicochemical properties of both PZQ and NCM (especially preventing NCM
conversion into the monohydrate), and to potentially create a synergistic pharmacological effect
between the two drugs. Such a combination could lead to lower drug dosages, enhanced patient
compliance, and reduced side effects, representing a significant advancement in anthelmintic therapy.
Building on the promising results of a binary drug-drug system, the project expands to investigate
ternary combinations involving PZQ, NCM, and other anthelmintics to develop systems with further
enhanced therapeutic potential for antiparasitic applications.

The second section of the thesis introduces acetic acid (AA) into the cocrystallization of PZQ and
NCM, leveraging recent findings that AA possesses antiparasitic activity, as shown against
Gyrodactylus kobayashii trematodes [253]. The goal is to form a three-component cocrystal solvate
that could take advantage of potential synergistic effects and contribute to a pharmaceutically viable
ternary drug system.

In pursuit of ternary antiparasitic systems, the third part of this research focuses on combining PZQ
and NCM with another anthelmintic drug, mebendazole (MBZ), aiming to produce homogeneous
coamorphous systems rather than crystalline materials. This investigation explores how these
amorphous combinations might further enhance therapeutic benefits and potentially unlock
synergistic effects when the drugs interact in a non-crystalline state.

Finally, the project takes an in-depth look at the solid-state forms of NCM, by systematically
screening new crystal forms via mechanochemical techniques with an emphasis on creating novel
solvates. This phase aimes to mitigate tendency of NCM to convert into its highly insoluble
monohydrate form, thus improving its solubility and stability for diverse pharmaceutical applications
[191].

Altogether, these binary and ternary systems could hold the potential for significant advancements in
anthelmintic properties and solid-state stability, paving the way for more robust, effective treatments

for parasitic diseases.
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3. Praziquantel meets Niclosamide: A dual-drug Antiparasitic
Cocrystal

This section of results has already been published.

3.1 Abstract

In this first section, a successful example of combining drugs through cocrystallization is reported.
Specifically, the novel solid is formed by two anthelminthic drugs, namely PZQ and NCM in a 1:3
molar ratio; the product can be obtained through a sustainable one-step mechanochemical process in
the presence of micromolar amounts of methanol. A single crystal was obtained through solution
crystallization of the mechanochemical product. The cocrystal structure was solved by Synchrotron
XRD: the novel solid phase crystallizes in the monoclinic space group of P2i/c, showing one PZQ
and three NCM molecules linked through homo- and heteromolecular H-bonds in the ASU, as also
attested by SSNMR and FT-IR results. A plate-like habitus is evident from SEM analysis with a
melting point of 202.89 °C, which is intermediate to those of the parent compounds.

Physical and chemical stability under several conditions (i.e., drug recovery, physical stability as solid
phase and in aqueous solution) were also investigated: the supramolecular interactions confer
favorable properties to the cocrystal, preventing the NCM transformation into the insoluble
monohydrate both in the solid-state and in aqueous solution.

Remarkably, the PZQ - NCM cocrystal exhibits higher anthelmintic activity against in vitro S.
mansoni models than the corresponding PM of the APIs. Finally, due to in vitro promising results, in
vivo preliminary tests on mice were also performed through the administration of minicapsules size

M (Figure 32).

Figure 32. Graphical abstract of the experimental work applied on the new drug-drug cocrystal.
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3.2 Materials and Methods

3.2.1 Materials

PZQ (11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,1 1b-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 98-101%. MeOH and EA were provided from Carlo Erba (Rodano-Milan,
Italy) and Normapur (Fontenay sous Bois, France), respectively. HPLC-grade HXN, EtOH, AA,
iPOH, triethylene glycol (TEG), AcT, ACN, 2-pyr, DMSO were purchased from Sigma-Aldrich (St.

Louis, USA). All the actives and chemicals were used without further purification.

3.2.2 Methods

3.2.2.1 Preparation of the cocrystal

The mechanochemical synthesis of PZQ-NCM cocrystal was performed in Retsch MM400
vibrational mill (Retsch, Germany) equipped by two 25 mL stainless steel jars and one 10 mm @
beads, respectively. After a set of preliminary trials where the drug-to-drug molar ratio, the amount
and type of liquid and the milling time were varied, a phase pure cocrystal was obtained by milling
400 mg of PZQ-NCM mixture in a 1:3 molar ratio in the presence of 160 pL of MeOH for 120 min
at 25 Hz. The same outcome can be obtained milling 200 mg of powder by using two 15 mL stainless
steel jars with two 7 mm @ grinding balls in the presence of 80 uL. of MeOH for 120 min at 25 Hz.
The new system was characterized by DSC, PXRD, SSNMR and FT-IR.

A single crystal of appropriate size for SXRD analysis was obtained by conventional solution
crystallization, starting from preformed seeds of PZQ-NCM cocrystal.

Specifically, 20 mg of the powdered cocrystal obtained through mechanochemistry was transferred
in a 20 mL lidded vial and dissolved in 16 mL of EA by stirring at room temperature. Subsequently,

the lid was slightly pierced to let slow evaporation occur. Single crystals appeared after 15 days.

3.2.2.2 DSC analysis

For DSC analysis, each sample weighing 2-4 mg was introduced into an aluminum sealed and pierced
40 pL crucible and analyzed by a Mettler Toledo DSC 3 Star System (Milan, Italy) with a heating
program of 30-240 °C (10 °C/min) under a nitrogen atmosphere (50 mL/min flow rate).
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3.2.2.3 Laboratory PXRD analysis

Routine PXRD analysis was carried out by a Bruker D2 Phaser benchtop diffractometer (Bruker,
Manheim, Germany) in the Bragg-Brentano geometry, using Cu-Ka radiation (A = 1.5418 A) with a
300W low-power X-ray generator (30 kV at 10 mA). All the measurements were conducted in a 20
range of 3-60° 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.

3.2.2.4 FT-IR analysis

Powdered samples were analyzed with a Shimadzu IRAffinity-1S FT-IR instrument (Kyoto, Japan)
in a range of 400-4000 cm! with a resolution of 4 cm™! 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.

3.2.2.5 SSNMR analysis

SSNMR spectra were acquired with a Bruker Avance II 400 Ultra Shield instrument, operating at
400.23, 100.63 and 40.56 MHz, respectively for 'H, 1*C and '°N nuclei.

The powdered sample was packed into cylindrical zirconia rotors with a 4 mm o.d. and a, 80 puL
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° 'H pulse of 3.60 s, a contact time of 3 ms, an
optimized recycle delays of 17.3 s and a scans number of 4744. S'N CPMAS spectra were acquired
at a spinning speed of 9 kHz using a ramp cross-polarization pulse sequence with a 90° 'H pulse of
3.60 ps, a contact time of 4 ms, an optimized recycle delays of 17.3 s and a scans number of 8§700.
For every spectrum, a two-pulse phase modulation (TPPM) decoupling scheme was used, with a
radiofrequence field of 69.4 kHz. The 3C and >N chemical shift scales were calibrated through the
signals of y-glycine (*C methylenic peak at 43.7 ppm and '°N peak at 33.4 ppm with reference to
NH).
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3.2.2.6 Synchrotron X-ray Diffraction and solution of crystal structure

The data collection of the cocrystal obtained in powder form and single crystal were both performed
the X-ray diffraction beamline (XRD2) of Elettra Synchrotron (Trieste, Italy) [253].

Both the samples’ data were acquired using monochromatic wavelength of 0.620 A on Pilatus "M
hybrid-pixel area detectors (DECTRIS Ltd., Baden-Daettwil, Switzerland). The powder sample was
measured at 298 K in transmission mode filling a boron capillary of 0.5 mm of diameter. The single
crystal was dipped in NHV oil (Jena Bioscience, Jena, Germany) and mounted on the goniometer
head with kapton loops (MiTeGen, Ithaca, USA). Complete datasets were collected at 100 K and 298
K with a nitrogen stream supplied through an Oxford Cryostream 700, through the rotating crystal
method. The diffraction data were indexed, integrated and scaled using XDS [254].The structures
were solved by the dual space algorithm implemented in the SHELXT [255]. Fourier analysis and
refinement were performed by the full-matrix least-squares methods based on F? implemented in
SHELXL (Version 2018/3) [256]. The Coot program was used for modeling [257]. Geometry and
thermal motion parameters restrain (SAME, DFIX, DANG and SIMU) have been used on disordered
PZQ molecules. Hydrogen atoms were included at calculated positions with isotropic Ufactors= 1.2¢Ueq
or Utactors = 1.5°Ueq for methyl and hydroxyl groups (Ueq being the equivalent isotropic thermal factor
of the bonded non hydrogen atom). Pictures were prepared using Ortep-3 [258], CCDC Mercury [248]
and Pymol software [259]. Table 4 reports crystal data collection and refinement results. Related files
can be obtained free of charge from The Cambridge Crystallographic Data Centre via

https://www.ccdc.cam.ac.uk/structures

Table 4. Crystallographic data and refinement details for PZQ-NCM cocrystal at 298 K and 100 K.

1PZQ3NCM 1PZQ3NCM
CCDC Number 2257493 2257492
Chemical Formula CssHasClNsO14 CssHasClNsO14
Formula weight 1293.74 g/mol 1293.74 g/mol
Temperature 298(2) K 100(2) K
Wavelength 0.620 A 0.620 A
Crystal system Monoclinic Monoclinic
Space Group P2y/c P2yc
Unit cell dimensions a=13.4653) A a=13391(3) A
b=10.588(2) A b=10.389(2) A
¢=40.090(8) A c=39.841(8) A
a=90° a=90°
B =97.62(3)° £=97.59(3)°
v =90° v =90°
Volume 5665(2) A’ 5494.1(19) A3
4 4 4
Density (calculated) 1.517 g'em’ 1.564 g-cm?
Absorption coefficient 0.259 mm™! 0.259 mm™!
F(000) 2664 2664
Theta range
o o 13°1031.1° 13°t0 31.1°
Index ranges -22<h<22, -22<h<22,
-17<k <17, -17<k <17,
-61<1<61 -61<1<61
Reflections collected 134317 129076
Independent reflections (data with I>2o(I)) 24562 (19327) 23754 (22858)
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Resolution 0.60 A 0.60 A
Data multiplicity

(max resltn) 4.82(2.93) 4.77 (2.86)
I/o(I) (max resltn) 31.42 (6.15) 50.40 (26.84)
Rinerge (max resltn) 0.0234 (0.1569) 0.0207 (0.0374)
Data completeness (max resltn) 89.7% (73.2%) 89.5% (73.1%)
Refinement method Full-matrix Full-matrix
least-squares on F? least-squares on F?
Data/restraints/parameters 24562 /43 /799 23754/ 43 /799
Goodness-of-fit on F? 1.033 1.020
A/Gumax 0.001 0.001
Final R indices [I>20(1)] R; =0.0499 R; =0.0415
wR, =0.1457 wR, =0.1041
R indices (all data) R; =0.0605 R; =0.0432
wR, =0.1542 wR, =0.1048
Largest diff. peak and hole 0.371 and -0.459 eA? 0.602 and -0.500 eA-
R.M.S. deviation 0.048 eA 0.070 A

from mean

3.2.2.7 SEM analysis

Images of PZQ-NCM cocrystal were collected through SEM. The powdered sample was placed on
aluminum stubs 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 30 kV.

3.2.2.8 Drug recovery

To check possible degradation of PZQ after milling, "H-NMR spectra were recorded on a Bruker
Avance 600 spectrometer equipped with a 14 T superconducting magnet and two 5 mm probes.
Analyzed samples (two different batches of the same cocrystal) were dissolved in deuterated DMSO-
ds using tetramethyl silane (TMS) as reference. Measurements were performed at 300 K using a

simple pulse-acquire sequence.

3.2.2.9 Cocrystal physical stability under several conditions

The solid-state stability of the PZQ-NCM was analyzed at room temperature (20 °C) by storing
samples over a period of 12 months in a desiccator containing calcium chloride. At the end of such
period, the stored samples were analyzed using PXRD, applying the operating conditions reported in
section 3.2.2.3.

The stability of the cocrystal in aqueous solution was also investigated to determine if homo- and
heteromolecular H-bonds are involved in improving the stability domain of PZQ-NCM cocrystal in

comparison to the corresponding PM in solution. About 250 mg of compressed powder were
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immersed together with a sample holder, previously used for IDR studies [43], in a vessel containing
900 mL of a solution of distilled H2O with 0.5% p/v of sodium lauryl sulfate, kept at 37 °C and stirred
at 100 rpm. After 60 min, as the tablet was still intact and did not disintegrate, sample surface areas
exposed to the medium was retrieved and analyzed through PXRD to detect any solid-state
conversion. For comparison purposes, the corresponding PM and pure APIs were subjected to the

same procedure.

3.2.2.10 In Vitro Activity

In vitro and in vivo experiments were conducted in accordance with the local cantonal veterinary
guidelines, license number 520. The in vitro anthelmintic activity of PZQ-NCM cocrystal was tested
using NTS, which are immature Schistosoma, and adult 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.

NTS (n=50) and S. mansoni (three pairs) were placed in the presence of culture media (M199 and
RPMI culture medium supplemented with 1% penicillin (10,000 U/mL) and streptomycin (10 mg/mL
solution) in 96 and 24 well plates, respectively and kept at 37 °C for 72h. Each plate contained
concentrations of the samples, ranging from 0.1- 1 pM. An additional concentration of 0.01 uM was
also carried out for adult S. mansoni model.

The results were determined as the effect in percentage of worm activity by microscopically
observing the motility or damage to the tegument and changes to the morphology of NTS and adult
S. mansoni. 1Cso values were calculated using the CompuSyn software (ComboSyn Inc., Paramus,

NJ., USA).

3.2.2.11 In Vivo studies and ethics

Animals were ordered from Charles-River (Sulzfeld, Germany). A total of 12 three-week-old NMRI
mice were used for this study. Upon arrival, the animals were left for one week for acclimatization.
The animals were housed at 25 °C in a controlled environment (temperature ~ 25 °C; humidity ~ 70%;
12-hour light and 12-hour dark cycle) with free access to water and rodent diet. The mice were
infected subcutaneously with 100 S. mansoni cercaria in the neck area.

Seven weeks post-infection, mice (N=4/group) were treated with 600 mg/kg (corresponding to about
150 mg of PZQ/kg and 450 mg of NCM/kg) of the cocrystal or PM, as a powder.

For the oral administration, 6 hard gelatin capsules, size M (Torpac Europe BV, Heerlen, The

Netherlands), were filled with the appropriate amount of powder and administered to each mouse. In

102



this context, capsules provide a suitable method for the oral dosage to laboratory mice weighing about
33 g by using a Torpac® dosing syringe. This procedure eliminates validation of suspension/solution
homogeneity and vehicle excipients absorption effects. The procedure, which can be performed
rapidly by trained personnel, is ideally suited for dispensing solid materials to fully conscious
animals.

After treatment, the mice were monitored daily, for the next 21 days, before undergoing CO-
euthanasia. The mice were then dissected, and their livers were excised. Adult worms were picked,
sexed, and counted as described in section 3.2.2.10. The worm burden reduction (WBR) was
calculated by comparing the average number of recovered worms from each treatment arm to the

control arm. The detailed in vivo procedure is previously described by Lombardo and coauthors [260].

3.3 Results and Discussion

3.3.1 Preparation of the cocrystal

The mechanochemical preparation of PZQ-NCM cocrystal was performed varying the drug-to-drug
molar ratio, the amount and type of liquid and the time of grinding, one at a time. On the contrary,
frequency was always maintained at 25 Hz, and the filling volume of jars was fixed in a ratio of 400
mg of sample in 25 mL of jar capacity.

Starting from the drug-to-drug molar ratio, the cocrystal synthesis was first attempted by creating
various PMs with different molar ratios of PZQ and NCM, whose DSC curves indicated best
stoichiometries for generating the pure cocrystal (see Figure Al in the Appendix A). Subsequently,
mixtures of PZQ-NCM with 1:1, 1:2, 1:3 molar ratios were ground in LAG conditions and then
analyzed by PXRD. PZQ-NCM 1:3 molar ratio provided the best outcome compared to the other
molar ratios, since PXRD graphs confirmed the formation of a new solid phase without any unreacted
residues of the two starting materials (see Figure A2 in the Appendix).

Given 120 min as the best grinding time, the type of liquid was also investigated.

The solvents were selected by considering liquids previously used for obtaining cocrystals of PZQ
(e.g., EtOH, ACT, ACN, EA) [124,141,154,156,157] and NCM (e.g., iPOH, ACN) [30,222]. HXN,
a commonly used liquid in LAG procedures [261] was also selected. All grinding liquids allowed for
the cocrystallization of PZQ and NCM.

As a proof of concept, solvents able to form solvates with PZQ and NCM (e.g., AA, 2-pyr, MeOH,
TEG, DMSO, DMF) [148,237,262], initially excluded to avoid the formation of solvated forms as
byproducts, were then used as grinding liquids. Surprisingly, also this set of liquids favored the
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formation of PZQ-NCM cocrystal with the exception for DMSO, 2-pyr and AA, which will be
considered in the next sections. MeOH and HXN, having peculiarly different chemical properties,
were the best catalytic liquids, as evident from PXRD results. MeOH resulted the preferred liquid for
obtaining the new solid system with higher yield and crystallinity.

Table Al lists all the liquid analyzed for the preparation of PZQ-NCM cocrystal, while Figure A3 in
the Appendix reports the PXRD patterns of the ground solids.

The empirical parameter n (LL/mg) was maintained at LAG settings (0 <mn < 2) to ensure catalytic
conditions of the liquid [51]: precisely 160 uL of MeOH were added to 400 mg of sample and the
grinding process was carried out for 120 min at 25 Hz.

To summarize, a PZQ-NCM cocrystal was discovered by mechanochemical activation, presenting a
very peculiar 1:3 stoichiometry that is somewhat unusual in the variety of cocrystals reported in

literature.

3.3.2 DSC analysis

The thermal behavior of PZQ-NCM cocrystal was investigated by DSC, and results are reported in
Figure 33. Specifically, the thermogram of the cocrystal only showed an endothermic peak at 202.89
°C, with an enthalpy of 107.14 J/g, which was attributed to its melting point. The lack of additional
endotherms testified the anhydrous nature of the solid and the absence of residual grinding liquid.
This newly observed endothermic event clearly differs from the experimental melting points of raw
PZQ and NCM, detected at 141.99 °C and 229.98 °C, respectively, both in agreement with literature
data [30,43].

Figure 33. DSC experimental curves of mechanochemically prepared PZQ-NCM cocrystal (black), raw PZQ
(red) and raw NCM (green).
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3.3.3 PXRD analysis

The laboratory diffraction patterns of PZQ, NCM, PZQ-NCM cocrystal and the calculated pattern
from PZQ-NCM single crystal are shown in Figure 34. The diffraction pattern of the
mechanochemically prepared cocrystal shows reflections at 4.53, 7.54, 13.32, 14.62, 16.39, 18.26,
22.52, 24.61, 26.11, 26.63, clearly different from their corresponding starting materials, and the

absence of signals attributable to original coformers confirms the purity of the new solid phase.

Figure 34. PXRD of PZQ (red), NCM (green), and PZQ-NCM cocrystal obtained mechanochemically (black)
and the calculated pattern from the single crystal (blue).

3.3.4 FT-IR Spectroscopy

FT-IR measurements were carried out on PZQ, NCM, PZQ-NCM cocrystal and the corresponding
PM. Figure 35 shows only fragments of particular interest of the four spectra (see Figure A4 in the
Appendix for full spectra). PM is nothing but the sum of the signals of the pure APIs.

Differently from the PM, N-H stretching and bending peaks of NCM, originally at 3241-3101 c¢cm’!
and 897 cm’!, respectively, in agreement with Bushan et al. [241], are downward shifted, suggesting
involvement of NCM N-H group in H-bonds with PZQ. Moving to the typical range of C=0O
stretching, signals of PZQ carbonyl groups are markedly shifted in the cocrystal, forming a doublet
at 1694 and 1684 cm™!, while in the PM the signal remains at 1650 cm™ as in PZQ [43,45], confirming

intermolecular interactions between the two APIs. Moreover, signals of C-OH stretching of NCM
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can be seen at 1231 cm™!, shifted at higher intensities in comparison to the raw NCM peak at 1219
cm! [242].
Therefore, it is worth to assume that the two C=0 of PZQ and both N-H and C-OH signals of NCM

are involved in molecular interactions between the two drugs in the cocrystal.

Figure 35. FT-IR spectra of PZQ (red), NCM (green), PZQ-NCM PM (blue) and PZQ-NCM cocrystal (black).

