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Zusammenfassung

Laut aktueller Literatur werden 60 bis 70 % der Wirkstoffe, die sich momentan in der
pharmazeutischen Entwicklung befinden, in die Klasse II des Biopharmaceutical
Classification System (BCS) eingestuft, da sie zwar eine ausreichende Membrangingigkeit,
jedoch eine niedrige Wasserloslichkeit aufweisen. Die Bioverfiigbarkeit kann daher nach
oraler Applikation auflosungslimitiert sein. Um ihre Wasserloslichkeit und somit auch ihre
Bioverfiigbarkeit zu erhohen, konnen andere feste Erscheinungsformen als das
thermodynamisch stabilste Polymorph zur Herstellung von festen oralen Darreichungsformen
verwendet werden, da diese Formen andere physikochemische Eigenschaften aufweisen, die
zu verbesserter Wasserloslichkeit, aber auch zu unterschiedlich guten
Verarbeitungseigenschaften fiithren. Die Erscheinungsform des Arzneistoffs kann sich jedoch
wihrend der Verarbeitung aufgrund der unter Umstdnden rauen Prozessbedingungen dndern,
was wiederum einen signifikanten Einfluss auf die Wirkung des Arzneimittels haben kann.

Im Friihstadium der Arzneimittelentwicklung stehen den Herstellern nur geringe
Wirkstoffmengen fiir die Untersuchung der FEigenschaften der unterschiedlichen
Erscheinungsformen zur Verfiigung. Deshalb wurde im ersten Kapitel dieser Arbeit die
akustische Levitation verwendet, um die Transformationskinetik dieser festen
Erscheinungsformen, in diesem Falle von amorph zu kristallin, in kleinen, hochviskosen
amorphen Arzneistoffproben zu bestimmen.

Wihrend der sogenannten Priaformulierungsphase folgt nach der griindlichen
Charakterisierung des Wirkstoffs die Formulierung in eine feste Darreichungsform, hiufig als
Tablette.

Der erste Schritt bei der Tablettierung besteht meist in der Optimierung der
PartikelgroBenverteilung, um die anschlieBenden Produktionsschritte zu erleichtern. Dies

geschieht in der Regel durch Vermahlen. Wird der Arzneistoff jedoch mit einem geeigneten
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anderen Stoff vermahlen, kann sich ein sogenannter Cokristall bilden. Im zweiten Kapitel
dieser Arbeit wurde daher der Mechanismus der Cokristallbildung wéhrend des Vermahlens
untersucht: Wihrend stochiometrische Mischungen von Piracetam und Zitronensdure
teilamorph wurden, konnte fiir Piracetam und Weinsdure nur ein sehr geringer Verlust an
Kristallinitdt beobachtet werden. Zudem konnte gezeigt werden, dass Fliissigkeits-
unterstiitztes Vermahlen die effektivste Mahlmethode zur Herstellung der untersuchten
Cokristalle ist.

Um das FlieBverhalten und die Kompressibilitit von Pulvern vor der Tablettierung zu
optimieren, wird der Arzneistoff haufig mit unterschiedlichen Hilfsstoffen granuliert. Im
dritten Kapitel der vorliegenden Arbeit wurde deshalb die In-Prozess-Herstellung von
Piracetam-Weinsdure-Cokristalle wéhrend der Feuchtgranulierung untersucht. Cokristall-
Granulate konnten mit der High Shear-Feuchtgranulierung in Anwesenheit verschiedener
Hilfsstoffe in groBem Malstab hergestellt werden.

Um die Loslichkeit und damit die Bioverfiigbarkeit von Arzneistoffen aus der BCS-
Klasse II zu erhohen, kann deren amorphe Form zu Tabletten verarbeitet werden. Im vierten
Kapitel dieser Promotionsarbeit wird gezeigt, dass die physikalische wie auch die chemische
Stabilitdt von tablettiertem amorphen Glibenclamid von der Herstellungsmethode der
amorphen Form abhingt, jedoch erwartungsgemill auch von den Lagerbedingungen.
Interessanterweise zeigte sich bei erhohtem Pressdruck eine reduzierte Rekristallisation.

Eine weitere interessante Beobachtung wurde wihrend der physikochemischen
Charakterisierung von Glibenclamid gemacht: Bei der Substanz, die durch Sublimation von
amorphem Glibenclamid entsteht, handelt es sich nicht, wie in der Literatur beschrieben, um
eine weitere, stabilere polymorphe Form des Glibenclamids, sondern um das thermische
Abbauprodukt 1,3-Dicyclohexylharnstoff. Im letzten Kapitel der vorliegenden Dissertation

wird dieses Degradationsprodukt beschrieben.



Summary

According to the literature, between 60 and 70 % of the active pharmaceutical
ingredients (API) in the pipeline show a sufficient membrane permeability but a low water
solubility and thus belong to BCS class II. Therefore, their bioavailability may be dissolution
rate-limited after oral administration. To increase their water solubility and thus their
bioavailability, other solid-state forms than the most thermodynamically stable polymorph,
which may differ in their physico-chemical properties as well as in their processibility, may
be used for formulation. However, the solid-state of the API can alter during manufacturing,
as the applied conditions in the various processing steps may be relatively harsh. This
alteration in the solid-state of the API may have a significant impact on drug performance.

In the very early phase of drug development only small amounts of the API are
available for solid-state analysis. Therefore, in the first chapter of the present work acoustic
levitation was applied to estimate the kinetics of solid-state phase transformations such as
amorphous-to-crystalline transformation of small, highly viscous amorphous samples.

During preformulation and after a thorough characterization the API may be formulated
as solid oral dosage form such as tablets. The tablet manufacturing process usually includes
particle size reduction, granulation with excipients, drying, and compacting. These
manufacturing processes may induce solid-state phase transformations.

Usually, the first step of the manufacturing process of a tablet is to reduce the particle
size of the API into a practical range for down-stream processing, often performed by milling.
Co-milling of an API with suitable compounds may lead to cocrystal formation. In the second
chapter of this work the cocrystal formation mechanism during dry-milling was investigated:
With stoichiometric piracetam/citric acid blends a partial amorphization of the substances was

observed, while with piracetam/tartaric acid there was only a slight loss of crystallinity.
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Furthermore, liquid-assisted milling was shown to be the most efficient cocrystal preparation
method among milling techniques.

To improve the bulk properties of fine particles such as flowability and compressibility,
the API may be granulated with various excipients. Therefore, the third chapter of the present
work deals with the in-process formation of the piracetam/tartaric acid cocrystal in presence
of different excipients during high-shear wet granulation. Cocrystal granules could be
produced by high-shear wet granulation on a large scale with different excipients in the
formulation.

To improve water solubility and thus bioavailability of BCS class II drugs the API may
also be formulated in its amorphous form. In the fourth chapter of this dissertation the
influence of different manufacturing parameters on the physical and chemical stability of
amorphous glibenclamide was examined. The physical as well as the chemical stability of
amorphous glibenclamide was shown to depend on the preparation method of the amorphous
drug and, as expected, on the storage conditions such as temperature and relative humidity.
Interestingly, at a higher compaction pressure during tableting, a lower degree of
recrystallization was observed, most likely due to a reduction of the molecular mobility of the
amorphous glibenclamide, induced by the microcrystalline cellulose present in the compact.
In this chapter it is shown that the physical as well as the chemical stability of an amorphous
drug is a multi-factorial process and needs to be evaluated thoroughly, as it may strongly
affect drug performance and possibly even drug toxicity.

An interesting observation during the characterization of glibenclamide was that the
substance obtained by sublimation of the amorphous form is the thermal degradation product
1,3-dicyclohexylurea and not, as previously published, a further, more stable polymorphic
form of glibenclamide. In the last chapter of this thesis the characterization of this degradation

product is presented.
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Abstract
The most common orally applied drug formulations are solid dosage forms such as

tablets and capsules. Thus, the active pharmaceutical ingredient is usually processed in one of
its solid-state forms, i. e. crystalline polymorphs, solvates/hydrates, salts, or its amorphous
form, which may all differ in their processibility as well as in their physico-chemical
properties.

The tablet manufacturing process usually includes particle size reduction, granulation
with excipients, drying, and compaction. As the conditions applied during these processing
steps may be relatively harsh, process-induced solid-state phase transformations may be
observed, which may not only influence down-stream processing of the formulation
significantly, but also drug performance and safety.

Particle size reduction is often performed by milling. Milling-induced solid-state
transformations can be influenced by the energy input into the system in terms of the type of
the milling device, the milling frequency, and the milling time. Furthermore, the experimental
temperature as well as the powder bed temperature play an important role regarding the
resulting solid-state form of the milled product. To improve flowability and avoid
segregation, the components of the powder blend are often granulated for instance by high-
shear wet granulation. High-shear wet granulation is a complex process with the risk of solid
state phase transformations depending on the drug content in the formulation, the amount and
composition of the granulation liquid, the shear rate of the impeller, and the granulation
period. Furthermore, the excipients used in the formulation strongly affect the degree of phase
transformations of the drug. The subsequent drying step may influence phase transformation

by the selected method, the drying temperature, and the drying time. Tableting also may
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induce solid-state phase transformations, depending on the applied compaction pressure, the
environmental temperature, and by the excipients used in the formulation. Drug
manufacturing thus includes complex processing steps, which may all induce solid-state phase
transformations. Therefore, an identification of process-induced phase transformations and a
detailed understanding of the transformation mechanisms are of great relevance for the
pharmaceutical industry.

This review follows the down-stream processing pipeline from particle size reduction,
to granulation and drying and finally to tableting, highlighting the relevance of the different

process parameters on solid-state phase transformations during manufacturing.

1.1 Introduction

Although the manufacture of most solid drug formulations is routine in the
pharmaceutical industry, the product quality may be affected by many different parameters
during processing, which must be considered already in the early stages of drug development.
Thus, the Food and Drug Administration (FDA) as well as the International Conference on
Harmonization (ICH) demand an increased process understanding in terms of identification
and control of process parameters with a significant influence on product quality [1, 2].

As the most common orally administered drug formulations are solid dosage forms such
as tablets and capsules, the active pharmaceutical ingredients (API) are usually processed in
their solid-state forms, namely their amorphous or their crystalline forms, i. e. polymorphs,
salts, and hydrates. In recent years, another crystalline form has attracted interest — cocrystals.

In the very early phase of drug development, it is necessary that the API is screened for

its solid-state forms, because they may differ in their physico-chemical properties such as
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water solubility and dissolution rate, which may consequently influence drug performance
and safety, as the withdrawal of the protease inhibitor ritonavir [3] in 1998 and its costly
reformulation has shown [4, 5]. Furthermore, the material properties and thus the
processibility of an API may also depend on its solid form [6]. Another important aspect
regarding the screening for solid-state forms of an API is the protection of intellectual
property, illustrated for example by the patent legal case of ranitidine hydrochloride [7-9].

Usually, in this early phase of drug formulation only a very small amount of the API is
available, thus various methods have been developed to perform solid-state screening and
characterization in a small scale, which was demonstrated with well-plates [10]. Acoustic
levitation in combination with non-contact real-time analytical techniques such as NIR or
Raman spectroscopy was also found to be a valuable technique for solid-state characterization
of small-scaled samples [11-13], as could be shown by the estimation of the recrystallization
kinetics of small levitated amorphous ibuprofen samples with NIR spectroscopy combined
with a Multivariate Curve Resolution approach [12].

Various analytical methods are available for solid-state characterization and are
described in the literature in several reviews and book chapters [14-17]. As there is no single
superior method for each analytical task, a combination of different techniques is necessary
providing a comprehensive understanding of the solid-state form of interest. In most studies
one particulate level technique (properties related to an individual solid particle), for example
X-ray diffractometry or thermal methods, is combined with one molecular level technique
(properties associated with individual molecules) such as spectroscopic methods [15].

Process analytical technology (PAT) allows monitoring of the solid-state form of an
API during processing. Especially spectroscopic techniques such as Raman [18, 19] and NIR
spectroscopy [20, 21] meet these requirements, as they provide real-time information without

sample preparation. Another analytical challenge is the analysis of solid-state forms within
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intact formulations such as tablets or capsules. Raman spectroscopy [22] and parallel-beam
XRPD [23] have been shown to be promising methods for these demanding applications.

Interpretation of the data sets using multivariate data analysis approaches such as
Principal Component Analysis (PCA) [24, 25], Partial Least Squares regression (PLS) [18,
26], and Multivariate Curve Resolution (MCR) [27, 28] may increase the information
extracted from the obtained data set.

The identified solid-state forms of an API are characterized with regards to their
stability, manufacturability, and dissolution rate [29]. Furthermore, already during this pre-
formulation phase it is crucial to identify manufacturing parameters which could possibly
induce changes in the solid-state of the API, as these so-called processing-induced
transformations (PIT) cannot only affect drug performance and safety, but may also influence
material workability and process efficiency [5].

This review presents an overview over PITs occurring during drug manufacturing,
focussing on the relevant process parameters, and follows the API down-stream from particle

size reduction to granulation and drying to tableting (Fig. 1, modified from [30]).

High-shear
wet granulation

Particle size
reduction

Drying Tableting

Fig. 1: Simplified presentation of the most important processing steps during the manufacturing

of a tablet formulation (modified from [30]).
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1.2 Solid-state forms of drugs
1.2.1 Definitions

In most cases, the API is processed in a solid form, which can either be crystalline or
amorphous. The molecular structures of the different solid-state forms of an API are
schematically presented in Fig. 2.

In crystalline drugs the molecules are arranged in a three-dimensional lattice and can be
sub-classified as single- and multi-component compounds. Different single-component
crystalline structures of one substance are named polymorphs, while multi-component
compounds can be crystalline salts, hydrates/solvates, and cocrystals.

Polymorphism is the ability of a substance to exist in more than one crystalline form
with different unit cell parameters with the identical chemical composition [31]. Polymorphs
can be classified into two groups with respect to their interconversion to different forms,
namely enantiotropes and monotropes [32]. Enantiotropy implies that one form is the most
stable form at some conditions, while at other conditions another form is the most stable one.
Polymorphs are monotropic if one form is the most stable form at all conditions below the
melting point of the API. In this case, the polymorph with the lowest solubility is the most
stable form [31].

In the past, the term pseudopolymorphism was used to describe a crystal structure in
which solvent molecules are integrated into the crystal lattice. Today, this term has been
replaced by solvatomorphism and includes solvates and hydrates [31]. As hydrates are the
most relevant solvatomorphs from the pharmaceutical point of view, this review focuses on
hydrates. The water molecules can either occupy isolated positions in the crystal lattice
(discrete position hydrates), be included in a molecular channel (channel-type hydrates), or be

metal-ion coordinated (ion-associated hydrates) [33].
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Cocrystals are defined as stoichiometric multiple component crystals formed by an API
and a cocrystal former, which both are solid under ambient conditions. API and cocrystal
former interact via n-w electrostatic forces, van der Waals forces, or hydrogen bondings [34].

Salts are multi-component materials in which the compounds interact via ionic forces.
All three groups, solvates/hydrates [35], cocrystals [36], and salts [7, 9], can show
polymorphism.

In contrast to crystalline APIs, amorphous forms of a drug are disordered on the
molecular level. To circumvent the debate, if drugs (especially milled) are amorphous or
nano-crystalline, in this review a drug system is defined as “amorphous” if two constraints are
fulfilled: (1) the X-ray diffraction pattern does not show any reflexes, and (2) upon heating, a
calorimetric glass transition can be observed [37]. The absence of a long-range order of the
molecules of an amorphous drug [38] results in a high Gibbs energy and thus a higher
reactivity compared to the crystalline counterparts. Furthermore, amorphous materials show a
higher apparent solubility and may therefore exhibit an increased bioavailability, making
amorphization interesting for formulation of poorly water-soluble drugs. Thus, it is not
surprising that some drug formulations have reached the market containing an amorphous
API, for example itraconazole (Sporan0x®) and indomethacin (Indocin®) [39]. However, due
to the high thermodynamic energy, amorphous substances tend to recrystallize. In addition,
amorphous substances are more hygroscopic than crystals, and the absorbed moisture may
function as a plasticizer, reducing the glass transition temperature. This may lead to an
increase in the molecular mobility, and therefore to a further increase in the risk of
recrystallization. Furthermore, the stability of the amorphous API may depend on its
manufacturing method: The stability of amorphous indomethacin regarding recrystallization
for example, decreases from quench-cooling over cryo-milling and spray-drying towards ball-

milling [40]. Different approaches have been undertaken to stabilize amorphous drugs, for
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example by processing a mixture of the API with a polymer to form a glass solution [41-43],
or by forming coamorphous systems of two drugs [44-48].
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Fig. 2: Overview of the possible solid-state forms of an API.

1.2.2 Influence of the solid-state form of an API on its properties

The different structures of the various solid-state forms presented in section 1.2 may
result in different physico-chemical properties, which may affect processing as well as drug
performance and safety. For example, amorphous substances show a higher free surface
energy compared to their crystalline counterparts, which may lead to unfavourable bulk
properties such as poor flowability and cohesiveness and thus reduced miscibility [49].
Additionally, amorphous substances may be more hygroscopic, which may not only increase
the thermodynamic driving force of recrystallization by plasticizing effects, but may also
affect the bulk properties of the API negatively. Furthermore, the mechanical properties of the
drug solid-state forms may differ and thus affect processibility of an API. Differences in the
crystal habit may have an impact on miscibility and on the reproducibility of the API content

in single dosage forms such as capsules or tablets. Interestingly, polymorphs and cocrystals
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may vary in their tableting behaviour, which in many cases results from a different quantity of
slip planes in the crystal lattice [6].

Not only processibility may depend on the solid-state form of an APL It is known that
also drug performance and safety may be affected, as differences in solubility and dissolution
rate between the different solid forms may occur. Often the amorphous form has a higher
apparent solubility compared to the stable crystalline form [50], which may potentially result
in an increased bioavailability of the drug if the gastro-intestinal absorption is dissolution rate-
limited. Thus, an unintended amorphization might lead to a toxic blood level of the drug.
However, a higher bioavailability cannot be observed in all cases of a decreased crystallinity
of the drug, as recrystallization upon dissolution may occur, as soon as supersaturation with
respect to the stable crystalline form is achieved. For many stable crystalline forms, hydrate
formation may occur in the aqueous environment after oral administration or in dissolution
tests, which may again decrease the solubility of the drug. This may also antagonize the
advantage gained by the improved solubility of the amorphous form [51].

Many processing steps include drastic manufacturing conditions, which can be divided
into three groups: (1) exposure of the API to mechanical stress, (2) exposure to solvents
(including water), and (3) exposure to heat [5], enabling phase transformations of the solid-
state forms of the API.

Due to the above-mentioned differences in mechanical as well as in physico-chemical
properties of the different solid-state forms it becomes evident that solid-state characterization
of the API in the final product is not sufficient. An extensive understanding of the process
parameters influencing these phase transformations and the detailed knowledge of their

mechanisms is crucial to guarantee a trouble-free processing and product performance.
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1.2.3 Mechanisms of phase transformations

The mechanisms of solid-state phase transformations are described in detail by

Zhang et al. [32] and are briefly summarized in the following sub-chapters.

1.2.3.1 Transformations in the solid-state

Transformations in the solid-state proceed without passing a liquid or vapour
intermediate state. The kinetics of these phase transitions depend on factors such as
temperature, humidity, pressure, and the presence of crystalline defects and impurities.
Transformations in the solid-state have been observed for polymorphic transitions,
hydration/dehydration, cocrystal formation, crystallization of the amorphous form, and

vitrification [32].

1.2.3.2 Transformations via the melt

Cooling of the melt of an API may lead to a different solid-state form than the original
form. Factors determining the final solid-state form include for example the cooling rate,
nucleation rate, and crystal growth rate, as well as the presence of impurities and excipients.
Phase transitions via a melting step include polymorphic transitions, cocrystal formation, and

vitrification [32].

1.2.3.3 Transformations in solution
Dissolution of the API and subsequent removal of the solvent may also lead to changes
in the solid-state form of the drug. The transformation may proceed from the meta-stable to

the stable form and vice versa. However, only the dissolved drug can be transformed. The
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final solid form is determined by nucleation and crystal growth, the solvent-removal rate, and
also by the presence of excipients and insoluble impurities, which can function as nucleation
seeds. Phase transitions in solution may include polymorphic transitions,
hydration/dehydration, cocrystal formation, crystallization of amorphous substance, and

vitrification [32].

1.2.3.4 Solution-mediated transformations

Solution-mediated solid-state transformations occur while the API is in intimate contact
with the solvent and proceed via three steps: first, dissolution of the meta-stable form; second,
nucleation of the stable form; and third, crystal growth of the stable form. The second and
third step can be transformation rate-determining. If nucleation is the rate-determining step,
the transition depends on solubility differences between the meta-stable and the stable form,
presence of soluble excipients, contact surfaces, temperature, and agitation. If crystal growth
is rate-determining, the conversion rate correlates with the solubility differences of the solid
forms, the solid/solvent ratio, particle size of the original form, agitation, temperature, and
soluble excipients. Polymorphic transitions, hydration/dehydration, crystallization of the
amorphous form, and the transition of the meta-stable to the stable polymorph as well as

cocrystal formation have been observed to proceed via a solution-mediated mechanism [32].

1.3 Process-induced solid-state transformations
1.3.1 Solid-state transformations during particle size reduction
The first step of the manufacturing process of a solid dosage form is usually to transfer

the particle size and particle size distribution of the API into a practical range for down-
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stream processing by milling. The input of a significant amount of mechanical energy to an
API during the milling process may result in different solid-state changes. Milling of the plain
API may either lead to amorphization or polymorphic changes, while with hydrates
dehydration may be observed, resulting in the anhydrate or the amorphous form. The risk of
these resulting solid-state forms is their high thermodynamic energy, increasing the likelihood
to change to a thermodynamically more stable solid-state form. Co-milling of an API with
some compounds may result in cocrystals or co-amorphous systems.

In a milling operation, the applied stress is sufficient to dislocate weak crystal lattice
planes, leading to a decrease in the collective molecular interactions and thus to a loss in the
long-range order. This may cause a regional formation of amorphous material, which, in the
case of sufficient mechanical shear energy, can result in complete amorphization of the
API [5, 52].

According to the theoretical considerations presented above, the degree of
amorphization of an API during milling depends on the energy input into the system.
Furthermore, the glass transition temperature (T,) of the amorphous API in relation to the
environmental temperature [53] and the substance temperature during milling play an
important role: If the processing temperature is approximately 50 °C lower than the T, of the
amorphous API, formation of the amorphous form may be expected, because the molecular
mobility is not sufficient for molecular reassembly and thus recrystallization [54]. Moreover,
the influence of the original solid-state form also has an impact on the resulting form after
milling [53].

In this review, amorphization of an organic API prepared by ball-milling of the
crystalline phases is discussed using the example of indomethacin, as the amorphization
ability of this drug is thoroughly investigated. Amorphous indomethacin has a glass transition

temperature of approximately 45 °C and crystalline indomethacin has been shown to be
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sensitive to milling with respect to solid-state transformations. Furthermore, the
polymorphism of the crystalline forms of indomethacin is well investigated.

The mechanical energy input into the system is determined by the milling time and the
milling frequency. Crowley and Zografi reported that the intensity of the XRPD reflections of
milled crystalline indomethacin decreases as a function of milling time due to a loss of
crystallinity, until after 60 min of milling the crystalline-to-amorphous phase transition is
completed and only the amorphous halo is observable in the XRPD pattern [55]. However,
Chieng et al. reported that ball-milling of crystalline indomethacin does not yield in complete
amorphization within 60 min of milling [45], which is consistent with Planinsek et al. [56]
and Patterson et al. [57], who observed complete amorphization only after 120 min of milling.
This putative inconsistence of the data results from different experimental conditions such as
milling frequency and environmental temperature, emphasizing the relevance of a detailed
knowledge of the experimental conditions and their impact on the solid-state form of the
product. Chieng et al. used a milling frequency of 30 Hz [45], while Crowley and Zografi
performed milling at only 10 Hz [55]. On first sight, this observation seems unexpected, as
the higher mechanical energy applied in the process described by Chieng et al. did not result
in complete amorphization of crystalline indomethacin. The essential influencing factor to
explain this observation is the environmental temperature: While Chieng et al. milled at 4 °C,
Crowley and Zografi performed milling in liquid nitrogen and thus at a significantly lower
temperature, therefore increasing the amorphization tendency during milling. Otsuka et al.
compared different environmental temperatures on the degree of amorphous indomethacin
formed during milling. At 30 °C only approximately 50 % of the crystalline substance
converted into the amorphous material and another polymorph. Milling at 4 °C resulted in
complete amorphization after 2-4 h [53], which is consistent with the results presented by

Chieng et al. [45] and Patterson et al. [57]. The effect of T, of the amorphous API and the
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experimental milling temperature on solid state conversions of APIs as well as of
pharmaceutically relevant excipients was demonstrated by Descamps et al. [58]. These
authors could show that a decrease of the milling temperature yields a higher content of
amorphous material, while milling above the T, favours crystalline-to-crystalline, i. e.
polymorphic transformations.

