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ARTICLE INFO ABSTRACT

Keywords: Comprehensive knowledge of the critical properties of the active pharmaceutical ingredients is a requirement
Chemometrics within the modern concept of quality. Praziquantel hemihydrate (HH) and monohydrate (MH) are new solid
Hot-stage-MIR forms of this antihelmintic agent, which have better solubility properties than the commercial anhydrous solid
I};g’ldrafrs hism form (polymorph A). The thermal stability of the hydrates was evaluated, aiming to understand any possible
P ymorp transformation (amorphization, change to a less soluble form).

raziquantel

Therefore, HH and MH were prepared along with the related anhydrous solid forms A and B, and characterized
employing solid-state nuclear magnetic resonance, powder X-ray diffraction, mid and near infrared spectroscopy,
thermal methods and the intrinsic dissolution rate.

The transformations of HH and MH under thermal stress conditions were monitored through a variable tem-
perature infrared spectroscopy approach, assisted by multivariate curve resolution with alternating least squares
(MCR-ALS), finding that HH undergoes a two-step transformation (HH—B—A) to form A, whereas MH dehydrates
directly into form A. This was further confirmed by conventional calorimetric methods (differential scanning
calorimetry and thermogravimetry) and powder X-ray diffractometry.

The impact of changes in the stressed solid forms and their dissolution rates was also assessed. Significant
differences in dissolution performance were found regarding the solid forms produced as a consequence of
thermally-induced dehydration.

1. Introduction

Structural or crystal polymorphism is a known property of the solid-
state; IUPAC refers to a polymorph as a solid crystalline phase with the
same chemical composition of another phase with a different crystal
structure [1]. This phenomenon may result in differential physical
properties, and even chemical stability [2], among the solid-state forms
as a consequence of differences in their behaviour in a given environment
[3]. Currently, the definition of polymorphism includes pseudopoly-
morphism and amorphous phases [4, 5].

Praziquantel (PZQ, Figure 1) is an anthelmintic drug, widely used
against schistosomiasis [6]. Its low cost and high tolerance are some of
the determinant features behind PZQ being the first choice to treat a wide
variety of helminth infections in both, humans and animals [7].

However, according to the Biopharmaceutics Classification System
(BCS), PZQ belongs to Class II for its high permeability and low water
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solubility [8], thus being drug solubility the major barrier for the
bioavailability of PZQ after its oral administration.

Several solid forms of PZQ have been reported, including polymorphs
A [9], B [10], and C [11], as well as an amorphous (AM) [12]. More
recently, additional new solid phases of the PZQ racemate have been
reported, including Forms D, E and F, where the first two are crystalline
and the last one is amorphous [13]. Additionally, the discovery of a novel
crystalline form of PZQ was recently informed using high-pressure su-
percritical carbon dioxide [14]. PZQ has two known hydrates, a mono-
hydrate (MH) [15] and a hemihydrate (HH) [16], and a hemihydrate has
been reported for every drug enantiomer [17, 18]. Other solid forms of
PZQ, obtained as solvates [19], cocrystals [20], a cyclodextrin complex
[21], and solid-solid dispersions [22, 23] widen the landscape of the PZQ
solid forms.

Hydrates may become suitable alternatives for drug formulation,
especially if they display better pharmaceutical features than their
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Figure 1. Chemical structure of PZQ, where the asterisk marks its stereo-
genic center.

corresponding anhydrates, such as processability and stability [24].
Molar mass stability is especially important when dealing with hy-
groscopic drugs [25]. The potential pharmaceutical applications of HH
and MH could be justified in their better dissolution properties and
their lower hygroscopicity with regards to the commercial Form A of
PZOQ.

