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Chapter 1

Introduction

Nowadays, the importance of using sustainable methods and processes in chem-
istry, avoiding the large use of solvent or toxic substances is well-known and
therefore there is an increasing interest in non-traditional synthetic methods
based on mechanochemistry. The advantage of the use of this technique relies
not only in the greenable chemistry, but also in the practical application es-
pecially when performing screening of solid forms, as solvates, polymorphs or
cocrystals, and their production in a reliable way, quickly and with a minimal
thermal stress of the system. This thesis is focused on the investigation of the

mechanochemistry application to one specif drug: praziquantel.

1.1 Mechanochemistry

1.1.1 History pill and generality

The first reported approaches to mechanochemistry were by Michael Faraday
in 1820, who reduced AgCl to Ag using a mortar and pestle and various other
metals as Zn, Cu, Sn or Fe[l]; then, Carey Lea demonstrated the possibility
to obtain different products in mechanochemistry respect to the thermal ones,
studying the decomposition of mercury and silver halides[2]. At the begin-
ning, this technique was based on the use of mortar and pestle and also it was
mainly adopted in case of inorganic materials, as alloys or metal oxides. Indeed,
mechanochemistry was considered part of the chemical disciplines only with Wil-
hem Ostwald (1853-1932), together with thermochemistry, electrochemistry and
photochemistry, divided basing on the different energy input. One of the first
mechanochemical reaction can be found around 1920 by Ling and Baker con-
cerning cellulose, but the real clue moment of mechanochemistry was between

1980 and 1990 when mechanosynthesis and cocrystallization were developed,



6 CHAPTER 1. INTRODUCTION

and went along up to the present days in many different area of organic and
metal-organic chemistry, supramolecular chemistry and pharmaceutical chem-
istry[3]. In particular in the last field, mechanochemistry has been only recently
applied, especially in developing methods for the screening of possible polymor-
phic forms, cocrystals or solvates of various APIs. This application evidenced
not only the advantages of reducing time and costs of pharmaceutical research,
but also confirmed the possibility to obtain unknown new structure and inter-
actions respect to the traditional methods of synthesis. The mechanochemical
process can be performed in two main ways: the first consists in the manual
grinding of the system in a mortar with a pestle, which is the easier way, though
affected by many issues as the difficulties in maintaining a constant pressure
for a long period, the variability of the operator and atmosphere; the auto-
matic grinding is therefore more convenient from every point of view, especially
for the great developed instrumentation and materials of the last few years,
giving the enclosed environment of the jars and optimized process conditions.
Mechanochemistry is usually described as a "solvent-free" process, but the def-
inition "green process" is preferable, since mechanochemistry can involve the
use of solvents, but usually in very small quantities (i.e. microliters), as in the
case of the Liquid-Asssisted Grinding (LAG, described in the dedicated chapter

of this thesis) or as part of the starting materials (hydrates and solvates)[3].

1.1.2 Theoretical hints

The mechanochemical transformation of solids was macroscopically described
by Kaupp using a three-stage process: the first step is represented by the acti-
vation of the surface of the reactants, followed by the product formation and/or
nucleation and the removal of the product for the reactant surface to re-start the
cycle, reported in Figure 1.1[4-7]. The mechanism that rules the cycle depends
on the system considered: in the case of materials with high vapour pressures
the molecular transport across the surface happens via the gas phase, while in
the case of reactants with low melting points or forming low-melting eutectics
the intermediate phase will be in the liquid state. The third case involves the
formation of an amorphous phase, usually as a temporary state before the rapid
recrystallization. All these mechanisms share the physical effects of grinding,
represented by the micronization of the particles, with exposure of a greater sur-
face area, the closed mixing of the reactants of the system, with the formation
of lattice defects and amorphisation, with also local and bulk heating derived
from the frictional and impact forces [3, 8|.

One of the theories on the mechanochemical energetics deals with the for-

mation of "hot spots" with very high temperatures, and very short duration
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Figure 1.1: Representation of the three-steps mechanism of the mechanochemi-
cal reaction from[4-7].

where the high energy created can be converted into usable chemical energy|9,
10]. This approach was considered more appropriate in the case of hard inor-
ganic materials, while in the case of soft matter the most relevant variable of the
activation barrier is the temperature of the system, as demonstrated by many
works dealing with the variation of the milling frequency, vial temperature and
materials. Also, energy distribution in the material will be completely different
in system permitting some structural movements than in the highly rigid ones|9,
11]. In particular the energy adsorbed by the system can change the disposition
of the atoms, with changes in the bonds lengths, having an higher energy than
the starting level. At this point the consequent release of the energy through
relaxation processes, lattice disruption and also chemical reactions and bond
breaking. The lattice collapse is not an immediate process, but derived from an
incremental applied stress, represented by the mechanical energy, starting with
an elastic deformation, than plastic till the total lattice disruption[12]. The
products, amorphous or nanocrystalline are characterized by an higher energy
than the starting one, but with a very short lifetime due to the subsequent crys-
tallization. This is the reason why, especially in the pharmaceutical fields, many
efforts are made to stabilized the activated states, for example using different

polymers, as it will be described also in this thesis.
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1.1.3 Mechanochemical activation of Active Pharmaceu-

tical Ingredients

The reason for the application of the mechanochemical process in the pharma-

ceutical fields relies on three main advantages:

e the production of pharmaceutical products reducing or even eliminating
the use of solvents, avoiding the problem of desolvation, usually difficult,

expensive and with the risk of API alteration

e the amelioration of the biopharmaceutical properties of poorly soluble

drugs

e the formation of polymorphic form or cocrystals not obtainable using the

solution chemistry

The Active Pharmaceutical Ingredients are divided by the biopharmaceuti-
cal Classification System (BCS) in four different classes, considering solubility
and gastro-intestinal permeability. Actually, more than the 40 % of the new
pharmacological entities belong to Class II, having a low solubility that hinders
the high permeability [13]. This means that in the case of oral administered
drugs, the bioavailability would be low, needing high dosages and high variabil-
ity. For this reason lots of efforts are being devolved to the amelioration of these
properties using different association and production methods, and recently, via
mechanochemistry. In fact, the reduction of drug crystal size or also its complete
disruption of long-range order (i.e. amorphisation) through mechanochemistry
lowers the melting temperature and enthalpy, thus increasing drug solubility.
Considering the diagram reported in Figure 1.2, the dissolution of a solid phase
occurs through different energy barriers: surface interaction, fusion, solvation,
mass transfer/diffusion to reach the complete solid dissolution. Mechanochem-
istry can favour the process by means of the particle size reduction, which helps
the generation of new solid-liquids interfaces and the crystal lattice fracture
thanks to the partial or complete amorphisation. In particular, it has been re-
ported that when milling is performed below the glass transition temperature
(Tg) of the drug the amorphisation is favoured, while when above, the transfor-
mations between different polymorphic forms is produced[14].

Also, the study of drug polymorphism is of fundamental importance, since
differences in solubility, bioavailability, activity and related effects have been re-
ported. In literature one can find various examples of drug polymorphic transfor-
mation upon grinding, with different results while varying the mechanochemical
conditions and reactants. An example for this behaviour was reported in the

case of barbituric acid, which converts from the commonly observed tri(keto)
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Energy diagram for the dissolution of a solid phase
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Figure 1.2: Energy diagram for the dissolution of the solid phase[15].

form to the tri(hydroxyl) tautomer, never detected before[8]. In particular the
application of the Liquid-Assisted Grinding (LAG), where a very small amount
(i.e. microliters) of a solvent is introduced in the milling jar, opened the door
for a new and very rapid way of polymorphic/solvated and cocrystal screening.
In fact, LAG was reported to accelerate reactions and also to provide products
with higher crystallinity than when upon neat grinding. Moreover, the na-
ture of the products varies depending on the liquid selected and its amount[16].
API cocrystals and salts represents the earliest application of mechanochemistry
aiming to ameliorate the drug properties, as for solubility, stability, compression
properties, avoiding the formation of covalent bonds for its chemical modifica-
tions[11]. References on specific examples will be reported in the introduction

and related discussion of every specif chapter of the thesis.

1.1.4 Mills and equipment

As previously stated, the common process in the mechanochemical reaction is
represented by grinding, usually by means of mills of different types and with
various equipment. The two main categories of mills used are the planetary and
the shaker/vibrational mills.

In the planetary mill (Figure 1.3, B) at least one jar rotates around its own axis,
being in a rotating plate spinning usually in the opposite direction (Figure 1.3,
A): in this way the milling media in the jar are subjected to a centrifugal force,

increasing the frictional and impact forces and providing high energy to the
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system. The frictional mode comes from the jar content sliding along the internal

walls of the jar, while the impact mode depends on the content exiting the

centrifugal direction and crossing the jar until it hits the opposite wall[17].

(C)
<—m ? -- 5‘1‘ 'I‘E —>

Figure 1.3: Retsch planetary (B) and ball mill (D) with the corresponding
representation of the jar motion (A and C) from [17].

The material of the jar can vary among stainless/hardened steel, tungsten
carbide, zirconium oxide, polyamide, agate or silicon nitride. Moreover, this
mill can come with integrated systems for pressure and temperature measure-
ments, attached to the jars[17] or even the possibility of operating under inert
atmosphere (i.e. argon)[18].

The shaker mill, or vibrational (Figure 1.3, D), have recently developed for
screening application at the laboratory scale and specifically for mechanochem-
ical processes, due to the possibility of analyzing small quantities of sample.
In this mill the jars moves in radial oscillations on the horizontal axis, so that
the milling media inside impact with each others, with the jar and the sample,
helped by the rounded end of the jars, adding also frictional forces. The milling
balls can reach very high speed, causing a high-energy input to the system.
Also in this case, the jars and milling media can be of different materials as
for example zirconium oxide, stainless steel, tugsten carbide or polytetrafluo-
roethylene, which are selected depending on the experimental conditions and
sample reactivity. Considering the environmental conditions, milling at room
temperature represents the most largely used, even though cryogenic milling is
possible thanks to integrated apparatus as for example in the Retsch Cryo-mill,

where the jar is continuously cooled by liquid nitrogen (Figure 1.4).
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Figure 1.4: Retsch cryogenic mill[19] and modified mill for in situ measure-
ments[20] (¢, d) with the possible equipment (a, b).

Recently, in situ monitoring techniques has been developed, made possible
by using transparent poly(methyl)methacrylate (PMMA) jars[21]. In this way
a direct insight of the milling process was firstly provided by X-ray powder
diffraction reported by Friscic group[20], followed by the contribution of Raman
spectroscopy|[22] and the combination of both the techniques. These advances
helped in understanding the events taking places during milling, a knowledge
difficult to derive from ex situ characterizations. Nowadays it is possible to buy
mills set for X-ray and Raman in situ analysis, the latter also included in the

system.

1.1.5 The variables of the mechanochemical process

Mechanochemistry can not be represented by a simple grinding of powders:
the number of variables affecting this process is high and they strictly affect
the result and yield of the processs. Nevertheless, they are not completely
independent and the optimal grinding conditions will depend on their effects

between each others. The principal grinding variables can be listed as following;:

e Type of mill: planetary, vibrational, cryomill and many others: as previ-
ously described, different mill design are available, varying in the speed op-
eration, capacity and additional features as the temperature/pression /ambient
control[23];

e Size and material of the milling jars and balls: due to the strong forces
acting during milling, the material of the milling jars and balls can cause

contamination of the system (as in the case of stainless steel) or also act
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as a source of catalyst[9], while zirconium oxide and tungsten carbide are
usually preferable for a high wear resistance[17]. Also, the high density of
the zirconium oxide balls can dramatically reduce the time process of pow-
ders and increment the mechanochemical activation. The number and size
of the grinding media can vary depending on the milled material and the
desidered results[23, 24], while different shapes are available, incrementing

the contact area with the jar content;

o Milling intensity, usually expressed as frequency or rotational speed (Hz or
rpm): as a general rule, the more is the speed applied, the more would be
the energy input. Nevertheless, when above a certain critical speed value,
the milling media will be pinned to the jars and not able to fall down
and impact to the material. Thus, the speed permitting the maximum
collision will be just below the critical value, always keeping in mind the

possible jar heating due to the high milling intensity[23];

e Milling time: due to the close correlation with the other variables, as the
mill type and milling intensity, the milling time needs to be decided upon
considering the other related variables. Nevertheless, as a general precau-
tion, an excessive grinding can led to higher contamination, degradation

and overheating effects|23];

e Milling media-to-powder weight ratio (CR, charge ratio): this variable has
been applied in large ratios, from 1:1 to 220:1, depending on the milling
experiment and apparatus. Considering the mechanochemical activation
process, the typical CR used is 30-40:1;

e Total jar fill (volume of the milling media and powder with respect to
the total volume of the jar): the milling media and the system particles
needs to move freely inside the jar and generally about half of it remains

empty|[23];

e Milling temperature: the process temperature can be varied by using ther-
mostated jars, as in the case of ranitidine[25], or by using cryogenic milling,
as the one reported in Figure 1.4. Nevertheless, the it is worth notice that,
due to the energy of the process and/or chemical reaction occurring, the

temperature inside the jar can dramatically increase.

Together with the process parameters, the formulation variables represent
the other fundamental part of the design of the milling process. In this thesis
both the aspects will be deeply analysed when comilling of PZQ with polymers
in chapter 2.1, to reach a considerable experience and process knowledge for

the later projects.



1.2. PRAZIQUANTEL AND SCHISTOSOMIASIS 13
1.2 Praziquantel and Schistosomiasis

The following paragraphs will firstly give an introduction on Schistosomiasis,
then deeply describe Praziquantel, the drug investigated in this thesis, in all its
properties as a tool for a detailed understanding of its potentiality and possible

challenges.

1.2.1 Schistosomiasis

Among all the helminthic diseases, Schistosomiasis represent a major neglected
one, affecting more than 250 million people in the world, especially in the sub-
Saharan Africa, where the mortality has estimated to be 280 000 death/year|[26]
(Figure 1.5). This disease is caused by the infection of worms of the genus Schis-
tosoma, of three main species: S. haematobium, S. mansoni and S. japonicum.
The infective stage of schistosomes is the "cercaria" one, developed asexually
in snails infected by the miracidium larvae, and released in fresh water. The
human host infection derives from the penetration of the cercariae into the skin
which will migrate through the circulatory system reaching the mesenteric veins
(S. mansoni and S. japonicum) or the venous plexous in the case of S. haema-
tobium where they complete the maturation. The subsequent step will re-start
the cycle (Figure 1.6), by the laying of eggs after schistosomes mate and the

excretion in feces or urine.[27].

Population at risk of schistosomiasis, 2013
=1 Non-endemic (<1000}

= Elimination/transmission interrupted
11000-10000

110001100000

[1100001-1000000

I 1000001-10000000

I -10000000

Figure 1.5: Population at risk of Schistosomiasis in 2013[28].

The acute sinthomatology is represented by urticarial rash, fever, fatigue,
diarrhea , abdominal pain, dyspnea, weight loss and many others due to the mi-
gration of the schistosomulae. Differently, the chronic disease is mainly caused
by the eggs that rouse the inflammatory response, with granulomatomas and
subsequently fibrotic formations. Other derived bad consequences are repre-
sented by bladder cancer, kidney failure, infertility, poor growth and learning
difficulties in children|[27, 30].
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Figure 1.6: Representation of the Schistosomiasis cycle[29].

1.2.2 History

Actually Praziquantel (PZQ) represents the principal therapy against Schistoso-
miasis and since it is highly effective and with little side effects, it is included in
the WHO list of Essential Medicines both for adults and for children. Numerous
clinical experiences have been evaluated in the last years confirming the safety of
the drug. Also there has been a large use of the drug since 2006, as a preventing
therapy in endemic areas; it is estimated a use of 645 million tablets of PZQ in
2018 for the treatment of 235 million people[27]. The development of this drug
relies on the common occurrence in the pharmaceutical field where a compound
turns out to be effective in many different pathologies; in fact, the research
on pyrazino-isoquinolone ring-based systems conducted by Merck (Farmstadt,
Germany) was primarily directed to possible new tranquilizer chemical entities,
but the discovery of the novel antischistosomal activity gave birth to more than
400 derived compounds, synthesized by Bayer. The activity of all of them was
performed both in vivo, in mice against S. mansoni and in vitro[26, 31]). The
selected compound, "EMBAY 8440", later known as Praziquantel, was clinically
tested by WHO and Bayer in Brazil, Philippines, Japan and Africa after being
previously tested in both in animals and in humans respectively for the antis-
chistosomal activity and for the toxicity and pharmacology. As confirmed by
following researches, the drug did not present any serious side effect, becoming

the drug of choice against Schistosomiasis|31].
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1.2.3 Chemical and Physical properties

Praziquantel is a white crystalline compound, with a bitter taste, but almost
odorless and stable under normal conditions[32, 33|, chemically a synthetic tetra-
cyclic tetrahydroisoquinoline derivative (2-(cyclohexanecarbonyl)-3,6,7,11b-tetrahydro-

1H-pyrazino|2,1-a]isoquinolin-4-one) which sketch is presented in Figure 1.7.

Figure 1.7: Scheme and atom numbering of praziquantel

The structure of the drug is rigid, with one rotable bond and the possi-
ble swing of the cycles, while two rotamers could be identified, different in
the position of the hexocyclic tertiary amide bond[34]. The structure-activity
relationship revealed three important position for the anthelminthic activity,

namely:

e the presence of an acyl or thioacyl group in position 2:the reduction of the
carbonyl or the increased carbonic chain lead respectively to inactive or

less active compounds;
e the oxo group in position 4: if reduced lead to less active derivatives;

e the chiral carbon in 11b: the R-configuration is necessary for the activity.

The possible substitution of other position is not highly influencing the activity,
but the unsubstitute analog remains the more active[34-36]. PZQ is actually
administered as a racemic compound even though it has been well-documented
that the antihelminthic activity is mainly related to the (R-)-enantiomer (Fig-
ure 1.8).

This drug has no hydrogen-bond donor group, but the two amides carbonyl
groups can act as H-bond acceptor group. It is highly hydrophobic, sparingly
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Figure 1.8: Schematic representation of (R)-PZQ and (S)-PZQ.

soluble in water (0.04 mg/mL), but soluble in ethanol (97 mg/mL) and chlo-
roform (567 mg/mL). The melting point is reported in the range 136-142 °C,
with a sharp endothermic signal, without any evidence of simultaneous decom-

position[33].

Crystal structure of Praziquantel

The crystal structure of PZQ can be found in the Cambridge Structural Database
(CSD|37]) with the reference code TELCEU as a racemic compound with a tri-
clinic unit cell (space group P-1), therefore involving two different symmetry
operations: identity (x,y,z) and inversion centre at [0,0,0] (-x,-y,-z). Two of
the four independent molecules are disordered, but in all of them the carbonyl
groups are positioned in the syn conformation [38]. The cell parameters are

indicated in Table 1.1 and the crystal structure can be seen in Figure 1.9.

Table 1.1: Cell parameter for praziquantel in its raw form (TELCEU)|38|.

Parameter Value

Cell Lenghts (A) a 10.454(3) b 15.112(4) ¢ 22.963(6)
Cell Angles (°) a. 99.531(5) 8 98.419(5) v 108.270(5)
Cell volume (A3) 3320.24

7,7 8,4
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(a) View from a axis. (b) View from b axis.

(¢) View from c axis. (d) Asymmetric unit.

Figure 1.9: Praziquantel racemic crystal packing (a,b,c) and asymmetric
unit(d).
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Praziquantel enantiomers

Together with the racemic form, in the CSD database one can find the enan-
tiomers of praziquantel as hemihydrates, with reference code SIGBUGI39] and
SIGBUGOL. The relative monoclinic cell parameters are reported in Table 1.2.
In this case the total number of molecules is four, with one crystallographically
independent molecule in a C2 space group and four symmetry operations: iden-
tity (x,y,2), rotation axis (-x,y,-z) with direction [0,1,0] at 0,y,0, centring vector
(1/24x,1/2+y,2) [1/2,1/2,0], screw axis (1/2-x,1/2+y,-z) with direction [0,1,0]
at 1/4,y,0 with screw component [0,1/2,0].

Table 1.2: Cell parameter for praziquantel in its enatiomeric hemihydrated form
(SIGBUG)[39].

Parameter Value

Cell Lenghts (A) | a 27.013(5) b 6.0157(12) ¢ 11.346(2)
Cell Angles (°) a. 90.00 5 112.47(3) ~ 90.00
Cell volume (A3) 1703.77
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Figure 1.10: PXRD patterns of the calculated enantiomer (top,[39]) and of
experimental raw PZQ (bottom).
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(a) View from a axis. (b) View from b axis.

(¢) View from c axis. (d) Asymmetric unit.

Figure 1.11: Praziquantel enantiomeric hemihydrate crystal packing (a,b,c) and
asymmetric unit(d).

Interestingly the differences between the racemic mixture and the enan-
tiomers could be evidenced also at the microscope: in fact, the isomer presented
a more regular morphology and shorter crystals than the racemic PZQ[40]. The
melting point of the enantiomers was recorded at 112.9 °C, of a significantly
lower value (about 30 degrees lower) than the racemic drug, thus confirming
that PZQ is a racemic compound and not a racemic mixture. Also, the lower
melting point could be correlated with the increased solubility as reported by
El-Arini and collaborators in 1998. Little differences between the enantiomers
and the racemic PZQ were found also in the IR spectra, confirming once again
the racemic compound nature of the drug[40]. Figure 1.10 reports the PXRD
patterns of raw PZQ (experimental) and the enantiomer (calculated from CSD
database([39]): the peak distribution is completely different and in particular
the range 4-10 of 260, where PZQ is characterized by an intense signal at 4.00
and two nearly overlapped peaks at 8.00 and 8.20, while SIGBUG presents 2
intense signal at 7.08 and 8.42 of 26. Unfortunately, the PXRD patterns of the

anhydrous enantiomers are not available.
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In literature one can find various methods for PZQ resolution, involving chro-
matography and crystallization[41-43] or hydrolysis and resolution with tartaric
acid[44]. Interestingly one approach included the formation via mechanochem-
istry of a diastereomeric cocrystal pair formation with L-Malic Acid: R-PZQ:L-
Ma could be separated from S-PZQ:L-Ma due to differences in their solubilities,
and L-PZQ was obtained in the hemihydrated form by stirring in water[45].
Unluckily, even if the switch to an enantiomerically pure product can repre-
sent an enormous advantage in drug administration with a reduction in dosage
and tablet dimension, the difference in terms of production costs is still sig-
nificative, preventing the attempts of new global formulations. The only con-
tribution is given by the Pediatric Praziquantel consortium[46], which includes
experts of praziquantel formulation and Schistosomiasis, working on a new praz-
iquantel formulation for pediatric patients, the main involved population in the
helminthic disease. As shown in Figure 1.12, the new formulation is much more
smaller than the old one, thanks to the use of the only active PZQ eutomer.

For 2018, the clinical phase III is expected.

G e O
) lh 11 12 13 14

Figure 1.12: Comparison between the old and the new praziquantel formula-
tion[46].
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1.2.4 Efficacy

As previously mentioned, PZQ is actually administered as a racemic mixture,
even though the activity reseals only in the (R)-enantiomer.In fact the admin-
istration of a single dose of 400 mg/Kg of PZQ was as effective as 200 mg/Kg
of the (R)-PZQ, whilst by using a double dose of (S)-PZQ (800 mg/Kg) none of
the mice were cured and the worm burden reduction was not significative[47].
Also, it was reported that the bitter and disgusting taste of the drug are corre-
lated with the inactive distomer ((S)-enantiomer) which also contributes to the
massive size of the tablets[48]. In order to evaluate the efficacy of an antischis-
tosomal drug, a practical method is represented by analyzing the differences in
the pattern of schistosome egg excretion. In this way it is possible to evaluate
the cure rate, by counting the cured patients as a percentage of the infected ones
before the treatment, and the egg reduction rate, as the percentage reduction
of the excreted eggs after drug administration. In the case of S. Mansoni, a
biphasic sensitivity was found: in fact, schistosomes are susceptibile in the early
stages after infection, followed by a decrease in weeks 3-4; then, the susceptibil-
ity increases again to a maximum after 6-7 weeks|26, 49]. Other schistosomas
species (i.e. japonicum and haematobium) in the immature stages demonstrated
to have a similar insensitivity to praziquantel[50]. In general, PZQ can reach
a very high cure rate (between 60 and 90%) with a reduction of the excreted
eggs of 80-95% (average) when considering four weeks after the treatment with a
dose of 40 mg/Kg[26]. In fact, as already reported, PZQ lacks in efficacy against
the juvenile forms of Schistosoma[51]. In the case of an intense infection, as in
the case of patients from very high transmission areas, a higher cure rate could
be observed when administrating two doses of praziquantel at a distance of 2-
4 weeks, giving time to the immature stages to become susceptible. On the
contrary, by increasing the dose to 60 mg/Kg no significant variations were ob-
served[26]. Actually, PZQ is produced by about 30 different generic brands,
that dramatically reduced the price. Botros and colleagues reported a study
on the efficacy and bioavailability of different praziquantel brands: Distocide
(EIPICO), Epiquantel (syrup, EIPICO), Biltricide (Alexandria Pharmaceuti-
cal Company/Bayer), Bilharzid (Pharco Pharmaceuticals Company) and Praz-
iquantel (T3A Pharmaceuticals Company); they concluded with the suggestion
of including a biological test (i.e. bioavilability and efficacy) when evaluating an
possible equivalent PZQ formulation, since significative variations where found
and only Biltricide and Distoicide could compete with the pure drug[52]. More-
over, since praziquantel demonstrated to be effective against other trematodes
and cestodes, its administration is very convenient in areas affected by polypar-

asitism|[26]. Finally, praziquantel is being used for a long period and few drug
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resistance cases were reported: the first was a low efficacy of Senegal isolate
of S. mansoni[53|, then a extraordinary multiple dosage needing in Egyptian
Villagers affected by the same schistosomas type[54] and also, when treating lab-
oratory schistosomes with repeated praziquantel doses became partly insensitive
to the API[55]. Nevertheless, the rare reported cases of low drug sensitivity were
often explained by alternative considerations, instead of an effective insurgence
of PZQ resistance[26].

1.2.5 Safety

The extensive use of praziquantel in the last decades permitted to have great
amounts of data available to study the immediate ad delayed effects of the drug,
in many different patients, from various geographical areas and with sundry
characteristics, condition and ages and also infected with different species of par-
asites; the overall consideration attests its safety. Concerning the side-effects of
praziquantel, the most reported were nausea, vomiting, abdominal pain, dizzi-
ness, while the most severe were colic and bloody diarrhoea; furthermore the
more severe was the infection, the more these consequences were intense, due to
the massive schistosomes death, movement and excretion. Also, it was reported
that in case of infected pregnant and lactating women the use of praziquantel
is recommended, since the possible risks connected to the use of the drug are of

a little importance when compared to the cure benefit[26, 30].

1.2.6 Mechanisms of action

Despite praziquantel has been used nowadays for more than 30 years, the mech-
anism of its action has been not completely understood. The majority of the
works in literature suggest the central role of Ca?t voltage-gated channels, in-
volving the Ca?* influx into the schistosome and the consequent muscle con-
traction with changes in the tegument surface as vacuolation and blebbing; this
is possibly followed by the exposure of parasite antigens on the sufarfaces be-
ing therefore recognised by the host immmune system, increasing the parasite
clearence[26, 49, 56]. Also, the 3 sub-unit of these channels was reported as
a potential molecular target. However, other additional hypothesis were re-
ported as the possible reduction in glutathione schistosomal concentration, the
action on actin (i.e. binding) which favours the tegument disruption and the

interference with the uptake of adenosine[57].
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1.2.7 ADME and Pharmacokinetics

Similarly to the previous paragraph, PZQ pharmacokinetics is still not well
defined and there has not been reported any studies on the target population,
that is the paediatric patients affected by schistosomiasis. There are a few works
evaluating PZQ pharmacokinetic in healthy volunteers, using different dosages
(5-50 mg/Kg) and in adults patients (25-40 mg/Kg)[58-60]. Praziquantel is a
BCS Class II drug, characterized by low solubility and high permeability; as it
is typical for oral drugs, there would be a great variability on drug pharmacoki-
netics dictated by different blood flow at the absorption site, by the transit time
and the food uptake (dietary). The absolute bioavailability of praziquantel in
humans is not know, since there is not any parenteral formulation to be stud-
ied; in animals, the absolute oral bioavailability is around 36%. Finally, not to
forget the already mentioned effect of different brands and formulations, which
were demonstrated to have different dissolution profiles and bioavailability. Fig-
ure 1.13 reports a schematic view of PZQ ADME.

Praziquantel:

High permeability;

Low solubility (0.4 mg/mL)
Extensive metabolism

Adult Schistosoma in
mesenteric veins

Distribution
Absorption »
Rapid (Tynq, 3-4h) I
Extensive (>80%) v
Food and drug
effect
— l ’ I
Metabolism Kidney
Excretion

Extensive first-pass effect g
(CYP1A2, CYP3A4, CYP2B1, Essentially renal

(80% within 4 days)
o} 0
N N
_—
N N
) b
(0] 0

Figure 1.13:  Scheme of praziquantel ADME(Adsorption, Distribution,
Metabolism and Elimination[36]

Absorption After administration, praziquantel is highly adsorbed, mainly
with a transcellular transport [36], reaching an adsorption value of 80% of the
dose[33], with a maximum concentration of the drug in the serum in 2.0-2.6
hours[27, 61, 62]. Also, it was reported that the administration of praziquantel
in healthy adults following a carbohydrate-enriched diet (50%) produced an
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increment of 2.7 times the bioavailability of the drug, that can reach even higher
value by augmenting the percentage of carbohydrates to 75 %. The same trend
was evidenced in Sudanese adult males eating cooked beans, cotton seed oil (%)
or bread and in neurocysticercosis patients with high carbohydrate diet[58].
Therefore the food effect in praziquantel pharmacokinetics plays a great role,
significantly increasing its absorption and plasma concentration, especially when
composed of lipids (two times increased value) and carbohydrates (five times
increased value)[36]. Furthermore, it was noticed that when analyzing healthy
volunteers versus patients, the latter had higher AUC and t1/2 [58].

Distribution As reported before, praziquantel is characterized by a high per-
meability, since the apparent permeability coefficient measured in Caco-2 cells is
4.4 x 100—5) cm/s [36]. The drug is distributed in all the body, concentrating in
kidneys and liver, and also crossing the blood-brain barrier. Other sites of higher
concentration are represented by lungs, pancreas and certain glands (adrenal,
pituitary and salivary)[27]. The drug is highly bound with plasma proteins,
especially albumin (about 80%), meaning a significative difference depending
on nutrition and inflammation of the patient and a higher free drug fraction
in infants due to the lower amount of plasma proteins. The peak in plasma
concentration is observed in human after 1.3 hours from the administration|[58,
61, 62].

Metabolism The drug is highly metabolized by the liver, in particular by
cYP1A2, CYP3A4, CYP2B1, CYP3A5 and CYP2C19, with a dose-dependent
mechanism. The activity of these enzyme depends on individual characteris-
tics and differences in pharmacogenetics, interactions with other substances as
drugs or food and the conditions of the liver. Despite the differences in the
metabolites between rats, mouses and humans, the main metabolic route is the
hydroxylation; in particular the 4’-hydroxypraziquantel is the main metabolite,
respectively in the cis conformation in rats and in the trans conformation in
humans. The latter had a comparable activity against S. mansoni in vitro to
the active PZQ eutomer (R-PZQ), but was less effective against S. japonicum,

therefore not further investigated as a potential substitute.

Elimination The 80% of Praziquantel is eliminated by the kidneys in four
days, but the majority of the dose is excreted in the first 24 hours. Also, when
administered in lactating women, it is excreted in breast milk[33, 58]. The

effective half-life of praziquantel was reported to be 1.5 hours[58, 63, 64].
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1.2.8 Research and state of the art

In this part, the main research topics involving praziquantel will be described,
starting from the derivatives and possible association with various excipients to
ameliorate its biopharmaceutical properties, to the formation of associations as

a starting point to develop new advantageous cocrystals.

Praziquantel association with various excipients In the pharmaceuti-
cal fields, the use of excipients to enhance the biopharmaceutical properties
of poorly soluble drug is still an actual topic. Among all the techniques, the
preparation of solid dispersion proved to be highly effective for enhancing the
dissolution, absorption and therapeutic efficacy of different drugs. In fact in
this way the drug can be finely dispersed into the polymer, entrapped in the
coil structure as amorphous, adsorbed on the polymer chain, or reduced in its
particle size[65, 66]. In the case of Praziquantel, various methods have been
applied, as the association with polyvinylpyrroldone (PVP), sodium starch gly-
colate[67], sodium alginate abd carboxymethylcellulose[68], cyclodextrines of
different grades, liposomal, nanoparticles systems and flexible and dispersible
granules for paediatric oral administration[69]. In the case of PZQ various solid
dispersions with PVP were obtained by solvent evaporation (ethanol) with dif-
ferent drug-polymer weight ratios and using many different molecular weight
PVP[66, 70]. The drug in the coprecipitate systems based on ethanol was in
the amorphous form (as reported by SEM images and PXRD patterns) and
when using at least a 1:5 drug to polymer ratio the dissolution rate was highly
increased. Also, the use of smaller molecular weight PVP favoured a better sol-
ubility of the drug|70]. The solid dispersions with PVP proved also to be more
effective in vivo against S. mansoni than the raw drug even when using reduced
dosages[65]. Recently, Costa and coworkers studied the influence of the solvent
used for the binary PZQ:PVP solid dispersion preparation on PZQ crystallinity,
showing that a higher ethanol content favoured the amorphisation of the drug,
while in presence of water a major crystallinity of PZQ was observed[71]

Another trial was conducted using a-, 8- and - cyclodextrins, commonly known
for the hydrophobic cavity that can include poorly water-soluble drugs as PZQ),
forming hydrogen bonds and other weak interactions as hydrophbic, van der
Walls’, electrostatic or charge-transfer. The inclusion complexes obtained by
Becket and coworkers showed an enhanced PZQ dissolution comparing to the
raw drug and the (8 inclusions were the favoured for the higher complex con-
stant[72]. The interaction between PZQ and the Scyclodextrins and derivatives
was deeply investigated later by other authors[73, 74] and also by high resolu-
tion solid-state NMR, spectroscopy where the PZQ tendency to adopt the anti
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conformation in complexes, mainly formed when using a guest:host molar ratio
of 1:2, was highlighted[75].

Other strategies investigated in the past were the formation of nanoparticles
based on polymers of poly(L-lactic-acid) and their copolymers with glycolic
acid[76], lipid nanoparticles[77-79], poly (methyl methacrylate) nanoparticles[80],
nanoemulsion hydrogels[81] or also liposomal systems, which had an improved

efficacy in preclinical assay against S. mansoni[82].

Praziquantel cocrystals Recently there has been an increasing interest in
Praziquantel propensity to cocrystal formation due to the huge contributions
in literature on this new solid-state approach. A very deep and complete study
was performed by Espinosa-Lara and coworkers in 2012 combining Praziquantel
with various dicarboxylic acids, i.e. Oxalic, Succinic, Maleic, Fumaric, Glutaric,
Adipic and Pimelic acids using Liquid-Assisted Grinding as the production tech-
nique. The crystal structures obtained were characterized and studied also in
the intermolecular hydrogen bonding interaction and short contacts, finding
homo and heterodimeric hydrogen bonds motifs of the supramolecular organi-
zation of the cocrystals. The structure of Praziquantel in act does not contain
any hydrogen bond donor group, but can accept bonding in different sites and
its flexibility relies on two rotational coformers, which differs for the carbonyl
groups configuration, syn or anti. In all the proposed cocrystals, except for the
one with Malonic Acid, PZQ was in the anti conformation, which better favours
the formation of hydrogen bonds with the coformers due to the larger space be-
tween the two carbonyl regions. This work put in light the possibility of new
praziquantel cocrystals with hydrogen bond donor coformers[38]. Moreover, as
already reported in the paragraph 1.2.3, the cocrystallization process was used
by Sanchez-Guadarrama and coworkers to achieve a chiral resolution of Prazi-
quantel via the formation of a cocrystal diastereomeric pair with L-Malic Acid
(L-MA)[45]. Finally, Cugovcan and coworkers recently reported PZQ cocrystal
obtained with with citric, malic, salicylic and tartaric acid by Liquid-Assisted
grinding, which solubility and dissolution rate were pH dependent. In the same
work, cyclodextrins complexes were prepared by neat grinding with amorphous
hydroxypropylBcyclodextrin and randomly methylated Scyclodextrin, improving
drug solubility and dissolution rate[83].



Aim of the research

The research project focuses on the investigation of Praziquantel (PZQ) behav-
ior when subjected to a solvent-free process as the mechanochemical activation
using a vibrational mill. PZQ is and antihelmintic drug used worldwide against
Schistosomiasis, which is a parasitic diseases affecting more than 200.000 people,
especially in the sub-saharian area. Despite being highly effective and safe, this
drug has 2 major drawbacks: the first one is the low biopharmaceutical profile
(i.e. solubility and bioavailability) and therefore the high dosage needed. The
second one is the very bitter and disgusting taste, which makes even more dif-
ficult its administration, in particular in pediatric patients, the main involved.
The literature reports just a few works envolving PZQ and mechanochimistry,
mainly focused on the formation of PZQ cocrystals or solid dispersions, but
there is a wide range of applications still unexplored. In fact, the cogrinding
with pharmaceutical excipients has been limited to cyclodextrines[83], while in
the case of co-crystals, the approach was mainly focused on the chemical field,
with little indications of possible therapeutic relevances|38, 45|. In this context,
the research presented in this thesis aims to combine both the mechanochemical
approaches: from one side the PZ(Q chemical structure and related products,
from the other the possibility of alternative formulations which can improve its
poor biopharmaceutical and taste properties. The first step that will be studied
is the evaluation of the variables affecting the mechanochemical process, includ-
ing not only the time and frequency of grinding, but also the type/quantity of
the milling media, the drug-to-excipient ratio, the jar filling and the grinding
temperature when working with different polymers and excipients largely used
for pharmaceutical formulations. In particular povidone and copovidone will be
deeply investigated, followed by mesoporous silica, natural/synthetic sweeten-
ers and sucrose esters. The products obtained will be deeply studied in their
solid state/biopharmaceutical properties, including the evaluation of the in vitro
activity against S. mansoni in selected samples. Subsequentely, together with
the neat grinding, other techniques, as the Liquid-Assisted Grinding (LAG),
the Neat-LAG and the Neat-Neat grinding will be investigated to search for

27
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the formation of PZQ polymorphs, solvates or hydrated forms having improved
biopharmaceutical properties. At the end, PZQ microparticles will be formed
combining the mechanochemically obtained products with the spray-congealing
technique. Also in these cases, the most promising samples will be tested to

check the maintainance of the in vitro and in vivo activity against S. mansoni.