Crowley et al. reported complete amorphization of all three different indomethacin
polymorphs by cryo-milling for 20 min with consistent T, values of 45 °C [55]. However,
significant differences in the stability of the cryo-milled samples were observed. This was
explained by residual crystalline structures in the amorphous samples and the increased
specific surface area [55]. Karmwar et al. compared the stability and differences in the
molecular structure of differently prepared amorphous indomethacin. It was observed that the
recrystallization rate of amorphous indomethacin prepared by ball-milling was higher
compared with that of the quench-cooled substance. This observation was explained by the
differences in relaxation time values and not by structural differences, as it could be
anticipated [40].

Conversion from one to a different crystalline phase, i. e. polymorphic transformation,
can also occur during milling and may structurally be explained by the introduction of defects
in the crystalline lattice, providing mobility to lattice elements to collectively reassemble
forming another polymorph [59]. As with the amorphization of an API during milling, the
resulting solid-state phase transformations depend on the mechanical energy input, influenced
by the type of mill and the milling frequency. Furthermore, the environmental temperature
and the original solid-state form of the API may affect the solid-state form of the product.

Chieng et al. investigated the influence of the parameters of a milling process performed
with an oscillatory ball mill with respect to the solid-state phase transformation of ranitidine

hydrochloride form I. A complete transformation from form I to form II via an amorphous
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intermediate form within 2-4 h was shown [60]. This transformation was also reported by
Dunkel et al., who described the transformation in a rolling ball mill taking several days [61].
The faster transformation rate observed with the oscillatory ball mill may be explained by the
higher mechanical energy input of this mill type [60]. It was suggested that ranitidine
hydrochloride form II exists in a disordered crystalline state, while form I is arranged in an
ordered crystal state. Milling generates large amounts of heat and vibrational energy [55],
leading to milling-induced crystal disorder. Thus, formation of form II crystals was initiated
by the disruption of the ordered form I crystals as a result of the energy introduced by the
milling process. In addition, the environmental temperature was found to influence the
conversion rate of form I, which was faster at 35 °C compared to that observed at 12 °C.
While conversion from form I to form II was observed at 12 °C and at 35 °C, milling of
form I at 4 °C only resulted in the amorphous form [60].

The solid-state of the milled product may further be influenced by the original solid-
state form, as discussed by Zhang et al., who showed that milling of form II of sulfamerazine
only leads to peak-broadening of the XRPD reflections due to particle size reduction and loss
of crystallinity, while the stable form I completely converts into form II within 2 h of
milling [62].

Milling of API hydrates may result in the dehydrated or the amorphous form, depending
on the process of the release of water molecules as well as on the reassembly of the
dehydrated material [63, 64]. Furthermore, the milling period plays an important role
regarding the solid-state form of the product: Prolonged milling periods may lead to a
complete formation of the amorphous or an anhydrous form.

Co-milling of an API with some substances, so-called cocrystal formers, may lead to the
formation of cocrystals depending on the milling intensity, milling time, and on the solid-state

form of the API [65]. Three formation mechanisms for cocrystal formation via milling are
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discussed in the literature: molecular diffusion [66], intermediate formation of eutectic
mixtures [67], and intermediate formation of an amorphous phase [25]. In some cases the loss
of crystallinity is clearly detectable as a broadening of the reflections in the XRPD patterns, as
displayed in Fig. 3 [25]: The XRPD reflections broadened as a function of milling time of
piracetam and citric acid, until after 5 min a maximum of crystalline disorder could be
observed. Prolonged co-milling periods led to a higher crystallinity of the milling product,

i. e. the cocrystal [25].
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Fig. 3: XRPD diffractograms obtained after co-milling of piracetam form I (Pir I) and citric acid

Intensity

w
5 =
e
G
W
vy

(CA) at predefined milling periods [25].

In other cases the lattice disorder during co-milling only subtly changes and can only be
followed as a function of milling time by the combination of Raman spectroscopy and

PCA (Fig. 4), detectable by the ‘arch’ of the cocrystal formation path of piracetam and tartaric
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acid in the PCA 2D scores plot, which might be the result of peak shifts due to a loss of

crystallinity [25].
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Fig. 4: PCA 2D scores plot of piracetam form I / form III co-milled with tartaric acid (TA), based

on the Standard Normal Variate-corrected Raman spectra [25].

Co-milling of the dihydrate of carbamazepine with nicotinamide resulted in the fastest
cocrystal formation rate compared with the metastable and the stable polymorphs of
carbamazepine, with the stable polymorph converting at the slowest transformation rate. The
reason for the fast cocrystal formation with carbamazepine dihydrate was suggested to be the
release of the hydrate water, following a mechanism as observed with so-called liquid-assisted
grinding. Here, a small amount of liquid is added before the milling process, increasing the
cocrystal formation rate by acting as a catalyser. The differences in the cocrystal formation
rate of the polymorphs of carbamazepine were discussed to be the free energy differences due
to packing differences. Thus, a higher amount of mechanical activation energy was required

to cause lattice defects in the stable carbamazepine anhydrous crystals [68].
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Interestingly, in some cases co-milling of stoichiometric mixtures of two low molecular
weight APIs produces stable amorphous systems [47, 48]. These so-called co-amorphous
systems are stabilized by intermolecular interactions [69] and may show a significantly
increased dissolution rate compared to the crystalline APIs [44]. Chieng et al. prepared a co-
amorphous system containing indomethacin and ranitidine hydrochloride by ball-milling over
60 min in a cold room at 4 °C [45]. Interestingly, milling of the single substances did not lead

to complete amorphization under the applied conditions.

1.3.2 Solid-state transformations during high-shear wet granulation

Usually APIs cannot be directly compressed into tablets, as flowability and
compressibility of the powder often are insufficient for unproblematic down-stream
processing[70]. To solve these problems, excipients are used to allow a trouble-free
compaction process. Granulation is a well-established operation in the tablet manufacturing
process and can be performed as dry, wet, and melt granulation. All granulation methods
include the risk of PITs [5]. However, this review will focus on the process of high-shear wet
granulation. Different approaches have been undertaken to model PITs during high-shear wet
granulation [71, 72], but a detailed survey during the pre-formulation phase is important, as
this process is very complex and therefore PITs in this process are hard to predict.

The high-shear wet granulation process can be divided into three steps: The first step is
the addition of a liquid (in most cases water or hydroethanolic binder solutions) to a dynamic
powder bed, leading to the agglomeration of the particles. The second step is a wet-massing
step, where a rotating impeller (rotation speed between 100 and 500 rpm) homogenizes the
mixture in the granulation jar, distributes the granulation liquid, and forms agglomerates. A

fast-rotating chopper (rotation speed between 1000 and 3000 rpm) disintegrates the large
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agglomerates and therefore supports granule formation. The third step is the drying of the
granules [73].

The solid-state transformations observed during the wetting and the wet-massing steps
either follow a solution or a solution-mediated mechanism, depending on the drug content in
the formulation and the volume of the solvent, the solubility of the respective solid-state
forms in the granulation liquid, and their dissolution rates [32]. The transformation rate of the
conversion determines if the conversion will proceed completely during the processing time
period [72].

Hydrate formation is the best-documented PIT during high-shear wet granulation and
also proceeds via a solution or a solution-mediated mechanism [32]. In the wet environment
the hydrated form of an API (if it exists) is the thermodynamically most stable form and will
most likely be formed [72]. However, the unintended formation of the hydrate may decrease
the dissolution rate of the API [74] and thus might negatively affect the bioavailability.

The PITs occurring during high-shear wet granulation are multi-factorial and depend on
the physico-chemical properties of the processed API, on the granulation conditions such as
granulation liquid, impeller speed, and processing time, as well as on the excipients used in
the granule formula. Furthermore, the parameters applied in the subsequent drying step have a
significant impact on the solid-state form of the API in the final product [32]. Various
analytical methods were used including Raman spectroscopy [18, 75, 76], NIR
spectroscopy [77, 78], and XRPD [79] combined with different multivariate data analysis
approaches, i. e. PCA [20], PLS regression [75], and interval Partial Least Squares
regression (iPLS) [18, 80] to monitor the observed PITs and to quantify the solid-state form of
the API in the product.

The most obvious physico-chemical properties which are affected by API solid-state

transformations are solubility and dissolution rate. Otsuka et al. observed a dependence of the
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solvent on the polymorphic transformation rate of mefenamic acid form II into form I, being
higher if ethanol was used as granulation liquid compared to distilled water. This observation
was explained by the higher solubility of mefenamic acid form II in ethanol. Furthermore, it
was shown that the transformation rate was also enhanced by increasing the processing
temperature [81].

Interestingly, the polymorphic form of the API itself also has a significant impact on the
transformation process. Otsuka et al. reported that the hydrate formation of three
carbamazepine polymorphs resulted in significant differences in granule yield, with
anhydrous carbamazepine leading to the lowest amount of granules. Anhydrous
carbamazepine absorbed water, which consequently was not available for granule
formation [82].

Not only the physico-chemical properties of the API play an important role regarding
solid-state transformations induced by high-shear wet granulation: The amount of the
granulation liquid as well as that of the API and the contact time with the API are also of
interest. This was observed with the transformation of anhydrous baclofen to the monohydrate
via a solution-mediated mechanism: A large volume of granulation liquid led to a complete
conversion to the hydrate form, while a small amount only yielded incomplete hydrate
formation. As expected, with a prolonged contact time between API and granulation liquid, a
smaller volume of granulation liquid was required to achieve complete hydrate
formation [83]. Furthermore, the amount of API needs to be taken into account to estimate the
degree of transformation: A high drug content in the formulation usually requires a larger
volume of granulation liquid to lead to complete conversion [84].

The dependence of the composition of the granulation liquid on the transformation
process was also observed in a study performed by Otsuka et al.: Hydration of carbamazepine

anhydrate to the dihydrate was found to depend on the character of the granulation liquid.
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With distilled water or ethanol, formation of the dihydrate was not observed, while a mixture
of ethanol and water (50%/50%) led to the formation of carbamazepine dihydrate. This
observation was suggested to be a result of the higher solubility of carbamazepine in ethanol,
leading to precipitation of carbamazepine dihydrate in the presence of water [82]. In contrast,
Christensen et al. observed that a reduced water activity by the use of a water/ethanol mixture
as granulation liquid delayed the formation onset of piroxicam monohydrate compared to
plain water by reducing the reaction rates involving water molecules [18]. These studies show
that process-induced transformations do not only depend on the physico-chemical properties
of the API, but also of those of the granulation liquid.

The other possible parameter influencing PITs during high-shear wet granulation is the
shear force provided by the impeller. Wikstrom et al. reported that an increase of the impeller
speed shortens the onset time and increases the formation rate of theophylline monohydrate
[76]. However, the influence of the impeller speed compared to that of the granulation liquid
and the exposition time of the API to the liquid are suggested to be relatively small, as the
largest portion of the shear strain is expected to dissipate by translational movement of the
particles [32, 73].

The influence of excipients used in granule formulations on the solid-state PITs during
high-shear wet granulation is thoroughly examined and well-described in the literature.
Amorphous or semi-amorphous excipients such as the fillers microcrystalline cellulose or
silicified microcrystalline cellulose were found to decrease the amount of anhydrate
transformed into the hydrate [18, 75, 84-86]. However, hydrate formation was only reduced,
but in none of the described cases it could be fully prevented, yielding a mixture of API
hydrate and anhydrate in the granules, which might lead to unpredictable properties of the
product. To completely inhibit unwanted hydrate formation, Gift et al. investigated various

polymers. Caffeine hydrate formation was completely inhibited by polyacrylic acid, while
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carbamazepine hydration was prevented by both polyacrylic acid and hydroxypropyl
methylcellulose (HPMC) [75]. Hydrate formation was further completely prevented by
addition of small amounts of HPMC to the granule formulation when granulating theophylline
anhydrate; however, the granule properties remained unchanged [87]. This effect of HPMC
was also observed with ciprofloxacin [88].

Crystalline excipients such as a-lactose monohydrate or mannitol did not always have
an influence on the transformation, as they were not able to absorb the granulation liquid [18,
85, 87]. In other cases however, o-lactose monohydrate slightly increased the hydrate
formation compared to processing without excipients. The suggested mechanism is the
dissolution of the a-lactose monohydrate, which improved the wetting of examined
theophylline particles [86]. The alkalizing excipient sodium bicarbonate decreased the onset
time of piroxicam monohydrate formation by deprotonating the molecule, which increased its
water solubility. This led to a faster dissolution and thus an increased hydrate formation [18].
Cocrystal formation during high-shear wet granulation has only rarely been observed.
Jayasankar et al. established Raman spectroscopy as a real-time monitoring method to
determine the formation rate of carbamazepine-nicotinamide cocrystals [89]. Recently,
formation of a known cocrystal consisting of piracetam and tartaric acid (CSD reference code
RUCDUP) [90] during high-shear wet granulation was investigated [91]. At-line Raman
spectroscopy in combination with PLS revealed that the degree of cocrystal formation
depended on the excipients used in the granulation formulation (Fig. 5). While calcium
hydrogen phosphate did not affect cocrystal formation, microcrystalline cellulose significantly
hindered a complete conversion, most likely by absorbing the granulation liquid, which was
required for the solution-mediated cocrystal formation process [92-94]. This example shows
that during high-shear granulation not only polymorphic transformations and hydrate

formation can occur, but also cocrystallization may take place. On the one hand, this can be
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advantageous for formulators, if the cocrystal is the solid-state form of choice, because the
cocrystal can be formed during the granulation process, which saves a separate
cocrystallization step. On the other hand, one has to be aware of accidental cocrystal

formation during high-shear wet granulation, as the API properties may be altered.
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Fig. 5: (a) Predicted amount of cocrystal as a function of granulation time. Granulation was
performed in duplicate; each time point represents the mean predicted amount of cocrystal +
standard deviation at three representative sampling spots. Green curve: Pir/TA/HPC. Red
curve: Pit/TA/HPC/MCC. Blue curve: Pirt/TA/HPC/CaHPO,. (b) XRPD patterns of the neat
compounds and the granules at an impeller speed of 100 rpm over 15 min, immediately after
preparation. Coloured lines highlight relevant reflections. (Pir: piracetam; TA: tartaric acid) HPC:
hydroxypropyl  cellulose;  MCC: microcrystalline  cellulose;  CaHPOy: calcium
hydrogenphosphate) [91].

As discussed above, solid-state PITs during high-shear wet granulation are multi-
factorial, very complex, and thus hard to predict. As the product performance is significantly
influenced by the solid-state form of the API, formulators need quantitative or even real-
time [18, 76, 77, 79] methods to detect unwanted PITs or to follow desired PITs during the
granulation process. For example, Koradia et al. established PLS models based on Raman and
NIR spectroscopy to estimate the transformation kinetics of amlodipine besylate monohydrate
during wet granulation [80]. In the presence of excipients it can be challenging to establish a
universal PLS model and different models need to be created. To circumvent the spectral

influence of the excipients, Christensen et al. have successfully applied iPLS to establish a
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prediction model by selecting only the spectral windows relevant for the PIT. This approach

reduces experimental workload and saves time in the manufacturing process [18].

1.3.3 Solid-state transformations during drying

The last step of the high-shear wet granulation process is the drying of the granules [73],
where PITs can also be expected [5, 32]. PITs have further been observed during spray-drying
and lyophilisation. However, this review will focus on the conventional tray-drying procedure
as well as on fluidized-bed drying.

The highest risk of inducing solid-state transformations during drying is the
modification of the drying parameters to make the process faster and more effective, because
this may be accompanied by either an increase in temperature or in rapid solvent removal. If
the drying temperature exceeds the transformation temperature of an enantiotropic pair of
polymorphs, a polymorphic transformation of the API may be observed. Fast solvent removal
might lead to a kinetic trapping of meta-stable solid-state forms of the API and/or the
excipients [5].

Tray-drying is a traditional drying method, where the granule bed is placed on trays and
kept in a constant temperature-controlled airflow. As the granule bed is static, drying only
takes place at the upper surface of the particle bulk, which results in a moisture gradient
within the granule bed. Thus, higher temperatures and longer drying periods are required,
increasing the possibility of PITs [5, 95]. The risk of phase transformations during tray-drying
may be reduced by fluidized-bed drying, a common operation in the pharmaceutical industry,
as less harsh drying conditions can be applied. The granule bed is agitated by a warm air
stream, allowing lower temperatures and shorter drying periods compared to tray-drying.
Fluidized-bed drying can be divided into two drying stages, namely the heat-transfer

controlled phase and the mass-transfer controlled phase, which are discussed in detail by
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Wildfong et al. [5]. During the heat-transfer controlled phase, the particle temperature is
lower compared to the inlet temperature, as most of the energy is dissipated by evaporation of
the solvent, thus temperature-dependent PITs are unlikely to occur. During the mass-transfer
controlled phase, the temperature of the granule bed increases significantly, resulting in
temperature-dependent PITs [5]. An optimal fluidized-bed drying process may be real-time
temperature-monitored and -controlled, with an inlet temperature above the phase transition
temperature of the API and a subsequent down-regulation of the temperature below the
transformation temperature as soon as the mass-transfer drying phase is reached and the
granule bed temperature increases [5, 96].

Although the temperatures applied during fluidized-bed drying are relatively mild
compared to tray-drying, the fast evaporation of the solvent may again result in Kinetic
trapping of meta-stable forms of APIs. This may be explained by the significantly higher
drying rate compared to that observed during the solution-mediated transformation
mechanism during tray-drying [71].

It is expected that drying procedures may have a high impact especially on the structure
of hydrates due to dehydration of the hydrated crystalline lattices, which can lead to the
formation of the dehydrated structure, the anhydrate, the amorphous form or a mixture of
these forms. The processing stress leading to the before-mentioned phase transformations may
be high temperature on the one hand and low relative humidity on the other hand [71].
Furthermore, the resulting solid form of the API is affected by excipients used in the granule
formulation. The drying behaviour of a particle further depends on its structural properties
such as the presence and size of pores as well as on the packing of the molecules. It is also
strongly influenced by the orientation of the solvent molecules in relation to the orientation of
the host molecules and the number and strength of hydrogen bonds between solvent and

host [97, 98].

28



Solid-state transformations induced by pharmaceutical processes during manufacturing

The drying of theophylline monohydrate with respect to solid-state changes is well-
examined [99, 100]. Theophylline monohydrate granules were dried by fluidized-bed drying
and tray-drying and both methods were compared with regard to the theophylline forms
present in the granules [97]. Dehydration of theophylline monohydrate (form II) can either
lead to the metastable anhydrate (form I*) or the stable anhydrate (form I). Form I* can
convert into form I over time. It could be shown that theophylline monohydrate granules dried
between 40 and 50 °C consisted mostly of form I*, independent of the drying method applied.
Tantry et al. observed a conversion from form I* to form I during drying depending on the
drying temperature: An increase of the drying temperature from 45 °C to 55 °C enhanced the
transformation rate significantly [101]. Tray-drying at 60 °C, simulated by Airaksinen et al.
using variable-temperature XRPD, led to complete transformation into form I within 15 min,
while with fluidized-bed drying even at 90 °C still approximately 20 % of form I* remained
unchanged over the complete drying process [97].

The solid-state transformation upon drying may furthermore be influenced by excipients
present in the granule formulation. The transformation from theophylline form I* to form I
during tray-drying was slowed down by polyvinyl pyrrolidone (PVP) solution as granulation
liquid [101]. A higher molecular weight of the PVP resulted in an increased stabilisation of
form T*.

The transformation of erythromycin dihydrate to the stable anhydrate or to the
amorphous form requires relatively high activation energy, while the formation of the
isomorphic dehydrate needs less energy and already occurs during storage at low relative
humidity [102, 103]. If the water is removed completely from the channels in the crystalline
lattice including bound water a molecular vacuum is generated, and polar excipients such as
magnesium hydroxide may be incorporated, leading to a significant decrease in dissolution

rate [104]. However, Romer et al. observed formation of the erythromycin dehydrate only at
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drying temperatures above 60 °C and suggested that formation of the erythromycin dehydrate
during processing is only relevant at harsh conditions such as high drying temperatures [95].

For a deeper understanding of the transformation mechanism or if the solid-state
transformations are desired to occur during drying, in-line real-time quantification methods
are required. Zeitler et al. used terahertz pulsed spectroscopy to gain a mechanistic in-situ
insight into the dehydration of theophylline monohydrate upon drying. Two phases could be
distinguished during the temperature-dependent drying, namely the phase transition itself and
the evaporation of the hydrate water, making this technique valuable to gain a deeper insight
into dehydration processes [105].

Kogermann et al. established a PLS model based on Raman spectroscopy to
simultaneously quantify multiple solid-state transformations of carbamazepine dihydrate
during fluidized-bed drying. Although model performance was lower compared to the
calibration set resulting from differences in recording the spectra such as moving of the
sample or distance from the probe to the sample, it could be shown that during water removal
large amounts of the carbamazepine dehydrate were transformed into the amorphous form,
which subsequently crystallized to a mixture of the two polymorphs with a small amount of
remaining amorphous substance. It was concluded that real-time process monitoring allows an
improvement in process-understanding, which may help to control the process [106].

Aaltonen et al. successfully combined either NIR or Raman spectroscopy with PLS
regression to determine the dehydration of theophylline monohydrate during fluidized-bed

drying [107].

1.3.4 Solid-state transformations during tableting
Tablets are the most often administered drug formulations. Their administration is

convenient and their manufacture is simple, as powder or granules are compressed by an
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upper and a lower punch in a die. While the punches apply axial stress to the
powder/granules, radial stress occurs by particle deformation at the die wall [5]. Generally it
is assumed that the solid-state form of a drug remains unchanged under the compaction stress
applied during tableting, as the softer excipients are expected to deform preferentially
compared to the hard crystalline drug [108]. However, as a result of the compaction stress,
with some substances solid-state transformations may be observed after tableting [5, 32, 51],
depending on the amount and the type of stress (hydrostatic or shear-based), the
environmental temperature as well as on the solid-state forms of the API, their particle size,
and the excipients in the tablet formulation.

Compaction of chlorpropamide polymorphic forms A or C by an eccentric press at
compaction pressures of 196 MPa resulted in a partial transformation into the respective other
polymorphic form [109], showing that solid-state phase transformations may occur already at
routine compaction pressures. The reason for this transformation is the structural similarity in
terms of one common slip plane in the crystal lattices of both chlorpropamide polymorphs.
Thus, polymorphic transformation can take place easily by distortion and minimal translation.
Hydrostatic pressure does not lead to polymorphic transformation, as lattice distortion does
not occur, resulting from the uniform pressure applied on the crystal [110].

Matsumoto et al. investigated the influence of the tableting temperature on the
polymorphic transformation of the chlorpropamide polymorphs A and C and observed that the
amount of form A that transformed into form C at 45 °C was approximately twice as large
compared to that transformed at 0 °C. However, the compression-induced transformation of
form C into form A was temperature-independent [111].

Otsuka further described that the degree of transformation of the chlorpropamide
polymorphs increases with increased compression energy up to a certain level [109]. Another

study dealing with the influence of the compaction pressure on the degree of solid-state
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transformation was published by Chan and Doelker, who examined transformation of meta-
stable polymorphs of drugs as a function of compaction pressure with an eccentric press. It
was observed that the transformation of sulfabenzamide form B to form A increased with
increasing tableting pressure [112]. Furthermore, the transformation of the API depending on
the position of the drug in the tablet was investigated. As a result of the highest tableting
energy being applied onto the upper tablet surface polymorphic transformation was highest,
decreasing over the thickness of the tablet with the lowest transformation on the lower surface
due to the loss of tableting energy by rearrangement and deformation of the particles [112].
Interestingly, with maprotiline hydrochloride a dependence of the particle size on the degree
of transformation was observed, which was explained by differences in the surface area of the
particles and thus differences in the pressure at the points of particle contact, as well as by
differences in friction at the die wall [112].

It was found that the recrystallization of amorphous indomethacin may also be induced
by compaction [113]. The recrystallization behaviour of amorphous melt-quenched
indomethacin induced by compression as a function of the cooling rate of the melt was
investigated [114]. Interestingly, it was observed that the rapidly cooled melt of indomethacin
was more susceptible to compression-induced crystallization compared to the slowly cooled
melt, which was surprising, as Karmwar et al. showed that the stability regarding
recrystallization upon storage increased with increasing cooling rate [115]. It was concluded
that the stability with regard to recrystallization after compression might not be directly
correlated with the physical stability during storage of glassy APIs and thus needs to be
evaluated separately [114].

For an optimized tableting process the solid-state form of the API needs to be carefully
evaluated, as for example Lefebvre et al. showed for the compaction of carbamazepine

polymorphs and the dehydrate. Although the dihydrate showed the best compaction
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properties, it could not be used for tablet formulation because it was not stable under
compression and was partially transformed into the  form. The most stable o form could not
be used either, as it induced sticking to the punches. Thus, the commercially used  form was
found to be a good compromise regarding stability and processibility [116].
Tableting-induced phase transformations may also be affected by excipients used in the
tablet formulation, resulting from their different mechanical properties. Schmidt et al.
investigated the potential of different excipients to protect amorphous indomethacin from
recrystallization and theophylline monohydrate from dehydration, as both transformations
may be induced mechanically. Carrageenans showed the best protection because most of the
compaction energy of the tableting process is taken up by elastic deformation of the
carrageenans. However, a complete protection could not be achieved. Chitosans were slightly
less protective than the carrageenans, but were significantly better protectors than HPMC,
which again was better compared to MCC (carrageenans > chitosans > HPMC > MCC).
Dicalcium phosphate dihydrate did not show any protective behaviour [113, 117]. In a
subsequent study polyethylene oxides were also found to decrease tableting-induced
recrystallization of amorphous indomethacin because of interactions between drug and

excipient [118].