3.3.5 SSNMR analysis

The '3C CPMAS spectrum recorded for the new system is shown in Figure 36a, where it is compared
with those of pure PZQ and NCM. The *C SSNMR spectrum of PZQ-NCM cocrystal presented no
traces of unreacted starting materials. Besides comparing the spectrum with the starting materials
(PZQ and NCM), it was also investigated if there was a conversion of PZQ in the polymorphic form
B during the synthesis since Form B is obtained by NG Form A for 4h. However, it is evident that
the signals of the synthetized sample are not superimposable with those of the PZQ Form B (purple
spectrum in Figure 36a) and the new signals are not due to a different polymorph of the starting
material. So, the presence of new signals pattern leads to the conclusion that a new crystal form was
obtained. The signals in the system exhibit an average full width half maximum value of ~160 Hz;
this indicates a moderate degree of crystallinity. The aliphatic region of the sample shows significant
changes in terms of both the shape of the signals and their chemical shifts, compared to the same
region of the pure PZQ. The peaks between 25 and 35 ppm correspond to six CHz groups of PZQ.
Moving to higher frequencies, the second group of signals (35-55 ppm) is attributable to C16, C10
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and C4 carbons of PZQ. Finally, the signals at 57.6 ppm are related to C17 and it shows a shift of 1.3
ppm compared to the pure PZQ (56.3 ppm).

The aromatic region (120-140 ppm) is difficult to assign and shows overlapping signals from the
aromatic carbons of PZQ and NCM. The splitted signal at about 153 ppm is attributable to NCM
C13’, while the signal at 175.6 is related to PZQ C1. These two signals, isolated in the spectrum, were
used to evaluate the stoichiometric ratio of the cocrystal: the number of signals agrees with the
presence of one molecule of PZQ and three molecules of NCM per ASU.

Figure 36b displays an analogous comparison between the >N CPMAS spectra of PZQ-NCM
cocrystal and pure PZQ and NCM. The presence of a new signal pattern in the cocrystal >N spectrum
confirms the formation of a new multicomponent system. The N amide and nitro group chemical
shifts demonstrate the formation of supramolecular interactions between PZQ and NCM and a new
crystalline packing. In addition, the split of the signals related to NCM confirms the stoichiometry
PZQ-NCM 1:3.

Figure 36. (a) >C (100 MHz) CPMAS spectra with relevant assignments of PZQ-NCM cocrystal (black), pure
NCM (green), pure PZQ (red) and PZQ form B (purple) acquired at a spinning speed of 12 kHz at room
temperature. (b) '°N (40.6 MHz) CPMAS spectra with relevant assignments of PZQ-NCM cocrystal (black),
pure NCM (green) and pure PZQ (red), acquired at a spinning speed of 9 kHz at room temperature.
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3.3.6 Cocrystal Structure Solution

Figure 37 shows PZQ-NCM single cocrystal obtained through crystallization by slow evaporation
used for the crystal structure solution.

The PXRD pattern simulated from the single crystal used for the solution of the cocrystal structure
was in good agreement with the experimentally acquired PXRD pattern of the cocrystal (see Figure

34).

Figure 37. (a) Optical image of PZQ-NCM single crystal obtained through solution crystallization at a
magnification of 10x, (b) BFDH morphology, (c) orientation of PZQ and NCM molecules into the unit cell.

The single crystal shows one PZQ and three NCM crystallographic independent molecules in the
ASU at 298 K. Data collected at 100 K confirm the same crystal form found at room temperature,
with small cell volume contractions (~3%). No solvent has been found inside the crystal packing,
confirming the DSC results. All NCM molecules adopt a rigid, extended and planar conformation,
defined by central amidic bond planarity constrain and homomolecular H-bonds (with average
SNH---O = 2.65(1) A and SNH---Cl = 2.92(2) A). NCM moieties bear extensive electronic
delocalization and are prone to stack through meesr interactions (average dm---m = 3.70(1) A with 1.5
A slippage between ring centroids). NCM molecules are coordinated to PZQ through H-bonds (Table
5): the two PZQ carbonyl groups act as acceptors bound to NCM donor hydroxyl groups. The
additional NCM present in the cocrystal ASU is linked to the carbonyl of one NCM bound to PZQ,
confirming FT-IR results. The relative orientation of PZQ respect to NCM molecules is almost
perpendicular in the cocrystal structure (Figure 38). Interestingly, both PZQ carbonyl groups are

oriented in a syn-conformation, as in PZQ Form A [43]. This is an unusual feature, as all the PZQ
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cocrystals, reported in great number in literature, except for a few, exhibit an anti-conformation
[141,153,154,156,157,210].

The crystal structure results in a monoclinic unit cell with a space group of P2i/c.

Centrosymmetric crystal packing is consistent with the usage of racemic PZQ which is also partially
disordered in the ASUs, suggesting that the inversion of PZQ chirality does not alter its steric
hindrance and conserve carbonyl acceptors positions (i.e., without altering the H-bond network that

keeps molecules tightly bound).

Table 5. Geometrical parameters of H-bonds found in PZQ-NCM cocrystal at 298 K and 100 K.

1PZQ3NCM at 298K

D-HA d(D-H) (A) d(H-+-A) (A) d(D-+-A) (A) <(DHA) (°)

04 2-H4 2xxx01_1 0.82 1.82 2.642(2)
177.0

04 3-H4 3xxx02_1 0.82 1.80 2.617(2)
175.0

04 _4-H4 4xxx03_3 0.82 1.92 2.721(2)
164.8

N2 2-H2 2xxxCll 2 0.86 2.44 2.923(1)
1163

N2_3-H2 3xxxCll_3 0.86 2.40 2.891(1)
116.4

N2_4-H2 4xxxCll_4 0.86 2.46 2.941(1)
115.7

N2 2-H2 2xxx04 2 0.86 1.93 2.653(2)
141.0

N2_3-H2 3xxx04 3 0.86 1.92 2.636(2)
140.2

N2 4-H2 4xxx04 4 0.86 1.93 2.653(2)
141.4

1PZQ3NCM at 100K

D-HA d(D-H) (A) d(H-+-A) (A) d(D-+-A) (A) <(DHA) (°)

04 2-H4 2xxx01_1 0.84 1.80 2.635(1)
177.9

04 3-H4 3xxx02_1 0.84 1.77 2.607(1)
1743

04 4-H4 4xxx03_3 0.84 1.88 2.695(1)
164.2

N2 2-H2 2xxxCll 2 0.88 243 2.927(1)
115.8

N2_3-H2 3xxxCll_3 0.88 2.39 2.887(1)
116.4

N2_4-H2 4xxxCll_4 0.88 245 2.940(1)
115.3

N2_3-H2 3xxx04 3 0.88 1.90 2.637(1)
140.2

N2 2-H2 2xxx04 2 0.88 191 2.653(1)
140.9

N2 4-H2 4xxx04 4 0.88 191 2.651(2)
141.3
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Figure 38. Ellipsoids representation of ASU contents (50% probability) for PZQ-NCM cocrystal at
298K (a) and 100K (b).

3.3.7 SEM analysis

Figure 39 shows SEM images of PZQ, NCM and PZQ-NCM powdered cocrystal. The newly
cocrystal form consisted of agglomerates of small plates (more evident at higher magnifications),
showing a habitus clearly different from the reported needle-shaped particles of PZQ [45] and the
peculiar rectangles with protrusions of NCM [218]. The particle size of the plates varies in the range

150-1500 nm, as roughly determined by Fiji/Imagej software [263].

Figure 39. SEM images of (a) PZQ, (b) PZQ-NCM cocrystal and (c) NCM at a magnification of 5000x.

110



3.3.8 Drug recovery

From literature is well-known the degradation tendency of PZQ under milling conditions [42,45,264].
While PZQ did not degrade upon milling when the drug was milled alone [43,142], in binary ground
mixes a diminished drug recovery was noticed with the insurgence of peculiar degradation products
as a function of the excipient used [42,45,264]. Therefore, spectrometric evaluations have been
carried out to understand whether PZQ undergoes chemical degradation when ground in the presence
of NCM upon LAG conditions.

Recorded 'H-NMR spectra in DMSO-ds showed only the presence of the starting materials PZQ
and/or NCM, attesting the lack of chemical changes both in PZQ and NCM after mechanochemical
treatment under all experimental conditions. The absence of any new signal in the two different
batches analyzed indicates that there are no new structures present in the samples. Based on all
obtained information and comparison of the crucial parts of the 'H-NMR spectra of PZQ (a), NCM
(b), cocrystal batch n°1 (c) and cocrystal batch n°2 (d) (see Figure A5 in the Appendix), a high
chemical stability of PZQ and NCM under the applied grinding conditions is confirmed.

3.3.9 Physical stability under several conditions

PZQ-NCM cocrystal was periodically analyzed by PXRD for 12 months to check for possible
modifications. Indeed, there are examples in literature where the presence of defects on the surface
of crystalline solids [265] or different humidity conditions [266] are reported as possible
precursors/factors for cocrystal dissociation. Further, since anhydrous NCM is known to transform to
greenish monohydrate Ha within one month of storage at ambient conditions [30,218,221-224], the
aim of checking PZQ-NCM cocrystal stability was also to recognize the insurgence of the hydrate.
The hydrate formation is highly undesired as it exhibits a solubility even lower than anhydrous NCM.
The physical stability results, reported in Figure A6 in the Appendix, attested that the new
multicomponent system remained unchanged over a period of 12 months, with no signs of cocrystal
dissociation of hydrate formation.

Further, in the context of PZQ-NCM cocrystal physical stability in aqueous solution, a flat tablet of
PZQ-NCM cocrystal was immersed in an aqueous solution for 60 min. After that time, the solid
sample was retrieved and analyzed through PXRD and DSC to visualize any solid-state conversion.
The same procedure was adopted for corresponding PZQ-NCM PM, pure PZQ and NCM.

PXRD and DSC results are displayed in Figure 40. No phase conversion was visualized for raw PZQ
after 60 min of exposure to medium. Conversely, pure NCM and PZQ-NCM PM showed a rapid
transformation into the well-known monohydrate Ha [30,218,221-224]. Instead, PZQ-NCM
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cocrystal maintained its crystalline integrity in aqueous solution, preventing thus the formation of
poorly soluble NCM monohydrate Ha. In accordance with previous studies [30,267], this cocrystal is
an example of a solid with a very stable profile and distinctive properties in aqueous solutions,
ameliorated with respect to pure coformers and their free combination.

This means that PZQ-NCM cocrystal structure provides several peculiar features versus the simple
PZQ-NCM PM and the coformers alone in relation to its physical stability in aqueous solution. The
differential behavior of the cocrystal over the PM is attributable to the PZQ-NCM supramolecular
interactions imparting strength to the cocrystal lattice (NCM molecules are linked together and with
PZQ molecules through H-bonds in the 3D supramolecular network, as previously mentioned). In
literature one can find other examples of cocrystal with similar aqueous stability [30,267]. In relation
to the individual components, and in particular to NCM, thanks to the supramolecular interactions,
the cocrystal structure confers a resistance to the otherwise predominant transition into the undesired
monohydrate NCM Ha having even lower solubility than NCM (0.45-0.55 mg/L) and characterized

by a “cement-like” behavior in aqueous suspension [30].

Figure 40. Schematic representation of the investigation of cocrystal physical stability in aqueous solution:
(1) compressed powder in the IDR sample holder, (2) vessel containing the aqueous solution, (3) DSC and

PXRD results of solid samples retrieved after 60 min of exposure to the medium.
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3.3.10 In Vitro Activity

In vitro NTS and S. mansoni models were placed in well plates with variable concentrations of two
cocrystal batches and the corresponding PZQ-NCM PM. Effects were rated microscopically by
observing the motility or damage to the tegument and changes to the morphology of NTS and S.
mansoni adults.

Results in Table 6 attests that, in the case of S. mansoni adults, the new 1:3 cocrystal exhibits higher
efficacy than that observed for PZQ-NCM PM at 0.1 uM. As for the NTS, results show that
mechanochemical treatment and cocrystallization have no negative effects on in vitro activity. In fact,

PZQ-NCM cocrystal has no significative difference in response compared to the PM of the two APIs.

Table 6. /n vitro anthelmintic activity after 72h on NTS and S. mansoni adults in vitro models of cocrystals

and corresponding PM having the same composition.

Samples NTS NTS NTS S. mansoni S. mansoni S. mansoni S.
adult adult adult mansoni
adult
Effectin Effect in % IC50 Effect in Effect in Effect in IC50
% (dead, (dead, 72h) (LM) % (dead, % (dead, % (dead, (LM)
72h) +SD +SD (72h) 72h) +SD  72h)+SD  72h) +SD (72h)
Testconc.  Testconc. Dm Testconc. Testconc.  Testconc. Dm
1uM 0.1pM 1uM 0.1pM 0.01uM
one round one round one round
PM 1:3 100 (0) 28.85(1.9) 0.12282 100 (0) 53.9(2) 0.0961
PZQ- 92.31 25(1.9) 0.20256 100 (0) 71.95(4) 39.55(6.3) 0.02123
NCM (3.9)
Cocrystal
1:3

3.3.11 In vivo preliminary tests

In vivo pilot tests were performed on PZQ-NCM cocrystal and compared to pure PZQ and the
corresponding PM (Table 7). Interestingly, to mimic the administration praxis of the two APIs
(marketed as solid oral tablets), the samples were administered as a powder in minicapsules size M
(specific for mice), instead of the conventional aqueous suspensions, commonly used during in vivo
administration in animal subjects [183].

When compared to methods used in previous studies, such procedure prevents regurgitation and

revulsion of the animal to the bitter taste of the drug and allows the administration of the correct dose.
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Additionally, this procedure avoids the use of excipients or solvents that may interfere with the API
absorption or with animal physiology, allowing a proper comparison of different solid forms.

Even though these are preliminary results on a limited number of subjects coming from the difficulties
of administering 6 capsules to each mouse, and though the high variability of the results, it can be
attested that there was no significant difference between the number of worms recovered from
infected mice treated with cocrystal or PM.

Considering the treatment with pure PZQ capsules, a comparison with the cocrystal is ineffective due
to un underdosage compared to PZQ monotherapy. Despite this limitation, it is worth mentioning that
the administration of capsules filled with the pure component is somewhat a positive control group,
since it confirms that the treatment with minicapsules worked. Therefore, higher doses of cocrystal

administered in minicapsules result promising for future in vivo studies.

Table 7. Effect of cocrystal, PM and raw PZQ (administered as oral minicapsule size M) on the WBR in mice

harboring a chronic S. mansoni infection.

Application date: 09. November 2022 / Dissection date 30.11-01.12.2022

Sample Average of WBR % Number of mice
PZQ around 300mg/kg with capsules 91.11 4
PZQ-NCM PM 1:3 around 600mg/kg with 15.56 o
capsules ’
PZQ-NCM Cocrystal 1:3 around 4.44 4

600mg/kg with capsules

*Treated 4 mice, but 2 died during treatment

3.4 Conclusions

A novel drug-drug antiparasitic cocrystal consisting of PZQ and NCM in a 1:3 molar ratio was
synthetized for the first time. The novel PZQ-NCM cocrystal, showing this very peculiar
stoichiometry, relatively uncommon in cocrystallization field, can be obtained through a sustainable
one-step mechanochemical process in the presence of micromolar amounts of common solvents in
120 min. Even though the mechanochemical cocrystallization was found not to be particularly
influenced by the type of solvent for LAG experiments, MeOH was finally preferred as adjuvant
liquid for its higher efficiency. The phase was obtained as pure solid, without traces of unreacted
starting coformers and absence of residual solvent. The same 1:3 cocrystal can be obtained in 2 weeks

by conventional solution crystallization, starting from preformed seeds of PZQ-NCM cocrystal.
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The novel solid phase crystallized in the monoclinic space group of P2i/c, showing one PZQ and
three NCM molecules linked through homo- and heteromolecular H-bonds in the ASU, confirming
SSNMR and FT-IR results.

The new 1:3 cocrystal exhibited a plate-like habitus, as evident from SEM analysis, and a melting
point of 202.89 °C, which was intermediate to those of PZQ and NCM.

No typical PZQ tendency of decay was seen in the experimental grinding conditions and the cocrystal
showed a very stable profile under several conditions. In the context of physical stability in aqueous
solution, the new multicomponent system provided a higher efficiency in avoiding solid-state
transformation into NCM monohydrate, in comparison to PZQ-NCM PM. Cocrystal solid-state
remained unchanged over a period of 12 months at ambient temperature, with no signs of dissociation
in the parent compounds or transition in NCM monohydrate, typically appearing within one month
of storage at ambient conditions.

More importantly, in vitro anthelmintic activity was carried out: PZQ-NCM cocrystal exhibited
higher anthelmintic activity (%-effect of activity reduction) against in vitro S. mansoni models than
that observed for PZQ-NCM 1:3 PM and, in the case of NTS, the new system showed no significative
difference in response compared to APIs PM.

Finally, considering in vitro promising results, in vivo preliminary tests were also performed on the
cocrystal, pure PZQ and corresponding PM: despite the limited number of mice treated, there was no
significant difference between the number of worms recovered from infected mice treated with
cocrystal or PM. In the case of treatment with pure PZQ, a comparison with the cocrystal was
ineffective due to un underdosage compared to PZQ monotherapy. Nevertheless, the administration
of pure PZQ to mice resulted a positive control group, since it confirmed that the treatment with
minicapsules worked, showing that higher doses of cocrystal are encouraging for future in vivo

studies.
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4. Assembling three anthelmintic molecules in a single solid: a
Praziquantel/Niclosamide/Acetic Acid Cocrystal Solvate

4.1 Abstract

A pharmaceutically acceptable cocrystal solvate composed of three anthelmintic molecules—
PZQ,NCM, and AA—is here introduced. This cocrystal was successfully synthesized
using mechanochemical methods. The study demonstrates an innovative approach for creating
ternary cocrystals, which involves not only the use of individual coformers but also the application
of preformed synthons to guide the assembly of the cocrystal structure. By combining different
building blocks (e.g., from individual coformers; from preformed PZQ-NCM 1:3 anhydrous
cocrystal, raw PZQ and AA; from preformed PZQ-AA monosolvate, raw NCM and AA; from
preformed PZQ-NCM 1:1 coamorphous and AA; from individual coformers in the presence of
preformed seeds of the cocrystal solvate), it was possible to obtain the same cocrystal solvate, though
with varying yields, either as a pure phase or with residual other phases.

The cocrystal solvate can be achieved as a pure phase by grinding preformed PZQ-AA monosolvate
with NCM in an equimolar ratio and with an excess of AA beyond the equimolar ratio (AA acts both
as a solvent for the solvate and as a grinding liquid). For comparative purposes, slurry experiments
were also conducted, which did not result in the formation of the cocrystal solvate at any point. The
cocrystal structure was solved from the Synchrotron PXRD pattern and optimized by DFT
calculations. The novel solid phase crystallizes in the triclinic space group of P-1, showing one PZQ),
one NCM and one AA molecule linked through H-bonds in the ASU, as also attested by 'H-NMR
and FT-IR results. The solid phase shows agglomerates of small plates through SEM analysis and
exhibits at the DSC a desolvation event at roughly 111 °C (corresponding to 10.91+0.57% weight
loss in TGA). Moreover, the new system exhibits higher anthelmintic activity against in vitro S.
mansoni adults and NTS, in comparison to pure PZQ and NCM. Due to in vitro promising results, in
vivo preliminary tests on mice were also performed through the administration of an oily suspension
of the novel phase. Finally, the new crystal was stable over a period of 24 months at room temperature

in the solid-state (Figure 41).
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Figure 41. Graphical representation of the experimental work of this section.

4.2 Materials and Methods

4.2.1 Materials

PZQ, (RS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,1 1b-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%. AA was provided from Carlo Erba (Rodano-Milan, Italy). All the

actives and chemicals were used without further purification.

4.2.2 Methods

4.2.2.1 Synthetic strategies for preparing PZQ-NCM-AA cocrystal solvate

4.2.2.1.1 Mechanochemical routes

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

observed in the yield of the experiments.
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Five different synthetic strategies were explored to obtain the cocrystal 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 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 pL

(M [51]1=0.4).
4.2.2.1.1.1 From individual coformers

An equimolar ratio of commercial 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 pL of AA.

4.2.2.1.1.2 From preformed PZQ-NCM 1:3 anhydrous cocrystal, raw PZQ and AA

Preformed PZQ-NCM 1:3 anhydrous cocrystal (indexed as RIPFOPO1 in the CSD) in the amount of
269.74 mg, obtained according to the procedure reported in our previous work [206], was ground in
the presence of 130.26 mg of raw PZQ Form A (to get PZQ-NCM equimolar ratio) and 160 pL of
AA.