Chapter 2

Milling of praziquantel with

polymers

One of the most widespread challenge in the pharmaceutical research is the en-
hancement of drug solubility of poor water soluble API, since it represents the
main requirement for a suitable drug oral bioavailability and therefore activ-
ity. Different techniques can be applied to enhance the drug solubility as the
reduction of the particle size, cocrystal and nanocrystallization, cyclodextrines
complexations, or the creation of lipid dispersion or amorphous solid dispersions.
Despite the crystalline state of an API provides a highly pure and stable form,
the amorphous phase is generally preferred due to the higher free energy which
enhances drug apparent solubility, dissolution and oral bioavailability. Nev-
ertheless, the amorphous phase lacks in physical and chemical stability, with
the high probability of new crystallization or degradation processes. In this
context, the formation of amorphous solid dispersion using a polymeric carrier
demonstrated to be effective in drug stabilization and maintanance of the en-
hanced biopharmaceutical properties. This effect is based on different polymer
abilities as for example the crystallization inhibition (retarding the nucleation
rate), the antiplaticization (increasing the free energy necessary for the tran-
sition to the crystalline form), the creation of intermolecular interactions (by
means of H-bonds, van der Waals or hydrophobic forces) and the reduction of
the API molecular mobility. The properties of the obtained solid dispersion
depend on the selected polymer which can be synthetic, as polyvinylpyroroli-
done or polyethilene glycols, or natural as cellulose and derivatives[84, 85|. The
polymeric amorphous dispersion can be formed using different techniques as
the fusion, solvent or supercritic methods or by means of the mechanochemical

activation|85]: in this case, called co-grinding, the components are intimately
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mixed, in a process that comprehends several variables like time and frequency
of milling, the ratio between the drug and the polymer, the type of polymer and
also other milling variables (choice of the grinding media, in material, number
and ratio with the powder). In literature few works reported the analysis of
different grinding variables, like the milling time, milling media material and
dimensions in Al,Oj5 crystal size[86], or in the organic synthesis[17]. Concerning
praziquantel, many works can be found about the characterization of solid dis-
persion using different polymers as cyclodextrines|75| or polyvinylpyrrolidone
[66, 69-71], as already reported in paragraph 1.2.8; conversely, this chapter fo-
cuses firstly on the explorative analysis of all the formulation and process vari-
ables of grinding praziquantel with different polymers. To optimize the number
of the trials and identify the most relevant variables, an experimental design is
applied, and in particular a screening design with the details below described.
After this part, the system with the best properties will be further characterized
at the solid state and also in its efficacy in vitro. The last part of the chap-
ter is dedicated to the identification of PZQ degradation products formed upon

co-milling.

2.1 Evaluation of the formulation and process vari-

ables during comilling of praziquantel

2.1.1 Introduction

In this project different excipients were selected for the cogrinding with PZQ,
as reported in the material section, while others were discarded during prelim-
inary analysis, as in the case of Soluplus (polyvinylcaprolattame vinylacetate-
polyethilen-glycol-graftcopolymer) which exhibited bad technological properties
(i.e. rubbery consistence) or Ac-di-sol (sodium cros caramellose), because of
the poor increase in drug solubility. Differently, the use of different carriers as
Sodium Starch Glycolate (SSG) and hydrophilic polymers as polyvinylpyrroli-
done (PVP) and related derivatives (crosslinked PVP, CROSPVP, polyvinylpyrroli-
done vinyl-acetate, PVP-VA) led to very interesting products.

Considering the huge number of variables in a grinding process, the risk of
performing useless experiments without a clear objective is quite common. For
this reason the application of a Design Of Experiment (DOE) can facilitate and
even improve the laboratory trials[87]. The DOE approach is based on the def-
initions of the variables and the responses to be considered: the experimental
variables are independent factors involved in the considered process (i.e. drug-

to-polymer wt ratio, milling frequency or time, etc.) while the reponses are the
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experimental results, measured depending on the project aim. The variables,
which can be qualitative (as for the selection of one reagent instead of another)
or quantitative need to be defined in an experimental domain by considering
a minimum and a maximum value. The planification of the trials depends on
the project and on the previous knowledge of the process. When starting a new
experiment, the preferable way is represented by the screening design, which
allows the determination of the significative variables of the process[88]; in this
way, the subsequent optimization design leads to the definition of the experimen-
tal conditions necessary to achieve the best responses[89]. Many experimental
design can be applied depending on the specific project: in this chapter the ap-
plication of a full-factorial design will be applied in the comilling of PZQ with
different polymers, as a screening design, considering drug residual crystallinity,
recovery and solubility enhancement as the experimental reponses and many

formulation and process variables later described.

2.1.2 Materials and Methods

Materials

Praziquantel (PZQ, (11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro -
4-H-pyrazino[2,1-alisoquinolin-4-one)) was of Ph. Eur. grade and kindly do-
nated by Fatro S.p.a. (Bologna, Italy). Povidone (PVP, Kollidon K30) was
purchased from Fluka Chemie-Buchs, Germany) while micronized crospovi-
done (CROSPVP, Kollidon CL-M) was from BASF-Ludwihshafen, Germany).
Sodium Starch Glycolate (SSG) was from Explotab (Milano, Italy) and copovi-
done -1-vinylpyrrolidove-co-vinyl acetate (PVPVA) was purchased from Sigma
Aldrich Chemie (USA). The impurity A (2-Benzoyl-1,2,3,6,7,11b-hexahydro-
4-H-pyrazino|2,1-alisoquinolin-4-one) and B (2-Cyclohexanecarbonyl-2,3,6,7-te-
trahydro-pyrazino[2,1-ajisoquinolin-4-one) of PZQ, purchased from Endotherm
Gmbh (Saarbruecken, Germany) were both of Ph. Eur. grade. The HiPersolv
Chromanorm methanol used for the HPLC analysis was of Ph. Eur. grade and
purchased from VWR Chemicals (BHD PROLABO®Milano, Italy).

Methods

Design of the experiments: screening design By using the software
NEMRODW/90], a screening design was prepared with the aim of identify the
most significant variables in the comilling process of PZQ with the selected
excipients. The variables and the responses selected for this plan were cho-
sen basing on previous experiences on the drug and the milling process. The

variables selected and the corresponding levels were the following:
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(X1) - drug/polymer weight ratio: 1:1 and 1:2

(X2) - grinding media: one large (¢=25 mm) and 3 small (15 mm) spheres
e (X3) - milling time: 1 and 4 hours

e (X4) - frequency: 20 and 30 Hz

e (X5) - type of polymer: CROSPVP, PVPVA, SSG and PVP

while as the responses, PZQ residual crystallinity, recovery and solubility

enhancement were selected as reported in Figure 2.1.

SCREENING DESIGN

DRUG:
MILLING MILLING MILLING KIND OF
POLYMER
MEDIA TIME FREQUENCY POLYMER
WT RATIO

PRAZIQUANTEL
+

CARRIER

RESIDUAL PN SOLUBILITY
CRYSTALLINITY PzQ ENHANCEMENT
RECOVERY

Figure 2.1: Schematic view of the planned experimental design.

Y1 (PZQ residual crystallinity) was selected to analyze the structural changes
derived form the milling process that can affect drug solubility and physical sta-
bility and was assayed by DSC as the PZQ heat of fusion (J/g) in the coground
samples compared to raw PZQ value (96.15 £ 0.75 J/g).

Y2 represents drug recovery, since there have been few examples in literature
about the formation of impurities or drug degradation due to the grinding pro-
cess, which was investigated by HPLC.

The last response, the enhancement of drug solubility (Y3) was calculated by
subtracting solubility of the drug in the coground system with that of the cor-
responding physical mixture. In this way the carrier was studied in its influence
upon milling in certain conditions and not in its intrinsic effect. Further de-
tails on the responses evaluation will be reported in the corresponding method

section.
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As reported, the variables X1, X2, X3 and X4 were considered at two levels,
while X5 had five different levels: the resulted factorial design consisted in 16
trials, reported in Table 2.1, corresponding to 8 different conditions carried out

in double.

Table 2.1: Experimental plan of the screening design. X1: drug/polymer wt
ratio, X2: milling media (3s: 3 small spheres, 1ls: one large sphere), X3: milling
time, X4: milling frequency, X5: type of polymer.

Exp X1 X2 X3 X4 X5

number wt ratio mill. media h  Hz polymer

1 1:1 3s 4 20 CROSPVP

2 1:1 3s 4 20 CROSPVP

3 1:1 1ls 4 30 PVPVA

4 1:1 1ls 4 30 PVPVA

5 1:1 3s 1 30 SSG

6 1:1 3s 1 30 SSG

7 1:1 1ls 1 20 PVP

8 1:1 1ls 1 20 PVP

9 1:2 1ls 1 30 CROSPVP

10 1:2 1ls 1 30 CROSPVP

11 1:2 3s 1 20 PVPVA

12 1:2 3s 1 20 PVPVA

13 1:2 1ls 4 20 SSG

14 1:2 1ls 4 20 SSG

15 1:2 3s 4 30 PVP

16 1:2 3s 4 30 PVP

Preparation of the physical mixture For each drug/polymer system a
binary mixture was prepared by mixing the weighted powders in an agate mortar
for 3 minutes. The same procedure was used to prepare the powders to be
inserted in the jars for co-milling. The batch size was of 1.072 g or 0.843 g

depending on the experiment considered.

Milling conditions A Retsch MM400 vibrational mill (Retsch GmbH, Hann,
Germany) and zirconium oxide jars and balls were chosen for the comilling pro-
cess. On the basis of previous experiences, a 1:30 wt ratio between the powder

and the milling media was selected; therefore, each jar was filled with 1.072 g



34 CHAPTER 2. MILLING OF PRAZIQUANTEL WITH POLYMERS

of powder when using three small grinding balls (¢=15 mm) or with 0.843 g of
powder when using one large ball (¢=20 mm). The ratio between the drug and
the polymer depended on the experiment and was preventively prepared, as de-
scribed for the physical mixtures, to achieve a good homogeneity of the system.
The milling experiment was then conducted following the conditions reported
in Table 2.1 and the ground samples were collected and stored in a desiccator in
the dark at RT. All the samples were subjcted to the characterization at least
the day after the preparation.

Determination of drug residual crystallinity FEach sample was analyzed
using a Mettler DSC TA 4000 (Greifensee, Switzerland) connected to a calori-
metric cell Mettler DSC20 and using STARE software version 9.30 for data
analysis. Prior to analysis the instrument was calibrated with Indium, Zinc
and Lead for the temperature and with Indium for the enthalpy quantification;
each sample, containing about 2 mg of PZQ exactly weighted, was placed in
a 40 pm aluminum pan with perforated lid and heated from 30 to 160 °C (10
°C/min) under air atmosphere. The PZQ enthalpy of fusion was determined by
integrating the area of the corresponding endothermic peak and calculated as
the percentage of drug residual crystallinity (response Y1) by comparing with
the raw drug value (96.154+0.75 J/g). This method was supported by the lin-
earity of the calorimetric response of the binary systems, previously assessed as

reported in the appendix A (paragraph 2.4.1).

Determination of PZQ recovery The content of PZQ was assayed by
means of a reverse-phase HPLC!, adapting a method already reported in litera-
ture[91]; the system had two delivery pumps (LC-10 ADVP, Shimadzu, Japan),
an autosampler (SIL-20A, Shimadzu, Japan) a UV-vis detector (SPD-10Avp,
Shimadzu, Japan) and the data were acquired at a fixed wavelength of 220nm
using an interface SCL-10Avp (Shimadzu, Japan) and analyzed with Ez-Star
software; the column used was a Kinetex 5 ym C18 (150 x 4.60mmm, Phe-
nomenex, Bologna). The mobile phase used was composed of methanol:water
(65:35 v/v), purged at 1 mL/min. PZQ retention time was 5.5 min while the
total run time for each sample was set at 12 min. Prior to analysis, a linear
calibration curve with r2=0.99996 was obtained for PZQ under the described
conditions using different concentrations of the drug from 0.3 to 10 mg/mL.
Each day, a standard solution (with a concentration of 2.5 mg/L) was prepared
by dissolving about 10 mg of PZQ accurately weighted in methanol of HPLC
grade (20 mL) and diluting the solution 1:200 with the mobile phase. Moreover,

1In collaboration with N. Passerini and B. Albertini, from the Department of Pharmacy
and Biotechnology, University of Bologna (Italy) as well as for the solubility analyses.
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two additional calibration curves were obtained respectively for the relative im-
purities indicated in the Eur. Ph. (Ed. 8.0)[32], impurity A (12=0.9993) and
impurity B (r2=0.9994), which were identified at the retention time of 3.45 min
and 11.2 min. The reference solution did not report any of these impurities.
For the analysis, 20-30 mg of the coground sample were accurately weighted,
dissolved in 20 ml of methanol, diluted 1:200 with the mobile phase and injected
in the HPLC system. Each sample was analyzed three times and the retention
time of PZQ was at about 5.4-5.5 min in every coground system. The average
of the sum of the PZQ peaks was compared to the sum of all the peaks (of
PZQ, impurities and other products) and expressed as the percentage of drug

recovery (Y2).

Water solubility test For the determination of the drug solubility enhance-
ment, saturated solution of each coground sample in distilled water were pre-
pared and kept under agitation in the dark for 48 hours at 20 °C; on the basis
of previous experiences and according also to literature[92], a longer time would
favour PZQ degradation. Then, the solutions were filtered using a 0.20 pm
membrane and diluted 1:200 with the mobile phase (65:35 v/v methanol:water)
for the subsequent HPLC analysis, following the previous mentioned HPLC
method. The Y3 value, representing the enhancement of drug solubility, was
obtained by subtracting the solubility of the drug in the coground system with

the one of the corresponding physical mixture.

Scanning Electron Microscopy For the acquisition of the SEM images a
Leica Stereoscan 430i (Leica Cambridge LTd, Cambridge, UK) was used on sam-
ple metallized with a S150A Sputter Coater (Edwards High Vacuum Crawley,
West Sussex, UK).

ATR-FT-IR spectroscopy The sample were analyzed at the solid state
without preparing any dilution using a PerkinElmer Spectrum 100 FT-IR (Bea-
consfield, England) with a Universal ATR sampling and software PE version
6.3.4 copyright 2008. The spectra were collected between 650 and 4000 cm( — 1)

using a scan number of 4.

Powder X-Ray Diffraction The sample were analyzed by powder X-ray
diffraction (PXRD) using a Siemens D500 (Siemens, Munich, Germany) diffrac-
tometer (Cu Ko radiation with wavelength: 1.5418 A), using a secondary flat
graphite crystal as the monochromator. The preparation of the samples con-
sisted in pressing about 20-30 mg of powder over a glass slide to have a flat

surface. The data were collected in a 26 range of 3-35 degree with steps of 0.05
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° every 5 seconds. The apparatus was set at a current of 20 mA and a voltage
of 40 kV for all the analyses.

Evaluation of the in vitro activity against S. mansoni 2 The efficacy of
the coground samples was test against adult S. mansoni obtained from infected
mice and incubated with different concentrations (0.33-0.021 pg/mL) for up to
72h. By inverse microscope observation (Carl Zeiss, Germany, 80x magnifica-
tion) parasites morphological alteration, motility and viability were checked in
treated and not treated worms. The results were then averaged and the ICsy,

was calculated using CompuSyn Software.

Physical stability The stability of the sample was checked by PXRD and
DSC as well as in drug recovery and solubility by HPLC, over a total period of

6 months.

2.1.3 Results and Discussion (1)

The screening design prepared for this research project aimed to identify the
significative formulation and process variables that affect three fundamental as-
pects for the amelioration of PZQ properties: its recovery, residual crystallinity
and solubility enhancement upon grinding with different polymers. In fact, as
reported in many literature works, one of the possible ways to increase the solu-
bility of poor soluble drugs and hence their dissolution is represented by the pro-
duction of amorphous systems, especially in combination with polymeric excipi-
ents[84, 85, 93], possibly able also to stabilize the system. Conversely, the evalu-
ation of drug degradation is quite neglected in the field of the mechanochemical
activation and only few samples were reported in literature[94-96]. In the case
of PZQ, this aspect needs to be investigated, due to its degradation tendency
already reported[92, 97, 98]. The total number of experiments was 8, conducted
in double following a random order, to reduce the sistematic error; neverthe-
less, even when operating at the same conditions, slight differences were noticed
as shown in Table 2.2, but were considered of little significance since they did
not affect the trend and were also found in previous experiences as well as in
literature[95].

The peculiarity of the selected design of experience (screening design) is the
capability to highlight the more significant factors among the all considered by
comparing the levels of each factor one at a time[87, 88]. In this case the least
square method was applied, comparing each level weight to the reference level

(the upper level weight). Figure 2.2 shows the effect of the factors variation (X1,

2Study conducted at the Swiss Tropical and Public Health Institue of Basel, in collaboration
with prof. Jennifer Keiser
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Table 2.2: Responses observed for each trial of the experimental plan.

Exp X1 X2 X3 X4 X5 Y1 Y2 Y3
number  wt ratio mill. media h Hz polymer % % mg/L
1 1:1 3s 4 20 CROSPVP 9.61 87.22  436.77
2 1:1 3s 4 20 CROSPVP 11.99 89.93  448.26
3 1:1 1ls 4 30 PVPVA 21.36  96.64  282.08
4 1:1 1ls 4 30 PVPVA 3739 94.12  220.01
5 1:1 3s 1 30 SSG 69.37  100.00  285.59
6 1:1 3s 1 30 SSG 73.45 100.00 282.05
7 1:1 1ls 1 20 PVP 42,54  94.60  229.49
8 1:1 1ls 1 20 PVP 25.66  96.51 290.68
9 1:2 1ls 1 30 CROSPVP  0.00 88.63  210.71
10 1:2 1ls 1 30 CROSPVP  0.00 91.65  200.71
11 1:2 3s 1 20 PVPVA 0.00 90.47  113.35
12 1:2 3s 1 20 PVPVA 1.49 92.09 93.56
13 1:2 1ls 4 20 SSG 0.00 90.32  127.48
14 1:2 1ls 4 20 SSG 0.00 91.24  135.51
15 1:2 3s 4 30 PVP 0.00 94.13  110.11
16 1:2 3s 4 30 PVP 10.85  94.84  140.29

X2, X3, X4, X5) on the three different responses (Y1, Y2, Y3). For a better
understanding, the reference level (the upper for each factor) is drawn as a red
bar with the same dimension in every factor set: in this way the influence of
the variation of the factor level on the responses can be easily visualized. The
significance values («): ***p=.001, **p=.01, *p=.05 were used to highlight the
most significant factors.

In this screening design the first thing to be noticed (Figure 2.2) was that
the variation of the considered factors influenced drug residual crystallinity and
recovery in a very similar way, and the presence of the polymer (X1) seamed
to favour PZQ amorphisation and degradation. This means that the high drug
degradation found in certain samples could not be interpreted as a consequence
of grinding, but more interestingly as a results of drug destructuration towards
an amorphous system with a higher chemical reactivity. Also, the presence
of the polymer in the coground system seamed to favour this destructuration
trend, since when using a 1:2 wt ratio between PZQ and the polymer, drug
degradation and amorphisation were much higher than when using the 1:1 ra-
tio. This was confirmed by literature reports, as for example in the case of the
coground systems of PVP with sulphathiazole: during drug neat grinding the
mechanochemical activation favoured the transition of the drug from form III
to form I, while when ground in presence of the polymer, the amorphisation

degree was proportional to the polymer content[99]. Likewise, the cogrinding
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Figure 2.2: Graphical representation of the results: the red bars indicate the
reference level for each factor and have the same dimension in every set of
response. (The significance codes are the following («): ***p=.001, **p=.01,
*o

p=.05).

of Raloxifene Hydrochloride with CROSPVP was reported to reduce drug crys-
tallinity[100]. A high polymer content was also reported to be reponsible for
a more effective energy transfer creating a higher amorphisation of the pow-
ders[101-103]. Additionally, the presence of the polymer may change the glass
transition temperature (Tg) of the considered milling system, playing an im-
portant role in the grinding outcome, since amorphisation was reported to be
favoured when milling is performed at a lower temperature than the system
Tg[104, 105] (this aspect will be further investigated in chapter 3.1, involving
the cryo-milling process).

While the amorphisation of the drug in presence of polymers was highly reported
in literature, as previously described, the formation of degradation products is a
novel observation: in fact, as for PZQ amorphisation, when using a 1:2 wt ratio
with the polymers, drug degradation increased, and this was not directly related
to any chemical interaction between the components, but to the increased chem-
ical reactivity of the amorphous state induced by milling, since no degradation
was found in the corresponding physical mixtures.

Analyzing the other variables, the selection of the grinding media was not signi-
ficative in any of the experiments. However, in this case it is worth of notice that
the change of the grinding media did not affect the ratio between the powder
and the milling balls (which is a highly relevant factor of the process) since the
powder weight was varied when using one large ball or three medium balls, as
reported in paragraph 2.1.2. Differences on drug recovery and on drug residual
crystallinity were also noticed when varying the excipient, in particular when
using CROSPVP higher degradation (p=.02) and amorphisation (p=1.38) were

found, comparing to the other polymers implied. Interestingly, SSG seamed
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to act as a protector towards drug degradation and destructuration (p=.167).
The evaluation of the milling process factors (frequency and time) led to the
following observations: drug recovery was significantly lower when grinding for
less time and at higher frequency, while grinding for a prolonged time enhanced
its amorphisation. Drug degradation seamed to be therefore not directly de-
pendent from the mechanical stress, but more likely from its destructuration,
favoured by the presence of the polymer and resulting in different related prod-
ucts, analyzed and described in the last part of this chapter (paragraph 2.3).
Finally, analyzing the enhancement of drug solubility, the preparation of these
coground systems was certainly advantageous since all the samples had an aug-
mented solubility compared to the physical mixtures, as visible from the largely
positive values of Y3 and also with respect to the pure drug (140.30 mg/L).
This response (Y3) was affected more significantly by the formulation variables,
as the drug to polymer wt ratio and the type of the polymer used, than the pro-
cess parameters: in fact, when using a 1:1 wt ratio between the components, the
solubility enhacement was significantly better (p=.01) and in particular when
using CROSPVP the highest Y3 values were found (p=.01).

2.1.4 Conclusions (1)

Trying to summarize the results, the de-structuration of PZQ due to the milling
process in presence of the polymer had a parallel trend as drug degradation,
both when varying the formulation and the process variables, meaning that the
greater mobility achieved by the system in its amorphous form favoured PZQ
degradation. In fact, Y1 (drug amorphisation) and Y2 (drug degradation) were
significatively affected by all the variables except for the choice of the grind-
ing media. Conversely, even though the enhancement of drug solubility was
achieved in each sample, since it was from 1.5 to 4.6 folds higher than raw PZQ
(140.30 mg/L), this increase was not closely related to the amorphisation de-
gree, but to the ratio and kind of polymer used, the only variables significatively
affecting this response. The best results for Y3 were obtained using CROSPVP,
confirming its optimal ability to increase drug solubility as already reported in
literature[106], thanks to its cross-linked and amphiphilic structure. However,

this polymer was also responsible for a higher drug degradation.
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2.2 Additional characterization of selected sam-

ples

2.2.1 Results and Discussion (2)

In the previous part, the screening of the formulation and process variables of
milling PZQ with different polymers led to the identification of the significative
variables affecting drug crystallinity, degradation and solubility enhancement.
Since the further objective of this study is the amelioration of PZQ oral formu-
lation, the best products obtained were chosen for further investigation at the

solid state and in their activity in vitro against S. mansoni:

e PZQ:CROSPVP in a 1:1 wt ratio ground for 4 hours at 20 Hz (3 small
balls, ¢= 15 mm)

e PZQ:PVP in a 1:1 wt ratio ground one hour at 20 Hz (1 large ball, ¢= 20

mm)

The system with SSG was discarded for the high crystallinity of PZQ and
low drug solubility enhancement, while PVPVA systems were very similar to
PVP ones. The selected PZQ:CROSPVP sample had a water solubility at 20
°C of 642.54 mg/L, 3.3 fold greater then the physical mixture (194.28 mg/L)
and 4.6 fold then the raw drug (140.30 mg/L), with a residual crystallinity of
11.99% and a recovery ranging about 90%. The selected PZQ:PVP sample had
a solubility of 442.46 mg/L, PZQ residual crystallinity 25.66% and a recovery
ranging about 96%.

The high amorphisation degree of the coground samples was noticed in all
the characterizations, starting from the DSC and then in the ATR-FTIR and
PXRD analyses. The thermograms in Figure 2.3 and 2.4 shows that while
in the physical mixture the presence of the drug is still clear by means of the
endothermic peak around 142 °C, in the coground system the corresponding
PZQ peak is nearly disappeared and the small signal that remains (9.61%) can
be found at a lower temperature comparing to the melting point of the drug
(141.98+£0.03 °C). This was in agreement with the already reported behaviour
of nanocrystalline size powder to have a lower melting temperature and en-
thalpy[107]. A similar set of curves were found in the system based on PVP,
with a residual crystallinity of about 20-30% in the coground samples.

In the PXRD analyses the amorphisation demonstrated by DSC traces was
highlighted even more: the coground samples exhibited an halo-pattern in which

none of the PZQ characteristic peaks could be identified, differently from the
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Figure 2.3: DSC thermograms of the coground sample with PVP: in blue the
coground sample, in red the corresponding physical mixture, in orange raw PZQ.
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Figure 2.4: DSC thermograms of the coground sample with CROSPVP: in blue

the coground sample, in red the corresponding physical mixture, in orange raw
PZQ.

physical mixtures, where PZQ peaks were evidenced, though with a reduced
intensity due to the dilution effect of the polymer (Figure 2.5). Similar re-
sults were observed for the samples with PVP, even though a higher residual

crystallinity was noticed by low intensity peaks as reported in Figure 2.6.
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Figure 2.5: PXRD patterns of (up to down) PZQ:CROSPVP coground sample,
the corresponding physical mixture, raw CROSPVP and PZQ.
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Figure 2.6: PXRD patterns of (up to down) PZQ:PVP coground sample, the
corresponding physical mixture, raw PVP and PZQ.

The ATR-FTIR spectra of the selected coground samples are reported in
Figure 2.7: the amorphisation of the system is indicated by the general broad
traces and especially in the carbonyl stretching region, where the split band of
raw PZQ become a large and very broad signal, particularly evident in the case
of PZQ:CROSPVP (red spectrum in Figure 2.7). The reduction in intensity of
the coground system with respect to the raw drug could be attributed both to
the amorphisation and to the dilution made by the polymer. As in the DSC
traces, the PXRD and ATR-FTIR spectra did not evidence any formation of

new solid entities or chemical interaction between the drug and the polymers.
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Figure 2.7: ATR-FTIR spectra of the selected coground samples
PZQ:CROSPVP (red), PZQ:PVP (green) and raw PZQ (orange).

Regarding the morphology of the samples, Figure 2.8 reports the images
collected by SEM for raw PZQ, characterized by an acicular shape of the par-
ticles with a smooth surface. In the coground sample with PVP, the polymer
spherical particles are replaced by irregular aggregates, while PZQ is visible as
very small whiskers in the most magnified image. Differently, in the case of the
coground sample with CROSPVP, aggregates of cubic-pyramid particles were
evidenced on larger particles, changing the almost spherical shape of the polymer
and without any evidence of PZQ crystallinity (Figure 2.9). For comparison,
the SEM images of the raw materials are reported in Appendix A (section 2.4.2).

Figure 2.8: SEM images of raw PZQ, magnification of 1000x and 5000x.

The selected samples were also checked in their physical, chemical and sol-
ubility properties after 6 months storage by means of DSC, HPLC, solubility
and PXRD analyses. All the techniques attested the capacity of the polymer
to stabilize the coground samples (reported for CROSPVP in Figure 2.10) since

there were no evidence of recrystallization or significant changes over time, even
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Figure 2.9: SEM images of PZQ:CROSPVP (a) and PZQ:PVP (b), each one
with a magnification of 1000x and 5000x.

in the drug solubility enhancement, which was stable.

Despite the high degree of drug amorphisation and low recovery of the system
composed of PZQ and CROSPVP, the in vitro activity against S. mansoni was
maintained and even slightly enhanced, since a ICy; of 0.102 ug/mL was found

comparing to the IC5q of the raw drug (0.165 pg/mL).
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Figure 2.10: PXRD and DSC traces of the PZQ:CROSPVP selected system
after 6 months storage.



46 CHAPTER 2. MILLING OF PRAZIQUANTEL WITH POLYMERS

2.2.2 Conclusions (2)

The selected samples composed of PZQ:CROSPVP and PZQ:PVP (1:1 w/w)
demonstrated to have very interesting properties, with an high amorphous de-
gree and a high solubility enhancement which was up to 4.6 fold grater than the
raw drug. The amorphous nature of the samples was confirmed by solid-state
analysis, as DSC, PXRD and ATR-FT-IR, while the content of PZQ remained
high (around 90 %). The polymers were successful also in stabilizing the amor-
phous state of the drug for at least 6 months without affecting drug activity
against S. mansoni. These facts confirmed the optimal characteristic of the
two selected polymers for the production of advantageous samples, providing a

possible alternative of the poor soluble PZQ oral formulation.
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2.3 Identification of the PZ(Q degradation prod-

ucts upon cogrinding

When considering the mechanochemical effect of grinding an API, the majority
of the works reported in literature are focused on the evaluation of the amorphi-
sation degree reached after grinding, particularly emphasized when grinding is
performed at cryogenic temperatures, as reported for example in the case of in-
domethacin[108], ketoconazole and griseofulvin[109]. Nevertheless, drug degra-
dation as the effect of chemical changes of the system, is an important effect that
is often underestimated; Kaminska and collaborators reported an investigation
on the degradation products of furosemide ground with inulin or PVP[94, 96].
Another example comes from the presence of water in the excipients, favouring
hydrolysis reaction as in the case of 4-methylphenylamino acetate hydrochlo-
ride upon grinding with lactose hydrate[110].The degradation of PZQ has been
reported by Cizmi¢ and collaborators[98] upon direct photolytic and photocat-
alytic processes, or after prolonged heating [92], while the effect after grinding
was studied in coground samples with cyclodextrines and cocrystals with citric,
malic, salicylic and tartaric acids by Cugovcan and coworkers[83]. The authors
reported accelerated stability and photostability tests: PZQ degradation over
time was remarkable in all the coground samples with also a significant pho-
todegradation comparing to raw PZQ. The authors concluded that the lack of
the stability effect, highly reported in literature and in particular in cyclodex-
trines application, was due to the non-inclusion in the cyclodextrine cavity of
the pyrazino-4-one group, reported to be involved in PZQ thermal and photo-
chemical degradation[98, 111]. Nevertheless, no other examples where found in
literature on investigation and identification of PZQ degradation products upon
technological processes.

As previously reported ( 2.1.3), when PZQ was ground in presence of PVP and
CROSPVP two unknown related compounds were found by HPLC analysis, dif-
ferent depending on the excipient considered. This section presents the analysis
of the mentioned coground samples performed in collaboration with I. Sagud
and L. Skori¢® towards the identification of the PZQ degradation products.

2.3.1 Materials and Methods
Materials

Praziquantel (PZQ, (11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro -
4-H-pyrazino|2,1-a]isoquinolin-4-one)) was of Ph. Eur. grade and kindly do-

3Department of Organic Chemistry, Faculty of Chemical Engineering and Technology, Uni-
versity of Zagreb (Croatia).
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nated by Fatro S.p.a. (Bologna, Italy). Povidone (PVP, Kollidon K30) was
purchased from Fluka Chemie- Buchs, Germany) while micronized crospovidone
(CROSPVP, Kollidon CL-M) was from BASF-Ludwihshafen, Germany). The
impurity A (2-Benzoyl-1,2,3,6,7,11b-hexahydro-4-H-pyrazino[2,1-alisoquinolin-
4-one) and B (2-Cyclohexanecarbonyl-2,3,6,7 -tetrahydro-pyrazino|2,1-ajisoquinolin-
4-one) of PZQ, purchased from Endotherm Gmbh (Saarbruecken, Germany)
were both of Ph. Eur. grade. Deuterated chloroform (CD(Cl)s, 99.80% with
TMS as standard) was purchased from Euriso-Top (St. Aubin, Cedex). As
solvent, redistilled dichloromethane of technical grade was used. The acetoni-
trile used for the HPLC analysis was ultra gradient (J.T.Baker), the water was
filtered by a MilliQQ system and a 10 mM solution of NH;HCO5; was added with

ammonia to reach pH=10.

Preparation of the samples

The samples selected for the in-depth analyses were the following;:
e Sample 1: PZQ:PVP, 1:1 wt ratio, ground for 4 hours at 20 Hz;
e Sample 2: PZQ:CROSPVP, 1:1 wt ratio, ground for 4 hours at 20 Hz;
e Sample 3: PZQ:PVP, 1:1 wt ratio, ground for 90 minutes at 25 Hz;
e Sample 4: PZQ:CROSPVP, 1:1 wt ratio, ground for 90 minutes at 25 Hz.

The mill used for their preparation was a Retsch MM400 vibrational mill
(Retsch, Germany), using 2 zirconium oxide jars of 35 mL with three milling
balls (¢=15mm) and inserting 1.072 g of powders previously weighted and mixed
in an agate mortar for 3 minutes. After milling the samples were collected and

stored in a desiccator at room temperature in the dark.

GC-MS The gas chromatograph used was a Varian CP-3800 system with a
Varian Saturn 2200 mass spectrometer. The column used was a Factor Four
Capillary one, VF-5 ms (50 m x 0.2 mm). The method used was the following:
firstly the oven was kept at 110 °C for 1 minute, then heated to 300 °C (33.1
°C/min) and maintained at the same temperature for 10 min. The injection
volume was 1 pl and Helium was purged 1 mL/min as the carrier gas. The
temperature of the injector and MS source was 350 °C. For sample ionization,

the electron impact mode was used at 70 eV.

UPLC-MS An Acquity UPLC-DQD mass spectrometer system was used for
the UPLC-MS conditions, with a Acquity UPLC BEH C18 column (50 mm x 2.1

mm i.d. with a packing diameter of 1.7 ym) maintained at 40 °C. The solvent
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used were acetonitrile and a NH;HCOj5 solution (pH=10). The injection volume
applied was 2uL and the flow rate was 0.9 mL/min. An alternate electrospray

(ES+/ES-) was used as the ionization mode of the mass spectrometer.

NMR spectroscopy The 'H and '3C spectra were recorded on a spectrome-
ter at 300 MHz in CDCl3, using tetremethylsilane as the reference. The signals
were referred as singlet (s), doublet (d), triplet (t), quartet (q), doublet of dou-
blets (dd), multiplet (m) and broad (b).

2.3.2 Results and Discussion

The first analysis to be conducted was a GC-MS, which highlighted the presence,
in all the coground samples and in raw PZQ), of a molecular mass of 310 g/mol,
corresponding to PZQ impurity B[32], as shown in the comparison of the GC-MS
spectra of Figure 2.12.

O
j
SA®

Ly
S
grinding with F’V e wding with CROSPVP
O
~. HN-__H,
e major degradation H, Ho Ms H
| products ot Hot
s
g
M,f:«

DEG1 DEG 2

Figure 2.11: Scheme of the different degradation pathways of PZQ upon milling
with PVP (top) and CROSPVP (bottom).

The UPLC-MS spectra permitted to better highlight the additional degraded
products of the samples, reported completely in the Appendix A, paragraph
2.4.3. The results suggested that the nature of the degradation pathway de-
pended mainly on the excipient used (Figure 2.11), since the UPLC spectra
of samples 1, 3 (with PVP) and 2, 4 (with CROSPVP) were very similar as
shown in Figure 2.13. The two related products found had m/z 147 (PZQ:PVP
- DEG1) and m/z 311 (PZQ:CROSPVP - DEG2).
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Figure 2.12: Comparison of the GC-MS spectra of the coground samples and
raw PZQ. Impurity B was found at a retention time of 7.5 min for PZQ and
11.96 min for the coground samples, while PZQ peak was at 7.5 and 11.4 min
respectively. From top: PZQ, sample 1, sample 2, sample 3 and sample 4.
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Figure 2.13: MS spectra obtained with a UPLC-MS system of the main PZQ
degradation products.
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DEG1 and DEG2 were found in all the samples, but DEG1 was the main
product of samples 1 and 3, while DEG2 of samples 2 and 4. Also, some minor
degradation products were found with m/z 313 and 327, but their identification

was not possible because of the very small quantity in the sample, even not
detectable in GC-MS and 'HNMR analyses.
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Figure 2.14: 'THNMR spectra of sample 1 (up) and sample 2 (down).