Information about the stability of MH is limited and relates to the
time the hydrate remained unaltered under given conditions [15]. On the
other hand, stability studies have been previously conducted on HH at
room temperature, at 50 °C under vacuum overnight, and up to 80 °Cina
variable-temperature powder X-ray diffraction (PXRD) experiment,
where Form B was observed. The latter polymorph was also detected
when HH was submitted to mechanical stress (milling) [16]. Interest-
ingly, however, these observations where not fully confirmed by
concomitant DSC studies, where an additional polymorph was observed
after the melting event of Form B. The intimate details about the mech-
anism behind such transition remain unknown.

Therefore, in order to add details to this fragmentary information and
remove conflicting evidences, it is critical to revise the dehydration
process of PZQ hydrates and acquire proper knowledge on the identity of
all the species involved in the solid form changes and their impact on the
dissolution performance of the solids.

Hot-stage (HS) attenuated total reflectance (ATR) coupled to mid
infrared spectroscopy (MIR) spectroscopy can provide real-time infor-
mation from thermally controlled processes or evolving thermally driven
events. However, MIR spectra are complex and rich in information;
therefore, their processing turns necessary the application of computa-
tional methods to extract the information from the data.

Multivariate curve resolution coupled to alternating least squares
(MCR-ALS) is a chemometric tool especially suited to extract infor-
mation from variable time-, temperature-, or pH-dependent evolving
systems [26]. In this way, relevant features such as the abundance
profiles of the different species involved throughout the process, along
with spectral information of the corresponding pure species can be
accessed.

Therefore, in order to gain a more detailed knowledge on the stability
of praziquantel hydrates under thermal stress conditions, herein we
report our results about the transformations of HH and MH when
monitored using HS-ATR-MIR empowered by MCR-ALS, including the
identity of the solid phases involved in the different transitions. Confir-
mation of these findings through PXRD and thermal methods, and the
impact of thermal stress on the dissolution rates of the solids are also
discussed.
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2. Materials and methods
2.1. Chemicals

Racemic PZQ (USP grade) bulk drug was acquired from Unifarma S.A.
(Buenos Aires, Argentina) and kept in a desiccator protected from the
light. All chemicals used were of analytical grade and were used as
received.

2.2. Preparation of the solid forms of PZQ

Forms A and MH were obtained from racemic commercial PZQ,
following the procedure described in the literature [15].

Form B was obtained from racemic commercial PZQ following both,
literature [10] and employing this ad-hoc procedure: A stainless-steel
container with commercial PZQ (300 mg) was heated in a vacuum
oven at 150 °C and 60 mm Hg for 30 min. The sample was placed in a
desiccator and left to attain room temperature, obtaining a vitreous solid.
No mass changes were observed during the whole treatment. Then, the
total amount of the solid (=300 mg) was transferred to a stainless-steel
milling jar (2.0 X 2.2 cm, I.D. X H) equipped with stainless steel
spheres (D = 3-6 mm) submitted to 25 Hz for 150 min in a Zonytest EJR
2000 vibratory tower (Rey & Ronzoni, Buenos Aires, Argentina) main-
tained at 20 °C and 40% RH. Both procedures yielded the same PXRD
pattern, thus the second one was used as the default method (Figure S1).

The Form HH was obtained according to the literature [16] and using
the following procedure: Distilled water (1 ml) was added to Form B (200
mg) and the mixture was left under stirring (35 rpm) at room tempera-
ture for 72 h. Both procedures yielded the same PXRD pattern and water
content; thus, the second one was used as the default method (Figure S2).

The particle size of the solid samples was standardized by sieving
before their further analysis; in all cases, the 100-140 mesh fractions
were collected for use.

2.3. Instrumentation

The MIR spectra were acquired in a Shimadzu Prestige 21 FTIR
spectrometer (Shimadzu Corp., Kyoto, Japan), in the absorbance mode
(20 scans each), over a wavenumber range of 4000-600 em!and ata
resolution of 4 cm™!. The ATR experiments were carried out with a
diamond-based ATR accessory (GladiATR, Pike Technologies, Madison,
USA), fitted with a Pike temperature control unit. Samples were
measured in triplicate.