4.2.2.1.1.3 From preformed PZQ-AA monosolvate, raw NCM and AA

Preformed PZQ-AA monosolvate (reported as DAJCEA in the CSD) (ie., 212.97 mg),
mechanochemically obtained according to Zanolla and coauthors’ procedure [148], was ground with

an equimolar ratio of solid NCM (i.e., 187.03 mg) in the presence of AA.

4.2.2.1.1.4 From preformed PZQ-NCM 1:1 coamorphous and AA
400 mg of PZQ-NCM 1:1 coamorphous, mechanochemically obtained through 4h of NG, was ground
in the presence of 160 puL of the liquid at 25 Hz.

4.2.2.1.1.5 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 pL of AA in the presence of preformed seeds of the cocrystal

solvate (i.e. 40 mg, corresponding to 10% wt ratio).
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4.2.2.1.2 Slurry bridging routes

For comparative purposes, slurry experiments were conducted adopting the procedure reported in a
previous experimental study [268]. 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. Anequimolar 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.

4.2.2.2 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-Ko. radiation (A= 1.5418 A) with
a 300 W low-power X-ray generator (30 kV at 10 mA). All the measurements were conducted in a
20 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 PVDF reducer.

4.2.2.3 Synchrotron X-ray Diffraction and solution of the crystal structure

The data collection of the cocrystal obtained in powder form was performed at the XRD2 of Elettra
Synchrotron (Trieste, Italy) [253]. 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 A on Pilatus 6M hybrid-pixel area detectors (DECTRIS Ltd., Baden-Daettwil,
Switzerland). The two-dimensional powder pattern has been integrated using Fit2D program
[269,270], after preliminary calibration of hardware setup, using a capillary filled with LaBs standard
reference powder (NIST 660a).

The structure of the cocrystal form was solved through a simulated annealing (SA) protocol using
EXPO2014 [271]. The starting structural model containing one PZQ molecule (TELCAQ model)
[272], one molecule of NCM and one of AA were built with Material studio software v 7.0. (MS)
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[273] 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 AA 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.ccdc.cam.ac.uk/structures.

4.2.2.4 DSC analysis

For DSC analysis, each sample weighing 2-4 mg was introduced into an aluminum sealed and pierced
40 pL 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).

4.2.2.5 TGA analysis

TGA analysis was performed using a Mettler Toledo TGA TDAS851 (Milan, Italy). Briefly, 3-6 mg
of the powdered sample were inserted into aluminum 40 pL crucibles and analyzed with a heating

program of 30-250 °C (10 °C/min) under a nitrogen atmosphere (50 mL/min flow rate).

4.2.2.6 FT-IR analysis

Powdered samples were analyzed with a Shimadzu IRAffinity-1S FT-IR instrument (Kyoto, Japan)
in a range of 400-4000 cm! with a resolution of 4 cm™! 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.

4.2.2.7 SSNMR analysis

The PZQ-NCM-AA cocrystal solvate and PZQ-AA monosolvate 3C CPMAS spectra were acquired
with a Jeol ECZR 600 instrument, operating at 600.17 and 150.91 MHz, respectively for 'H and *C
nuclei. The powder samples were packed into cylindrical zirconia rotors with a 3.2 mm o.d. and a 60
pL 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° 'H pulse of 2.2 ps, 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
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PZQ-AA and a number of scans between 938 and 1579. A TPPM decoupling scheme was used, with
a radiofrequency field of 108.5 kHz. The '3C chemical shift scale was calibrated through the
methylenic signal of external standard adamantane (at 38.48 ppm with respect to TMS).

The PZQ, NCM, PZQ-NCM 1:3 anhydrous cocrystal and PZQ-NCM 1:1 coamorphous *C CPMAS
spectra were acquired with a Bruker Avance II 400 Ultra Shield instrument, operating at 400.23 and
100.63, respectively for 'H and *C nuclei. Powder sample was packed into cylindrical zirconia rotors
with a 4 mm o.d. and a 80 pL volume. A certain amount of sample was collected from the batch and
used without further preparations to fill the rotor. *C CPMAS spectra were acquired at a spinning
speed of 12 kHz, using a ramp cross-polarization pulse sequence with a 90° 'H pulse of 3.60 us, a
contact time of 3 ms, optimized recycle delays between 4.4 and 40.0 s and scans numbers between
95 and 4744. For every spectrum, a twoTPPM decoupling scheme was used, with a radiofrequence
field of 69.4 kHz. The '*C chemical shift scale was calibrated through the methylenic signal of
external standard glycine (at 43.7 ppm).

4.2.2.8 "H-NMR analysis

"H-NMR (with CDCls) spectra were acquired on a Jeol ECZR 600 instrument operating at 600.2
MHz. In the 'H spectrum, to obtain quantitative information, it was necessary to employ a relaxation

delay of 60 s. The number of scans acquired was 8.

4.2.2.9 DFT calculations

Solid-state DFT calculations were performed with Quantum Espresso (QE, v. 6.4.1) [274], adopting
the following methodology: we used the projector augmented wave (PAW) with the non-local vdW-
DF2 approach [275] and the B86r functional [276]], employing the SSSP set of pseudopotentials
[277,278]. An energy cut-off of 60 Ry was used for geometry optimizations. NMR calculations were
performed using the Gauge Including Projected Augmented Wave (GIPAW) [279] and the PBE
pseudopotentials from PS Library 1.0.0 [280] with an energy cut-off of 80 Ry, following the
methodology previously described [281-283]. The theoretical absolute isotropic magnetic shielding
(oiso) values were converted into isotropic chemical shifts (dis0) relative to the absolute magnetic
shielding of the reference substance DABCO computed at the same level, applying the following

equation 2:

6iso (calc) = Oiso (ref) — Oiso (calc) + 5iso (ref)
)
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diso (ref) 13C value for DABCO has been experimentally evaluated as 47.74 ppm, while the absolute
isotropic constant shielding oiso (ref) is 120.59 ppm, calculated from the reported neutron diffraction

crystal structure [284].

4.2.2.10 SEM analysis

Images of the cocrystal solvate were collected through 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.

4.2.2.11 Drug recovery

To check possible degradation of PZQ-NCM-AA cocrystal solvate after preparation, 'H-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 CDCl; using TMS as reference.

Measurements were performed at 300 K using a simple pulse-acquire sequence.

4.2.2.12 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 4.2.2.2.

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.

Further, the stability of the new system was also evaluated under high RH conditions. Specifically,
the sample was stored for 6 months in a sealed enclosure containing a saturated aqueous NaCl

solution, known to maintain a RH of 75% at room temperature [285].
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4.2.2.13 In Vitro and In Vivo Activity

In vitro experiments were conducted in accordance with the local Swiss cantonal veterinary
guidelines, license number 520. The in vitro anthelmintic activity of the cocrystal solvate was tested
using NTS and adult 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 pL. 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% Miser Mix. Each compound was
tested in triplicate and repeated. NTS incubated with no more than 1% DMSO served as control. NTS
were kept in the incubator at 37 °C and 5% CO, for up to 72h.

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% CO; for up to 72h.

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.
ICso 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 [286].

Worm burdens of treated mice were compared to those of control animals, and WBR % were

calculated.
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4.3 Results and Discussion

4.3.1 Synthetic routes for preparing PZQ-NCM-AA cocrystal solvate

In the study presented in chapter 3 [206], we noticed traces of a new solid phase when combining
PZQ and NCM by LAG with AA (as visible in Figure B1 in the Appendix B). Due to the inherent
interest of AA as anthelmintic molecule recently recognized (antiparasitic activity against
Gyrodactylus Kobayashii trematode [287]), this new multicomponent solid composed of PZQ, NCM
and AA warranted further investigation. Via preliminary mechanochemical experiments and
characterization analyses, it was determined that the correct molar ratio for the new system was PZQ-
NCM-AA 1:1:1 (see Figure B2 in the Appendix as example of characterization analyses performed).
AA is an excipient classified as a GRAS substance by the FDA [288] and used in the food industry
as an antimicrobial agent, flavor enhancer, flavoring agent, adjuvant and pH control agent [289].
According to the ICH Q3C guidelines, which regulate the amount of residual solvents in
pharmaceutical products, AA is grouped into Class 3, and can be used for up to 50 mg/day with
minimal risk to human health [290]. Considering the stoichiometric content of AA in the cocrystal
solvate and the high dosage of PZQ for Schistosoma worm infection [91,96], the solvate under
examination can be defined as a pharmaceutically acceptable solid.

Interestingly, during the mechanochemical screening, we observed that milling PZQ, NCM and AA
in equimolar ratio did not lead to the formation of a pure PZQ-NCM-AA 1:1:1 phase, and residues
of the previously reported binary solid phase PZQ-NCM 1:3 anhydrous cocrystal (hereinafter referred
to as its CSD refcode RIPFOPO1 [206]) were consistently observed (see Figure B3 for the results of
these analyses). We concluded that the appropriate volume of AA for obtaining the cocrystal solvate
was 160 uL (corresponding to 4.5 mmol), which largely exceeds the equimolar ratio among the
components. 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 mechanochemical reaction.
The importance of the grinding liquid volume has been established for the formation of anhydrous
solid phases [52,53,76] and we have demonstrated here that it is equally critical for the crystallization
of solvate phases.

Given our knowledge of the solid-state landscape of PZQ, NCM and AA, having already synthetized
some binary combinations of these coformers [148,206], and considering the high versatility of

mechanochemistry [17,58,291], which allows the combination of multiple techniques within the same
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process, it was decided to explore various mechanochemical synthetic routes to assemble the same
cocrystal solvate. The results are reported in the summary diagram depicted in Figure 42.

The first approach consisted of starting from the 3 individual coformers using the classic LAG method
for 120 min (with the previously mentioned excess volume of 160 uL of AA).

The second synthetic route encompassed the use of preformed PZQ-NCM 1:3 anhydrous cocrystal,
pure PZQ Form A (to reach the PZQ-NCM equimolar ratio) and 160 pL of AA. In such conditions,
the best results (e.g., highest cocrystal solvate content) were obtained with 120 min of milling.

A third approach consisted of the use of preformed PZQ-AA monosolvate [148] plus an equimolar
ratio of solid NCM and 160 uL of AA. In such conditions, the best result was achieved within 60 min
of milling.

In the fourth strategy, a PZQ-NCM 1:1 coamorphous was used as starting material for the synthesis
of the cocrystal solvate. This intrinsically reactive solid system [292] was chosen as starting point of
the solvation reaction, adopting the same rationale as in Zanolla’s work [146], 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 materials 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 7, (59.09 °C), confirming the formation
of a homogeneous binary system (see Figure B4 in the Appendix for the results of these analyses).
This new solid was then added of 160 uL of AA to perform the cocrystal synthesis. The best result
was obtained after 30 min of grinding.

A fifth synthetic route involved PZQ and NCM individual coformers in equimolar ratio (with the
previously mentioned excess volume of AA of 160 uL) in the presence of seeds of preformed
cocrystal solvate (10% wt). In this pathway, the most crystalline cocrystal solvate with minor traces
of RIPFOPO1was obtained with 120 min of milling

All five explored strategies successfully resulted in the formation of the cocrystal solvate with very
high yield, except for minor traces of RIPFOPO01, in some synthetic routes.

Thus, with this work, it was demonstrated a strategy for synthesizing ternary cocrystals by using not
only individual coformers but also starting from preformed synthons. This approach allows for a more
versatile and efficient pathway to achieve the desired cocrystal solvate. Specifically, different
building blocks were assembled, including the three pure coformers as well as various preformed

combinations. Through these five different combinations, the same cocrystal solvate with very high
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yield was consistently obtained and it was identified the best synthetic strategy to achieve the new
system in an almost pure phase (i.e., from preformed PZQ-AA monosolvate plus an equimolar ratio
of solid NCM and 160 pL of AA). These results highlight the flexibility and robustness of the
“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 using three strategic routes out of
the five explored via mechanochemistry. However, the suspension-phase synthetic routes, which
were fewer in number and involved significantly longer times (7 days), did not yield the cocrystal
solvate in any case. Instead, the synthesis outcome was consistently RIPFOPO1. This emphasizes the
significant potential and versatility of mechanochemistry in efficiently achieving the desired product.
Figure 42 shows a cartoon which reports all the synthetic pathways explored through

mechanochemistry and slurry to get the new cocrystal solvate.

126



Figure 42. Cartoon illustrating the synthetic strategies for the cocrystal solvate (right) and characterization analyses by DSC (top left) and PXRD (bottom left).
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As visible from Figure 42, although all mechanochemical methods allow for the formation of PZQ-
NCM-AA cocrystal solvate, only the combination of PZQ-AA monosolvate and raw NCM in an
equimolar ratio with the addition of 160 uL of AA achieved a 100% pure phase. The time needed for
completing the solid-state reaction was only 60 min. All other combinations resulted in PZQ-NCM-
AA cocrystal solvate with very minor residues of RIPFOPO1.

The comprehensive characterization, presented below, was exclusively performed on the pure
cocrystal solvate obtained from the best synthetic route. The new crystalline phase at the end of the

mechanochemical process appeared as a white powder.

4.3.2 Laboratory PXRD analysis

The laboratory diffraction patterns of PZQ, NCM, PZQ-NCM-AA cocrystal solvate are shown in
Figure 43. 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° 20, 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.

Figure 43. PXRD of PZQ (blue), NCM (red), and the new phase obtained mechanochemically (black).
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4.3.3 Synchrotron X-ray Diffraction and solution of the crystal structure

The crystal structure of the cocrystal was solved from the Synchrotron PXRD, presented in Figure
44. The sample showed high crystallinity, and the indexing has been done using the program
EXPO2014 [271]. The samples resulted in a P-1 triclinic unit cell with the following parameters: a=
6.780(1) A, b=16.308(5) A, c=16.508(5) A, a=107.3089(8) °, = 92.409(1)°, y=91.873(1), density
=1.339 g/cm? and volume 1739.37(3) A3, The number of formula units (1PZQ:1INCM:1AA) per unit
cell is two (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 section 4.3.6).
A first whole powder pattern fitting (Pawley method) on the experimental powder pattern resulted in
a good Rwp of 1.36%. The final Rietveld refinement, where soft restrains on the atom distances
(£0.03A) and angles (£0.1°) were applied, was performed in TOPAS V5 resulted in an R-Bragg factor
of 3.32%.

Figure 44. 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 A), in red

the calculated one. The residuals are displayed on the bottom in gray and the reflection ticks in blue.

The cocrystal packing is showed in Figure 45. In this structure the cocrystal 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-bonds take place between PZQ

and NCM as has been founded in the anhydrous 1:3 PZQ-NCM cocrystal [206].
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Figure 45. Capped-stick representation of the proposed structure of PZQ-NCM-AA viewed along a-axis. H-

bonds showed with dashed blue lines.

The powder structure solved by the Synchrotron data has been confirmed by the DFT simulation (see

below the paragraph on DFT calculations).

4.3.4 Thermal analyses

Figure 46 shows the DSC curve of the new system, compared to pure PZQ and NCM. Specifically,
the cocrystal solvate is characterized by a broad endothermic event at 111.27 °C (enthalpy of 70.30
J/g), 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 and 230 °C,
respectively [30,43].

The TGA analysis revealed one distinct event corresponding to a weight loss 0f 9.77 £ 0.18% (Figure
B5 in the Appendix). 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.
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Figure 46. DSC curves of mechanochemically prepared PZQ-NCM-AA cocrystal solvate (black), raw PZQ
(blue) and raw NCM (red).

4.3.5 FT-IR analysis

A detailed comparison between the spectrum of the PZQ-NCM-AA 1:1:1 cocrystal solvate shown in
Figure 47 compared to the spectra of the starting materials brings to the following observations:

- In the region from 3300 to 3000 cm™, the two bands at 3242.7 cm™ and 3199.5 cm™, corresponding
to the -NH stretching of NCM [241], are absent in the cocrystal solvate spectrum, suggesting the
involvement of the -NH amine group of NCM in H-bonding.
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- The band at 897 cm™, corresponding to the -NH bending of NCM [241], converts into a doublet at
893 and 886 cm™" in the cocrystal solvate spectrum, further supporting the observed changes in -NH
stretching.

- The complex bands at 2800-2400 cm™ range, typically related to the O-H stretching vibrations in
AA [293], 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™ and 1618 cm™, which are attributed
to the two C=0 stretching of PZQ initially at 1647 and 1624 cm™ [294]. This can be explained by the
involvement of both C=0O groups in H-bonding, as observed in the crystal lattice.

- The C-OH stretching of NCM, initially at 1192 cm™ [242], shows a small shift.

The FT-IR spectrum of the cocrystal solvate aligns perfectly with the interactions observed in the
crystal lattice: the bands corresponding to the two C=0 groups of PZQ, both N-H and C-OH signals

of NCM and -OH of AA are involved in molecular interactions within the crystal structure.

Figure 47. FT-IR spectra of PZQ (blue), NCM (red), AA (green) and PZQ-NCM-AA cocrystal solvate (black).

4.3.6 SSNMR analysis

The *C CPMAS spectra of PZQ, NCM, PZQ-NCM-AA cocrystal solvate, PZQ-NCM 1:3 anhydrous
cocrystal and PZQ-AA monosolvate are shown in Figure 48. Details about '*C chemical shifts (ppm)
for PZQ, NCM and PZQ-NCM-AA are reported in Table 8.
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Table 8. Experimental (exp) "*C chemical shifts (ppm) for PZQ [43], NCM [222] and PZQ-NCM-AA and
computed (calc) *C chemical shifts (ppm) for PZQ-NCM-AA, with assignments.

PZQ NCM PZQ-NCM-AA PZQ-NCM-AA
Group Atom
exp exp exp calc
cC=0 1 175.4,176.2 sh 175.2 176.02
C=0 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
CH, 15 46.1 46.2 43.34
CH, 16 47.9 50.0 48.03
CH 4 39.7 42.1 40.57
CH, 10 38.1 39.1 36.34
CH, 3 31.3 29.51
CH, 5 28.1 26.94
CH, 9 28.1 25.15
L1 32,30.1,27.9,26.3,25.3 e i ed
CH, 6 26.4 24.36
CH, 2 26.4 24.29
c=0 7 162.9 163.0 163.24
C-OH 13 153.9 156.1 159.04
C-NO, 4 143.3 142.3 143.44
C-NH I 139.9 142.3 142.49
12' 119.2 119
1 136.1 137.63
CHar > 136.1,130.3, 125.7, 119.7 131 13318
3 122.0 123
5 125.5 128.68
6 122.0 121.63
c.al 10" 1208 < 129.0 131.33
2 125.5 127.68
c-cO g 117.4 119.2 118.31
COOH 1" 173.7 177.8
CH; 2" 20.2 15.66
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PZQ-NCM-AA cocrystal solvate spectrum appears different from the spectra of pure PZQ and NCM
(see also Figure B6 in Appendix), confirming 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 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 Figure B7 in the
Appendix).

The presence of AA can be observed from the peak at 20.2 ppm corresponding to the CHs group,
highlighted in Figure 48 with a green arrow. The AA carbonyl group is visible as shoulder around
173.7 ppm, see green arrow in Figure 48.

The number of signals in the NCM, PZQ-NCM-AA cocrystal solvate spectrum suggests the presence
of one independent molecule of PZQ, one of NCM and one of AA, confirmed also from '"H-NMR

analysis (see below).

Figure 48. *C (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 '*C (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 "*C (150.91 MHz) CPMAS spectrum of PZQ-AA monosolvate (orange), acquired at a
spinning speed of 20 kHz at room temperature. The two green arrows highlight the signals attributed to AA.
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4.3.7 '"H-NMR analysis

The '"H-NMR spectrum of PZQ-NCM-AA cocrystal solvate is reported in Figure B8 in the Appendix.
The integrations of the signals at 2.6 and 2.5 ppm, corresponding to PZQ H4 (it is splitted due to the
presence of two coformers of PZQ [295]), 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:INCM:1AA, in agreement with Synchrotron PXRD results.

4.3.8 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 [296,297]. 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
comparison between the experimental data and the simulated one (fixed cell) is shown in Figure 49.
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 [298]. It should be mentioned, however, that full free cell optimization resulted in a
structure very similar to the experimental 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 8) were compared and a low
13C RMSE (2.13) was obtained. Figure B9 in the Appendix displays the good correlation between the

experimental and computed chemical shifts.

Figure 49. Overlap conformations between the experimental refined crystal structures and the computed one
(fixed cell) by DFT (cyano).
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4.3.9 SEM analysis

SEM images of powders of PZQ, NCM and PZQ-NCM-AA cocrystal solvate are reported in Figure
50. The new system is composed of agglomerates of small thin plates (with an approximate diameter
less than 1 pum), exhibiting a habitus distinctly different from the needle-shaped particles typically
observed in PZQ [45] and the rectangles with protrusions characteristic of NCM [218].

Figure 50. SEM images of (a) PZQ (5000x), (b) PZQ-NCM-AA cocrystal solvate (20000x) and (c) NCM
(5000x).