The 'HNMR spectra of sample 1 is reported in Figure 2.14: the ion m/z
147 showed a signal for the NH group on a double bond, differently from an-
other degradation product found in the study of photolytic and photocatalytic
oxidation of praziquantel[98]. The chemical shift of the NH proton was of 10.15
ppm, coupled with the Ha proton on the double bond (chemical shift: 5.50 ppm
and coupling constant JNH,Ha:14.6 Hz). The signal at 8.1 ppm is of the proton in
the aromatic ring, while the other are represented by the multiplet at 7.6-7.5 ppm.
The only signals that could not be observed were the ones of the ethyl and methylene
group of the aliphatic region, because of the overshadowing of the polymer signals in
this region.

Similarly, Figure 2.14 reports the main degradation product observed in samples 2
(the same as sample 4). The identification was made possible thanks to the dramatic
shift of two signals for the ethylenic protons to lower field, only explicable by a chemical

de-shielding environment. This role could be played by the nitrogen and the benzene
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ring, while the trans conformation was the only plausible for the coupling constant

found.

2.3.3 Conclusion

The in-depth analysis of selected coground samples led to the identification of two
main PZQ degradation products formed by grinding with PVP and CROSPVP, with
m/z of 147 and 311 respectively. The GC-MS, UPLC-MS and 'HNMR analyses were
fundamental for their identification and the chemical pathway for the formation of
the related compounds was explicable with the breaking of a C-N bond to form two

conjugated double bonds.
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2.4 Appendix A

2.4.1 Assessment of the linearity of the calorimetric re-

ponse for the binary systems

The response Y1 (PZQ residual crystallinity) could be determinated as the PZQ heat
of fusion (J/g) in the coground samples compared to raw PZQ value (96.15 & 0.75 J/g)
after verifying the linearity of the calorimetric reponse for binary systems: physical
mixtures with different drug-to-polymer wt ratios (1:0, 1:1, 1:2 and 1:4) were prepared
in an agate mortar and subsequentely analyzed using the same method described
in paragraph 2.1.2. PZQ heat of fusion, recovered as the area of the endothermic
peak, was plotted versus the composition of the mixture (i.e. % PZQ) and the linear
regression was calculated. As reported in Figure 2.15, the linearity was confirmed
(r*=0.998) in both cases.
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Figure 2.15: DSC response for the system PZQ:PVP (top) and PZQ:CROSPVP
(bottom).
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2.4.2 SEM images of the raw polymers

As a comparison with the physical mixtures and the coground samples, Figure 2.16
reports the SEM images of raw PVP[112] and CROSPVP[113]. PVP is characterized
by regular and almost spherical particles with a smooth surface, different from the

rough one of CROSPVP, mostly similar to aggregates of filiform particles.

Figure 2.16: SEM images for raw PVP (left)[112] and raw CROSPVP
(right)[113].
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2.4.3 Identification of PZ(Q) degradation products

The following images report the complete analyses perfomed on the coground samples

to identify PZQ) degradation products. The samples are referred as:

e Sample 1: PZQ:PVP, 1:1 wt ratio, ground for 4 hours at 20 Hz;

e Sample 2: PZQ:CROSPVP, 1:1 wt ratio, ground for 4 hours at 20 Hz;

e Sample 3: PZQ:PVP, 1:1 wt ratio, ground for 90 minutes at 25 Hz;

e Sample 4: PZQ:CROSPVP, 1:1 wt ratio, ground for 90 minutes at 25 Hz.

In particular Figure 2.17 shows a comparison of the GC-MS chromatograms for
PZQ and the coground samples. It is worth of notice that, in PZQ sample, the retention

time for PZQ was of 6.8 min and for impurity B of 7.5, while in the coground samples

they were 11.4 and 11.96 respectively.
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Figure 2.17: Comparison of the GC-MS chromatograms.
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From Figure 2.18 to Figure 2.22 the UPLC-MS chromatograms for PZQ and for

all the coground samples are reported.
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Figure 2.18: UPLC-MS Chromatograms for PZQ.
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Figure 2.19: UPLC-MS Chromatograms for PZQ 1.
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Figure 2.20: UPLC-MS Chromatograms for PZQ 2.
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Figure 2.21: UPLC-MS Chromatograms for PZQ 3.
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Figure 2.22: UPLC-MS Chromatograms for PZQ 4.
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From Figure 2.23 to Figure 2.31 the related 'H NMR spectra are reported.
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Figure 2.23: 'H NMR spectrum for raw PZQ (CDCI3, 300 MHz).
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Figure 2.24: 'H NMR spectrum for raw PVP (CDCI3, 300 MHz).
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Figure 2.25: 'H NMR spectrum for IMP A (by European Pharmacopoeia
7.0)[32] (CDCI3, 300 MHz).
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Figure 2.26: 'H NMR spectrum for IMP B (by European Pharmacopoeia
7.0)[32] (CDCI3, 300 MHz).
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Figure 2.27: 'H NMR spectrum for PZQ 1. (CDCI3, 300 MHz).
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Figure 2.28: 'H NMR spectrum for PZQ 1 - DEG 1 (CDCI3, 300 MHz).
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Figure 2.30: 'H NMR spectrum for PZQ 2 - DEG 2 (CDCI3, 300 MHz).
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Figure 2.31: 'H NMR spectrum for PZQ 3 (CDCI3, 300 MHz).
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Figure 2.32: 'H NMR spectrum for PZQ 4 (CDCI3, 300 MHz).



Chapter 3

Milling and comilling at

cryogenic temperatures

3.1 Comparison between the process-induced
effects on PZQ by milling at RT and under

cryogenic conditions

3.1.1 Introduction

As previously stated, the application of the mechanical energy to pharmaceutical com-
pounds is not a new process in the manufacturing industries, since it is commonly used
to reduce the particle size. Indeed, the mechanochemical process can led to various API
modifications including polymorphic transition, crystal lattice disruption and amor-
phisation or chemical complexations, which can modify its efficacy. The cryomilling,
milling at cryogenic temperature using liquid nitrogen, can bring some advantages on
the product outcome by preventing the overheating of the system, which can led to
chemical reaction between the phases or thermal damages/decomposition|[114], as well
as reducing the recrystallization of amorphous material[115]. Recently the group of
Descamps investigated the role of the glass transition temperature (Tg) during milling
and cryomilling, reporting the following: when the milling process is conducted at tem-
perature lower than the Tg of the system, as during cryomilling, the amorphisation is
favoured, while crystal-to-crystal transformations, as the polymorphic transitions, are
more likely to happen when working above the Tg. In the case of milling in the glass
transition range, the results depend on the milling intensity[14]. The work was based
on compounds with different Tg, as trehalose, lactose, budesonide, sorbitol and manni-
tol, but other systems were investigated in their behaviour upon cryogenic processes as
for indomethacin amorphisation/polymorphic transition[116, 117], complexation abil-

ity of ursodeoxycholic acid[118], carbamazepine and ranitidine polymorphism[25, 119],
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pharmaceutical nanocrystals by ultra cryomill[120]. Regarding the cryo-comilling of
polymeric systems, the works in literature were mainly focused on achieving the amor-
phous phase[117, 121, 122]|. In addition, the use of the cryogenic ambient can make
the system brittle, descreasing the energy necessary for milling, reducing also particle
aggregation[12]. Nevertheless, cryogenic milling was also reported to be able to start
the mechanically induced decomposition of furosemide[123]. In this chapter, the influ-
ence of the frequency, time, temperature of milling (ambient or cryogenic) and type of
the polymer on drug recovery and residual crystallinity will be statistically evaluated,

further investigating the systems presented in paragraph 2.

3.1.2 Materials and Methods
Materials

Praziquantel (PZQ, (11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4-H -
(pyrazino[2,1-ajisoquinolin-4-one)) was of Ph. Eur. grade and kindly donated by
Fatro S.p.a. (Bologna, Italy). Povidone (PVP, Kollidon K30) was purchased from
Fluka Chemie- Buchs, Germany) while micronized crospovidone (CROSPVP, Kolli-
don CL-M) was from BASF-Ludwihshafen, Germany). The impurity A (2-Benzoyl-
1,2,3,6,7,11b-hexahydro-4-H- pyrazino|2,1-a]isoquinolin-4-one) and B (2-Cyclohexane-
carbonyl-2,3,6,7-tetrahydro-pyrazino|2,1- alisoquinolin-4-one) of PZQ, purchased from
Endotherm Gmbh (Saarbruecken, Germany) were both of Ph. Eur. grade. The HiPer-
solv Chromanorm methanol used for the HPLC analysis was of Ph. Eur. grade and
purchased from VWR Chemicals (BHD PROLABO®) Milano, Italy).

Methods

Design of experiment and statistical analysis As in the previous chapter, a
design of experiments was used to plan the grinding trials. The factorial design planned
with JMP software (SAS Institute, Inc.[124]) consisted of 3 process and 1 formulation
variables. The considered process variables were time, frequency and temperature
of milling each one in two levels: 30 or 90 minutes, 15 or 25 Hz and room (RT)
or cryogenic (CC) temperature conditions. Otherwise, the formulation variables had
three levels: raw PZQ, PZQ:PVP and PZQ:CROSPVP, which were selected following
the previous experiences of PZQ comilling. The drug-to-polymer weight ratio was
1:1 and the experiments were performed in double, resulting in 48 total trials. The
responses considered in this experimental plan were drug residual crystallinity (Y1)
and recovery (Y2), by means of DSC and HPLC analyses respectively with the method
reported below. The experimental plan of the factorial matrix used is reported in
Figure 3.1: the yellow circles represent the tested points reported also in Table 3.1
and the same matrix was applied to each formulation system and at room temperature
(RT) and under Cryogenic conditions (CC), as reported in Table 3.2 with all the trials
details.

The statistical analysis was performed also using JMP software[124]: time and

frequency were considered as continuous-numerical variables and the effects were eval-
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Table 3.1: Factorial matrix and experimental plan used for all the formulations
and process conditions (RT and CC).

Levels X1  Levels X2 | X1:Time X2:Frequency
Min Hz
+1 +1 90 25
-1 +1 30 25
0 0 60 20
+1 -1 90 15
-1 +1 30 25
g 4],
% 25
%
20 >
-1 +1
0
15
A
30 60 90

Milling time (min)

Figure 3.1: Graphical representation of the experimental plan using the factorial
matrix.

uated by means of the Dunnett’s test (i.e. multiple comparison of each level against a
control level).
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Grinding experiments The grinding was conducted using a Retsch MM400 vi-
brational mill (Retsch GmbH, Haan, Germany) and 2 zirconium oxide jars (volume=35
mL) and three balls (¢= 15 mm). The total amount of powder inserted in each jars
was 1.072 g, derived from previous experiences, previously mixed in an agate mortar
for three minutes. The milling conditions, regarding time and frequency, were varied
depending on the different trials. When working at RT temperature, no variation were
made during grinding, while when milling at cryogenic temperature the procedure was
the following: once the jars were filled with powder and milling media, they were sealed
and immersed in liquid nitrogen for 1 minute. Subsequently, the grinding process was
started. Recooling of the jars was performed every 15 minutes grinding till the end
of the trial using the same method (Figure 3.2). After grinding, the samples were

collected and stored in a desiccator.

Figure 3.2: Refrigerated grinding jars.

Determination of drug residual crystallinity FEach sample was analyzed
using a Mettler DSC TA 4000 (Greifensee, Switzerland) connected to a calorimetric
cell Mettler DSC20 and using STARE software version 9.30 for data analysis. Prior to
analysis the instrument was calibrated with Indium, Zinc and Lead for the temperature
and with Indium for the enthalpy quantification; each sample, containing about 2
mg of PZQ exactly weighted, was placed in a 40 pym aluminum pan with perforated
lid and heated from 30 to 160 °C (10 °C/min) under air atmosphere. The PZQ
enthalpy of fusion was determined by integrating the area of the endothermic peak
and subsequentely compared to raw PZQ to calculate the percentage of drug residual

crystallinity (response Y1).
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Determination of PZQ recovery The content of PZQ was assayed by means of
a reverse-phase HPLC! by adapting a method already reported in literature[91]; the
system had two delivery pumps (LC-10 ADVP, Shimadzu, Japan), an autosampler
(SIL-20A, Shimadzu, Japan) a UV-vis detector (SPD-10Avp, Shimadzu, Japan) and
the data were acquired at a fixed wavelength of 220nm using an interface (SCL-10Avp,
Shimadzu, Japan) and analyzed with Ez-Star software; the column used was a Kinetex
5 um C18 (150 x 4.60mm, Phenomenex, Bologna). The mobile phase used was a
mixture of methanol:water (65:35 v/v), purged at 1 ml/min. PZQ retention time was
5.5 min while the total run time for each sample was set at 12 min. Prior to analysis, a
linear calibration curve with r>=0.99996 was obtained for PZQ under these conditions
using different concentrations of the drug from 0.3 to 10 mg/mL. Each day, a standard
solution (with a concentration of 2.5 mg/L) was prepared by dissolving about 10 mg of
PZQ accurately weighted in methanol of HPLC grade (20 mL) and diluting the solution
1:200 with the mobile phase. Moreover, two additional calibration curve were obtained
respectively for the relative impurity indicated in the Eur. Ph. (Ed. 8.0)[32], impurity
A (12=0.9993) and impurity B (r*=0.9994), which were identified at the retention time
of 3.45 min and 11.2 min. The reference solution did not report any of these impurities.
For the analysis 20-30 mg of the coground sample were accurately weighted, dissolved
in 20 ml of methanol, diluted 1:200 with the mobile phase and injected in the HPLC
system. Each sample was analyzed three times and the retention time of PZQ was at
about 5.4-5.5 in every coground system. The average of the sum of the PZQ peaks
was compared to the sum of all the peaks (of PZQ, impurities and other products)

and expressed as the percentage of drug recovery (Y2).

Measurement of the sample temperature during milling The temper-
ature of the samples was recorded using a 35XP-A Amprobe K-type thermocouple
(Amprobe Test Tools Europe, Glottertal, Germany). Every 15 minutes of grinding
the jars were opened and the temperature was measured by placing the K-type bead
in contact with the powder. The temperature was measured in all the formulation
systems and both at RT or cryogenic conditions. The final values were averages of

three different measurements.

Modulated Differential Scanning Calorimetry Part of the samples were
analyzed under modulated differential scanning calorimetry? using a DSC1 Stare Sys-
tem (Mettler Toledo, CH) with a refrigerator cooling system (RCS). The samples were
accurately weighted and placed in an aluminum pan with holed-pin and subjected to
the analysis. The method used was the following: heating from 10 to 180/200 °C at
1K /min with a period of 90 s and an amplitude of 0.5 °C. during the analysis dry ni-
trogen was purged in the DSC cell and in the RCS at 80 and 120 mL/min respectively.
To obtain amorphous PZQ, the powder was heated at 10 K/min from 25 to 160 °C,

n collaboration with proff. N. Passerini and B. Albertini of the Department of Pharmacy
and Biotechnology of the University of Bologna (Italy).

2In collaboration with proff. F. Cilurzo and F. Selmi of the Department of Pharmaceutical
Science of the University of Milan (Italy).
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cooled to 0 °C (20 K/min) and then heated again to 100 °C (20 K/min).

3.1.3 Results

Reponses of the experimental design The experimental design used in this
section comprised 24 trials conducted in double which details are reported in Table 3.2.
The variables considered were formulation and grinding time, frequency and temper-
ature, while as the response drug recovery and residual crystallinity were evaluated.
The following equation was used to calculate the drug residual crystallinity of the sam-
ples: drug residual crystallinity (%)=AH sample*100/ AH PZQ. In the case of drug
recovery, the indicated value is expressed as the percentage of PZQ recovered with
respect to the sum of all the peaks (corresponding to PZQ and its related impurities

and/or products).
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Determination of the glass transition temperature The Tg of the mix-
tures, PZQ and the polymers is shown in Table 3.3. As reported, the Tg observed for
the pure components were in accordance with the respective theoretical values. In the
case of the majority of the mixtures analyzed, only one Tg was found, evidencing the
homogeneity of the dispersion: the temperature of this Tg was intermediate between
that of the raw materials in the coground samples as well as in the cryo-coground
samples. Differently, in the samples ground for less time and at low frequencies, to-
gether with the Tg of the glassy mixture (at about 112 °C), other 3 Tg were found,
corresponding to the drug (37.70 °C) and the polymers, 141.92 °C for PVP and 146.37
°C for CROSPVP, which were at lower temperature values due to the co-presence of
other phases. This behaviour indicated the separation of part of the amorphous drug

phase from the polymer.

Table 3.3: Glass transition temperatures of the raw materials and comilled
samples.

Sample Tg Exp.
PZQ 37.70 °C
PVP 160.70°C
CROSPVP 181.23 °C
PZQ:PVP 118.60 °C
PZQ:CROS 118.59 °C

PZQ:PVP CCRIO 112.8 °C
PZQ:CROS CC 112.23 °C

Measurement of the sample temperature during grinding During the
grinding process, the impact and friction of the milling media with each others and
the jars can induce an increase of the temperature inside the system. In order to
understand this process and its trend, the temperature of the milled powder was mea-
sured using a thermocouple every 15 minutes grinding from 0 to 90 minutes, at every
frequency and with each formulatio used in the experimental design. As reported in
Figure 3.3, the trend was the same in each formulation tested, and in all the frequency
set the temperature rapidly increased in the first 30 minutes grinding, reaching slowly

a plateau which remained constant, even when milling for four hours.
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When milling was performed at the higher frequency, the temperature reached the
maximum values of 46.9 °C after 90 minutes, while when grinding at 15 Hz the tem-
perature never went beyond 30-33 °C. Also, the effect of jars refrigeration was studied
and reported in Figure 3.3: by using cryo-milling the temperature was maintained
always below 20 °C, since the maximum temperature was 18.8 °C, that means about
25-30 °C below comparing to the RT conditions. In fact, the controlled cooling every
15 minutes prevented the increase of temperature with grinding. Additional investi-
gation on the grinding temperature were performed using specific thermo jars with

integrated measuring system, reported in the Appendix B (paragraph 3.2.1).

Presence of impurities The presence of PZQ related compound, indicated in
the European Pharmacopoeia[32], was evaluated in all the ground systems. In fact
PZQ impurities, photo-thermal stability and the ways of photolytic and photocatalytic
oxidation has been already reported in literature[92, 97, 98], and the evaluation of the
impurities formed upon grinding have been already discussed in the previous chapter
(paragraph 2.3). In the samples analyzed the quantity of the related impurity A
was never beyond 0.2%, which represent the maximum limit for the USP 36-NF 31,
while impurity B was never detected. Also in this study, the above described related
degradation compounds of PZQ:PVP and PZQ:CROSPVP samples ( paragraph 2.3)
were identified (Figure 3.4).

Statistical assessment of the results The statistical analysis of the results was
conducted in two parts: in the first, shown in Table 3.4, the influence of the variation
of the milling conditions (time, frequency and temperature conditions) on the exper-
imental responses (drug recovery and residual crystallinity) was evaluated for all the
composition systems (PZQ, PZQ:PVP and PZQ:CROSPVP). Then the influence of
varying the milling parameters and the composition of the system on the same exper-
imental responses was analyzed in both temperature conditions (RT and CC), visible
in Table 3.5. When grinding PZQ by itself, the variation of time, frequency or tem-
perature did non significantly influence drug recovery, while the residual crystallinity
was dramatically reduced when grinding at cryogenic temperature (***p=.001) and
also when increasing the milling frequency (**p=.0058). PZQ recovery in both sys-
tems with the polymers was significantly reduced by increasing time and frequency
of milling, but not by changes in the environmental conditions. The residual crys-
tallinity, however, was uninfluenced by any of the variables in the case of PZQ:PVP,
while when grinding with CROSPVP, the increase of time and frequency were poorly
(*p=.015) and medium significant (**p=.0069) respectively. As reported in Table 3.5,
the presence of the polymers was highly significant on the experimental responses both
at RT and under cryogenic conditions. The difference of the effect of using PVP or
CROSPVP could only be observed at cryogenic temperature regarding drug recovery,

where the variable "choice of the polymer" was of little significance (*p=.037).
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Stability of the samples The well-known capacity of polymer to stabilize other
compound was confirmed in this study, since the coground samples were physically
stable for at least 6 months, without any evidence of drug recrystallization, as shown in
Figure 3.5 reporting the DSC traces over time of the cryo comilled samples. Moreover,
drug recovery did not change over time, as the impurity were the same as the fresh
samples, meaning that their formation is more probably due to the grinding process

rather than a simple interaction between the components.
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Figure 3.5: DSC traces over time of the cryo comilled samples with PVP (top)
and CROSPVP (bottom).

3.1.4 Discussion

PZQ demonstrated to maintain its integrity upon grinding by its own, even at the

most stressful conditions of 90 minutes at 25 Hz, while, as previously noticed, when in
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presence of the polymers, drug degradation was significantly augmented and the more
the energy transmitted by grinding, the more PZQ degraded. Thus, the polymers
did not act like protectors by coating/dilution, but as promoters of drug degradation
in the same way, since no difference in this behaviour was found when using PVP
or CROSPVP. As previously stated, PZQ degradation seamed to be not depending
on drug interaction with the polymers, but on the input of mechanical energy during
the grinding process. In fact, no evidence of chemical interaction were found in the
physical mixture or in the coground samples (paragraph 2.1). Also, the increase of
temperature inside the jars in unlikely to be responsible for drug degradation since
no significative variation in the powder temperatures were found between the powder
composition, as reported in Figure 3.3, and PZQ did not degrade when ground by
itself. Moreover, there have been few studies on PZQ stability towards thermal de-
composition[92, 97|, where PZQ was found to be stable when heated at 60 °C for 4
hours. In the presented experimental design the powder reached a maximum of 46.9
°C after 90 minutes grinding, well below the temperature studied by Hashem and col-
laborators. One interesting difference between the composition studied is represented
by the water content: in fact, the polymers used contain a certain amount of water
due to their hygroscopic nature, differently from the pure anhydrated drug. Thus,
drug degradation could be also be promoted by the included water in the coground
mixtures. Concerning drug amorphisation, the presence of the polymers favoured also
PZQ destructuration that was almost complete in the coground samples, while when
grinding the lone drug, its crystallinity remains around 72%. This was in accordance
with Huttenrauch and collaborators who suggested the dependency of drug degrada-
tion from a previous drug destructuration, as a subordinate step[125]; in fact, in this
design the more degrade products (i.e. binary mixtures) were also the more amor-
phous ones. Interestingly, the contribution to drug amorphisation in the coground
systems was similar between the two polymers, without any statistical differences, as
also demonstrated at the MT-DSC analysis by the the formation of two homogeneous
systems. Recent studies reported similar behaviour of polymers to favor chemical
reactions[126] or physical transformations of a drug to, for example, the amorphous
phase, polymorphs and dispersed state inside the polymer[127, 128]. This is one of the
case in which the catalytic effect of the polymer is highly effective on drug amorphisa-
tion, though favor also it degradation. Similarly, the amorphisation of piroxicam was
achieved in less cryo-cogrinding time by incrementing the content of PVP [121]. When
time and frequency of milling were increased, the experimental responses tended to
increase, but this was not the general rule for all the conditions, since it was mainly
verify when using cryogenic conditions and observing drug residual crystallinity. It is
well known from the literature[104, 108] that when the grinding temperature is below
the glass transition point the powder is more prone to amorphisation/destructuration
while when staying beyond this point there can be physical transition to polymorphic
forms. In this case the use of the cryogenic conditions when grinding PZQ by itself
permitted to maintain the temperature well below PZQ glass transition point (37.70

°C), thus favouring drug amorphisation and the repeated cooling avoid any increase
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of temperature, that was conversely very pronounced when working at RT conditions.
In fact, the effect of the grinding temperature was very significative in the case of
the lone drug. Differently, when grinding PZQ with the polymers the grinding tem-
perature was far below the glass transition point of the mixtures, both at RT and
under cryogenic conditions, therefore the same temperature effect was not statistically
significative. As the last observation, the switch to the cryogenic condition seamed to
make the experimental responses more predictable upon the variation of the milling

parameters (i.e. time and frequency).

3.1.5 Conclusions

The experimental design implied in this part of the thesis permitted to study the effect
of grinding at RT and under cryogenic conditions different systems: the drug by it self
and in combination with linear and cross-linked polyvinylpyrrolidone. As previously
reported, PZQ did not degrade when ground by itself, but in presence of the poly-
mers, both at RT and cryogenic conditions. Also, this degradation matched with a
more pronounced drug amorphisation in the binary systems. The switch to cryogenic
condition permitted to dramatically reduce the crystallinity of PZQ when ground by
itself, due to the grinding temperature maintained below it glass transition point. Be-
tween the two polymers, the effects were very similar both at RT and under cryogenic
conditions, promoting drug amorphisation and degradation, but also stabilizing the

PZQ amorphous phase for at least 6 months storage.



3.2. APPENDIX B 81

3.2 Appendix B

3.2.1 Evaluation of the milling temperature by using ther-

mojar system

The evaluation of the temperature during the milling process was further evaluated by
using a specific system of InSolidoTechnology reported in Figure 3.6: it is composed
by a PMMA jar with an integrated temperature sensor and a IR transmitter, which

is received and trasmitted to the dedicated PC software.

Figure 3.6: Thermojar system by InSolidoTechnology.

In this way, the temperature measurements is specifically referred to the innert

part of the jar, giving a more detailed description of its progress during time.
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Figure 3.7 reportes the graph of the temperature progress during PZQ grinding in
the thermojar at 25 Hz. If the process was not interrupted, the temperature reaches
about 40 °C after 50 minutes grinding, which was in good agreement with the mea-
surements performed with the thermocouple (figurename 3.3). When interrupted for
different grinding experiments, as in the blue line with the addition of water, the max-
imum temperature reached was slightly lower, due to the partial cooling when opening

the jar.

Temperature (°C)

- 25,08

000 004 008 042 017 021 025 030 032 038 043 047 051 056 100 104 109 113 17 122 126

Time (hxmm)

Figure 3.7: Example of temperature measurement using the thermojars at 25
Hz.



Chapter 4

Neat Grinding of praziquantel

The pharmaceutical industry is one of the fields in which the deep study of the solid-
state and modification propensities of an API upon technological processes is of great
importance to ensure the security and efficacy of the drug. In fact, the different crys-
tal packing of a compound determines differences also in the physicochemical and
biopharmaceutical properties, as for example the melting point or its solubility and
dissolution rate. Thus the preference of one polymorph instead of another would al-
low the optimization of the willing properties. The classical methods for polymorph
screening comprehend different crystallizations methods in various conditions, chang-
ing fundamental parameters as the selected solvent, temperature, pressure and overall
process. Recently, grinding has been used to study the solid-state changes induced
by the mechanochemical energy, including amorphisation and polymorphic transi-
tions[129]and in particular liquid-assisted grinding (LAG) demonstrated to be effective
in changing the polymorphic outcomes by the simply inclusion of a small quantity of
a specific solvent[129-131]. For example the polymorphic conversion of different API
by grinding was reported in literature for aspartame form II which transforms to form
I upon milling [132], carbamazepine transitions [133] and many others examples[134—
136].Moreover, even the amount of the liquid was reported to be significatively involved
in the polymorphism of the products, as reported by Hasa and collaborators[16]: in
fact, the caffeine-anthranilic acid system they presented was subjected to LAG using
different solvents in different quantities, confirming the selectivity of certain poly-
morphs and also demonstrating the possibility to change the outcome by varying the
amount liquid inserted. Additionally, the same author reported also polymer-assisted
grinding as a useful method for polymorphs screening in a mechanochemical cocrystal
synthesis[128].

This chapter will start from the preparation and deep characterization of Form
B, the only ever-known polymorph of PZQ. Then, a design of experiment will be
employed to study the optimal grinding conditions for Form B formation, resulting in
the discovery of another polymorph, Form C, which characterization will be presented

in the last part of the chapter.
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4.1 Polymorph B

4.1.1 Materials and Methods
Materials

Praziquantel (PZQ, (11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4-H -
(pyrazino[2,1-ajisoquinolin-4-one)) was of Ph. Eur. grade and kindly donated by
Fatro S.p.a. (Bologna, Italy). The HiPersolv Chromanorm methanol used for the
HPLC analysis was of Ph. Eur. grade and purchased from VWR Chemicals (BHD
PROLABO®) Milano, Italy).

Methods

Preparation of Form B PZQ was ground in a Retsch MM400 vibrational mill
using two zirconium oxide jars of 35 mL, each one containing three grinding balls
(#=15 mm). The powder to be inserted in the jar was 1.072 g on the basis of previous
experiences and the grinding process was performed at 20 Hz for 4 hours. In order
to ensure Form B formation the milling should not be stopped at anytime, on pain
of product outcome. Form B was then stored in a desiccator in the dark at room

temperature.

Differential Scanning Calorimetry Each sample was analyzed using a Met-
tler DSC TA 4000 (Greifensee, Switzerland) connected to a calorimetric cell Mettler
DSC20 and using STARE software version 9.30 for data analysis. Prior to analysis the
instrument was calibrated with Indium, Zinc and Lead for the temperature and with
Indium for the enthalpy quantification. For each analysis, about 2 mg of the sample
accurately weighted were placed in a 40 pm aluminum pan with perforated lid and
heated 10 °C/min from 30 to 160 °C under air atmosphere. The PZQ enthalpy of

fusion was determined by integrating the area of the endothermic peak.

Thermogravimetrical Analysis Thermogravimetrical analyses were performed
in selected samples using a Mettler Toledo TGA/SDTA851e: about 10-15 mg of the
sample accurately weighted were placed in aluminum crucible (100uL); then, the heat-
ing was performed from 25 to 220 °C, at 10 °C/min under nitrogen atmosphere. The
software used to calculate the weight loss from the weight-temperature diagram was
STARe software 11.00.

Powder X-Ray Diffraction - PXRD The sample were analyzed by powder
X-ray diffraction using a Panalytical X'Pert Pro Diffractometer with Ni-filtered Cu
Ko radiation (wavelength=1.5418 A), the detector was a RTMS X’celerator. The
preparation of the samples consisted in pressing about 20.30 mg of powder over a

glass slide to have a flat surface. The data were collected in a 26 range of 3-40 degree.
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Synchrotron X-ray powder diffraction Thanks to the collaboration with Dr.
N. Demitri and Dr. L. Gigli of Elettra Sincrotrone in Trieste, Form B was analyzed
using the X-ray diffraction beam line XRD1[137] in order to obtain a diffraction powder
suitable for the crystal structure solution due to the improved resolution and signal to
noise ratio comparing with the data from the conventional laboratory source. Form
B was packed in a borosilicate capillary with a diameter of 300 ym and the pattern
was collected at RT temperature using a monochromatic wavelength of 0.700A (17.71
KeV), 200*2000 pm?2 spot size and as the hybrid-pixel area detector a Dectris Pilatus
2M. The pattern was then integrated using Fit2D program[138|, after calibrating the
hardware setup with LaB6 standard reference powder (NIST 660a).

Solid-state NMR analyses Solid-state NMR measurements of PZQ and Form B
were collected using a Bruker Avance II 400 instrument'. The spectra were obtained at
100.65 and 40.55 MHz for **C and '°N respectively. Cylindrical zirconia rotors (4 mm
0.d) were used with a sample volume of 80 ul and spun at 12 and 9 kHz respectively
for 13C and '°. In all the analyses a RAMP-CP pulse sequence (1H 90° pulse = 3.05
us), TPPM 'H decoupling with an rf field of 75 kHz were used during the acquisition.
The number of transients acquired was 124 for both raw PZQ and Form B with 3.5
ms of contact time and a relaxation delay different between the two: 20 s for raw PZQ
and 30 s for Form B. As the reference, the resonance of hexamethylbenzene was used
for '3C (17.4 ppm for the methyl signal) and (NH,)>SO, for >N (-355.8 ppm, respect
to CH3NO,).

DTF calculations The crystal structure proposed for Form B was validated by
performing periodic lattice calculations using the density functional theory (DFT-D).
All the details of this part, performed by Dr. P. Cerreia Vioglio of the Aix-Marseille
Université (France) are reported in the Appendix C (paragraph 4.6.1.)

Determination of PZQ degradation The content of PZQ was assayed by
means of a reverse-phase HPLC-UV, adapting a method already reported in litera-
ture[91]; the system had two delivery pumps (LC-10 ADVP, Shimadzu, Japan), an
autosampler (SIL-20A, Shimadzu, Japan) a UV-vis detector (SPD-10Avp, Shimadzu,
Japan) and the data were acquired at a fixed wavelength of 220 nm using an interface
(SCL-10Avp, Shimadzu, Japan) and analyzed with Ez-Star software; the column used
was a Kinetex 5 um ¢18 (150 x 4.60mmm, Phenomenex, Bologna). The mobile phase
used was a mixture of methanol:water (65:35 v/v), purged at 1 ml/min. PZQ retention
time was 5.5 min while the total run time for each sample was set at 12 min. Prior
to analysis, a linear calibration curve with r?=0.99996 was obtained for PZQ under
these conditions using different concentrations of the drug from 0.3 to 10 mg/mL.
Each day, a standard solution (with a concentration of 2.5 mg/L) was prepared by
dissolving about 10 mg of PZQ accurately weighted in methanol of HPLC grade (20
mL) and diluting the solution 1:200 with the mobile phase. Moreover, two additional

n collaboration with prof. M. R. Chierotti of the Department of Chemistry, University
of Turin (Italy)



86 CHAPTER 4. NEAT GRINDING OF PRAZIQUANTEL

calibration curve were obtained respectively for the relative impurity indicated in the
Eur. Ph. (Ed. 8.0)[32], impurity A (r*=0.9993) and impurity B (r*=0.9994), which
were identified at the retention time of 3.45 min and 11.2 min. The reference solution

did not report any of these impurities.

Scanning Electron Microscopy For the acquisition of the SEM images a Leica
Stereoscan 430i (Leica Cambridge LTd, Cambridge, UK) was used on sample met-
allized with a S150A Sputter Coater (Edwards High Vacuum Crawley, West Sussex,
UK).

ATR-FTIR spectroscopy The sample were analyzed at the solid state without
preparing any dilution using a PerkinElmer Spectrum 100 FT-IR (Beaconsfield, Eng-
land) with a Universal ATR sampling and software PE version 6.3.4 copyright 2008.

The spectra were collected between 650 and 4000 cm ™! using a scan number of 4.

FT-IR spectroscopy Additional FT-IR analyses were performed using a Perkin
Elmer System 2000 FT-IR on raw PZQ and Form B. The samples were mixed with
KBr in an agate mortar and then pressed with an hydraulic press for 2 minutes at 10
Ton to obtain homogeneous and transparent discs. The analyses were conducted form

400 to 4000 cm ™! with a resolution of 2 cm ™! and total scan number of 10.

Solubility measurements To analyze the water solubility of Form B and raw
PZQ?, saturated solution of the corresponding samples were prepared in distilled water
and kept under agitation in the dark for 48 hours. Subsequently the solutions were
filtered with a membrane of 0.2 nm pore size, diluted 1:200 with the mobile phase
(65 % MeOH-35 % H,0) and injected in the HPLC instrument using the method
previously described in the degradation measurement paragraph. For each sample,

three different analyses were conducted and the average was taken as the final data.

Determination of the intrinsic dissolution rate For the intrinsic dissolution
studies about 150 mg of the samples were compressed into a disc using an hydraulic
press (PerkinElmer, Norwalk, USA) for 1 min at 1 Ton; the sample holder was a
stainless steel cylinder which permitted to obtain tablets with a flat surface area of
0.785 cm? and a diameter of 1 cm. The system (comprised of the sample holder and
the tablet) was inserted in 1L of distilled water kept at 37 °C, with a paddle rotating
at 100 rm and placed 3.5 cm from the tablet surface. 2 ml of aliquots were withdrawn
every 10 minutes till 1 hour and replaced each time with 2 mL of the same dissolution
medium. These aliquots were subsequentely analyzed by HPLC-UV following the
method previously described. For each sample, three test were conducted and the SD
and RSD (%) were calculated at each time step. The amount of drug dissolved per
unit area over time, indicated by the slope of the curve, was compared between the

samples using linear regression.

2In collaboration with proff. N. Passerini and B. Albertini of the Department of Pharmacy
and Biotechnology, University of Bologna (Italy), as well as for the intrinsic dissolution studies.
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Efficacy in in vitro and in vivo. The in vitro and in vivo tests were performed
at the Swiss Tropical and Public Health Insitute (Basel, Switzerland, prof. Jennifer
Keiser). For the in vitro studies the samples were tested in their efficacy by preparing
different concentrations, ranging from 0.021 to 0.33 pg/L in which adult Schistosomes
were incubated for up to 72 hours. By using an inverse microscope (Carl Zeiss, Ger-
many, magnification 80x) all the alterations of morphology, motility and viability were
observed and the ICsy value was calculated with CompuSyn software. For the in vivo
studies, the 4 NMRI mice used were infected 49 days before the treatment with S.
mansoni, while 9 mice served as controls. The samples tested were administered using
single oral doses (400 mg/Kg). The animals were sacrified by the CO, method and
dissected to permit the count of the worms|[139] and the interpretation of the results
as worm burden reduction. Moreover, many different dosages of Form B were tested
and also an in-depth side by side comparison of PZQ and Form B pharmacokinetics
was performed; in particular the pharmacokinetic (PK) parameters of R~ and S-PZQ
following treatment with both the forms in mice were determined using a validated lig-
uid chromatography (LC) tandem mass spectrometry (MS-MS) method. The details
of the study and results are reported in Appendix C ( 4.6.3).

Physical stability All the samples were kept in a desiccator at RT temperature
and tested over 12 months by PXRD and DSC analyses to evaluate possible changes
in the solid state. Also, the stability upon additional grinding for 30 minutes at 25 Hz
was tried. Moreover, PXRD patterns were collected upon in situ heating from 60 °C
to 80 °C, at heating rate of 10 °C/min and stopping after each step for 1 hour using
the same difractometer described in the PXRD paragraph.

