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High shear melt granulation (HSMG) is an established technology for a production
of densified granules. In this project, it was used as a novel solvent-free method
for the preparation of cocrystals. Cocrystals produced by HSMG were compared
to those prepared by Hot Melt Extrusion (HME) to investigate the influence of
variable parameters and conditions on the process of cocrystal conversion. The
potential for the active control of cocrystals polymorphism utilising the intrinsic
properties of lipids was also investigated in this project. Different cocrystal pairs
were prepared by both cocrystallisation methods using glycol derivative polymers.
Thermal analysis, powder X-ray diffraction and Raman spectroscopy were used
as analytical techniques to determine the cocrystal yield and purity.
The results obtained from HSMG suggest that sufficient binder concentrations
(above 12.5% w/w) in a molten state and continuous shearing force are necessary
to achieve a complete cocrystals conversion. Further increase in binder
concentration (15% w/w) was found to provide more regular shape and smooth
surface to the prepared spherical granules. Cocrystals preparation by HME was
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achievable after introducing a mixing zone to the extruder configuration (Conf B
and Conf C) providing densified extrudates containing pure cocrystals.
In conclusion, HSMG was found as a versatile technique for the preparation of
pure pharmaceutical cocrystals embedded in polymer matrix within a spherical
shape granule of smooth surfaces, providing additional desirable characteristics.
Intensive surface interaction, enhanced by sufficient mixing under optimal
parameters, was found as a key influencing factor in cocrystallisation. Cocrystals
polymorphism was actively controlled by employing the intrinsic properties of
polymers and lipids.
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“Whoever takes a path upon which to obtain
knowledge, Allah makes the path to paradise
easy for him.”
Prophet Mohammed (peace be upon him)
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Chapter 1 Introduction
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1. Introduction
Development of final dosage form with optimal physicochemical, pharmaceutical
and biological properties is the main aim of any drug development process. The
physical properties of drug solids within a pharmaceutical drug product will have
a direct impact on the processing, delivery, bioavailability and ultimately the
medical efficacy
According to the biopharmaceutical classification system (BCS), approximately
40% of approved drugs and nearly 90% of underdevelopment drug candidates
are classified as class II and IV medication, by which, the bioavailability of those
products is limited by their relatively low aqueous solubility (Pindelska et al. 2017).
Fewer new drugs have been launched in the last decade, despite increased
investment in research and development. Pharmaceutical companies and
research scientists tend to modify the physicochemical properties of an active
pharmaceutical ingredient (API) of a parent drug to achieve the best possible drug
form by utilising advanced crystal engineering techniques and various
characterisation methods (Kuentz et al. 2016).
Many approaches have been reported to improve the solubility of solid drugs,
among them micronisation of the solid drugs (Rasenack and Muller 2004;
Merisko-Liversidge and Liversidge 2011), solid dispersion (Serajuddin 1999;
Paudel et al. 2013; Korde 2017), Solvate and hydrate formation (Sathisaran and
Dalvi 2018) and salts formation (Pindelska et al. 2017). Recently, cocrystallisation
by which the APIs is linked to a selective coformers by non-covalent bonding has
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dragged great attention for its potential in tailoring the physicochemical properties
of solid drugs without changing their chemical structures.
There are several published methods for the preparation of cocrystals including
solvent-based cocrystallisation (solvent evaporation, cooling, anti-solvent
addition,