1.4 Conclusion

This review dealt with solid-state transformations induced by pharmaceutical processes.
Although manufacturing of solid dosage forms is a routine operation in pharmaceutical
industry, solid-state transformations of an API may be induced by all processing steps from
particle size reduction to granulation and drying to tableting. The mechanisms and thus the

parameters influencing these transformations are complex and need to be thoroughly
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investigated in drug development. This includes identification and monitoring of process-
induced solid-state transformations during manufacturing with modern real-time analytical
techniques to circumvent problems in down-stream manufacturing as well as a decrease in

drug performance and safety.
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2. A case study of real-time monitoring of solid-state phase transformations
in acoustically levitated particles

using near infrared and Raman spectroscopy
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A case study of real-time monitoring of solid-state phase transformations in acoustically

levitated particles using near infrared and Raman spectroscopy

Abstract

The objective of this study was to monitor the amorphous-to-crystalline solid-state
phase transformation kinetics of the model drug ibuprofen with spectroscopic methods during
acoustic levitation. Chemical and physical information was obtained by real-time near
infrared (NIRS) and Raman spectroscopy measurements. The recrystallization kinetic
parameters (overall recrystallization rate constant § and the time needed to reach 50 % of the
equilibrated level #5p), were determined using a multivariate curve resolution approach.

The acoustic levitation device coupled with non-invasive spectroscopy enabled
monitoring of the recrystallization process of the difficult-to-handle (adhesive) amorphous
sample. The application of multivariate curve resolution enabled isolation of the underlying
pure spectra, which corresponded well with the reference spectra of amorphous and
crystalline ibuprofen. The recrystallization kinetic parameters were estimated from the
recrystallization profiles. While the empirical recrystallization rate constant determined by
NIR and Raman spectroscopy were comparable, the lag time for recrystallization was
significantly lower with Raman spectroscopy as compared to NIRS. This observation was
explained by the high energy density of the Raman laser beam, which might have led to local
heating effects of the sample and thus reduced the recrystallization onset time.

It was concluded that acoustic levitation with NIR and Raman spectroscopy combined
with multivariate curve resolution allowed direct determination of the recrystallization
kinetics of amorphous drugs and thus is a promising technique for monitoring solid-state
phase transformations of adhesive small-sized samples during the early phase of drug

development.
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2.1 Introduction

Many new chemical entities are poorly water soluble but show sufficient membrane
permeability. Thus, they are solubility- or dissolution rate-limited in their bioavailability after
oral administration. To increase their solubility and dissolution rate, the amorphous form may
be used for formulation and manufacturing instead of the stable crystalline drug form [119].
However, the physical stability of the amorphous form remains an issue of concern [40].
Therefore, it is essential to understand the recrystallization kinetics of an amorphous active
pharmaceutical ingredient (API) and the factors influencing crystallisation. Some amorphous
APIs show a glass transition temperature below room temperature. At room temperature,
these APIs become highly viscous and adhesive, making them difficult to handle and
examine [120, 121]. Furthermore, in the early phase of drug development the availability of
sufficient amounts of API is limited [122]. Therefore, characterisation techniques, which
allow a non-destructive analysis of small amounts of the compound, are required [123]. Lab-
on-a-chip approaches might be undertaken to examine small amounts of compounds, however
these have the potential drawbacks of sample-container wall interactions [13] and optical
interference at the container walls complicating detection [124]. To circumvent these
drawbacks, acoustic levitation may be applied, which in the past has been established for a
range of experiments such as containerless crystallization from solutions [125, 126] and
supercooled melts [127]. An interesting study was recently published by Benmore and Weber,
who described the preparation of amorphous APIs by melting the crystalline drug in the
acoustic field of an acoustic levitator using a laser beam followed by a subsequent cooling
step [11]. This method prevents seeding during the preparation of the amorphous sample. The
operating mode and the theoretical background of acoustic levitation are thoroughly described
in the literature [128]. Briefly, acoustic levitation deploys an ultrasonic wave, which

originates at the transducer and is reflected by the reflector. Interference occurs because of the
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same wavelength of the original and the reflected waves, leading to a standing acoustic wave
which is characterised by the sound pressure and the sound velocity. The resulting pressure
distribution in the acoustic field allows the levitation of small particles. Critical factors of
acoustic levitation are sample size and weight. Whereas the weight of the sample only rarely
represents a problem, the limitation by the size of the sample is usually more relevant.
However, Xie et al. demonstrated stable levitation of tungsten spheres with a much higher
density (18.92 g cm™) than an aqueous samples (~1 g cm™) [129]. The theoretical maximum

sample diameter of a stably levitated particle can be estimated according to Eq. (1) [128]

_l,c .4

A 3 3 Eq. (D)
where d; 4 1S the maximum sample diameter, ¢y is the sound velocity, and f; is the operating
frequency of the sonotrode. However, levitation is most stable for smaller samples with a
diameter below 1 mm if droplet deformation is undesired [128].

Although acoustic levitation represents a promising technique to study solid-state phase
transformations in levitated samples, currently the challenge of this technique is to establish
non-invasive analytical methods, which allow fast real-time monitoring of very small
samples, 1i.e. single particles. Optical analysis with a camera [130], X-ray
diffractometry [125], and Fourier transform infrared spectroscopy [131] have been
successfully applied for analysis of levitated samples. Furthermore, Raman spectroscopy has
been extensively used for in situ characterisation of levitated samples, allowing fast chemical
and structural analysis [126, 127, 130, 132].

Near infrared spectroscopy is gaining increasing interest in preformulation because of
the fast, non-destructive, non-invasive, and flexible analysis of the sample offered by this

technique [133]. However, in contrast to mid infrared spectroscopy, NIR spectra are less

specific with only subtle differences between different solid-state forms of the same
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compound. Overlapping of bands often occurs in the NIR spectra if a multi-component
system is investigated, complicating the interpretation of the spectra [133, 134]. If a
calibration data set is not available, common multivariate data analysis approaches in
analysing NIR spectra include various pre-processing methods together with Principal
Component Analysis (PCA) [135]. Although PCA has proven to be a robust analysis method
on multivariate data sets, the main limitation of PCA in analysing NIR spectra is the difficulty
in the interpretation of the loadings from a chemical perspective. For quantitative analysis of
multi-component systems Partial Least Squares regression (PLS) is a well-established method
if a calibration data set is available [26, 136]. Multivariate Curve Resolution (MCR) offers an
alternative approach to PCA and PLS when building a multivariate model [27, 28, 137]. The
main advantage of MCR as compared to PCA and PLS is that the MCR model is easier to
interpret and a calibration data set is not strictly required. This method is also known as soft
modelling or mathematical resolution, which assumes that each spectrum can be described as
the sum of N pure underlying chemical spectra (Eq. (2)):

D=c,s] +c,53 +..+cysy +E Eq. (2)
where D is the obtained spectral matrix with each spectrum arranged row-wise, s is the pure
underlying chemical spectrum, ¢ is a vector containing the weight of the pure underlying
chemical spectrum, T is the vector transpose, and E is the residual matrix. The purpose of
MCR modelling is for each spectrum to estimate the pure underlying chemical spectra, and
their respective weights. This approach is useful when calibration samples are either
impossible, or extremely difficult to prepare because of the dynamic nature of the investigated
process.

The aim of the present study was to investigate the use of NIR and Raman spectroscopy
combined with MCR to determine the recrystallization kinetic parameters of millimetre-sized

levitated amorphous ibuprofen used as a highly viscous model API.
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2.2 Experimental methods
2.2.1 Materials

Ibuprofen (pharmaceutical grade) was supplied by BASF, Germany.

2.2.2 Methods

2.2.2.1 Preparation of amorphous ibuprofen

Crystalline ibuprofen was transformed into the amorphous state by quench-cooling. First, the
drug was heated in an oven at 85 °C until it was completely molten. Then the melt was poured

into liquid nitrogen. The particles were kept in liquid nitrogen until further analysis.

2.2.2.2 Acoustic levitation of amorphous ibuprofen

A single amorphous ibuprofen particle in the glassy state was trapped in an acoustic
field at 42 kHz (Fig. 6a, levitated coloured water droplet as an example). At a frequency of
42 kHz the theoretical maximum sample diameter is 3.6 mm (Eq. (1)). However, levitation is
most stable with smaller samples (diameter <1 mm) and is recommended if droplet
deformation is undesired [128]. The particle transformed into the rubbery state and
recrystallized within minutes. The experiment was performed in triplicate at ambient
conditions each for four minutes. To obtain spectroscopic data from the levitated sample, NIR
or Raman spectroscopy probes were placed at a distance of approximately 5 mm to the

particle without disturbing the acoustic field (Fig. 6b).
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Fig. 6: (a) Levitated sample (coloured water). (b) Schematic experimental setup.

2.2.2.3 High speed camera

High speed camera images were obtained with a MotionPro Y4 Speed 2 camera
(Imaging Solutions, Germany). Shutter speed was 5 ms and frequency was 30 frames per
second.

Particle size was determined from the high speed camera images at the end of each
experiment using an in-house written Matlab script (ver. 7.10, Mathworks, USA). The
obtained 8 bit resolution gray scaled image array with size 1024 x 1024 was pre-processed
using binarization by applying a 50 % threshold. In order to fill the holes within the particle in
the binary image, a closing operation was performed with a 200 pixel diameter disc
morphological structuring element [28]. The pixels belonging to the particle were counted and

transformed into area.
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2.2.2.4 Near infrared spectroscopy (NIRS)

Solid-state phase transformation of the levitated ibuprofen particle was monitored by
NIRS using a NIR-256L-2.2T2 spectrometer (Control Development, UK) with a tungsten
light source and a fibre optic probe. The detector used in this setup was a thermoelectrically
cooled 256 element InGaAs array detector. Spectra were collected for four minutes in a
continuous scanning mode with an integration time of 0.01 s. Each spectrum was the average

of 32 spectra and had an 8 cm™ resolution.

2.2.2.5 Raman spectroscopy

The levitated samples were investigated using a Raman spectrometer (Control
Development, USA), equipped with a thermostatically cooled CCD detector and a fibre optic
sampling probe (RamanProbe™, InPhotonics, USA). Samples were excited using a laser with
a wavelength of 4 = 785 nm and a laser power of 300 mW (Starbright 785S, Torsana Laser
Technologies, Denmark). The focal length of the laser beam was 5 mm. The Raman laser spot
size was approximately 200 pm. The depth of field D; was calculated according to

Eq. (3) [138], the numerical aperture (NA) of the lens of the Raman probe was 0.22:

ﬂ(l _ NA2 )1/2
D =—"—" Eq. (3
Spectra were recorded between 543 and 1674 cm™ in a continuous scanning mode with

a resolution of 8 cm™ and 1 s integration time. Each spectrum was the average of 8 spectra.

Careful attention was paid to minimise the exposure of the sample to the laser.

2.2.2.6 Multivariate data analysis

Spectra were analysed using an in-house written Matlab script (ver. 7.10, Mathworks,

USA) together with the Multivariate Curve Resolution Alternating Least Squares (MCR-
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ALS) toolbox developed by Jaumot et al. [139]. NIRS is sensitive to adsorbed water, thus the
water bands were excluded from further analysis, and the regions included in the MCR model
were from 4731 to 5075 cm'l, from 5263 to 6600 cm'l, and from 7600 to 8944 cm™. Both
NIR and Raman spectra were pre-processed using Standard Normal Variate (SNV)
correction [140]. The negative intensity values after SNV correction were corrected by adding
a constant offset to all spectra.

Evolving factor analysis was performed for each experiment in order to identify the
number of evolving chemical components [141]. Initial estimations for the alternating least
squares algorithm contained the first and the last experimental spectra corresponding to
amorphous and crystalline ibuprofen, respectively. Non-negativity in spectral mode,
unimodality in concentration mode, and closure constraint were applied to the MCR model.
Furthermore, NIRS experiments were analysed with the use of column-wise matrix
augmentation. After MCR, each estimated pure underlying spectrum was compared to the
reference spectrum and Pearson’s correlation coefficient P was calculated according to

Eq. (4) [142]:

Zilzl (Si B E)(Sref,i - a)
\/zilzl (s = ;)2 z; (8yeri = a)z

P=

Eq. (4)

where s,,s E,;efand I are the spectral element at index i of the pure spectrum, spectral

ref i?
element at index i of the reference spectrum, average of pure spectrum, average of reference
spectrum, and the total vector length of the spectrum, respectively.

To estimate the recrystallization kinetics, the weights (c¢) of the underlying crystalline
ibuprofen pure spectrum were plotted as a function of time and fitted to a logarithmic growth

function (Eq. (5)) previously used to describe recrystallization phenomena [28, 143, 144]:
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a

X = XO +—1+e_ﬁ(t_’50)

Eq. (5)

where X, Xy, o, B, and ts9 are the fraction of recrystallized ibuprofen at time ¢, the initial
fraction of recrystallized ibuprofen, the equilibrated crystalline ibuprofen fraction, an
empirical constant related to the amorphous-to-crystalline transformation rate, and the time

needed to reach 50% of the equilibrated level, respectively.

2.3 Results and discussion
2.3.1 High speed imaging of ibuprofen recrystallization

Due to the low glass transition temperature of ibuprofen (-45 °C) [145], the ibuprofen
particle gradually transformed from the glassy state into the rubbery viscous state upon
levitation. The process of levitation of the particle prevented interactions with container walls,
and hence eliminated a possible influence of the heat transfer from the container to the
levitated sample. The droplet rotated around its vertical axis and moved three-dimensionally.
The particle movement was estimated using the high speed camera images and was
determined to be approximately +250 pm in horizontal (extreme values ~600 pm) and
about 50 pum in vertical direction (extreme values ~50 um). As a result of its high Gibbs free
energy, recrystallization of the amorphous ibuprofen occurred fast and was observed with a
high speed camera (Fig. 7). The crystal nuclei were arranged at the equator of the rotating
droplet as a result of centrifugal forces. According to the high speed camera images,
recrystallization as a function of time was completed within approximately one minute. With
increasing crystalline material however, the optical density of the particle increased and thus
observation of the recrystallization process became more difficult over time. Therefore, the

images presented in Fig. 7, also illustrate the need for the use of a non-invasive spectroscopic
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method in order to gain quantitative information and an increased understanding of ibuprofen
recrystallization on a molecular level, as real-time monitoring is necessary to determine the
recrystallization kinetic parameters f and tso. Hence, NIR and Raman spectroscopy, in

combination with MCR data analysis were applied.
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Fig. 7: High speed camera images of the recrystallization process of an amorphous ibuprofen

I 1
1000 pm

particle with an approximate diameter of 2 mm. Transformation of fully amorphous to fully

crystalline ibuprofen.

2.3.2 Ibuprofen recrystallization monitored with NIRS

In Fig. 8a the SNV-corrected NIR spectra are presented. They were in good agreement
with the literature [146]. The colour gradient of the bar indicates the recrystallization process
with the blue spectrum representing amorphous ibuprofen and the red spectrum crystalline
ibuprofen. The most significant changes in the NIR spectra during recrystallization were

found in the regions between 5660 and 5950 cm'l, where the first overtone of the CH stretch
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vibration bands is observed, and between 8000 and 8700 cm'l, where the second overtone of
the CH stretch vibrations appear [147].

Univariate data analysis of NIR spectra can be difficult due to the broad and
overlapping absorption bands, and differences between amorphous and crystalline API
spectra may be indistinct [148, 149], illustrating the need for multivariate data analysis. With
MCR, chemical meaningful pure component spectra can be extracted from the data set.
However, prior to MCR model building, it is important to know the number of evolving
chemical components (pure chemical spectra N in Eq. (2)) underlying the data set. Evolving
factor analysis [27] was performed to determine the number of components in the spectral
data set and resulted in two significant evolving components. This finding matched well with
the expectation, since the first component can be attributed to the decrease of amorphous
ibuprofen and the second component can be attributed to the evolution of crystalline
ibuprofen (data not shown).

To identify these two components, MCR was performed. In Fig. 8b the MCR pure
spectra corresponding to the two evolving components (black spectra) are presented together
with the uncorrected amorphous (blue spectrum) and crystalline ibuprofen reference spectra
(red spectrum), respectively, for comparison. Visually, the MCR pure spectra are very close
to their respective reference spectra (Fig. 8b). The Pearson’s correlation coefficient of the
MCR pure spectrum and the reference spectrum of amorphous ibuprofen was 0.990, the
Pearson’s correlation coefficient of the MCR pure spectrum and the reference spectrum of
crystalline ibuprofen was 0.999, respectively. This indicates that MCR selectively modelled
the evolution of amorphous and crystalline ibuprofen in the levitated particle from the NIR
spectra.

The fitting of the amorphous-to-crystalline transformation profiles to Eq. (5) was

considered satisfactory (average R° = 0.992) and is presented for each replicate experiment in
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Fig. 8c. The overall transformation rate constant 8 was determined to be 2.57 + 0.53 min™ and
tso was 2.01 + 0.08 min.

It can be summarised that NIRS in combination with MCR is a valuable technique to
estimate the recrystallization kinetic parameters of a levitated amorphous ibuprofen sample.
However, extracting structural information of the recrystallization process on a molecular
level from the NIR spectra was complicated because of overlapping bands, as also observed

in other studies [148].
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Fig. 8: (a) Time-dependent, SNV-corrected NIR spectra recorded during the recrystallization
process (blue spectrum — amorphous ibuprofen, red spectrum — crystalline ibuprofen, colours on
the bar are referring to the number of the spectrum, water bands greyed-out). (b) Comparison of
the MCR pure spectra (black) with the amorphous (blue) and crystalline (red) reference spectrum.
(c) MCR-ALS-predicted kinetic profiles of the amorphous-to-crystalline ibuprofen solid-state

phase transformation (the solid curves represent the fitting to the data points according to Eq. (5)).
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2.3.3 Ibuprofen recrystallization monitored with Raman spectroscopy

Structural interpretation of Raman spectra is more straightforward as compared to NIR
spectra, but the disadvantages of Raman spectroscopy are a low signal intensity and an often
inappropriate signal to noise ratio with levitated particles [132]. Wu et al. successfully applied
Raman spectroscopy in combination with MCR for online-monitoring of nitrendipine
antisolvent crystallization [28]. Thus, in this study Raman spectroscopy was combined with
the MCR approach to determine the recrystallization kinetics of levitated amorphous
ibuprofen.

The Raman peak positions of the amorphous and crystalline ibuprofen were in good
agreement with the literature (Fig. 9a) [150]. As crystallization proceeded, the peaks became
sharper and more intense, which is a well-known observation with amorphous-to-crystalline
transformations [26, 151]. A frequency shift was observed for the aryl C=C Raman band at
1616 cm™ in the spectrum of amorphous ibuprofen towards 1611 cm™ in the spectrum of the
crystalline form (Fig. 9b). This band shift was interpreted as a different molecular association
in the crystalline and the amorphous form [150, 152].

The Raman signal intensity was low compared to offline measurements, because the
particle shifted out of the laser focus, as a result of the previously described particle
movement during acoustic levitation. This is a known problem with acoustically levitated
samples. In a previous study by Santesson et al., the authors showed that surface enhanced
Raman spectroscopy (SERS) can be useful to increase the signal to noise ratio by addition of
a silver colloid solution into the levitated droplet [132], however this approach was not
pursued in this study, as the effect of nanostructures on the recrystallization kinetics of the
amorphous ibuprofen is unknown.

Evolving factor analysis revealed two chemical components as observed with the NIR

spectra, probably attributed to the change in amorphous to crystalline ibuprofen (data not
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shown). In Fig. 9c the pure MCR spectra corresponding to the two evolving components
(black spectra) are presented together with the uncorrected amorphous and crystalline spectra
(blue and red spectra, respectively). The MCR pure spectra were nearly noise-free and
appeared visually almost identical to the reference spectra of amorphous and crystalline
ibuprofen, respectively. The Pearson’s correlation coefficient of the MCR pure spectrum and
the reference spectrum of amorphous ibuprofen was 0.993, the Pearson’s correlation
coefficient of the MCR pure spectrum and the reference spectrum of crystalline ibuprofen was
0.984, respectively. In Table 1 an overview of the Pearson’s correlation coefficients of the
MCR pure spectra and the reference spectra of amorphous and crystalline ibuprofen,
respectively, for NIRS as well as for Raman spectroscopy is presented. It can be stated that
MCR selectively modelled the evolution of amorphous and crystalline ibuprofen in the
levitated particle.

Table 1: Pearson’s correlation coefficient (P) of the MCR pure spectra and the reference spectra of crystalline

and amorphous IBU.

P P
MCR pure spectrum - reference ~ MCR pure spectrum - reference
Crystalline Amorphous

(n=3) (n=3)

Near infrared 0.999 0.990
spectroscopy

Raman 0.984 0.993
spectroscopy

The recrystallization kinetic parameters S and ts) were estimated for the Raman data, as
the fit of the amorphous-to-crystalline transformation profiles to Eq. (5) was considered

sufficient (average R = 0.991). The solid lines in Fig. 9d represent the fitted transformation
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profiles of each replicate experiment. In Table 2 the fitted parameters are summarised.
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Fig. 9: (a) SNV-corrected Raman spectra recorded during the recrystallization process (blue
spectrum — amorphous ibuprofen, red spectrum — crystalline ibuprofen). (b) Time-dependent shift
of the aryl C=C Raman band during recrystallization. (c¢) Comparison of the MCR pure spectra
(black), including amorphous (blue) and crystalline (red) reference spectra. (d) MCR-predicted
kinetic profiles of the amorphous-to-crystalline ibuprofen solid-state phase transformation (the

solid curves represent the fitting of the data points according to Eq. (5)).
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Table 2: Comparison of the recrystallization kinetic parameters of NIRS and Raman spectroscopy.

R2 ﬁ 50
[min'l] [min]
(n=3) (n=3) (n=3)
Near infrared 0.992 2.57+0.53 2.01£0.08
spectroscopy
Raman 0.991 2.50£0.40 1.42 £0.15
spectroscopy

R’ is the average coefficient of determination of the fit of the amorphous-to-crystalline transformation profile to

Eq. (3), p overall recrystallization rate constant, and ¢s, the time needed to reach 50% of the equilibrated level.

2.3.4 Recrystallization kinetic parameters estimated from NIR and Raman spectroscopy

The empirical recrystallization rate constant £ estimated from the two spectroscopic
techniques were comparable, while t59 was lower for Raman spectroscopy than for NIRS
(Table 2). The uncertainty in the determination of the empirical recrystallization rate
constant f was rather large. The main reason could be the large variation in particle size of
approximately 4.3 + 0.7 mm? (relative standard deviation (n = 3): 17 %). With increasing
particle size the heat transfer into the centre of the particle also increases, resulting in a slower
recrystallization. Controlling the particle size would most likely lead to a reduction of the
uncertainty in determination of the f value.

It is hypothesised that the reason for the differences in the ts9 values determined by
Raman and NIR spectroscopy could be due to the Raman laser beam influencing
nucleation [153, 154]. The levitated particle absorbs a certain amount of energy provided by
the Raman laser, leading to a local heating of the sample. This local heating effect could have
increased nuclei formation and therefore reduced the recrystallization onset time [155-157].
As the sample size was rather small (approximately 4 mm?) a large amount of energy was

dissipated on a rather small sample compared to bulk analysis using Raman spectroscopy.
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However, in order to minimise the Raman laser influence on the recrystallization kinetics,
careful attention was paid to minimize the exposure of the sample to the laser. With NIRS the
excitation energy is provided by a wolfram light source which is less focussed than the
Raman laser used in the study, hence its power density is lower. Therefore, the influence of
the NIR light source on the actual recrystallization kinetics is less pronounced. Further, NIRS
has a shorter collection time per spectrum than Raman spectroscopy. In this study, the time
needed to collect one NIR spectrum was 0.32 s, while 8 s were required to obtain one Ramen
spectrum. Thus, even very fast solid-state transformations may be investigated using NIRS.
However, Raman spectroscopy can provide a deeper insight into the solid-state phase
transformation on a molecular level than NIRS because of the clearly resolved sharp

peaks [134].