4.3.10 Drug recovery

"H-NMR spectroscopy was also used to determine whether component degradation occurs after
different synthesis 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 (Figure B10 in the Appendix). One sample was obtained through the synthesis reported in
section 2.1.1.1 and 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 excipient

used [42,45,264].

4.3.11 Cocrystal 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
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lattice, often leading to significant structural and thermodynamic changes which result in potential
loss of desired properties [299,300].

In the present case, the physical stability of the cocrystal solvate was assessed under various
conditions. The main objectives were to determine 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 [30].
Under static conditions (i.e., 20 °C, 0% RH), the new multicomponent crystal remained stable for 24
months with no signs of cocrystal dissociation or conversion into the anhydrous cocrystal (see Figure
B11 in the Appendix). During this period, the sample retained its white crystalline powder
appearance, unlike the samples containing trace amounts of RIPFOPOI (obtained by the other
synthetic routes), which exhibited a pinkish hue during storage under similar conditions (Figure B12
in the Appendix). Interestingly, this pink coloration could not be attributed to RIPFOPOI itself
(reported to be a white powder [206]), nor to impurity B of PZQ (as demonstrated by 'H-NMR
analysis), which is indeed reported as a pink solid [301]. A plausible explanation of the appearance
of such coloration, therefore, remains uncertain.

Additionally, the physical stability of PZQ-NCM-AA upon mechanical 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 [302-304].
We therefore aimed to evaluate the physical stability of the cocrystal solvate under compression to
better understand its behavior under potential practical pharmaceutical manufacturing conditions.
Specifically, 200 mg of solid was subjected to compression under the same operating conditions used
for creating KBr discs for FT-IR analysis (see section 4.2.2.6). 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 Figure B13 in the
Appendix).

The mechanical resistance was also tested through milling the cocrystal solvate for 200 min at 25 Hz,
following the procedure adopted by Zanolla and coauthors [148]. The PXRD and DSC results
demonstrated that, despite the cocrystal solvate being subjected to intense and impactful 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 (Figure B14
in the Appendix).

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
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carried out as the phenomenon of cocrystal dissociation at high humidity is well known [265]. Further,
the possibility of the formation of NCM monohydrate is a constant risk when handling this drug
[30,218]. The new ternary cocrystal remained stable throughout the entire six-month period under
such conditions (Figure B15 in the Appendix). Importantly, the maintenance 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 [305].

4.3.12 In Vitro and in Vivo Activity

Table 9. In vitro activity of the cocrystal solvate against NTS and S. mansoni adult, compared to pure PZQ,
NCM and PZQ-AA monosolvate.

S. mansoni adult

Effect in % (72h) +SD ICso

Testconc. (uM) (72h)
10uM 1uM 0.1uM 0.01pM Dm
New cocrystal solvate 100 (0) 100 (0) 90.75 (1.9) 53.7 (5.6) 0.01
PZQ 92.1 (1.6) 92.1 (1.6) 51.05 (4.7) 0.44
NCM 100 (0) 62.1 (1.6) 77.75 (3.2) 49.5 (0) 0.09
PZQ monosolvate* 100 (0) 87.50 (0) 41.65 (8.3) 0.18
PZQ-NCM cocrystal ** 100 (0) 71.95 (4) 39.55 (6.3) 0.02

NTS

Effect in % (72h) +SD ICso

Testconc. (uM) (72h)

10uM 1uM JduM 01uM

Op il 0.1u 0.01p Dm
New cocrystal solvate 100 (0) 100 (0) 100 (0) 41.67 (1.67) 0.01
PZQ 82.35(2) 70.83 (4.2) 31.25 (2.1) 0.34
NCM 100 (0) 83.33 (0) 31.25 (2.1) 0.21
PZQ-AA monosolvate* 87.50 (0) 62.50 (0) 31.25 (2.1) 0.39
PZQ-NCM cocrystal** 92.31 (3.8) 25(1.9) 0.20

*obtained as previously reported [148]; **taken from reference [206].
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The new cocrystal solvate revealed the highest activity against both NTS and adult S. mansoni (Table
9). Concentrations of 0.1-10 uM resulted in death of all worms. A concentration of 0.01 uM revealed
an activity of 41.7% (NTS) and 53.7% (adult worms). This translates to ICso values of 0.01 uM
against adult worms and NTS, respectively. For comparison, against NTS, pure PZQ and NCM,
binary PZQ-NCM cocrystal and PZQ-AA monosolvate showed a 10-fold lower activity, i.e., were
only active at 1 and 10 pM — 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
uM.

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 74.3% WBR, compared to
approximately 87% in mice treated with the original PZQ [183] (Table 10). These results suggest that
the cocrystal solvate retains its antischistosomal activity relative to the raw PZQ.

However, the in vitro activity tests were more promising, as the three APIs in the new multicomponent
system appeared to exert a synergistic effect. 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 dissolve in corn oil, resulting in a cloudy suspension rather than a clear suspension.
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 [206]. Future in vivo studies should be conducted using minicapsules size M,
following thorough training and refinement of the administration technique for these pharmaceutical

forms.

Table 10. Effect of the cocrystal solvate (administered as oily suspension) on the WBR in mice harboring a
chronic S. mansoni infection.

Sample Average of WBR % Number of mice
Control - 4

PZQ-NCM-AA cocrystal solvate 743 4
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4.4 Conclusions

In this section, a cocrystal solvate composed of three compounds namely PZQ, NCM and AA, all
having documented anthelmintic properties, is presented.

Mechanochemical methods demonstrated a great potential by successfully producing the new system
across five investigated routes, and a pure phase could be obtained by milling for 60 min preformed
PZQ-AA monosolvate and raw NCM in an equimolar ratio in the presence of 160 pL of AA. In
contrast, slurry experiments did not result in the formation of the cocrystal solvate at any stage.

The structure of the cocrystal solvate was successfully solved and refined from the Synchrotron
PXRD data, with support of theoretical periodic calculations and an integrated SSNMR approach.
The new system crystallizes in the triclinic space group of P-1, showing one PZQ, one NCM and one
AA molecules linked through homo- and heteromolecular H-bonds in the ASU.

The new phase was also thoroughly characterized by means of SSNMR, liquid 'H-NMR, FT-IR and
thermal analyses. The cocrystal solvate shows agglomerates of small plates through SEM analysis
and exhibits at the DSC analysis a desolvation event at roughly 111 °C (corresponding to 10.91 £
0.57% weight loss in TGA).

Spectrometric evaluations have shown no evidence of degradation of PZQ upon grinding. Such
observation is important considering the tendency of this molecule to degrade under
mechanochemical processing in the presence of excipients with the insurgence of peculiar
degradation products as a function of the excipient used.

Importantly, the new cocrystal solvate demonstrated higher anthelmintic activity (%-effect of activity
reduction) against in vitro S. mansoni adults and NTS, compared to that of pure PZQ and NCM. The
anthelmintic potential of the ternary cocrystal is notably superior compared to the significantly lower
efficacy observed in both the binary PZQ-NCM cocrystal and the PZQ-AA monosolvate. Due to in
vitro promising results, in vivo preliminary tests on mice were also performed through the
administration of an oily suspension of the novel phase. Future in vivo studies should be conducted
using minicapsules size M.

Finally, the new multicomponent crystal remained stable for 24 months at ambient temperature and
demonstrates physical stability under high RH conditions (75% RH), effectively preventing the
formation of the well-known NCM 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 promotes a partial conversion into the PZQ-NCM 1:3 anhydrous

cocrystal.
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5. Ternary Drug-Drug-Drug coamorphous systems obtained through
mechanochemistry and physical stability analyses

5.1 Abstract

The objective of this PhD thesis section was to investigate the feasibility of developing drug-drug
coamorphous systems—both two- and three-component—by combining three anthelmintic drugs:
PZQ and NCM, plus mebendazole (MBZ).

The choice of these APIs, all with anthelmintic activity — which also justifies their use in combination
therapies (e.g., PZQ and MBZ [306]) —is due to their poor aqueous solubility and low bioavailability
[97]. These three APIs are known to exist into multiple crystalline solid forms indexed in the CSD
[168], confirming their ability to interact in the solid-state with various coformers. Furthermore, they
all have demonstrated the ability to form coamorphous systems [307] or ASDs [45,308]. Additionally,
literature reports several examples of the use of these three drugs in mechanochemical experiments
[206,309].

Using a mixture design approach, ten different (binary and ternary) mixtures were formulated and
prepared by NG in a lab-scale vibrational mill. The solvent-free one-step process was reproducible,
requiring only 4h to generate coamorphous systems in the whole experimental domain. Structural
analyses by PXRD and FT-IR confirmed the absence of crystalline domains and presence of
molecular interactions. The 7, temperature was calculated theoretically according to Gordon-Taylor
(G-T) equation for a three-component system and then determined by DSC. In most cases a single 7
was seen, indicating the formation of homogeneous multicomponent systems. Stability studies on
seven systems, stored for six months under different temperature conditions (-30 °C, 5 °C, 25 °C, and
40 °C), demonstrated that all systems were physically stable according to the " 7y — 50°C" stability
rule, with only two exceptions out of seven. Humidity effects were minimal, as shown by dynamic
vapor sorption (DVS) data, which revealed only superficial water sorption and no recrystallization.
Additionally, the investigation of recrystallization pathways revealed that, depending on the
interactions of the system, some coamorphous systems separated into their original crystalline phases
and others formed new entities such cocrystals.

A graphical abstract of this experimental work is presented in the Figure 51 below.
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Figure 51. Graphical abstract of the experimental work applied on the coamorphous experimental work.

5.2 Materials and Methods

5.2.1 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)(purity of 98-101%) and MBZ (methyl N-(6-benzoyl-
1H-benzimidazol-2-yl)carbamate)(purity > 98%) were purchased from Sigma-Aldrich (St. Louis,

USA). All the actives were used without further purification before grinding.

5.2.2 Methods

5.2.2.1 Samples preparation

5.2.2.1.1 Mixture composition and Experimental design

The composition of the mixtures was formulated using a mixture design approach [310], implemented
via NEMRODW software [311]. The mixtures subjected to grinding consisted of three powdered
components: PZQ (X1), MBZ (X2), and NCM (X3). The limits of each component in the mixtures
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were defined during the preliminary trials obtaining the following values: 0 < X < 0.5 (expressed as
molar ratio in the mixture). The experimental matrix is detailed in Table 11, and the ternary diagram

representing the experimental design space is shown in Figure 52.

Table 11. Experimental matrix.

Exp. N° Molar ratio

PZQ MBZ NCM

X1 X2 X3
1 0.500 0.250 0.250
2 0.167 0.417 0.417
3 0 0.500 0.500
4 0.250 0.500 0.250
5 0.417 0.167 0.417
6 0.500 0 0.500
7 0.250 0.250 0.500
8 0.417 0.417 0.167
9 0.500 0.500 0
10 0.333 0.333 0.333

Figure 52. Ternary diagram representing the experimental design space.
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5.2.2.1.2 NG experiments

Milling was carried out using a Retsch MM400 vibrational mill (Retsch, Germany) equipped with
two 25 mL stainless steel jars, each containing a 10 mm O stainless steel bead. The milling frequency
was consistently set at 25 Hz for all experiments, with the void volume in the jars kept constant by
maintaining a total powder mass of 400 mg per 25 mL jar. The milling duration was 4h.

To ensure reproducibility, each mixture was milled in at least four replicates. Pure crystalline drugs
(MBZ and NCM) (400 mg per drug) were also milled individually under the same conditions. PZQ
was not milled alone, as its behavior under these conditions had already been well-documented in

previous studies [43,142].

5.2.2.1.3 Physical mixtures preparation

Physical mixtures (PMs) were prepared by manually mixing the APIs in an agate mortar for a
standardized time of 3 min. Both binary and ternary mixtures were prepared, with a total mass of 400
mg for each batch. The molar ratios of the APIs were varied according to the experimental mixture

design (Table 10).

5.2.2.2 Samples characterization

5.2.2.2.1 PXRD analysis

PXRD analysis was carried out by a Bruker D2 Phaser benchtop diffractometer (Bruker, Manheim,
Germany) using the Bragg-Brentano geometry, using Cu-Ka radiation (A = 1.5418 A) with a 300W
low-power X-ray generator (30 kV at 10 mA). All the measurements were conducted in a 26 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 PVDF reducer.

PXRD patterns were recorded for the starting materials, PMs, all milled samples, and a selection of

aged coamorphous samples.

5.2.2.2.2 DSC analysis

Selected samples, weighing 2-4 mg, were introduced into an aluminum sealed and pierced 40 pL
crucible and analyzed by a Mettler Toledo DSC 3 Star System (Milan, Italy) using STARe software
version 16.40 for data analysis. The heating program employed a temperature ramp of 10 °C per

minute, from 30 °C to 350 °C, under a nitrogen flow rate of 50 mL/min.
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The following samples were analyzed: pure APIs, PMs, coamorphous samples produced via NG, and
a selection of aged coamorphous samples.

DSC was mainly applied to experimentally evaluate 7,5 of the ten coamorphous and the 7
temperature was expressed as inflection point in the thermal curve.

To obtain MBZ T, DSC heating/cooling/heating cycles were applied. These cycles were performed
under a nitrogen flow of 50 mL/min, following this protocol: 1. Heating from 30 °C to 335 °C at a
rate of 10 °C/min; 2. Isotherm at 335 °C for 5 min; 3. Cooling from 335 °C to -30 °C at a rate of 50
°C/min; 4. Isotherm at -30 °C for 5 min; 5. Reheating from -30 °C to 330 °C at a rate of 40 °C/min.
In certain cases, such as with NCM, where the 7, could not be detected using conventional DSC
analysis, MTDSC was performed by using a DSC1 Stare System (Mettler Toledo, CH) equipped with
a refrigerated cooling system (RCS). Samples of about 10 mg were quantitatively transferred to pin-
holed aluminum pans, sealed, weighed and subjected to heating cycles from 10 to 350 °C (1 K/min),
for a period of 90 s and an amplitude 0.5 °C. The DSC cell and RCS were purged with dry nitrogen
at 80 and 120 mL/min, respectively. The system was calibrated using an indium standard. All data

were treated with Stare System software (Mettler Toledo, CH).

5.2.2.2.3 True density determinations

The true density of the three pure powdered APIs was measured using a helium pycnometer (Ultrapyc
5000, Anton Paar GmbH, Graz, Austria). The device is based on gas pressure determinations, in
connected, sealed chambers of specified volume. At first, a chamber is filled with powders and gas;
the latter is later allowed to flow in a second chamber, free of powders. The difference in helium
pressure in the two chambers is used to calculate the volume occupied by the powders, using Boyle’s
law [312]. The density is finally determined by the ratio between mass of powders and calculated
volume. The accuracy of the measurement relies on the penetration of inert gas in any void between
particles. The density values of crystalline materials were used as crude density values for the

amorphous components and serve to calculate the constant, K (equation 3):

_ Tgy* py

K
Tg, * p,

(€))
K is a fundamental constant of Gordon-Taylor (G-T) equation (equation 4), which considers the
weight fractions and 7, values of the individual components, as well as the true density values of their

powders, to calculate a theoretical 7, for a coamorphous system [313,314]:
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[(W1Tgy) + (Kow,Tg,) + (KswsTgs)]
[(wy + (Koawy) + (K3ws)]

Tgmix =
“)

where:

-pedix 1 refers to PZQ);

-pedix 2 refers to NCM;
-pedix 3 refers to MBZ.

The T, values included in the equation for the individual components are the experimentally

determined values, as measured and described in section 5.2.2.2.2.

5.2.2.2.4 FT-IR spectroscopy

Powdered samples were analyzed with a Shimadzu IRAffinity-1S FT-IR instrument (Kyoto, Japan)
in a range of 400-4000 cm! with a resolution of 4 cm™! 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.

Data interpretation and comparisons were performed using SpectraGryph 1.2 software.

5.2.2.2.5 SEM analysis

Images of some coamorphous were collected through 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.

5.2.2.2.6 Stability studies

Selected samples (exp. N° 1, 3,4, 6, 7, 9, 10) were stored at four different temperatures (-30 °C, 5
°C, 25 °C, and 40 °C) for 6 months to assess their physical stability under various temperature
conditions. To protect the samples from atmospheric humidity, they were stored in sealed vials placed

inside sealed plastic bags during the aging process. Samples were withdrawn during the first month
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on a weekly basis and then on a biweekly basis and tested to investigate the possible recrystallization
using PXRD (as described in section 5.2.2.2.1). Samples stored for 6 months under the most severe
conditions (i.e., -30 °C and 40 °C) were also evaluated for drug recovery (see section 5.2.2.2.7).

Additionally, it is well-established in literature that amorphous systems are prone to hygroscopicity
[315,316]. Therefore, to gather preliminary data on the effects of RH on these coamorphous systems,
selected samples were further analyzed using the DVS technique. Specifically, samples from exp. N°
3, 6,9, and 10 were placed in crucibles and subjected to a gradual RH increase from 0% to 90% at a
constant temperature of 25 °C. This allowed for the evaluation of mass changes, providing insights

into surface moisture absorption and, consequently, powder hygroscopicity.

5.2.2.2.7 Drug recovery

To check possible degradation of coground samples after preparation, 'H-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 CDCIl3 using TMS as reference. Measurements were
conducted at 300 K using a simple pulse-acquire sequence.

Drug recovery analyses were performed on the same seven samples (i.e., exp. N° 1, 3,4, 6,7, 9, 10)
used for the physical stability study, specifically those stored in the freezer and those subjected to

stressed conditions at 40 °C.
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5.3 Results and Discussion

In the above section, five different synthetic strategies for preparing PZQ-NCM-AA cocrystal solvate
are presented. In one of them, an intrinsically reactive solid system [292] such as a PZQ-NCM 1:1
coamorphous (obtained through 4h of NG) was used as starting material for the synthesis of the
cocrystal solvate. PZQ-NCM coamorphous also served as the starting point for another experimental
project presented in this part.

Coamorphous systems are well-known for overcoming the solubility challenges that typically affect
crystalline drugs, leading to faster dissolution rates that are crucial for ensuring consistent and rapid
drug absorption in vivo [317,318]. Additionally, when properly formulated, they exhibit superior
physical stability compared to individual amorphous forms, which are often unstable and prone to
recrystallization when subjected to storage or environmental stresses. The intimate molecular-level
mixing of drugs with coformers in coamorphous systems reduces molecular mobility and
significantly lowers the risk of phase separation or crystallization [46,319-323].

Traditionally, coamorphous systems consist of two low-molecular-weight coformers (e.g., drugs,
amino acids, dicarboxylic acids, flavonoids, sugars, etc. [46,307,324]) and exhibit a single 7,. Recent
advancements are increasingly focusing on the design of three-component coamorphous systems,
which, despite being more complex and challenging to formulate due to the need for optimized
molecular compatibility, offer even greater physical stability. The inclusion of a third component
could promote stronger molecular interactions, such as H-bonds and van der Waals forces, which
further disrupt potential recrystallization pathways, resulting in superior stabilization of the
amorphous state compared to two-component systems [322,325,326].

Specifically, based on the recent development of dual-drug coamorphous through mechanochemistry
[324,327], this study aimed to determine whether PZQ — NCM — MBZ mixtures could give origin to
homogenous coamorphous systems, and whether these systems could be produced through neat NG,
without the need for solvents [17,46,47]. The research focused on assessing whether such systems
could stabilize each drug in its amorphous state, enhancing their stability during storage. By creating
coamorphous mixtures, it is assumed that the combination of these drugs will promote molecular-
level interactions, such as H-bonding, which could prevent recrystallization and enhance individual
amorphous stability. The study compared two-component systems, where one drug acts as a coformer
for the other, to three-component systems, where the third drug — if properly selected — is expected to

further improve stability through added intermolecular complexity.

The first step of this experimental work involved the planning of an experimental matrix using the

NEMROWD software to design binary and ternary mixtures of the three APIs (PZQ, NCM and
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MBZ). The goal was to explore a sufficient compositional space of the three-component system; for
this reason, ten points in the ternary phase diagram were selected corresponding to ten different
mixtures of the three APIs (refer to Table 10 for N° of experiment and compositions). These ten
mixtures were then subjected to NG for 4h at a frequency of 25 Hz (in batches, each weighing 400
mg).

As a control, PMs with the same compositions as those in the experimental matrix were also prepared.
This allowed for a detailed comparison between the coground samples and their unprocessed

counterparts, providing valuable insights into the structural differences between the two.