spray

drying,

ultrasound-assisted

and

microwave-assisted

cocrystallisation) and solvent-free cocrystallisation which utilise mechanical force
and/or thermal energy in the preparation of cocrystals (grinding, milling, screw
extrusion and mixed fusion Kofler method). While the former cocrystallisation
methods have disadvantages of being environmentally harmful and formation of
undesirable solvate products, the later cocrystallisation methods are not suitable
for thermally liable materials.
High shear melt granulation (HSMG) is a well-established solvent-free method for
the preparation of densified granules with optimised properties using polymers as
binding materials. The exerted shearing force on the solid drug during the
operation process may lead to phase transformation. This project utilises HSMG
technology for the formation of pharmaceutical cocrystals embedded into a
polymer matrix within a spherical shape granule.
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Research hypothesis
Intermolecular interaction between drug molecules and their suitable coformers
may result in the formation of cocrystals as multicomponent systems with more
desirable characteristics. Cocrystallisation process can result in defective
products, such as the formation of solvates, polymorphs or degradation of
thermally liable components depending on the undertaken cocrystallisation
method. HSMG technology can be used in the preparation of cocrystals
embedded in polymer matrix materials within a regular shape granule.
Simultaneous granulation and cocrystallisation using polymers of low melting
points can prevent the formation of undesirable products and avoid the
degradation of different components. In addition, utilising the intrinsic properties
of biding materials provide an opportunity for controlling the polymorphic outcome
of cocrystallisation process.
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Chapter 2: literature review and
background
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2. Literature review and background
2.1. Solid-State Pharmaceutics
Solid dosage forms are the primary option when developing a drug product, due
to patient convenience, drug stability, accurate dosing, large scale production and
its cost-effectiveness (Shaikh et al. 2018a). Oral delivery of solid dosage forms
has been the most popular route of administration since the early days of
pharmaceutics while the reasons for oral drug administration are typically
straightforward and a part of the target product profile. Decisions are undertaken
in regards to formulation strategies and process technologies to fulfil various
pharmaceutical and clinical requirements of the drug candidate can be more
demanding in late stages of the drug development pathway (Kuentz et al. 2016).
During the early stages of drug development, a group of preformulation studies
which focus on the physicochemical properties of the drug candidate must be
carried out before the development of pharmaceutical formulation. Preformulation
studies consider essential properties including drug solubility, partition coefficient,
dissolution rate and drug stability. Thereby, these provide a framework for the
fabrication of the dosage forms (Acharya et al. 2018).
Development of final dosage form with optimal physicochemical, pharmaceutical
and biological properties is the main aim of any drug development process.
According to the biopharmaceutical classification system (BCS), approximately
40% of approved drugs and nearly 90% of underdevelopment drug candidates
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are classified as class II and IV medication, by which, the bioavailability of those
products is limited by their relatively low aqueous solubility (Pindelska et al. 2017).
Fewer new drugs have been launched in the last decade, despite increased
investment in research and development. Pharmaceutical companies and
research scientists tend to modify the physicochemical properties of an active
pharmaceutical ingredient (API) of a parent drug to achieve the best possible drug
form by utilising advanced crystal engineering techniques and various
characterisation methods (Kuentz et al. 2016).
Pharmaceutical

solid

mainly

exist

in

two

morphological

states:

Thermodynamically stable crystalline state or unstable amorphous state (Figure
2.1).

2.1.1. Crystalline solids
Crystalline solids consist of atoms, molecules or ions arranged in regular
repeating patterns extending in all three spatial dimensions (Yamamoto et al.
2016). Thereby, solid crystalline materials are preferred by the pharmaceutical
industry due to their characteristics, stability and the ease by which they can be
purified. However, crystalline materials may possess an undesirable low solubility
profile (Karagianni et al. 2018). Crystalline materials obtain their physicochemical
properties from the intermolecular interactions hence molecular arrangements
within the solids. Thereby, altering the intermolecular interactions lead to
molecular rearrangement. This usually leads to changes in internal energy,
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enthalpy and entropy of the solid materials. Therefore the physical and relative
pharmaceutical properties are impacted (Qiao et al. 2011).

2.1.2. Amorphous solids
Amorphous solids are characterised by the presence of a random atomic
structure (or short order range of molecules) which is randomly orientated in
different directions and shows different conformational states. Hence, amorphous
solids are more energetic and show higher molecular mobility, thereby higher
solubility when compared to crystalline materials. However, amorphous materials
are less stable and tend to crystallise over time (Zhao et al. 2016), (Figure 2.1).

Amorphous materials are characterised by the presence of a diffuse X-Ray
diffraction pattern due to the lack of three-dimensional long-range of order in
contrast to solid crystalline forms.

Mesophase materials like liquid crystals

possess an intermediate symmetry of molecular arrangement as an intermediate
state between crystalline and amorphous solids. The absence of a distinctive
melting point further characterises amorphous materials. When amorphous
materials are heated, they smoothly change before reaching to a point known as
glass transition temperature. At which amorphous material converts from an
equilibrium super-cooled state to a non-equilibrium glassy state. This manifested
by an abrupt change in its heat capacity during the heating process and
associated with a structural relaxation. Amorphous materials in a glassy state
have higher molecular mobility compared to when they are in a stable solid-state
despite the same rheological properties (Yu 2001).

8

2.1.3. Salts
Salt formation is another way for improving the physicochemical properties of
solid crystalline by the formation of API salts, in which two or more ionizable
molecules (anionic, cationic or zwitterionic) are linked together in ionic bonds
(Serajuddin 2007). Currently, salt formation is most commonly used by
pharmaceutical industries as one of the primary approaches to modify the
physical properties of APIs to improve their solubility in water (Pindelska et al.
2017) (Figure 2.1).