The NIR spectra were obtained with a NIRS DS2500 spectrometer
(FOSS, Hillerod, Denmark). Every sample (300 mg) was placed in a
quartz cup for solids and triplicate determinations were acquired in the
500-2500 nm range, in reflectance mode.

The DSC determinations were executed with a Linseis model PT1000
instrument (Linseis, Selb, Germany). The samples (3-5 mg) were placed
in sealed aluminium pans perforated with a pin-hole to equilibrate
pressure from the potential expansion of evolved gases or residual sol-
vents. The pans were heated at 10 °C min " from 30 °C to 170 °C under a
constant nitrogen flow (50 ml min~?!), employing an empty aluminium
pan as areference. The thermogravimetric analyses (TG) were carried out
on a Shimadzu DTG-60H (Shimadzu, Kyoto, Japan) instrument. The
samples (10 mg) were heated between 30 °C and 170 °C at a constant rate
(10 °C min™Y), under a nitrogen purge (30 ml min~b).

The PXRD patterns were obtained using a Panalytical MPD unit
(Malvern Panalytical, Malvern, United Kingdom) equipped with a Cu
anode, X-ray lenses, a Xe gas detector, a graphite monochromator and
Soller parallel plates on the secondary beam. Measurements were made
by adding the Ka1,2 signals, with vertical and horizontal slits (3 x 3 mm?
beam area), in continuous scans (5 s per 0.02° 260 increment) in the 10° <
20 < 105° range.

The cross-polarization/magic angle spinning (CP/MAS) 3C ssNMR
spectra were obtained at room temperature in a Bruker Ascend 400 MHz
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spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany). The
samples (200 mg) were packed into a standard zirconium (ZiO») rotor,
equipped with Kel-F caps and the spectra were acquired at a rotation rate
of 7 kHz; the contact time during the cross-polarization was 2 ms with a
relaxation delay of 5 s. The chemical shifts are informed in parts per
million (ppm), in the § scale.

The intrinsic dissolution rate (IDR) studies were performed in previ-
ously degassed double distilled water (1000 ml), at 37 °C and a paddle
rotation rate of 100 rpm. Aliquots of 3 ml were manually withdrawn with
replacement, at 5, 10, 20, 30, 40, 50, and 60 min, using 10 pm filter tips
for the sampling probe. The amount of dissolved PZQ was spectropho-
tometrically determined at 220 nm. The samples (150 mg) were prepared
in a sample holder (I.D. = 13 mm), and subjected to pressure (2 T cm?)
for 2 min in a hydraulic press (PerkinElmer, Norwalk, USA); the samples
were analyzed in triplicate.

2.4. Chemometrics and graphics software

Chemometric analysis was carried out with the aid of MCR-ALS GUI
2.0 (available at https://mcrals.wordpress.com/download/), executed in
Matlab R2015a (Mathworks, Natick, USA).

Data analysis and graphics were executed in OriginPRO v.8 (Origin-
gLab, Northampton, USA), using original data of the instrumental signals
in ASCII format. The chemical structure was drawn using the ChemOffice
Pro v.16 software (Perking Elmer Informatics, Cambridge, USA).
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3. Results and discussion
3.1. Characterization of the solids

The characterization of the PZQ solid forms was carried out using
spectroscopic and diffractometric methodologies, including MIR, NIR,
ssNMR (Figure S3) and PXRD (Figure S4). The spectra and diffractograms
were in agreement with the literature (Supplementary material) [10, 15,
16]. The assignment of MIR and NIR spectra is presented herein, in order
to allow further discussions.

The MIR spectrum of MH showed a wide band peaking at 3417 cm ™!,
whereas HH displayed a sharp band at 3535 cm™!; both signals were
attributed to the OH group, indicating the presence of water in the cor-
responding structures. On the contrary, forms A and B lacked this signal,
confirming their anhydrous nature (Table 1 and Figure 2).