The solid-state nature of the coground samples and PMs was then assessed through PXRD analysis.
Diffractograms of all ten milled mixtures revealed a typical halo pattern characteristic of amorphous
compounds (see Figures C1-C10 in the Appendix C) [328], in contrast to the PMs, where the PXRD
patterns simply reflected the combined crystalline patterns of the two or three (depending on the
mixture composition) starting materials (Figure C11 in the Appendix). This comparison clearly
indicated that manual physical mixing was insufficient to amorphize the three APIs, whereas NG was

essential to achieve complete amorphization in all ten systems.

At this stage, some coground samples (all three binary plus one ternary system, i.e., exp. N° 3, 6, 9
and 10) were analyzed using FT-IR spectroscopy to investigate the presence of possible interactions
between the components, which would indicate the formation of coamorphous systems rather than
mere physical blends of the three amorphous components.

Figure 53 shows FT-IR spectrum of exp. N° 3 (i.e., binary NCM-MBZ 1:1) compared to the
corresponding PM and pure components. Starting with MBZ, the N-H amide stretching band at 3404
cm™' [329] is still present in the PM, whereas it disappears in the coamorphous spectrum, indicating
its involvement in H-bonding. Similarly, the amide C=0 stretching band at 1717 cm™ [329] is no
longer detectable in the coamorphous system, suggesting that the carbonyl amide group could also be
involved. At 1648 cm™ [329], the benzoyl C=0 stretching of MBZ exhibits broadening in the
coamorphous spectrum, though the extent of its involvement remains uncertain.

Turning to NCM, the functional group clearly involved in interactions is the N-H, as its stretching
bands at 3241 and 3110 cm™ [241], still visible in the PM, completely disappear in the coamorphous
spectrum. At 1651 cm™ [242], the C=O stretching band shows broadening in the coamorphous
spectrum, though its involvement in H-bonding is less clear. Additionally, the C-OH stretching band

at 1192 cm™ [242] appears in both spectra, suggesting no interaction with this group. In conclusion,
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the N-H amide groups from both components and the MBZ amidic carbonyl appear to be involved in

H-bonding.

Figure 53. FT-IR spectra of NCM-MBZ 1:1 coamorphous (green) compared with its PM (blue) and pure
components (black line represents NCM and red line MBZ).

Also, FT-IR of exp. N° 6 (i.e., binary PZQ-NCM 1:1) was useful to elucidate some possible
interactions between the two components. The FTIR spectrum of the new coamorphous system
exhibits the typical band broadening characteristic of amorphous materials, differently from the pure
crystalline components and the PM. This broadening is particularly evident in the wavenumber region
between 3241 and 3110 cm™, where the N-H stretching bands of NCM are located [241], making it
difficult to clearly determine whether the donor group is involved in H-bonding. Additionally, the
band at 1624 cm™, corresponding to the C=0 stretching of PZQ [43,45,141,169], disappears in the
coamorphous spectrum, confirming the involvement of the carbonyl group as a H-bond acceptor.
Conversely, the C-OH stretching band of NCM at 1192 cm™ [242] is still present in both the PM and
the coamorphous spectra, suggesting that this group is not acting as a H-bond donor. The broadening
observed in the coamorphous spectrum makes it difficult to definitively identify all the groups
involved in H-bonding. However, a PZQ carbonyl group seems to be implicated as a H-bond acceptor.

Figure 54 shows the FT-IR spectra described above.
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Figure 54. FT-IR spectra of PZQ-NCM 1:1 coamorphous (black) compared with its PM (orange) and pure

components (green line represents PZQ and red line NCM).

FT-IR of exp. N° 9 (binary PZQ-MBZ 1:1) are reported in Figure 55. By comparing the FT-IR spectra
of the new coamorphous system, its PM, and the individual components, it can be hypothesized the
presence of solid-state interactions. In the region related to PZQ carbonyl stretching vibrations, the
coamorphous merges into a single broad and shifted carbonyl band at 1641 cm™, compared to the
double peak at 1647 and 1624 cm™ observed for anhydrous PZQ [43,45,141,169]. PZQ bands are
still visible in the PM, confirming that no interactions involving these functional groups occur in the
simple mixture. Regarding MBZ, the sharp N-H amide stretching band at 3404 cm™ [329], which is
still prominent in the PM, is absent in the coamorphous system. This could indicate that the N-H
amide group participates in H-bonding. Additionally, the band at 1278 cm™, associated with the C-N
stretch of the imidazole [329], shows significant broadening in the coamorphous spectrum, suggesting

its involvement in interactions. In contrast, no such broadening is observed in the simple PM.
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Figure 55. FT-IR spectra of PZQ-MBZ 1:1 coamorphous (blue) compared with its PM (orange) and pure
components (light blue line represents PZQ and red line MBZ).

Figure 56 reports FT-IR spectra for ternary PZQ-NCM-MBZ 1:1:1 coamorphous, the corresponding
PM and the three APIs. The FT-IR spectra reveal several informative bands. Considering MBZ, the
sharp N-H stretching band at 3404 cm™ [329] completely disappears in the coamorphous spectrum,
indicating the involvement of a H-bond. The C-N stretching band at 1278 cm™ [329] shows
significant broadening in the ternary system, reflecting its amorphous nature, while the C=0O
stretching band, originally at 1717 cm™ [329], is absent, confirming the involvement in the
interactions. On the contrary, the C=O0 stretching band at 1647 cm™ [329] remains visible, suggesting
that this group is not involved in the interactions. Regarding NCM, the N-H stretching and bending
at 3241 and 3195 cm™ and 897 cm™ [241], respectively, disappear in the ternary system spectrum,
indicating their involvement in H-bonding. The C=O stretching band at 1651 cm™ is significantly
broadened but still present, while the C-OH stretching band at 1192 cm™ is broadened and shifted, a
behavior also observed in the PM spectrum, making it unclear whether this group participates in H-
bonding. As for the C=0 groups in PZQ, the carbonyl stretching band at 1624 cm™ disappears in the
coamorphous spectrum, indicating its definite involvement in H-bonding. In conclusion, the groups
most certainly involved in H-bonding are the amide N-H and carbonyl groups of MBZ, the amide N-
H of NCM, and the carbonyl group of PZQ.
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Figure 56. FT-IR spectra of PZQ-NCM-MBZ 1:1:1 coamorphous (black) compared with its PM (orange) and
pure components (green line represents PZQ, blue line NCM and red line MBZ).

Given the complexity of FT-IR results of coamorphous systems—particularly the ternary ones—and
the fact that the starting commercial form of MBZ is itself a mixture of two polymorphs [330] (as
also confirmed by experimental DSC and PXRD analyses), the confirmation of the existence of
homogeneous coamorphous systems was obtained through the evaluation of the 7, of the system, as
it is one of the key features that distinguishes amorphous and coamorphous systems from crystalline
materials. Particularly to coamorphous systems, which are homogeneous multicomponent systems,
one would expect to observe a single 7, value. Therefore, experimentally determining the 7, and
confirming a unique value for each of the ten mixtures could provide further evidence that
homogeneous coamorphous systems were successfully obtained.

The experimental 7, values were primarily determined using conventional DSC analysis. However,
in some cases where it was not possible to detect 7, through traditional DSC, MTDSC was employed.
To provide a comparison of the experimental results, theoretical 7, values of the (binary or ternary)
drug mixtures were also calculated using the Gordon-Taylor (G-T) equation reported in section
5.2.2.2.3 [313,314].

As for the individual APIs, T, was determined experimentally by DSC (or MTDSC, in NCM case)
and compared to theoretical 7, values. The experimental values, not in good agreement with the
conventional Rule of 2/3 [333], were in satisfactory accordance with the predicted model proposed
by Alzghoul and coauthors [188], unless for MBZ. The experimental 7, values of PZQ and MBZ

were found to be consistent with those previously reported in literature [42,331], while 7; of NCM
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was experimentally determined for the first time. Table 12 summarizes experimental and calculated
T, values for the ten mixtures and the three pure APIs.

Table 12. Experimental 7, values compared to theoretical ones according to G-T equation.

Molar ratio Theoretical 7,

Experimental dine to G.T
according to G-
PZ NCM MBZ T, (°C) = S.D.
Q ¢ (O equation (°C)

Sample / Exp. N°

PZQ 1 0 0 40.94" £ 0.90 28.56°

NCM 0 1 0 82.90" + 0.64 85.47"

MBZ 0 0 1 111.98 +£0.73 142.95%
1 0.500 0.250 0.250 / 63.54
2 0.167 0.417 0.417 / 84.17
3 0 0.500 0.500 98.33 +0.34 96.95
4 0.250 0.500 0.250 79.54 +0.59 75.40
5 0.417 0.167 0.417 74.02 £ 0.59 71.02
6 0.500 0 0.500 69.31 +0.87 68.67
7 0.250 0.250 0.500 83.31 £0.76 81.58
8 0.417 0.417 0.167 60.40 £ 0.13 65.40
9 0.500 0.500 0 59.15+0.95 57.87
10 0.333 0.333 0.333 76.77 £ 0.09 73.15

"MTDSC; $Single compound, not applicable to calculate a theoretical T according to G-T equation; T was

predicted through the model proposed by Alzghoul et al. [188].

As highlighted in this table, the experimental 7, values of the mixtures obtained via DSC were
generally in good agreement with the theoretical values calculated using the G-T equation. The
similarity between the experimental 7, and the theoretical 7, values indicated that there might be not
strong molecular interactions between the drugs [307]. In these mixtures, slight positive deviations
were observed, generally indicating a slightly higher rigidity of the vitreous state, as also confirmed
by FT-IR analyses, which remain to be verified by stability studies [332—-334].

However, experimental analyses (i.e. DSC and MTDSC) were unable to clearly determine the 7, in
two out of the thirteen systems investigated. This issue could be attributed to several reasons: the
known difficulty in detecting 7, in some amorphous formulations prepared by grinding, as these
systems occasionally fail to produce a distinct 7 signal, possibly due to incomplete amorphization or
other physical disruptions introduced during the grinding process [318,335], or simply to the fact that
these two systems are not coamorphous systems.

In the remaining eight cases, a single 7, value was observed, demonstrating that these were
homogeneous multicomponent systems. The presence of a unique 7, is a key indicator that the
components are well-integrated at the molecular level, supporting the conclusion that true

coamorphous systems were formed rather than simple PMs of individual amorphous substances.
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The experimental and computed 7, values provided useful insights into the expected stability of the
coamorphous systems. Stability is a critical factor for the practical application of coamorphous
materials, particularly because of their inherent tendency to revert to a crystalline state over time or
under certain environmental conditions [46,316,318]. It is widely reported in literature that
amorphous and coamorphous systems are generally stable up to a temperature approximately 50 °C
below their 7%, a principle often referred to as the " 7, — 50 °C" rule. According to this rule, molecular
mobility within an amorphous solid becomes negligible 50 °C below its 7,, whereas temperatures
exceeding this threshold can lead to significantly increased molecular mobility, which is sufficient to
induce physical changes such as recrystallization or phase separation.

This "T, — 50 °C" guideline serves as a practical tool for predicting the long-term stability of
coamorphous systems, helping to ensure that their amorphous nature is maintained during storage
and use [336-338]. As a result, coamorphous systems with a 7 above 75 °C are generally expected
to remain stable under ambient conditions (or even at 40 if the 7, exceeds 90 °C). In contrast, systems
with lower T, values are more prone to recrystallization at room temperature and therefore require to
be stored in a refrigerator or in a freezer to maintain their physical integrity.

To assess the physical stability of the coamorphous systems under different temperature conditions,
selected samples (exp. N° 1, 3,4, 6, 7, 9, 10) were stored at four distinct temperatures: -30 °C, 5 °C,
25 °C, and 40 °C, over a period of six months. The solid-state nature of these samples was closely
monitored over time using PXRD, with analyses conducted on a weekly basis during the first month
and then on a biweekly basis.

Figure 57 presents a summary of the results from this 6-month stability study. The findings largely
aligned with the expectations regarding the physical stability of the coamorphous systems, as
predicted by the "7y — 50 °C" rule; only two out of seven systems partially deviated from these
expectations. All systems remained stable in the freezer throughout the entire six-month period.
Furthermore, one of the samples, specifically exp. N° 1, which corresponds to a ternary coamorphous
formulation, for which the 7, could not be measured experimentally, considering the 7, — 50 °C rule
and the calculated 7, (through G-T equation), demonstrated stability greater than expected. This led

to conclude with good approximation that this was also a coamorphous system.
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Figure 57. Physical stability of seven coamorphous systems after six months of storage at different
temperatures. Full sticks indicate that sample meets expectations according to “7¢ — 50 °C” rule. Full green
ticks stand for “stable as expected according to “7T¢ — 50 °C” rule”; full red crosses stand for “unstable, as
expected according to “7g — 50 °C” rule”; empty green ticks stand for “stability superior to expectations”;

empty red crosses stand for “stability inferior to expectations”. * T, value calculated from G-T equation.

Remaining in the context of physical stability, one of the most critical challenges associated with
amorphous and coamorphous materials is their inherent hygroscopicity. These materials have a high
tendency to absorb moisture from the environment due to their disordered molecular structure, which
creates an increased surface area and more accessible sites for water interaction. The absorption of
moisture can generate several negative consequences. Water molecules, once absorbed, can act as
plasticizers, lowering the 7, and increasing molecular mobility within the material. This can lead to
a destabilization of the amorphous or coamorphous matrix, weakening or completely disrupting the
intricate molecular interactions that maintain the material in its high-energy state. Such destabilization
brings to unwanted phenomena, like phase separation, loss of cohesion in the coamorphous system,
or most detrimentally, recrystallization or hydrates formation. These latter phenomena not only
compromise the solubility and dissolution rate advantages of amorphous forms but also risk reducing
bioavailability [315,316]. Therefore, understanding and meticulously controlling hygroscopicity is
crucial to preserving the physical stability of amorphous and coamorphous powders over time. To
assess the effects of RH on the obtained coamorphous systems, selected samples (i.e., N° 3, 6, 9, and
10) were subjected to a gradual RH increase from 0% to 90% at a constant temperature of 25 °C.
Figure 58 provides a summary of the sorption-desorption curves for all four coground systems

investigated.
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In each case a limited mass uptake can be noticed, not exceeding the 3% of the starting mass. It can
be concluded hence that this maximum observed value neither is imputable to a recrystallization
event, since after the cycle of desorption the mass corresponds to the starting one, nor to a bulk
transformation such as a hydrate formation. In fact, considering the molecular weight of the three
APIs and water, a hydrate formation would correspond to a mass gain percentage of about 15% for
the binary and 9.6% for the ternary systems. Conversely, a mass uptake ranging about 3% is related
to a superficial water adsorption, since amorphous phases demonstrates hygroscopic properties and
they sorbs relatively more water as compared with crystalline solid phases [339].

The mass uptake of the four samples is between 1.8 and 2.8%, attesting an analogous behavior not
depending on the composition. Moreover, measurable hysteresis (i.e., difference in water vapor
uptake between sorption and desorption isotherms), are visible on the graph but they are not
attributable to any recrystallization phenomena since, as explained above, the final mass after the

cycle of desorption corresponds to the initial one.

Figure 58. Sorption-desorption curves for exp. N° 3 (dark blue-light blue), 6 (dark green-light green), 9 (red-
orange), and 10 (purple-grey).

Subsequently, drug recovery analyses were carried out on the same seven samples (i.e., exp. N° 1, 3,
4,6,7,9, and 10) used in the physical stability study, focusing on those stored in the freezer at -30
°C and those exposed to stressed conditions at 40 °C (a total of fourteen samples).

The degradation tendency of PZQ under milling conditions is well-documented in literature
[42,45,264]. While PZQ does not degrade when milled alone [43,142], binary ground mixtures have
shown reduced PZQ recovery, along with the insurgence of specific degradation products depending
on the excipient used [42,45,264]. To determine whether PZQ undergoes chemical degradation when

co-ground with NCM and/or MBZ under NG conditions, spectrometric evaluations were conducted.
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The recorded "H-NMR spectra revealed signs of PZQ degradation in only one out of fourteen samples
(exp. N° 6), likely due to the fact that this sample was stored under stressed conditions at 40 °C.
Encouragingly, all other thirteen samples, including those stored at 40 °C, showed only the presence
of the starting materials—PZQ, NCM, and/or MBZ—indicating the absence of chemical changes
after mechanochemical treatment under all experimental conditions. Figures C12-C25 in the

Appendix report all the recorded "H-NMR spectra.

The final phase of this experimental work involved clarifying the recrystallization phenomena
observed in the newly developed systems.

Recrystallization of coamorphous systems can lead to different outcomes, depending on the nature of
the components and their interactions. In some cases, recrystallization may result in the separation of
the initial phases, where each component reverts to its crystalline form independently. Alternatively,
recrystallization can lead to the formation of a new entity that corresponds to the coamorphous system
but in a crystalline form, known as cocrystal. This transformation into a cocrystal indicates that the
components have not only maintained their interactions but have rearranged into a well-defined
crystalline lattice, preserving the combined properties of the coamorphous phase while gaining the
stability of a crystalline structure [340-342].

Here, we present two examples of recrystallization pathways, noticed during stability studies: one
illustrating the recrystallization of a coamorphous system into its individual components, and the
other showcasing its transformation into a new cocrystal. In some cases, to gain a deeper
understanding of the solid forms obtained after recrystallization, SEM images of both the fresh and
recrystallized products were acquired and combined with PXRD analyses (see Figure C26 in the
Appendix as an example).

The first example of recrystallization is that observed in exp. N° 6, which corresponds to the binary
PZQ-MBZ 1:1 coamorphous system. As shown in Figure 59, which presents the PXRD data of the
fresh and recrystallized products, the recrystallization process leads to the phase separation of the
original components, PZQ and MBZ. In fact, the PXRD patterns clearly show distinct peaks
corresponding to the separate crystalline forms of PZQ and MBZ (as a mixture of Polymorphs A and
O).
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Figure 59. Cartoon depicting the recrystallization of binary PZQ-MBZ 1:1 coamorphous into individual
components through PXRD analyses. Black dotted lines represent PZQ peaks, while light blue dotted lines
MBZ reflections.

The second example is exp. N° 9, which involves the binary PZQ-NCM 1:1 coamorphous system. In
this instance, recrystallization did not result in the formation of individual crystalline materials.
Instead, it led to the creation of a "new" entity that, through detailed analysis, was identified as the
previously reported PZQ-NCM 1:3 anhydrous cocrystal (described in the first section of the thesis)
[206].

What is particularly intriguing about this coamorphous system is its unique behavior during
recrystallization. Specifically, the PZQ-NCM 1:1 coamorphous system transforms into a combination
of the well-known polymorph C of PZQ and PZQ-NCM 1:3 anhydrous cocrystal (Figure 60). This
indicates a significant change in the stoichiometry between the two components, suggesting that the

coamorphous state can influence the pathways of crystallization in unexpected ways.
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Figure 60. Cartoon depicting the recrystallization of binary PZQ-NCM 1:1 coamorphous into polymorph C of
PZQ and the PZQ-NCM 1:3 anhydrous cocrystal. Yellow dotted lines represent PZQ polymorph C reflections,
while light blue dotted lines PZQ-NCM 1:3 anhydrous cocrystal reflections.

However, recrystallization phenomena are inherently slow processes, and understanding them,
particularly in ternary coground systems, can often be challenging and not immediately
straightforward. Due to the complexity of these systems and the gradual nature of recrystallization,

this aspect of the research is still in progress and continues to expand.

5.4 Conclusions

In this section, the possibility of preparing coamorphous systems composed exclusively of APIs,
specifically PZQ, NCM, and MBZ, is presented.

The coamorphous systems were prepared via a one-step, solvent-free process—NG—using a lab-
scale vibrational mill. The process proved to be reproducible, requiring only 4h of grinding to achieve
the coamorphous state. All systems were characterized by PXRD and, in some cases, FTIR analysis,
and compared against the starting components and their corresponding PMs to confirm the absence
of crystalline domains in the samples. 7, temperatures of the coamorphous systems were
experimentally determined using DSC and compared to theoretical 7, values calculated via the
Gordon-Taylor equation. Despite the complex DSC curves, particularly for ternary coamorphous, the
presence of a single 7, in each case confirmed the formation of a homogeneous multicomponent

system.
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Stability studies were conducted on seven systems (three binary and four ternary coground samples)
for six months under four different temperature conditions (-30 °C, 5 °C, 25 °C, and 40 °C), based
on the "7y — 50 °C" stability rule. The results largely aligned with expectations for physical stability,
with only two deviations out of the seven systems. All systems remained stable when stored in the
freezer for the entire six-month period, and one ternary coamorphous formulation exhibited a higher
stability temperature than anticipated.

Regarding the influence of RH, DVS results indicated that water had minimal impact on the new solid
phases. Only superficial sorption was observed, with no signs of recrystallization triggered by
humidity.

Recrystallization pathways were also investigated to better understand the potential outcomes of this
process. Depending on the molecular interactions within the system, recrystallization led either to the
separation of the initial components into their crystalline forms or to the formation of a new entity,
such as a cocrystal previously described in the thesis.