Hot Stage Microscopy Raw PZQ and part of the samples were observed using a
Reichert Biovar microscope with micro ocular MD-300 and using the software Webcam
Companion for data collection. For the analysis, some grain of powder were positioned
in the apposite sample holder and then observed upon heating from RT to about 150
°C.

Polarimetric analyses A Jasco P-2000 (Lecco, Italy) was used to evaluate the
optical rotation of Form B and of raw PZQ using A=589 nm and ethanol as the
solvent, since when using CHCl3, as suggested by Espinosa-Lara and coworkers[140] a
high number of air bubbles were formed in the sample holder. The concentration of

the sample solution was 1 g/100 ml.

4.1.2 Results and Discussion

As previously anticipated, the neat grinding of Praziquantel using the method de-
scribed above, a polymorph was found, being, surprisingly, also the first anhydrous
polymorph of the racemic drug. The powder recovered from the jars was firstly investi-
gated towards the identification of possibile chemical modifications due to the grinding

process using *H NMR, HPLC and polarimetric analysis. The NMR spectrum of raw
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PZQ (in agreement with the reported one of Cedillo-Cruz and collaborators[140] was
the same as Form B suggesting that no chemical changes were induced by grinding,
except for the very poor amount of impurity found by HPLC (0.42 %) that was not
found in raw PZQ. Nevertheless, the recovery of PZQ was of 99.52 %, completely
acceptable and not exceeding the USP /FDA regulamentation. As for PZQ, in the po-
larimetric analysis no enantiomeric excesses were found since the [a] derived from the
mean of three trials, near to zero, attested the racemic nature of both the compounds.
In particular [a] of 0.5 & 2.9 and 0.1 & 1.6 were found respectively for raw PZQ and
the polymorphic form. From there on the analysis confirmed the differences between

the two solid forms, showing the singularity of the just discovered Form B.
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Figure 4.1: DSC traces of raw PZQ (blue) and Form B (orange).
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Figure 4.2: TGA analysis of Form B showing no weight loss (orange line).

At the calorimetric analysis Form B showed one endothermic event at 110.28 °C,
corresponding to its melting point (61.50 J/g) almost 30 degrees below raw PZQ
(142.17 °C, 103.29 J/g ) as reported in Figure 4.1. Due to the high difference be-
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tween the melting points of the native and polymorphic form, the behaviour of Form
B could not be attributed to the melting of very small crystals via a Gibbs-Thompson
effect[107], but more specifically to the difference between the lattice energies of the
two forms. Additionally, to verify the absence of any dehydration events, a TGA anal-

ysis was conducted on Form B, which confirmed its anhydrous nature (Figure 4.2).

The PXRD pattern of Form B was completely different from PZQ), as reported in
Figure 4.3. PZQ is characterized by a very intense peak at 4.01 of 26, followed by
reflections at 6.32, 8.00-8.19, 14.73, 15.74, 16.40, 18.48, 19.30, 20.07 and 22.57 ° of 26.
Differently, the first reflections of Form B can be found at 6.7 and 8.4, followed by
others at 13.6, 15.7, 16.2, 16.4, 18.2, 19.6, 20.3, 21.6, 25.5 ° of 20. The central part
of the pattern shows a partial peak broadening as typical of a powder obtained by

grinding.
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Figure 4.3: PXRD pattern of Form B (top) and raw PZQ (bottom).
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To better understand the transition pathways of raw PZQ to Form B, subsequent
PXRD analysis were performed on PZQ samples ground for 30 minutes, 1, 2, 3 and 4
hours, reported in Figure 4.4: the main PZQ peak at 4 of 2 6 gradually disappeared,
while the reflections of Form B started to grow till completion after 4 hours. This
behaviour was in agreement with previous DSC analysis on samples ground for 1, 2, 3
and 4 hours, reported in Figure 4.5, showing a gradual shift of the melting point from
raw PZQ to Form B. This means that the grinding of PZQ led to the formation of a
nanocrystalline phase of PZQ, then to a nearly amorphous state which subsequentely
crystallized as Form B, in agreement to the mechanism of polymorph transition by
neat grinding via amorphous transient phase as also attested, for wxample in the case
of sulphathiazole[141].
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Figure 4.4: Subsequent PXRD patterns collected after grinding for different
times at 25 Hz. From the top: raw PZQ, sample ground for 30 minutes, 1, 2, 3
and 4 hours.

The next step encompassed the crystal cell determination of Form B from the
PXRD pattern. Due to the central nearly overlapped part of the pattern the identifi-
cation of the crystal cell was very difficult and requested the collection of other PXRD
data using more intense radiation. The pattern collected using the synchrotron radi-
ation could be indexed using EXPO software[142], finding different plausible cells, of
which the most reliable was a monoclinic C2/c cell with a volume of 3369.97 A3. The
first fitting of the pattern was made by Pawley refinement with a Rwp® of 1.52% obtain-
ing a cell with the following parameters: a=21.991(1) A, b=>5.8884(3) A, c=27.331(1)
A, a=v=90°, $=107.787(5)° and density=1.232 gcm?®. Subsequentely, a simulated an-
nealing process was performed using TOPAS software[143] and SIGBUG structure|[39]
(paragraph 1.2.3) as the molecular model, after removing the water molecule. The

obtained asymmetric unit of Form B contained one PZ(Q independent molecule, with

SRwp represents the weighted profile R-factor



4.1. POLYMORPH B 91

—
Z N —_—
: V \/
E ——1h
o
= 2h
3
T 3h
—4h
30 50 70 90 110 130 150 170

Temperature (°C)

Figure 4.5: DSC traces of PZQ ground for 1, 2, 3 and 4 hours.

8 different symmetries. The Rietveld refinement (shown in Figure 4.6) had a R-Bragg
factor of 1.96 % that represents quite a good fit between the calculated and the ex-
perimental pattern, also with a meaningful density of 66.6 % compared to the one of
raw PZQ (67 %), calculated with PLATON VOID[144] routine. The obtained crys-
tal structure was deposited in the Cambridge Structural Database[37] with reference
name TELCEUO1.

70000
60000
50000
40000

30000

20000

10000

I LUETE W0 T8 ARU AT 0N D 0 R Ol

0 5 10 15 20 25

Figure 4.6: Rietveld refinement profile fit of Form B. The black curve is the
experimental pattern collected at 0.700 A, in red the calculated one, in grey the
residuals and the green ticks represent the reflections.

The unit cell of Form B is reported in Figure 4.7: as previously anticipated, the
monoclinic C2/c cell hosts 8 PZQ molecules, one of which is crystallographically in-

dependent. The packing is therefore completely different from raw PZ(Q, where the
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cell is triclinic with 4 independent molecules (paragraph 1.2.3). The obtained crys-
tal structure was deposited in the Cambridge Structural Database[37] with deposition
number: 1557658.

Figure 4.8: On the left the crystal packing of PZQ, on the right of Form B.
These crystal packing images are from b axis, the complete packing visualization
is reported in Appendix C, paragraph 4.6.2

The Solid-State NMR analysis of Form B was very useful for many reasons: firstly,
the changes in the crystal packing were identified as shift of peaks position due to
the different chemical and magnetic environment; then the shape of the peaks was
related to the crystallinity of the sample and also indicated the number of molecules
in the Asymmetric Unit (ASU). Both the spectra collected, **N and **C (Figure 4.9
and Figure 4.10) presented sharper (FWHM 100 Hz) and shifted peaks of about 0.2-3
ppm in Form B comparing to raw PZQ), thus indicating the high crystallinity and the
different crystal packing. In the **C spectrum of Form B a single set of resonances was
observed, confirming the single molecule in the ASU, differently from raw PZQ, which
was characterized by splitted signals due to the 4 molecules in the ASU. Also, Form B

was "polymorphically" pure since no signals of raw PZQ were found in the spectrum.
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Finally, the the *C chemical shift observed for Form B were similar to the reported
one for amorphous raw PZQ[75], suggesting the anti conformation of the drug when

in the polymorphic form, which will be further investigated in the ATR-IR analyses.
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Figure 4.9: **C (100.656 MHz) spectra of raw PZQ (a) and Form B (b).
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Figure 4.10: N (40.55 MHz) spectra of raw PZQ (a) and Form B (b).

Figure 4.11: PZQ chemical structure and atoms numbering.

Another confirmation of the crystal structure proposed was obtained by DFT-

D calculations on the atomic positions in the unit cell and the calculated SSNMR
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chemical shift in good agreement with the experimental data, as reported in Table 4.1
(The details of the DFT-D calculations are reported in the Appendix C, section 4.6.1).
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Table 4.1: Experimental and calculated chemical shift for SSNMR analyses of
Form B compared to raw PZQ. The last column reports the chemical shift for
SSNMR analysis of amorphous PZQ[75]. Atoms numbering refers to Figure 4.11.

Atom Group PZQ exp Form B exp Form B cale PZQ|75]
amorphous
130
7 Cc=0 175.4, 176.2 sh 173.6 172.6 174.1
4 C=0 165.8, 164.6, 162.1 164.3 164.3 164.3
7a Cq 137.7, 136.5 134.6 135.7 134.2
11a Cq 135.7, 134.6 134.6 136.4 134.2
8 CH 129.7, 127.5, 123.8 129.8 130.5 127.0
11 CH 133.7, 132.0, 130.5 127.5 128.2 134.2
10 CH 126.9 127.0 127.0
9 CH 125.8 126.1 127.0
11b CH 56.3, 55.5 55.5 54.6 55
3 CH, 46.1 49.8 47.8
1 CH, 47.9 45.0 41.6 39.9
1 CH 39.7 41.2 38.5 39.9
6 CH, 38.1 38.3 35.1 39.9
6’ CH, 32.0, 30.1, 27.9, 26.3, 25.3 294 26.1
2 CH, 29.4 26.1
7 CH, 98.4 25.0
4 CH, 26.7 24.0
3 CH, 26.1 99.4
5 CH, 25.0 21.6
BN
N 97.2 98.2 101.8
N 82.4 83.3 86.7
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The Figure 4.12 shows the ATR-IR spectra of Form B compared to raw PZQ. The
vibration observed for raw PZQ were in agreement with the data reported in litera-
ture by many authors[33, 67, 145-147], here resumed in Table 4.2. The vibrational
frequencies of Form B were in general of little shifted with respect to raw PZQ, but
the main interesting difference is in the carbonyl region between 1700 and 1600 cm™*:
raw PZQ had two bands at 1647 and 1624 cm™' that become 1641 and 1633 cm ™'
in Form B. These frequencies represent the symmetric stretching of the heterocyclic
carbonyl and of the carbonyl near to the cyclohexyl group, as was also reported in
literature[147]. The difference between the frequencies of the carbonyl groups was
reported to be index of their spatial disposition: when in the syn conformation, the
difference is higher, as in the case of raw PZQ, while in Form B is lower, indicating
the presence of anti conformers, as it was also reported in literature[146], confirming
once again the differences in the crystal packing between the two forms and the model

proposed for Form B.

Table 4.2: Vibrational frequencies (cm~1) of raw PZQ.

Frequency (cm~!)  Group assignment

3000-2900 stretching CH, and CH
1650-1720 stretching carbonyl groups, bending aromaticCH
1500-1400 stretching aromatic C, bending CH,

760 bending aromatic CH

Transmittance
o
©

-

m)

Figure 4.12: ATR-IR spectra of Form B (top) and raw PZQ (bottom).

Additional FT-IR spectra were collected with a resolution of 2 cm™*
firmed the ATR-IR data and are reported in Figure 4.13.

Interestingly, also the morphology of PZQ changed after grinding and transition

, which con-
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Figure 4.13: FT-IR spectra of raw PZQ (blue) and Form B (orange).

to Form B, both in habit and in size: agglomerates of very thin whiskers replaced the

needle/acicular shape of native PZQ crystals as it is shown in Figure 4.14.

Figure 4.14: SEM images of raw PZQ (top) and of Form B (bottom).

The final part of the characterization was focused on the biopharmaceutical prop-
erties of Form B, i.e. solubility, intrinsic dissolution rate and in vitro/in vivo tests,
to evaluate its suitability as a new PZQ formulation. First of all, the solubility of
Form B at 20 °C was very high, comparing to raw PZQ, with a value of 281.31 +
8.32 mg/L, double than the native phase (140.30 & 9.26 mg/L). This effect was prob-
ably due to the different packing of the polymorphic form; anyway, to exclude any
secondary effect, due to the powder fundamental properties, the intrinsic dissolution
rate (IDR) was evaluated for raw PZQ and Form B, therefore operating with a costant
solid surface. The IDR in water at 37 oC was significantly different between the two

polymorphs (Figure 4.15)47 confirming the distinction between the two phases: for

4p<.0004 Student’s t test.
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Form B a value of 62.2 + 1.3 pug/cm®min was found, while was 31.2 £ 0.6 in raw PZQ

(each reported value is a mean of 3 tests).
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Figure 4.15: Solubility (frame) at 20°C and intrinsic dissolution rate (37 °C) of
raw PZQ and Form B in water.
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The activity of Form B was tested in vitro against adult S. mansoni and compared
to the native drug. The ICs5q of 0.165 ug/ml of starting PZQ was exceeded by Form
B with a value of 0.135 ug/ml. Indeed, the efficacy of Form B was also tested in vivo:
the polymorph and the raw drug were administered per os in 4 infected mice with a
dose of 400 mg/kg and the pharmacological effect was evaluated after 49 days as the
worm burden reduction. In the case of Form B the worms were totally knock-out,
while in the case of raw PZQ about 2% of the parasites was left.

The polymorph demonstrated to be highly stable at room temperature in a desiccator
for at least one year, as proved by DSC (Figure 4.17) and PXRD (Figure 4.16) traces
with no significative differences over time.

Moreover, the high stability of the polymorphic form was confirmed also by per-
forming in situ PXRD upon heating from 60 °C to 80 °C, where no changes were ev-
idenced for all the duration of the analysis. Finally, when Form B was further ground
for other 30 minutes at 25 Hz, no modifications of the solid-state were observed by
PXRD traces, as reported in Figure 4.18.
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Figure 4.16: PXRD patterns of fresh Form B (top) and after one year storage
(bottom).
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Figure 4.17: PXRD patterns of Form B ground for 30 minutes at 25 Hz compared
to fresh sample and DSC traces of Form B in multiple analysis over time.
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Figure 4.18: Physical stability of Form B upon heating by in situ PXRD from
60 to 80 °C.
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4.1.3 Conclusions

The polymorphic Form B of PZ(Q was obtained after 4 hours neat grinding in a vi-
brational mill, with a quantitative conversion as demonstrated in the whole character-
ization of its solid-state comparing to native PZQ. The crystal structure was solved
from the synchrotron X-ray powder diffraction pattern, resulting in a C2/c monoclinic
cell completely different from the triclinic P-1 of raw PZQ. The solution proposed was
validated by DFT-D calculations that also showed a perfect correlation between the
calculated and the experimental **C SSNMR chemical shift. Apart from the structural
characterization, the biopharmaceutical properties of Form B were really impressive:
it had a double solubility and intrinsic dissolution rate comparing to raw PZQ, thus
maintaining the in vitro and the in vivo activity, which was also slightly augmented.
Thanks also to its physical stability, this polymorph represents an interesting alter-
native to commercial PZQ and therefore further studies are needed, from one side to
evaluate the possible reduction in the dosage (due to the advantageous properties)
and also to find a faster method of production and scale-up. For the moment the last
updated tests on Form B activity and pharmacokinetics are reported in Appendix C

(paragraph 4.6.3).
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4.2 Exploring polymorph B formation: use of a

Doehlert design

Polymorph B was produced by neat grinding for 4 hours in a vibrational mill, as
reported in the previous section. In the following one, the nearby milling conditions
of Form B production will be deeply investigated by using a design of experiments,
and in particular a Doehlert design was chosen. This design, derived from the simplex
optimization, has been frequently used in the optimization processes of many fields
because of the uniformity of the points in the experimental region that permits to
identify a response surface by means of a minimum of experiments[87, 89]. In this case
it will be applied to explore the experimental domain of Form B milling conditions,
defined by 2 process variables: time and frequency of milling. Generally, the Doehlert
design can be proposed in the classical hexagonal form or in its rotated form, where
each point is characterized by different values of the selected variables (Table 4.3),
that is also the design chosen for this chapter.

Table 4.3: Classical and rotate Doehlert design for two variables[89, 148§]

Classical Rotated

X1 X2 X1 X2
0.000 0.000 | 0.966 0.259
-1.000  0.000 | -0.966 -0.259
-0.500 -0.866 | 0.258  0.966
1.000  0.000 | -0.259 -0.966
0.500 0.866 | 0.707 -0.707
-0.500 0.866 | -0.707  0.707
0.500  0.866 | 0.00 0.00

This design permitted not only to identify the optimal condition for the production
of Form B, but also to discover other two phase groups, one corresponding to another

anhydrous PZQ polymorph, Form C, and the other to a miscellaneous of various forms.

4.2.1 Materials and Methods

Materials

Praziquantel (PZQ, (11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4-H -
(pyrazino[2,1-ajisoquinolin-4-one)) was of Ph. Eur. grade and kindly donated by
Fatro S.p.a. (Bologna, Italy). The HiPersolv Chromanorm methanol used for the
HPLC analysis was of Ph. Eur. grade and purchased from VWR Chemicals (BHD
PROLABO®) Milano, Italy).
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Methods

Design of the experiments: Doelhert design As previously anticipated,
the experimental design comprehended two process variables: milling frequency (X;)
and time (X3). The conditions of polymorph B formation (4 h grinding at 20 Hz)
were chosen as the central point of the Doehlert matrix, while the experimental plan,
prepared with NEMRODW software[90], varied from 3 to 5 hours and from 15 to 25
Hz. The rotated design was selected in order to maximize the differences between
the variables levels[87]. The resulted matrix is reported in Table 4.4 and graphically
in Figure 4.19, composed of 10 different experimental points, which were executed in
double, and, to reduce the sistematic error, the trials were conducted in a random

2nd

order, as reported in Table 4.4 (2"¢ column).

Table 4.4: Doehlert matrix applied for the exploration of Form B nearby milling
conditions.

Variables

Experimental Randomization Time of Frequency of
number milling (X;) milling (X,)

1 298 21

2 2 182 19

3 10 256 25

4 3 224 15

5 9 282 16

6 4 198 24

7 1 240 20

8 5 214 19

9 7 266 19

10 8 240 23

Preparation of the samples The sample were prepared in a Retsch mill MM400
using zirconium oxide jars and balls following the random order and the milling con-
ditions reported in Table 4.4. In each jar the total amount of powder was 0.800 g and
the number of grinding media was 3 with a diameter of 15 mm (Figure 4.20). After
grinding the samples were removed and kept in closed vials in a desiccator at ambient

temperature.

Powder X-Ray Diffraction The sample were analyzed by powder X-ray diffrac-
tion using a Panalytical X’Pert Pro Diffractometer with Ni-filtered Cu K(«) radiation
(A=1.5418 A), the detector was a RTMS X’celerator. The preparation of the samples
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Figure 4.20: Example of the jar partially filled with the powder to be ground
and with the milling media.
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consisted in pressing about 20-30 mg of the powder over a glass slide to have a flat

surface. The data were collected in a 260 range of 3-40 degree.

Differential Scanning Calorimetry FEach sample was analyzed using a Met-
tler DSC TA 4000 (Greifensee, Switzerland) connected to a calorimetric cell Mettler
DSC20 and using STARe software version 9.30 for data analysis. Prior to analysis the
instrument was calibrated with Indium, Zinc and Lead for the temperature and with
Indium for the enthalpy quantification; for each analysis, about 2 mg of the sample
accurately weighted were placed in a 40 pm aluminum pan with perforated lid and
heated at 10 °C/min from 30 to 160 °C under air atmosphere. The PZQ enthalpy of

fusion was determined by integrating the area of the endothermic peak.

Thermogravimetrical Analysis Certain samples were analyzed by TGA using
a Mettler Toledo TGA /SDTAS851e: about 10-15 mg of the sample accurately weighted
were placed in aluminum crucible (40 pl); then the heating was performed from 30 to
200 °C, with a heating rate of 10 °C/min.

Laser Light Scattering Analysis The analysis of the particle size were con-
ducted using a Mastersizer 2000 laser light scattering (Malvern Instrument, Malvern
United Kingdom). The samples were dispersed in distilled water plus 0.5 % w/w
polysorbate 80 (Sigma Aldrich, Milan, Italy), sonicated for one minute and analyzed.
This analysis was conducted thanks to the collaboration with Dr. E. Franceschinis of
the Department of harmaceutical and Pharmacological Sciences of the University of

Padova, Italy.

4.2.2 Results and Discussion

The experiments were performed following the randomized order proposed in Table 4.4
in double, since the mills allows the set-up of two jars at the same time. Interestingly,
the presence of Form B as the exclusive phase was found only in EXP1, EXP2 and
EXP7, with the characteristic endothermic peak at about 110 °C, while in experiments
3, 6, 8 and 10 the unique melting peak was found at about 106-107 °C, suggesting
the presence of another phase, later referred as Form C; finally in experiment 4, 5 and
9 a mixture of polymorphic and raw forms was found. A graphical representation of
these results is presented in Figure 4.21, while the DSC traces can be summarized in
Figure 4.22

The characterization of the samples obtained will be now presented in details, but
the complete investigation of Form C is reported to the dedicated section in last part
of the chapter (paragraph 4.3).

In the thermal analysis (shown in Figure 4.22) raw PZQ is characterized by one
single endothermic peak corresponding to its melting point at 142.56°C (103.29 J/g).
The already described polymorph B has a melting point of 110.28 °C (61.50 J/g)

which was encounted also in the experiment 1 and 2 of the design, but in the latter
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Figure 4.21: Graphical representation of the results obtained: in blue the poly-
morphic Form B, in yellow the polymorphic Form C and in green the mixture
of different forms. The light colors refers to a poor yield of the experiments.

the ripetibility and the melting enthalpy were not as good as in points 7 and 1. Inter-
estingly, experiments 3, 6, 8 and 10 evidenced the presence of an unknown polymorph,
called Form C, that had a melting point of about 106-107 °C (about 65-70 J/g). As in
point 2, experiment 6 and 8 did not reproduce a constant result, evidencing the high
variability in the process outcome when grinding at temperature near to the Tg of the
system. In fact, as previously mentioned in this thesis (paragraph 3.1) and reported
by other authors[14], in this condition the behavior of the system highly depends on
the milling conditions. In this case, the experiments with lighter colors in Figure 4.21
were performed using lower frequency and/or milling time, therefore the temperature
reached inside the jar was expected to be in the PZQ Tg range, basing on the previous
temperature measurements reported in paragraph 3.1. This fact increased the uncer-

tainty of the milling outcome, extremely variable in that temperature range.

Experiments 4,5 and 9, located in the bottom part of the scheme (Figure 4.21)
presented thermograms with various endotherms: PZQ was found at 132.81 °C, due
to the nanocrystalline form after to the grinding process, therefore a shift in the melt-

ing point respect to the raw material was expected via Gibbs-Thompson effect[107].
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Figure 4.22: DSC thermograms for polymorph B, C and raw PZQ.

Then, other two weak events were frequently evidenced at around 60-70 °C and around
98 °C; in particular the first of them could be attributed to the presence of a certain
humidity in the sample, as demonstrated by the TGA analysis where a weight loss
of 1.35 % was found around 70 °C (shown in Figure 4.23 and Table 4.5), which was
not evidenced in the analysis of the polymorphic forms (experiment 7 and 10), thus
confirming that they are anhydrous solid forms. Due to the presence of multiple solid
forms of praziquantel, a correct stechiometry was not found. The presence of water
could be attributed to the high higroscopicity of PZQ[32, 149] and, once againg, to
the fact that when grinding at low frequency the temperature reached inside the jars
is not as high as when working at 20 or 25 degrees (probably not exceeding 30 degrees,
as it was measured and reported in paragraph 3.1.3), thus not permitting a certain
evaporation of water. This fact was further confirmed by literature, where even the
water present as moisture can favour the crystallization of an amorphous solid[11]. Un-
fortunately, do to the very low enthalpy of the event correlated to water, no changes

could be observed using a hot-stage microscopy.

Table 4.5: Summary of the TGA analyses of selected samples.

Sample  Weight loss (%) Temperature (°C)

EXP 7 0.00 -
EXP 10 0.00 -
EXP 5 1.35 70
EXP 9 1.35 70

The PXRD analyses were fundamental to confirm the above suggestions about the

division of three behaviors. The groups are reported separately in Figure 4.24 for Form
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Figure 4.23: TGA thermogram of the miscellaneous group: in red the heat flow,
in black the weight loss.

B, Figure 4.25 for Form C and Figure 4.26 for the mixture. Moreover PXRD analysis
were useful to compare the results obtained with the already known structures of
PZQ, in particular of the two enantiomeric hemihydrate. The dramatic difference that
permitted the immediate identification of the presence or not of PZQ was represented
by the very intense diffraction peak at about 4° of 26, which completely disappeared
in the groups of Form B and Form C. In these patterns, the PXRD traces showed
the crystallinity of the samples, while in the miscellaneous samples (4, 5 and 9), the
patterns were characterized by a partial broadening of the signals. Experiments 1 and
2 were completely superimposable with experiment 7, as shown in Figure 4.24, and
the reflections observed corresponded to polymorph B. In the case of experiments 3,
6, 8 and 10 the PXRD spectra were very similar to polymorph B, but a deep analysis
highlighted some peculiar differences that permitted to identify the new polymorphic
form, namely Form C. The main different peak were found at 6.98, 8.55, 15.42, 19.82,
22.56 with also the absence of the peak at 20.37 ° of 26, found in Form B.
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Figure 4.24: PXRD patterns of the samples of the Doehlert matrix, from the
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Figure 4.25: PXRD patterns of the samples of the Doehlert matrix, from the
top: Exp 3, 6, 8, 10 and raw PZQ.
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Figure 4.26: PXRD patterns of the samples of the Doehlert matrix, from the
top: Exp 4, 5, 9, Form B, Form C and raw PZQ.
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Figure 4.27: Particle size distribution of the Doelhert matrix experiments (top)
and of raw PZQ (bottom).

With the aim of searching for a possible correlation between the different forms and
the particle size as reported by Belenguer and collaborators[95], a laser light scattering
analysis was performed for each sample of the Doehlert matrix. The superimposition
of the curves found is reported in Figure 4.27.

The distribution of the samples particle size was lightly different between the three
groups. Praziquantel raw has a median of 23.989 pm (Figure 4.27, down) with a
slightly hinted bimodal shape. Even though a precise division could not be based on
the particle size distibution, a certain trands among the samples could be identified as
the following: Form B presented the higher values, ranging around a d(0.5) of 70-75 pm
while in the case of polymorph C the d(0.5) was smaller (around 55 pm). The lowest
values for d(0.5) were found in the case of the mixtures (around 40 pm). This analysis
suggested a certain difference between the polymorphic outcome and the particle size
of the samples and, looking at the shapes of the curves, a higher uniformity of the
particles resulted in a polymorphic form, while in the case of the mixture the presence

of different solid forms was confirmed by the larger particle size distribution.
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4.2.3 Conclusions

The use of the Doehlert matrix for the experimental design was successful in identifying
the favorable conditions to form PZQ polymorph B, found in experiments 1, 2 and in 7,
the central point of the design. Due to the low repetibility of point 2 and to the higher
milling time of point 1, the milling conditions of experiments 7 were confirmed to be
optimal ones to achieve the formation of Form B. Interestingly, this study permitted to
discover another polymorphic form, named Form C, in the nearby milling conditions
of Form B that will be fully described in the next paragraph. Additionally, the other
experimental points were characterized by the formation of a mixture of different
forms including a possibile hydrated form, further investigated in the next chapter.
This part of the study represents a further confirm of the incredible advantages of
using a DOE to plan the experiments in a laboratory, avoiding the waste of money,

time and substances and achieving interesting results in very short times.
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4.3 Praziquantel polymorph C

In the previous part of this chapter the experimental design permitted to identify a
new PZQ polymorph, hereby called Form C, very similar to the Form B described in
paragraph 4.1. This section will focus on the in-depth solid-state characterization
of the polymorph C, including the crystal structure solution and the analysis of the

biopharmaceutical properties.

4.3.1 Materials and Methods

Materials

Praziquantel (PZQ, (11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4-H -
(pyrazino|2,1-a]isoquinolin-4-one)) was of Ph. Eur. grade and kindly donated by
Fatro S.p.a. (Bologna, Italy). The HiPersolv Chromanorm methanol used for the
HPLC analysis was of Ph. Eur. grade and purchased from VWR Chemicals (BHD
PROLABO®) Milano, Italy). Ethanol (96%, Sigma-Aldrich, Milan, Italy).

Methods

Preparation of Form C Form C was obtained by neat grinding of PZQ in a
Retsch MM400 vibrational mill (Retsch, Germany) for 4 hours at 23 Hz, using zirco-
nium oxide jars of 35 mL and three balls (¢=15 mm). After milling, the samples were

collected and stored in a desiccator in the dark at room temperature.

Differential Scanning Calorimetry FEach sample was analyzed using a Met-
tler DSC TA 4000 (Greifensee, Switzerland) connected to a calorimetric cell Mettler
DSC20 and using STARE software version 9.30 for data analysis. Prior to analysis the
instrument was calibrated with Indium, Zinc and Lead for the temperature and with
Indium for the enthalpy quantification. In each analysis, about 2 mg of the sample
was accurately weighted, placed in a 40 pgm aluminum pan with perforated lid and
heated 10 °C/min from 30 to 160 °C under air atmosphere. Form C enthalpy of fusion

was determined by integrating the area of the endothermic peak.

Thermogravimetrical Analysis The thermogravimetric analysis was conducted
using a Mettler Toledo TGA/SDTA851e: about 10-15 mg of the sample accurately
weighted were placed in aluminum crucible (100 pL); then the heating was performed
from 25 to 220 °C, with a heating rate of 10 °C/min under nitrogen atmosphere. To
calculate the weight loss from the weight-temperature diagram, STARe software 11.00

was used.

Powder X-Ray Diffraction The sample were analyzed by powder X-ray diffrac-
tion using a Panalytical X’Pert Pro Diffractometer with Ni-filtered Cu Ka radiation
(A=1.5418 A), the detector was a RTMS X’celerator. The preparation of the samples
consisted in pressing about 20.30 mg of powder over a glass slide to have a flat surface.

The data were collected in a 26 range of 3-40 degree.
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Synchrotron X-ray powder diffraction Thanks to the collaboration with Dr.
N. Demitri and Dr. L. Gigli of Elettra Sincrotrone in Trieste, Form C was also analyzed
using the X-ray diffraction beam line XRD1[137] in order to obtain a diffraction powder
suitable for the crystal structure solution due to the improved resolution and signal to
noise ratio comparing with the data from the conventional laboratory source. Form
C was packed in a borosilicate capillary with a diameter of 300 ym and the pattern
was collected at RT temperature using a monochromatic wavelength of 0.700A (17.71
KeV), 200%2000 um? spot size and a Dectris Pilatus 2M as the hybrid-pixel area
detector. The pattern was then integrated using Fit2D program[138], after calibrating
the hardware setup with LaB6 standard reference powder (NIST 660a).

Solid-state NMR analyses Solid-state NMR measurements were performed® on
a Bruker Avance IT 400 instrument operating at 100.65 and 40.55 MHz for *C and '°N
nuclei, respectively. Cylindrical 4 mm o.d. zirconia rotors with a sample volume of 80
uL were employed and spun at 12 (**C) and 9 (*°N) kHz. All experiments employed the
RAMP-CP pulse sequence (*H 90° pulse=3.05 us) with the TPPM 'H decoupling with
a rf field of 75 kHz during the acquisition period. 124 (**C) or 5700 (*°N) transients
were acquired with 3 (**C) or 4 (*°N) ms of contact time and a relaxation delays of 20 s.
13C and PN chemical shifts were referenced with the resonance of hexamethylbenzene
(*3*C methyl signal at 17.4 ppm) and (NHy,SO,4 (*°N signal at -355.8 ppm with respect
to CH3NO,).

DTF calculations The crystal structure proposed for Form C was validated by
performing periodic lattice calculations using the density functional theory (DFT).
All the details of this part, performed by Dr. P. Cerreia Vioglio of the Aix-Marseille

Université (France) are reported in the appendix C (section 4.6.4).

Determination of drug recovery after milling The content of PZQ was
assayed by means of a reverse-phase HPLC-UV® by adapting a method already re-
ported in literature[91]; the system had two delivery pumps (LC-10 ADVP, Shimadzu,
Japan), an autosampler (SIL-20A, Shimadzu, Japan) a UV-vis detector (SPD-10Avp,
Shimadzu, Japan) and the data were acquired at a fixed wavelength of 220nm using
an interface (SCL-10Avp, Shimadzu, Japan) and analyzed with Ez-Star software; the
column used was a Kinetex 5 um ¢18 (150 x 4.60mmm, Phenomenex, Bologna). The
mobile phase used was a mixture of methanol:water (65:35 v/v), purged at 1 ml/min.
PZQ retention time was 5.5 min while the total run time for each sample was set at
12 min. Prior to analysis, a linear calibration curve with r>=0.99996 was obtained for
PZQ under these conditions using different concentrations of the drug from 0.3 to 10
mg/mL. Each day, a standard solution (with a concentration of 2.5 mg/L) was prepared
by dissolving about 10 mg of PZQ accurately weighted in Methanol of HPLC grade (20

5In collaboration with prof. M.R. Chierotti of the Department of Chemistry, University of
Turin (Italy).

61In collaboration with proff. N. Passerini and B. Albertini of the Department of Pharmacy
and Biotechnology of the University of Bologna (Italy) as well as for the water solubility
studies.
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mL) and diluting the solution 1:200 with the mobile phase. Moreover, two additional
calibration curve were obtained respectively for the relative impurity indicated in the
Eur. Ph. (Ed. 8.0)[32], impurity A (r?=0.9993) and impurity B (r*=0.9994), which
were identified at the retention time of 3.45 min and 11.2 min. The reference solution

did not report any of these impurities.

FT-IR spectroscopy FT-IR spectroscopy was performed using a Perkin Elmer
System 2000 FT-IR (Perkin-Elmer, Monza, Italy). The samples were mixed with an-
hydrous KBr (Anhydrous potassium bromide UVASOL, Sigma-Aldrich, Milan, Italy)
in an agate mortar and then pressed with an hydraulic press for 2 minutes at 10 Ton
to obtain homogeneous and transparent discs. The analysis was conducted form 400

to 4000 cm — 1) with a resolution of 2 cm™! and total scan number of 10.

Environmental Scanning Electron microscopy The morphology of Form
C was studied by E.S.E.M. (Quanta 200 FEI-XRF embedded).

Solubility measurements To analyze the water solubility of Form C and com-
pare it with raw PZQ), saturated solution of the corresponding samples were prepared
in distilled water and kept under agitation in the dark for 48 hours at 20 °C. Subse-
quently the solutions were filtered with a membrane of 0.2 ym pore size, diluted 1:200
with the mobile phase (65 % MeOH-35 % H,0) and injected in the HPLC instrument
using the method previously described. For each sample, three different analyses were

conducted and the average was taken as the corresponding data.

Dissolution studies For the dissolution tests of Form C, 900 ml of distilled water
kept at 37 &1 °C were used as dissolution medium and uniformity conditions were en-
sured by an impeller (stirring rate 100 rpm). The determination of PZQ concentration
was performed by using a fiber optic apparatus (HELLMA, Milano, Italy) connected
to a UV-spectrophotometer (ZEISS, Germany) and managed with an user interface
(Aspect Plus, Carl-Zeiss, Oberkochen, Germany). Prior to analysis, the peak of the
UV-wavelength absorbance of PZQ was identified at 217.10 nm. The quantity of the
sample to be introduced was calculated in order to achieve the sink conditions (with a
total concentration <0.20 Cs), resulting in 20 mg and the quantity of PZQ dissolved
was assayed in continuum for 60 minutes (one scan for minute). The calibration curve
(R?=0.9762) was prepared as follows: 10 mg of PZQ were well dissolved in ethanol
corresponding to a concentration of 1g/1L; then, subsequent dilutions with distilled
water were prepared in the range of 1-30 mg/L, in each case not exceeding the 5%
of ethanol. Each sample was analyzed in triplicate and the resulted mean+SD was

considered as the final value.

Efficacy in in vitro The in vitro tests were performed at the Swiss Tropical and
Public Health Insitute (Switzerland, thanks to the collaboration with J. Keiser). The

samples were tested in their efficacy against adult S. mansoni by preparing different
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concentrations, ranging from 0.021 to 0.33 pg/L in which adult Schisosomes were in-
cubated for up to 72 hours. By using an inverse microscope (Carl Zeiss, Germany,
magnification 80x) all the alterations of morphology, motility and viability were ob-

served and the IC5, value was calculated with CompuSyn software.

Physical stability All the samples were kept in a desiccator at RT temperature
and tested over 12 months by DSC analyses to evaluate possible changes in the solid
state. Also, the stability of Form C was tested by PXRD upon grinding for additional
60 minutes at 25 Hz.

Polarimetric analyses A Jasco P-2000 (Lecco, Italy) was used to evaluate the
optical rotation of Form C and of raw PZQ using A=589 nm and ethanol as the solvent
(1g/100 ml), according to the method proposed by Cedillo-Cruz and coworkers[140],
slightly modified by using ethanol instead of CHCI3 to avoid air bubbles formation in
the sample holder.