Form A exhibited a well-defined double peak at 1620 and 1647 cm ™},
while B form showed two overlapped peaks at 1643 and 1631 cm™,
attributable to the symmetric stretching mode of the heterocyclic
carbonyl and to that of the carbonyl group joined to the cyclohexyl
moiety. In comparison, HH exhibited a single sharp signal at 1620 cm ™},
while MH showed a broad band in the 1626 cm ™! region.

Finally, form A presented a broad peak with a shoulder at 762 cm™,
in contrast to form B, MH and HH, which exhibited a signal at 758 em™!
with lower intensity. Both signals are related to the ortho-substituted
nature of the aromatic ring moiety of the drug.

Table 1. Assignment of the main MIR absorptions of forms A, B, HH and MH of PZQ.

Form A Form B HH MH Assignment
3483 3481 o(OH
2926, 2848 2926-2956 2924, 2850 2926, 2850 05(CH) and v,5(CH)
1645, 1620 1643 1631 1634 1624 v(C=0); amide
1445 1441 1433 1433 8(C=0C)
1418 1420 1416 1417 8s(CH); cyclic structure
1300 1298 1299 1296 v(C-N)
1325, 1286, 1259, 1244 1209 1336, 1284, 1261, 1244 1217 1325, 1282, 1257, 1242 1209 1325, 1284, 1257, 1244 1209 8(C-N); axial deformation; y(CH)COCH,N
762 758 758 760 y(CH); aromatic ~CH wagging of

ortho-disubstituted aryl
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Figure 2. MIR spectra of the pure solid forms A (-), B (-), HH and MH (-) of PZQ (-).


https://mcrals.wordpress.com/download/

D. Salazar-Rojas et al.

Taking into account that water absorbs in the NIR region, this spec-
troscopy resulted relevant for the characterization of the hydrates and
their differentiation from the corresponding anhydrous forms.

NIR spectroscopic analysis revealed some differential features among
the solid forms of PZQ (Table 2 and Figure 3). Significant changes were
observed in the zones 1390-1480 nm and 2290-2450 nm, that could be
assigned to changes in the combinations of ArC-H, CH and CH; as the
result of different packing of the solid forms of PZQ.

The region 2140-2170 nm, corresponding to the combination bands
of the amide, also showed differential absorptions. Finally, MH and HH
presented an elastic band of OH in the region 1870-1920 nm, attribut-
able to the water of hydration; on the contrary, forms A and B lacked this
band, due to their anhydrous nature, confirming the observations of the
MIR spectra.

Additionally, the IDR values (Figure 4) for Forms HH and MH (0.0290
+ 0.0010 and 0.0250 + 0.0008 mg cm 2 min "}, respectively) proved to
be statistically different among them (tops = 23.09; terit (10, 0.05) = 1.79),
and substantially higher than Form A (0.0172 + 0.0003 mg cm 2 min ).
Considering that HH and MH exhibit promissory dissolution properties,
these novel phases were assessed, looking for amorphization or changes
to less soluble forms.

3.2. Thermal analysis of HH and MH

The first step of any stability study requires unveiling the nature of the
transformations suffered by each of the phases. Thus, a thermal analysis

Table 2. Assignment of main NIR absorptions of forms A, B, HH and MH of PZQ.
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based on DSC and TG was carried out on HH and MH. The DSC ther-
mogram of MH (Figure 5A) showed two endothermic transitions; the first
one had an onset at 78 °C, peaked at 90 °C and continued with a shoulder
that ended after 125 °C, being related to water loss.

This was confirmed by TG analysis (Figure 5B), where MH displayed a
well-defined mass loss of about 5.4%, which began around 78 °C and
ended after 125 °C. This is consistent with the theoretical mass loss of a
monohydrate (5.45%). The second transition, with Topget = 130 °C (AH =
104.13J g’l), resembles the behavior of Form A (Topset = 135 °C) and
takes place with a similar heat of fusion (AH = 91.2 J g’l).