Future directions of this work will focus on a deeper examination of the recrystallization phenomena,
which are slow processes, particularly in ternary systems. Additionally, the biopharmaceutical
properties of these promising drug-drug coamorphous systems—such as solubility, dissolution,
permeability, and their anthelmintic activity—will be investigated to further evaluate their therapeutic

potential.
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6. Five new Niclosamide Solvates to Prevent the Formation of Insoluble
Niclosamide Monohydrate

6.1 Abstract

NCM is a well-established anthelmintic drug that has recently gained attention for its therapeutic
potential in a range of applications, leading to its repositioning in pharmaceutical research. Given its
pronounced tendency to form solvates, this study investigates the solid-state behavior of anhydrous
NCM Form A through a comprehensive crystal form screening using LAG and slurry-bridging
experiments with 12 commonly used solvents, including acetic acid (AA), acetone (ACT), benzyl
alcohol (BENZOH), methanol (MeOH), dimethyl sulfoxide (DMSO), 2-pyrrolidone (2-pyr),
acetonitrile (ACN), ethanol (EtOH), ethyl acetate (EA), isopropanol (iPOH), 4-methyl
tetrahydropyran (4-MTHP), and hexane (HXN). The experiments were conducted at different solid-
to-solvent molar ratios (1:1, 1:2).

A comprehensive solid-state characterization analysis (PXRD, DSC, TGA, HSM, FT-IR, SSNMR
AND 'H-NMR analyses) of the NCM solvates was performed. No solvates were formed in the
presence of ACN, EtOH, EA, iPOH, MeOH, 4-MTHP, or HXN. However, five new crystalline
solvates were identified with the other solvents (DMSO, 2-pyr, AA, ACT, and BENZOH). These
solvates were classified into two distinct subgroups based on their structural characteristics:
stoichiometric solvates (NCM-DMSO, NCM-2-pyr) and non-stoichiometric/channel solvates (NCM-
AA, NCM-ACT, NCM-BENZOH).

Importantly, all five solvates demonstrated excellent mechanical stability under compression (10
Tons for 3 min). A key finding was the remarkable stability of the newly discovered solvates, which
resisted conversion to the undesirable NCM monohydrate form, even after 144h of humidity
exposure. This is in stark contrast to anhydrous NCM Form A, which undergoes rapid transformation
to the monohydrate within just a few hours under similar conditions.

A graphical abstract summarizing the experimental work of this PhD thesis section is reported in

Figure 61.
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Figure 61. Graphical abstract depicting the new solid forms of NCM reported in this section.

6.2 Materials and Methods

6.2.1 Materials

NCM (5-chloro-N-(2-chloro-4-nitrophenyl)-2-hydroxybenzamide) was purchased from Sigma-
Aldrich (St. Louis, USA) with a declared purity of 98-101%. AA and 4-MTHP were provided from
Carlo Erba (Rodano-Milan, Italy), while HXN, MeOH, 2-pyr, DMSO and iPOH were purchased from
Sigma-Aldrich (St. Louis, USA). EtOH was provided from Honeywell Riedel-de Haén (St. Louis,
USA), ACN from Merck KGaA, (Darmstadt, Germania), EA from Normapur (Fontenay sous Bois,
Francia), ACT from Galeno (Comeana, Prato, Italy) and BENZOH from A.C.E.F. s.p.a. (Fiorenzuola

D’Arda, Italy). All the actives and chemicals were used without further purification.
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6.2.2 Methods

6.2.2.1 Sample preparation

6.2.2.1.1 Mechanochemical synthesis

The mechanochemical synthesis of NCM solvates was performed in Retsch MM400 vibrational mill
(Retsch, Germany) equipped by two 25 mL stainless steel jars and one 10 mm © bead, respectively.
The milling frequency for each pathway was maintained at 25 Hz, the void volume in the jar was also
kept constant (i.e., a total of 400 mg of powder per 25 mL jar) and the milling time was kept fixed
(i.e., 60 min).

NCM was ground with 12 different solvents using two different NCM-solvent molar ratios, i.e., 1:1
and 1:2. Based on the results obtained with the above-mentioned stoichiometries, additional molar

ratios (i.e., 1:0.5, 1:1.5, 1:3) were used in case of DMSO, 2-pyr, and BENZOH.

6.2.2.1.2 Slurry bridging experiments

For comparison, slurry experiments were conducted using the method outlined in a previous study
[268]. Specifically, 300 mg of solid material (NCM) and 5 mL of each of the 12 selected solvents
were added to 10 mL glass vials, which were then sealed with screw caps and parafilm. The
suspensions were prepared in duplicate and continuously stirred at room temperature (20 °C) for 7
days. After this period, the excess solid phases were separated by vacuum filtration using paper filters

and then analyzed by PXRD.

6.2.2.2 Characterization analyses

6.2.2.2.1 PXRD analysis

PXRD analysis was performed using a Bruker D2 Phaser benchtop diffractometer (Bruker, Manheim,
Germany) operating in Bragg-Brentano geometry with Cu-Ka radiation (A = 1.5418 A) from a 300W
low-power X-ray source (30 kV, 10 mA). Data were collected over a 26 range of 3-40°, with a step
size of 0.02° and a scan speed of 0.6°/s. Each sample was prepared by carefully pressing around 200

mg of the ground product into a steel sample holder fitted with a cylindrical PVDF reducer.
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6.2.2.2.2 DSC analysis

For DSC analysis, samples weighing 2-4 mg were placed in 40 pL aluminum crucibles that were
sealed and pierced. The analyses were performed using a Mettler Toledo DSC 3 Star System (Milan,
Italy) with a heating rate of 10 °C/min from 30 to 250 °C, under a nitrogen atmosphere with a flow

rate of 50 mL/min.

6.2.2.2.3 TGA analysis

TGA was carried out using a Mettler Toledo TGA TDAS8S51 instrument (Milan, Italy). Approximately
5-12 mg of the powdered sample were placed in 100 pL platinum crucibles and subjected to a heating
program from 30 to 250 °C at a rate of 10 °C/min, under a nitrogen atmosphere with a flow rate of

50 mL/min.

6.2.2.2.4 HSM analysis

A Reichert Biovar optical microscope with 10x magnification was used alongside a Mettler FP5 hot-
stage microscope to visually monitor the sample during heating. Images were captured through the
microscope integrated camera and viewed using Webcam Companion software. The heating

conditions for the samples were the same used in DSC and TGA analyses.

6.2.2.2.5 (FT-IR)-ATR analysis

Infrared spectra using attenuated total reflectance ((FT-IR)-ATR) were acquired with a Shimadzu
IR Affinity-1S FT-IR spectrometer (Kyoto, Japan). Measurements were conducted over a range of

400-4000 cm™ with a resolution of 4 cm™ and involved 20 scans.

6.2.2.2.6 SSNMR analysis

The *C CPMAS spectrum of NCM was acquired with a Bruker Avance II 400 Ultra Shield
instrument, operating at 400.23 and 100.63 MHz, respectively for 'H and *C nuclei. The powder
samples were packed into cylindrical zirconia rotors with a 4 mm o.d. and a 80 puLL volume. A certain
amount of sample was collected from each batch and used without further preparations to fill the
rotor. The 3C CPMAS spectrum was collected at room temperature at a spinning speed of 12 kHz,
using a ramp cross-polarization pulse sequence with a 90° 'H pulse of 3.60 ps, a contact time of 3
ms, an acquisition time of 34.9 ms, an optimized recycle delay of 40 s and a number of scans of 95.

A two-pulse phase modulation (TPPM) decoupling scheme was used, with a radiofrequency field of
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69.4 kHz. The *C chemical shift scale was calibrated through the signal of y-glycine (*C methylenic

peak at 43.7 ppm) as a secondary external standard.

The 3C CPMAS spectrum of NCM-AA was acquired with a Jeol ECZR 600 instrument, operating at
600.17 and 150.91 MHz, respectively for 'H and '*C nuclei. The powder samples were packed into
cylindrical zirconia rotors with a 3.2 mm o.d. and a 60 pL volume. A certain amount of sample was
collected from each batch and used without further preparations to fill the rotor. The *C CPMAS
spectrum was 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 us, a contact time of 3.5 ms, an acquisition time
of 29.5 ms, optimized recycle delays of 79.2 s and a number of scans of 250. A two-pulse phase
modulation (TPPM) decoupling scheme was used, with a radiofrequency field of 108.5 kHz. The '*C
chemical shift scale was calibrated through the methylenic signal of external standard adamantane (at

38.48 ppm with respect to tetramethylsilane, TMS).

6.2.2.2.7 '"H-NMR analysis

'"H-NMR solution (acetone-d6) spectrum was acquired on a Jeol ECZR 600 instrument operating at
600.2 MHz. In the 'H spectrum, to obtain quantitative information, it was necessary to employ a

relaxation delay of 60 s. The number of scans acquired is 64.

6.2.2.2.8 Physical stability tests under several conditions

The solid-state stability of NCM solvates was assessed at room temperature (20 °C) by storing the
sample in a desiccator with calcium chloride for 6 months. Periodic analyses and a final evaluation
of the stored samples were conducted using PXRD, under the conditions specified in section 6.2.2.2.1.
To test the impact of mechanical stress, NCM solvates were compressed at 10 Ton for 3 min. This
test was important as solvates, especially non-stoichiometric ones, often exhibit low compression

resistance [303], and NCM is predominantly available as oral tablets [30].

6.2.2.2.9 Resistance to conversion into NCM Hj under high RH %

To determine if NCM solvates could prevent the formation of insoluble NCM monohydrate, which
typically forms within a month of exposure to ambient humidity [30,218,221-224], the stability of
these multicomponent systems was evaluated under high RH conditions. Specifically, samples were

stored in a sealed chamber containing a saturated aqueous NaCl solution, which maintains an RH of
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75% at room temperature [285]. PXRD analysis was performed after 24, 48 and 144h of exposure to

monitor any changes.

6.3 Results and Discussion

6.3.1 Screening of NCM solvates - Introduction

A crystal form screening of NCM was conducted by LAG and slurry-bridging experiments of pure
anhydrous NCM Form A in the presence of 12 commonly used solvents in different solid-to-solvent
molar ratios (1:1, 1:2). The screened solvents and the LAG and slurry outcomes (as evident from
PXRD analyses) are reported in Table 13. Specifically, LAG with EtOH and EA, as well as slurry
experiments with 4-MTHP, HXN and iPOH, led to the formation of anhydrous NCM Form A (CSD
refcode HEBFUR). In contrast, slurry with EtOH and EA yielded polymorph B of NCM (CSD
refcode HEBFURO1), while slurry with ACN and LAG with 4-MTHP, HXN and iPOH resulted in
the formation of NCM monohydrate (NCM Ha, CSD refcode OBEQANO02) [30,218,221-224]. LAG
and slurry with MeOH gave a mixture of the known NCM-MeOH 1-1 solvate previously reported in
literature (CSD refcode GOJLIC) and NCM Ha. Notably, no solvated forms of NCM were observed
with ACN, EtOH, EA, 4-MTHP, HXN, iPOH and MeOH. As a result, the PXRD patterns for these
experiments have been included in the supplementary materials (Figures D1-D7 in Appendix D).
Conversely, 5 crystalline solvates were obtained from DMSO, 2-pyr, AA, ACT, and BENZOH, which
were labeled as NCM-DMSO, NCM-2-pyr, NCM-AA, NCM-ACT and NCM-BENZOH,
respectively. Their PXRD patterns are depicted in Figures 62, 67 and 71.
PXRD suggested that the formation of the new phases was complete, since no evidence of the starting
materials was found.
The five new crystalline forms were subsequently divided into two subgroups based on the results of
various characterization analyses:

* The first subgroup is composed of NCM-DMSO and NCM-2-pyr, which have been shown to

be two stoichiometric solvates.
* The second subgroup includes non-stoichiometric (channel) solvates: NCM-AA, NCM-
BENZOH, and NCM-ACT.
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Table 13. 12 screened solvent and observed NCM solid forms via LAG and slurry in the presence of each

liquid additive (bold characters indicate unreported solvates)

Outcomes
Solvent
LAG Slurry-bridging
NCM-ACN monosolvate
ACN NCM Ha
(CSD refcode KUKROZ [221])*
EtOH NCM Form A NCM Form B
EA NCM Form A NCM Form B
4-MTHP NCM Ha NCM Form A
HXN NCM Ha NCM Form A
iPOH NCM Ha NCM Form A
NCM-MeOH monosolvate NCM-MeOH monosolvate
MeOH (CSD refcode GOJLIC [230]) + (CSD refcode GOJLIC [230]) +
NCM Ha NCM Ha
NCM-DMSO monosolvate
DMSO NCM-DMSO monosolvate
(CSD refcode WOXVIS [232])
2-pyr NCM-2-pyr NCM-2-pyr
AA NCM-AA NCM Form A
ACT NCM-ACT NCM Form A
BENZOH NCM-BENZOH NCM-BENZOH

*Not further investigated because mixture of phases (i.e., KUKROZ + isostructural solvate)(Figure D1 in the

Appendix)
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6.3.1.1 NCM-DMSO and NCM-2-pyr solvates

The use of DMSO and 2-pyr as solvents upon grinding led to the formation of two stoichiometric
solvates. Slurry experiments of NCM Form A suspended in DMSO and 2-pyr gave origin to the same
solvates. The formation process of both solvates was reproducible, both through mechanochemistry
and slurry methods. The NCM-DMSO solvate corresponded to that recently reported by Kuri and
colleagues [232], whose structure was deposited with refcode WOXVIS in the CSD. As for the
NCM-2-pyr solvate, it was entirely new in the scientific literature and its structure has not yet been
solved.

Figure 62 presents the patterns of the NCM-DMSO and NCM-2-pyr solvates in comparison to
commercial NCM Form A, polymorph B, and NCM Ha. The distinct differences between these two
new patterns and the reference compounds confirm the formation of novel solid forms of NCM.

The NCM-DMSO pattern is characterized by four intense peaks at approximately 9.3°, 15.3°, 25.2°,
and 27.5° 20 (the same recently observed by Kuri et al. [232]), while the NCM-2-pyr pattern exhibits
a prominent peak around 25.9° 26. Both patterns suggest a high yield of the synthesis process, since

no evidence of the starting materials was found.

Figure 62. PXRD of NCM Form A, NCM Form B and NCM Hj (black) and WOXVIS [232] (black) and the
new phases NCM-DMSO (red), NCM-2-pyr (blue).

Figures 63 and 64 show the DSC and TGA curves of NCM-DMSO (red) and NCM-2-pyr (blue),
respectively.

The thermogram of NCM-DMSO displays two bands: the first is a high-temperature endothermic
desolvation band, peaking at 171.62 °C with an enthalpy of 87.04 J/g; the second is an endothermic
band with a peak at 229.73 °C and enthalpy of 108.21 J/g, corresponding to the melting of anhydrous
NCM. The narrow and elongated shape of the desolvation endotherm is typical of stoichiometric

solvates with isolated sites [226]. The same DSC result was also reported by Kuri and coauthors
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[232]. PXRD analysis of the material retrieved after heating up to crystal desolvation (185 °C)
revealed the presence of Form A, with a small amount of NCM-DMSO solvate, as indicated by a
minor signal at around 9.3° 20 (brown pattern in Figure D8 in the Appendix). In agreement with that,
HSM analysis showed at approximately 190 °C the crystal desolvation, which was followed by the
melting of anhydrous NCM form A around 230 °C. TGA curve (Figure 64a) shows a single event
between 125 °C and 175 °C (consistent with the DSC observations), corresponding to a weight loss
of 18.75% of the initial mass. This percentage aligns with the NCM-DMSO monosolvate.

As for NCM-2-pyr, the DSC curve shows a broad and shallow endothermic event ending around 175
°C (not integrated in the graph) and an additional endothermic band with a peak at 200.97 °C and an
enthalpy of 113.57 J/g. This band, as confirmed by subsequent analyses, corresponds to both the
desolvation process and the concurrent collapse of the solid structure. At the HSM, NCM-2-pyr
desolvation occurred at the same temperature as the endothermic peak observed in the DSC curve,
after which the solid structure collapsed, forming a fully liquid phase without then recrystallizing.
TGA curve, depicted in Figure 64b, reveals two distinct events: the first between 105 °C and 145 °C,
corresponding to a weight loss of 15.66% of the initial mass, which is consistent with a stoichiometric
ratio of NCM-2-pyr of 1:0.7; the second between 170 °C and 210 °C, showing a weight loss of
17.25%, compatible with a stoichiometric ratio of 1:1. Thus, the stoichiometry of NCM-2-pyr appears
to be higher than that of NCM-DMSO, likely in the range of 1:1.7 or 1:2. This finding is not
surprising, considering that 2-pyr is known to form solvates with stoichiometries exceeding the
equimolar ratio; for instance, it is reported to form a sesquisolvate with theophylline, with a drug-
solvent stoichiometric ratio of about 1:1.6 [18]. Indeed, the DSC curve of theophylline sesquisolvate
shows similarities to that of NCM-2-pyr, particularly in the shape of the broad desolvation endotherm
anticipating the crystal lattice collapse. PXRD analyses of the solid remaining after desolvation was
in complete agreement with DSC results (Figure D9 in the Appendix). Two different heating
processes were conducted (up to 185 °C and 225 °C), as TGA revealed two distinct weight loss steps.
In both cases, the NCM-2-pyr solvate persisted, with an increase in the amorphous content with
respect to the freshly prepared solvate, as expected. These analyses confirmed that, differently from

previous NCM-DMSO solvates, NCM-2-pyr does not recrystallize upon heating in NCM form A.
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Figure 63. DSC curves of NCM Form A (black) and the new phases NCM-DMSO (red), NCM-2-pyr (blue)

Figure 64. TGA curves of NCM-DMSO solvate (a) and NCM-2-pyr solvate (b).

The (FT-IR)-ATR spectra of the NCM-DMSO and NCM-2-pyr solvates, shown in Figures 65 and
66, are entirely different from that of anhydrous NCM Form A, confirming the formation of two new
solid forms of NCM.

A detailed comparison between the spectrum of the NCM-DMSO solvate and that of anhydrous NCM
Form A (Figure 65) revealed several key differences that indicate the involvement of the NCM
molecule in interactions with DMSO:

- The absence of the doublet at 3576 cm™ and 3491 cm™', which corresponds to -OH stretching
in the spectrum of anhydrous NCM [343], along with a slight shift of the C-OH stretching
band from 1192 cm™ [242] to 1188 cm™', confirmed that the -OH group of NCM was involved
in the interaction with DMSO.
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The amine -NH group of NCM appeared involved in the interaction, as both the stretching
(3237.8 cm™ and 3194.4 cm™ [241]) and bending (897 cm™ [241]) vibration bands result
slightly shifted to higher wavenumbers.

The C=0 stretching band of NCM at 1651 cm™ [242] was missing in the NCM-DMSO
spectrum, while the C=0 bending band showed a slight shift from 1217 cm™ [242] to 1225
cm™', suggesting that the C=0 group of NCM might also be involved in some interactions.
The characteristic DMSO peaks in the 1100-900 cm™ range [344] were shifted to lower
wavenumbers (1000-900 cm™) in the solvate, indicating that DMSO was likely participating
in the interactions.

The fingerprint region of the NCM-DMSO solvate, below 1500 cm™, differed significantly

from that of anhydrous NCM, further confirming the formation of a new solid phase.

Figure 65. FT-IR spectra of NCM Form A (black) and the new phase NCM-DMSO (red).

Figure 66 compares the spectrum of the NCM-2-pyr solvate with that of anhydrous NCM Form A,

helping to identify the functional groups of the NCM molecule involved in interactions with 2-pyr.

The analysis revealed the following:

The absence of the doublet at 3576 cm™ and 3491 cm™!, associated with -OH stretching [343]
in the (FT-IR)-ATR spectrum of NCM, suggested that the -OH hydroxyl group of NCM is
involved in the interaction with 2-pyr.

The amine -NH group of NCM also seemed to participate in the interaction, as the bands

corresponding to both stretching (3237.8 cm™ and 3194.4 cm™ [60]) and bending (897 cm™
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[60]) bands were shifted in the NCM-2-pyr spectrum to 3257 cm™', 3214 cm™', and 890 cm™,
respectively.

- Significant differences in the 1700-1200 cm™ region, which corresponds to C=O stretching
and bending in NCM [62], further suggested that these functional groups were also involved
in the interactions within the NCM-2-pyr solvate.

- Additionally, the fingerprint region of the NCM-2-pyr solvate, below 1500 cm™, showed a

distinct pattern compared to anhydrous NCM, confirming the formation of a new species.

Figure 66. FT-IR spectra of NCM Form A (black) and the new phase NCM-2-pyr (blue).