4.4 Results and Discussion

As previously reported, PZQ tendency to polymorphic formation was discovered by
milling the drug by itself for long periods (i.e. 3-4 hours) and the Doehlert design
described in 4.2 revealed the formation of another anhydrous polymorph of PZQ),
Form C. This polymorph could be achieved in the conditions of EXP 3 and 10 of
the design in the same paragraph 4.2, corresponding respectively to 256 minutes
grinding at 25 Hz and 4 hours at 23 Hz. Nevertheless, the conditions of EXP 10 were
taken as the standard ones, due to a minor grinding time and frequency and a higher
crystallinity. Similarly to Form B, the long milling time of the drug itself did not
favour any API degradation, since the recovery was of 100.00%, as assessed by HPLC
analysis. The thermal analysis evidenced the melting point, found at 106.83 °C (69.42
J/g), as reported in Figure 4.22, well recognizable even if closed to polymorph B. Also,
its anhydrated nature was confirmed in the TGA analysis without any sign of weight
loss (reported in Table 4.5). The PXRD pattern of Form C, even if very similar to
Form B, was characterized by reflections at 6.98, 8.55, 12.76, 13.96, 15.42, 16.52, 18.12,
19.82, 21.62, 22.57, 26.15, 27.65 and 28.92 ° of 20 as reported in Figure 4.28, which
highlight the differences between the forms.

As for Form B, the crystal structure of Form C was solved from the synchrotron
powder X-ray diffraction pattern collected at Elettra synchrotron in Trieste. The cell
was indexed using EXP02014[142] and TOPAS V5[143] was used for the simulated an-
nealing process, but being much more easier using Form B as the model. The process
led to a Rietveld refinement with Rwp of 0.025, shown in Figure 4.29. The resulted
monoclinic cell (reported in Figure 4.30) has space group C2/c and the following pa-
rameters: a=28.477(7) A, b=5.9100(10) A, ¢=26.980(2) A, a=y=90 °, $=107.87(5)°,
density =1.26 g/cm3 and volume 3304.6 A3.

The cell has one crystallographically independent molecule in the asymmetric unit,
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Figure 4.28: PXRD patterns of Form C (a), Form B (b) and raw PZQ (c).

as also confirmed in the SS-NMR (Figure 4.31) in which the differences between the
packing of Form B and C were clearly visible and very different form raw PZQ. In
fact, similarly to Form B, in Form C only one set of resonance is visible, while raw
PZQ is characterized by splitted signals, clearly evident in particular for the hetero-
cyclic carbonyl at 164 ppm. The powder was also highly crystalline, since the peaks
were sharp, and also they were shifted from the ones of raw PZQ. GIPAW-DFT cal-
culations were performed on the proposed crystal structure of Form C (reported in
Appendix C (paragraph 4.6.4) which confirmed the structure proposed showing a per-
fect superimposition of the crystal cell obtained from the Rietveld refinement and the
DFT-calculated one. Also, the calculated chemical shift were in excellent agreement
with the experimental data, as reported in Table 4.6.

The crystal structure suggested a racemic nature for Form C, which was confirmed
by polarimetric analysis, presenting a [«] of 0.014440.0295 (n=3).

The FT-IR spectroscopy of Form C, even if collected at 2 cm™1 (Figure 4.32 was
about the same as Form B, highlighting the close relationship between the polymorphs
found and the differences with raw PZQ, as previously reported, in particular for the
region corresponding to the stretching of the carbonyl group. Also in the case of Form
C, the conformers were in the anti position, as demonstrated by the lower frequency
difference in the carbonyl groups (1642.3 and 1631.8 cm™!), comparing to starting
PZQ (1651.2 and 1627.7 cm™ '), presenting the syn conformation[146], indicated in
the frame of Figure 4.32.
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Figure 4.29: Rietveld refinement of Form C: in red the calculated pattern, in
black the experimental one. The residues are shown in blue and the reflections

in green.

Figure 4.30: Capped-stick representation of Form C unit cell.
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Figure 4.31: **C 100.65 MHz CPMAS spectra of Form C (c), Form B (b) and
raw PZQ (a) recorded at 12 KHz with principal groups assignments and relative
15N 40.55 MHz CPMAS spectra recorded at 9 KHz.
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Table 4.6: Experimental and calculated chemical shift for SSNMR analyses
of Form C compared to raw PZQ and Form B. Atoms numbering refers to
Figure 4.11.

Atom Group PZQ exp Form B exp Form C exp Form C calc
130
7 C=0 175.4,176.2 sh 173.6 173.3 173.8
4 C=0 165.8, 164.6, 162.1 164.3 163.4 163.2
7a Cq 137.7, 136.5 134.6 135.1 137.8
11a Cq 135.7, 134.6 134.6 134.0 136.9
8 CH 129.7, 127.5, 123.8 129.8 129.1 131.1
11 CH 133.7, 132.0, 130.5 127.5 127.5 129.3
10 CH 126.9 127.1 128.5
9 CH 125.8 128.1
11b CH 56.3, 55.5 55.5 55.5 56.0
3 CH, 46.1 49.8 50.1 49.3
1 CH, 47.9 45.0 45.5 43.7
r CH 39.7 41.2 41.8 40.7
6 CH, 38.1 38.3 37.7 35.3
6’ CH, 32.0, 30.1, 27.9, 26.3, 25.3 29.4 27.4 27.2
2’ CH, 29.4 29.6 28.2
7 CH, 28.4 29.1 27.4
4 CH, 26.7 25.4 24.5
3 CH, 26.1 26.8 25.4
5 CH, 25.0 23.5
15
N 97.2 98.2 99.2 99.5

N 82.4 83.3 84.8 84.6
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Form C exhibited some differences in the habitus morphology comparing to Form
B and raw PZQ: the particles were agglomerated in groups, without any sign of the
needle-shape like of raw PZQ or little whiskers of Form B (Figure 4.33).

<)

Figure 4.33: ESEM images of PZQ (a), Form B (b) and Form C (c).

The water solubility at 20 °C of Form C was analyzed by HPLC and compared to
raw PZQ and Form B, resulting in the more soluble form with 382.69 + 9.26 mg/L,
while raw PZQ was 140.30 £+ 9.26 and Form B 281.31 £ 8.32 mg/L (Figure 4.34).
Also, Form C maintained the in vitro antischistosomal activity with an ICsy of 0.067
pg/ml similar to PZQ one (0.165 pg/ml).
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Figure 4.34: Water solubility at 20 °C of the anhydrous forms of PZQ.

Similarly, the dissolution rate of Form C at 37 °C was 2.6 fold greater than raw
PZQ, as reported in Figure 4.35.
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Figure 4.35: Dissolution of Form C (orange), Form B (blue) and raw PZQ (grey)
in water at 37 °C.
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Till this point, Form C seamed to be the most favourable form of PZQ, due to its
highly solubility and dissolution rate, but unfortunately its physical stability resulted
to be poor. In fact, DSC analyses repeated over a period of 4 months after its prepa-
ration showed a progressive recrystallization in the original PZQ form, starting from
2 months (Figure 4.36). These results were also confirmed by PXRD analyses, not
reported for the sake of brevity. Also, the additional grinding of Form C for 60 min at
25 Hz confirmed its tendency to recrystallize, as evident from a very slight endotherm
identified as raw PZQ at 135.81 °C, though this was not visible in the PXRD analyses
(Figure 4.37).
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Figure 4.36: DSC traces of Form C over time, from up to down: fresh sample,
after 1, 2, 3 and 4 months.
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Figure 4.37: Stability upon grinding of Form C: DSC and PXRD traces of Form
C additionally ground.
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4.5 Conclusions

The third anhydrous polymorph of PZQ has been completely characterized at the solid
state and also in its solubility and dissolution rate. Even though the PXRD pattern
of From C was very similar to the one of Form B, the two forms were distinguishable
for specific reflections and, as for Form B, the crystal structure could be solved from
the synchtrone PXRD. The structure proposed was validated by DFT calculations and
the simulated SSNMR chemical shift were in perfect agreement with the experimental
ones. The solubility and the dissolution of this new form were highly augmented
comparing to raw PZQ, but unfortunately its stability was poor and after only 3
months it started to recrystallize in its native form. Considering all the researches
presented so far, PZQ demonstrated a certain capacity to transform upon appropriate
mechanochemical activation, spreading the possibilty of new interactions with other
coformers, towards the formation of solvated forms, cocrystals or binary systems that

will be the focus of the next chapters.
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4.6 Appendix C

4.6.1 DFT-D calculations for Form B

Periodic lattice calculations were performed using CASTEP([150] Academic Release
version 17.2 which exploits a plane-wave and pseudopotential approach within density
functional theory (DFT) [150]. Magnetic shieldings were calculated with GIPAW al-
gorithm|[151] as implemented in the CASTEP code. The geometry optimization and
the NMR chemical shift calculations were performed using a generalized gradient ap-
proximation (GGA) PBE exchange-correlation functional[152] with the semi-empirical
dispersion scheme[153] TS [153] and ultrasoft pseudopotentials, generated on the fly.
The geometry optimization was performed starting from the Form B crystal structure
determined from PXRD data. The planewave cut-off energy was set equal to 700 eV.
The Brillouin zone was automatically sampled using a Monkhorst-Pack grid with a
k-point spacing of 0.05 A™!. The geometry optimization was done with fixed unit cell
parameters. For the subsequent magnetic shielding calculation, the refined structure
was used with the same cut-off energy as above. The theoretical absolute *C and
15N isotropic magnetic shielding (oiso) values were converted in the corresponding
isotropic chemical shifts (diso) relative to the absolute magnetic shielding of the refer-
ence substance glycine computed at the same level. The following equation was used:
(diso = oref - oiso, where oref is the reference shielding of glycine, 170.1 ppm (**C)
and 192.9 ppm (*°N).

4.6.2 Complete packing of Form B

For completeness, the packing view from axis a, b and ¢ for both PZQ and Form B are
reported in Figure 4.38, while Figure 4.39 reports the crystal packing for the DFT-D

optimized Form B.
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Figure 4.38: Complete packing of Form B and raw PZQ.
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Figure 4.39: Crystal packing for the DFT-D optimized Form B.
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4.6.3 Form B in vivo studies and pharmacokinetic evalu-

ation

Given initial promising in vitro and in vivo findings on TELCEUO01, an in-depth side
by side comparison of PZ(Q and the polymorph B has been conducted by the group
of Prof. Jennifer Keiser, at Department of Medical Parasitology, Swiss Tropical and
Public Health Institute, Basel, Switzerland. In particular, in vitro studies were con-
ducted on the larval and adult stages of S. mansoni. ED 50 values were determined
in mice harbouring a chronic S. mansoni infection. In the second part of the reseach,
the pharmacokinetic (PK) parameters of R- and S-PZQ following treatment with both
PZQ and Form B in mice using a validated liquid chromatography (LC) tandem mass
spectrometry (MS-MS) method were determined. The results, based on in vitro and
in vivo studies using the S. mansoni mouse model, show that the novel formulation
has no benefit over the current formulation. No significant differences were observed
in the in vitro and in vivo, in contrary to preliminary in vitro and in vivo results
which showed higher efficacy of the formulation derivative compared to the standard
PZQ. The ED50 value of 90.90 mg/kg for the standard PZQ calculated in this study
is in line with previously reported values for susceptible S. mansoni strains ranging
from 70-100 mg/mL but slightly lower than the one previously determined in our lab-
oratory (246.5 ng/mL). While a slightly higher ED50 of 137.40 mg/kg was calculated
for the polymorph derivative no significant difference was observed between the two
treatments (as aqueous suspensions) at the individual dosages. The pharmacokinetic
analysis was based on non-compartmental analysis using a trapezoidal linear model,
given the small number of time points used in the study (30, 60, 240 minutes and 24
hours). The data here presented show that, surprisingly, the polymorph has an overall
lower exposure profile for both R~ and S- enantiomers, indicating a lower bioavailability
of the drug, in comparison with the standard PZQ. The PZQ polymorph shows lower
plasma peak concentrations of the R and S enantiomers (mean of overall R-polymorph
Cmax = 0.76 pg/mL and 0.32 pg/mL for the S-polymorph) compared to the standard
PZQ formulation (mean of overall R-PZQ Cmax = 1.4 pg/mL and 0.81 pg/mL for
the S-PZQ). This observation of the lower plasma exposure of the drug seems to be in
accordance with the overall lower WBR observed with the polymorph administration.
Perhaps the polymorph lost its stability, undergoing a solution-mediated polymorphic
transformation, during the dispersion in water or the oral administration. This could
have altered the dissolution rate of the compound in the gastro-intestinal (GI) tract,
subsequently reducing the compound’s bioavailability and dissolution rate. Another
possibility is that the metastable form of the crystalline PZQ polymorph was absorbed
faster in the GI. The polymorph PZQ has previously been shown to have a faster dis-
solution rate compared to the standard PZQ. The faster dissolution rate, combined
with the very fast first pass metabolism typical of PZQ (P450 cytochrome family),
might concur to achieve lower distribution profiles of the drug over time, especially in
the mesenteric veins. This theory would be in accordance with the higher Cl/F, lower
Cmax, and similar Tmax that we observed in the polymorph PZQ pharmacokinetics

profiles. On the other hand, the two crystal forms have a similar Tmax of a mean
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value of 0.58 h for PZQ and 0.54 h for the polymorph. In addition, the observed
half-life for both the drugs was spanning between median values of the R-PZQ 5.93
h (50; 300 mg/kg dose) to 2.64 h (100 mg/kg), whilst the R-polymorph ranged from
median values of 10.56 h (100 mg/kg dose) to 3.08 h (200 mg/kg dose). The new poly-
morph shows an increased overall average half-life (t1/2 = 5.67 h), while the standard
formulation exhibits a lower average half-life (t1/2 = 4.21 h). Notably, the AUC was
40% lower for the polymorph compared to the standard formulation, but the WBR
was differing between the two drugs for about 15-18%. Therefore, despite the differing
exposure profiles, the in vivo effect was similar indicating that the portal vein drug
concentration is the main responsible for the activity of PZQ. A limitation of the phar-
macokinetic study was the rather small sample size for each treatment arm (four mice)
which could influence the error rate in the study. To limit this experimental error, the
test and the control mice were chosen randomly within the same infection batch. A
possible additional limitation was the comparison of the two crystalline form as water
suspension: Once the drugs were suspended in water for the oral administration, this
might have altered the conformation of the polymorph, thereby possibly altering its
properties. Instead, it might have been advantageous to use the two crystalline poly-
morphs as powders in mini gelatin capsules suitable for oral administration in mice or
loaded in microparticles. This research, entitled “Activity and pharmacokinetics of a
PZQ crystalline polymorph in the S. mansoni mouse model”, authored by Flavio C.
Lombardo, Beatrice Perissutti, Jennifer Keiser is currently under submission at the

Antimicrobial Agents and Chemotherapy.
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4.6.4 GIPAW-DFT study on Form C

Periodic lattice calculations were performed using CASTEP[150] Academic Release
version 17.2 which exploits a plane-wave and pseudopotential approach within den-
sity functional theory (DFT)[154]. The absolute chemical shieldings were calculated
using the GIPAW algorithm|[151], implemented in the CASTEP code. The geome-
try optimization was initiated from the structure determined from the PXRD pattern
(376 atoms) and the refined structure was used for the chemical shift calculation.
As reported in Figure 4.40 the geometriy-optimized structure was almost completely
superimposable with the one form the PXRD data and the simulated PXRD were
identical (Figure 4.41). The geometry optimization and the NMR chemical shield-
ing calculations were carried out employing the generalized gradient approximation
(GGA) PBE exchange-correlation functional[155] with the semi-empirical dispersion
scheme[152] TS[156] and ultrasoft pseudopotentials which were generated on the fly.
The plane-wave cut-off energy was set equal to 700 eV, and the Brillouin zone was
automatically sampled using a Monkhorst-Pack grid with a k-point spacing of 0.05
A~!. The geometry optimization was performed starting from the structure of Form
C determined from synchrotron PXRD data (376 atoms in the unit cell, space group
C2/c, Z7 = 1). The unit cell parameters were kept during the optimization, as they
were considered to be of acceptable quality from the experimental data. The conver-
gence tolerances for the total energies, forces and displacements were set to 0.2 10~* eV
atom™', 0.05 eV A™1, and 0.001A, respectively. The refined structure was used in the
subsequent chemical shielding calculation. The absolute **C and **N isotropic chem-
ical shieldings (oiso) were converted into the corresponding isotropic chemical shifts,
diso(calc), using the following conversion: diso(calc) = oref - diso. Here, oref is the
reference shielding, obtained by plotting the experimental chemical shifts diso(exp)
against the GIPAW-calculated chemical shieldings. A linear regression model with
slope constrained to (-1) was applied to find the best fit to the data. The value of oref
is determined by the intercept with the y axis[157, 158]. The obtained values of oref
are 170.1 ppm and 190.9 ppm for 3C and '°N, respectively.
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Figure 4.40: Overlay of the crystal structure of Form C from PXRD data and its
geometry-optimized crystal structure by DFT calculations (in green). Images
prepared with Mercury[159]
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Figure 4.41: Calculated PXRD pattern of Form C from the DFT-optimized
structure (black) and the simulated from the crystal structure solved (red).
Both simulations were performed with Mercury[159] setting A=0.7094A (Mo
ka).



Chapter 5

Liquid-Assisted Grinding

The term Liquid-Assisted Grinding (LAG), also reported as solvent-drop grinding, is a
particular grinding technique in which a very small amount of liquid (i.e. microliters)
is added to the system, usually composed of powders, which was firstly reported in the
study of the cocrystal® formation kinetics by the group of prof. W. Jones[160]. The
ratio of the solvent volume to the sample weight has been expressed by the parameter
n, which was further investigated to predict the cocrystal outcome basing on approx-
imate solubilities of the cocrystal coformers[161]. Subsequentely, a huge amount of
works were reported from all over the word regarding the application of LAG not only
as a method to accelerate known reactions/interactions, but also as a valuable process
for polymorph or cocrystal selective formation and screening, achieving results some-
times not possible using classical methods[129, 162-164]. In fact, the insertion of the
solvent was reported to drammatically change the product outcome, even accelerating
cocrystal reactions and increasing the crystallinity, respect to neat grinding[3]. Also,
not only the nature of the liquid used, but also its amount can selectively determine
the formation of different products, as verified by Hasa and coworkers, who studied the
polymorphisms of the caffeine-anthranilic acid system[16]. The advantages of LAG are
even improved when considering the pharmaceutical field: in fact, the general connec-
tion in the pharmaceutical co-crystal is represented by hydrogen bonds, that is usually
broken when in contact with solvents. Therefore, the solution-based method lacks in
efficiency in the co-crystal screening comparing to LAG (especially when using API
with low solubility), because the API will separate from the solution containing the
most soluble coformer[3]. Finally, not to forget, the possiblity of working with very
little amount of liquid classifies LAG in the list of the green methodologies. Among
all the deposited structure of PZQ, the only entries for PZQ solvates/hydrates are
represented by the enantiomeric hemihydrates[39]. This section will present the study
of PZQ behaviour upon the application of LAG, starting with water for the research of

possible hydrated forms and then with the application of the main solvents used in the

LA co-crystal is multicomponent crystalline system formed by two or more different chem-
ical entities, comprehending also hydrates and solvates.

135
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classical polymorphs/solvates screening procedures. The research studies presented in
this chapter were performed at the Department of Chemistry of the University of Cam-
bridge under the supervision of prof. William Jones, during the Erasmus+ Traineeship

program.

5.1 PZQ hemihydrate

5.1.1 Introduction

When seraching a definition for an API hydrated form, one can consider it as a par-
ticular solvated form in which the solvent is represented by water. Comparing to
the other possible solvates, the hydrates of API are the most common due to specific
properties of the water molecule, as its no toxicity, its small size, the presence as at-
mospheric humidity and the ability of acting both as a donor and as an acceptor of
hydrogen bonds, thus linking with itself and other compounds and creating also other
connections, as coordinated covalent bonds and van der Waals interactions[165]. The
presence of water in a pharmaceutical compound determines changes in the internal
energy and enthalpy of the system, as well as in the degree of crystalline disorder,
causing different physical-chemical and biopharmaceutical properties of the API [165,
166]. It was estimated that one-third of the API could exist in the hydrated form[167],
while the hydrated forms actually known represent the 11% of the structures included
in the Cambridge Structural Database (CSD[37]). There can be different levels of
hydrates, depending of how many water molecules are present in the the crystal unit
cell, creating monohydrate, hemihydrate, dihydrate, etc. The most common scenario
is represented by one molecule for each one of host (the monohydrate), while the hemi-
hydrated cathegory is represented by only the 8 % of the total[168]. Considering PZQ,
the CSD reports only the hemihydrated form of the enantiomers (refcode SIGBUG[39]
and SIGBUGO1) while other possible hydrated form are still unknown. In this context
the LAG technique was applied to investigate the existence of any PZQ hydrate, using,
as the starting material, both raw PZQ and the previously described PZQ polymorph,
Form B (see Section 4.1).

5.1.2 Materials and Methods
Materials

Praziquantel (PZQ, (11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4-H -pyrazino|2,1-
alisoquinolin-4-one)) was of Ph. Eur. grade and kindly donated by Fatro S.p.a.
(Bologna, Italy). The HiPersolv Chromanorm methanol used for the HPLC analy-

sis was of Ph. Eur. grade and purchased from VWR Chemicals (BHD PROLABO®)

Milano, Italy).
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Methods

Grinding experiments The grinding experiments were performed using a Retsch
vibrational mill MM200 (Retsch, Germany) and 2 stainless steel jars of 25 mL, each
one containing 2 stainless steel balls with ¢=7 mm. The powders were accurately
weighted (200 mg) and placed in the jars with the grinding media. Depending on the
experiment, a certain amount of water was inserted in the jar (ranging between 10
and 100 pL) and the grinding process was started. Additionally, in certain cases the
liquid was added after a preliminary neat grinding of the powders, using a method
that we called Neat-LAG. For the further characterization, the samples were prepared
via Neat-LAG (Retsch MM400, Retsch, Germany) using 436 mg of PZQ and 24.6
uL of water in 35 mL zirconium oxide jars, each one containing 2 balls (¢= 10mm),

corresponding to an equimolar ratio between the drug and the water.

Slurry experiments To perform the slurry experiments PZQ and Form B were
added in excess to 1 ml of distilled water and kept under stirring at room temperature
for 7 and 3 days respectively. The obtained slurry was filtered and the solid excess

was immediately analyzed by PXRD.

Thermal analyses Differential scanning calorimetry was conducted using a Met-
tler Toledo DSC822e system; about 2 mg of the samples were accurately weighted
and put in a 40 pL aluminum perforated crucible and analyzed heating from 30 to
200 °C at 10 °C/min under nitrogen atmosphere. When using the Mettler Toledo
TGA/SDTAS851e for TGA analyses, the amount of sample was about 10-15 mg, ex-
actly weighted in a 100 gL (?) aluminum crucible. The method used was the same of

the above mentioned DSC procedure.

FT-Infrared Spectroscopy The samples were analysed using a Perkin-Elmer
System 2000 FT-IR instrument on compressed KBr discs, which were prepared by
gently grinding the sample in an agate mortar with anhydrous KBr (in a 1:15 ratio by
wt) and pressing with and hydraulic press. The range observed was from 400 to 4000

cm ™!, the resolution used was 4 cm™' with a step of 1 cm™! and scan number of 3.

Polarimetry The polarimeter used was a Jasco P2000 Polarimeter (Lecco, Italy)
set at 25 °C and A=589 nm. The solutions were prepared in ethanol with a concen-
tration of 1g/100 mL, instead of CHCIl3[140] to avoid the formation of air bubbles in
the sample holder.

Hot Stage Microscopy A hot stage microscopy apparatus (Mettler-Toledo Ltd,
Leicester, United Kingdom) was used for the observation of the samples by taking

movies during heating from 25 to 150 °C using a dedicated ocular and software.

Powder X-Ray Diffraction-PXRD Powder X-Ray Diffraction analyses were
conducted by means of a Panalytical X’Pert Pro Diffractometer, with a RTMS X’celerator



138 CHAPTER 5. LIQUID-ASSISTED GRINDING

detector and Cu Ka radiation (wavelength=1.5418 A). About 20 mg of the sample

was prepared on a sample holder by gently press with a glass slide.

Scanning -Electron Microscopy A JEOL JSM-5510LV Scanning Electron Mi-

croscope (city) was used for imaging on metallized sample (Suppetr Coater,??7).

Environmental Scanning Electron Microscopy Selected samples were ob-
served using a Quanta 200 FEI-XRF embedded instrument.

SS-NMR Solid-state NMR measurements of PZQ and Form B were collected using
a Bruker Avance IT 400 instrument?. The spectra were obtained at 100.65 MHzfor '3C.
Cylindrical zirconia rotors (4 mm o.d) were used with a sample volume of 80 pl and
spun at 12 kHz (**C). In all the analyses a RAMP-CP pulse sequence (‘H 90° pulse
= 3.05 us), TPPM 'H decoupling with an rf field of 75 kHz were used during the
acquisition. The number of transients acquired was 124 with 3 ms of contact time and
a relaxation delay of 20 s. As the reference, the resonance of hexamethylbenzene was

used (**C methyl signal at 17.4 ppm).

Crystal structure determination from powder X-ray diffraction data,
Periodic DFT calculations and SSNMR modelling All these computa-
tional analyses were performed thanks to the collaboration with Dr. M. Arhangelskis
of the Department of Chemistry of the MCGill University in Montral (Canada), and
are reported in the Appendix D (paragraph 5.3, 5.3 and 5.3).

Saturation Solubility and intrinsic dissolution rate The solubility of the
samples was analyzed by preparing 10 ml of saturated solutions of each samples in
deionized water, kept under agitation in the dark for 48 hours. Then, the solutions
were filtered using a membrane (pore size=0.45 pum) and diluted 1:200 with the mobile
phase prior injection in the HPLC system. The HPLC used was an Agilent HPLC-UV
1260 Infinity II with a EC-C18 Poroshell 120 A column of 4 ym and dimensions of 4.6 x
10 mm. The mobile phase was composed of 65% methanol and 35% of deionized water
(MilliQ filtered) and the flux used was of 0.750 mL/min. The instrument was set at 25
°C and with a fixed wavelength of 220 nm for recording the absorbances. The external
standardization method was used for the quantification of the integrated peaks. The
PZQ retention peak was found at 7.7 minutes in a total run time of 10 minutes and the
calibration curve obtained in the range of 0.5-10 mg/L had r2=0.9988. Each analysis
was conducted in triplicate and the average was reported. For the intrinsic dissolution
rate determination, about 150 mg of the samples were inserted in the sample holder
and pressed using an hydraulic press (PerkinElmer, Norwalk, USA) for 1 min at 1 ton.
The sample surface area obtained was of 0.785 cm? and the entire sample holder with
the compressed powder was immersed in a vessel containing 1 L of distilled water kept

at 37 °C. The system used was a Hanson Research SR8 Plus dissolution test station

2In collaboration with prof. M. R. Chierotti of the Department of Chemistry, University
of Turin (Italy)
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and the paddle were positioned at 3.5 cm from the tablet surface, with a rotation speed
of 100 rpm. About 2 ml of the dissolution medium were withdrawn every ten minutes
till 60 min and immediately replaced with an equal amount of thermo-stated distilled
water. The aliquots were then diluted 1:20 with the mobile phase and analyzed using
the same above mentioned method. The analyses were performed in triplicate and
for each point the mean, with SD (%) and RSD (%) were calculated. The amount of
the dissolved drug per unit area over time was indicated by the slope of the curves,
obtained through a linear regression method. For the comparison of the different curve
the one-way ANOVA test was used and the data were considered statistically different

when having a p value < .05.

Physical stability Several samples were kept in a desiccator, in the dark and at
room temperature for long time and analyzed using DSC and PXRD. In addition, the
hemihydrated form was also analyzed by PXRD upon heating in the range of 30-80
°C.

In vitro activity The hemihydrated form was also tested in its in vitro activity
against adult S. Mansoni thanks to the collaboration with the Swiss Tropical and Pub-
lic Health Institute of Basel (Switzerland), in particular prof. Jennifer Keiser. For the
in vitro studies the samples were tested in their efficacy by preparing different concen-
trations, ranging from 0.021 to 0.33 pg/L in which adult Schisosomes were incubated
for up to 72 hours. By using an inverse microscope (Carl Zeiss, Germany, magnifica-
tion 80x) all the alterations of morphology, motility and viability were observed and

the ICsq value was calculated with CompuSyn software.

5.1.3 Results and Discussion

In these years, an increasing amount of literature work were focused on PZQ, in
particular on the formation of possible cocrystal to ameliorate the biopharmaceutical
properties of the drug. In this context the liquid-assisted grinding (LAG) has been
already applied in combination with various coformers, but not exclusively with water,
which is the focus of this chapter. The first attempt were conducted using raw PZQ as
the milling powder and varying the quantity of water introduced prior to grinding; in
fact, it has been reported that the product outcome can vary depending not only on the
different liquid, but also on its amount[16]. In this case the grinding of raw PZQ for 30
minutes at 25 Hz with water did not lead to any new solid form, neither when varying
the amount of water (10, 40, 60 and 100 uL), since no changes at all were noticed, as
reported in Figure 5.1. Surprisingly, when using Form B as the milling powder a new
solid form was found, specifically a racemic hemihydrate, that will be later described
and characterized. If the grinding was performed for 30 minutes, the formation of the
hemihydrate was incomplete, so 60 minutes were considered the suitable grinding time.
Nevertheless, it is worth notice that, also in this case, every change in the quantity of

water inserted led to the same outcome.
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Figure 5.1: LAG experiments (30 min, 25 Hz) on raw PZQ with different
amounts of deionized water.

The same new solid form could be also obtained in another very peculiar way:
raw PZQ was ground by itself for 30 minutes at 25 Hz and water was subsequently
introduced, then the milling was carried-on for other 60 minutes at 25 Hz. This fact
means that the formation of the hemihydrate required a partial de-structuration of
the raw drug to permit the insertion of the water molecule, in particular the switch
to a different conformer, where the carbonylic groups are in the anti position, which
is typical of the amorphous PZQ), as reported by Arrua and coworkers[75]. A further
confirmation of this hypotesis was given by the possibility to obtain PZQ hemihydrate
also when grinding Form B with water, since the same polymorphic entity is character-
ized by the same anti conformation, illustrated in paragraph 4.1. The PXRD pattern
of the new solid form is presented in Figure 5.2 and will be further described later.

The slurry experiments led to very similar results, since after only 3 day slurring of
Form B the hemihydrate was formed, while in the case of raw PZQ), even after one week
the only phase found in the sample corresponded to the starting phase (Figure 5.3).
This trial confirmed the previous hypothesis, since during the slurry experiment raw
PZQ did not change its conformation, thus the formation of the hemihydrated could
not be favoured. Differently, the anti spatial disposition of Form B permitted the
interaction and the formation of the new phase.

To ensure the racemic nature of the hemihydrate, polarimetric analyses were per-
formed on different samples and compared to raw PZQ: the mean [a])\ value registered
for RacH-PZQ was 0.0240.06, perfectly corresponding to a racemic compound, as in
the case of raw PZQ ([a] of 0.5 £ 2.9).
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Figure 5.2: Rac-HPZQ (top) and the raw drug (bottom).
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Figure 5.3: PXRD patterns of the solid residues after one week slurry in water
of Form B for 3days (green) and of raw PZQ for 7 days (black).
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Figure 5.4: From up to down: PXRD patterns of Rac-HPZQ (green), calculated
enantiomeric hemihydrate (SIGBUGI39]), Form B and raw PZQ.
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The PXRD pattern of Rac-HPZQ was completely different from the already known
PZQ structures, as shown in Figure 5.4 and Figure 5.2, in which the reader can found
also the calculated pattern of the enantiomeric hemihydrate (CSD ref. code SIG-
BUGJ39]), Form B and raw PZQ; the characteristic reflections of RacH-PZQ were
found at 6.28, 16.14, 16.50, 17.18, 18.67, 19.12, 20.05, 20.41 and 24.37 °of 20. The
crystal structure of Rac-HPZQ was solved from the capillary powder X-ray diffraction
pattern following the method described in the appendix D (paragraph 5.3): the space
group P-1 of Rac-HPZQ was the same as raw PZQ, but with just one molecule in the
asymmetric unit, instead of 4, where every water molecule is connected with two PZQ
entities, one R- and one S-; through hydrogen bonds, as reported in Figure 5.6. The
Rietveld refinement fit of the experimental pattern with the calculated one is reported
in Figure 5.5. PZQ does not have any H-bond donor group, thus these connections are
possible thanks to the presence of the oxygen atoms acting as acceptor, since the ni-
trogen electron pair is occupied in the melectron delocalization, as it was also reported

in literature[38].
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Figure 5.5: Rietveld refinement fit of the experimental pattern (red) and the
calculated one (blue). In grey the corresponding residuals.

The refined unit cell had the following parameters:
e Space group: P-1

e Cell lengths (A): a=5.857, b=10.921, ¢=14.299;

e Cell angles (°): a= 105.755, =94.622, v=99.564;
e Volume (A?®): 860.342;

e Density: 1.24.

These oxygen atoms can be referred as the one in the eterocycle (Oet) and the
one linked with the cyclohexyl group (Ocy). Observing the packing of the unit cell of
the new hemihydrate and the enantiomeric one (Figure 5.6), in both cases the PZQ
molecule are inversely positioned and linked to the water molecule between them. The

difference is in the oxygen involved in these bonds: in RacH-PZQ the molecules are



144 CHAPTER 5. LIQUID-ASSISTED GRINDING

Figure 5.6: Capped stick representation of the unit cell of RacH-PZQ (left)
compared with the enantiomeric hemihydrate one (SIGBUG[39] right).

linked via a Ow-H ..O=Cet hydrogen bond, while in the enantiomeric hemihydrate
the oxygen bonded to the water is the cyclohexylic one, creating a Ow-H...O=Ccy.
Concerning the PZQ conformation, in the Rac-HPZQ the same anti conformation of
Form B and of amorphous PZQ|[75] was observed, while the raw drug has the syn one.
It has been already noted in literature that the anti conformation creates a larger
space between the molecules favouring the accomodation of other entities[38]. This
new form is another confirmation PZQ propensity to hydrogen bonds links when in
anti conformation.

Moreover, the water molecules are not linked between each other, but connected with
the drug and the thermal analysis (Figure 5.9) presented a sharp dehydration en-
dotherm in a narrow weight loss range: according to literature these means that the
new RacH-PZQ belongs to the isolated site class of pharmaceutical hydrates[169].
In particular, the endothermic event at about 68 °C (61.38 J/g) represents the de-
hydration, confirmed also by the weight loss in the TGA, which was of 2.19 % in good
agreement with the theoretical value of 2.73 %. The other endothermic events were
recorded at 109.05 °C and 133.95 °C with an enthalpy of fusion of 10.25 J/g and 32.49
J /g respectively, which were identified as the melting of Form B and raw PZQ. Differ-
ent DSC traces of Rac-HPZQ were collected in different samples, but the amount of
the other forms observed was not consistent, due to the variability of the dehydration.
Nevertheless, the overall behavior was confirmed by the hot stage microscopy analy-
sis: around 68-75°C the hydrate melting, followed by a melting at 110 °C, a partial

recrystallization and a melting around 135-138 °C, as reported in Figure 5.8.
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Figure 5.7: Packing representation of RacH-PZQ (left) compared with the enan-
tiomeric hemihydrate (SIGBUGI39] right).

2500 2500

Figure 5.8: Hot-stage microscopy images for RacH-PZQ.
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Figure 5.9: DSC-TGA traces of Rac-HPZQ.
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The '*SS-NMR spectrum of RacH-PZQ was compared to the already know an-
hydrous polymorphs, reported in Figure 5.10: the analysis confirmed not only the
differences between the phases, but also the presence of just one molecule in the asym-
metric unit (due to the single set of signals compared to the multiple one of PZQ) and
the crystallinity of the sample, represented by very well defined and intense peaks.
Also, the experimental data were in agreement with the calculated one, as reported in

Table 5.1, which method details are reported in Appendix D (paragraph 5.3).
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Figure 5.10: 100.65 MHz "*SS-NMR spectra of RacH-PZQ (a), Form B (b) and
raw PZQ (c).
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Table 5.1: Experimental and calculated chemical shift for **C SSNMR analyses
of RacH-PZQ, compared to raw PZQ, Form B and amorphous PZQ[75]. Atoms
numbering refers to Figure 4.11.

Atom Group PZQ Form B RacH-PZQ RacH-PZQ PZQ[75]
exp exp exp calc amorphous
130

7 C=0 175.4, 176.2 sh  173.6 173.6 173.8 174.1

4 C=0 165.8, 164.6 164.3 165.4 165.4 164.3
162.1

7a Cq 137.7, 136.5 134.6 134.1 136.3 134.2

11a Cq 135.7, 134.6 134.6 134.1 136.2 134.2

8 CH 129.7, 127.5 129.8 127.3 129.4 127.0
123.8 124.0

11 CH 133.7, 132.0 127.5 129.9 134.2
130.5

10 CH 126.9 128.4 127.0

9 CH 125.8 124.7 127.0

11b CH 56.3, 55.5 55.5 57.2 55.1 55.0

55.0

3 CH,4 46.1 49.8 48.2 46.70 -

1 CH, 47.9 45.0 43.9 41.4 39.9

Iy CH 39.7 41.2 38.4 36.8 39.9

6 CH, 38.1 38.3 35.8 39.9

6 CH,  32.0,30.1,27.9 29.4 31.4,27.3 245 -
26.3, 25.3 25.8

2’ CH, 29.4 24.0 -

7 CH, 28.4 26.2 -

4 CH, 26.7 23.5 -

3 CH, 26.1 24.0 -

5’ CH, 25.0 25.3 -
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The FT-IR spectrum of RacH-PZQ, compared to Form B and raw PZQ), is shown
in Figure 5.11. The characteristic bands of PZQ), already reported in previous chapters,
were found in all spectra, as the stretching of C-H and C-H, bonds (3000-2854 cm™1),
the stretching of aromatic C and bending of -CH, (1500-1400 cm™!). In particular
in the spectrum of RacH-PZQ a broad band was found in the range 3650-3200 cm™?,
corresponding to the stretching of the O-H bonds (see frame in Figure 5.11). In the
typical range of the stretching of the carbonyl group, a single broad band was found
at 1629 cm ™!, confirming not only the intermolecular interaction between the drug
and the water, but also its specificity, since the C=0Oet is shifted of about 22 cm ™! in
comparison to raw PZQ, while the C=Ocy, involved in the hydrogen bond, is missing.
The signal at 758 cm ™! is superimposable to that of Form B, corresponding to the
bending of the aromatic -CH, which was at 765 cm™* for raw PZQ.
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Figure 5.11: FT-IR spectra of Rac-HPZQ (green), Form B (blue) and raw PZQ
(orange), zoom detail in the box.