The higher dissolution rate of solid salt forms is attributed to their higher solubility
rate in the aqueous (in comparison to the free API form) diffusion layers that
surround the solid. However, a significant limitation of this approach is that only
applicable for crystalline APIs with ionisable moieties in their chemical structures.
Most of the newly synthesised APIs possess no suitable basic or acidic ionisable
sites in their chemical composition. The degree of ionisation (PKa values) is
considered a critical parameter in the process of salt selection. Hence, for the
formation of an acidic drug, the PKa value of the selective counterion should be 2
pH lower than the PKa of the drug. Conversely, for the formation of a basic drug,
the PKa of the counterion should be at least 2 pH higher and the PKa of the drug.
Hydrochloride salts of basic drugs and sodium salts of acidic drugs are most
commonly used in the pharmaceutical sector (Elder et al. 2013), (Figure 2.2).
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2.1.4. Solvates and hydrates
Solvates and hydrates are multi-component systems of solid forms (Figure 2.1).
The term solvate is commonly used for crystalline compounds with entrapped
solvent(s) molecules within the crystal lattice. The term hydrate is used for
crystalline structures that contain water as the solvent molecule. Whereas,
crystalline solvates contain organic solvents in their crystal lattices (Rodrigues et
al. 2018).

Crystalline structures undergo modification due to the presence of solvate
molecules. These can be desirable for tailoring the physicochemical properties of
pharmaceutical drugs (Cheney et al. 2010). A hydrate maybe stable within a wide
range of relative humidity. These can be affected by water molecules in
formulations such as gel, cream or suspensions. The effect of moisture may lead
to a transformation of hydrate into different (higher or lower) solvates or
anhydrous desolvated forms. This results in obtaining partially solvated solid
forms with various degree of crystallinity and stability (Shekunov and York 2000).
In general, solvates and hydrates formation are undesirable due to their lack of
stability, particularly with solvents likely to produce toxicity (Censi and Di Martino
2015).

Desolvation of a solvate and dehydration of hydrate APIs may transform the host
structure into the structure of a new crystal. Polymorphic solvates are systems in
which solvates transform into new crystal structures after removing the solvate
molecules, and these have different X-ray diffraction patterns. Whereas, pseudo
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polymorphic forms are systems which remain intact after desolvation and show
X-ray diffraction patterns comparable to the original solvate or hydrate
compounds (Healy et al. 2017).

Figure 2.1. Schematic representing solid forms classification. Solids
classified into amorphous and crystalline, which in turn divided into a
single component (polymorphs) and multiple components (molecular
adduct

and

salt).

The

molecular

adduct

further

solvate/hydrate and cocrystals (Rodrigues et al. 2018).
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classified

into

2.2. Cocrystals
Discussions have been held in the scientific community regarding the concept of
cocrystals and their nomenclature. Currently, the generally accepted definition is
that cocrystals are single-phase crystalline materials composed of two or more
different molecules or ionic compounds which are generally in a stoichiometric
ratio and neither solvate nor simple salt. (Duggirala et al. 2015) (Figure 2.1).
Contrary to synthetic chemistry, the crystallisation is the process of rearranging
solid phase materials without any chemical modification or formation of covalent
bonds, but with the creation of strong intermolecular non-covalent and shortrange order bond. (Etter 1991). With the advanced supramolecular chemistry and
chemical engineering, it is possible to construct cocrystals from intermolecular
interactions such as π…π stacking interactions, Van der Waal contact and most
commonly hydrogen bonding (Aakeröy et al. 2007). In cocrystal formation by
hydrogen bonding, only a movement of the proton across the hydrogen bond
enhances structural alteration, whereas in salt formation a proton completely
transfers across the bond (Elder et al. 2013; Samie et al. 2017) (Figure 2.2).
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Figure 2.2. Interaction between multicomponent, showing a complete
proton transfer across the bond in cocrystals while the only movement of
the proton across the hydrogen bond in cocrystals (Elder et al. 2013).

Cocrystallisation process can sometimes result in unexpected products, leading
to a discovery of alternative solid forms, such as polymorphs, solvates and
hydrates of cocrystals or APIs (Figure 2.3). Even though obtaining a physical
mixture of single components is considered as an undesirable outcome of
cocrystallisation process if a specific cocrystal form is a target. However, it could
be advantageous to discover new polymorphs of a single component crystal, thus
expanding the solid form diversity. New polymorphs also provide an economic
advantage as they are patentable.