6.3.1.2 NCM-AA, NCM-BENZOH and NCM-ACT solvates

Using AA, BENZOH, and ACT as solvents gave rise to the formation of non-stoichiometric solvates,
presumably isostructural with each other. These solvates were obtained via mechanochemistry, or by
slurry only in the case of BENZOH. In non-stoichiometric solvates, solvent molecules occupy
channels or void spaces within the crystal, unlike the isolated site positioning observed in
stoichiometric solvates. The formation of this type of solvates is supported by the tendency of NCM
molecules to adopt a planar arrangement within the crystals, creating voids between the planes [30].
Thus, it is unsurprising that NCM tends to form such non-stoichiometric solvates, as recently noted
by Mann and colleagues [251].

The variation in solvent content in these non-stoichiometric solvates is attributable to the solid
capability to absorb or release solvent molecules based on the temperature and pressure conditions

during synthesis and storage. Typically, if a solid can form channel solvates with one solvent, it is
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also capable of forming such solvates with water or other solvents [191]. This is evident in the solvates
formed by NCM with AA, BENZOH, and ACT, which show low reproducibility (described as
"seasonal") and can be obtained by grinding with all three solvents, or by slurry only with BENZOH.
In addition, a preliminary SSNMR analysis performed on the NCM-AA solvate further confirmed the
low stability of this class of solvates. Specifically, a comparison between the CPMAS spectra of pure
NCM and NCM-AA (shown in black and green in Figure 67, respectively) reveals that the spectrum
of NCM-AA lacks any signal corresponding to AA (whose CHs-related signal would be expected
around 20 ppm). Moreover, Figure 67 highlights the presence of a significant amount of unreacted
pure NCM (clearly visible in the peaks marked with black arrows) and the presence of an additional

phase (indicated by red arrows).

Figure 67. Comparison between the °C (100.63 MHz) CPMAS spectrum of NCM (black), acquired at a
spinning speed of 12 kHz, and the "*C (150.91 MHz) CPMAS spectrum of NCM-AA (green), acquired at room

temperature at a spinning speed of 20 kHz.

As a validation step, the 'H spectrum of NCM-AA was recorded as well (Figure 68). A signal
attributed to AA was observed at 2.0 ppm. This signal (marked in blue in Figure 68) was integrated
and compared to the signal at 8.42 ppm, corresponding to an aromatic CH group of NCM (marked in
orange). This analysis yielded an NCM-AA ratio of 1:0.08, whereas TGA results (reported below in
Section x) indicate a stoichiometric ratio of 1:0.25. To further evaluate stability of this solid form,
the 'H spectrum of NCM-AA was recorded again after approximately one week. Integration of the
same signals revealed an NCM-AA ratio of 1:0.06, indicating that NCM-AA solvate is unstable and

that AA content is non-stoichiometric.
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Figure 68. '"H NMR spectrum of NCM-AA. The integrals of a NCM signal (in orange) and an AA signal (in
green) are highlighted. The asterisk indicates the signal corresponding to the solvent used for the analysis

(acetone-do).

In summary, these solvates not only exhibit low reproducibility in their formation—some were
obtained only once, while others were initially formed using two techniques but later only
reproducible through one, etc.— but also demonstrate temporal instability, reflected in fluctuations
of solvent content within the structure. This instability has been corroborated by DSC and TGA
analyses for NCM-BENZOH, NMR for NCM-AA, and further supported by evidence of
isostructurality identified through PXRD and FT-IR analyses.

The PXRD analysis confirmed the formation of three new solid forms of NCM, with remarkably
similar diffraction patterns (AA, BENZOH, or ACT).

Figure 69 compares the patterns of the new NCM solvates formed with AA, BENZOH, and ACT to
those of commercial NCM Form A, polymorph B, NCM Ha, and the previously reported NCM-ACT
monosolvate (CSD refcode KUKRIT) [218,221]. Three distinct new patterns are clearly visible. They
are nearly to each other (despite being derived from three different solvents) but distinct from the
reference compounds, which confirms the formation of three new solid forms of NCM.

The pattern of these three compounds also differs from those of NCM-DMSO and NCM-2-pyr, and
is characterized by signals at 10.3°, 13°, 17.5°,20.9°, 22.3°, and 27.3° 20. The samples obtained with
the three different solvents show only slight shifts in signal positions, but the overall pattern, including
peak positions and relative intensities, corresponds to the same solid phase. This suggests that the

three solvates are likely isostructural.
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Figure 69. PXRD of NCM Form A, NCM Form B, NCM Hj, and KUKRIT (black) and the new phases NCM-
AA (red), NCM-BENZOH (blue) and NCM-ACT (pink).

Figure 70 presents a comparison of the thermograms for anhydrous NCM Form A, NCM-AA, NCM-
BENZOH, and NCM-ACT.

Unlike the overlapping PXRD patterns, the thermograms of NCM-AA, NCM-BENZOH, and NCM-
ACT are not completely superimposable, reflecting differences in solvent content and the nature of
the solvent itself. However, all three curves display broad desolvation bands at low temperatures,
which is a characteristic feature of non-stoichiometric solvates [191], where solvent molecules are

not strongly bound to the solid and primarily interact with one another.
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Figure 70. DSC curves of NCM Form A (black) and the new phases NCM-AA (red), NCM-BENZOH (blue)
and NCM-ACT (pink).

Specifically, the thermograms of NCM-AA and NCM-ACT are almost identical, both displaying an
initial endothermic desolvation band followed by an endothermic melting band, occurring within the
same temperature range.

For NCM-AA, the desolvation band peaks at 91.71 °C with an enthalpy of 108.87 J/g, while the
melting band peaks at 229.49 °C with an enthalpy of 135.29 J/g, similarly to NCM Form A. TGA
analysis (Figure 71a) evidenced a single event between 70 °C and 95 °C, consistent with the
desolvation endotherm observed in DSC. This event corresponds to a weight loss of 4.18% of the
initial weight, which aligns with a stoichiometric ratio of 1-0.25 for NCM-AA, thereby confirming
the formation of a non-stoichiometric solvate [191].

In the case of NCM-ACT, the desolvation peak appears at 92.35 °C, with a higher enthalpy of 151.54
J/g compared to NCM-AA. The melting peak is at 229.66 °C with an enthalpy of 134.88 J/g, again in
correspondence of NCM-AA. TGA (Figure 71b) was consistent with the DSC findings, showing a
single event between 70 °C and 100 °C. This corresponds to a weight loss of 4.55% of the initial
weight, aligning with a stoichiometric ratio of 1-0.25 for NCM-ACT, like non-stoichiometric NCM-
AA solvate.

The thermogram of NCM-BENZOH, however, differs by showing two distinct endothermic
desolvation bands: the first at 70.28 °C with an enthalpy of 79.72 J/g, and the second at 130.66 °C
with an enthalpy of 43.60 J/g. The typical endothermic melting event at 231.27 °C with an enthalpy
of 101.35 J/g, corresponding to NCM Form A, is also visible. This melting occurs at slightly higher
temperatures than in the other cases and with a lower enthalpy. A potential explanation for this
phenomenon could be that part of the solvent, rather than being incorporated into the crystal lattice,
may be adsorbed only on the crystal surface. TGA for the NCM-BENZOH solvate (Figure 71c)
reveals a single event between 50 °C and 120 °C, corresponding to a weight loss of 15.59% of the
initial weight. This percentage matches a stoichiometric ratio of 1-0.6 for NCM-BENZOH,
confirming again the formation of a non-stoichiometric solvate. This fraction of surface-bound
solvent was detectable only by DSC, while TGA, intentionally conducted a few days after
preparation, showed a single inflection point. The BENZOH molecules may have undergone a
different reorganization or attained a different equilibrium in the solid due to the mobility of solvent
molecules in channel solvates. In all three cases, the solids retrieved after heating and subsequent
desolvation of AA, ACT and BENZOH appeared to be anhydrous NCM Form A at the PXRD analysis
(Figure D10 in the Appendix).
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Figure 71. TGA curves of (a) NCM-AA solvate (red), (b) NCM- ACT solvate (pink) and (¢) NCM-BENZOH
(blue).

According to literature, isostructural solvates tend to convert into an isomorphic desolvate upon
desolvation. This form represents an intermediate state between the solvated structure and the most
stable anhydrous form, and usually exhibits a PXRD pattern that is very similar to the original channel
solvate, with only minor shifts in the signals [191,345]. Given the isostructurality of the three non-
stoichiometric solvates observed in PXRD, one would expect that DSC coupled with PXRD analyses
would produce patterns like the initial ones, indicating the formation of isomorphic desolvates.
However, this was not observed in our case, presumably due to the low stability of these solids. This
issue may be directly related to the limitations of the current technique, which could potentially be

solved with more advanced equipment, such as variable-temperature diffractometers.

The (FT-IR)-ATR spectra of the NCM-AA, NCM-BENZOH, and NCM-ACT solvates were found to
differ from those of the previously analyzed solvates, but were identical to each other, confirming the
formation of an isostructural solvate. In this case, (FT-IR)-ATR analysis proved to be particularly
useful for demonstrating the isostructurality of the three phases. A comparison of the spectra for AA,
BENZOH, and ACT is shown in Figure D11 in the Appendix. For simplicity, Figure 72 compares the
spectrum of NCM-AA (which overlaps with the spectra of BENZOH and ACT) and that of anhydrous
NCM Form A. Clear differences between these spectra further confirmed the presence of interactions

between NCM and the three solvents in the isostructural solvates:
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- Specifically, the bands at 3576 cm™ and 3491 cm™, corresponding to the -OH stretching of
NCM [343], were shifted to lower wavenumbers in the NCM-AA spectrum, appearing at 3541
cm ' and 3441 cm™, respectively. This suggested possible involvement of the -OH hydroxyl
group of NCM in these interactions. A slight shift was also observed in the C-OH stretching
band of NCM, from 1192 cm™ [242] to 1197 cm™.

- The -NH amine group of NCM did not seem to participate in these interactions, as both the
stretching bands (3237.8 cm™ and 3194.4 cm™ [241]) and the bending band (897 cm™ [241])
remained at the same wavenumbers as in the NCM spectrum.

- The C=O0 stretching (1651 cm™ [242]) and C=0 bending (1217 cm™ [242]) bands of NCM
were slightly shifted to higher wavenumbers in the NCM-AA spectrum, at 1660 cm™ and
1224 cm™, respectively.

- The region between 1500 and 400 cm™ in the spectrum of the examined solvate was very
similar across all three channel solvates and when compared to the spectrum of anhydrous

NCM Form A, providing further evidence that the three systems are isostructural.

Figure 72. FT-IR spectra of NCM Form A (black) and the new phase NCM-AA (red).
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6.3.2 Physical stability tests of NCM solvates under several conditions

6.3.2.1 Physical stability in the solid-state over time

The solid-state stability of NCM solvates was assessed at room temperature (20 °C) by storing the
samples in a desiccator with calcium chloride for 6 months. Periodic analyses and a final evaluation
of the stored samples were conducted using PXRD.

The solvates were all found to be stable at room temperature: no changes were observed between the
fresh products and the samples after 6 months (Figure D12-D16 in the Appendix). This is particularly
noteworthy considering that some of these solvates are non-stoichiometric, which are typically

characterized by low stability [191].

6.3.2.2 Resistance to compression

To test the impact of mechanical stress, NCM solvates were compressed at 10 Ton for 3 min. This
test was important as solvates, especially non-stoichiometric ones, often exhibit low compression
resistance [303], and NCM is predominantly available as oral tablets [30].

All five solvates proved to be resistant to compression, as no changes were observed in the initial

PXRD patterns (Figures D17-D21 in the Appendix).

6.3.3 Resistance to conversion into NCM Ha under high RH %

Since these five new NCM solvates demonstrate satisfactory stability under various stress conditions,
the next step was to evaluate their ability to prevent the formation of insoluble NCM Ha. NCM
monohydrate, which typically forms within a month of exposure to ambient humidity, poses
significant challenges, primarily due to its extremely low solubility, often described as "cement-like"
behavior. This characteristic, together with other physicochemical properties, negatively impacts the
dissolution rate and bioavailability of NCM, ultimately compromising its therapeutic efficacy
[30,218,221-225]. Therefore, the purpose of these experiments was to assess whether these five new
NCM solvates could inhibit NCM Ha formation, thereby mitigating its undesirable physicochemical
properties.

Specifically, samples were stored in a sealed chamber containing a saturated aqueous NaCl solution,
which maintains an RH of 75% at room temperature [285]. PXRD analysis was performed after 24,

48 and 144h of exposure to monitor any changes.
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Comparing the diffractograms obtained before and during exposure to humidity, no formation of
NCM Ha was observed. Specifically, all five NCM solvates remained stable, preventing conversion
into the monohydrate form even after 144h of exposure to humidity. This contrasts with anhydrous
NCM Form A, which converts to the monohydrate after just a few hours under the same conditions.

Comparisons of the individual NCM solvates as fresh products and after 144h of high RH exposure
are included in the Appendix (Figures D22-D26).

6.4 Conclusions

Through the experimental work presented in this thesis section, the previously reported tendency of
NCM to form solvates/hydrates, both stoichiometric and non-stoichiometric (channel), has been
confirmed. This is evident from the discovery of five new solvates with solvents used in the
pharmaceutical field. Based on the extensive characterization of these compounds, the new systems
were classified into two subgroups:

- The first subgroup includes stoichiometric solvates, such as NCM-DMSO with a confirmed
1:1 stoichiometry, as reported by Kuri et al. [232], and NCM-2-pyr, which likely has a 1:1.7
or 1:2 stoichiometry.

- The second subgroup consists of non-stoichiometric solvates, presumably isostructural
channel solvates, given the similarity in PXRD and FTIR analyses. These include NCM-AA,
NCM-ACT, and NCM-BENZOH. These solvates both demonstrate low reproducibility in
their formation and temporal instability (in terms of solvent content within the structure).
reflected in fluctuations of solvent content within the structure. This instability was confirmed
by DSC, TGA and NMR analyses, along with isostructurality evidenced through PXRD and
FT-IR.

Importantly, all five niclosamide solvates were found to be stable under several stressed conditions.

Furthermore, these solvates prevented the conversion into the undesirable monohydrate NCM Ha,

offering several advantages for industrial applications in formulation development.
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7. General considerations

Improving the physical properties of drugs is a key objective in pharmaceutical science, as most active
pharmaceutical ingredients are delivered in solid forms. The physical properties of these solids play
a crucial role in various stages of drug development and administration, directly impacting
processing, bioavailability, and therapeutic efficacy. For instance, it is estimated that up to 40% of
current pharmaceuticals and as much as 90% of new chemical entities suffer from limited aqueous
solubility, a property that is intrinsically linked to the crystal structure of the compound [346]. This
relationship between crystal structure and solubility highlights how the solid-state characteristics of
a drug can impact its overall performance.

Two primary strategies have emerged to modify the physical properties of molecular solids. The first,
more traditional approach involves altering the chemical structure of the molecule via covalent
synthesis. However, in recent years, a second strategy—rooted in the principles of supramolecular
chemistry—has gained increasing prominence. This approach focuses on modifying the
intermolecular interactions, such as hydrogen bonds, van der Waals forces, and n-n stacking, to alter
the three-dimensional arrangement of molecules within a crystal lattice or amorphous form.
Supramolecular chemistry, often described as "chemistry beyond the molecule", emphasizes that the
macroscopic properties of molecular solids are shaped not only by the intrinsic structure of individual
molecules but also by how these molecules organize within a given space. By controlling the complex
network of non-covalent forces, supramolecular chemistry enables the design of organized, stable
molecular assemblies with enhanced properties, such as improved solubility, stability, and
bioavailability [347].

In this thesis, the principles of supramolecular chemistry have been applied to develop innovative
multicomponent systems—particularly binary and ternary drug-drug combinations of antiparasitic
agents—using mechanochemical techniques. This approach offers novel solutions to persistent
challenges in pharmaceutical development, particularly in addressing the solubility and stability
issues of many drugs. The resulting systems hold great promise for more effective therapies,
especially in the treatment of parasitic diseases.

The first part of this thesis focuses on the cocrystallization of two anthelmintic drugs - praziquantel
and niclosamide - via mechanochemical methods. Both drugs are known for their strong tendency to
undergo solid-state transformations, making them ideal candidates for cocrystallization. The
motivation for investigating this novel drug-drug combination stems from the fact that, while several

drug-drug multicomponent systems involving niclosamide have been previously reported, none have
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been explored for praziquantel. This is surprising given praziquantel long-standing therapeutic use
and the extensive number of cocrystals discovered for the drug.

The mechanochemical cocrystallization process was successful, leading to the formation of a novel
drug-drug cocrystal of praziquantel for the first time. This was achieved using a sustainable, one-step
mechanochemical process that required only micromolar amounts of common solvents and was
completed in just 120 minutes.

The novel anhydrous cocrystal was fully characterized through extensive collaboration with a
network of scientists across various disciplines, whose combined expertise greatly contributed to the
comprehensive analysis of its physical and structural properties. The crystal structure was
successfully solved and deposited in the Cambridge Structural Database, providing a valuable
resource for further study.

One of the most remarkable features of this new solid form was its unique stoichiometry, which
revealed a 1:3 praziquantel-niclosamide ratio. This is particularly notable because such asymmetric
stoichiometries are relatively uncommon in the field of cocrystallization, where 1:1 and 2:1 drug-to-
coformer ratios are more frequently observed [348].

Crucially, the cocrystal exhibited promising in vitro anthelmintic activity. The anhydrous cocrystal
demonstrated a higher reduction in parasite activity compared to the physical mixture of the two
drugs, particularly in Schistosoma mansoni models. This suggests that the synergistic effect between
praziquantel and niclosamide, facilitated by their supramolecular arrangement, could provide more
effective treatment options for parasitic diseases.

The promising results from this binary drug-drug system have paved the way for broadening the scope
of the project. This has led to the exploration of additional combinations of praziquantel and
niclosamide with other anthelmintic compounds, with the aim of developing ternary drug-drug
systems that could further enhance therapeutic efficacy and address unmet needs in antiparasitic
treatments.

In the second section of the PhD thesis, the cocrystallization of praziquantel and niclosamide in the
presence of acetic acid was further investigated using mechanochemical methods. This exploration
was driven by the recent identification of acetic acid as an anthelmintic agent, as evidenced by its
antiparasitic activity against Gyrodactylus kobayashii trematodes [287]. The objective was to develop
a three-component drug system that could leverage synergistic effects and potentially result in a
pharmaceutically acceptable cocrystal solvate.

A 1:1:1 cocrystal solvate was successfully synthesized through a one-hour liquid-assisted grinding
process. Notably, acetic acid was used in substantial excess compared to the equimolar ratios of the

components. This requirement for a larger volume of acetic acid could be attributed to the fact that
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acetic acid acts both as a reactant incorporated into the multicomponent solid and as a liquid medium
that facilitates the mechanochemical reaction.

Moreover, the new cocrystal solvate exhibited enhanced anthelmintic activity against both in vitro
Schistosoma mansoni adults and Newly Transformed Schistosomula, outperforming pure
praziquantel and niclosamide. This observation underscores the potential for synergistic effects in
combination therapies.

A particularly innovative aspect of this synthesis is that mechanochemical methods reveal great
potential for creating ternary cocrystals by not only using individual coformers but also by applying
preformed synthons to guide the assembly of the cocrystal structure. This strategy provides a more
versatile and efficient pathway to achieving the desired cocrystal solvate. Various building blocks,
including three pure coformers and several preformed combinations, were employed in the synthesis.
Remarkably, through five different combinations, the same cocrystal solvate was consistently
obtained with high yield, identifying the optimal synthetic strategy to achieve the new system in an
almost pure phase. These results highlight the flexibility and robustness of the “puzzle” approach,
enabling the optimization of the synthesis process and the selection of the most effective combination
of starting materials.

One of the synthetic strategies employed to obtain the cocrystal solvate involved using an intrinsically
reactive solid system, specifically a 1:1 coamorphous system of praziquantel and niclosamide, which
was obtained through four hours of neat grinding. This coamorphous system served as the starting
point for the experimental project detailed in the third part of the thesis. Neat grinding is well-
documented in the literature as an effective method for producing amorphous materials, as it provides
conditions that more readily disrupt the crystalline structure [46—48].

In line with the goal of developing ternary drug-drug antiparasitic systems, this section aimed to
combine praziquantel and niclosamide with another anthelmintic drug, mebendazole, to create
coamorphous homogeneous systems. By exploring these combinations, the research seeks to enhance
the therapeutic potential of these drugs and investigate the synergistic effects that can arise from their
interaction in an amorphous state.

A combinatorial approach using a mixture design strategy, combined with experimental lab-scale
milling, enabled the creation of ten distinct mixtures (both binary and ternary) composed exclusively
of active ingredients.