Previous DSC studies revealed that HH undergoes a slow change to
Form B, which melts and suffers transformation into an additional Form
[16]. Thus, confirmatory DSC studies were run, observing that the HH
scan presented three endothermic transitions, where the first one (Topset
= 60 °C; AH = 77.3 J g~ !) was related to a dehydration event, as
confirmed by TG (gradual 2.5% mass loss between ~60 and 90 °C). The
second endothermic event, observed at Topser = 104 °C (AH = 27.43 J
g’l), can be associated with the melting of Form B (Topset = 105 °C; AH =
59.0J g1, thus suggesting a partial conversion of HH to Form B. Finally,
the last peak (Tonset 128 °C; AH = 33.99 J g’l) could be related to the
melting event of Form A, according to its temperature and enthalpy
values. These observations were in full agreement with the literature
[16].

3.3. Monitoring HH and MH phase transformations by HS-ATR-MIR

The observed transitions during the DSC and TG analyses suggested
that MH undergoes a single-step transformation, whereas HH suffers a
sequential two-stage conversion. However, despite that the nature of the
events and the species involved could be interpreted from their melting
points, the observed differences in temperature and enthalpy values,
although minor, turned necessary further analysis to ascertain the iden-
tity of the involved species and their corresponding transition tempera-
tures. Therefore, HH and MH were submitted to HS-ATR-MIR analysis.

The monitoring setup enabled heating the samples on the ATR stage
at a rate of 5 °C min~! (30-145 °C), while acquiring MIR spectra (3500-
600 cm™!) every minute. MCR-ALS was then applied to the so obtained
spectra in order to resolve the high spectral overlapping evidenced
among the species, which impeded knowing their actual number, along
with their nature and the corresponding temperature transitions.

Form A Form B HH MH Assignment
1150, 1205 1440 1137, 1197 1149, 1204 2" CH overtone
1387 1384 1381 1393 CH; combination
1401 1407 1% OH overtone
1678 1681 1682 1682 ArC-H; CH,CO
1702 1712 1706 1708 1% CH overtone
1756 1755 1750 1755 CHj; combination
1924 1926 OH stretch; combination
2142 2143 2145 2140 Amide combination
MH

)

< |HH
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=
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Figure 3. NIR spectra of the solid forms A (-), B (-), HH (-) and MH (-) of PZQ.
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Figure 4. IDR data for HH (-e-), MH (- A -) and Form A (-m-), along with their
corresponding fitted lines.

To properly run the MCR-ALS algorithm, the data were pre-treated,
applying a baseline correction, a maximum absorption normalization
and the Savitzky-Golay filter. In addition, the spectra were edited,
removing the poorly informative 2700-1700 cm ™' region. In order to
confer physicochemical sense to the results, some restrictions were
applied to the MCR-ALS algorithm; these included non-negativity in the
spectral and concentration profiles, as well as unimodality in the con-
centration mode and the system closure.

The number of components was established as four by the use of the
method of the explained variance after the single value decomposition
(SVD); this was in complete agreement with the number of observed
transitions (three) in the thermal analysis experiment. Therefore, the
MCR algorithm was initialized with four spectra, including those of the
initial (HH) and final fused form (FUS), as well as two random vectors,
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which were used in place of the unknown spectra of the second and third
components.

MCR-ALS solved the matrix of experimental data and provided esti-
mated spectral (S1, S2, S3, and S4) and concentration profiles of four
species (SD = 0.14; total R?> = 99.5%). The “pure spectra” provided by
MCR-ALS were visually and statistically compared by correlation analysis
to the spectra of the pure forms A, B, MH, HH and FUS.