2.4 Conclusion

Acoustic levitation with NIR and Raman spectroscopy, combined with MCR, provides a
valuable technique for monitoring solid-state phase transformations of small amorphous,
highly viscous and adhesive materials and can therefore be an important tool in early
formulation development. While NIRS allows the detection of fast solid-state phase
transformations and gives an estimation of the actual recrystallization kinetics, Raman
spectroscopy offers a detailed insight into the recrystallization process on a molecular level.
The MCR data analysis approach was found to be useful in estimating the underlying pure
spectra despite the small amount of sample and poor spectral signal to noise ratio, allowing

chemically meaningful interpretation of the obtained spectral data sets.
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Investigation of the formation process of two piracetam cocrystals during grinding

Abstract

Cocrystal formation rates during dry grinding and liquid-assisted grinding were
investigated by X-ray powder diffractometry and Raman spectroscopy. Two polymorphic
forms of piracetam were used to prepare known piracetam cocrystals as model substances, i.e.
piracetam-citric acid and piracetam-tartaric acid cocrystals. Raman spectroscopy in
combination with principal component analysis was used to visualize the cocrystal formation
pathways. During dry grinding, cocrystal formation appeared to progress via an amorphous
intermediate stage, which was more evident for the piracetam-citric acid than for the
piracetam-tartaric acid cocrystal. It was shown that liquid-assisted grinding led to faster
cocrystal formation than dry grinding, which may be explained by the higher transformation
rate due to the presence of liquid. The cocrystal formation rate did not depend on the

polymorphic form of the applied piracetam and no polymorphic cocrystals were obtained.

3.1 Introduction

Pharmaceutical cocrystals can be defined as stoichiometric multiple component
substances formed by active pharmaceutical ingredients (API) and cocrystal formers. At least
two components of a cocrystal must be solid under ambient conditions [34].

Cocrystals are gaining increasing interest in the pharmaceutical community, because
they differ in their physicochemical properties from single-component crystals, e.g. melting
point [158], hydration stability [159], UV light stability [160], hygroscopic properties [90],

dissolution behaviour [50], and bioavailability [161].
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Although most cocrystals have been found by chance, an increased understanding of the
cocrystal formation process during the last few decades has led to more systematic cocrystal
design. Two approaches are common practice: one is based on a structural fit of the
compounds, i.e. similarities in molecule packing, and the other is based on specific pair wise
interactions, so-called supramolecular synthons [162]. The API and cocrystal former interact
via non-ionic and non-covalent intermolecular interactions, such as van der Waals forces,
n-m-interactions, and most importantly, hydrogen bonding. Hence, the presence of free
hydrogen bond donors and acceptors is usually a prerequisite for cocrystal formation [158].
Supramolecular assemblies of cocrystals may be based on homosynthons, such as acid-acid
interactions, and heterosynthons, for example acid-amide interactions [34].

Piracetam (2-oxo-1-pyrrolidineacetamide, shown in Fig. 10) is a nootropic substance,
used for the treatment of memory and balance problems. Piracetam is a neutral molecule,
containing two different amide moieties, which could form heterosynthons with carboxylic
acid or hydroxyl groups. Five anhydrous polymorphic forms (forms I-V) and two hydrates of
this drug have been reported [163, 164]. Form III was found to be the thermodynamically
stable polymorph at ambient conditions [165]. The presence of different polymorphic forms
increases the chance for cocrystal formation because polymorphism is based on molecular
flexibility. Hence, it may be easier to pack such a molecule in a different crystal lattice
arrangement with another substance than it is the case for structurally more rigid

molecules [166].

NH,
N/Y

O

Fig. 10: Chemical structure of piracetam
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As a result of the ability to form heterosynthons on the one hand and structural
flexibility on the other hand, piracetam is a suitable model substance for the investigation of
cocrystal formation. It is thus not surprising that several piracetam cocrystals are described in
the literature. In 2005, Vishweshwar et al. characterised piracetam cocrystals formed with
2,5-dihydroxybenzoic acid (Cambridge Structural Database (CSD) reference code: DAVPAS)
and 4-hydroxybenzoic acid (CSD reference code: DAVPEW) by slow evaporation of
acetonitrile, slurrying in water, and dry-grinding using Fourier transformation infrared
spectroscopy (FTIR), differential scanning calorimetry (DSC), X-ray powder diffractometry
(XRPD), and single-crystal X-ray diffractometry (SC-XRD) [167]. Liao et al. examined the
formation of piracetam cocrystals with different isomers of dihydroxybenzoic acid by
crystallisation from acetonitrile and characterised the cocrystals by DSC, FTIR, and
XRPD [168]. Recently, Viertelhaus et al. described a screening experiment for piracetam
cocrystals, using Raman microscopy, FT-Raman spectroscopy, XRPD, SC-XRD, dynamic
vapour sorption, thermogravimetry coupled with FTIR, and DSC as characterisation
techniques. Piracetam cocrystals with L-(+) tartaric acid (L-(+)-2,3-dihydroxybutanedioic
acid) (CSD reference code: RUCDUP), racemic 2-hydroxy-2-phenylacetic acid (CSD
reference code: RUCFIF), L-2-hydroxy-2-phenylacetic acid (CSD reference code: XOZSOV),
and citric acid (2-hydroxypropane-1,2,3-tricarboxylic acid) at molar ratios of 1:1 (CSD
reference code: RUCFAX) and 3:2 (CSD reference code: RUCFEB) as well as an ethanol
solvate of the piracetam-2-hydroxypropane-1,2,3-tricarboxylic acid cocrystal (not published
in the CSD) were detected. These cocrystals were prepared by solvent evaporation, solution
crystallisation, and liquid-assisted grinding [90].

Cogrinding of an API and a cocrystal former is an important technique for cocrystal
preparation and especially for cocrystal screening [65, 68, 90, 169]. Three mechanisms are

discussed for cocrystal formation by dry-grinding: molecular diffusion, intermediate
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formation of eutectic mixtures, and intermediate formation of an amorphous phase. Usually a
more effective grinding method is liquid-assisted grinding [90, 170], although the mechanism,
and especially the role of the liquid, is not yet fully understood. Some authors suggest that a
small amount of liquid may act as a lubricant for the reaction, while others state that the liquid
provides a medium to enhance molecular diffusion [171]. While many research articles have
been published regarding cocrystal characterisation [90], screening [172], design [173], and
storage stability [168], little work has been done to understand the kinetics of cocrystal
formation during grinding. Chieng et al. followed the cocrystallization process of different
solid-state forms of carbamazepine during dry-grinding with nicotine amide by combining
XRPD with a multivariate data analysis approach [68], concluding that cocrystal formation
using carbamazepine hydrate is faster than using the meta-stable polymorphic form I of the
drug, which in turn was faster than using the stable polymorphic form III. Principal
component analysis (PCA) provided a valuable tool to visualize the cocrystal formation
process.

The aim of this study was to gain a deeper insight into the formation of two known
piracetam cocrystals, i. e. piracetam-citric acid and piracetam-tartaric acid, during grinding. In
the first part of the study cocrystal formation was investigated as a function of the grinding
technique and the polymorphic form of the API, using XRPD, DSC, and Raman
spectroscopy. In the second part PCA of the Raman spectra was performed to provide a more

detailed insight into the cocrystallization mechanism.
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3.2 Experimental section
3.2.1 Materials

Piracetam (My: 142.16 g/mol) was purchased from Hangzhou Dayangchem, China.
Purity was confirmed by high performance liquid chromatography. The polymorphic form
was determined to be form III by XRPD and DSC. However, to exclude impurities of other
piracetam polymorphs, form III was used after recrystallization from methanol at ambient
conditions. Piracetam form I was obtained by heating form III at 160 °C for 5 min and
subsequent cooling to room temperature. Citric acid (Mw: 192.13 g/mol) was purchased from
AppliChem, Germany, and L-(+)-tartaric acid (Mw: 150.09 g/mol) was purchased from Ajax
Chemicals, Australia; both compounds were of pharmaceutical grade and were used as

received.

3.2.2 Methods
3.2.2.1 Physical mixing

The cocrystal formers were ground before mixing to achieve the same particle size as
the APIL. Physical mixtures were obtained by gently mixing API and cocrystal formers at a 1:1

molar ratio in a glass mortar with a glass pestle for 1 min.

3.2.2.2 Grinding
3.2.2.2.1 Dry-grinding

Dry-grinding was performed by co-milling piracetam with citric acid and tartaric acid,
respectively, at a 1:1 molar ratio in 25 mL stainless steel milling jars using an oscillatory ball
mill (Retsch MM301, Germany). Each jar contained three 9 mm stainless steel balls. Milling

was carried out for predefined time periods from 1 min to 30 min at a frequency of 30 Hz.
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3.2.2.2.2 Liquid-assisted grinding

For liquid-assisted grinding, the same process parameters as for dry-grinding were
used. Additionally, 16.6 pL of water and 166 uL of ethyl acetate were added to prepare the
piracetam-citric acid cocrystal before the milling process was started. For piracetam-tartaric

acid cocrystal preparation, 16.6 pL of water were added [90].

3.2.2.3 Characterization methods
3.2.2.3.1 X-ray powder diffraction (XRPD)

Differences in crystal lattice configuration were examined using a PANalytical X’ Pert
PROMD diffractometer (PW3040/60, Philips, The Netherlands), with CuKa radiation at a
wavelength of 1.54 A in continuous scanning mode. The step size was 0.0084°20 and the
scanning rate was 0.1285°26/min. Powder samples were analysed in aluminium sample
holders and scanned at 40 KV and 30 mA from 5 to 35°20. The powder diffraction patterns
were analysed with X’Pert Highscore software (version 2.2.0) and plotted with OriginPro 7.5.
The theoretical cocrystal patterns were calculated on the basis of the Cambridge Structural
Data base (CSD 5.32, November 2010) [174] using ConQuest 1.13 [175] by Mercury

software CSD 2.4 [176] (Cambridge Crystallographic Data Centre, UK).

3.2.2.3.2. Differential scanning calorimetry (DSC)

To confirm the XRPD results, DSC was performed. Each sample was analysed in
triplicate. The material was weighed (1-5 mg) into a TA instruments standard aluminium pan
using a micro balance and tweezers. The pan was covered with a lid and crimped using a TA
crimper. The reference pan was crimped similarly to the sample pans but without any

substance.
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Thermograms were recorded on a Q100 V8.2 Build 268, (TA Instruments, USA) under
a constant nitrogen gas flow of 50 mL/min. The DSC apparatus was calibrated with regard to
temperature and enthalpy using indium as a standard. The heating rate was set to 10 K/min in
a range from 20 to 180 °C. To determine any thermal events the TA Universal Analysis 2000

software (version 4.0c) was used.

3.2.2.3.3 FT-Raman spectroscopy

FT-Raman spectra were recorded using a Bruker FRA 106/S FT-Raman spectrometer
(Bruker, Germany), equipped with a Coherent Compass 1064-500N laser (Coherent, USA),
attached to a Bruker IFS 55 FT-IR interferometer, and a D 425 Ge diode detector. The laser
wavelength was 1064 nm and laser power 120 mW. To monitor the wave number accuracy
sulphur was used as a reference standard. Measurements were performed in triplicate (each
spectrum was averaged over 64 scans) at a resolution of 4 cm™. Spectra were displayed using

the OPUS 5.0 software.

3.2.2.3.4 Chemometrics

Spectral changes due to cocrystal formation were visualised by performing principal
component analysis (PCA) of the Raman spectra. The data were pre-treated with a standard
normal variate algorithm and scaled by mean centring. Multivariate data analysis was
performed with The Unscrambler X (version 10, Camo, Norway). The spectral regions

between 1800 cm™ and 2700 cm™ and above 3100 cm™ were excluded.
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3.3 Results and discussion

The substances investigated in this study were characterised by XRPD, DSC, and
Raman spectroscopy. The piracetam-citric acid and piracetam-tartaric acid cocrystal structure
was thoroughly described by Viertelhaus et al. [90], a schematic overview over the

interactions within the unit cells is presented in Fig. 11 (Cambridge Structural Database

2011) [174, 175].

Fig. 11: (a) 3D structure of the piracetam-citric acid unit cell. (b) 3D structure of the piracetam-

tartaric acid unit cell (Cambridge Structural Database 2011) [174, 175].

The XRPD patterns, DSC thermograms, and the Raman spectra of the model API
piracetam (polymorphic forms I and III), the cocrystal formers citric acid and tartaric acid,
and the cocrystals are displayed in Figs. 12-14. For clarity, only the data of the physical
mixtures of piracetam form III and the cocrystal formers, rather than the individual
components alone, are displayed. The calculated cocrystal XRPD patterns based on the single
crystal data in the CSD are included in Fig. 12. The characteristic peaks of the physical
mixtures are highlighted by red dotted lines. The patterns of the physical mixtures of

piracetam form III and citric acid or tartaric acid, respectively, show combinations of the
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diffractograms of both compounds expressing API as well as cocrystal former peaks. In
contrast, the cocrystal patterns are completely different to those of the physical mixtures,
showing peaks which are not observable in the physical mixture patterns, because the crystal
configuration differs significantly from the crystal lattices of the single components. The
measured cocrystal patterns are in good agreement with the patterns calculated on the basis of

the CSD (green dotted lines).
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Fig. 12: (a) XRPD patterns of piracetam form I (Pir I) and form III (Pir III), citric acid (CA),
physical mixture of piracetam form III and citric acid (Pir IIl/ CA PM), piracetam-citric acid
cocrystal (Pir III CA), and calculated piracetam-citric acid cocrystal pattern (Pir IIl CA CP). (b)
XRPD patterns of piracetam form I (Pir I) and form IIT (Pir II), tartaric acid (TA), physical
mixture of piracetam form III and tartaric acid (Pir III/ TA PM), piracetam-tartaric acid cocrystal

(Pir IIT TA), and calculated piracetam-tartaric acid cocrystal pattern (Pir IIl TA CP).

To confirm the XRPD results, DSC was performed. In Fig. 13 the various DSC
thermograms are displayed. Piracetam form III shows three endothermic events at onset
temperatures of 125 °C, 140 °C, and 150 °C. According to Maher et al. [177], the first
endothermic event at 125 °C is the result of a partial transformation of form III into form I,
which melts at 150 °C, while form III melts at 140 °C. Citric acid melts at 154 °C and L-
tartaric acid at 170 °C. The melting onset temperature of the piracetam-citric acid cocrystal is

105 °C, while the piracetam-tartaric acid cocrystal melts at 160 °C. The melting points of the
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pure substances and the cocrystals are in good agreement with the values published in the

literature [90, 163, 165, 177].

Raman spectroscopy, which provides molecular level information, is a valuable

technique for solid-state and cocrystal investigation [68, 172].
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Fig. 13: DSC thermograms of piracetam form I (Pir I) and form III (Pir III), citric acid (CA),

tartaric acid (TA), piracetam-citric acid cocrystal Pir III CA), and piracetam-tartaric acid cocrystal
(Pir LI TA).

In Fig. 14 the characteristic Raman bands of the pure substances and the physical
mixtures are highlighted by red dotted lines; the cocrystal peaks are highlighted by green
dotted lines. The cocrystal spectra can easily be differentiated from the physical mixtures’

spectra, since they show peaks which are not observed for the physical mixtures.
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Fig. 14: (a) Raman spectra of piracetam form I (Pir I) and form III (Pir III), citric acid (CA),
physical mixture of piracetam form III and citric acid (Pir III/ CA PM), and piracetam-citric acid
cocrystal (Pir IIT CA). (b) Raman spectra of piracetam form I (Pir I) and form IIT (Pir III), tartaric
acid (TA), physical mixture of piracetam form III and tartaric acid (Pir III/ TA PM), and

piracetam-tartaric acid cocrystal (Pir III TA).

In the first part of the study the formation speeds of piracetam-citric acid cocrystals and
piracetam-tartaric acid cocrystals were investigated as a function of different grinding
techniques on the one hand and different polymorphic forms of piracetam on the other hand.
Therefore, piracetam form I or form III were co-ground with citric acid and tartaric acid,
respectively, by dry-grinding as well as by liquid-assisted grinding. The samples, milled for
predefined time periods, were examined using XRPD and Raman spectroscopy.

In Fig. 15, the XRPD patterns and the Raman spectra of the samples of piracetam form I
and form III, dry-ground with citric acid, are shown. The patterns and spectra of the physical

mixtures (red dotted lines) and the cocrystal (green dotted lines) are included as references.
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Upon milling, significant changes in the XRPD patterns and in the Raman spectra can be
detected. The intensity of the characteristic peaks of the physical mixture decreases, while that
of the cocrystal peaks increases. After 10 min of milling, regardless of the piracetam
polymorph used as starting material, the patterns and spectra only show characteristic
cocrystal peaks, indicating complete cocrystal formation. Interestingly, the characteristic
XRPD peaks and Raman bands of the cocrystals formed by both piracetam form I-citric acid
and piracetam form IIl-citric acid match, indicating that the resulting cocrystals are identical.
For all samples, a loss of crystallinity of piracetam and citric acid during grinding is
observed in the XRPD diffractograms and in the Raman spectra, identifiable by the broader
peaks with lower intensity. This is a known phenomenon to occur during grinding [55]. Co-
grinding at room temperature leads to partial amorphization, and further grinding can
accelerate cocrystal formation. This cocrystal formation mechanism is typical for solids which
are not volatile and which interact via hydrogen bonds. It has been suggested that cocrystal
formation occurs via an intermediate amorphous stage of high energy and high molecular
mobility [65]. Some samples were even completely amorphous after grinding, indicated by a

broad halo in the XRPD pattern. These samples crystallised forming the cocrystal.
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Fig. 15: (a) XRPD patterns of the physical mixture of piracetam form I and citric acid (Pir I/ CA
PM), dry-ground for predefined time periods. The piracetam form I-citric acid cocrystal (Pir I CA)
reference pattern is included. (b) Raman spectra of the physical mixture of piracetam form I and
citric acid (Pir I/ CA PM), dry-ground for predefined time periods. The piracetam form I-citric
acid cocrystal (Pir I CA) reference spectrum is included. (c) XRPD patterns of the physical
mixture of piracetam form III and citric acid (Pir III/ CA PM), dry-ground for predefined time
periods. The piracetam form III-citric acid cocrystal (Pir IIT CA) reference pattern is included. (d)
Raman spectra of the physical mixture of piracetam form III and citric acid (Pir III/ CA PM), dry-
ground for predefined time periods. The piracetam form IlI-citric acid cocrystal (Pir III CA)

reference spectrum is included.

In Fig. 16, the XRPD patterns and the Raman spectra of piracetam form I and form III,
dry-ground with tartaric acid at predefined milling times, are shown. Again, the intensity of
the characteristic peaks of the physical mixture decreases, while the cocrystal peaks become
more prominent with increasing milling times. Independent of the polymorphic form of
piracetam, the physical mixture peaks disappear after 10 min of grinding and cocrystal

formation is completed. This observation is surprising, as Chieng et al. showed that the
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thermodynamically less stable polymorph of carbamazepine forms cocrystals with nicotine
amide faster during dry-grinding than the stable polymorph because of its higher energy [68].
This trend is not observed in the present study. Again, the cocrystals formed by piracetam
form I and form III do not show polymorphism.

In the diffractograms, a loss of crystallinity, as it was shown for piracetam-citric acid
cocrystals, cannot be observed with piracetam-tartaric acid. In addition, there was no evidence

of amorphous material in the DSC thermograms (not shown) or Raman spectra detectable by

the naked eye.
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Fig. 16: (a) XRPD patterns of the physical mixture of piracetam form I and tartaric acid (Pir I/ TA
PM), dry-ground for predefined time periods. The piracetam form I- tartaric acid cocrystal (Pir I
TA) reference pattern is included. (b) Raman spectra of the physical mixture of piracetam form I
and tartaric acid (Pir I/ TA PM), dry-ground for predefined time periods. The piracetam form I-
tartaric acid cocrystal (Pir I TA) reference spectrum is included. (c) XRPD patterns of the physical
mixture of piracetam form III and tartaric acid (Pir III/ TA PM), dry-ground for predefined time
periods. The piracetam form III- tartaric acid cocrystal (Pir III TA) reference pattern is included.
(d) Raman spectra of the physical mixture of piracetam form III and tartaric acid (Pir IIl/ TA PM),

dry-ground for predefined time periods. The piracetam form III- tartaric acid cocrystal (Pir III TA)

reference spectrum is included.
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Cocrystal formation during grinding may be enhanced by small amounts of liquid added
to the milling jar before the milling process [170]. To compare the rate of cocrystal formation
during this liquid-assisted grinding with dry-grinding, the XRPD patterns and the Raman
spectra of piracetam form I or form III, co-ground with citric acid and tartaric acid,
respectively, were recorded after the same milling times (Figs. 17 and 18). Already after
1 min of milling, the patterns and spectra differ significantly from those of the physical
mixture. Peaks characteristic of the physical mixture disappear from the XRPD patterns and
the Raman spectra and only cocrystal peaks are detected. Obviously, cocrystal formation is
already completed after 1 min of liquid-assisted grinding for both the piracetam-citric acid
cocrystal and the piracetam-tartaric acid cocrystal.

On the one hand, the fast cocrystal formation may be explained by the higher molecular
mobility of the API and the cocrystal formers as a result of their partial solubility in the
liquids used in the experimental setup [170, 171]. On the other hand, Viertelhaus et al.
observed a loss of crystallinity in an equimolar mixture of piracetam and citric acid during
liquid-assisted grinding [90]. This was not observed in the present study, probably because of
the fast cocrystallization process.

As observed with the dry-grinding process, no differences are found between the
cocrystal formation rates of the different polymorphic forms of piracetam during liquid-
assisted grinding. According to the XRPD patterns, the cocrystals of piracetam and citric acid
or tartaric acid obtained by liquid-assisted grinding and dry grinding, respectively, are
identical. Raman spectroscopy (Figs. 17 b, 17 d and 18 b, 18 d) and DSC (data not shown)

support the XRPD findings.
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Fig. 17: (a) XRPD patterns of the physical mixture of piracetam form I and citric acid (Pir I/ CA
PM), after liquid-assisted grinding for predefined time periods. The piracetam form I-citric acid
cocrystal (Pir I CA) reference pattern is included. (b) Raman spectra of the physical mixture of
piracetam form I and citric acid (Pir I/ CA PM), after liquid-assisted grinding for predefined time
periods. The piracetam form I-citric acid cocrystal (Pir I CA) reference spectrum is included. (c)
XRPD patterns of the physical mixture of piracetam form III and citric acid (Pir III/ CA PM), after
liquid-assisted grinding for predefined time periods. The piracetam form IIl-citric acid cocrystal
(Pir III CA) reference pattern is included. (d) Raman spectra of the physical mixture of piracetam

form III and citric acid (Pir III/ CA PM), after liquid-assisted grinding for predefined time periods.
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Fig. 18: (a) XRPD patterns of the physical mixture of piracetam form I and tartaric acid
(Pir I/ TA PM), after liquid-assisted grinding for predefined time periods. The piracetam
form I-tartaric acid cocrystal (Pir I TA) reference pattern is included. (b) Raman spectra of the
physical mixture of piracetam form I and tartaric acid (Pir I/ TA PM), after liquid-assisted grinding
for predefined time periods. The piracetam form I-tartaric acid cocrystal (Pir I TA) reference
spectrum is included. (c) XRPD patterns of the physical mixture of piracetam form III and tartaric
acid (Pir IIl/ TA PM), after liquid-assisted grinding for predefined time periods. The piracetam
form Ill-tartaric acid cocrystal (Pir III TA) reference pattern is included. (d) Raman spectra of the
physical mixture of piracetam form III and tartaric acid (Pir IIl/ TA PM), after liquid-assisted

grinding for predefined time periods.

In summary, it was found with both cocrystal systems that liquid-assisted grinding
results in very fast cocrystal formation, which is completed within the first minute of
grinding. Cocrystal formation during dry-grinding is a slower process and is completed only
after 10 minutes. In the present study, the type of polymorphic form does not have a
significant influence on the cocrystal formation rate, which is in contrast to findings published

by Chieng et al. in 2009 for carbamazepine cocrystals [68]. Different polymorphic cocrystals
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are not obtained by dry-grinding or liquid-assisted grinding. Dry-grinding of piracetam and
citric acid leads to partial amorphization, which is suggested to be the cocrystallization
mechanism. Amorphization is not obvious for formation of the piracetam-tartaric acid
cocrystal.

To gain a deeper insight into the transformation of the physical mixture into the
cocrystal during dry-grinding, principal component analysis (PCA) of the Raman spectra was
performed. PCA is a valuable technique to visualise differences in the cocrystal formation rate
and can help to provide insight into solid-state transformation processes taking place during
grinding [68]. In Fig. 19 a, the PCA 2D score plot of piracetam-citric acid cocrystal formation
is presented. Of the total variance, 70 % is explained by the first two components. Principal
component 1 (PC-1, 50 % of the total variance) distinguishes between the cocrystal and non-
cocrystal systems: It correlates negatively with non-cocrystal and positively with cocrystal
systems. Comparison of the PC-1 loadings plot with the Raman spectra of the physical
mixture and the cocrystal supports this interpretation of the score plot (Fig. 19 b). Scores of
samples dry-ground for less than 5 min cluster in the left part of the score plot (black
symbols). XRPD confirms that these samples remain as physical mixtures of the original
crystalline components. Scores of samples ground for more than 5 min forming cocrystals
(confirmed by XRPD) cluster on the right hand side of the score plot (blue symbols). In some
cases, the samples are completely X-ray amorphous after different milling periods (red
symbols). When these amorphous samples were stored for 24 hours at ambient conditions,
they crystallised and clustered with the cocrystal scores, indicating cocrystal formation (green
symbols). PC-2 (20 % of the total variance) describes spectral differences between the
physical mixtures of citric acid and piracetam form I or form III (PC-2 loadings plot
Fig. 19 c¢). After completion of the cocrystal formation, no differences between the spectra of

the cocrystals formed by form I and form III are detected with PCA.
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Fig. 19: (a) PCA 2D score plot of piracetam form I (circles) or form III (triangles) dry-ground with
citric acid. Black symbols represent non-cocrystal systems ground for less than 5 min, blue
symbols represent cocrystal systems, red symbols represent samples being X-ray amorphous after
various grinding times, green symbols represent the amorphous samples after crystallization,

forming the cocrystal. (b) Loadings plot of PC-1 (c) Loadings plot of PC-2.