13

Figure 2.3. A various possible outcome of an attempted crystallisation
experiment. Reproduced from (Bolla and Nangia 2016).

Carboxylic acid, amides, carbohydrates, alcohols and amino acids are standard
coformers that are suitable for cocrystallisation of APIs (Figure 2.4). Carboxylic
acid functional groups are the most common and extensively studied concerning
pharmaceutical cocrystals, as they are self-complementary hydrogen bond
acceptors and donors. These lead to a formation of carboxylic acid homosynthons
C═O…H‒O hydrogen bond (Figure 2.4 1). Another common and well-studied
hydrogen bond in cocrystals formation is the amide homodimer C═O…H‒N
hydrogen bond between amide groups (Figure 2.4 3).

Examples of some

favourable non-covalent bonds between functional groups of supramolecular
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heterosynthons also shown in (Figure 2.4), such as carboxylic – aromatic nitrogen
(Figure 2.4 2), carboxylic- amide (Figure 2.4 4) and alcohol ether (Figure 2.4 5).
The formation of Cocrystals through interactions between supramolecular
heterosynthons is most favourable and statistically more predominant compared
to homosynthons. It refers to the formation of stronger interactions between the
dislike moieties in the heterosynthons, favouring stronger hydrogen bonding,
hence forming thermodynamically more stable cocrystals (Douroumis et al.
2017).

Figure 2.4. Typical hydrogen bonding in cocrystals formation (Qiao et al.
2011).
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In the cocrystal system, both molecules should be in their solid states under
ambient conditions interacting together via non-covalent Van der Waals forces,
π-π interactions and most commonly hydrogen bonds. The arrangement of
molecules in supramolecular synthons with non-covalent bonds generates
supramolecular functional materials. Thereby functional groups have the same
fundamental role in covalent bonding systems without altering the bioactivity of
desired functional groups in the system (Thakuria et al. 2013a).
Pharmaceutical cocrystals are considered as a subclass of multicomponent
cocrystals, composed of two or more different molecules, typically a drug
molecule and hydrogen-bonded coformer selected form Generally Recognised
As Safe (GRAS) molecules in the same crystal lattice (Douroumis et al. 2017).
Pharmaceutical cocrystals have emerged as an innovative strategy to enhance
the performance of APIs without affecting their chemical integrity (Yadav et al.
2009). Currently, pharmaceutical cocrystal engineering is gaining significant
interest in pharmaceutical industries. This provides exciting opportunities for the
development of new solid-state forms beyond the conventional solid-state forms
of APIs such as salts and polymorphs. Pharmaceutical cocrystals can be
engineered with attention to enhance the essential physicochemical properties of
APIs materials such as processability, stability, solubility, hygroscopicity, and
bioavailability (Pindelska et al. 2017).
Solid materials can also exhibit different stacking arrangements or orientations
within the crystal lattice; compounds may exist in a different crystalline form while
maintaining their chemical composition; this is referred to as polymorphism.
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Polymorphs can have different physicochemical properties such as melting
points, crystals packing, crystal shape and kinetic parameters. Hence, they may
exhibit variable pharmaceutical properties such as stability, solubility, dissolution,
bioavailability, efficacy and toxicity. The clinical property which is possessed by a
polymorph may not exist in another polymorph of the same material (Aitipamula
et al. 2014a).

Regulatory aspects of cocrystals

The formulation of cocrystals has emerged as a promising approach to optimise
the physicochemical properties of drugs with low aqueous solubilities.
Physicochemical properties of drugs regulate their solubility and dissolution,
which is indicative of drug bioavailability and can impact its biological activity.
Cocrystallisation has gained much attention amongst scientific researchers, the
pharmaceutical industry and this can be traced by regulatory documents
published by both the United States Food and Drug Administration (USFDA) and
the European Medicines Agency (EMA), (Karagianni et al. 2018).
USFDA defines cocrystals as ‘crystalline materials composed of two or more
molecules within the same crystal lattice’. The first published guidelines for
pharmaceutical cocrystals released by USFDA in 2013, cocrystals were classified
as drug product intermediates and were treated similar to API-excipients
molecular complexes (Gadade and Pekamwar 2016).
The document also stated:
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•

Cocrystal system components should exist in a neutral state and interact
together with non-covalent non-ionic bonds.

•

The value of

∆𝑝𝐾𝑎 between the API and coformer should be < 1

otherwise they will be forming salts due to a complete proton transfer.
•

Different components in the cocrystal system should get completely
dissociate before reaching their pharmacological target site.