This procedure enabled the identification of such species as HH, Form
B, Form A and FUS for S1, S2, S3 and S4, respectively (Figure 6). These
results revealed that dehydration of HH initially generates polymorph B;
in turn, the latter is transformed into Form A, which finally melts to
deliver FUS.

The determination of the characteristics and nature of the transitions
among the different forms was carried out by examination of the corre-
sponding abundance profiles, which gave information about the transi-
tion temperatures and conversion ratios (Figure 7). Thus, it was detected
that under this thermal treatment form HH is totally converted into form
B at 90 °C; this event is followed by a second transformation at 107 °C,
which quantitatively yields form A at about 115 °C. Further heating
triggers the last transition, observed at 136 °C, which corresponds to the
complete fusion of the solid; the complete series of events is in full
concordance with the DSC experiment.

It was established that the transformation of Form HH occurs ac-
cording to a two-step mechanism, where the consecutive formation of
polymorph B and Form A takes place. This is followed by the melting of
Form A to give a stable fused product. An analysis of the MIR spectra
obtained from MCR-ALS during thermal treatment was carried out in
order to obtain a rational explanation of the reaction scheme. The first
observed change was the disappearance of the signal assigned to v(OH) at
3485 cm™! due to the loss of water during the transformation of HH to
Form B. Simultaneously, it was observed the splitting of v(C-O) of the
amide group (1634 cm 1) in two different vibrations (1643 and 1631
cm™1) and the displacement of one of them to a higher wavenumber,
showing the gain of rigidity in the covalent bonds. The aromatic ring also
evidenced changes, where C=C showed an increment in the bond energy
(1433-1441cm™Y), implying that it is involved in the change of the
crystalline structure.

40 60 80 100 120 140 160
Temperature (°C)

40 60 80 100 120 140 160
Temperature (°C)

Figure 5. DSC thermograms of Forms A (-), B (-), HH (-) and MH (-) of PZQ (A). TG analysis of MH (-, B) and HH (-, C).
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Figure 7. Concentration profiles of the different pure ALS species for HH (-m-), B (-0-), A (- A -) and FUS (-O-) obtained by MCR-ALS during the heating process.

Subsequently, the transformation of Form B into Form A took
place; as a result, the v(C-O) of the amide group conserved both
signals but it augmented the difference of their energy, shifting from
1643 and 1631 cm™! to 1645 and 1620 cm™’, respectively. The
aromatic ring evidenced a change that continued the tendency found
from HH to B, where the C=C bond evidenced an increment in
energy (1441-1445 cm '), showing a progressive change in the
crystalline arrangement. A further analysis of the structural changes
experimented during the transformation solid forms should be
completed in future works with Density functional theory (DFT)
calculations.

An analogous scheme was employed for the HS-ATR-MIR analysis of
MH. The solid was heated at rate of 5 °C min~! and monitored between
30-145 °C, and the so obtained spectra were also analyzed using the

MCR-ALS tool. The data matrix contained 17 temperature sensors for
spectra containing 1369 wavenumber sensors each, and the spectral pre-
treatment was the same applied above.

The number of expected components was established by examining
the explained variance of the data matrix after SVD, which revealed that
three components accounted for more than 97% of the total variance.
The spectrum of MH was used as the initial estimation of the starting
species (S1), while a random vector was employed for the intermediate
species (S2) and a spectrum of FUS was included to account for the
remaining species (S3).

To ensure an MCR-ALS resolution embedded with physicochemical
sense, non-negativity restrictions were applied to spectral and concen-
tration modes, while the unimodality restriction and the closure condi-
tion were applied only to the concentration profiles.
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Figure 9. Heat-driven transformation of MH. Concentration profiles of the pure
species obtained by MCR-ALS during the heating process. MH (-0-); Form A

(-A-) and FUS (-O-).

Data resolution was obtained after 20 iterations (SD = 0.01; total R%=
99.88%). The species were identified by pairwise statistical comparisons
between the MIR spectra of the pure species and those obtained by MCR-
ALS, through the corresponding correlation coefficients (R).