In Fig. 20 a the PCA 2D score plot of piracetam-tartaric acid cocrystal formation is
displayed. The first two PCs explain 85 % of the total variance: PC-1 with 58 % and PC-2
with 27 %. PC-1 differentiates between cocrystal and non-cocrystal systems and correlates
negatively with cocrystal and positively with non-cocrystal spectral information. This
interpretation is confirmed if the PC-1 loadings plot is compared with the Raman spectra of
both the physical mixture and the cocrystal (Fig. 20 b). The differences in PC-2 space are
harder to attribute, and are discussed below. Interestingly, the mixtures prepared with form I
at less than one minute of milling occupy the same PCA space as those prepared with form III

at the same period of milling. XRPD analysis revealed that form I crystallised to form III
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within this time period. With increasing milling time for form III, the score clusters move
from the physical mixture cluster in quadrant IV towards the cocrystal cluster in quadrant III.
After 10 min of grinding, the scores cluster with the cocrystal reference scores suggesting
completed cocrystallization. Despite form I converting to form III, the mixtures originally
consisting of forms I and III take different paths in PCA space and the rate of cocrystal
formation is different, with the original form I mixtures taking longer than 30 min to form
cocrystals. This suggests some sort of residual structural differences (e.g. in morphology or
degree of disorder) of the piracetam crystals in the samples even though both contained
form III during the first minute of milling.

XRPD analysis of the samples during milling while diverging in the PC-2 space was
also performed. Interestingly, XRPD analysis did not reveal any solid-state differences
between the mixtures prepared with the two different polymorphs during the milling process,
and the PC-2 loadings of the Raman spectra did not provide evidence that the Raman spectra
were the result of different solid-state forms. Therefore, the structural differences associated
with this divergence in PCA space are subtle, and may be due to slight differences in the
degree of disorder. Nevertheless, the differences in cocrystal formation kinetic are substantial,
suggesting that subtle structural differences can have a significant impact on cocrystal

formation kinetics.
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Fig. 20: (a) PCA 2D score plot of piracetam form I or form III dry-ground with tartaric acid.
(b) Loadings plots of PC-1 and PC-2, Raman spectra of Pir IIl / TA PM and Pir IIl TA for

comparison.

3.4 Conclusion

Piracetam cocrystals containing citric acid and tartaric acid, respectively, can be
prepared by dry-grinding as well as liquid-assisted grinding. The rate of cocrystal formation is
independent of the polymorphic form of the API, but differs with the applied grinding
technique. As expected, the cocrystal formation during liquid-assisted grinding is faster than
that during dry-grinding. Piracetam-citric acid cocrystals are formed via an amorphous
intermediate stage. This could not be confirmed for the tartaric acid cocrystals. However,
subtle structural differences were found to influence the piracetam-tartaric acid cocrystal
formation process. This study shows that Raman spectroscopy in combination with principal
component analysis is a valuable tool to follow cocrystallization processes during different

milling techniques.
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4. High-shear granulation as a manufacturing method

for cocrystal granules
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High-shear granulation as a manufacturing method for cocrystal granules

Abstract

Cocrystal formation allows the tailoring of physicochemical as well as of mechanical
properties of an API. However, there is a lack of large-scale manufacturing methods of
cocrystals. Therefore, the objective of this work was to examine the suitability of high-shear
wet granulation as a manufacturing method of model cocrystal system in a batch scale and
their pharmaceutical characterization.

High-shear wet granulation was found to be a feasible manufacturing method for
cocrystal granules. Cocrystal formation depended on the exposure time of the solids to the
granulation liquid (water), the amount of liquid, the impeller speed of the granulator, and on
the excipients (hydroxyl propylcellulose, microcrystalline cellulose, calcium
hydrogenphosphate) used in the formulation. Storage stability was strongly influenced by the
excipients, since in presence of calcium hydrogenphosphate the poorly water-soluble salt
calcium tartrate monohydrate was formed at high relative humidity. Interestingly,
compactability was increased by cocrystal formation compared to that of the reference
granules (piracetam and the respective excipients). The drug release was slightly decreased by
cocrystal formation, most likely due to the lower solubility of the cocrystal. In the presence of
calcium hydrogenphosphate however, no influence of cocrystal formation on either
compactability or on drug release were observed, compared with the reference tablets.

It was concluded that high-shear wet granulation is a valuable, however complex,
manufacturing method for cocrystals. Cocrystal formation may influence compactability and
drug release and thus affect drug performance and should be investigated during pre-

formulation.
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4.1 Introduction

The most common orally administered drug formulations are solid dosage forms such as
capsules and tablets, as their manufacture is fast, inexpensive, and straight-forward. Usually
the active pharmaceutical ingredient (API) is processed in its crystalline form, most
preferably as the stable polymorph, salt, or hydrate. In recent years another solid-state form
has attracted interest, namely the cocrystal systems. These systems can be defined as a
stoichiometric multicomponent system, formed by an API and a cocrystal former, which both
are solid under ambient conditions [34]. Cocrystals offer multiple options to vary the
physicochemical properties of an API such as stability [159, 160], dissolution behaviour [50],
bioavailability [161], hygroscopicity [178], and mechanical properties [179], without
chemical modification of the API [180]. The API and cocrystal former molecules interact via
van-der-Waals forces, m-m interactions and, most commonly, hydrogen bonds [158, 173].
Although a better understanding of cocrystal formation allowed a more specific cocrystal
design by predicting the intermolecular interactions by modelling approaches [181], cocrystal
formation is not yet fully predictable and has to be confirmed experimentally. Cocrystals may
be prepared for example by solvent evaporation [182], slurrying [183], liquid-assisted
grinding [170, 184, 185], and dry-grinding [65, 68]. To differentiate between solution-based
and mechano-chemical preparation methods Fris¢i¢ introduced the empirical parameter 7
[ul/mg], defined as the ratio of the volume of the grinding liquid V [ul] and the sum of the
masses of the API and cocrystal former m [mg] (Eq. (6)):

V (granulation liquid)

7=

m (API+ cocrystal former) Eq. (6)

An 7 value of Zero represents dry-grinding, # between Zero and 2 liquid-assisted grinding,
between 2 and 12 slurrying, and larger than 12 solution synthesis [186]. In the past years

liquid-assisted grinding has emerged to the method of choice for cocrystal preparation,
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exhibiting significant advantages over the other techniques, including an increased formation
rate, higher yields, and higher crystallinity of the product [65, 170]. The mechanistic role of
the grinding liquid however is not yet fully understood. While in some cases the liquid
appears to act as a lubricant and increases molecular mobility during cocrystallization [65], in
other cases the properties of the liquid seem to have an impact on the cocrystal formation
process [185]. In 2007, Zhang et al. reported a solution-mediated cocrystal formation
mechanism, which was developed based on the mechanism suggested for hydrate formation
of an anhydrous API, for example as observed by Mirza et al. for baclofen [83]. Zhang et al.
assumed a critical cocrystal former activity (adCCF,), at which the API and the cocrystal are in
equilibrium, showing the same thermodynamic stability. If the API is exposed to an
environment with a higher aCCF than aCCF,, the cocrystal is more stable than the API and is
therefore formed. The same assumption is true with respect to the activity of the APIL In a
slurry where both portions of the API and the cocrystal former remain solid the activities of
both are higher than their critical activities, leading to formation of the respective cocrystal.
Upon nucleation, the remaining API and the cocrystal former will dissolve and crystallize as
the cocrystal until the activities of the cocrystal former or the API fall below the critical
activity [92-94]. Mechanical agitation such as sonicating or vortexing may facilitate the
solution-mediated cocrystal formation process [93, 94].

While the above-mentioned preparation methods are well-suited for lab-scale
experiments, up-scaling of these processes is limited [187]. A few attempts have been
undertaken to produce cocrystals on a large-scale by pharmaceutical standard operations. Hot-
melt extrusion, using a combination of controlled heat and shear deformation, has recently
been used for cocrystal preparation [187-189]. Alhalaweh and Velaga spray-dried solutions of
various APIs and cocrystal formers as stoichiometric mixtures to obtain the respective

cocrystals [190]. Interestingly, high-shear granulation as a cocrystal manufacturing method
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has not been extensively investigated [89], which is surprising, because cocrystal formation
via a solution-mediated mechanism as well as a mechanism suggested for liquid-assisted
grinding in terms of the combination of mechanical energy introduced into the system and
moisture are expectable.

High-shear granulation is a common manufacturing process in the pharmaceutical
industry where small particles are agglomerated by means of a granulation liquid. The main
reasons are to improve flowability, increase uniformity in drug distribution, prevent
segregation, and reduce dust exposure to the environment [70]. The high-shear granulation
process can be divided into three different steps: First, the materials are mixed and the
granulation liquid is added. Subsequently, the moist mixture is wet-massed, followed by a
drying step [70]. During every step process-induced solid-state transformations [72] can
occur, which may be examined by XRPD [79], near infrared [78], and Raman
spectroscopy [20]. These process-induced transformations can result from water exposure and
thermal as well as mechanical stress. They are usually undesired, as they are difficult to
control and may alter the physicochemical properties of the API [86].

Nevertheless, the objective of this work was to examine cocrystal formation during
high-shear granulation and to investigate its suitability as a manufacturing method of the well-
described piracetam-tartaric acid cocrystal (Cambridge Structural Database (CSD) reference
code: RUCDUP) [90] on a batch scale. Furthermore, the influence of different excipients on
the cocrystallization process was investigated. The manufactured cocrystal granules were
characterized with regard to their pharmaceutical properties and were compared to piracetam

reference granules.
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4.2 Materials and methods
4.2.1 Materials

Piracetam (Pir) was kindly donated by the Northeastern Pharmaceutical Group, China.
L-tartaric acid (TA) was purchased from Carl Roth, Germany. Hydroxypropyl
cellulose (HPC) and calcium hydrogenphosphate anhydrate (CaHPO4) were supplied by
Nycomed, Denmark. Microcrystalline cellulose (MCC) was donated by Lehmann and Voss,

Germany. All substances were of pharmaceutical grade.

4.2.2 Methods
4.2.2.1 Manufacturing of the granules

Three different granule formulations (Table 3) were prepared. Each mixture contained a
1:1 molar ratio of Pir and TA with HPC as binder. 30.0 g of each mixture were granulated
with 4.0 ml of purified water as granulation liquid.

The components of the three formulations were mixed in a Turbula mixer (Bachofen,
Switzerland) for 10 min. Granules were manufactured with a Bohle Mini Granulator (Bohle,
Germany). The volume of the granulation jar was 300 ml. Two different factors were
analysed at two levels with respect to the response (cocrystal formation), the impeller speed
and the granulation period. While the chopper speed was constant during granulation with
1000 rpm, two different impeller speed levels were applied: low (100 rpm) and high impeller
speed (800 rpm). Furthermore, cocrystal formation over two different granulation time levels
was investigated, at a low (15 min) and at a high level (60 min) after the water was added
drop-wise with a pipette. As categorical variable, three different excipients were used in the
granule formula. After the granulation process large agglomerates were disassembled by a

sieve with a mesh size of 800 um. Each granulation procedure was performed in duplicate.
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For comparative purposes Pir/HPC and Pir/HPC/CaHPO, granules were prepared as
described for the Pir/TA/HPC and Pir/TA/HPC/CaHPO, granules, but without the addition of

TA. All granules were stored for two days at 21 °C and 45 % RH.

Table 3: Formulas of the investigated granules.

Pir TA HPC MCC CaHPO,

[%] [%] [%] [%] %]
Pir/TA/HPC 47.5 47.5 5 - -
Pir/TA/HPC/MCC 27.5 27.5 5 45 -
Pir/TA/HPC/CaHPO, 27.5 27.5 5 - 45

4.2.2.2 Preparation of the cocrystal reference

The cocrystal reference was prepared by grinding 600 mg of a 1:1 molar ratio of Pir and
TA and addition of 20 pl of water in a 25 ml milling jar with two 9 mm stainless steel balls
for 15 min using a Retsch ball mill 200 (Retsch, Germany). The milling frequency

was 25 Hz [25, 90].

4.2.2.3 Characterization of the granules

4.2.2.3.1 Raman spectroscopy

The amount of cocrystal formed during granulation was determined at-line using a
Raman spectrometer (Control Development, USA) equipped with a thermostatically cooled
CCD detector and a fibre optic sampling probe (RamanProbe™, InPhotonics, USA). Samples
were excited using a laser with a wavelength of 785 nm and a laser power of 300 mW

(Starbright 785S, Torsana Laser Technologies, Denmark). For each spectrum 8 scan
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interferograms were recorded from 81 to 2209 cm™ with a resolution of 8 cm™ and 1 s
integration time. Spectra were collected before and 1, 5, 10, and 15 min after the addition of
the granulation liquid. For each time point, spectra were recorded at three representative spots
of the granulation mass.

Calibration samples for quantitative Raman spectroscopy were prepared by accurately
weighing of Pir, TA, cocrystal reference and the excipients. The samples were gently mixed
in a glass mortar with a glass rod. One calibration set was prepared for each excipient,
containing a constant amount of the respective excipient and 0/100, 25/75, 50/50, 75/25, and
100/0 % cocrystal/Pir-TA physical mixture. All calibration samples were prepared in
triplicate.

Quantitative analysis of the cocrystal in the granules was performed by Partial Least
Squares regression (PLS) models [136], calculated with The Unscrambler 10.2 software
(Camo, Norway). The spectra were pre-processed with standard normal variate (SNV)
correction [140] and mean-centring, leading to the highest model quality with the lowest root-
mean-square error of calibration (RMSEC) and root-mean-square error of cross-validation
(RMSECV) values. The PLS models based on the full spectral range from 600 to 1650 cm™
were compared to forward interval PLS (iPLS) models, suggesting a narrow spectral range to
exclude noisy or irrelevant variables. iPLS was performed with Mat-Lab version 7.9.0
(R2009b; MathWorks, USA) installed with PLS_Toolbox version 6.2 (Eigenvector Research,
USA). The calibration models were validated by leave-one-out cross-validation. The number
of latent variables (LV) of each PLS and iPLS model was determined by evaluation of the
coefficient of determination (R?), the RMSEC, and the RMSECYV values as a function of the

number of LVs.
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4.2.2.3.2 X-ray powder diffractometry (XRPD)

Differences in solid forms were examined using a Panalytical MPD X’PERT Pro X-ray
diffractometer (Philips, The Netherlands) using CuKa radiation with 1.54 A, equipped with a
PIXcel detector in continuous scanning mode. Step size was 0.013 °20. Powder samples were

analyzed on silicon sample holders and scanned at 45 KV and 40 mA from 5 to 35 °26.

4.2.2.4 Drying and storage stability of the cocrystal granules

To investigate the drying and storage stability of the manufactured granules, the
granules were stored at 0 % relative humidity (RH) and 40 °C as well as at 75 % RH and
40 °C. The solid-state form was analyzed directly after granulation and after 1, 2, 3, 7, 14, 21,

and 28 d of storage.

4.2.2.5 Pharmaceutical characterization of the cocrystal granules
4.2.2.5.1 Particle shape and size

Particle shape and approximate size were determined by stereomicroscopy. Scanning
electron microscopy (SEM) was used to investigate the granule shape in detail.
Stereomicroscopic images were taken with a Stereo Discovery V8 Microscope (Zeiss,
Germany), equipped with a Zeiss Axio Cam ICcl. The lens was a Zeiss Achromat S 1.0x
FWD 63 mm. The approximate size was determined as Feret diameter, ten particles were
measured. SEM pictures were taken with a Leo 1525 scanning electron microscope (Zeiss,

Germany) with a working voltage of 5.00 kV.
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4.2.2.5.2 Flowability
Flowability of the granules was determined by measurement of the granule flow rate.
The granule flow rate was determined as the time needed for 50 g to flow through a funnel

with an orifice diameter of 7 mm (Ph. Eur. 7). Each experiment was performed in triplicate.

4.2.2.5.3 Friability

The mechanical stability of the granules was tested by assessing the friability (method
modified from the Ph. Eur. 7 monograph ‘Friability of granules and spheroids’). An amount
of 2.50 g of the granules was sieved (mesh 355 um) to remove fines and shaken by a Retsch
ball mill MM 200 (Retsch, Germany) in a 25 ml stainless steel jar without balls for 120 s at a
frequency of 3 Hz. Before and after the experiment the granules were dried at 105 °C in a

drying chamber to determine the loss on drying. The friability was calculated by Eq. (7)

_ m,(100=T;)—m, (100~ T,)

m;

F

Eq. (7)

where F is the friability, m; and m, are the masses of the granules before and after the
experiment, respectively, and 7; and 7, are the losses on drying before and after the
experiment, respectively. Each granule formulation was tested in triplicate to determine the

friability.

4.2.2.5.4 Residual moisture content
The residual moisture content of the granules was determined after drying by Karl-
Fischer titration, using a Schott Titroline KF titrator, standardized with hydranal water

standard 10.0. Three replicate measurements were performed for each granule formulation.
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4.2.2.5.5 Compactability

The granules were compressed to tablets with an E XI eccentric press, instrumented
with strain gauges and displacement transducer (Fette, Germany), equipped with 8 mm
diameter flat-faced punches. The die wall and the punch surfaces were pre-lubricated with
magnesium stearate before each compression act. 150.0 mg of the respective sample were
hand-filled into the die. The granules were compressed at compaction forces of approximately
65, 130, 190, 255, and 320 MPa, respectively. Thickness, diameter, and hardness of the
tablets were determined by a multi-functional tablet analyser (TBH 525 WTD, Erweka,
Germany) after 24 h of relaxing time. All experiments were performed in triplicate at ambient
conditions (21 °C/45 % RH). Compactability of the granules was characterized by plotting the
tensile strength of the tablets as a function of compaction pressure. The tensile strength was
calculated according to Eq. (8) [191, 192],

_2F

o=—"- Eq. (8
Dh q. (8)
where o is the tensile strength, F is the applied compaction force, D the tablet diameter, and &

the tablet height.

4.2.2.5.6 Drug release

The tablets were further investigated regarding the influence of the solid-state form of
the API on the drug release behaviour. Each tablet (compaction pressure approximately 200
MPa) was dissolved in 75 ml of phosphate buffer (pH 6.8, 0.05 M) and stirred with a
magnetic stirrer at 100 rpm at 21 °C. Samples of 2 ml were taken manually with a syringe,
equipped with a 0.45 pum membrane filter, after 30 s, 1, 2, 5, 10, and 15 min. The extracted
volume was replaced by phosphate buffer. As Pir is UV-inactive, analysis was performed

with an infrared spectrometer (Tensor 37, Bruker, Germany), equipped with a calcium
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fluoride AquaSpec 1110 M flow-through cell (Bruker, Germany) with a path length of 6.5 um
and a nitrogen-cooled photovoltaic MCT detector. 50 ul of each sample were injected into the
flow-through cell. For each spectrum 128 scan interferograms were recorded from 3100 to
1000 cm™ with a resolution of 4 cm™. The blank buffer spectrum was subtracted from the
Fourier-transformed sample spectra using the OPUS 6.4 software. Each spectrum was
corrected with regard to baseline as well as to the water and CO, signals with OPUS
algorithms.

Quantification of the released Pir as a function of time was performed by a Partial Least
Squares regression (PLS) model [136], calculated with The Unscrambler 10.2 software
(Camo, Norway). The spectral range of the amide I bands of Pir between 1725 and 1630 cm™
was chosen to build the PLS model. The calibration model was validated by leave-one-out
cross-validation. The number of latent variables (LV) of the PLS model was determined as
described in section 2.2.3.1. Four calibration samples were prepared in triplicate containing a
1:1 molar ratio of Pir and TA with Pir concentrations of 0.237, 0.474, 0.948, and 1.896 mg

per ml phosphate buffer.

4.3 Results and discussion
4.3.1 Cocrystal formation during high-shear granulation
4.3.1.1 Cocrystal granules prepared at low impeller speed and low granulation time

Raman spectroscopy has successfully been applied to characterize cocrystals and is an
established technique for at-line and in-line monitoring of wet granulation processes [18, 20,
79]. In the present study, during in-line monitoring the wetted mass adhered to the Raman

probe during granulation, and led to unreliable data. Thus, the process was monitored at-line.
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In Fig. 21 the SNV-corrected and mean-centred Raman spectra of Pir, TA as well as
their physical mixture, and the spectra of plain HPC, MCC, CaHPO,, and of the cocrystal
reference are displayed. The obtained cocrystal and physical mixture spectra were in good
agreement with the literature spectra [25]. To determine the cocrystal formation rate during
high-shear granulation and the amount of cocrystal in the granules, calibration models based
on Raman spectroscopy in combination with PLS regression were developed. Development of
a universal calibration model for the different granule formulas was not realizable because of
the spectral influence of the excipients. Therefore, three different calibration models were
established, one for each formulation: Pir/TA/HPC, Pit/TA/HPC/MCC, and

Pir/TA/HPC/CaHPOs,.

Cocrystal
reference
p\/\//\/J\-/\/\ Cattbo,

M e

HPC

Pir/TA
physical mixture
W TA

600 800 1000 1200 1400 1600

A U.

Raman shift [em™]

Fig. 21: SNV-corrected and mean-centred Raman spectra of Pir, TA, their physical mixture, HPC,
MCC, CaHPO,, and the cocrystal reference.
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In Table 4 the different PLS regression models are evaluated with regards to the spectral
window the respective model is based on, the number of LVs, the RZ, the RMSEC, and the
RMSECV. For the full spectral model of the Pir/TA/HPC formula, two LVs were used and
resulted in a R? of 0.974, a RMSEC of 4.05 %, and a RMSECYV of 6.14. To further improve
the calibration models, forward iPLS was employed, which excludes noisy or irrelevant
spectral ranges from calculating the respective model, and combining the spectral intervals
with the lowest RMSECVs, until the model is not further improved. The risk of this method is
losing robustness of the model by excluding too many variables, therefore the models need to
be evaluated carefully. This method was recently successfully employed to investigate the
amount of lactose monohydrate in whey permeate powder [193] and to examine piroxicam
hydrate formation during high-shear wet granulation [18]. In the present study, selection of
only one spectral interval resulted in the best calibration models. For Pir/TA/HPC, the
spectral window between 675 and 928 cm™ highly corresponded to the amount of cocrystal in
the calibration samples. Two LVs were used; the R” was 0.981, the RMSEC value was 3.78,
the RMSECV was 5.20. Compared to the full spectral model the choice of the spectral
window between 675 and 928 cm™ resulted in a better calibration model.

With Pir/TA/HPC/MCC the same spectral interval was chosen according to the forward
iPLS results, showing a slightly increased model quality compared to the full spectral model.
Two LVs were used to build the iPLS model, resulting in a R? of 0.966, a RMSEC of 4.35,
and a RMSECYV of 7.40. The full spectral model (2 LVs) showed a R? 0f 0.961, a RMSEC of
4.06, and a RMSECYV of 8.00.

With Pit/TA/HPC/CaHPQ,, the spectral range between 1516 and 1737 cm! resulted in
the best calibration model, using two LVs. The R? was 0.977, the RMSEC was 3.20 %, and

the RMSECV was 5.77 %.
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Table 4: Evaluation of PLS regression models, based on Raman spectroscopy.

Pre- Spectral Latent R? RMSEC RMSECV

processing ~ window variables

Pir/TA/HPC SNV 600-1650 2 0.974 4.05 6.14
Pir/TA/HPC SNV 675-928 2 0.981 3.78 5.20
Pir/TA/HPC/MCC SNV 600-1650 2 0.961 4.06 8.00
Pir/TA/HPC/MCC SNV 675-928 2 0.966 4.35 7.40
Pir/TA/HPC/CaHPO4 SNV 600-1650 2 0.971 3.52 6.41
Pir/TA/HPC/CaHPO4 SNV 675-928 2 0.961 5.35 7.49
Pir/TA/HPC/CaHPO4 SNV 1516-1737 2 0.977 3.20 5.77

The above-described results show that variable selection can improve the prediction
quality of PLS models. The improved models were used to investigate the cocrystal formation
rate and to determine the amount of cocrystal in the granules at-line during the wet-massing
step of the high-shear wet granulation process.

The predicted amount of cocrystal in the manufactured granules as a function of
granulation time is presented in Fig. 22. With Pir/TA/HPC and Pir/TA/HPC/CaHPO,,
respectively, the cocrystal formation rate was very fast and a significant difference in
cocrystal formation rate or amount was not observable: Approximately 70 % of the physical
mixture of drug and cocrystal former converted into the cocrystal within the first min of
granulation. After 5 min approximately 95 % of the physical mixture was transformed into the
cocrystal (Fig. 22, green curve — Pit/TA/HPC, blue curve — Pit/TA/HPC/CaHPQ,).