Pharmaceutical cocrystals were later classified by the USFDA (revised guidance
issued in 2016) as individual cases of solvates or hydrates and should be
considered as a new polymorph of the API. The most recent USFDA guidance
(published in 2018) clarified that cocrystals are nor solvates or hydrates rather
contain coformers which are not solvents (including water) and are typically nonvolatile (Kumar et al. 2018).
The EMA defines cocrystals as ‘homogeneous (single-phase) crystalline
structures made up of two or more components in a specific stoichiometric ratio
where the arrangement in the crystal lattice is not based on ionic bonds. In 2014,
the EMA placed cocrystals under the same classifications as salt materials
(Sathisaran and Dalvi 2018). The EMA has stated that for a cocrystal to be
considered as a New Active Substance (NAS), it should demonstrate a difference
in efficacy and safety to the parent API molecule.
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2.2.1. Cocrystals significance
Over the past decade, cocrystals have demonstrated significant potential as an
alternative approach to optimise specific physicochemical and characteristics of
APIs. This is an advantage over other approaches, like polymorphism and salts
that have not met the desired objectives (Shaikh et al. 2018b). Differences in
cocrystal molecular arrangement and packing properties have a significant
influence on material physicochemical properties such as flow, hardness, density
and compression. Therefore pharmaceutically relevant properties such as
stability, solubility, dissolution and bioavailability of solid crystalline materials are
impacted (Qiao et al. 2017), (Figure 2.5).

Figure 2.5. Different physical and chemical properties of crystalline
materials which can be tailored with cocrystallisation.
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Melting point:

Melting point is a fundamental physical property and is defined as the temperature
at which solid and liquid phases of pure materials are in equilibrium. This is a
thermodynamic process in which the free transition energy is zero (Nanubolu and
Ravikumar 2016). In general, solid materials (at ambient conditions) with high
melting points are more desirable over liquids as they are relatively more stable
and secure in both handling and processing (Bolla and Nangia 2016). However,
solid-phase materials have a disadvantage of having low solubility profiles which
hinder the development process (Portell et al. 2009).
In terms of pharmaceutical applications, crystallisation of liquid API materials
provides a stable and convenient way for their characterisation, storage and
processing. A systemic correlation exists between the alteration of hydrogen
bonds of carboxylic acids, amides and their melting points (Vishweshwar et al.
2003). McKellar et al. (2014) reported a novel propofol-isoniotinamide cocrystal
that is solid at room temperature with a melting point of 50 °C, and this is
particularly significant as propofol is normally liquid at room temperature due to
its low melting point (18 °C). It is well established that the cocrystal melting point
is correlated with that of the coformer and attributed to the molecular
rearrangement in the crystal lattice. This is as a result of strong hydrogen bonds
over the three-dimensional space, providing greater structural stability
(Schultheiss and Newman 2009; Nanubolu and Ravikumar 2016).
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Stability:

Drug stability is an essential and well-studied parameter when evaluating the
properties of pharmaceutical materials, including cocrystals. Stability studies
ensure the stability of the pharmaceutical entities under the various condition to
ensure their safety and efficacy. Stability studies comprise the exposure of newly
developed cocrystal to different types of stress and include four aspects: relative
humidity, thermal stress, chemical stability and solution stability.
I.

Relative Humidity (RH): in solid forms including cocrystals, the relative humidity
and relative stress tests are essential to identify the best storage conditions for
the product. Automated sorption/desorption studies are usually performed to
analyse the stability of cocrystals under controlled and programmed humidity
conditions. Changes in the crystallinity of the solid sample are usually determined
using powder X-ray diffraction. A comparison of RH and relative stability of
different theophylline cocrystals (oxalic acid, malonic acid, maleic acid and
glutaric acid) in relation to theophylline cocrystals was conducted at various
humidity levels. Theophylline cocrystals exhibited significantly greater stability
that avoided hydrate formation under high RH levels (theophylline-oxalic acid RH
98%) (Trask et al. 2006). Indomethacin-saccharin cocrystal is another example
of enhancing stability, showing minimal water sorption (water sorption (<0.05%)
at 95% RH (Basavoju et al. 2008).
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II.

Thermal stress: thermal stability studies under elevated temperatures can provide
valuable information about physical and chemical stability of solid APIs. These
outcomes can also provide a better understanding of the solid-state system hence
contributing to the development of more stable compounds and procedures. The
results of the thermal stability tests on the cocrystals of monophosphate salt with
phosphoric acid (exposure to 60 ᵒC for eight weeks) showed no detectable
degradation or phase transitions (Chen et al. 2007).