As expected, S1 and S3 were assimilated to MH and FUS, respectively,
while the intermediate (S2) showed very high similarity with Form A.
The comparisons between the MCR-ALS spectral profiles and the best-
matched spectra of the corresponding pure forms are shown in Figure 8.

Once the species were identified, the thermal data were analyzed
with regards to their concentration profiles. Accordingly, it was
concluded that MH underwent a dehydration process starting approxi-
mately after 70 °C (Figure 9), which resulted in the concomitant for-
mation of Form A, which reached a maximum around 90 °C (90%), in full
agreement with DSC observations (Figure 5A). A melting event takes
place as the temperature increases, concomitantly with the disappear-
ance of Form A; this event becomes relevant after about 125 °C.

The results of the thermal behaviour of MH were in good agreement
with those observed during the thermal analysis, where a low heat
transfer event and mass loss were initially observed (70 °C) in DSC and

TG respectively. This correlated with the transition of MH to Form A
detected by MIR/MCR-ALS at the same temperature. As the temperature
raised, an endothermic event of greater magnitude took place, compat-
ible with the melting event observed by MIR/MCR-ALS.

Compared to DSC observations, the almost complete transitions
detected in the HS-ATR-MIR analysis for HH and MH may result from
different heating transference (rates and mass). When lower rates are
applied, more time is given to allow form conversion, resulting in a
higher degree of transformation between the solid phases.

MCR-ALS also suggested that, under analogous thermal conditions,
MH undergoes a single-step dehydration event, to afford Form A grad-
ually, the more stable polymorph of PZQ. As in the case of HH, the first
change was the disappearance of the signal assigned to v(OH) at 3481,
due to water loss during the conversion of MH to Form A. Simulta-
neously, the v(C=0) of the amide group (1624 em ™) split in two vi-
brations with displacements to higher (1645 em™) and lower (1620
cm ™) wavenumbers, observation that was on accord to the two different
conformations in the unit cell. The signal of v(C-N) moved from 1296 to
1300 cm ™}, revealing a higher restriction to the movements of the amide
group. The aromatic ring also showed an increment in the C=C bond
energy (1433-1445 cm™!), implying that it is involved in the change of
the crystalline structure.

In order to confirm the transformation of HH and MH to Form A under
HS-ATR-MIR, the thermal treatment was repeated up to 124 °C and
suddenly stopped. The so obtained samples were submitted to PXRD
analysis confirming the obtained structure as Form A.

3.4. Evaluation of HH and MH phase transformations by in simulated bulk
processing. Impact on dissolution rate

In order to evaluate the impact of the transformation of the hydrates
under processing-like conditions, both forms (~1 g) were subjected to
heating at a constant temperature, in the absence of oxygen (N2 atmo-
sphere) to prevent oxidation, using a vacuum oven. The hemihydrate was
heated at 84 and 124 °C for a period of 20 min (HH84 and HH124,
respectively), whereas MH was kept 124 °C for 20 min (MH124).

In agreement with the MCR-ALS prediction, that above 80 °C HH
undergoes transformation into Form B, the thermogram HH84 revealed
significant presence of Form B (~85%) and a small initial endotherm that
could be compatible with the glass transition of an amorphous state. This
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Figure 10. DSC thermograms (A) and PXRD diffractograms (B) of the solid samples MH84 (-), HH124 (-) and HH84 (-) of PZQ, major signals of pure forms A and

B (V).

was further confirmed by the diffractogram of HH84, which evidenced
massive formation of Form B, along with a small baseline shift
(Figure 10).

On the other hand, the DSC thermogram of HH124 evidenced a single
well-defined peak, related to the fusion of Form A (~80%) along with a
small event compatible with a glass transition as previously observed.
Interestingly, no signals of Form B were detected. These results were
confirmed by the PXRD study, which showed signals compatible with
Form A, over a more intensely shifted baseline, correlated to the content
of the amorphized drug.