Although the prediction error was relatively high with Pir/TA/HPC/MCC, a clear trend
was observable: Within 15 min of high-shear granulation, only about 70 % of the physical

mixture was converted into the cocrystal (Fig. 22, red curve).
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Fig. 22: Predicted amount of cocrystal as a function of granulation time. Granulation was
performed in duplicate; each time point represents the mean predicted amount of cocrystal + SD at
three representative sampling spots. Green curves: Pir/TA/HPC. Red curves : Pit/TA/HPC/MCC.
Blue curves: Pir/TA/HPC/CaHPO,.

To confirm the results of Raman spectroscopy qualitatively, the solid form of the

granules was further investigated with XRPD. The XRPD diffractograms of the freshly
prepared granules are shown in Fig. 23. The pattern of the Pir/TA/HPC granules is almost
identical with the cocrystal reference, exhibiting characteristic cocrystal reflections at 15.2,
17.4, 20.5, and 24.9 °20 (green lines) [25, 90]. Only one very small reflection at 21.6 °20
indicates remaining Pir (Fig. 23 a, b), showing an incomplete cocrystal formation with very

small remaining amounts of physical mixture. This could not be observed with Raman

spectroscopy and iPLS models, because the model quality was not sufficient.

The diffractogram of the Pir/TA/HPC/MCC granules shows besides the characteristic

cocrystal reflections (green lines) two Pir reflections at 21.6 and 27.7 °26 (red lines), again
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leading to the conclusion that the cocrystal formation was not complete, confirming the
Raman spectroscopic results.

In the XRPD diffractogram of the Pir/TA/HPC/CaHPO, granules cocrystal reflections
(green lines) and CaHPO, reflections at 26.5 and 30.2 °26 (blue lines), can be observed.
Neither Pir nor TA reflections can be identified in the diffractogram.

It can be summarized that with Pir/TA/HPC and with Pit/TA/HPC/MCC cocrystal
formation is not complete at the low impeller speed over the low granulation time, while with
Pir/TA/HPC/CaHPOy the cocrystal is completely formed.

The degree of solid-state transformations during high-shear granulation depends on the
respective mechanism and may correspond to the solubility differences, processing
temperature, the amount of granulation liquid, the impeller speed, and the exposure time (i. e.
the granulation time) of the solids to the granulation liquid [32, 86]. As temperature was not
controllable in the experimental setup and larger amounts of water led to sticking of the
granulation mass to the granulation jar, the impeller speed and the granulation time were

increased to achieve complete cocrystal formation of the investigated granule formulations.

4.3.1.2 Cocrystal granules prepared at high impeller speed over high granulation time

In Fig. 23 c the XRPD patterns of the granules prepared at the high impeller speed
level (800 rpm) over the high granulation time level (60 min) are displayed. The
diffractogram of the Pir/TA/HPC granules is identical to the cocrystal reference
diffractogram, proving complete cocrystal formation (Fig. 23 d). In the XRPD pattern of the
Pir/TA/HPC/MCC granules however, the Pir refection at 21.6 °20 can still be observed,
showing that the cocrystal is not completely formed, despite the higher impeller speed and the

longer granulation time (Fig. 23 c¢). In contrast, the diffractogram of the Pir/TA/HPC/CaHPO,
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indicates complete cocrystal formation, as already observed at the low impeller speed over the

low granulation time (Fig. 23 c).
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Fig. 23: (a) XRPD patterns of the pure compounds and the freshly prepared granules at an impeller
speed of 100 rpm over 15 min. (b) XRPD patterns of the freshly prepared Pir/TA/HPC granules at
an impeller speed of 100 rpm over 15 min. (¢) XRPD patterns of the pure compounds and the
freshly prepared granules at an impeller speed of 800 rpm over 60 min. (d) XRPD patterns of the
freshly prepared Pir/TA/HPC granules at an impeller speed of 800 rpm over 60 min.

From the presented results it is concluded that cocrystal formation during high-shear
granulation depends on the impeller speed and the granulation time on the one hand and on
the excipient used in the granule formula on the other hand.

Formation of the Pir/TA cocrystal during high-shear wet granulation could follow two
possible mechanisms: Either a mechanism as assumed for liquid-assisted grinding, where a
very small amount of liquid catalyses the cocrystal formation in presence of high mechanical
energy put into the system [171], or a solution-mediated mechanism, which is discussed for

hydrate formation of high drug-load formulations during high-shear wet granulation [5, 32]
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and for cocrystal formation during slurrying [92-94]. The solution-mediated mechanism
involves three steps: initially dissolution of the metastable form of the API, subsequently
nucleation of the stable form, followed by crystal growth. As the majority of the mechanical
energy provided by the impeller is dissipated by translational movement of the particles, it
may be speculated that the mechanical energy is not sufficient for the cocrystal formation
mechanism compared to that observed for liquid-assisted grinding. Furthermore, Pir as well as
TA are better water soluble than the cocrystal [90] which could result in dissolution of Pir and
TA until reaching supersaturation of the cocrystal, thus nucleation of the cocrystal, and finally
cocrystal growth. In a recently published study it has been shown that formation of the Pir/TA
cocrystal is time-dependent during dry-grinding (5 = 0 ul mg™) in a ball mill at 30 Hz [25].
Full transformation into the cocrystal was achieved after 10 min. Small amounts of water
(n=0.033 ul mg™") however, acting as a catalyst (most likely by increasing the molecular
mobility of the API and the cocrystal former molecules) increased the cocrystal formation rate
significantly: Complete cocrystal formation was achieved within the first minute of this so-
called liquid-assisted grinding process [25]. However, in the current study, high-shear
granulation of Pir/TA/HPC did not result in complete cocrystal formation at an impeller speed
of 100 rpm over 15 min (5 = 0.13 ul mg™), although # was approximately 4-fold higher than
during the described liquid-assisted grinding process and thus a higher molecular mobility
was expected. An increased impeller speed and granulation time led to complete cocrystal
formation, because firstly a prolonged granulation time results in a prolonged exposition of
Pir and TA to the granulation liquid, and secondly, it is suggested that an increased impeller
speed influences cocrystallization mainly by increasing water distribution and wetting of the
granulation mass. The increased shear forces applied to the particles most likely only play a
minor role, as most of the energy provided by the impeller is dissipated in translational

movement of the particles [5, 32]. This interpretation is in good agreement with the results
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reported by Wikstrom et al. on the influence of the impeller speed on the hydrate formation of
theophylline during high-shear granulation: An increased impeller speed resulted in an
enhanced transformation rate of anhydrous theophylline to the monohydrate form [76].
However, if # was increased to 0.27 ul mg™, cocrystal formation was already complete at an
impeller speed of 100 rpm over 15 min as a result of higher molecular mobility due to the
presence of a higher amount of water, but the granulation mass was too wet for the
granulation process. This supports a solution-mediated mechanism as the driving force for
cocrystal formation, as the mechanical energy provided by the impeller could not significantly
influence the cocrystal formation due to sticking.

With Pir/TA/HPC/MCC, cocrystal formation was incomplete at an # value of
0.27 ul mg" at an impeller speed of 100 rpm over 15 min as well as at 800 rpm over 60 min.
As a result of its partially amorphous nature MCC absorbed large amounts of the granulation
liquid (water), and hence competed with the cocrystallization process. Therefore, the volume
of water originally present in the granulation mass was not completely available for the
cocrystallization process. However, the cocrystal formation process was not totally hindered.
This was also observed with theophylline hydrate formation during wet granulation with
silicified MCC as filler [86].

The standard deviations of predicted amount of cocrystal in the Pir/TA/HPC/MCC
formulation were comparably high, because the reproducibility of the cocrystal formation
process was poor. The reason for this could be the complex water sorption mechanism of
MCC [194] and can further be affected by the rate of water addition during the granulation
process.

Interestingly, with CaHPO, as filler cocrystal formation was already complete at an
impeller speed of 100 rpm over 15 min with a similar # value as during the granulation

process with MCC as filler. It is suggested that crystalline CaHPO, did not detract water from
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the cocrystallization process due to its minimal water-absorbing potential und thus did not
have a significant influence on the cocrystal formation. Airaksinen et al. reported comparable
results for the hydrate formation of nitrofurantoin during high-shear wet granulation: While
crystalline lactose monohydrate (first filler) did not affect hydrate formation, silicified MCC
(second filler) absorbed water and hence hindered hydrate formation at low amounts of
water [85].

In summary, it can be stated that cocrystal formation during high-shear granulation is
very complex and depends on the volume of the granulation liquid, the water absorption
capacity of the excipients used in the formulation, and on the impeller speed and granulation

time.

4.3.2 Storage stability the granules
4.3.2.1 Storage stability of the MCC granules

As cocrystals can be formed during storage [169, 195], the Pit/TA/HPC/MCC granules
were dried at 40 °C and 0 % RH and stored at 40 °C and 75 % RH, respectively. The solid-
state form of the granules was determined with XRPD (Fig. 24, green lines represent
characteristic cocrystal peaks, red lines represent characteristic physical mixture peaks).
Independent of the applied conditions, the Pir peak at 21.6 °20 was observable over at least
28 d. Thus, cocrystal formation was not completed under the applied storage conditions,
neither with the granules prepared at 100 rpm over 15 min nor with the granules prepared at

800 rpm over 60 min.
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Fig. 24: XRPD patterns of the stored Pir/TA/HPC/MCC granules.

(a) granules prepared at an impeller speed of 100 rpm over 15 min, stored at 40 °C/0 % RH.
(b) granules prepared at an impeller speed of 100 rpm over 15 min, stored at 40 °C/75 % RH.
(c) granules prepared at an impeller speed of 800 rpm over 60 min, stored at 40 °C/0 % RH.
(d) granules prepared at an impeller speed of 800 rpm over 60 min, stored at 40 °C/75 % RH.

4.3.2.2 Storage stability of the cocrystal granules

The last step of wet granulation is the drying of the granules. As solid-state
transformations can occur during drying [18, 68, 97], the manufactured cocrystal granules
were dried at 40 °C and 0 % RH for up to 28 d to determine the drying stability of the
cocrystal. The solid-state form was investigated using XRPD. As presented in the XRPD
diffractograms (Figs. 25 a, c, e. green lines represent cocrystal peaks, red line physical
mixture peaks, blue lines CaHPO, peaks), in all cases the cocrystal was stable at least over

28 d.

97



High-shear granulation as a manufacturing method for cocrystal granules

For the manufacturing as well as for the shelf life, the storage stability of the cocrystal
granules at high relative humidity is also of interest. As many solid-state transformations
proceed relatively slowly under ambient conditions, accelerated storage conditions were
applied in this study: The granules were stored for 28 d at 40 °C and 75 % RH. XRPD proved
that the cocrystal in the Pir/TA/HPC granules manufactured at 800 rpm over 60 min was
stable (Figs. 25 b).

Interestingly, with Pit/TA/HPC/CaHPO, granules, distinct changes in the
diffractograms were observed when the granules were stored at 40 °C and 75 % RH
(Fig. 25 d, f). While the cocrystal peaks decreased and the granules exhibited a wet state, new
peaks appeared in the patterns over time. These observations can be explained by the
deliquescence of the cocrystal and partly of the CaHPO, as well as the simultaneous
formation of the poorly water soluble salt calcium tartrate monohydrate (CSD reference
code: CATART, peaks marked with an asterisk). Cocrystal formation as a result of
deliquescence was observed for various cocrystal systems and could be transferred to the
presented case. The formation mechanism may be divided into three steps: (1) moisture
uptake (in the present case by anhydrous CaHPO,), (2) dissolution of the cocrystal and
partially of the CaHPO,, and (3) nucleation and growth of calcium tartrate

monohydrate [196].
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Fig. 25: XRPD patterns of the stored cocrystal granules. (a) Pit/TA/HPC granules, prepared at an
impeller speed of 800 rpm over 60 min, stored at 40 °C/0 % RH. (b) Pit/TA/HPC granules,
prepared at an impeller speed of 800 rpm over 60 min, stored at 40 °C/75 % RH.
(c) Pir/TA/HPC/CaHPO, granules, prepared at an impeller speed of 100 rpm over 15 min, stored at
40 °C/0 % RH. (d) Pir/TA/HPC/CaHPO, granules, prepared at an impeller speed of 100 rpm over
15 min, stored at 40 °C/75 % RH. (e) Pit/TA/HPC/CaHPO, granules, prepared at an impeller
speed of 800 rpm over 60 min, stored at 40 °C/0 % RH. (f) Pit/TA/HPC/CaHPO, granules,
prepared at an impeller speed of 800 rpm over 60 min, stored at 40 °C/75 % RH.

The stability study showed that drying of the prepared cocrystal granules did not affect
cocrystal stability, while storage under high relative humidity resulted in deliquescence of the

cocrystal and in the formation of calcium tartrate monohydrate.

4.3.3 Technological characterization of the cocrystal granules
4.3.3.1 Particle shape and size
The shape and approximate size of the cocrystal granules were determined by

stereomicroscopy. In Fig. 26 a, d, and g the stereomicrographs of the different cocrystal
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granules are presented. All granules were approximately between 450 and 1000 um in
diameter and almost spherical. SEM provided a more detailed impression of the surface of the
granules. Pir/TA/HPC granules (800 rpm, 60 min) appear porous with clearly observable
rhombic cocrystals in the SEM images (Fig. 26 b and c). The Pir/TA/HPC/CaHPQO, granules,
prepared at an impeller speed of 100 rpm over 15 min, are very porous and large cocrystals
are visible (Fig. 26 e and f). An increased impeller speed (800 rpm) and a prolonged
granulation time (60 min) resulted in round-shaped, dense Pir/TA/HPC/CaHPO, granules

with a smooth surface, exhibiting very small cocrystals (Fig. 26 h and 1).

Pir/TAMPC 60 min, 800 rpm Pir/TA/HPC/CaHPO, 60 min, 800 rpm

Fig. 26: Stereomicrographs and SEM images of (a-c) Pit/TA/HPC granules, prepared at an

impeller speed of 800 rpm over 60 min. (d-f) Pit/TA/HPC/CaHPO, granules, prepared at an
impeller speed of 100 rpm over 15 min. (g-i) Pir/TA/HPC/CaHPO, granules, prepared at an

impeller speed of 800 rpm over 60 min.

The structure of the granules is not only influenced by the processing parameters and

the excipients used in the formulation, but is further affected by the solid-state form of the
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APIL Therefore, the stereomicrographs and the SEM images of the reference granules are
shown in Fig. 27. The size of the reference granules was comparable to that of the cocrystal
granules. Interestingly, the Pir/HPC reference granules appear dense with only very small Pir
crystals present (Figs. 27 a-c), while the Pir/TA/HPC cocrystal granules are porous with
clearly observable rhombic cocrystals. The Pir/HPC/CaHPO, reference granules are
microscopically comparable to those containing the cocrystal: The granules prepared at
100 rpm over 15 min are more porous and larger crystals are observable (Figs. 27 d-f)

compared to the granules prepared at an impeller speed of 800 rpm over 60 min (Figs. 27 g-i).

Pir/HPC Ref 60 min, 800 rpm Pir/HPCACaHPO, Ref 13 min, 100 rpm Pir/HPC/CaHPOy, Relf 60 min, 800 pm

Fig. 27: Stereomicrographs and SEM images of (a-c) Pir/HPC reference granules, prepared at an
impeller speed of 800 rpm over 60 min. (d-f) Pir/HPC/CaHPO, reference granules, prepared at an
impeller speed of 100 rpm over 15 min. (g-i) Pir/HPC/CaHPO, reference granules, prepared at an

impeller speed of 800 rpm over 60 min.

The granule morphology influences pharmaceutically important particulate properties of

the granules such as flowability, friability, and compactability [187]. Therefore, the cocrystal
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granules were characterized regarding these properties and compared to the Pir/HPC and
Pir/HPC/CaHPO, reference granules, respectively. The results of the technological

characterization are summarized in Table 5.

4.3.3.2. Flowability

The flowability of all examined granules was characterized by the granule flow rate and
was acceptable (Table 5). However, the Pir/TA/HPC granules showed a lower granule flow
rate than the reference granules, which can be explained by the rough surface of the cocrystal
granules compared to the smooth surface of the reference granules. By addition of CaHPOy,
the differences between cocrystal and reference granules became less pronounced and
flowability was improved compared to the Pir/TA/HPC granules, again resulting from the
differences in surface roughness. As expected, an increase in impeller speed and granulation

time resulted in an increase in the granule flow rate.

4.3.3.3 Friability

The friability is a measure of the mechanical strength of the granules. Although the
standard deviations of the friability data were comparably high, trends could be observed
(Table 5). The friability of the cocrystal granules (mass loss of between 2.75 and 12.90 %)
was higher compared to the reference granules (mass loss between 0.81 and 2.83 %). The
differences in friability between cocrystal and reference granules can be explained by the
particle morphology: granules with a smooth surface showed a lower friability compared to
particles with a rough surface [197]. The friability correlated negatively with the impeller

speed and the granulation time.
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4.3.3.4 Residual moisture content

The residual moisture content of the granules was determined by Karl-Fischer titration
after the drying step. The sorbed water can influence the tensile strength of tablets
manufactured with the respective granules. A low water content increases the plastic
deformation of the particles by formation of a monolayer around the particles, while a high
water content results in a poor compactability because of sticking. The residual moisture of
the cocrystal granules was higher compared to the reference granules (Table 5). However, in

all cases the residual moisture content was within an acceptable range.

Table S: Technological properties of the examined granules.

Flowability [s/50g] Friability [%] Residual moisture [%]

(n=3+SD) (n=3+£SD) (n=3+SD)
Pir/TA/HPC 10.20 £ 0.72 573+1.18 0.42+0.02
60 min, 800 rpm
Pir/HPC Ref 6.47 £0.07 1.88 +£0.63 0.38 £0.01
60 min, 800 rpm
Pit/TA/HPC/CaHPO4 6.35+0.1 12.90 +6.31 1.57+£0.10
15 min, 100 rpm
Pir/HPC/CaHPO4 Ref 7.10 £0.07 2.83+£0.49 0.51 £0.01
15 min, 100 rpm
Pit/TA/HPC/CaHPO4 4.22 +0.09 2.75+0.63 1.08 £0.04
60 min, 800 rpm
Pir/HPC/CaHPO4 Ref 4.09 +0.10 0.81 +0.06 0.64 £0.01

60 min, 800 rpm
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4.3.3.5 Compactability

The granules were compressed to tablets to examine their mechanical behaviour in

dependence of the solid-state form of the API. Compactability was investigated by plotting
the tensile strength of the tablets as a function of compaction pressure (Fig. 28). To minimize
the influence of particle size distribution, a granule size range between 350 um and 800 um
was selected for tableting.
Interestingly, tablets prepared with the Pir/TA/HPC cocrystal granules had a higher tensile
strength at the investigated compaction pressures than the Pir/HPC reference granules
(Fig. 28 a). This observation can be explained by either TA or the cocrystal formation
changing the tableting behaviour of the Pir. To exclude the influence of TA, a physical
mixture of Pir/HPC and TA/HPC granules was tableted at different compaction pressures
(blue triangles in Fig. 28 a). It is obvious that the compactability of this physical mixture was
lower compared to that of the cocrystal granules. This implies that in this case the formation
of the cocrystal changes the mechanical properties of the granules. The reason is most likely
the parallel arrangement of the Pir/TA chains in the cocrystal lattice [90]. These so-called slip
plains can be shifted in parallel, resulting in a higher plasticity. Improved compactability due
to introduction of slip plains into the crystalline lattice has been described for various
cocrystal systems, for example for paracetamol/oxalic acid [6], for caffeine/methyl
gallate [179], and for ibuprofen/nicotinamide [178].

In contrast, with granules consisting of 50 % CaHPQO,, the solid-state form of the API
did not have a significant impact on the compactability, as the tensile strengths of the
cocrystal and the reference tablets were comparable. It is suggested that the very high brittle
fracture and thus high compactability of CaHPO4 minimized the influence of the solid-state
form of the API on the compactability (Fig. 28 b and c). The higher tensile strength of tablets

manufactured with Pit/TA/HPC/CaHPQO, granules, prepared at a impeller speed of 800 rpm
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over 60 min, compared to those prepared at a impeller speed of 100 rpm over 15 min, can be

explained by the higher density of the former granules.
These results show that the compactability of granules not only depends on its

technological properties, but is also highly influenced by the solid-state form of the API

which therefore needs to be taken into account during pre-formulation.

B Pir/IIPC Rel 60 min, 800 rpm

10 B PiryHPC/CaHPO, Ref 15 min, 100 rpm B Pir/IIPC/CaHPO, Ref 60 min, 800 rpm
® Pir/TAHPC 60 min, 800 rpm ® Pir'TA/ITPC/CalPO, 15 min, 100 rpm 10 ® Pir'TA/IPC/CallPO, 60 min, 800 rpm
A Pir-TA-HPC Ref 60 min, 800rpm
s 84 = 8 s 8 ®.
2 2 2 .
=) E= g
6 w6 . w6 .
g . g s : g (h
B ¢ -] -1
¢ : ; .o :
z 4 . " 7 4 . on 7 4 o
5 . A g LIS g .
= u® 4 = oy = .
'
2 4 2 2| g
T T T T ! . T T T ! T T T T |
50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300

Compaction pressure [MPa] Compaction pressure [MPa] Compaction pressure [MPa]

Fig. 28: Compactability of the granules, displayed as tensile strength as a function of compaction
pressure (n=3). (a) Compactability of Pir/TA/HPC granules, prepared at an impeller speed of 800
rpm over 60 min. (b) Compactability of Pit/TA/HPC/CaHPO, granules, prepared at an impeller
speed of 100 rpm over 15 min. (c) Compactability of Pir/TA/HPC/CaHPO, granules, prepared at

an impeller speed of 800 rpm over 60 min.

4.3.3.6 Drug release

Cocrystal formation can alter the release of a drug from its formulation and may affect
the bioavailability of the API. Therefore, drug release from the tablets manufactured with the
cocrystal granules was measured and compared to that from the tablets manufactured with the
reference granules. As Pir is UV-inactive, standard dissolution tests with flow-through cells
and UV quantification could not be performed. Thus, the samples were analysed using an
infrared spectrometer, equipped with a flow-through cell, which is usually employed for
protein analysis [198]. This equipment allows quantification of UV-inactive but IR-active
APIs in solution and is easier to handle and less time-consuming than HPLC. For

quantification, a PLS model was established. In Fig. 29 a, the IR spectra of Pir, TA, and the
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physical mixture of both are displayed. The spectra are corrected with regard to baseline as
well as to the water and CO, signals. For quantification purposes the spectral region between
1725 and 1630 cm™ covering the Pir amide I bands at 1685 and 1656 cm™ were used to
establish the PLS model (Fig. 29 b). One LV resulted in the best calibration model with a R?
0f 0.992, a RMSEC of 0.053, and a RMSECYV of 0.062.

The calibration model was used to predict the amount of Pir released in the phosphate
buffer as a function of time. In Fig. 9c-e the drug release profiles of the tablets are shown. As
shown in Fig. 29 c, the Pir release from the Pir/HPC reference tablets was slightly higher
compared to that from the Pir/TA/HPC cocrystal tablets, most likely due to the somewhat
lower solubility of the cocrystal [90]. With CaHPO, as filler this trend was not observed

(Figs. 29 d and e).
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Fig. 29: (a, b) FT-IR spectra of Pir, TA, and the Pir/TA physical mixture in phosphate buffer
(pH 6.8, 0.05 M). (c-e) Dissolution profiles of tablets prepared at a compaction pressure of approx.
190 MPa (n=3), containing (c) Pir/TA/HPC granules, prepared at an impeller speed of 800 rpm
over 60 min. (d) Pit/TA/HPC/CaHPO, granules, prepared at an impeller speed of 100 rpm over
15 min. (e) /TA/HPC/CaHPO, granules, prepared at an impeller speed of 800 rpm over 60 min.
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4.4 Conclusion

High-shear granulation could be established as a suitable technique to produce cocrystal
granules on a batch scale. Cocrystal formation during high-shear granulation depends on the
amount of granulation liquid added, on the impeller speed, and on the excipients used in the
formulation. Cocrystal formation during high-shear wet granulation can, on the one hand, be
beneficial for pharmaceutical manufacturers, as downstream-processing can be facilitated. On
the other hand, one has to be aware of accidental, unwanted cocrystal formation, as it may

influence for example compactability and drug release and thus affect drug performance.
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5. Recrystallization of amorphous glibenclamide in tablets —

a multi-factorial investigation
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Recrystallization of amorphous glibenclamide in tablets — a multi-factorial investigation

Abstract

The recrystallization of an amorphous drug in a solid dosage form is a complex process
and is affected by different influencing parameters during manufacturing and storage.
However, these parameters may not only have an impact on the physical stability of the drug,
the chemical stability also may be affected.

The aim of the present study was to investigate the influence of the preparation method
of amorphous glibenclamide, the compaction pressure applied during tableting as well as the
storage conditions on its physical and chemical stability.