The needle-shape like morphologies of raw PZQ (Figure 5.13, top) and the whiskers-
like of Form B (Figure 5.13, bottom) were very different comparing to the new solid
form: agglomerates of large plates were observed, probably favoured by the binding

effect of the water.
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Figure 5.12: SEM images of RacH-PZQ.

Figure 5.13: SEM images of raw PZQ (top) and Form B (bottom).
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RacH-PZQ demonstrated excellent biopharmaceutical properties, since the satura-
tion solubility (after 48 hours at 25 °C) was of 310.89 £3.07 mg/L, while for raw PZQ
was 217410.33 mg/L. The intrinsinc dissolution rate, as reported in Figure 5.14 was
double than the raw drug, in fact a value of 0.067340.0057 mg/cm?/min was found
for RacH-PZQ, while for the raw drug it was 0.029940.031 mg/cm?/min. A similar
enhancement was reached for Form B, as previously reported, and the statistical com-
parison between the polymorphic form and the new hemihydrate did not reveal any

significant difference.
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Figure 5.14: Intrinsic dissolution rate curve (in water at 37 °C) for RacH-PZQ
(blue) and raw PZQ (orange).

The enhancement in drug solubility and intrinsic dissolution rate of PZ(Q when
in the hemihydrated form can be explained by the much weaker structure created by
the insertion of the water molecule, acting as a wedge pushing the PZQ molecules
apart, hindering their interaction in the crystal lattice and weakening the structure.
This fact counteract the general rule that an anhydrous form is usually more soluble
than the hydrated form, even though some other examples were reported in literature,
as in the case of erythromycin dehydrate[170]. Other two reasons for this behaviour
of RacH-PZQ can be supposed, starting from the anti conformation that proved to
favour the solubility enhancement as reported for Form B (section 4.1), and also one
can expect a conversion to the polymorphic form when in contact with water: in fact,
the saturation solubility and dissolution profiles were almost identical between the two
forms, suggesting a possible very rapid conversion. These facts were confirmed by the
observation of the same conversion of RacH-PZQ upon heating under vacuum and even
spontaneously during storage, that will be now described. When RacH-PZQ was left at
50 °C, under vacuum (35 mmHg) overnight, Form B was obained as demonstrated by
DSC (data not shown) and PXRD analyses (Figure 5.15). Moreover, the morphology

of the desolvated sample was very similar to Form B, showing agglomerates of whiskers
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as reported in the ESEM of Figure 5.16.
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Figure 5.15: PXRD patterns of the desolvated Rac-HPZQ (top, heated over
night at 50 °C, 35 mmHg) corresponding to Form B (bottom).

The physical stability of RacH-PZ(Q was maintained only for 3-4 months, since
after this time the main reflections of Form B were noticed in the PXRD pattern,
while there were no signals referable to raw ZQ (Figure 5.17).

These facts underlined the close relationship between Form B and Rac-HPZQ),
despite of raw PZQ, and also when Rac-HPZQ was ground for other 60 minutes at 25
Hz the reflections of PZQ polymorph B appeared, as shown in Figure 5.18.

RacH-PZQ stability was finally tested upon heating by by in situ PXRD, reported
in Figure 5.19: the transition to Form B was already complete at 60 °C, which re-
mained stable until 80 °C. This analysis confirmed not only the transition from one
phase to the other, but also the stability of Form B when kept at high temperatures.
Concluding, the hemihydrated form maintaned also the in vitro activity as proved by
tests performed against S. Mansoni exhibiting a ICsq of 0.048 uM, not significantly
different form raw PZQ (ICsq of 0.165 ug/ml).
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Figure 5.16: ESEM of the desolvated samples: magnification is 500x on the left,
1000x on the right.
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Figure 5.17: PXRD patterns of Rac-HPZQ fresh, after 4 months, one year
storage and Form B.
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Figure 5.18: PXRD pattern of RacH-PZQ (top), RacH-PZQ ground for 30
minutes at 25 Hz (middle) and raw PZQ (bottom).
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Figure 5.19: PXRD pattern of RacH-PZQ upon heating from 60 to 80 °C from
up to down and after cooling (bottom).
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5.1.4 Conclusions

The results reported in this chapter reached of several important goals: on one hand,
a further investigation on PZQ crystal structure and its propensity to intermolecular
interactions, documenting for the first time the possibility of water solvation of the
racemic compound. RacH-PZQ was obtained by LAG from Form B or by neat-LAG of
PZQ with water in a vibrational mill and the fundamental condition for its formation
seemed to be the anti conformation of PZQ, which better allows the insertion of the
water molecule. The crystal structure was solved from the powder X-ray diffraction
pattern, confirmed by DFT calculations, resulting in a triclinic P-1 unit cell as well
as PZQ, with one crystallographic independent molecule. RacH-PZQ was completely
characterized at the solid state, showing an enhanced water solubility and a double
IDR value comparing to raw PZQ. Moreover, a peculiar behavior upon heating and
during storage was noticed, i.e. the transition to Form B. This fact, despite being a
lack of stability can be seen as an advantageous behavior, since Form B was previously
reported as a very interesting PZ(Q phase with optimal biopharmaceutical properties
and activity, until now obtainable only after long neat grinding. Passing through
RacH-PZQ, Form B can be easily obtained, without the use of any solvent except
of water and in a very minor production time. Finally, the recent test on RacH-PZQ
attested its activity in vitro against S. Mansoni, once again pointing out the properties
of this interesting PZQ phase.
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5.2 PZQ solvates

In the pharmaceutical field, solvates (referring to the multicomponent system not
based on water) can fulfill multiple approaches: from one side they can be consider as
valid alternatives to anhydrous drugs, but unfortunately, the majority of the solvents
is harmful and therefore the permitted by pharmacopea are just a very small part of
the total. From the other side, they can be used as precursor of other solid phases,
obtained through a process of purification and separation. The so-obtained products
were proved to have high chemical and physical purity and interestingly, the product
outcome can be varied in terms of particle size, morphology and defects concentration
depending on the desolvation conditions[171]. This method was succesfully used to
produce polymorphs of drugs, comprehending also forms which were difficult to obtain
by direct crystallization from solution[172-174]. Nevertheless, it is worth notice that
at the moment it is not possible to perfectly predict the desolvation products, since
the difference in structural and molecular interactions can not give any information
on the different or identical desolvation outcome[175, 176]. Considering the solvated
drugs, the solvent insertion in a crystal lattice, even though it can sometimes bring
some disorder in the structure, can also favour the formation of hydrogen bonds and
strong interactions that improve the stability of the system. Also, not to forget the
possibility of the solvent to act as a "space filler" in the crystal lattice[165]. The
following part of the chapter deals with the research of possible solvated forms of PZQ
formed by LAG; it is worth notice that the purpose of the project was more focused on
PZQ crystal investigation rather than on possible new pharmaceutical formulations,
therefore the solvents used were not selected among the GRAS permitted list. Indeed,
only with acetic acid and 2-pyrrolidone two new solid forms were discovered, which
were also partially characterized, as presented below. The crystal structure solution
of these new phases is still and on-going process due to the failed attempt to single

crystal formation and the very challenging powder X-ray pattern.

Materials

Praziquantel (PZQ, (11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4-H -py-
razino[2,1-ajisoquinolin-4-one)) was of Ph. Eur. grade and kindly donated by Fatro
S.p.a. (Bologna, Italy). Nitromethane, acetonitrile, 1,4-dioxane, ethyl acetate, L-
ethyl lactate, methanol, 2-pyrrolidone and Acetic Acid were from SIGMA-Aldrich.
The HiPersolv Chromanorm methanol used for the HPLC analysis was of Ph. Eur.
grade and purchased from VWR Chemicals (BHD PROLABO®) Milano, Italy).

Methods

Grinding experiments The grinding experiments were performed using a Retsch
vibrational mill MM200 (Retsch, Germany) and stainless steel jars of 25 mL with 2
stainless steel balls with ¢= 7 mm. PZQ was accurately weighted (200 mg) and placed
in the jars with the milling media. Depending on the experiment, a certain amount

of liquid was inserted in the jar (ranging between 10 and 100 pL) and the grinding
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process was performed for 30 minutes at 25 Hz. For the further characterization the
samples were prepared via LAG (Retsch MM400, Retsch, Germany) using 436 mg of
PZQ and an equimolar amount of the solvent, using two zirconium oxide jars (35 mL),

each one containing 2 balls (¢= 10mm).

Thermal analyses Differential scanning Calorimetry was conducted using a Met-
tler Toledo DSC822e¢ system; about 2 mg of the samples were accurately weighted, put
in a 40 pL aluminum perforated crucible and analyzed heating from 30 to 200 °C at 10
°C/min under nitrogen atmosphere. When using the Mettler Toledo TGA /SDTAS851e
for TGA analyses, the amount of powder was about 10-15 mg of the sample, exactly
weighted in a 100 pL aluminum crucible. The method used was the same of the above

mentioned DSC procedure.

FT-Infrared Spectroscopy The samples were analyzed using a Perkin-Elmer
System 2000 FT-IR instrument on compressed disc prepared by gently grinding the
sample in an agate mortar with anhydrous KBr (in a 1:15 ratio by wt) and pressing with
and hydraulic press. The range observed was from 400 to 4000 cm ™}, the resolution

used was 4 cm ™! with a step of 1 cm™! and scan number of 3.

Powder X-Ray Diffraction Powder X-Ray Diffraction analyses were conducted
by means of a Panalytical X’Pert Pro Diffractometer, with a RTMS X’celerator de-
tector and Cu Ka radiation (wavelength=1.5418 A). About 20 mg of the sample were
prepared on a sample holder by gently press with a glass slide.

Scanning electron microscopy A JEOL JSM-5510LV Scanning Electron Mi-

croscope was used for imaging on gold metallized sample.

SS-NMR analyses Solid-state NMR measurements were collected using a Bruker
Avance II 400 instrument®. The spectra were obtained at 100.65 MHzfor *C. Cylin-
drical zirconia rotors (4 mm o.d) were used with a sample volume of 80 pl and spun
at 12 kHz (*3C). In all the analyses a RAMP-CP pulse sequence (‘H 90° pulse = 3.05
us), TPPM 'H decoupling with an rf field of 75 kHz were used during the acquisition.
The number of transients acquired was 124 with 3 ms of contact time and a relaxation
delay of 20 s. As the reference, the resonance of hexamethylbenzene was used (**C

methyl signal at 17.4 ppm).

Saturation Solubility and intrinsic dissolution rate The solubility of the
samples was analyzed by preparing 10 ml of saturated solutions of each samples in
deionized water, kept under agitation in the dark for 48 hours. Then, the solutions
were filtered using a membrane (pore size 0.45 pm) and diluted 1:200 with the mobile
phase prior injection. The method used was the same as the above described HPLC

method. Each analysis was conducted in triplicate and the average was reported.

3In collaboration with prof. M. R. Chierotti of the Department of Chemistry, University
of Turin (Italy)



5.2. PZQ SOLVATES 159

For the intrinsic dissolution rate determinations, about 150 mg of the samples were
inserted in the sample holder and pressed using an hydraulic press (PerkinElmer,
Norwalk, USA) for 1 min at 1 ton. The sample surface area obtained was of 0.785 cm?
and the entire sample holder with the compressed powder was immersed in a vessel
containing 1 L of distilled water kept at 37 °. The system used was a Hanson Research
SR8 Plus dissolution test station and the paddle used were positioned at 3.5 cm from
the tablet surface, with a rotation speed of 100 rpm. About 2 ml of the dissolution
medium were withdrawn every ten minutes till 60 min and immediately replaced with
an equal amount of thermo-stated distilled water. The aliquots were then diluted 1:20
with the mobile phase and analyzed using the same above mentioned method. The
analyses were performed in triplicate and for each point the mean, with SD (%) and
RSD (%) were calculated. The amount of the dissolved drug per unit area over time
was indicated by the slope of the curves, obtained through a linear regression method.
For the comparison of the different curves the one-way ANOVA test was used, and the

data were considered statistically different when having a p value < .05.

Physical stability Several samples were kept in a desiccator at room temperature
in the dark and analyzed over time using DSC and PXRD.

5.2.1 Results and Discussion

Also in this case, the first part of the study of PZQ propensity to solvate formation
was performed during the Erasmus+ traineeship at the Department of Chemistry of
the University of Cambridge (United Kingdom) under the supervision of prof. William
Jones, while the further characterization was developed at the University of Trieste
and by means of a large network of collaborators. The application of LAG to PZQ was
done using different solvents generally applied for the search of possible solvated forms:
nitromethane, acetonitrile, 1,4-dioxane, ethyl acetate, L-ethyl lactate and methanol.
Different quantities were tried (10, 30, 60 and 100 pL), but none of the experiments
led to new solid forms, since the PXRD pattern of the products reflected exactly the
raw drug. Differently, when using acetic acid and 2-pyrrolidone 2 new solid forms
were found, named PZQ-AA (with acetic acid) and PZQ-2P (with 2-pyrrolidone).
Similarly to the case of RacH-PZQ, the quantity of liquid added was not significant,
since the same patterns were collected in all the experiments. Therefore, to simplify the
preparation of the sample and the relative comparison, an equimolar ratio between the
component was selected as the main production method. Also, the same solid forms
could be obtained when performing LAG with Form B, even improving the crystallinity
of the samples. The PXRD pattern of PZQ-AA and PZQ-2P were completely different
than the already known crystal structures, but quite similar each others, as reported
in Figure 5.20. the main reflections of PZQ-AA were at 6.21, 9.17, 14.90, 15.49, 17.69,
19.20, 20.85, 21.20, 22.57, 23.08 and 28.57 ° of 260. For PZQ-2P the main peaks were
the following: 6.19, 9.11, 10.09, 14.85, 17.47, 17.83, 19.23, 20.30, 22.23, 22.87, 23.23
and 28.48 ° of 2.

Morerover, the formation of the new phases was complete, since no evidence of
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Figure 5.20: PXRD patterns of PZQ-AA (top), PZQ-2p (middle), Form B (use
for LAG) and raw PZQ (bottom).

the starting material was found, neither when performing LAG of Form B, nor raw
PZQ. To confirm the solvate nature of PZQ-AA and PZQ-2P, different samples were
subjected to DSC-TGA analysis, reported in Figure 5.21: each new phase was charac-
terized by one single endothermic event, corresponding to the melting point at 72.26
°C (-74.15 J /g) for PZQ-AA and at 85.69 (-74.48 J/g) °C for PZQ-2P. The other two
lines on the graph report the weight loss profile: the experimental weight loss, con-
sidering the whole profile*, was in good agreement with the theoretical monosolvated
loss.

For PZQ-AA a theoretical weight loss was of about 16% versus an experimental
one of about 13%; in the case of PZQ-2P the experimental data reports a weight loss
of about 17% versus a calculated of about 21%. Nevertheless, the final confirmation
of the solvated form, together with the correct stoichiometry can be defined only after

the crystal structure solution, which is actually a work-in-progress.

4The thermogravimetric analysis of PZQ using the same method resulted in an horizontal
line till the maximum temperature reached, meaning the absence of any weight lost
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Figure 5.21: DSC-TGA traces of PZQ solvate with acetic acid (blue) and with
2-pyrrolidone (red).
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The SS-NMR highlighted the differences between PZQ-AA and PZQ-2P, and with
raw PZQ: in particular, Figure 5.22 reports also the chemical shift assigned to the
corresponding peaks. In the case of PZQ-AA, one of the C=0 signal is not visible,
due to the overlapping with the COOH signal of the acetic acid, while in the case of
PZQ-2P the additional C=0O is easily recognized. Both spectra confirmed the high

crystallinity of the samples with very well defined and intense peaks.
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Figure 5.22: ;3C SS-NMR traces of PZQ-AA (up), and PZQ-2P (middle) and
raw PZQ (down).

The FT-IR of PZQ-AA and PZQ-2P are reported in Figure 5.23: the presence of
intermolecular interactions between PZQ and the solvent molecules were represented
by the shift of various bands, as for the carbonyl stretching vibrations of the carbonyl
groups of PZQ (recorded at 1651 and 1628 cm™ ') found respectively at 1638 and 1611-
1601 cm ™! for PZQ-AA, 1638 and 1626 cm ™! for PZQ-2P, and the characteristic bands
of the solvent which were shifted. Figure 5.24 (bottom) reports the corresponding for
PZQ-AA: the signal of acetic acid in the range of 1800-1700 cm ™" is visibly shifted to
lower wavenumbers in PZQ-AA. Similarly (on the top) the set for PZQ-2P is presented:
in the solvate form, the intense 2-pyrrolidone peak at 1761 cm™" is shifted to 1687
cm~! and this assignment was confirmed by subsequentely FT-IR analysis on samples

obtained in different molar ratio between PZQ and 2-pyrrolidone.
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Figure 5.23: FT-IR spectra of PZQ-AA (violet), PZQ-2P (green) ad raw PZQ
(blue).
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Figure 5.24: On the top: FT-IR spectra of 2-pyrrolidone (database, blue), PZQ-

2P (green), raw PZQ (orange).

On the bottom: FT-IR spectra of acetic acid

(database, blue), PZQ-AA (violet), raw PZQ (orange).
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The SEM images of the new solid forms revealed some interesting differences in
their morphologies: in the case of PZQ-AA layered blocks with almost flat particles
were found, with a rough surface presenting some holes while the needle-shape like
aspect of raw PZQ is completely missing. Differently, in PZQ-2P the flat surface
of the agglomerates are almost covered by very thin needles (Figure 5.25) somehow

remembering the habitus of raw PZQ.

a)

b)

BEoH Z17 38 SET

Figure 5.25: SEM images of PZQ-AA (a, 75x and 4000x) and PZQ-2P (b, 70x
and 5000x).

The water saturation solubility and the intrinsic dissolution rate were analyzed for
the new solid forms and compared to raw PZQ. The solubility at 25 °C for PZQ-AA
was 311.914+15.22 mg/L and for PZQ-2P was 340.27+23.18 mg/L, both higher than the
raw drug (217.15£10.33 mg/L). Similarly, the intrinsic dissolution rate in water at 37
°C was enhanced in the new forms as reported in Figure 5.26: values of 0.0628+0.0655
and 0.0563 +0.4745 were recorded respectively for PZQ-2P and PZQ-AA, about double
than raw PZQ (0.0341+0.6526). This was in agreeement with the common reported
behaviour of the solvated form to be more soluble than the corresponding anhydrous
form[177].

Finally, the obtained monosolvate were stable for at least 4 months as demonstrated

in Figure 5.27.
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Figure 5.26: Intrinsic dissolution profiles of PZQ-AA (violet), PZQ-2P (green)
and raw PZQ (blue).
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Figure 5.27: Comparison between the PXRD patterns of PZQ-AA (black) and
PZQ-2P after 4 months storage and fresh.
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5.2.2 Conclusions

The LAG of PZQ), either in its raw and polymorphic form, was successful in creating
two completely new monosolvates using acetic acid and 2-pyrrolidone. The new solid
forms were characterized at the solid state and also in their solubilities and intrinsic
dissolution rates, which were enhanced comparing to raw PZQ. Unfortunately, the
crystal structure solution of PZQ-AA and PZQ-2P is at the moment very challenging
and still a work-in-progress and the attempts to single crystal formation failed. Any-
how, these findings put in light once again the propensity of PZQ to form different
phases not only when in its amorphous or polymorphic form, but also in its raw state.
Certainly the chemical nature of the solvent used seems to be a highly significant vari-
able of the LAG process, as it was reported by Trask and collaborators[129], but also
the starting phase was demonstrated to be important in the final product outcome,
as reported in the case of RacH-PZQ. Therefore further studies in this direction are
needed to deeply investigate the significative variables of PZQ solvate formation and,
subsequentely, the possible obtainable products upon their desolvation in different

conditions.
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5.3 Appendix D

Crystal structure determination from powder X-ray diffraction data
The PXRD pattern of PZQ hemihydrate material was indexed using N-TREOR algo-
rithm via an interface of EXPO2014. The indexing procedure revealed a triclinic unit
cell with the volume of 860.2 A3, which corresponds to two PZQ molecules per unit
cell. Since the hemihydrate material was prepared from a racemic anhydrous PZQ),
structure solution was attempted in a centrosymmetric P-1 space group. The structure
was solved using the Simulated Annealing procedure implemented in EXP02014[142].
The asymmetric unit contained one PZQ molecule and one oxygen atom corresponding
to water molecule. Structure solution process involved a large number of randomized
steps where translational (for both PZQ and water oxygen) and rotation (PZQ only)
degrees of freedom were varied. In addition, intramolecular rotation around the flexible
bonds was allowed. The PZQ fragment was given full occupancy, while the water oxy-
gen occupancy was fixed at 0.5, reflecting the experimentally determined stoichiometry
of the material. Rietveld refinement[178] of the structure was preformed in TOPAS
Academic 4.1[143]. In addition to the translational, rotational and intramolecular de-
grees of freedom, zero-point shift, peak shape function and background polynomial
were refined. The diffraction peak shape was described by a pseudo-Voigt function,
while background was fitted with a 12-term Chebyshev polynomial function. The oc-
cupancy parameter of the water oxygen atom was allowed to refine, and the occupancy
remained close to the expected value of 0.5. In the final refinement oxygen occupancy
was once again constrained to 0.5, and two hydrogen atoms were inserted in the most
probable positions, corresponding to the hydrogen bond directions towards the car-
bonyl oxygens of PZQ. The resulting structural model reveals that water molecule is

disorder over an inversion center with a 50:50 probability.

Periodic DFT calculations Periodic DFT calculations were performed using
the plane-wave DFT code CASTEP 16.1.[150]Crystal structures of three polymorphs
of anhydrous PZQ, as well as the racemic hemihydrate structures were geometry-
optimized with the aim of calculating relative stability of these crystal forms. The
experimental crystal structures were converted in CASTEP format with the help of
cif2cell[155] utility. The DFT calculations were performed using semi-local PBE[152]
functional combined with a Grimme D2[179] semiempirical dispersion correction. The
plane wave basis set was truncated at 700 eV cutoff, and the norm-conserving pseu-
dopotentials were used to modify the Coulomb potential in the core regions of electron
density. The electronic Brillouin zone was sampled with a 0.03 A-1 Monkhorst-Pack
k-point grid[156]. Geometry optimization involved variation of atom coordinates and
unit cell parameters subject to the symmetry constraints of the corresponding space
groups. The following convergence criteria were used: maximum energy change 10-5
eV per atom, maximum force on atom 0.01 eV A-1, maximum atom displacement 0.001
A and residual stress 0.05 GPa.
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Modelling of SSNMR. The optimized crystal structures were used for modelling
solid-state NMR spectra. NMR parameters were calculated using the CASTEP imple-
mentation of GIPAW method[151]. The calculations used PBE semi-local functional,
with a plane-wave basis set truncated at 1000 eV cutoff. Core regions of electron
density were described using on-the-fly generated ultrasoft pseudopotentials[180]. The
calculated chemical shieldings were converted into chemical shift using a reference
shielding of 170 ppm. The spectral lines were drawn with Lorentzian curves with 1
ppm HWHM. The comparison between the experimental and the calculated spextra
is reported in Figure 5.28.

el

Calculated spectrum

Experimental spectrum

180 160 140 120 100 80 60 40 20 0

8/ppm

Figure 5.28: Comparison between the experimental and calculated 3C’ SSNMR
spectra.



Chapter 6

Other cogrinding strategies

and formulation technologies

The last chapter of this thesis will focus on other cogrinding approaches and for-
mulation strategies that have been applied to PZQ: the first one involves the use of
mesoporous silica, since there are limited data in literature regarding the milling of
API with this kind of excipient (as it will be later described), followed by different
sugar esters both during neat and LAG experiments. Subsequently, the promising
Form B previously described, one cryocoground sample and the corresponding physi-
cal mixture will be then included in microparticles to enhance PZQ biopharmaceutical
properties. At the end, an interesting approach towards the amelioration of PZQ taste

will be proposed by co-grinding with selected natural and artificial sweeteners.

6.1 Cogrinding PZQ with mesoporous silica

6.1.1 Introduction

The application of mesoporous silica in the pharmaceutical field is not a new technique,
being frequently used carriers for drug delivery, both in case of simple molecules as
ibuprofen, or more complex systems as anticancer drugs or DNA and proteins.The large
use is due to various peculiar characteristics. First of all they are not-toxic and biocom-
patible, and also, they can be engineered different ways, creating films, fiber, spherical
particles, rods and core-shell materials[181, 182]. Silica excipients are characterized by
a high surface area and the presence of numerous high volumetric pores: the presence
of these pores is of a critical importance on the drug load capacity, diffusion, stability
and in its physical state. In fact, the drug, when confined in the pores, remains in the
amorphous form, as it was demonstrated in literature[183]. Moreover, it is possible to
tune the pore size in order to create different materials, classified as mesoporous by
TUPAC when having a pore size between 2 and 50 pm. In addition, the silica surface is

covered by silanol groups that represent places of interaction and absorption, able to
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create both weak or covalent interactions (when functionalized) that are fundamental
to immobilize the drug. In fact the H-bond donor nature of the silanol group can favor
the formation of links when in contact with H-bond acceptor atoms, while the layering
of the drug on silica surface can be attributed mostly to hydrophobic interactions[182,
184]. Moreover, there is the theoretical possibility of creating self-interacting matrix
in highly hydroxylated sufaces, with the silanol oxygen acting as a H-bond acceptor.
In the system composed of ibuprofen:silica the only interacting group of the drug was
the carboxylic group, creating a cyclic H-bonds network with 3 silanol groups, while
in aspirin three silanol are connected to the carboxylic group and another one to the
ester carbonyl[185]. Obviously, the density, type the possible functionalization of the
silanol groups are significative variables not only in the interaction strenght, but also
in the final release of the drug during dissolution. Drug loading into mesoporous silica
can be performed in different ways as adsorption from organic solution[181], spray dry-
ing[186, 187], melt[188], microwave[189] and many other methods[190]. However, very
few works reported the use of grinding, as for the system with indomethacin [191, 192],
which provided amorphous samples stable for 3-6 months at 40 °C and 75% RH. This
section will investigate the effect of grinding PZQ with different grades of mesoporous
silica, starting with a general screening by means of PXRD, DSC, HPLC for drug
recovery. Then one of the system will be selected for further analysis, comprehending
stability tests and the evaluation of the activity in vitro of the most promising samples
against S. mansoni. Morever, since the formation of silica:API systems demonstrated
to be effective in the enhancement of drug dissolution rate[184, 193, 194], this aspect
will be evaluated for the silica system with PZQ. Future studies will investigate the
type of incorporation/dispersion/absorption of PZQ with the sylica excipient, for the

moment we refer to the interaction as PZQ amorphisation.

6.1.2 Materials and Methods
Materials

Praziquantel (PZQ, (11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4-H -
(pyrazino[2,1-a]isoquinolin-4-one)) was of Ph. Eur. grade and kindly donated by
Fatro S.p.a. (Bologna, Italy). Syloid 244-FP, Syloid 74-FP and Syloid Al-1FP were a
gigt from Alltech Italia s.r.l. - Grace Division (Columbia, USA) and the main charac-
teristics are reported in Table 6.1. The HiPersolv Chromanorm methanol used for the
HPLC analysis was of Ph. Eur. grade and purchased from VWR Chemicals (BHD
PROLABO® Milano, Italy).

Methods

Preparation of the physical mixtures and coground samples The phys-
ical mixtures were prepared by mixing PZQ in an agate mortar (3 minutes) with each
silica grade in a 1:1 weight ratio. The coground samples were obtained by milling using
a vibrational mill Retsch MM400 (Retsch, Germany), zirconium oxide jars (35 mL)

each one with 2 milling media (¢=10 mm). The total amount of the powder in the
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Table 6.1: Main characteristics of the non-ordered mesoporous silica grades
used.

Property Syloid 74FP  Syloid 244FP  Syloid AI-1FP
Average particle size (pm) 5.9-7.5 2.5-3.7 6.5-8.1
Surface area (m?/g) 340 310 700
Average pore volume (ml/g) 1.2 1.6 0.4
Average pore diameter (A) 150 200 -

Bulk density (g/cm?) 0.26 0.11 0.90

pH (5% acqueous suspension) 6.0-8.0 6.0-8.0 4.0-6.0

jars was 4.50, 2.25 or 1.15 mL corresponding to a loading volume in each jar of 15.8,
9.4 and 6.3 % respectively, since the total volume of the milling media was 1.04 mL.
The frequency of milling was varied between 15, 20 and 25 Hz and the time of milling
was from 15 to 180 minutes, with withdrawing every 15/30 minutes. For comparison,
all the Syloid grades were ground by themselves using a total loading of 9.4%. After

preparation, the samples were stored in a desiccator in the dark at room temperature.

Differential Scanning Calorimetry Each sample was analyzed using a Met-
tler DSC TA 4000 (Greifensee, Switzerland) connected to a calorimetric cell Mettler
DSC20 and using STARE software version 9.30 for data analysis. Prior to analysis
the instrument was calibrated with Indium, Zinc and Lead for the temperature and
with Indium for the enthalpy quantification; each sample, containing about 2 mg of
PZQ exactly weighted, was placed in a 40 pm aluminum pan with perforated lid and
heated from 30 to 200 °C (10 °C/min) under air atmosphere.

Powder X-ray Diffraction The sample were analyzed by powder X-ray diffrac-
tion using a Bruker AXS D5005 X-ray diffractometer with Ni-filtered Cu Ko radiation
(wavelength=1.5418 A). The preparation of the samples consisted in pressing about
20-30 mg of powder over a glass slide to have a flat surface. The data were collected in a
260 range of 3-35 degree, 0.5° every 2 sec. These analyses were performed thanks to the
collaboration with prof. V. Lughi of the Department of Engineering and Architecture,
University of Trieste, Italy.

FT-IR spectroscopy FT-IR analyses were performed using a Perkin Elmer Sys-
tem 2000 FT-IR; the samples were mixed with KBr in an agate mortar and then
pressed with an hydraulic press for 2 minutes at 10 Ton to obtain homogeneous and
transparent discs. The analysis was conducted in the range from 400 to 4000 cm™*

with a resolution of 4 cm™! and total scan number of 3.
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HPLC-UV The content of PZQ was assayed by means of a reverse-phase HPLC-
UV by adapting a method already reported in literature[91]'; the system had two
delivery pumps (LC-10 ADVP, Shimadzu, Japan), an autosampler (SIL-20A, Shi-
madzu, Japan) a UV-vis detector (SPD-10Avp, Shimadzu, Japan) and the data were
acquired at a fixed wavelength of 220nm using an interface (SCL-10Avp, Shimadzu,
Japan) and analyzed with Ez-Star software; the column used was a Kinetex 5 um ¢18
(150 x 4.60mmm, Phenomenex, Bologna). The mobile phase used was a mixture of
Methanol:water (65:35 v/v), purged at 1 ml/min. PZQ retention time was 5.5 min
while the total run time for each sample was set at 12 min. Prior to analysis, a lin-
ear calibration curve with r2=0.99996 was obtained for PZQ under these conditions
using different concentrations of the drug from 0.3 to 10 mg/mL. Each day, a stan-
dard solution (with a concentration of 2.5 mg/L) was prepared by dissolving about
10 mg of PZQ accurately weighted in Methanol of HPLC grade (20 mL) and diluting
the solution 1:200 with the mobile phase. Moreover, two additional calibration curve
were obtained respectively for the relative impurity indicated in the Eur. Ph. (Ed.
8.0)[32], impurity A (r>=0.9993) and impurity B (r>=0.9994), which were identified
at the retention time of 3.45 min and 11.2 min. The reference solution did not report

any of these impurities.

Environmental Scanning Electron Microscopy Selected samples were ob-
served using a ESEM Quanta 200 under low vacuum (minor/equal to 1.5 Torr), using

an electron beam of 20 kV.

Dissolution studies The dissolution studies were performed in 1000 mL of water
thermostated at 37+0.5 ° and stirred at 100 rpm using a paddle apparatus (Erweka
DT800, Heusenstamm, Germany). The sample was added to the vessel according
to the solubility value, in order to ensure the sink conditions. Withdrawals of 2 ml
were performed at specific times with a 8um filter and analyzed by HPLC using the
method previously described to assess the PZQ content. Each time, the withdrawals
were replaced with the same volume of thermostated fresh dissolution media. The
dissolutions were performed at least three times and the mean+SD was considered aas

the final value.

Sample stability Selected sample were analyzed in their physical and chemical
stability over time using DSC, PXRD and HPLC.

Efficacy in in vitro The in vitro tests were performed at the Swiss Tropical and
Public Health Insitute (Switzerland, thanks to the collaboration with prof. J. Keiser).
The samples were tested in their efficacy against adult S. mansoni by preparing dif-

ferent concentrations, ranging from 0.021 to 0.33 ug/L in which adult Schisosomes

n collaboration with proff. N. Passerini and B. Albertini of the Department of Pharmacy
and Biotechnologies, University of Bologna, Italy, as well as for the dissolution and solubility
studies.
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were incubated for up to 72 hours. By using an inverse microscope (Carl Zeiss, Ger-
many, magnification 80x) all the alterations of morphology, motility and viability were

observed and the IC5q value was calculated with CompuSyn software.

6.1.3 Results and Discussion-1

The characterization of the obtained samples will be now presented in two sections:
the first one reports the results obtained with Syloid 74FP and 244FP, while the second

one with Al-1FP, due to its peculiar otcomes.

Coground samples with Syloid 74FP and 244FP

PZQ was ground with the silica excipients at the three frenquency, withdrawing sam-
ples every 15-30 minutes, which were immediately analyzed by DSC. Generally, after
only 15 minutes grinding a dramatic reduction in PZQ enthalpy was noticed, even
when working at a low frequency such as 15 Hz, passing from about 107 J/g to 12 J/g
and 6 J/g respectively per Syloid 74FP and 244FP. When grinding at 20 Hz the amor-
phisation was reached after only 15 minutes grinding, highlighting the extraordinary
efficacy of this kind of excipients, comparing to other experiences previously reported,
where longer times or other techniques (i.e. cryogrinding) were necessary to have the
same results. As reported in Figure 6.1, the more was the frequency and milling time,

the more the amorphisation of the drug.
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Figure 6.1: Graphics representing the melting enthalpy of the sample ground
for different times, with Syloid 74-FP (top) and with Syloid 244-FP (bottom).
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In particular, the DSC trace of PZQ is characterized by the melting peak at about
142 °C, followed by an exothermic degradation with a maximum at about 185 °C
which are represented also in the physical mixture together with the dehydration
endotherm of the excipient (Figure 6.2). Interestingly, the dramatic reduction of the
melting enthalpy could not be attributed to the dilution effect of the excipient, but to
the specific interaction between the components. Also, an exothermic transition (at
about 167-170 °C) was noticed in the physical mixture and in the coground samples.
In the coground samples the melting endotherm of PZ(Q disappeared, sign of drug
amorphisation, except for the samples ground at 20 Hz with Syloid 74-FP, where a
reduction of the temperature and also of the melting enthalpy was noticed. This effect
was attributed to the reduction in drug crystallinity and the presence of nanocrystalline
phases, according to the Gibbs-Thomson effect as reported by Hasa and coworkers[107].

The exothermic event could be attributed to a degradation phenomenon, that in
the case of the raw drug seemed to be more gradual, while in the binary systems is
represented by a real peak. The reduction in the temperature range of this exotherm
could be attributed to the de-structuration of the crystal lattice and the enhanced
surface area that favoured drug degradation. These facts were confirmed by the DSC
analyses of the excipient as a raw material and after grinding, which did not show
any exothermic event. Additional thermial analyses were conducted under nitrogen
atmosphere?: in the case of the physical mixture, the exothermic event disappeared
(meaning the need of an oxidizing atmosphere for the thermodegradation), while in
the coground sample was still evidenced. The possibility of a crystallization of the
drug on Syloid surface was also analyzed, since the exothermic shape resembled this
transition, but even when heating the sample till 300 °C or performing a controlled
cooling and subsequent heating, no additional melting events were noticed. Another
hypothesis relies on the breaking of the surface/inclusion interaction between PZQ and
Syloid when heating at high temperatures. Silica excipients have been widely used as
pharmaceutical carrier, but no evidence of similar behaviour upon grinding have been
found in literature and only the system studied were based on Indomethacin[191, 192,
195, 196]. We tried for comparison a system based on Ibuprofen and no exothermic

events were found.

2DSC PerkinElmer 6 (PerkinElmer, Beaconsfield, UK, software Pyris), under nitrogen
atmosphere (20mL/min). 7-8 mg of the sample were analyzed in the temperature range of
30-210 °C at 10°C/min.
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Figure 6.2: DSC traces of the coground samples with Syloid 74FP (top) and
with Syloid 244FP (bottom).