Not unexpectedly, the DSC thermogram of MH124 was similar to that
of HH124, and its diffractogram corroborated the predominant presence

of Form A, along amorphized drug, as stemmed from the accompanying
small halo.

The appearance of an amorphous state under these conditions can
be explained by the sudden nature of the heat treatment, which forces
a rapid water loss without giving time for the corresponding rear-
rangement of the crystal lattice, unlike the gradual temperature in-
crease which takes place during the DSC and HS-ATR-MIR treatments.
The influence of such heat treatment on the dissolution of the solids as
a performance evaluation tool was assessed. When compared to the
dissolution of HH, the sample HH84 showed both an increase in the
amount of drug dissolved at early times (10 min) and an increase in
the dissolution rate (Figure 11A). This is consistent with the heat-
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Figure 11. IDR of (A) HH84 (¢), simulated HH84 mixture ({)), AM (@), Form B (m) and HH (A) (B) HH124 (¢), simulated HH124 mixture ((), AM (e), Form A (m), HH
(A); and (C), MH124 (), simulated MH124 mixture ((), AM (o), Form A (m) and MH (A).
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promoted formation of polymorph B and the presence of ~15% of an
amorphous phase (AM), both with higher IDR (Figure 11A). The ex-
istence of such a transformation at temperatures around 80 °C was
predicted by MCR-ALS and is supported by PXRD and DSC observa-
tions of this heat-stressed sample. Additionally, when the IDR profile
of a mixture of Form B:AM (85:15) was reconstructed from the IDR
curves of the pure forms, it showed no significant differences with that
of HH84.

Analogously, previous PXRD and DSC results predicted a minor but
significant content of AM in sample HH124. Therefore, it was not sur-
prise that comparison between the IDR curves of HH124 and the IDR
profile of a Form A:AM (80:20) simulated mixture showed no significant
differences (Figure 11B). The lower overall dissolution of HH124 in
comparison to HH84 could stem from the strong influence of Form A,
which exhibits the lowest dissolution rate and whose abundance in the
mixture is high (~80%).

In agreement with the DSC and PXRD studies, the intrinsic dissolution
curve of MH124, the MH sample subjected to the 124 °C treatment
(Figure 11C) was comparable to the results of HH124 (Figure 11B). The
IDR curve of MH124 showed early dissolution times governed by the
presence of AM and an overall dissolution behaviour (slope) driven by its
content of Form A (about ~80%). Thus, the IDR curve of MH124 dis-
played no significant differences when compared with the profile of a
Form A:AM (80:20) simulated mixture, validating these observations.

4. Conclusions

The solid-state transformations of HH and MH under heat stress
were monitored by HS-ATR-MIR empowered by MCR-ALS and by DSC.
This combination furnished the spectral and concentration profiles of
the involved components along with qualitative and quantitative in-
formation, which gave access to a more detailed description of the
thermal events and an unequivocal identification of the participating
species. It was established that the transformation of Form HH occurs
according to a two-step mechanism, where the consecutive formation of
polymorph B and Form A takes place. This is followed by the melting of
Form A to give a stable fused product. MCR-ALS also suggested that,
under analogous thermal conditions, MH undergoes a single-step
dehydration event, to gradually afford Form A, the more stable poly-
morph of PZQ.

When HH and MH were submitted to thermal stress displayed sig-
nificant changes in their dissolution behaviour. Thermal analysis and
PXRD afforded information regarding composition of stressed samples at
84 and 124 °C, confirming the hypotheses related to phase changes
established by MCR-ALS.

Taken together, these results suggest that HS-ATR-MIR spectroscopy
coupled to MCR-ALS is a suitable approach to monitor the stability of
hydrates and their fate under thermal stress conditions; this tool was able
to identify the species involved in multiple and complex solid-state
transformations.
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