Comprehensive characterization of these new solids demonstrated that they were all homogeneous
multicomponent systems rather than mere physical mixtures of amorphous materials. Notably, the

ternary compounds exhibited greater stability than theoretically anticipated, illustrating -once again-
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how controlling the complex network of non-covalent forces in supramolecular chemistry can enable
the design of more organized and stable molecular assemblies with enhanced properties.

The development of all these novel solid forms highlights the promise of supramolecular chemistry
and mechanochemistry in enhancing both the physical properties of drugs and their biological
efficacy through synergistic interactions.

The final section of this PhD project delved deeper into the anthelmintic drug niclosamide, which has
recently emerged as a promising candidate for drug repurposing across a range of therapeutic areas.
Initially employed for its antiparasitic properties, niclosamide has gained renewed attention for its
potential applications in antiviral (e.g., SARS-CoV-2), antibacterial, anticancer, and anti-
inflammatory treatments. This wide-ranging pharmacological profile highlights the ability of
niclosamide to meet various unmet medical needs beyond its original use in parasitology
[214,216,217]. However, one significant challenge associated with niclosamide is its propensity to
convert into a highly insoluble monohydrate form [218,221]. This conversion severely restricts its
bioavailability, creating a substantial barrier to its therapeutic application [30,218,221-225]. To
tackle these solubility issues, this research undertook a comprehensive screening of crystal forms
using mechanochemical methods, with a focus on the deliberate formation of new solvates. These
new solid forms can help prevent or slow the transition to the monohydrate, thereby improving the
solubility and stability of niclosamide in different formulations [191].

Five new crystalline solvates were successfully synthesized and, after thorough characterization,
classified into two distinct subgroups based on their structural properties: stoichiometric solvates and
non-stoichiometric/channel solvates. Notably, all five solvates exhibited excellent mechanical
stability, with a key observation being their remarkable resistance to conversion into the undesirable
NCM monohydrate form. Even after 144h of exposure to humidity, these solvates maintained their
integrity, in contrast to anhydrous niclosamide, which rapidly transforms into the monohydrate within
just a few hours under similar conditions.

The successful creation of all these novel solid forms highlights the significant potential of
supramolecular chemistry and mechanochemistry in pharmaceutical development. By using the
principles of supramolecular chemistry, researchers can engineer complex molecular architectures
that leverage non-covalent interactions - such as hydrogen bonding, n-n stacking, and van der Waals
forces - to create more organized and stable drug systems. These interactions not only enhance the
physical properties of the drugs, such as the stability, but they also open avenues for improving
pharmacological efficacy. Moreover, mechanochemistry facilitates the transformation of solid-state
materials through physical processes, allowing for more efficient synthesis routes that are often more

sustainable compared to traditional solvent-based methods. The integration of these two fields enables
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the design of drug formulations that can exhibit synergistic interactions, where the combined effect
of multiple active ingredients exceeds the sum of their individual effects. This is particularly valuable
in developing combination therapies for complex diseases, such as parasitic infections, where
enhancing the therapeutic action of existing drugs can lead to improved treatment outcomes.
However, as we look to the near future, it becomes clear that several important aspects not fully
explored in this thesis warrant further investigation. First, one of the fundamental parameters for the
future optimization of these promising new systems is the evaluation of solubility. Preliminary tests,
not included in this thesis, have demonstrated analytical challenges in quantifying the active
ingredients, due to the persistence of an inseparable complex in solution (as seen in the cases of the
anhydrous cocrystal of praziquantel and niclosamide and the cocrystal solvate with acetic acid).
Future developments will certainly need to establish a quantification method that can account for
complexation in solution.

Additionally, the results of in vitro tests of the cocrystal solvate were promising, as the active
ingredients in the new multicomponent systems appeared to exert a synergistic effect. However, this
synergy was not observed in the in vivo pilot tests. The discrepancy between the in vitro and in vivo
results could potentially be attributed to the vehicle used for administration; the minicapsules used
for the anhydrous cocrystals were challenging to administer, and the cocrystal solvate proved difficult
to dissolve in corn oil, resulting in a cloudy rather than clear suspension. Furthermore, while the use
of an oil-based vehicle suspension was an improvement over an aqueous-based one, it may not be
ideal for showcasing the full potential of the cocrystal. A solid form, such as size M minicapsules,
would likely yield better results. However, administering these minicapsules to mice has proven to
be difficult, as evidenced in the study of the anhydrous cocrystal where several animals died during
administration. Future in vivo studies should therefore employ size M minicapsules, accompanied by
thorough training and refinement of the administration technique for these pharmaceutical forms.
Expanding our understanding of these principles, along with addressing other limitations not yet
highlighted, could pave the way for more effective and innovative preformulation studies and
therapeutic strategies. By delving deeper into the complexities of solubility, stability, and
bioavailability, researchers can unlock new opportunities for improving drug formulation and
efficacy. Moreover, a comprehensive examination of the interactions within multicomponent systems
could reveal valuable insights that inform the design of next-generation therapies. This holistic
approach will not only enhance our knowledge of existing compounds but also guide the discovery
and development of novel formulations that are better suited to meet the diverse needs of patients. In
doing so, we can significantly advance the field of pharmaceutical sciences and ultimately improve

therapeutic outcomes for a wide range of diseases.
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Appendix A

Figure Al. DSC curves of pure PZQ (red), pure NCM (dark green) and various PMs with different molar
ratios of PZQ and NCM: PZQ-NCM 0.10-0.90 (light green), PZQ-NCM 0.25-75 (black), PZQ-NCM 0.33-
0.67 (dark red), PZQ-NCM 0.44-0.56 (light blue), PZQ-NCM 0.50-0.50 (aquamarine), PZQ-NCM 0.56-0.44
(brown), PZQ-NCM 0.67-0.33 (violet), PZQ-NCM 0.75-0.25 (blue), PZQ-NCM 0.90-0.10 (pink).

Figure A2. PXRD comparison of PZQ-NCM coground in different molar ratios.
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Table Al. Different liquids investigated for LAG according to their polarity, protic properties and previously

reported for PZQ and NCM cocrystals and solvates formation.

Not previously ~ Previously used for PZQ cocrystals  Previously used for NCM

used for or solvates cocrystals or solvates
cocrystals or
solvates
Non-polar HXN
Polar and protic + EtOH + iPOH
« AA +  MeOH
« TEG
Polar and aprotic « EA « DMSO
*+ AcT:ACN 1:1 « DMF*
* 2-pyr

*Not used for toxicity reasons.

Figure A3. PXRD comparison of PZQ-NCM coground in 1:3 molar ratio in the presence of MeOH (a), HXN

(b), TEG (c), EA (d), ACT-ACN (e), EtOH (f), iPOH (g), DMSO (h), 2-pyr (i), AA (j).
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Figure A4. FT-IR full spectra of PZQ (red), NCM (green), PZQ-NCM PM (blue) and PZQ-NCM cocrystal
(black).
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Figure A5. Comparison of the "H-NMR spectra (DMSO-ds) of PZQ (a), NCM (b), cocrystal batch n°1 (c) and
batch n°2 (d).
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Figure A6. PXRD comparison of PZQ-NCM cocrystal over time.
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Appendix B

Figure B1. PXRD comparison of PZQ-NCM 1:3 anhydrous cocrystal, new phase obtained by grinding PZQ
and NCM with AA and raw PZQ and NCM.

Figure B2. PXRD comparison of PZQ-NCM coground in different molar ratios in the presence of 160 uL of
AA.
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Figure B3. Characterization analyses of PZQ-NCM 1:1 molar ratio ground with equimolar ratio of AA.

Figure B4. Characterization analyses of PZQ-NCM 1:1 coamorphous.
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Figure BS. TGA curve of mechanochemically prepared PZQ-NCM-AA cocrystal solvate.

Figure B6. Overlay of the '*C (150.91 MHz) CPMAS spectrum of PZQ-NCM-AA cocrystal solvate (black),
acquired at a spinning speed of 20 kHz at room temperature, with the '*C (100.63 MHz) CPMAS spectra of
pure NCM (red), pure PZQ (blue), acquired at a spinning speed of 12 kHz at room temperature.
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Figure B7. Overlay of the'>C (150.91 MHz) CPMAS spectrum of PZQ-NCM-AA cocrystal solvate (black),
acquired at a spinning speed of 20 kHz at room temperature, with the '*C (100.63 MHz) CPMAS spectra of
PZQ-NCM 1:3 anhydrous cocrystal (pink), acquired at a spinning speed of 12 kHz at room temperature, and
C (150.91 MHz) CPMAS spectrum of PZQ-AA monosolvate (orange), acquired at a spinning speed of 20

kHz at room temperature.

Figure B8. '"H-NMR spectra of PZQ-NCM-AA cocrystal solvate. The integrals of the signals are highlighted
in red for NCM, in blue for PZQ and in green for AA. The * symbol indicates the signal corresponding to the

solvent used for the analysis, deuterated chloroform CDCls.
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Figure B9. Plot of experimental vs. calculated *C ppm.
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Figure B10. '"H-NMR spectra of PZQ (a); NCM (b); PZQ-NCM-AA cocrystal solvate obtained by grinding
raw PZQ and NCM in the presence of AA for 2h (c) and PZQ-NCM-AA cocrystal solvate achieved through
NG for 4h (to obtain PZQ-NCM 1:1 coamorphous) plus LAG for 2h (d).

Figure B11. PXRD comparison of PZQ-NCM-AA cocrystal solvate over time.

Figure B12. Samples of pure cocrystal solvate (white) and cocrystal solvate with traces of RIPFOP01 (pink).

196



Figure B13. PXRD (left) and DSC (right) results of cocrystal solvate physical stability before and after

compression.

Figure B14. PXRD (left) and DSC (right) results of cocrystal solvate physical stability before and after
grinding.
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Figure B15. Schematic representation of physical stability tests for evaluating resistance of the cocrystal

solvate to high RH.
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Appendix C

Figure C1. PXRD analysis of 4 repetitions of NG of exp. N° 1 (ternary PZQ-NCM-MBZ 1:0.5:0.5 system).

Figure C2. PXRD analysis of 4 repetitions of NG of exp. N° 2 (ternary PZQ-NCM-MBZ 1:2.5:2.5 system).
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Figure C3. PXRD analysis of 8 repetitions of NG of exp. N° 3 (binary NCM-MBZ 1:1 system).

Figure C4. PXRD analysis of 8 repetitions of NG of exp. N° 4 (ternary PZQ-NCM-MBZ 0.5:0.5:1 system).
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Figure C5. PXRD analysis of 4 repetitions of NG of exp. N° 5 (ternary PZQ-NCM-MBZ 2.5:2.5:1 system).

Figure C6. PXRD analysis of 6 repetitions of NG of exp. N° 6 (binary PZQ-NCM 1:1 system).
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Figure C7. PXRD analysis of 4 repetitions of NG of exp. N° 7 (ternary PZQ-NCM-MBZ 0.5:1:0.5 system).

Figure C8. PXRD analysis of 4 repetitions of NG of exp. N° § (ternary PZQ-NCM-MBZ 2.5:1:2.5 system).
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Figure C9. PXRD analysis of 8 repetitions of NG of exp. N° 9 (binary PZQ-MBZ 1:1 system).

Figure C10. PXRD analysis of 6 repetitions of NG of exp. N° 10 (ternary PZQ-NCM-MBZ 1:1:1 system).
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Figure C11. PXRD analysis of pure MBZ, PZQ and NCM compared to the PMs of the matrix systems.
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Figure C12. '"H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of
exp. N° 1.
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Figure C13. 'H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of
exp. N° 2.
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Figure C14. '"H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of
exp. N° 3.
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Figure C15. '"H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of
exp. N° 4.
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Figure C16. '"H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of
exp. N° 5.
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Figure C17. '"H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of
exp. N° 6.
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Figure C18. '"H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of
exp. N° 7.
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Figure C19. 'H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of
exp. N° 8.
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Figure C20. 'H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of
exp. N° 9.
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Figure C21. '"H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of

exp. N° 10.
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Figure C22. 'H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of
exp. N° 11.
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Figure C23. '"H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of
exp. N° 12.
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Figure C24. '"H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of
exp. N° 13.
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Figure C25. '"H-NMR analysis (from top to bottom) of pure PZQ, NCM and MBZ compared to the sample of
exp. N° 14.

Figure C26. Cartoon depicting the recrystallization of ternary PZQ-MBZ-NCM 1:1:1 coamorphous into a
mixture of MBZ and PZQ-NCM 1:3 anhydrous cocrystal through SEM and PXRD. Black dotted lines
represent MBZ reflections, while light blue dotted lines PZQ-NCM 1:3 anhydrous cocrystal reflections.
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Appendix D

Figure D1. PXRD of NCM Ha, previously reported NCM-ACN monosolvate (CSD refcode KUKROZ [221])
and NCM-AA solvate (black), slurry of NCM-ACN (red), LAG of NCM-ACN 1:1 (blue) and LAG of NCM-
ACN 1:2 (pink).

Figure D2. PXRD of NCM Form A, NCM Form B and NCM-AA solvate (black), slurry of NCM-EtOH (red),
LAG of NCM-EtOH 1:1 (blue) and LAG of NCM-EtOH 1:2 (pink).

210



Figure D3. PXRD of NCM Form A, NCM Form B and NCM-AA solvate (black), slurry of NCM-EA (red),
LAG of NCM-EA 1:1 (blue) and LAG of NCM-EA 1:2 (pink).

Figure D4. PXRD of NCM Form A, NCM Hj (black), slurry of NCM-4-MTHP (red), LAG of NCM-4-MTHP
1:1 (blue) and LAG of NCM-4-MTHP 1:2 (pink).
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Figure D5. PXRD of NCM Form A, NCM Hj (black), slurry of NCM-HXN (red), LAG of NCM-HXN 1:1
(blue) and LAG of NCM-HXN 1:2 (pink).

Figure D6. PXRD of NCM Form A, NCM Ha (black), slurry of NCM-iPOH (red) and LAG of NCM-iPOH
1:1 (blue).
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Figure D7. PXRD of NCM Form A, NCM Form B, GOJLIC and NCM Ha (black) and the new phase NCM-
MeOH (pink).

Figure D8. PXRD of NCM-DMSO at room temperature (red), NCM-DMSO after heating/desolvation (brown)
and NCM Form A (black).
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Figure D9. PXRD of NCM-2-pyr at room temperature (blue), NCM-2-pyr after heating to 185 °C (dark blue),
NCM-2-pyr after heating to 225 °C (metallic blue) and NCM Form A (black).

Figure D10. (a) PXRD of NCM-AA at room temperature (red), NCM-AA after heating to 110 °C (brown) and
NCM Form A (black). (b) PXRD of NCM-ACT at room temperature (pink), NCM-AA after heating to 110 °C
(purple) and NCM Form A (black). (¢) PXRD of NCM-BENZOH at room temperature (blue), NCM-BENZOH
after heating to 160 °C (dark blue) and NCM Form A (black).
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Figure D11. Comparison of (FT-IR)-ATR spectra of NCM-AA solvate (red), NCM-BENZOH solvate (blue)
and NCM-ACT solvate (pink).

Figure D12. PXRD of NCM-DMSO as fresh product (red) and after 6 months of storage at room temperature
(black).

Figure D13. PXRD of NCM-2-pyr as fresh product (blue) and after 6 months of storage at room temperature
(black).
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Figure D14. PXRD of NCM-AA as fresh product (red) and after 6 months of storage at room temperature
(black).

Figure D15. PXRD of NCM-BENZOH as fresh product (blue) and after 6 months of storage at room

temperature (black).
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Figure D16. PXRD of NCM-ACT as fresh product (pink) and after 6 months of storage at room temperature
(black).

Figure D17. PXRD of NCM-DMSO pre-compression (black) and post-compression (red).
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Figure D18. PXRD of NCM-2-pyr pre-compression (black) and post-compression (blue).

Figure D19. PXRD of NCM-AA pre-compression (black) and post-compression (red).
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Figure D20. PXRD of NCM-BENZOH pre-compression (black) and post-compression (blue).

Figure D21. PXRD of NCM-ACT pre-compression (black) and post-compression (pink).
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Figure D21. PXRD of NCM-MeOH pre-compression (black) and post-compression (pink).

Figure D22. PXRD of NCM-DMSO as fresh product (black) and after 144h of high RH exposure (red).
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Figure D23. PXRD of NCM-2-pyr as fresh product (black) and after 144h of high RH exposure (blue).

Figure D24. PXRD of NCM-AA as fresh product (black) and after 144h of high RH exposure (red).
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Figure D25. PXRD of NCM-BENZOH as fresh product (black) and after 144h of high RH exposure (blue).

Figure D26. PXRD of NCM-ACT as fresh product (black) and after 144h of high RH exposure (pink).
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Keiser, C. Hiberli, D. Voinovich, D. Hasa, B. Perissutti
International Journal of Pharmaceutics 2023, 644, 123315.
https://doi.org/10.1016/j.ijpharm.2023.123315

o “Competitive mechanochemical solvate formation of theophylline in the presence of miscible
liquid mixtures”
I. D’Abbrunzo, M. Spadaro, M. Arhanlgelskis, G. Zingone, D. Hasa, B. Perissutti
Crystal Growth & Design 2023, 23(11), 8094-8102. https://doi.org/10.1021/acs.cgd.3c00834

o “Praziquantel Fifty Years on: A Comprehensive Overview of Its Solid State”
I. D’Abbrunzo, G. Procida, B. Perissutti
Pharmaceutics 2024, 16(1), 27. https://doi.org/10.3390/pharmaceutics 16010027

o “Mechanochemical Synthesis of Praziquantel Hemihydrate in the Presence of Five Solvents
with Different Water Miscibility”
I. D’Abbrunzo, D. Voinovich, B. Perissutti
Crystals 2024, 14(4), 374. https://doi.org/10.3390/cryst14040374

» “Enantiospecific crystallisation behaviour of malic acid in mechanochemical reactions with
vinpocetine”
I. D’Abbrunzo, R. Birolo, M. R. Chierotti, D-K. Bucar, D. Voinovich, B. Perissutti, D. Hasa
European  Journal of Pharmaceutics and  Biopharmaceutics 2024, 114344,
https://doi.org/10.1016/j.ejpb.2024.114344
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Congress presentations

Poster presentations

o “A new Antiparasitic cocrystal of Praziquantel and Niclosamide” I. D’Abbrunzo, E. Bianco,
L. Gigli, N. Demitri, R. Birolo, M. R. Chierotti, I. Skori¢, J. Keiser, C. Haberli, D. Voinovich,
D. Hasa, B. Perissutti; XXIII ADRITELF Symposium, 11-13 September 2023, Savoia
Excelsior Palace, Riva del Mandracchio 4, Trieste, 34124, Italy.

o “A Cocrystal Solvate of Praziquantel, Niclosamide and Acetic Acid with anthelminthic
properties” I. D’Abbrunzo, L. Battaiotto, L. Gigli, N. Demitri, C. Sabena, M. R. Chierotti, S.
Bertoni, I. Skorié¢, J. Keiser, D. Voinovich, D. Hasa, B. Perissutti; 59" ISCoC, 31 May-08
June 2024, Centro per la Cultura Scientifica Ettore Maiorana, Erice (TP), 91016, Italy

Oral presentations

o “Innovative and affordable multidrug solids as a promising strategy for the treatment of
tropical diseases” I. D’Abbrunzo, D. Hasa, B. Perissutti; XXIII ADRITELF Doctoral School
of Pharmaceutical Technology, 13-15 September 2023, Savoia Excelsior Palace, Riva del
Mandracchio 4, Trieste, 34124, Italy

Video presentations

o “Role of chirality on the formation of multicomponent crystalline solids containing
vinpocetine” 1. D’Abbrunzo, D. Hasa, B. Perissutti; 13" CESPT, 16-18 September 2021,
Gdansk, Poland.

Hybrid conference due to Covid-related restrictions.
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Auxiliary teaching

o Laboratory Assistant in Pharmaceutical Technology I — Master degree in Pharmacy
Department of Chemical and Pharmaceutical Sciences, University of Trieste, Italy.

50 hours per year; Academic years 2021-2022, 2022-2023, 2023-2024.

Periods abroad — Erasmus

* Six-month Erasmus traineeship scholarship at the Laboratoire Sciences et Méthodes
Séparatives, University of Rouen, Mont-Saint-Aignan cedex France-Normandie under the

supervision of Professor Gerard Coquerel.

05/09/2022 — 25/02/2023.

Awards

o 1% classified for the PhD scholarship “Prof. Fulvio Rubessa — Dottorato di Ricerca in
Chimica”, Department of Chemical and Pharmaceutical Sciences, 28 August 2024, University

of Trieste, Italy.
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