6.1. COGRINDING PZ(Q WITH MESOPOROUS SILICA 179

The mechanochemical activation of PZQ was confirmed by the PXRD analyses:
the excipients were characterized by an halo pattern without any sign of crystallinity,
the physical mixtures evidenced the presence of PZQ in a partially broad spectrum
due to the effect of Syloid as well as the reduction in the intensity of the peaks. The
coground samples were characterized by an halo pattern with the disappearance of the
PZQ signal as the first very intense peak at 4° of 20. In the case of Syloid 74FP ground
at 20 Hz very little PZQ reflections were notice, signs of residual PZQ crystallinity
(Figure 6.3). In all the binary samples a certain shift of the characteristic PZQ peaks
was noticed, which could be related to the interaction of the two components, even
in the physical mixture (data not shown) and also to the difficulties found in sample
preparation. Contrariwise, no new solid forms were formed since no evidence of new

peaks was noticed.
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Figure 6.3: PXRD patterns of the coground samples with Syloid 74FP (top)
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In the FT-IR spectra of Syloid (Figure 6.4) the main bands identified were the
asymmetric stretching of the Si-O-Si bonds at 1100 cm™*, the bending of the sylanol
group and the OH band at 3450 cm ™', while the characteristic FT-IR bands of PZQ

has been already described (section 4.1). In the physical mixture the most relevant

region, the one of the carbonyl group, is superimposable with the raw drug, while in

the case of the coground samples the two characteristic peaks of PZQ are replaced by

a broad band, as it was also noticed in the amorphous solid dispersion with PVP and
CROSPVP (section 4.1).
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Figure 6.4: FT-IR spectrum of the sample coground with Syloid 244-FP, zoom

- \m

0,4
0,2

08
04

02

08
07
06
05
04

PZQ-244 20 Hz 15 min
PZQ-244 25 Hz 15 min

PM PZQ-244

PZQ

~\ A
v

N

4000

3800 3600

— syloid 244FP

3400

detail in the box.

3200 3000 2800

Wavenum|

2600

2400

2200 2000

Wavenumbers [1/em]

1800

aam,

[V

N\ vw AN ,"
{ v /. ]
J /
v \
\
s Y ey
£ WM™ V
Wi

[ LW

[ \J
{ | 2l

J
v

1600 1400 1200 1000 800 600 400



182 CHAPTER 6. OTHER STRATEGIES

Coground samples with Syloid Al1-FP

The second part of the results and discussion is focused on the peculiar results of the
PZQ:Syloid All-FP system. First of all, to achieve a certain grade of amorphisation
longer times were necessary, comparing to the other silica grade. Moreover, when
grinding for 90 minutes at 25 Hz or 180 minutes at 20 Hz an weak endothermic event
was found at about 100 °C, not attributable to raw PZQ melting (Figure 6.5). This
fact was particularly interesting since it has been reported that by selecting the silica
excipient with an appropriate pore dimension, it is possible to control the polymorphic
outcome[197]. In this case the melting point suggested the selective crystallization of
part of the sample to PZQ Form C (previously described (paragraph 4.3)), while the

other part remained in the amorphous state.

—p2Q

—Syloid Al-1FP

—PZQ:Al-1FP 1:1 w/w
20 Hz 180 min

Heat flow (MW)

Pzq:Al-1FP 1:1 w/w
25 Hz 90 min U

—Physical mixture

30 45 60 75 90 105 120 135 150 165 180 195 210

Temperature (°C)

Figure 6.5: DSC traces of the coground samples with Al-1FP.

To confirm this hypothesis, PXRD and FT-IR analyses were conducted. In the
physical mixture the characteristic reflections of PZQ were identified, even if with a
reduced intensity and little shift in the 26 position, while in the coground samples the
PXRD peaks, surrounded by a conspicuous background noise, were more likely to be
the ones of Form C, but certainly there were no resemblance of raw PZQ, as shown in
Figure 6.6.
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The FT-IR analysis confirmed the presence of a polymorphic form, due to the
correspondence of the peaks in the carbonyl region, differently from raw PZQ, as
reported in Figure 6.7. Nevertheless, this analysis could not discriminate between
Form B and Form C due to their identical FT-IT spectra (section 4.3).
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Figure 6.7: Detail of the FT-IR spectra of the coground samples with All-FP,
the polymorphic forms and raw PZQ.

The surface confinement of the silica excipient was considered the main reason for
the crystallization of the polymorphic form, and also, the very little pore volume in Sy-
loid All- FP could favour the crystallization of structures with a smaller volume than
raw PZQ, as in the case of both the polymorphic forms. The selective crystallization
in Form C without any evidence of the presence also of form B was not surprisingly,
since among all the experiments conducted on PZQ, the coexistence of both the two
polymorphic form was never found. The samples were subjected to DSC analysis after
two months, evidencing the slow crystallization of raw PZQ, as similarly observed for

Form C physical stability (section 4.3).

In general two consideration regarding sample preparation arised from this screenig;:
when the jar loading was 9.4 % (2.25 mL of powder) the results were more repeat-
able and also the products were more activated and easier to be removed from the
jars. Morever, by using a frequency of 15 Hz the worst performances were achieved,
suggesting the use of 20/25 Hz for further characterization.

So, the three different binary coground systems were analyzed by HPLC-UV
to determine the drug content and analyze possible degradation derived from the
mechanochemical process or from the interaction with the excipients. The samples
analyzed were ground with each silica grade for 60 minutes at 25 Hz obtaining PZQ
recovery values of 95.68% (Al-1FP), 95.25 % (74FP) and 98.48% (244FP), in which,
besides PZQ Pharmacopoeia related compound[32], the amount of other impurities
was less than 0.14%. This analysis confirmed once more that mesoporous silica is a

promising excipient.
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6.1.4 Conclusions-1

PZQ has been previously combined with various excipients, from povidone and deriva-
tives to different types of cyclodextrins and many others, but none of them was as
effective as the mesoporous silica, as demonstrated in this first screening. The grind-
ing experiments led to very interesting products, with highly grade or even complete
amorphisation after only 15 minutes of process when using Syloid 74FP and 244FP
in a 1:1 weight ratio with PZQ. In the case of the coground samples with Al-1FP the
presence of PZQ Form C was noticed, but after only two months the original form
of PZQ started to crystallize. Nevertheless the activation of the drug was remarkable
in every case and for this reason a more deeply investigation will be now presented
for the system composed of Syloid 244FP, comprehending the study of different pro-

cess/formulation variables and stbaility and efficacy tests.
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6.1.5 Results and Discussion-2

After the preliminary screening on the effect of cogrinding PZQ with different meso-
porous silica grades, further investigations were performed on the system composed of
Syloid 244-FP. The application of mechanochemistry on systems based on PZ(Q and
Syloid 244-FP have previously demonstrated to be very effective in amorphisizing the
drug when in a 1:1 weight ratio with short process time (15 min). The aim of this part
was to evaluate the effect of PZQ:Syloid ratio on drug amorphisation and physical
stability.

The materials and the method analysis for this section were the same as the pre-
viously reported ones (paragraph 6.1) not reported here for the sake of brevity. Dif-
ferently, in this case, the trials were planned with an experimental design using Nem-
rodw[90]: the weight ratio between PZQ and Syloid (1:1, 1:0.75, 1:0.50, 1:0.25) and
the time of milling (15 or 30 minutes) were selected as the variables for a factorial
experimental design which was conducted in a randomized order to reduce the sys-
tematic order. The list of the experiments is reported in Table 6.2. The total amount

of powder in each experiments was 1.012 g and all the trials were conducted in double.

Table 6.2: Details of the experimental design used.

Experiment PZQ:Syloid Milling time

1 1:0.25 15
2 1:0.25 30
3 1:0.50 15
4 1:0.50 30
5 1:0.75 15
6 1:0.75 30
7 1:1 15
8 1:1 30

The general trend observed was that the more was the excipient, the more was the
amorphisation of the drug as reported in Figure 6.8, while in the physical mixtures
the melting peak of PZQ was still visible, even though with a reduced endotherm
(Figure 6.9). Also, the efficiency of the mesoporous silica in amorphisazing the drug
was dramatically evident even after 15 minutes, and no significant advantages were
derived from prolonged grinding.

The DSC traces were totally similar to the previously reported ones, with the same
exothermic band evidenced both in the physical mixtures and in the coground samples
at about 160-185 °C.
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The dramating change of PZQ when in the Syloid matrix was confirmed by the
SEM analysis: in fact, while in the physical mixture the needles of PZQ and the irreg-
ular agglomerates of silica maintained their integrity (Figure 6.11, a), in the coground
samples, both for 15 and 30 min, the silica particles are covered by very small whiskers,

evidencing the closed interaction between the components (Figure 6.11).
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Figure 6.10: PXRD patterns of the coground samples. The pattern name refers
to Table 6.2.

The PXRD pattern collected for all the samples are reported in Figure 6.10: when
PZQ was in a 1:1 weight ratio with the excipient, a lack of reflections was evidenced,
confirming the DSC results concerning drug amorphisation. When decreasing the Sy-
loid content in the samples, the PXRD pattern presented a general halo resemblance,
where very weak reflections were noticed, corresponding to PZ(Q polymorphic phases.
This hypothesis was confirmed also by DSC analyses were very weak endotherms were
found either around 94 or 110 °C, attributed to the activation of the drug and forma-
tion of nanocrystalline polymorphic phases, as reported in literature[107]. Neverthe-
less, the amorphisation of the drug was incredibly impressing considering the very low
milling time and the possibility of lowering the Syloid:PZQ wt ratio. Worth of notice
is the first part of each pattern starting at high intesity due to the effect of the syloid

reflections at lower angles, as reported in literature[198].
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Figure 6.11: SEM images of a) PM PZQ:Syloid (1:1), b) Coground sample for
15 min, ¢) Coground sample for 30 min, d) Syloid ground for 30 min, e) Syloid
ground for 15 min, f) Syloid raw.
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The FT-IR analyses was a further confirmation of the previous assumptions (Fig-
ure 6.12): an overall amorphisation of the samples was observed in each trial with a
broad signal in the PZQ carbonyl region. In some cases the presence of a polymorphic
form was noticed by very hardly visible signals of either Form B/C, but as for the
previous section, the discrimination between the polymorphs could be only hypothe-
sized from the PXRD/DSC analysis, since the FT-IR spectra of Form B and C are
identical. Differently, the PM spectra were the superimposition of PZQ and syloid
bands (Figure 6.13).
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Figure 6.12: FT-IR spectra of the PZQ:syloid samples, from up to down: 1:0.250
15 min, 1:0.250 30 min, 1:0.500 15 min, 1:0.500 30 min,1:0.750 15 min, 1:0.750
30 min,1:1 15 min, 1:1 30 min.

Since the mechanochemical activation of PZQ with syloid was highly efficient,
one fundamental aspect should be assessed: the possible degradation of the API, as
it was observed for coground samples with polymers (chapter 2 and also by other
authors[192]. The content of PZQ of the most amorphisized samples, 7 and 8, corre-
sponding to the 1:1 PZQ:Syloid ratio ground for 15 and 30 minutes respectively was
assessed by HPLC. In both cases drug recovery was highly acceptable, with a value of
96.12% in the case of sample 7, and 96.08% for sample 8.

The next step comprehended the evaluation of drug release. In fact, it is well known
that the drug release from a silica matrix can sometimes be not complete, due to the
different interactions activing between the components, the pore diameter and many
other reason. All of these effect are reported related to other drug loading technology,
rather than from the mechanochemical activation[184]. For this reason drug dissolu-

tion tests were performed on selected samples (Figure 6.14), resulting in a dramatic
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Figure 6.13: FT-IR spectra of the physical mixtures compared to the raw drug.

increase of drug dissolution, almost triplicate after 10 minutes in the case of sample

8, achieving the 90% of release after only 20 minutes comparing to raw PZQ (36%).

Similar observation could be done for sample 7, and, interestingly, even in the case

of the physical mixture, drug release was double than raw PZQ after 20 minutes and

reached a maximum value of 91% after 60 minutes, compared to the 54% of PZQ.

Therefore, the PZQ:syloid activated samples demonstrated an optimal capability of

drug release, even in the simple physical mixture or very short grinding (15 min).
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Figure 6.14: Drug release over time of sample 7 and 8.
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The samples were analyzed in the physical stability over time for up to 5 months, by
means of DSC measurements: as reported from Figure 6.15 to Figure 6.22, the sample
were stable for all the time, with no signs of any crystallization/physical variation
in any trial, suggesting a great stabilizing properties of this silica excipient. Also,
in the sample with a 1:1 wt ratio the traces were completely superimposable and
the corresponding figures report only the data of fresh samples and after 5 months
storage. Another characteristic that was noticed for all the sample was the shift of the
exothermic event at lower temperature range, possibily correlated to a weakening of

the interaction between the components.
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Figure 6.15: DSC traces of sample 1 (PZQ:Syloid 244FP 1:0.25, ground for 15
min) fresh and after 1, 2, 3, 4, and 5 months.
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Figure 6.16: DSC traces of sample 2 (PZQ:Syloid 244FP 1:0.25, ground for 30
min) fresh and after 1, 2, 3, 4, and 5 months.



194 CHAPTER 6. OTHER STRATEGIES

2,5

15

[y

Heat flow (MW)

0,5

-0,5

30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

Temperature (°C)

Figure 6.17: DSC traces of sample 3 (PZQ:Syloid 244FP 1:0.50, ground for 15
min) fresh and after 1, 2, 3, 4, and 5 months.
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Figure 6.18: DSC traces of sample 4 (PZQ:Syloid 244FP 1:0.50, ground for 30
min) fresh and after 1, 2, 3, 4, and 5 months.
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Figure 6.19: DSC traces of sample 5 (PZQ:Syloid 244FP 1:0.75, ground for 15
min) fresh and after 1, 2, 3, 4, and 5 months.
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Figure 6.20: DSC traces of sample 6 (PZQ:Syloid 244FP 1:0.75, ground for 15
min) fresh and after 1, 2, 3, 4, and 5 months.
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Figure 6.21: DSC traces of sample 7 (PZQ:Syloid 244FP 1:1, ground for 15 min)
fresh and after 5 months. For the sake of brevity, only 2 analyses are reported.
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Figure 6.22: DSC traces of sample 8 (PZQ:Syloid 244FP 1:1, ground for 15 min)
fresh and after 5 months. For the sake of brevity, only 2 analyses are reported.
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Considering the high physical stability of the samples, the almost complete amor-
phisation and the high drug release, one can wonder if PZ(Q still maintained its efficacy:
for this reason in wvitro test were performed against S. mansoni at the Swiss Public
and Tropical Health Institute of Basel. The samples analyzed were the one ground for
30 minutes containing PZQ:Syloid in 1:1 wt ratio and the correposnding physical mix-
ture, which were compared to raw PZQ; also, the pure excipient was kept as a control.
Table 6.3 reports the activity results: the coground sample maintained the activity as
shown by comparable IC5, values with raw PZQ (0.134 VS 0.165 pug/ml), confirming a
appropriate drug release from the formulation. For comparison, the physical mixture
had an ICyq of 0.088 ICs.

Table 6.3: In vitro activity against S. mansoni.

Sample ICx,
PZQ 0.165 uM
PZQ:Syloid 0.42779 pM

PM PZQ:Syloid 0.28421 puM

One last point addressed the chemical stability: the HPLC analyses after 10 months
form preparation attested a decrease on drug recovery, which was of 84.45% for sample
7 and 84.42% for sample 8. Nevertheless, these results were in accordance with the
descrease of the melting enthalpy in the DSC analyses previously reported during time

and to the tendency of drug degradation in API:silica systems found in literature[192].
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6.1.6 Conclusions-2

Syloid 244-FP demonstrated to be a very interesting excipient for the PZQ-based sys-
tem, both with high or low drug-to-polymer weight ratio. In fact, the samples in
the 1:1 ratio were completely amorphous after only 15 minutes grinding, thanks to
the extraordinary efficacy of silica, and even when using lower ratios drug amorphisa-
tion was considerable. Also, the samples were physically stable for at leas 5 months,
as demonstrated by DSC analyses, proving the high stability capacity of the silica
grade considered, that did not hinder drug activity, as reported for the in wvitro anal-
yses against S. mansoni, which remained comparable to raw PZQ. Worth of notice
is the incredible dramatic increase in drug dissolution, which was even triplicate in
the samples ground for 30 min after only 20 minutes. The coground samples reached
the 90% of drug release, compared to the only 54% of the raw drug. Interestingly,
even the simple physical mixture showed a double increased in drug release. This
chapter proved the possibility of designing new PZQ formulations with mesoporous
silica materials, with very short processes (as the grinding for 15 minutes), high drug
amorphisation, still maintaining the antischistosomal activity. The future work will
investigated the inner interaction between the component and the study of the kind

of incorporation/dispersion/absorption of the drug on silica particles.
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6.2 Cogrinding PZQ with selected sweeteners

6.2.1 Introduction

Having a look to the pharmaceutical compounds on the market, a large part of them is
characterized by poor organoletic properties, which make them very unpleasant if not
hidden with different taste masking agents or pharmaceutical technologies. It is well
known that PZQ has a very bitter and disgusting taste, which makes its administration
even more complicated than the large dose, since it can led to vomiting or gagging if
chewed, especially in children, the main involved patients. Moreover, Meyer and col-
laborators reported an investigation on PZQ taste, revealing a less bitter taste in the
active enantiomer (R-PZQ) respect to the racemic form[48], which is not surprinsing
since the majority of the taste experiences are conditioned by the sterochemistry of
the system involved[199]. Different taste-masking technologies has been tried on PZQ,
from the simple addition of aromas or sugars, which was completely ineffective ([48]),
up to more expensive and innovative technologies as microencapsulation or drug ac-
tive coating in which PZQ was taken as a bitter model API (patents deposited|200,
201]). Among all the possible techniques in drug taste masking, the formation of
solid dispersions can represent a possible valid option, as it was reported for dimen-
hydrinate with with polyvinyl acetate phthalate[202] or artemether with mono amino
glycyrrhyzinate pentahydrate[203]. Also, the possibility of creating cocrystals between
API and a sweetening agent was reported for hydrochlorothiazide with sucralose by
solubilization and subsequent crystallization, which allowed the formation of fast dis-
integrating tablets [204]. Another example was reported by Wang and collaborators
who reported the formation of a theophylline:acesulfame cocrystal with enhanced sol-
ubility compared to the raw drug[205]. Nevertheless, no literature data were found
on the mechanochemical processing of API with sweetening agents to create advanta-
geous solid dispersions, which is the aim of this chapter. In fact, as reported for the
sugar-based confections, the sweeteners can be subjected to phase transitions upon
processing and also during storage[206]. This means that even the mechanochemical
activation may favour the formation of crystalline, partially crystalline or also amor-
phous systems. This fact suggests also a possible enhancement of the system solubility,
when adequately formulated and processed and moreover, the smoothest mouthfell has
been correlated with low crystal size[207]. In this chapter, six different sweeteners were
selected to be ground with PZQ: four natural (xylitol, mannitol, maltitol and sorbitol)
and two artificial (aspartame and sucralose), characterized by a very high sweetening
power. All of them are actually used both in the pharmaceutical and food industry
as sweetening agents and also as sweetening alternative to sucrose for dietary require-
ments[208]. A synthesis of the sweetening power and of the maximum daily intake is
reported in Table 6.4.
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Table 6.4: Synthesis of the sweetening power and of the maximum daily in-
take for the selected sweeteners used in this chapter (relative to a 10% sucrose
solution)[209] and Center for Science in the Public Interest (US) for the daily

intake.
Sweetener  Sweet. Power Max intake
(sucrose=1) (daily)
Sorbitol 0.6 70g
Mannitol 0.5-0.72 10-20g
Maltitol 0.5-0.9 30-50g
Xylitol 1.0 50g
Aspartame  180-200 40mg/Kg (WHO)
Sucralose 600 5mg/Kg (FDA)
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6.2.2 Materials and Methods
Materials

Praziquantel (PZQ, (11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4-H -
(pyrazino[2,1-ajisoquinolin-4-one)) was of Ph. Eur. grade and kindly donated by
Fatro S.p.a. (Bologna, Italy). Mannitol (MAN), xylitol (XYL), maltitol (MAL),
sorbitol (SOR), sucralose (SUC) and aspartame (ASP) were a gift from Galeno srl
(Carmignano, PO,Italy). The HiPersolv Chromanorm methanol used for the HPLC
analysis was of Ph. Eur. grade and purchased from VWR Chemicals (BHD PRO-
LABO®) Milano, Italy).

Preparation of the samples Each selected sweetener was ground in a 1:1 molar
ratio with PZQ for 30 minutes at 25 Hz using a Retsch MM400 vibrational mill (Retsch,
Germany) and two zirconium oxide jars (35 mL) and two zirconium oxide balls (¢=
10 mm). After grinding the samples were collected and stored in a desiccator in the

dark at ambient temperature.

Differential Scanning Calorimetry FEach sample was analyzed using a Met-
tler DSC TA 4000 (Greifensee, Switzerland) connected to a calorimetric cell Mettler
DSC20 and using STARE software version 9.30 for data analysis. Prior to analysis the
instrument was calibrated with Indium, Zinc and Lead for the temperature and with
Indium for the enthalpy quantification; each sample, containing about 2 mg of PZQ
exactly weighted, was placed in a 40 pl aluminum pan with perforated lid and heated
from 30 to 200 °C (10 °C/min) under air atmosphere. When the analyzed sample con-
tained aspartame, the DSC was ended at 160 °C to avoid its decomposition, reported

in literature by Goguta and coworkers[210].

Powder X-ray Diffraction The sample were analyzed by powder X-ray diffrac-
tion using a Bruker AXS D5005 X-ray diffractometer with Ni-filtered Cu K(«) radia-
tion (A=1.5418 A). The preparation of the samples consisted in pressing about 20-30
mg of powder over a glass slide to have a flat surface. The data were collected in a
260 range of 3-35 degree. These analyses were performed thanks to the collaboration
with prof. V. Lughi of the Department of Engineering and Architecture, University of
Trieste, Italy.

Hot-stage Microscopy A Reichert Biovar microscope with a micro ocular MD-
300 (Webcam Companion software) was used, connected to a Perkin Elmer hot-stage

sample holder for the heating and observation.

FT-IR spectroscopy FT-IR analyses were performed using a Perkin Elmer Sys-
tem 2000 FT-IR on the raw samples, coground samples and the physical mixtures.
Each time the sample was mixed with KBr in an agate mortar and then pressed with

an hydraulic press for 2 minutes at 10 Ton to obtain homogeneous and transparent
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discs. The analysis was conducted form 400 to 4000 cm?1 with a resolution of 4 cm™!

and total scan number of 3.

Solubility and intrinsic dissolution rate The solubility of the samples was
analyzed by preparing saturated solutions of each samples in deionized water, which
were kept under agitation in the dark for 48 hours. Then, the solutions were filtered
(pore size 0.45 pm) and diluted 1:200 with the mobile phase prior injection in the
HPLC system. The HPLC used was an Agilent HPLC-UV 1260 Infinity IT with a
EC-C18 Poroshell 120 A column of 4 pm and dimensions of 4.6 x 10 mm. The mobile
phase was composed of 65% methanol and 35% of deionized water (MilliQ filtered) and
the flux used was of 0.750 mL/min. The instrument was set at 25 °C and with a fixed
wavelength of 220 nm for recording the absorbances. The external standardization
method was used for the quantification of the integrated peaks. The PZQ retention
peak was found at 7.7 minutes in a total run time of 10 minutes and the calibration
curve obtained in the range of 0.5-10 mg/L had r?=0.9988. Each analysis was con-
ducted in triplicate and the average was reported. For the intrinsic dissolution rate
determinations, about 150 mg of the samples were inserted in the sample holder and
pressed using an hydraulic press (PerkinElmer, Norwalk, USA) for 1 min at 1 ton. The
sample surface area obtained was of 0.785 cm? and the entire sample holder with the
compressed powder was immersed in a vessel containing 1 L of distilled water kept at
37 °C. The system used was a Hanson Research SR8 Plus dissolution test station and
the paddle were positioned at 3.5 cm from the tablet surface, with a rotation speed of
100 rpm. About 2 ml of the dissolution medium were withdrawn every ten minutes
till 60 min and immediately replaced with an equal amount of thermo-stated distilled
water. The aliquots were then diluted 1:20 with the mobile phase and analyzed by
HPLC using the same above mentioned method. The analyses were performed in trip-
licate and for each point the mean, with SD (%) and RSD (%) were calculated. The
amount of the dissolved drug per unit area over time was indicated by the slope of the

curves, obtained through a linear regression method.

Physical stability The samples were subjected to DSC and PXRD analysis after
one year storage to check the physical stability.

6.2.3 Results and Discussion

The grinding of PZQ with the selected sweeteners was very successful since after only
30 minutes of process at 25 Hz different solid dispersion were formed: as reported
from Figure 6.23 to Figure 6.27, the PXRD spectra of the coground samples were
quite broad: the intensity of the characteristic reflections of the sweeteners were very
reduced, comparing to the raw high crystalline nature, while the PZQ peaks were
missing. This fact was not due to a dilution effect since in the PXRD patterns of the
physical mixtures both the drug and the sweeteners reflections were well visible. An

exception of this trend was found in the coground samples with xylitol, which will
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be described separately. In the physical mixtures, the reflections were found slightly

shifted to lower 20 angles, due to the difficulties in sample preparation.
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Figure 6.23: PXRD patterns of the PZQ:aspartame system, from the top:
coground sample, physical mixture (due to the unavailability of the instrument,
performed in collaboration with Dr. M. Lusi of the University of Limerick
(UK)), aspartame and raw PZQ.
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Figure 6.24: PXRD patterns of the PZQ:maltitol system, from the top:
coground sample, physical mixture, maltitol and raw PZQ.
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Figure 6.25: PXRD patterns of the PZQ:mannitol system, from the top:
coground sample, physical mixture, mannitol and raw PZQ.
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Figure 6.26: PXRD patterns of the PZQ:sorbitol system, from the top: coground
sample, physical mixture, sorbitol and raw PZQ.
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Figure 6.27: PXRD patterns of the PZQ:sucralose system, from the top:
coground sample, physical mixture ( due to the non-availability of the instru-

ment, performed in collaboration with Dr. M. Lusi of the University of Limerick
(UK), sucralose and raw PZQ.
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The DSC traces confirmed the same observations: in the physical mixtures the
melting peaks of the sweeteners and of PZQ were found in the same raw temperature
range, but with a reduced enthalpy, while in the coground samples, PZQ was almost
amorphous and the sweetener events even smaller. For the sake of brevity, only but

one comparison of the DSC traces is reported in Figure 6.28 for the PZQ:SOR system.
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Figure 6.28: DSC traces of the PZQ:Sorbitol system: coground (a), physical
mixture (b), sorbitol (c) and raw PZQ (d).

In the FT-IR analyses of the cogrounds samples (on example in Figure 6.29),
the stretching vibration of PZQ carbonyl group, typically represented by two nearly
overlapped peaks at about 1600 cm ™" in raw PZQ, was replaced by one large peak,
similarly to other solid dispersion previously described in the coground samples with

the polymers, pointing out once again the amorphous phase of PZQ in these coground
samples.
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Figure 6.29: FT-IR spectra of PZQ:SOR (green), sorbitol (blue) and raw PZQ
(orange).
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Differently, in the PXRD spectrum of the coground sample made of PZQ and
xylitol (reported in Figure 6.30), the reflections found were identified as the one of
Form B, together with the ones of the sweetener, but no evidence of the presence of
raw PZQ was found. In the thermal analysis (Figure 6.31) PZQ was found at about 106
°C and 123 °C, with very small endotherms, that can be identified respectively as PZQ
polymorphic and raw form. The very small peak of Form B can be explained on one
hand in part by the partial drug amorphisation (also confirmed by the slightly broad
PXRD pattern), and from the other hand by to the close xylitol peak (at around
94 °C), which favors lowering of PZQ melting point. The peak of the raw drug at
123.42 °C can be referred to a partial recrystallization during the DSC process, or to a
reduction of the PZQ crystal size (also compatible with the PXRD pattern recorded).
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Figure 6.30: PXRD patterns of the PZQ:xylitol system: coground sample, phys-
ical mixture, xylitol and raw PZQ.
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Figure 6.31: DSC traces of the PZQ:Xylitol system: coground sample, physical
mixture, xylitol and raw PZQ.
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Also, the FT-IR spectra of the ground PZQ:xylitol sample presented the same
vibration peaks as the polymorphic form, confirming once again its identity by the
superimposable shape and position of the asymmetric stretching of the PZQ carbonyl

groups around 1650 cm™! and at 750 cm ™!, shown in Figure 6.32.
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Figure 6.32: DSC traces of the PZQ:Xylitol system: coground sample (green),
xylitol (blue) and raw PZQ (orange).

A possible explanation of the different oucomes obtained with XYL comparing to
the other sweeteners can be found in the differences in the Tg of the sweeteners used,
reported in Table 6.5, in fact, it is well known that molecular transformation are highly
dependent on the working temperature, being dramatically reduced when staying well
below the Tg of the system[14]. Xylitol has a Tg of -29 °C, while for PZQ is at about
37 °C (as analyzed in section 3.1), therefore we could expect a intermediate Tg for
the coamorphous phase of the system, since a part of the sweetener still remained
crystalline, as evident in the PXRD spectrum. It was not possible to calculate a
precise Tg value with the Gordon-Taylor equation[211] since we had no indication
of the mixture composition. As reported in a previous chapter (section 3.1), when
grinding at 25 Hz for 30 minutes the temperature reached is in the range of 38-40
°C, certainly above the Tg of the coground system, thus promoting the polymorphic
switch of PZQ, which has been previously amorphisized during grinding.

Table 6.5: Tg values of the natural sweeteners used in this chapter (asssuming
all anhydrous)[212-214].

Sweetener Tg (°C)

Sorbitol -9
Xylitol -29
Maltitol 39

Mannitol 12.6
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After having characterized all the grinding outcomes, the coground samples were
tested for their water solubility at 25 °C: as reported in Figure 6.33 all the tested
sample had an enhanced solubility comparing to the raw drug of at least 2 folds. Also,
the intrinsic dissolution rate was calculated for the following system: PZQ:ASP and
PZQ:SUC for the enhanced solubility and high sweetening power[209], PZQ:XYL for
the peculiar characteristic (i.e. presence of Form B). All the systems presented an in-
trinsic dissolution rate of about 2.6 times the one of raw PZQ), as shown in Figure 6.33.
This fact could be attributed not only to the hydrotropism of the sweetener, but also
to a change in the solid state. Moreover the presence of Form B in PZQ:XYL was also

confirmed by the superimposable intrinsic dissolution rates(Figure 6.34).
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Figure 6.33: On the top, the solubility of the coground samples with the selected
sweeteners and of raw PZQ. On the bottom: the intrinsic dissolution rate of
selected systems compared to the raw drug.
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Figure 6.34: Comparison between the intrinsic dissolution rate of Form B and
the coground sample composed of PZQ:XYL.
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6.2.4 Conclusions

The grinding of PZQ with the selected sweeteners led to several very interesting prod-
ucts, with prevalent amorphous character, enhanced solubility and IDR comparing to
the raw drug. All these promising characteristics put in light the possibility of ame-
liorate PZQ dosage forms, very likely to have a better taste and biopharmaceutical
properties compared to the actual administered form. The following step will be rep-
resented by the taste evaluation of the coground samples, followed by the in vivo and
in vitro evaluation of the maintainance of the antihelmintic activity. Worth of notice
the peculiarity of the sample coground with xylitol, where the crystallization of Form
B was seen and confirmed at the solid-state and biopharmaceutical characterization.
This last observation combines not only the production of Form B in only 30 minutes
grinding (compared to the 4 hours necessary by neat grinding), but also opens the
doors for a very promising formulation based on an advantageous polymorphic form

and a well known and effective sweetener.
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6.3 Cogrinding PZQ with sucrose esters

6.3.1 Introduction

The sucrose esters (SEs) are a group of non-ionic surfactant, not toxic, biocompat-
ible and highly biodegradable largely used in various field, from the pharmaceutical
to the food industry, as well as in cosmetic preparations. In fact, they can act as
solubilizing agents, lubricants, emulsifiers, pore forming agents and many other appli-
cations, depending on the esterification degree of the sucrose molecule or the nature
of the esterified fatty acid. The most used SEs are derived from the lauric, myristic,
palmitic, stearic, oleic, behenic and erucic acids and in Table 6.6 an indication of the

pharmaceutical application depending on the HLB value is reported|215].

Table 6.6: Indication of the pharamceutical application of SEs depending on
HLB values[215].

Application HLB value
Emulsification Low to high
Solubilization High
Dissolution improvement High
Controlled /sustained release high

Absorption/penetration enhancement High (especially with
C12-14 fatty acids)
Lubrification Low to medium

Disintegrant High

SEs has been applied reported in many pharmaceutical reports: for drug stabi-
lization, as in the case of amorphous cefditoren pivoxil in acqueous solution[216], mi-
croencapsulation of proteins|[217], vescicle formation[218], transdermal delivery [219]
and enhancement/modification of drug release and dissolution. In particular for this
last application lots of works can be found in literature, involving different drugs, SEs
and production techniques as it is extensively reported in the minireview by Szuts and
coworkers[215]. For example the same group reported a study on the effect of meloxi-
cam and diclofenac sodium on three SEs with different polarities, preparing binary
samples via melt process and analyzing the changes in the structures and in drug re-
lease depending on the solid-state interaction[220]. Or, SEs have been used to tailor the
rate of drug release in the case of etodolac[221], or to create ibuprofen microparticles
in which the presence of the emulsifier was fundamental for microsphere formation and
by increasing its concentration the particle size was decreased, favouring the increase
of drug release properties|[222]. Also, some examples on the use of SEs by grinding
were reported: Otsuka and coworkers studied the effect of grinding phenytoin with

different surfactants[223| and the physicochemical properties of coground and comelt
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products made of glybuzole and various surfactants, obtaining and improvement in
drug dissolution|[223]. In this chapter two different applications of SEs to PZQ will
be presented: the first includes the investigation of possible changes in the formation
of PZQ hemihydrate by using SEs solutions during LAG, while the second will be
focused on the results obtained by Neat-Neat grinding (i.e. milling PZQ by itself and
subsequentely with the addition of SEs).

6.3.2 Materials and Methods
Materials

Praziquantel (PZQ, (11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4-H -
(pyrazino[2,1-ajisoquinolin-4-one)) was of Ph. Eur. grade and kindly donated by Fatro
S.p.a. (Bologna, Italy). Four different sugar esters were used: Sucroester 15 (P1570),
Surfhope SE cosme (C1816), Surfhope SE cosme (C1811), Surfhope SE cosme (C1807),
all from Mitsubishi, Chemical Foods Corporation (Tokyo, Japan) and Ethanol >99.8%
(Honeywell, Riedel-de-Haén - Germany).

Table 6.7 reports the main characteristics of the SEs used. The indication for the
maximum potency refers to the FDA Inactive Ingredients Database for the maximum

amount of inactive ingredient for each route/dosage form.

Methods

Preparation of the samples During the first part of study, each sucrose ester
was solubilized in water (0.05% w/w) by heating at 75 °C under stirring (200 rpm) and
cooled at room temperature. It is worth notice that the concentration selected was due
to the impossibility to achieve clear solutions for all the SEs in higher concentrations.
The conditions for the formation of PZQ hemihydrate were then reproduced: about
428 mg of PZQ were ground for 30 minutes at 25 Hz, then the SEs solution was added
(24.6 pl) and the milling process was continued for other 60 minutes at 25 Hz. For
the second part, PZQ was ground by itself for 30 minutes at 25 Hz and then the SEs
were added in a 1:1 weight ratio in the solid state, for the subsequent milling for other
60 minutes at the same frequency. For all the analyses stainless steel jars (12 ml) and
balls (2x7mm of diameter) were used. Physical mixtures of each SEs with PZQ were
prepared by manually grinding in an agate mortar for 3 minutes in a 1:1 wt ratio.
After preparation, all the samples were stored in a desiccator in the dark at room

temperature.

Differential Scanning Calorimetry Each sample was analyzed using a Met-
tler DSC TA 4000 (Greifensee, Switzerland) connected to a calorimetric cell Mettler
DSC20 and using STARE software version 9.30 for data analysis. Prior to analysis
the instrument was calibrated with Indium, Zinc and Lead for the temperature and
with Indium for the enthalpy quantification; each sample, containing about 2 mg of
PZQ exactly weighted, was placed in a 40 ym aluminum pan with perforated lid and
heated from 30 to 160 °C (10 °C/min) under air atmosphere.
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Table 6.7: Main haracteristics of the SEs used.

SEs Details
C1807 Fatty acid stearic acid
Content in monoesters 40%
HLB 7
Melting temperature 60 °C
Degradation temperature 233 °C
Maximum potency[215] 31-44 mg
C1811 Fatty acid stearic acid
Content in monoesters 60%
HLB 11
Melting temperature 55 °C
Degradation temperature 234 °C
Maximum potency|[215] 31-44 mg
C1816 Fatty acid stearic acid
Content in monoesters 5%
HLB 16
Melting temperature 56 °C
Degradation temperature 237 °C
Maximum potency[215] 31-44 mg
P1570 Fatty acid palmitic acid
Content in monoesters 70%
Melting temperature NA
Degradation temperature NA
Maximum potency[215] 1%
HLB 15

Powder X-ray Diffraction The sample were analyzed by powder X-ray diffrac-
tion using a Bruker AXS D5005 X-ray diffractometer with Ni-filtered Cu Ka radiation
(wavelength 1.5418 A). The preparation of the samples consisted in pressing about
20-30 mg of powder over a glass slide to have a flat surface. The data were collected in
a 20 range of 3-40 degree. These analyses were performed thanks to the collaboration
with prof. V. Lughi of the Department of Engineering and Architecture, University of
Trieste, Italy.