Amorphous glibenclamide was prepared by ball-milling and quench-cooling,
respectively. While the drug remained chemically intact during ball-milling, it partially
degraded during the melting step before quench-cooling. However, tablets containing either
quench-cooled or ball-milled glibenclamide, tableted with MCC and Mg stearate at high and
low compaction pressure, did not show immediate recrystallization of the drug. During
storage of the tablets at 20 °C/0 % RH recrystallization was not observed in any case. An
increase in relative humidity resulted in recrystallization of the amorphous ball-milled
glibenclamide. Interestingly, a higher degree of crystallinity was observed with tablets
compacted at a low pressure. This was also observed at 60 °C/0 % RH and was explained by
the reduced molecular mobility of the amorphous drug molecules due to ‘“mechanical
trapping” by the MCC molecules. This effect was less pronounced at 60 °C/75 % RH,
possibly the result of water vapour absorption by MCC, resulting in swelling and thus
softening of the tablets, which might lead to recrystallization. Quench-cooled glibenclamide
only recrystallized at high relative humidity. Furthermore, the degree of recrystallized

glibenclamide was higher at 60 °C compared to 20 °C. However, at 60 °C/75 % quench-
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cooled glibenclamide degraded significantly, while the ball-milled samples remained
chemically intact.

It could be concluded that not only the physical but also the chemical stability of an
amorphous drug may be affected by manufacturing and storage of the respective solid dosage
forms, and therefore needs to be taken into account during pre-formulation as well as during

manufacturing.

5.1 Introduction

About 80 % of the drugs on the market are manufactured as solid dosage forms such as
tablets and capsules [199]. The bioavailability of the active pharmaceutical ingredient (API)
in these dosage forms can be predicted by to the biopharmaceutical classification
system (BCS), classifying the API with regard to its membrane permeability and water
solubility [200]. A recently published study revealed that between 60 and 70 % of the drug
candidates in the pipeline belong to class II of the BCS with a sufficient membrane
permeability but a poor water solubility, ultimately leading to a decrease in bioavailability
after oral administration [201]. Different approaches have been undertaken to improve the
water solubility and thus the bioavailability of BCS class II drugs. One of the most promising
propositions was to formulate the API in its amorphous form instead of its thermodynamically
stable crystalline form. The molecules in the amorphous state are not organized in a crystal
lattice, therefore only showing short range order [38]. Thus, the amorphous form of an API
may have a higher water solubility compared to the crystalline forms [202]. However, an
amorphous system shows a higher Gibbs energy relative to that of its crystalline counterpart,
which is the thermodynamic driving force for recrystallization. Recrystallization counteracts

the solubility advantage of the amorphous API [39]. The recrystallization tendency of an
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amorphous drug is correlated with environmental influences such as temperature and relative
humidity [39] and may also be influenced by the preparation process of the amorphous
phase [40]. Furthermore, pharmaceutical down-stream processing steps such as tableting may
induce recrystallization [5, 32]. For example, recrystallization of amorphous indomethacin
was found to be pressure-induced by tableting and could be reduced by different tableting
excipients used in the formula [113]. Polymers with a large elastic deformation reduced the
pressure-induced recrystallization most effectively, as a large amount of the compaction
energy is taken up by elastic deformation of the polymer.

The quantitative determination of solid-state forms of an API in the presence of
excipients is complex. Nevertheless, the suitability of different analytical techniques for
quantification of the API in tablets has been examined in several studies [23, 203, 204].
Spectroscopic methods such as Raman spectroscopy [204] and solid-state nuclear magnetic
resonance [203] have been shown to allow the identification of the solid-state forms of the
API in tablets. Furthermore, parallel-beam X-ray powder diffractometry was found to provide
an insight into the solid-state form of the API in tablets [23].

Not only the physical stability in terms of recrystallization behaviour is affected by the
manufacturing process and the storage parameters, the chemical stability may also be
influenced. The influencing parameters affecting the physical as well as the chemical stability
of drugs in tablets are multi-factorial and thus complex, often showing a significant impact on
drug performance. Therefore, the ICH QS8 guideline [2] and the FDA PAT guidance [1]
recommend a detailed investigation of the process parameters, which influence the product
quality, allowing an improved understanding and controlling of the process.

Thus, the aim of this study was to investigate the influence of different processing
parameters, namely the preparation method of the amorphous API, the compaction pressure

during tableting, and the storage conditions of the tablets, on the recrystallization behaviour
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as well as on the chemical stability of amorphous glibenclamide. Glibenclamide was chosen
as a model drug because the amorphous as well as the polymorphic forms of this API are

thoroughly investigated and described in detail in the literature [205-209].

5.2 Materials and methods
5.2.1 Materials

Glibenclamide was kindly donated by Berlin Chemie (Germany), microcrystalline
cellulose (MCC) by Lehmann & Voss (Germany), and magnesium stearate (Mg stearate) by

Baerlocher (Germany).

5.2.2 Methods

5.2.2.1 Amorphization of glibenclamide
5.2.2.1.1 Ball-milling

Amorphization of glibenclamide by ball-milling has already been described by
Patterson et al. [57]; this method was modified in the present study. Approximately 500 mg of
crystalline glibenclamide were milled using a MM 200 ball mill (Retsch, Germany) in 25 ml
stainless steel milling jars with three 9 mm and three 6 mm stainless steel balls over 60 min.

The milling frequency was 25 Hz. The experiments were performed in a cold room at 4 °C.

5.2.2.1.2 Quench-cooling

Quench-cooling as a preparation method of amorphous glibenclamide was investigated
by Hassan et al. [206]. Crystalline glibenclamide was heated in an oil bath at 178 °C until the

sample was completely molten. Immediately afterwards the melt was poured into liquid
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nitrogen and subsequently gently ground with mortar and pestle before sieving (mesh
size: 250 um).

The amorphous character of each batch was confirmed by XRPD to guarantee the
absence of crystalline material. The amorphous material was stored in an airtight container at

-18 °C at 0 % RH until further processing.

5.2.2.2 Tableting of amorphous glibenclamide

The tablet formula consisted of 50 % amorphous glibenclamide prepared by either ball-
milling or quench-cooling, 45 % MCC, and 5 % Mg stearate. The powder blends were mixed
in a Turbula mixer (Bachofen, Switzerland) for 10 min. Tablets were compacted with an E XI
eccentric press, instrumented with strain gauges and displacement transducer (Fette,
Germany), and equipped with 10 mm flat-faced punches. 100.0 mg of the respective sample
were manually filled into the die. The powder was compacted at forces of approximately 65
and 320 MPa, respectively. All experiments were performed at ambient conditions

(21 °C/45 % RH).

5.2.2.3 Storage of the tablets

The tablets were stored at 20 °C/0 % RH, 20 °C/75% RH as well as at 60 °C/0% RH
and at 60 °C/75 % RH.

The solid-state form of the API was analyzed directly after tableting as well as after

10 d and 30 d of storage.
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5.2.2.4 Solid-state analysis of the tablets
5.2.2.4.1 Differential scanning calorimetry (DSC)

The thermal behaviour of the samples was investigated by DSC. DSC scans were
recorded in triplicate using a DSC 7 (Perkin Elmer, Germany) between 0 °C and 250 °C at a
heating rate of 10 K/min. For temperature calibration, a two-level calibration was performed

with indium and water. Enthalpy calibration was done with indium.

5.2.2.4.2 X-ray powder diffractometry (XRPD)

The solid-state of the API in the tablets was examined with a Panalytical MPD X’PERT
Pro X-ray diffractometer (Philips, The Netherlands) using CuKa radiation with 1.54 A,
equipped with a PIXcel detector in continuous scanning mode. Step size was 0.013 °20. The
tablets were gently ground with an achate mortar and pestle, carefully paying attention to not
alter the solid-state form of the glibenclamide. Powder samples were analyzed on silicon
sample holders and scanned at 45 kV and 40 mA from 5 to 35 °26.

Quantification of the amount of crystalline glibenclamide in the tablets was determined
by evaluating the Standard Normal Variate (SNV)-corrected XRPD data with a PLS model
consisting of 5 calibration points with a variable amount of amorphous and crystalline
glibenclamide (100 % amorphous/0 % crystalline, 75 %/25 %, 50 %/50 %, 25 %I/75 %,
0 %/100 %) and a constant amount of MCC and Mg stearate. The calibration model was
validated by leave-one-out cross-validation. The number of latent variables (LV) was
determined by evaluation of the coefficient of determination (R?), the root-mean-square error
of calibration (RMSEC), and the root-mean-square error of cross validation (RMSECV) as a

function of the number of LVs.
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5.3 Results and discussion
5.3.1 Characterization of the investigated solid-state forms of glibenclamide

The thermal behaviour of crystalline glibenclamide and its amorphous form, prepared
by ball-milling and quench-cooling, respectively, was examined by DSC. The thermogram of
the raw crystalline material revealed one single endothermic event, namely the melting point
(Ty) at an onset temperature of 174 °C. Typically for amorphous materials, the ball-milled
sample showed a glass transition temperature (T,) of approximately 74 °C and recrystallized
at 102 °C. The recrystallized substance melted at 169 °C. Interestingly, the quench-cooled
glibenclamide neither showed a recrystallization nor a melting event. Only a T, was
observable at 48 °C. The differences in the glass transition temperatures of the ball-milled and
the quench-cooled samples have been explained by a partial thermal degradation of the
glibenclamide during melting before the quench-cooling process, resulting in small molecular
fragments, acting as plasticizers, which decrease the T, [57, 207, 209]. Applying the HPLC
method developed by Patterson et al. [57], the degradation behaviour of the quench-cooled
glibenclamide was confirmed by an additional peak at a retention time R¢ of 14.0 min at a
wavelength of 230 nm, while the ball-milled substance only showed the glibenclamide peak
(R¢: 17.5 min). Thus, already the preparation method of the amorphous glibenclamide has an
impact on the chemical stability of the drug. Nevertheless, the partially degraded material was
used for further processing to examine the physical and chemical stability of the quench-
cooled substance.

In Fig. 30 the XRPD patterns of the plain glibenclamide (crystalline, ball-milled,
quench-cooled) as well as the powder blends to be tableted containing amorphous and
crystalline glibenclamide, respectively, are presented. The reflections of the crystalline form
correspond to the XRPD pattern published for the most stable polymorphic form I [57, 205-

208]. In contrast to the crystalline glibenclamide, the ball-milled as well as the quench-cooled
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samples only show a halo, demonstrating that the API is completely amorphous. The powder
blend containing amorphous glibenclamide and MCC as well as Mg stearate does not show
any XRPD reflections either, also proving complete X-ray amorphousness. The differences in
the shapes of the halos of plain amorphous glibenclamide and the powder blend containing
amorphous glibenclamide result from MCC. However, in the XRPD pattern of the powder
blend consisting of crystalline glibenclamide and MCC as well as Mg stearate, the
characteristic glibenclamide reflexes are clearly observable despite the amorphous
background. Thus, XRPD can be used to detect crystalline glibenclamide in a powder blend

containing X-ray amorphous excipients.

5.3.2 Tableting of amorphous glibenclamide

The powder blends containing MCC, Mg stearate and amorphous glibenclamide, either
prepared by quench-cooling or by ball-milling, were tableted at a low and a high compaction
pressure with an eccentric press to investigate the influence of the compaction energy on the
recrystallization behaviour of the amorphous API. The tablets were examined by XRPD
directly after compaction to determine the degree of recrystallized APL. As a loss of
crystallinity may already be observed during particle size reduction [26], the tablets were only
crushed by using an achate mortar and pestle for XRPD analysis, carefully paying attention to
not alter the solid-state form of the glibenclamide. In Fig. 30 the XRPD patterns of tablets
consisting of MCC, Mg stearate, and amorphous glibenclamide, prepared by quench-cooling
or ball-milling and tableted at 65 or 320 MPa, respectively, are shown. None of the XRPD
patterns showed any reflections, indicating that amorphous glibenclamide, independent of its
preparation method, does not recrystallize during tableting. This has also been observed with

amorphous indomethacin, prepared by quench-cooling [113]. However, during storage it
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could be shown that compacted indomethacin recrystallized faster as compared to the
uncompacted drug. It was concluded that the compaction energy transferred into the
amorphous drug during tableting induced recrystallization.

Thus, the prepared glibenclamide tablets were stored under different conditions to

investigate the recrystallization behaviour.

Tablet with amorphous Gli
(ball-milled; 320 MPa)
Tablet with amorphous Gli
(quench-cooled; 65 MPa)
crystalline Gli
(powder blend)
amorphous Gli
(powder blend)
amorphous Gli
(quench-cooled)
amorphous Gli
(ball-milled)

ww\ﬂw crystalline Gli

T T T T T

Intensity

Fig. 30: XRPD patterns of crystalline glibenclamide, ball-milled glibenclamide, quench-cooled
glibenclamide, powder blend amorphous glibenclamide (50 % amorphous glibenclamide / 45 %
MCC /5 % Mg stearate), powder blend crystalline glibenclamide (50 % crystalline glibenclamide /
45 % MCC / 5 % Mg stearate), tablet with amorphous glibenclamide (quench-cooled, 65 MPa),
tablet with amorphous glibenclamide (ball-milled, 320 MPa).

5.3.3 Storage of the prepared glibenclamide tablets
In Figs. 31 a-d the XRPD patterns of the glibenclamide tablets stored at different
conditions for 10 d (Figs. 31 a and ¢) and 30 d (Figs. 31 b and d), respectively, are displayed.

At 20 °C and 0% RH the XRPD patterns only show halos, demonstrating that the
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glibenclamide remained amorphous over 30 d of storage, independent of the preparation
method of the amorphous substance and the compaction pressure of the tablets. At higher
relative humidity (20 °C/75 % RH), after 10 d of storage small peaks are observable, which
increased with prolonged storage. Interestingly, in the patterns of the ball-milled samples
more peaks are present than in the diffractograms of the quench-cooled tablets, indicating a
higher amount of crystalline drug in the tablets. Furthermore, the amorphous glibenclamide in
tablets containing ball-milled substance recrystallized faster if compacted at only 65 MPa
compared to 320 MPa.

At 60 °C storage temperature, these trends were even more pronounced. Moreover, the
amorphous glibenclamide prepared by ball-milling already recrystallized at 0 % RH, which
was not observed with quench-cooled glibenclamide. Again, tablets compacted at 65 MPa
showed a higher degree of crystallinity compared to tablets compacted at 320 MPa.
Interestingly, the XRPD patterns of tablets containing quench-cooled samples show
reflections which do not correspond to the stable polymorphic form I of glibenclamide at
10.0, 15.1, and 17.4 °20. As the surface of the tablets turned yellow over 30 d, it is assumed
that degradation of the API took place during storage. This hypothesis could be confirmed by
HPLC, the chromatograms showing the same peak of the degradation product which was
already observed after preparation of the amorphous form (R¢: 14.0), and in addition a second
peak at Ry of 16.5 min (Rg: 16.5 min). Thus, not only the physical but also the chemical

stability is influenced by the storage conditions.
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Fig. 31: XRPD patterns of tablets containing differently prepared amorphous glibenclamide,
compacted at low/high level of compaction pressure and stored under different conditions.

(a) 20 °C/ 10 d. (b) 20 °C/ 30 d. (c) 60 °C/ 10 d. (d) 60 °C/ 10 d.

5.3.4 Quantification model and prediction of crystalline glibenclamide in the stored tablets

To obtain a more detailed insight into the recrystallization behaviour of amorphous
glibenclamide after tableting, quantification of the amount of crystalline glibenclamide with
respect to different processing parameters and storage conditions was performed. Thus, a
prediction model was established by PLS regression on the basis of the SNV-corrected XRPD
patterns of 5 calibration points. Three LVs were used to build the model, resulting in an R? of
0.992, an RMSEC of 1.78, and an RMSECYV of 3.39.

In Fig. 32 the amount of recrystallized glibenclamide predicted by the PLS model is
presented. Tablets stored at 20 °C and 0 % RH did not recrystallize within 30 d, independent
of the preparation method of the amorphous glibenclamide and the applied compaction

pressure during tableting (Fig. 32 a). As expected, at 20 °C and 75 % RH tablets originally
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containing amorphous glibenclamide prepared by ball-milling partially recrystallized during
storage over 30 d. Interestingly, tablets compacted at 65 MPa showed a higher amount of
recrystallized glibenclamide (about 30 % after 30 d) than those compacted at 320 MPa (about
12 % after 30 d). In contrast, the drug in the tablets containing quench-cooled glibenclamide
stored at 20 °C and 75 % RH remained almost completely amorphous.

As many solid-state transformations are known to proceed faster under accelerated
conditions, tablets were also stored at 60 °C/0 % RH and at 60 °C/75 % RH, respectively. The
predicted amount of recrystallized drug is presented in Fig. 32 b. At dry conditions, 75 % of
the ball-milled drug recrystallized in tablets compacted at the low pressure, while only
approximately 22 % recrystallization was observed with the tablets compacted at the high
pressure. Interestingly, there was no significant difference in the degree of recrystallization
after 10 and 30 d of storage, respectively. In contrast, the tablets with quench-cooled
glibenclamide did not show recrystallization at dry conditions. At 75 % RH, over 60 % of the
drug recrystallized in the tablets containing ball-milled glibenclamide. A slightly higher
amount of recrystallized glibenclamide was found in tablets compacted at the lower
compaction pressure compared to those compacted at the higher pressure, without showing
any differences in degree of recrystallization over 30 d of storage. Tablets containing quench-
cooled glibenclamide however showed a time-dependent recrystallization at 75 % RH with an

increasing degree of crystalline glibenclamide during storage.
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Fig. 32: Amount of recrystallized glibenclamide in tablets during storage, predicted by PLS model
based on SNV-corrected XRPD data, 3 LVs. (a) 20 °C storage temperature. (b) 60 °C storage
temperature. (BM: ball-milled glibenclamide; QC: quench-cooled glibenclamide).

The recrystallization of amorphous glibenclamide in the prepared tablets was affected
by the influencing factors investigated in this study, i. e. preparation method of the amorphous
glibenclamide, compaction pressure, storage temperature, and storage relative humidity of the
glibenclamide tablets.

As discussed above, HPLC revealed that glibenclamide partially degraded during the
melting step before the quench-cooling process. Patterson et al. determined the amount of
degraded glibenclamide during melting to be approximately 16 % [57]. Thus, in the present
study only tendencies regarding the recrystallization behaviour of quench-cooled
glibenclamide could be observed. However, quench-cooled glibenclamide was found to be
more stable with respect to recrystallization compared to the ball-milled substance, an

observation which was also recently published for amorphous indomethacin, which is
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chemically stable during quench-cooling [40]. In this study the stability and differences in the
molecular structure of differently prepared amorphous indomethacin were compared. These
stability differences were explained by variations in relaxation time and not by structural
differences, as it could have been anticipated [40]. This interpretation is thought to also be
applicable to amorphous glibenclamide but was not investigated. Furthermore, it is speculated
that the recrystallization behaviour of amorphous glibenclamide may also be influenced by
the chemical degradation products occurring during melting before the quench-cooling
process.

Storage conditions are known to affect recrystallization of an amorphous API in tablets,
as high temperature as well as high humidity may increase the recrystallization rate [39]. The
amorphous glibenclamide in the tablets did not recrystallize at mild storage conditions
(20 °C/0 % RH), independent of the preparation methods of the amorphous glibenclamide as
well as the compaction pressure applied during tableting. This was expected, as amorphous
substances are regarded as stable with respect to their recrystallization tendency at storage
temperatures of more than 50 °C below their T, [210]. However, an increase of RH resulted in
significant recrystallization, most likely as a result of an increase in molecular mobility of the
amorphous glibenclamide molecules due to adsorbed water vapour. Interestingly, tablets
compacted at low pressure showed a higher amount of recrystallized glibenclamide compared
to those compacted at high pressure. The compaction pressure applied during the tableting
process may induce recrystallization of amorphous drugs, as described by Schmidt et al., who
observed a higher recrystallization tendency not during tableting but during storage after
tableting of amorphous indomethacin at higher compaction pressures [113]. As observed with
indomethacin, amorphous glibenclamide does not recrystallize during tableting. However, in

contrast to indomethacin, in the present study the degree of recrystallization of amorphous
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glibenclamide during storage was found to be lower in tablets compacted at a high pressure.
Thus, recrystallization of amorphous glibenclamide is not pressure-induced.

As observed at 20 °C and 75 % RH, at high temperature and low humidity (60 °C/0 %)
the ball-milled glibenclamide in the tablets compacted at low pressure recrystallized faster
compared to the glibenclamide in tablets prepared with high compaction pressure. As
intermolecular interactions between amorphous glibenclamide and MCC were ruled out by
FTIR, it may be hypothesized that the variances in the recrystallization behaviour of
amorphous glibenclamide in tablets compacted at different pressures result from “mechanical
trapping” of the amorphous glibenclamide molecules by the MCC, reducing their molecular
mobility, and thus decreasing recrystallization.

After 10 days as well as 30 days of storage approximately 75 % of the ball-milled drug
were recrystallized, while 25 % of glibenclamide most likely remained amorphous, as
chemical degradation did not occur (HPLC data not shown). The quench-cooled drug
remained amorphous at 60 °C/0 % RH.

Storage at harsh conditions (60 °C/75 %) also led to fast recrystallization of
approximately 62 % of the ball-milled glibenclamide within 30 days. The differences in the
amount of recrystallized glibenclamide depending on the compaction pressure were less
pronounced at high humidity compared to low humidity. This might be explained by the
water absorbing ability of the MCC, which swells and leads to a softening of the tablets,
allowing for recrystallization of the amorphous API. Furthermore, the molecular mobility of
the amorphous glibenclamide is increased due to high temperature and high RH, also leading

to faster recrystallization.
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5.4 Conclusion

The physical as well as the chemical stability of amorphous glibenclamide was shown
to depend on the preparation method of the amorphous drug and, as expected, on the storage
conditions such as temperature and relative humidity. Interestingly, with a higher compaction
pressure during tableting, lower degree of recrystallization was observed, most likely due to a
reduction of the molecular mobility of the amorphous glibenclamide, induced by the MCC in
the compact.
The present study shows that the physical as well as the chemical stability of an amorphous
drug is multi-factorial and needs to be evaluated thoroughly, as it may strongly affect drug

performance and possibly even drug toxicity.

124



125



Thermal degradation of amorphous glibenclamide

6. Thermal degradation of amorphous glibenclamide
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Thermal degradation of amorphous glibenclamide

Abstract

A glibenclamide = polymorph  published by  Panagopoulou-Kaplani  and
Malamataris (2000) [211], obtained by sublimation of amorphous glibenclamide, was
analysed. A new interpretation of the data is presented and experimentally confirmed by X-
ray powder diffractometry, Fourier transform infrared spectroscopy, differential scanning
calorimetry, and mass spectrometry. The crystals formed during sublimation of amorphous
glibenclamide do not represent a glibenclamide polymorph, but a thermal degradation
product, namely 1,3-dicyclohexylurea. The reaction mechanism is suggested to be an
elimination of cyclohexylisocyanate from glibenclamide. Cyclohexylisocyanate may
decompose to carbon monoxide and cyclohexylamine, which may react in an addition

reaction with another cyclohexylisocyanate molecule forming 1,3-dicyclohexylurea.

6.1 Introduction

Glibenclamide (5-chloro-N-(4-[ N-(cyclohexylcarbamoyl)sulphamoyl |phenethyl)-2-
methoxy-benzamide) (Fig. 33) is an orally administered sulphonylurea antidiabetic drug. As a
result of its good biomembrane permeability and its very poor water solubility, it is rated as a
class II drug of the Biopharmaceutics Classification System [212]. Since bioavailability is a
major concern with class II drugs, Blume et al. investigated the in vitro dissolution and the
bioavailability of marketed glibenclamide tablets. Significant differences between tablets
manufactured by different companies were observed, the reasons of which remained

unclear [213].
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Fig. 33: Chemical structure of glibenclamide

Glibenclamide is a drug with sulphonylurea structure containing two moieties, which
are susceptible to degradation at least under harsh conditions: on the one hand the benzamide
group and on the other hand the sulphonylurea moiety, which can be split at the urea amide
bonds. Bansal et al. investigated the degradation of glibenclamide in acidic and basic media as
well as under influence of UV light and at elevated temperatures (50 °C). While
glibenclamide degradation occurred in hot acidic and basic media, UV light-induced
decomposition and thermal degradation at 50 °C was not observed [214]. Wojnarowska et al.
observed thermal degradation during analysis of glibenclamide by thermal Fourier
transformation  infrared  spectroscopy (FTIR) only at temperatures above
approximately 190 °C [209].

Sulphonylureas decompose during dry heating by elimination of isocyanates [215, 216],
for example, pyrolysis of the sulphonylurea tolbutamide leads to n-butyl isocyanate [217].

Glibenclamide shows polymorphism. Polymorphism is defined as the ability of a
substance to crystallize in more than one crystalline form [14, 16]. Depending on the literature
source consulted, between approximately 30 % [218] and 50 % [16] of recently developed
drugs exist in at least two different crystalline forms.