FT-IR spectroscopy FT-IR analyses were performed using a Perkin Elmer Sys-
tem 2000 FT-IR; the samples were mixed with KBr in an agate mortar (RATIO) and

then pressed with an hydraulic press for 2 minutes at 10 Ton to obtain homogeneous
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and transparent discs. The analysis was conducted form 400 to 4000 cm™! with a

resolution of 4 ecm™! and total scan number of 3.

Scanning Electron Microscopy Selected samples were observed using a scan-
ning electron microscope (Quanta250 SEM, FEI, Oregon, USA) operating in secondary
electron detection mode, after beign sputtered with gold (Sputter Coater K550X,
Emitech, Quorum Technologies Ltd, UK) in two subsequent steps of 30 sec. The
working distance was adjusted in order to obtain the suitable magnification, the ac-

celerating voltage was 30kV.

Efficacy in in vitro The in vitro tests were performed at the Swiss Tropical and
Public Health Insitute (Basel, Switzerland, prof. Jennifer Keiser). The samples were
tested in their efficacy by preparing different concentrations, ranging from 0.021 to
0.33 pg/L in which adult Schistosomes were incubated for up to 72 hours. By using
an inverse microscope (Carl Zeiss, Germany, magnification 80x) all the alterations of
morphology, motility and viability were observed and the ICs, value was calculated

with CompuSyn software.

Drug recovery The content of PZQ was assayed by means of a reverse-phase
HPLC.UV by adapting a method already reported in literature[91]; the system had
two delivery pumps (LC-10 ADVP, Shimadzu, Japan), an autosampler (SIL-20A, Shi-
madzu, Japan) a UV-vis detector (SPD-10Avp, Shimadzu, Japan) and the data were
acquired at a fixed wavelength of 220nm using an interface (SCL-10Avp, Shimadzu,
Japan) and analyzed with Ez-Star software; the column used was a Kinetex 5 um ¢18
(150 x 4.60mmm, Phenomenex, Bologna). The mobile phase used was a mixture of
Methanol:water (65:35 v/v), purged at 1 ml/min. PZQ retention time was 5.5 min
while the total run time for each sample was set at 12 min. Prior to analysis, a lin-
ear calibration curve with r2=0.99996 was obtained for PZQ under these conditions
using different concentrations of the drug from 0.3 to 10 mg/mL. Each day, a stan-
dard solution (with a concentration of 2.5 mg/L) was prepared by dissolving about
10 mg of PZQ accurately weighted in Methanol of HPLC grade (20 mL) and diluting
the solution 1:200 with the mobile phase. Moreover, two additional calibration curve
were obtained respectively for the relative impurity indicated in the Eur. Ph. (Ed.
8.0)[32], impurity A (r?=0.9993) and impurity B (r?=0.9994), which were identified
at the retention time of 3.45 min and 11.2 min. The reference solution did not report

any of these impurities.

6.3.3 Results and Discussion

Following the method used for the preparation of PZQ hemihydrate (section 5.1),
the SE solutions at 0.05% were added after 30 minutes of neat grinding of PZQ (25
Hz) and the milling process was continue for other 60 minutes at the same frequency.
This was to evaluate the possible changes in the crystallinity and morphology of the

samples, as it was reported by Hayama and collaborators[224]. The DSC traces were
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similar to the one of PZQ hemihydrate, but with a more intense peak at about 75 °C
and thinner signal of PZQ polymorph at about 112-113 °C, while the endotherm of
raw PZQ was shifted a few degree higher, as shown in Figure 6.35.
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Figure 6.35: Example of the DSC traces of the PZQ hemihydrate (blue) and
the results obtained when using the C1811 solution(orange).

Nevertheless, the low melting point of the excipients used could create bias in
the endothermic curves at the DSC analysis, which was therefore discarded for this
reason and replace by other solid-state characterization not requiring any heating of
the sample. To assess the identity of the solid forms created, PXRD analysis was
conducted: as reported in Figure 6.36, all the samples obtained with the SEs solutions
evidenced the same characteristic peaks of the hemihydrated form previously reported
( 5.1.3), without any presences of the raw drug or other solid forms. Interestingly, the
obtained hemihydrated forms exhibited a higher crystallinity, visible as the higher peak
intensity in the PXRD analyses, respect to the previously reported form (Figure 6.37).
This was in agreement with the higher melting enthalpy noticed in the DSC analysis
previously shown (Figure 6.35).
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Figure 6.36: PXRD patterns of the products obtained using the SEs solutions
compared to PZQ hemihydrate (green).
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Figure 6.37: PXRD patterns of racemic PZQ hemihydrate (red) with the one
obtained by LAG with a P1570 water solution.
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Similarly, the FT-IR analyses of the 4 new hemihydrates were superimposable with
the PZQ hemihydrate, one example is reported in Figure 6.38.
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Figure 6.38: Example of the FT-IR spectra obtained when preparing PZQ hemi-
hydrate using the surfactants solution. The pattern reported is for C1816.

The SEM analyses of the hemihydrates obtained with the surfactant solutions
displayed a total change of the crystal habitus, comparing to RacH-PZQ (chapter
5.1): in fact, in place of the aggregates of large plate particles, very thin whiskers were
found, which were similar between the 4 different samples, as reported in Figure 6.39.
Thus, the presence of the surfactants in the acqueous solutions used for LAG led to
the same PZQ hemihydrated form (equal to RacH-PZQ) as it was also reported for
clathrate hydrate[225], but with a more pronunciated crystallinity and a complete
new habitus. This behaviour could be attributed to the presence of the surfactant at
the interface solid/liquid, where the nucleation of the hemihydrate is likely to begin,
influencing the dimension and shape of the new crystallizing form. Similar observations
were reported for the different morphologies of Clathrate Hydrate depending on water
composition[226]. The reduction of the crystal dimensions could be related to the
enhanced PZQ dispersion in water due to the presence of the surfactants, which avoided
the formation of close nucleation centers and therefore big agglomerates.

Finally, it is worth noticed that these dramaticchanges were obtained using a very
low sucrose ester concentration (0.05 %) and by grinding for only 60 minutes in the
presence of water, attesting the great potentiality of the use of these surfactants in
PZQ milling.
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Figure 6.39: SEM images of the hemihydrates obtained with the water solutions
with the surfactants. Magnification is 500x, 1000x and 5000x from left to right.
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The second part of this section will present the investigation on PZQ behaviour
when ground with the surfactants at the solid state. In particular, PZQ was ground for
30 minutes at 25 Hz, as previously, to achieve a partial amorphisation of the system;
then, the surfactant was added in a 1:1 wt ratio and the milling was continued for
other 60 minutes at 25 Hz. Due to the already reported degradation products upon
grinding of PZQ (paragraph 2.4.3), the samples obtained were analyzed in the drug
content (Table 6.8): the percentage of impurities/related products was generally less

than 3%, similarly to the already reported experiences with other excipients.

Table 6.8: PZQ content of the samples obtained by neat-neat grinding

Sample Drug content  SD
NNG C1807 44.45 0.39
NNG C1811 43.35 0.02
NNG C1816 47.47 0.01
NNG P1570 50.31 1.28

The PXRD analysis of the coground sample revealed a very interesting behavior:
when using all the SEs derived from stearic acid, the application of the neat-neat
grinding (i.e. passage through the partial amorphisation of the drug) led to the for-
mation of PZQ polymorphs. Differently, in the case of P1570 (ester of palmitic acid)
the pattern collected displayed the characteristic reflections of the starting materials
immersed in an halo pattern, as visible in Figure 6.40.%

The FT-IR spectra confirmed the same observation, since the carbonyl region
evidenced the close double peak typical of the anti conformation of PZQ polymorphs
(at about 1624, 1634 cm™!) respect to the syn conformation of raw PZQ (at about
1650, 1628 cm™ '), Figure 6.41 to Figure 6.43 . Nevertheless this analyses could not
discriminate between Form B and C, due to the superimposable FT-IR spectra. The
correspondence of the PXRD spectra allowed to attribute the formation of Form B
when neat-neat grinding with C1807, and Form C with the other steraric acid SEs. In
the case of P1570, the FT-IR spectrum confirmed the presence of the raw PZQ form,

with the same characteristic bands as visible in Figure 6.44.

3PXRD patterns collected at the University of Limerick (thanks to the collaboration with
Dr. M. Lusi), due to a problem in the diffractometer used before.
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Figure 6.40: PXRD pattern of the neat-neat ground samples with each surfac-
tant and the corresponding raw pattern. On the bottom From B and raw PZQ
for comparison.
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Figure 6.41: FT-IR spectra of C1807 (blue), neat-neat ground sample with
C1807 (green) and raw PZQ (orange).
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Figure 6.42: FT-IR spectra of C1811 (blue), neat-neat ground sample with
C1811 (green) and raw PZQ (orange).
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Figure 6.43: FT-IR spectra of C1816 (blue), neat-neat ground sample with
C1816(green) and raw PZQ (orange).
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Figure 6.45 reports the SEM images of the raw excipient (left), the physical mixture
with PZQ (centre) and the neat-neat coground sample (right) for each surfactant used.
In all the physical mixtures the corresponding components could be easily identified:
the surfactant is displayed as large particles, while PZQ as the typical needles. In
all the neat-neat coground samples the habitus of the surfactant was dramatically
changed with a certain correspondence with the PXRD results. When grinding with
C1807 the sample showed the presence of very small whiskers covering and partially
included in the surfactant particles. In the case of C1811 the whiskers are thinner
and similar to the already reported habitus of Form B. With C1816, once again the
characteristic whiskers of the polymorphic form were evidenced, covering the surfactant
particles. In the case of P1570 no whiskers or needle-like particles were found, but
large agglomerates with a smooth surface as reported in the last image of Figure 6.45,
in agreement with previous findings.

Selected samples were tested in vitro against adult S. mansoni: the ICs, was
0.124 pg/ml, comparable to the already reported for PZQ (0.165 pg/ml), confirming

the maintained antischistosomal activity.
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Figure 6.45: SEM images of the neat-neat coground samples. From left to righ:
the raw surfactant, the physical mixture with PZQ and the neat.neat coground
sample.
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6.3.4 Conclusions

The use of SEs to prepare RacH-PZQ via liquid-assised grinding demonstrated to be
effective in achieving the same solid form, but with an enhanced crystallinity and a
complete different crystal habitus, by using a very limited concentration (0.05%s).
The application of the neat-neat grinding process permitted the formation of PZQ
polymorphic forms when using stearic SEs, in a total milling time of only 90 minutes,
while the same behavior was not noticed in the case of P1570. Moreover, the samples
obtained maintained the activity in vitro against S. mansoni The results presented in
this section represent a good starting point for the investigation of further application
of SEs in PZQ formulation and the future characterization of the biopharmaceutical

properties, as drug solubility and dissolution rate.
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6.4 Production and characterization of Praziquan-

tel microparticles

6.4.1 Introduction

This chapter deals with a completely different approach to enhance PZQ dissolution
rate, readily scalable and of low expense: the production of PZQ microparticles by
spray congealing. This technique is based on the atomization of a melt liquid in a
cooling chamber, which help the transformation of the molten droplets in solid parti-
cles. Differently from spray-drying, during spray-congealing no solvents and no post-
processing are required (i.e. solvent evaporation); additionally, the particles obtained
are spherical and dense, suitable for capsule filling or tabletting, where drug release
can be controlled by the accurate selection of the carrier[227, 228] and drug can be
taste-masked[229]. With all this advantages, combined with the easy scalable char-
acteristics and short production time, spray congealing has been massively reported
in literature and applied in the pharmaceutical industry. Actually, one example of
a successfull product on the market prepared by spray-congealing is represented by
Zmax@®) (Pfizer). In this formulation azithromycin dihydrate, glyceryl behenate and
poloxomer 407 (ethylene oxide and propylene oxide blocks) are molten/dispersed by
using an extruder and subsequentely atomized and congealed, forming microparticles
with an optimized drug release. This production technology allows a reduced therapy
duration by the administration of a single 2g dose, achieving also a good tolerability
and taste-masking effect[230, 231|. As for the investigation of the process variables,
many works were reported in literature[232, 233]: Maschke and coworkers used an
experimental design to study the influence of the atomization pressure and spraying
temperature on particle size and process yiels[234], while Passerini and collaborators
reported various investigations on different aspects of the process, as the influence
of the type/amount of the carrier on microparticles characteristics[235, 236], and the
atomizer type[237]. In 2006, they reported also the evaluation of PZQ granules and
microparticles produced by melt granulation and ultrasonic spray congealing as effi-
cient techniques for drug dissolution rate enhancement[145]. The carrier selected for
the spray congealing technique was Gelucire 50/13*, the same presented in this chap-
ter, which has already shown its ability of improving the biopharmaceutical properties
of different active ingredients, as reported in literature for silybum Marianum dry ex-
tract[238], glibenclamide[239], carbamazepine[240] and also by Qui and coworkers in
the case of piroxicam[115]. In this section, the same technique will be applied to the
activated form of PZQ produced via mechanochemistry, Form B (chapter 4.1) and
the cryo-coground sample with PVP (chapter 3.1), while raw PZQ and the corre-
sponding physical mixture with the polymer will be also included in Gelucire 50/13
microparticles and analyzed for comparison. The research here presented was con-

ducted in collaboration with proff. N. Passerini and B. Albertini of the Department

4Gelucire 50/13 is a low melting (50 °C) mixture of mono, di-, triglycerides and PEG-32
(MW 1500) mono-, diesters of palmitic and stearic acids having HLB=13
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of Pharmacy and Biotechnology, University of Bologna (Italy).

6.4.2 DMaterials and Methods
Materials

Praziquantel (PZQ, (11bRS)-2-(Cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4-H -
(pyrazino[2,1-a]isoquinolin-4-one)) was of Ph. Eur. grade and kindly donated by
Fatro S.p.a. (Bologna, Italy). PZQ impurity A (2-Benzoyl-1,2,3,6,7,11b-hexahydro-4-
H- pyrazino[2,1-a]isoquinolin-4-one) and B (2-Cyclohexanecarbonyl-2,3,6,7-tetrahydro-
pyrazino[2,1- alisoquinolin-4-one) were Ph. Eur. grade and bought from Endotherm
Gmbh (Saarbruecken, Germany). Gelucire 50/13 was gently donated by Gattefossé
(Milan, Italy) and Povidone (Kollidon K30, PVP K30) was from by BASF (Lud-

wigshafen).

Methods

Preparation of the sample powders The powder samples for the micropar-
ticles formation were obtained by grinding: the first was PZQ Form B, produced
following the method previously reported (chapter 4.1), consisting in 4 hours grinding
of PZQ in a vibrational mill (MM400 Retsch, Germany) without interruption at 20
Hz. Then, the coground system obtained by cryo-grinding the drug with PVP, as
previously described (chapter 3.1) for one hour at 20 Hz. The corresponding phys-
ical mixture was prepared by manually mixing the powders in a agate mortar for 3

minutes.

Preparation of the microparticles The particles were prepared using an ex-
ternal mix two-fluid atomizer (Wide Pneumatic Nozzle WPN, Figure 6.46) already
reported in literature[241]. The carrier used was Gelucire 50/13 while the amount of
activated material to be inserted was calculated in order to have a PZQ percentage
of 15%. The carrier was heated about 10 °C above its melting point and then added
with the powders under agitation, obtaining a solution/suspension ready to be sprayed
by the spray-congealing system. The inlet air pressure of the nozzle was set at 3 bar
and the suspension was kept at 60 °C. There was no need of specific cooling system
since the droplets simply solidify while falling in the cooling chamber, left at room
temperature. Once prepared, the microparticles were stored in closed bottles in the

dark and at room temperature.

Determination of the drug content The content of PZQ and of the related
impurities in the microparticles was assayed by means of a reverse-phase HPLC.UV
by adapting a method already reported in literature[91]; the system had two delivery
pumps (LC-10 ADVP, Shimadzu, Japan), an autosampler (SIL-20A, Shimadzu, Japan)
a UV-vis detector (SPD-10Avp, Shimadzu, Japan) and the data were acquired at a
fixed wavelength of 220nm using an interface (SCL-10Avp, Shimadzu, Japan) and ana-

lyzed with Ez-Star software; the column used was a Kinetex 5 um ¢18 (150 x 4.60mmm,
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7\
Figure 6.46: Scheme of the WPN (not in scale): material feeding (A), air inlet
(B), atomization of the fluid (C), o-ring (a)[241].

Phenomenex, Bologna). The mobile phase used was a mixture of Methanol:water
(65:35 v/v), purged at 1 ml/min. PZQ retention time was 5.5 min while the total run
time for each sample was set at 12 min. Prior to analysis, a linear calibration curve
with r2=0.99985 was obtained for PZQ under these conditions using different con-
centrations of the drug from 0.4 to 40 mg/mL. Each day, a standard solution (with a
concentration of 2.5 mg/L) was prepared by dissolving about 10 mg of PZQ accurately
weighted in Methanol of HPLC grade (20 mL) and diluting the solution 1:200 with
the mobile phase. Moreover, two additional calibration curve were obtained respec-
tively for the relative impurities indicated in the Eur. Ph. (Ed. 8.0)[32], impurity A
(r*=0.9993) and impurity B (r?=0.9994), which were identified at the retention times
of 3.45 min and 11.2 min respectively. The reference solution did not report any of
these impurities. Differently form the previous drug contet analyses reported in this
thesis, 24 hour of agitation in the dark were necessary to complete the solubilization of
the microparticles in methanol. The obtained solutions were then diluted 1:100 with
the mobile phase, filtered with a 0.2 gm membrane and injected in the HPLC system
using the method previously described. The drug recovery was considered as the PZQ
% among all the peaks in the chromatogram (for the activated materials) and as the
theoretical VS experimental drug loading for the microparticles, also expressed as the

encapsulation efficiency. All the results were expressed as mean (n=3) +SD.

Powder X-Ray Diffraction (PXRD) The raw and activated materials and
the microparticles containing Form B and the coground sample together with their
physical mixture were analyzed using a Bruker AXS D5005 X-Ray Diffractometer
(Germany, Cu-ka=1.5418 A) in a range of 3-35° of 260, with a step size of 0.05° every
5 sec. These analyses were performed thanks to the collaboration with prof. V. Lughi

of the Department of Engineering and Architecture, University of Trieste, Italy.

Environmental SEM Environmental SEM (ESEM) was performed to observed
both the raw materials and the obtained microparticles, using a Quanta 200 FEI ESEM

apparatus (FEI, company, Czech Republic) under low vacuum conditions.
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Particle size determination Two different methods were used for the deter-
mination of the particle size. In the case of the microparticles, a vibrating shaker
(Octagon Digital, Endecotts, London, UK) was used with 6 different sieves (Scientific
Instrument, Milano, Italy) from 500 to 75 pum. Differently, the activated and raw
materials were analyzed by laser light scattering (Malvern Masterisizer 2000, Malvern,
UK) of the corresponding suspension in water with the 0.1% of polysorbate 80. If the
sample contained PVP, a silicon oil (Silico DC 245 DOW Corning) was used as the
dispersing agent. This analysis was conducted thanks to the collaboration with Dr.
E. Franceschinis of the Department of harmaceutical and Pharmacological Sciences of

the University of Padova, Italy.

FT-IR spectroscopy All the samples were analyzed with a Jasco FT-IR A-200
spectrophotometer, after being compressed with KBr in flat discs with an hydraulic
press (Perkin Elmer, Norwalk USA), applying a force of 3 tons for 3 minutes. Data

were collected between 650 and 4000 cm ™! with a resolution of 1 cm™?.

Hot-stage microscopy The samples were observed using a Nikon eclipse E400
optical microscope connected to a Nikon Digital Camera DN100 for image acquisition
and to a hot stage system from Mettler Toledo (Mettler Toledo s.p.a., Novate Milanese,
Italy) to observe physical transformations during the heating process (25-200 °C at 10
°C/min).

Drug solubility and dissolution The solubility of all the samples and raw ma-
terials were analyzed following this method: saturated water solutions (10 mL) were
kept under agitation in the dark at 25 °C for 48 hours, then centrifuged (10000 rpm
for 20 minutes), filtered with a 0.2 pm membrane, diluted with the mobile phase
(1:200) and injected in the HPLC system. Each sample was analyzed three times and
the mean+SD was considered. The statistical assessment was performed using one
way ANOVA, while comparison between means with t-Test. Statistically difference
was considered with p values <0.01. The dissolution studies were performed under
sink conditions, varying the quantity of the samples depending on their solubility and
replacing the withdrawn amounts with thermo-stated dissolution medium. The ap-
paratus used was a dissolution tester (Erweka DT800, Heusenstamm, Germany) with
vessels containing 1000 mL of distilled water kept at 37+0.5 °C and under agitation
with a paddle at 100 rpm. The withdrawals were performed at each sampling time by
filtering 2 ml of the dissolution media (8 pm filter) which was subsequently subjected
to HPLC analysis. Each sample was analyzed in triplicate and the mean+SD was

considered.

Determination of the in wvitro activity against S. Mansoni The activ-
ity of the microparticles containing Form B and the coground sample was tested in
Newly Transformed Schistosomulae (NTS) and in adult S. Mansoni. For the first,
concentrations of 1.23 ug/mL of each sample were used at 37 °C with three different
testing times: after 24, 48 and 72 hours. At each one, the NTS were observed with
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a microscope giving 3 grades of viability: 0 corresponded to the death, 1 to damages
to the tegument and/or drastic reduction in the motility, 2 to some damages to the
tegument and/or reduced motility and 3 to the absence of any changes in their motil-
ity. As negative controls, NTS under high DMSO concentrations were used. In the
case of adult S. Mansoni the sample concentrations tested were 0.33, 0.11 and 0.037
pg/mL at 37 °C in the same time intervals (24, 48 and 72 hours) and the observation
were conducted using the method previously described. The ICyy values for each test

type were calculated using CompuSyn software.

Physical stability The physical stability of the selected microparticle system
(MPsB) was studied over a period of 1 year by means of PXRD.

6.4.3 Results and Discussion

Prior to microparticles formation, the mechanochemically activated materials were
characterized at the solid state similarly to the previously described methods, including
DSC, PXRD, FT-IR, hot-stage Microscopy and SEM analyses.

Four different microparticles batches were prepared as reported in Table 6.9, con-
taining raw PZQ, Form B, the physical mixture and the cryo coground sample. In
particular, to calculate the precise quantity to be used for microparticle incorporation
in the case of the binary system, the PZQ content was assayed resulting in about 46

% in the physical mixture as well as in the cryo coground sample.

Table 6.9: Composition of the microparticles and relative drug content
(CG:CoGround, PM: Physical Mixture).

Microparticles =~ Name  Composition (%) Drug content
PZQ PVP  Gelucire 50/13 %

CG PZQ:PVP  MPsA 15 15 70 13.754+0.14

Form B MPsB 15 - 85 14.2440.83

PM PZQ:PVP  MPsC 15 15 70 14.354+0.18

Raw PZQ MPsD 15 - 85 15.164+0.11

During the microparticles formation an interesting behaviour was noticed: while
in the case of MPsA, MPsC and MPsD the powder formed a suspension when mixed
with the molten Gelucire, in the case of MPsB, the resulting solution was clear forming
therefore a solid solution instead of a solid dispersion. The resulting microparticles
displayed a drug loading comparable to the theoretical value of 15%, attesting an in-
capsulation efficiency of about 90%. The particle size analysis of the new products
(Figure 6.47) showed a similar distribution between MPsA and MPsD with a Gaussian
curve centered at 150-250 pm, while for MPsC the distribution was very broad due to
the different composition of the physical mixture. In the case of MPsB the dimension

of the almost totality of the particles was less than 250 um. These differences were
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accounted to the different viscosity of the solution/dispersion sprayed during the mi-
croparticles formation. In fact, at 60 °C the viscosity of the fluid followed the order
MpsB<MpsD<MpsA<MpsC, depending on the amount of powder inserted (as also
reported in literature[236]) and on particle size, shape and drug solid state in the fluid.
In the particular case of Form B, even though its particle size mean distribution was
bigger than the raw drug (54.89 pm VS 23.90 um of dy- 5), the viscosity of the fluid
was the lowest, probably due to the major solubility evidenced by the formation of a

clear solution.
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Figure 6.47: Size distribution of the microparticles formed.

The DSC analysis of the sample was discarded form the characterizing techniques
due to the low melting point of Gelucire 50/13, which could create various bias in
the curves interpretation. The thermal observation was performed by hot-stage mi-
croscopy, reported in Figure 6.48. When heating MPsD, at 48 °C the acicular crystal
of PZQ could be easily recognized in the molten Gelucire, attesting the presence of
the crystallize drug in the microparticles, without any solid-state modification by the
spray-congealing process. The melting was then complete at about 110 °C. Similarly,
in MPsB the presence of Form B could be observed even if as less and smaller spots,
confirming the very fine dispersion of the polymorphic form in the molten Gelucire.
The complete melting was observed at about 90 °C. In the case of MPsA, the cry-
ocoground sample started its melting at 55 °C, completing the process only when
heating till 150 °C, observing the rubbery state of the polymer and also the presence
of PZQ in its nanocrystalline state. When observing the microparticles containing the
physical mixture (MpsC), during Gelucire melting the nearly round particles of PVP
and the needle crystals of PZQ were noticed. The PM started melting at about 50-60
°C, completing the process at 110 °C for PZQ and at higher temperatures (160 °C)

for PVP. In all the cases presented, the melting of the drug was observed at lower
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temperatures than expected, which could be explained by the effect of the low melting

point of Gelucire.

30°C

MPs B

MPs C

Figure 6.48: Hot-stage microscopy images of the microparticles formed (magni-
fication=10x).
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The PXRD patterns of the microparticles confirmed once again the presence of
PZQ in its crystalline state, since the corresponding characteristic peaks could be
noticed even if immersed in the broad pattern of the carrier, as shown by the arrow
in Figure 6.49. The same reflections were more visible in the physical mixtures of the
raw materials with Gelucire 50/13, even though with a reduced intensity due to the
dilution in the linear polymer. In MPsB pattern, the signals attributable to Form
B are very weak, but the polymorph is still recognizable and their intensity testifies
a certain quote of drug amorphized/solved in Gelucire 50/13. The FT-IR analyses
of the microparticles showed the characteristic bands of Gelucire, also reported by
Brubach and collaborators[242], at about 1200-1100 cm™' and the carbonyl stretching
at 1715-1738 cm~!; thus PZQ asymmetrich stretching of the carbonyl could be found
at 1623 and 1646 cm ™! in MPsA, MPsC and MPsD, while at 1628 and 1640 cm ™! for
Form B as already reported for the polymorphic form (chapter 4.1).
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Figure 6.49: PXRD pattern of the microparticles comparing to the correspond-
ing raw/activated materials and the corresponding physical mixture (PM) with
Gelucire 50/13.
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Figure 6.50: FT-IR spectra of the microparticles: MPsA (blue), MPsB (green),
MPsC (red), MPsD (black). The arrow indicates the characteristic carbonyl

group signal of Form B, still visible when loaded in the microparticle.
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The microparticles containing raw PZQ and Form B were also studied in their sur-
face morphology by ESEM, shown in Figure 6.51: MPsD were spherical non-aggregated
microparticles with just a few elongated particles, while MPsB samples were highly
spherical presenting groups of very small solidified droplets, thanks to the micronized

particle of Form B.

Figure 6.51: ESEM images of MPsB and MPsD: from left to righ: 60x, 500x
and 4000x.
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The main objective of this project was to study the effect of the incorporation
of the raw drug and related activated materials in Gelucire-based microparticles to
enhance drug solubility and dissolution. All the activated products and microparticles
demonstrated a higher water solubility compared to the raw drug and in particular the
combination of the mechanochemical activation and the spray congealing techniques
in presence of the selfemulsifying agent led to products with a solubility of 651.28
mg/L, about five times greater than the raw drug (140.30 mg/L) in the case of the
microparticles containing Form B. MPsA solubility was respectively two and four times
higher than the raw drug and the activated cryo comilled sample. Also, when raw PZQ
was included in the microparticles its solubility was triplicated. The enhancement
of MPsB was significantly higher than MPsD, while among the other microparticles
results there were no significative differences. A graphical representation of the results

is reported in Figure 6.52.
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Figure 6.52: Water solubility at 20 °C of the microparticles together with the
raw and activated materials. The * indicates the statistical difference (p<0.01)
between the corresponding solubility values.

The dissolution studies of the microparticles compared to raw PZQ are reported in
Figure 6.53: all the samples exhibited an enhancement of drug dissolution due to the
intrinsic properties of the formulation and to the higher solubility of the microparticles.
In fact, Gelucire 50/13 can favour the formation of micelles to enhance the dissolution
rate of drugs, thanks to its composition based on the mixture of mono-, di- or triglyc-
erides with PEG1500 esters of stearic acid (HLB 13), as it was reported in the case of
glibenclamide[239], carbamazepine[240] and Sylibum marianum dry extract [238]. An-
other mechanism reported was the one of Qi and collaborators[115], who studied the
dissolution of microspheres containing piroxicam. The drug particles finely separated,
enhanced the surface area and the wet phase, creating a lyotropic liquid crystalline

phase that increased piroxicam dissolution. After one hour all the samples dissolved



240 CHAPTER 6. OTHER STRATEGIES

about the 80% of the drug, and in particular in the case of MPsB (with Form B)
and MPsA (with the coground sample) drug dissolution reached the 95-98% of drug
dissolved after only 12 minutes. MPsC and MPsD, containing the physical mixture
with PVP and the raw drug respectively, showed an increased dissolution comparing
to the raw drug, even if less than the other microparticle formulation. Therefore the
dissolution test evidenced the advantages of combining the mechanochemical process

with the spray congealing, reaching higher PZQ dissolution in less time than the raw

drug.
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Figure 6.53: Dissolution kinetics of the microparticles compared to raw PZQ.
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MPsB were tested in their physical stability after one year storage by PXRD: as
visible in Figure 6.54, MPsB were highly stable, without any recrystallization/phase
transformation occurring and a completely swuperimposable spectrum with the fresh

one.
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Figure 6.54: PXRD trace of MPsB after 1 year storage (3rd spectrum from the
top) compared to the fresh one (2nd spectrum from the top).

Finally, due to the best performances exhibited, MPsB and the corresponding Form
B were tested in vitro against NTS (newly transformed schistosomules) and adults S.
mansoni worms comparing to the raw drug. The results are presented in Table 6.10:
the microparticles and the activated Form B were active both against NTS and adult

S. mansoni, though with little variations of the 1Cs.

Table 6.10: Results of the in vitro analysis of the activity of MPsB, Form B and
raw PZQ against NTS and adults S. mansoni.

Sample IC5y NTS 1IC5y S. mansoni

(ug/mL) (pg/mL)
MpsB 3.16 0.48
Form B 2.40 0.23

Raw PZQ 2.58 0.13
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6.4.4 Conclusions

The formation of mechanochemically activated PZQ forms, as Form B and cryo coground
samples with PVP, has already demonstrated to be highly useful to increase drug sol-
ubility and dissolution in rthe previous chapters. In this one, the combination of the
mechanochemical process and the spray-congealing technique permitted to further in-
crease the solubility and the dissolution rate of PZQ), also representing a step forward
the production of a advantageous dosage form of PZQ. In case of MPsB the results
were highly positive, reaching a solubility of 651.28 mg/L, about five times greater
than the raw drug (140.30 mg/L) and a dissolution of the 70 % of the drug after only
2 minutes. The promising MPsB formulation maintained also the in wvitro activity
against NTS (newly transformed schistosomules) and adults S. mansoni worms, with
values comparable to the raw drug and Form B. Therefore, the production technique
presented in this chapter represents a suitable way to enhance PZQ biopharmaceutical

properties.



Final considerations

The research performed during the PhD course and reported in this thesis represents
a comprehensive evaluation of Praziquantel (PZQ) behavior upon mechanochemical
activation in a vibrational mill, with the aim of improving its poor biopharmaceutical
properties. The results obtained were very positive and went far beyond the expecta-
tions: the amorphous solid dispersions obtained by cogrinding PZQ with various excip-
ients (povidone, copovidone, sucrose esters, natural /synthetic sweeteners, non-ordered
mesoporous silica) and in different conditions (including cryogenic milling) exhibited a
significative increase in drug solubility, still maintaining the in vitro antischistosomal
activity. Moreover, the samples ground with selected sweeteners were very interest-
ing also for the possible amelioration of PZQ bitter and disgusting taste. The deep
investigation of the mechanochemical process included also the identification of the
degradation products forming during milling with polymers, which were not present
with the drug by itself. The grinding of the drug on its own, which included also the
application of a design of experiments, permitted the discovery of two new anhydrous
solid-forms (Form B and Form C) with enhacenced solubility and dissolution rate.
Also, Form B was stable for more than one year, showed a in vitro/in vivo activity
and a pharmacokinetic profile comparable to the raw form and, when included in Gelu-
cire 50/13 microparticles, drug biopharmaceutical properties were even more increased.
When performing liquid-assisted grinding, other three solid forms of PZQ were discov-
ered, namely one hemihydrate and two solvates, representing not only, once again, an
improvement of the biopharmaceutical properties of the drug, but also another step
towards a complete knowledge of PZQ propensity to cocrystal/solvate formation via
mechanochemistry, widespreading the possibility of new discoveries and formulations.
Therefore, all the systems studied in this thesis represent a viable contribution to the
crystal structure, intermolecular interaction propensity, chemical, biopharmaceutical
and bioactivity features of PZQ when subjected to mechanochemical activation both

on its own and in combination of various pharmaceutical excipients.

In conclusion, this thesis combines several hot topics in the current chemical and
pharmaceutical research, namely paediatric formulations, neglected tropical disease,
crystal engineering, mechanochemistry, poor bioavailability issue and would seen to
represent a new approach for the development of functional materials and suitable

formulations.
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Publications list and congress

presentations

6.5 Research articles

e "An explorative analysis of process and formulation variables affecting comilling
in a vibrational mill: The case of Praziquantel"
B. Perissutti, N. Passerini, R. Trastullo, J. Keiser, D. Zanolla, G. Zingone, D.
Voinovich, B. Albertini
International Journal of Pharmaceutics, 2017, 553, 2, 402-412
https://doi.org/10.1016 /j.ijpharm.2017.05.053

e "Milling and comilling Praziquantel at cryogenic and room temperatures: As-
sessment of the process-induced effects on drug properties"
D. Zanolla, B. Perissutti, N. Passerini, S. Invernizzi, D. Voinovich, S. Bertoni,
C. Melegari, G. Milotti, B. Albertini
Journal of Pharmaceutical and Biomedical Analysis, 2018 153, 82-89
https://doi.org/10.1016/j.jpba.2018.02.018

e "A new soluble and bioactive polymorph of Praziquantel"
D. Zanolla, B. Perissutti, N. Passerini, M. R. Chierotti, D. Hasa, D. Voinovich,
L. Gigli, N. Demitri, S. Geremia, J. Keiser, P. Cerreia Vioglio, B. Albertini
European Journal of Pharmaceutics and Biopharmaceutics, 2018, 127, 19-28
https://doi.org/10.1016/j.ejpb.2018.01.018

e "Identification of degradation products of praziquantel during the mechano
chemical activation"
I. Sagud, D. Zanolla, B. Perissutti, N. Passerini, I. Skoric
European Journal of Pharmaceutics and Biopharmaceutics, 2018, 159, 291-295
https://doi.org/10.1016/j.jpba.2018.07.002
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6.6 Oral presentation

"From bitter to sweet: towards a new patients-friendly Praziquantel dosage form"
D. Zanolla, E. Giron, B. Perissutti, N. Passerini, B. Albertini, D. Voinovich
12th A.It.U.N. Meeting: Medicines for older people, advances in drug delivery
10th-11th May 2018, Bologna (Italy)

6.7 Poster presentations

e "Preparation and characterization of a new soluble and bioactive polymorph
of Praziquantel" B. Perissutti, N. Passerini, D. Zanolla, M. R. Chierotti, D.
Hasa, D. Voinovich, J. Keiser, B. Albertini, 11th CESPT Symposium 22nd-24th
September 2016, Belgrade (Serbia)

e "New solid forms of Praziquantel through Liquid-Assisted Grinding" D. Zanolla
B. Perissutti, D. Hasa, M. Arhangelskis, G. Rauber Schneider, D. Voinovich,
W. Jones, 4th European Crystallographic School 2nd-7th July 2017, Warsaw

(Poland) *Bursary winner*

e "Praziquantel Form B: preparation and characterization of the only ever-known
anhydrous polymorph" D. Zanolla, B. Perissutti, N. Passerini, M.R. Chierotti,
D. Hasa, D. Voinovich, L. Gigli, N. Demitri, J. Keiser, B. Albertini, 11th World
Meeting on Pharmaceutics, Biopharmaceutics and Pharmaceutical Technology
19th-22nd March 2018, Granada (Spain)

e "Evaluation of praziquantel properties upon milling and comilling at room and
cryogenic temperatures" D. Zanolla, B. Perissutti, S. Bertoni, S. Invernizzi, D.
Voinovich, M. Moneghini, N. Passerini, B. Albertini
11th World Meeting on Pharmaceutics, Biopharmaceutics and Pharmaceutical
Technology 19th-22nd March 2018, Granada (Spain)

e "Crystal structure solution from PXRD and characterization of a new praziquan-
tel polymorph (Form C)" D. Zanolla, B. Perissutti, D. Voinovich, N. Passerini,
B. Albertini, L. Gigli, N. Demitri, P. Cerreia Vioglio, M. R. Chierotti 16th Eu-
ropean Powder DlIffraction Conference 1st-4th July 2018 Edinburgh (United

Kingdom) *Bursary winner*

e "Combining mechanochemistry and spray congealing towards new praziquantel
formulations" B. Albertini, B. Perissutti, S. Bertoni, D. Zanolla, E. Franceschi-
nis, D. Voinovich, F. Lombardo, J. Keiser, N. Passerini 12th CESPT Symposium
20th-22nd September 2018, Szeged (Hungary)
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