There are several reasons why polymorphism plays an important role in preformulation,

such as regulatory issues and processing properties. Polymorphs may differ in many of their
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physicochemical properties such as melting point, mechanical behaviour, storage stability,
solubility, and bioavailability resulting from different thermodynamic energies [14, 16].

In the literature, the amorphous form and four polymorphs of glibenclamide are
described. In 1991, Hassan et al. investigated the properties of amorphous glibenclamide,
which was obtained by melting the crystalline drug using an oil bath at 185 °C and quickly
cooling the melt in liquid nitrogen [206]. According to Patterson et al., 16 % of glibenclamide
decomposed during this so-called quench-cooling process, whereas only 0.3 % of the drug
degraded during amorphization by ball milling [57]. The amorphous glibenclamide obtained
by ball milling showed a glass transition temperature (T,) of 73 °C, while that of the quench-
cooled glibenclamide was 58.5 °C. This decrease in the T, was explained by thermal
degradation products acting as plasticizers [57]. In contrast, Wojnarowska et al. observed
complete amorphization without any degradation during melting of glibenclamide at 174 °C
with subsequent quench-cooling and by cryo-milling of glibenclamide [209]. The amorphous
form of glibenclamide recrystallized within two months dependent on temperature [206] and
humidity [57].

In 1989, Suleiman and Najib prepared a new polymorph (form II, recrystallization from
acetonitrile) and two solvates (pentanol solvate and toluene solvate) of glibenclamide by
recrystallization [208]. The solvates showed higher water solubility than the polymorphs I and
II. A third polymorph (form III, recrystallization from a mixture of chloroform and ether) and
another solvate (recrystallization from a mixture of carbon tetrachloride and chloroform) were
obtained by Hassan et al. [205]. Form III showed a higher solubility than form I and II and a
lower melting point (Ty,) than form I. The authors concluded that form II and form III are
metastable and that form I as the marketed form of the drug is the stable form.

In 2000, Panagopoulou-Kaplani and Malamataris described a new glibenclamide

polymorph (form IV), which was obtained by sublimation of the amorphous form [211]. This
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new polymorph showed a higher Ty, than form I and was even less water soluble than the
marketed polymorph. The authors concluded that the new polymorph is more stable than the
other three known polymorphs. In the present study, a new interpretation of the data by

Panagopoulou-Kaplani and Malamataris [211] is presented and experimentally confirmed.

6.2 Materials and methods
6.2.1 Materials

Crystalline glibenclamide (pharmaceutical grade) was kindly supplied by Berlin Chemie
(Germany). 1,3-Dicyclohexylurea as reference substance (DCU) was purchased from TCI

Europe (Germany).

6.2.2 Methods

6.2.2.1 Preparation of the sublimate

Glibenclamide was melted at 185 °C using a paraffin bath. The melt was poured into
liquid nitrogen. The resulting amorphous glibenclamide was heated in a Petri dish covered by
a watch glass on a conventional hot plate at 130-160 °C, as described by Panagopoulou-

Kaplani and Malamataris [211]. As expected, crystals resublimated on the watch glass.

6.2.2.2 Stereomicroscopy

Stereomicroscopic pictures were taken with a Stereo Discovery V8 Microscope (Zeiss,
Germany), equipped with a Zeiss Axio Cam ICc1. The objective used was a Zeiss Achromat

S 1.0x FWD 63 mm.
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6.2.2.3 Scanning electron microscopy (SEM)
SEM pictures were taken on a Leo 1525 scanning electron microscope (Zeiss,

Germany) with a working voltage of 5.00 kV.

6.2.2.4 X-ray powder diffractometry (XRPD)

Differences in crystal lattice configuration were examined using an X’PERT X-ray
diffractometer (Philips, The Netherlands, CuKo radiation 1.54 A) in continuous scanning
mode, and step size was 0.02°20. Powder samples were analysed in aluminium sample

holders and scanned at 40 kV and 30 mA from 5 to 35°260.

6.2.2.5 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded on a Tensor 37 spectrometer (Bruker, Germany), equipped
with an Attenuated Total Reflectance module (Pike MIRacle). Spectra were detected by an
RT-DLaTGS detector over a 4000-600 cm-1 range with a resolution of 4 cm-1, and 16 scans

were obtained. Spectral analysis was done using the OPUS® 6.5 software.

6.2.2.6 Mass spectrometry (MS)

MS was performed with a VG 70-S (VG Analytical, England) coupled with a SEV
detector, employing electron impact (70 eV) and a source temperature of 200 °C. The mass
range examined in this study was m/z 35-800. The obtained mass spectra were interpreted
using the MassLib software (MSP Kofel, Switzerland, MassLib V9.3-106, MPI fiir

Kohleforschung).
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6.2.2.7 Differential scanning calorimetry (DSC)

DSC scans were recorded in triplicate using a DSC 7 (Perkin Elmer, Germany) between
0 °C and 250 °C at a heating rate of 10 K/min. For temperature calibration, a two-level
calibration was performed using indium and water. Enthalpy calibration was done with

indium.

6.3 Results and discussion

In Figs. 34 and 35, the stereomicroscopic and SEM photographs of crystalline
glibenclamide, amorphous glibenclamide, the sublimate, and DCU are shown. It is obvious
that glibenclamide in its untreated form is an aggregate of very small flaky crystals with a
primary particle size of about 10 um. The quench-cooled amorphous glibenclamide exhibits
large glassy particles including a conchate fraction. The sublimate crystals are of feathery-
needle shape with a primary particle size of several hundred micrometres and look similar to

the crystals found by Panagopoulou-Kaplani and Malamataris in 2000 [211]. DCU crystals

exhibit a hexagonal shape.

Fig. 34: Stereomicroscopic photographs of (a) crystalline glibenclamide, (b) amorphous

glibenclamide, (c) sublimate, and (d) 1,3-dicyclohecylurea reference substance (DCU).
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Fig. 35: SEM photographs of (a) crystalline glibenclamide, (b) amorphous glibenclamide, (c)

sublimate, and (d) 1,3-dicyclohecylurea reference substance (DCU).

In Fig. 36, the XRPD patterns of crystalline glibenclamide, the amorphous form, the

sublimate, and DCU are displayed. The diffractogram of crystalline glibenclamide is
consistent with the published pattern with sharp characteristic peaks at 11.6 °20, 18.9 °20 and
20.9 °20 [57, 208]. The halo shape of the diffractogram proves the amorphous structure of the
quench-cooled glibenclamide.
The diffractogram of the sublimate is comparable to the diffractogram reported by
Panagopoulou-Kaplani and Malamataris [211]. It differs completely from the pattern of
crystalline glibenclamide in both intensity and position of the reflexes. Distinct peaks can be
identified at 7.6 °20, 17.3 °260, and 22.0 °260. The 7.6 °26 peak has a high intensity of about
45,000 counts, while the other peaks show intensities between 2000 and 9000 counts.

Comparison of the pattern of the sublimate with an XRPD pattern database (Powder
Diffraction File, 2003, The International Centre for Diffraction Data, USA) led to the
conclusion that the sublimate represents DCU. The pattern of the DCU reference substance is

congruent with the pattern of the sublimate.
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Isomorphism, i.e. an identical crystal lattice configuration of two different substances
(here a polymorphic form of glibenclamide and DCU), is rarely observed, especially if
dealing with organic compounds. Moreover, it is difficult to distinguish different isomorphic
forms solely by XRPD.

To exclude isomorphism and to verify the interpretation of the XRPD results, FTIR
spectroscopy (Fig. 37), MS (Fig. 38), and DSC (Fig. 39) were performed. The FTIR spectrum
of the crystalline glibenclamide It is similar to the FTIR spectra of crystalline glibenclamide
published previously [57, 206, 211]. The urea NH stretch vibrations can be identified at 3360
cm™, and the amide NH stretch vibrations are found at 3300 cm™. The peak slightly above
3000 cm™ results from aromatic CH vibrations, and the peak slightly below 3000 cm™ is
caused by aliphatic CH vibrations. The amide carbonyl moiety is responsible for the peak at
1714 cm™, and the urea carbonyl for the peak at 1615 cm™. The sulphonyl stretch vibrations
are found at wave numbers 1340 cm™ and 1157 cm™, respectively [147].

The FTIR spectrum of amorphous glibenclamide in Fig. 38 shows significant
differences from the crystalline glibenclamide spectrum: While CH and sulphonyl stretch
vibrations of the crystalline and amorphous substance remain unchanged, the urea NH stretch
vibrations manifest themselves in a rather broad peak and the amide NH band disappeared.
The intensity of the amide carbonyl stretch vibrations decreases. Moreover, a peak shoulder at
1654 cm™ appears. This shoulder has been interpreted as C=N stretch vibrations of imidic
acid [57, 206, 209]. Glibenclamide has two moieties, which could show this tautomerism of
amide and imidic acid: the amide group and the urea group. To determine the moiety being
responsible for the tautomerism, the DCU spectrum is recorded. Since there is no amide
moiety in DCU, the carbonyl band at 1622 cm™ results from the urea carbonyl. This means
that the 1714 cm™ band of the glibenclamide spectrum is likely to be caused by the amide

carbonyl stretch vibrations. As the 1714 cm™ band decreases in favour of the appearance of
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the 1654 cm’ shoulder, it may be concluded that in fact the amide is converted into the imidic
acid form, which was confirmed by Wojnarowska et al. [209]. These observations lead to the
assumption that the conversion of crystalline glibenclamide into its amorphous form changes
the drug’s predominantly amide conformation to a predominantly imidic acid conformation.
The amide form is thermodynamically more stable and seems to be stabilized by NH'--O
intermolecular hydrogen bonding. The thermodynamically less stable imidic acid structure
appears to be stabilized by intramolecular hydrogen bonding between the imidic acid and the
aryl ether oxygen [57, 206, 209].

The spectrum of the sublimate is identical to the spectrum published by Panagopoulou-
Kaplani and Malamataris in 2000 [211]. It shows several characteristic differences compared
to the spectrum of crystalline glibenclamide: While the urea NH stretch vibration at
3320 cm'l, the aliphatic CH stretch vibrations at wave numbers directly below 3000 cm'l, and
the urea carbonyl peak at 1622 cm™ can still be identified, the aromatic CH stretch vibrations
at 3000 cm’', the amide carbonyl peak at 1714 cm™, and the sulphonyl peaks at 1340 cm™ and
1157 cm™ disappeared. As this spectrum does not show any aromatic and sulphonyl bands
and because it is congruent to that of DCU, the XRPD results are confirmed: The sublimate

represents 1,3-dicyclohexylurea.
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Fig. 36: XRPD pattern of crystalline glibenclamide,

amorphous glibenclamide, sublimate, and

1,3-dicyclohecylurea reference substance (DCU).
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Fig. 37: FTIR spectra of crystalline glibenclamide,

amorphous glibenclamide, sublimate, and

1,3-dicyclohecylurea reference substance (DCU).

The mass spectrum of the resublimated crystals is presented in Fig. 38.
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Fig. 38: Mass spectrum of the sublimate.

Again, comparison of the spectrum with a database (NIST/EPA/NIH Mass Spectral

Database, Standard Reference Database 1,
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Technology, USA) reveals that the sublimate is 1,3-dicyclohexylurea. The m/z 224.5 peak is
identified as the DCU peak.

DSC thermograms of the investigated compounds are presented in Fig. 39. The
thermograms are evaluated with regard to the position of the thermal events and the
melting/sublimation enthalpies (AH). The crystalline glibenclamide shows a melting
incidence at a mean onset temperature of 169.7 £ 0.3 °C and a mean AH of 114.9 + 3.1 J/g.
This corresponds to the onset melting behaviour of the stable anhydrous form of crystalline
glibenclamide as found in the literature [57, 206, 211, 219].

The thermogram of amorphous glibenclamide shows a glass transition temperature (T,)
of approximately 42 °C, which is in good agreement with the T, of 40-56 °C determined for
the quench-cooled substance [211]. Interestingly, the T, of amorphous glibenclamide
determined in this study is approximately 30 °C lower than the T, of ball milled
glibenclamide and about 10 °C lower than the T, of amorphous glibenclamide obtained by
quench-cooling [57]. These observed T, shifts might be explained by differences in the
duration of the melting process at 185 °C before quench-cooling. As it was shown in this
study as well as by Wojnarowska et al. [209] that glibenclamide decomposes around 190 °C,
thermal degradation during melting in the quench-cooling process is expected. Small
molecules resulting from degradation, which are miscible with the sample, could act as
plasticizers and lower the T,. Another reason for the T, depression might be condensed water
vapour from the quench-cooling process on the surface of the amorphous glibenclamide also
acting as a plasticizer [220].

The thermograms of the sublimate and of DCU show two endothermic events at about
222 °C and 234 °C, respectively. Since there is no exothermic event observable, polymorphic
transition can be excluded. Hot stage microscopy revealed that the first endothermic event

results from a partial sublimation of DCU and the second event represents the melting point
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of the remaining substance. Panagopoulou-Kaplani and Malamataris [211] detected the first
peak at 218 °C, the second peak was not found. In the present study, the sublimation peak has
an onset temperature of 222.4 + 0.3 °C and a AH of 68.61 + 1.15 J/g, whereas the sublimation
peak of DCU shows an onset temperature of 223.4 + 0.7 °C and a AH of 73.73 £ 0.94 J/g. The
temperature and enthalpy differences between the sublimation events of the sublimate and of
DCU are about 1.0 °C and approximately 5 J/g, respectively. The melting peak of the
sublimate shows an onset temperature of 233.1 + 0.6 °C and a AH of 86.11 + 3.15 J/g, while
the melting peak of DCU exhibits an onset temperature of 235.3 + 0.5 °C and a AH value of
96.28 + 2.02 J/g. The temperature and enthalpy differences between the melting events are
about 2.0 °C and approximately 10 J/g, respectively. The melting point is in good agreement
with the literature value of DCU of 236 °C (Safety Data Sheet of 1,3-dicyclohexylurea, 2007,

TCI Europe NV, The Netherlands).

amorphous glibenclamide
(quench-cooled)

b T T
sublimate \'\ 0 50 100
Temperature [°C]
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(quench-cooled)

Heat flow — Endo up [mW]
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Fig. 39: DSC thermograms of crystalline glibenclamide, amorphous glibenclamide, sublimate, and
1,3-dicyclohecylurea reference substance (DCU). Insert: glass transition temperature of amorphous

glibenclamide.
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DCU is obviously formed by thermal degradation of amorphous glibenclamide during
dry heating. The baseline shift of amorphous glibenclamide in Fig. 40 b at temperatures above
190 °C is an indication for thermal degradation. This observation is in good agreement with
the results by Wojnarowska et al. [209], who observed thermal degradation of amorphous
glibenclamide at temperatures above approximately 190 °C confirmed by thermal FTIR.
Thermal degradation is also observed with crystalline glibenclamide (Fig. 39) at temperatures
of above 200 °C.

Surprisingly, in this study, as well as in the study by Panagopoulou-Kaplani and
Malamataris [211], thermal degradation is observed on a hot plate set to temperatures of only
130-160 °C. To explain this inconsistency regarding the degradation temperature, the actual
hot plate temperature in our laboratory was determined over two hours with an external IR
thermometer. It could be shown that setting the temperature to 145 °C leads to a plate and
sample temperature of over 300 °C, possibly because of energy loss resulting from the small
size of the Petri dish as well as the sample compared to the hot plate diameter. As a result of
thermal degradation and formation of DCU, sublimation could already be observed after
approximately 15 min of heating. If the hot plate temperature was set to only 65 °C, the
measured hot plate and sample temperature was of about 145 °C. In this case, no degradation
and thus no sublimation occurred within six hours.

The XRPD, FTIR, MS, and DSC results prove that the sublimate obtained in the described
sublimation process is not a polymorphic form of glibenclamide, but its thermal degradation
product 1,3-dicyclohexylurea (DCU) 4.

Dry heating of sulphonylureas leads to the formation of an isocyanate and a primary
sulphonamide [215, 217]. Thus, cyclohexylisocyanate 1 is eliminated from glibenclamide.
The suggested reaction mechanism of the formation of DCU is displayed in Fig. 40; in

presence of small amounts of water 1 may form carbamic acid 2, which is instable and
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decomposes to cyclohexylamine 3 and carbon dioxide. 3 can react with another

cyclohexylisocyanate molecule 1 in an addition reaction to 4.

Glibenclamide » —> \H/
C/N ©
O/
1 - 2 -
Co,
H H NH;
N \C/ N
O
4 3

Fig. 40: Decomposition of glibenclamide into cyclohexylisocyanate. In the presence of small
amounts of water carbamic acid is formed, which decomposes to cyclohexylamine and carbon
dioxide. In a subsequent additive reaction of cyclohexylisocyanate and cyclohexylamine 1,3-

dicyclohexylurea is formed.

6.4 Conclusion

The results of this study are in contrast to the observations of Panagopoulou-Kaplani
and Malamataris [211]. The substance obtained by sublimation of amorphous glibenclamide
is not a further polymorphic form of glibenclamide, but the thermal degradation product
1,3-dicyclohexylurea 4.

If there was a more stable glibenclamide form than the commercially available form I,
polymorphic transformation into the more stable crystalline form during processing or shelf
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life should occur. Consequently, this should lead to a decrease in water solubility and, thus, a
potentially reduced bioavailability. From the results of this study, it may be concluded that the
differences in in vitro dissolution and bioavailability between various marketed glibenclamide
tablets reported by Blume et al. [213] are not caused by polymorphic transformation into a
thermodynamically more stable polymorph, as stated by Panagopoulou-Kaplani and

Malamataris [211].

141



Appendix — Curriculum vitae

Der Lebenslauf entfillt aus datenschutzrechtlichen Griinden.

142



Appendix — Publications list

Publications list

Publications

Rehder, S.; Klukkert, M.; Lobmann, K. A. M.; Strachan C. J;
Gordon, K. C.; Sakmann, A.; Rades, T.; Leopold, C. S.
Investigation of the formation process of two piracetam cocrystals
during grinding

Pharmaceutics Special Issue: Pharmaceutical salts and co-crystals

(2011), 3,706-722.

Rehder, S.; Sakmann, A.; Rades, T.; Leopold C. S.
Thermal degradation of amorphous glibenclamide

Eur. J. Pharm. Biopharm. (2012), 80 (1), 203-208.

Rehder, S.; Wu, J. X.; Laackmann, J.; Moritz, H.-U.; Rantanen, J.;
Rades, T.; Leopold, C. S.

A case study of real-time monitoring of solid-state phase trans-
formations of acoustically levitated particles using near infrared and

Raman spectroscopy

Eur. J. Pharm. Sci. (2013), 48, 97-103.

Rehder, S.; Christensen, N. P. A.; Rantanen, J.; Rades, T.;

Leopold, C. S.

High-shear granulation as a manufacturing method for cocrystal
granules

Eur. J. Pharm. Biopharm., accepted for publication.

143



Appendix — Publications list

Title Journal Authors Anteil Aufgaben
Investigation of the Pharmaceutics Special Rehder, S.; 60 % Planung, Betreuung, Auswertung, Publikation
formation process of two Issue: Klukkert, M.; 35 % Experimente
piracetam cocrystals Pharmaceutical salts Lobmann, K. A. M.; 5% Experimente
during grinding and co-crystals Strachan C. J.; Supervisor
(2011), 3, 706-722 Gordon, K. C.; Supervisor
Sakmann, A.; Supervisor
Rades, T.; Supervisor
Leopold, C. S. Supervisor
Thermal degradation of Eur. J. Pharm. Rehder, S.; 100 % Planung, Experimente, Auswertung, Publikation
amorphous glibenclamide  Biopharm. Sakmann, A.; Supervisor
(2012), 80 (1), 203- Rades, T.; Supervisor
208. Leopold C. S. Supervisor
A case study of real-time Eur. J. Pharm. Sci. Rehder, S.; 75 % Planung, Experimente, Auswertung, Publikation
monitoring of solid-state (2013), 48, 97-103 Wu, J. X.; 20 % Auswertung
phase trans-formations of Laackmann, J.; 5% Experimente
acoustically levitated Moritz, H.-U; Supervisor
particles using near Rantanen, J.; Supervisor
infrared and Raman Rades, T.; Supervisor
spectroscopy Leopold, C. S. Supervisor
High-shear granulation as  Eur. J. Pharm. Rehder, S.; 95 % Planung, Experimente, Auswertung, Publikation
a manufacturing method Biopharm., Christensen, N. P. A.; 5% Experimente
for cocrystal granules Accepted for Rantanen, J.; Supervisor
publication Rades, T.; Supervisor
Leopold, C. S. Supervisor

144



Appendix — Publications list

Recrystallization of Research article
amorphous glibenclamide  in preparation
in tablets — a multifactorial

approach

Solid-state transformations Review article
induced by pharmaceutical in prepration
processes during

manufacturing

Rehder, S.;
Rades, T.;
Leopold, C. S.

Rehder, S.;
Rades, T.;
Leopold, C. S.

100 %
Supervisor
Supervisor

100 %
Supervisor
Supervisor

Unterschrift Frau Prof. Dr. Leopold

145



Appendix — Conference contributions

Conference
contributions —

oral presentations

Conference
contributions —

poster presentations

146

Rehder, S.; Wu, J. X.; Laackmann J.; Rantanen, J.; Rades, T.;
Moritz, H.-U.; Leopold, C. S.

Real-time monitoring of solid-state phase transformation of

acoustically levitated particles using near infrared spectroscopy

8" World Meeting on Pharmaceutics, Biopharmaceutics and

Pharmaceutical Technology, Istanbul, Turkey (2012)

Rehder, S.; Klukkert, M.; Strachan, C. J.; Sakmann, A.; Rades, T.;
Leopold, C. S.

Investigation of piracetam cocrystals formation during different

grinding procedures by Raman spectroscopy

3gth Meeting of the Controlled Release Society, National Harbour,
Maryland, USA (2011)

Rehder, S.; Sakmann, A.; Rades, T.; Leopold, C. S.
Thermal degradation of amorphous glibenclamide

In-house-Présentation Berlin Chemie AG, Berlin, Germany (2010)

Rehder, S.; Rades, T.; Leopold, C. S.

Recrystallization of amorphous glibenclamide in tablets —

a multifactorial approach

40" Meeting of the Controlled Release Society, Honolulu, Hawaii,
USA (2013)

Rehder, S.; Christensen, N. P. A.; Rantanen, J.; Rades, T.;
Leopold, C. S.

Technological characterization of cocrystal granules formed by

high-shear granulation

26™ Meeting of the American Association of Pharmaceutical

Scientists, Chicago, Illinois, USA (2012)



Appendix — Conference contributions

Conference
contributions —

poster presentations

Rehder, S.; Kniese, M.; Sakmann, A.; Rades, T.; Leopold, C. S.

Formation of piracetam-tartaric acid cocrystals during high shear

granulation

Jahrestagung der Deutschen Pharmazeutischen Gesellschaft

Innsbruck, Osterreich (2011)

Rehder, S.; Laackmann, J.; Rantanen, J.; Moritz, H.-U.; Rades, T.;
Leopold, C. S.

Emulation of spray-freeze drying in a fluidized bed by acoustic

levitation

25™ Meeting of the American Association of Pharmaceutical

Scientists, Washington D.C., USA (2011)

Klukkert, M.; Rehder, S.; Lobmann, K. A. M.; Strachan, C.;
Sakmann, A.; Rades, T.; Leopold, C. S.

Investigation of cocrystal formation during storage, using Raman

spectroscopy and chemometrics

25™ Meeting of the American Association of Pharmaceutical

Scientists, Washington D.C., USA (2011)

Rehder, S.; Sakmann, A.; Rades, T.; Leopold, C. S.
Characterization of the sublimate of amorphous glibenclamide
during dry heating

24™ Meeting of the American Association of Pharmaceutical

Scientists, New Orleans, Louisiana, USA (2010)

Rehder, S.; Sakmann, A.; Rades, T.; Leopold, C. S.

Stability of triturations containing amorphous ketoprofen during

tabletting

37" Meeting of the Controlled Release Society, Portland, Oregon,
USA (2010)

147



Appendix — Hazardous materials
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Substance Supplier =~ Danger Code Hazard Precautionary
symbol letter  statements statements
Acetone Merck F H 225-319- P 210-233-305-351+338
Germany @ 336
Acetonitrile Baker F, Xn H225-332- P 210-305+351+338-
Germany @ 302-312-319 4034235
Citric acid Roth Xi H 318 P 305+351+338-311
Germany g
Dichloromethane Merck A\ Xn H 351 P 281-308+313
Germany S
Hydrochloric Roth C H 314-335 P 260-301+330+331-
acid Germany Aap: 303+361+353+305+351+3
38-405-501
Ibuprofen BASF Xn H 302 P 301-312
Germany
Ketoprofen Kreussler A\ T H 301-315- P 261-301+310-
Germany 319-335 305+351+338
Sodium Roth C H 314-290 P 280-301+330+331-
: Germany Aap: 309+310-305+351+338
hydroxide
Tartaric acid Roth Xi H 315-319- P 261-305+351+338
Germany 335
Trifluoroacetic RdH C H 332-314- P 271-273-301+330+331-
E 3
acid Germany P 412 305+351+338-309+310
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