III.

Chemical stability: during early stages of drug development, chemical stability
studies are generally investigated under accelerated stability conditions to
determine potential chemical degradation to the drug candidate. A study
examining the chemical stability of the carbamazepine-saccharin cocrystal in
comparison to carbamazepine (Form III) under the elevated temperature and RH
conditions, showed no degradation for either material. Hence, the cocrystal was
proven to be stable meeting regulatory standards of marketed medicines in this
respect (Hickey et al. 2007).

IV.

Solution stability: solution stability for cocrystals is defined as their capacity to
remain in the solution without readily crystallising or transforming into a less stable
form. The stability of cocrystals in variety of solutions (simulated gastric and
intestine fluids) is a crucial parameter to evaluate during development. The
solution stability of carbamazepine cocrystals with 18 different coformers was
evaluated in water for 24 hours. Eleven cocrystals with highly watersoluble coformers transformed into carbamazepine hydrate, while the rest
maintained their crystalline structures. Thereby, selective cocrystallisation may
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enhance the stability of crystalline materials, making them liable to hydrolysis in
aqueous mediums (Childs et al. 2008).
Solubility

One of the primary aims of cocrystal formation is to improve the solubility of low
aqueous solubility APIs. Solubility is defined as a thermodynamic balance of
solute between the solid phase and the liquid phase (Portell et al. 2009). Drug
solubility can be expressed in terms of thermodynamic equilibrium (saturation)
solubility, kinetic solubility and intrinsic solubility. Dissolution rate is a kinetic
parameter, in which measurements are taken at selected time points to ensure
that the solution has reached the equilibrium point as evidenced by the
concentration remaining constant. This provides an insight into the timescales
and the dynamics of the solubility process. Equilibrium solubility measurements
are taken upon reaching equilibrium (saturation) and are usually determined by a
single measurement (Nehm et al. 2006). This is sometimes called powder
dissolution rate, which is dependent on the solute particle size. Intrinsic solubility
measures the rate of dissolution for compacted materials independently of particle
size (Karagianni et al. 2018). The solubility of cocrystals is a valuable
preformation property since it has a significant effect on the drug bioavailability.
Basavoju et al. studied the aqueous solubility of norfloxacin-isonicotinamide
cocrystal. The cocrystal had approximately a threefold greater solubility than that
of the pure (norfloxacin) drug (Basavoju et al. 2006). In another study, the
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solubility of acyclovir-fumaric acid cocrystal in the buffer medium was significantly
greater in comparison to the API alone (Bruni et al. 2013).
Bioavailability

Bioavailability refers to the rate and the extent at which an administrated active
material reaches the systemic circulation of the body. The bioavailability of a drug
molecule depends primarily on its dissolution rate (kinetic factor) and its solubility
(thermodynamic factor) (Huang and Tong 2004). As previously reported,
pharmaceutical cocrystals cause supersaturation to be achieved quicker relative
to the API alone. Therefore, comprehensive thermodynamic and kinetic studies
are crucial during the drug development process.
The bioavailability of meloxicam-carboxylic acid cocrystal was significantly
greater in comparison to crystalline meloxicam. This had faster dissolution and
absorption hence an earlier onset of action during an (in vivo and in vitro)
bioavailability correlation study (Weyna et al. 2012). In another in vivo study, the
plasma concentration of danazol-vanillin cocrystals increased ten folds more in
comparison to the respective parent drug (Childs et al. 2013), (Figure 2.6).
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Figure 2.6.

pharmacokinetic profile of danazol-vanillin cocrystals and

parent drug form (Childs et al. 2013).

Mechanical properties

The Crystallisation of drug powders may result in a significant enhancement in
their mechanical properties such as tensile strength, elastic properties, flowability,
compressibility and tabletting capacity. These are due to changes in the
crystalline structure. Karki et al. conducted a study to improve the compressibility
of the commercial form of paracetamol (form I). This is well known as a poorly
compressible form of paracetamol due to the lack of planes surface in its crystal
structure. Cocrystallisation of paracetamol (form I) with theophylline was found to
exhibit enhanced compressibility, and therefore, less binder was required during
tabletting (Karki et al. 2009). Other examples of improving the mechanical
properties by cocrystallisation include caffeine-methyl gallate (Sun and Hou 2008)
and carbamazepine-nicotinamide cocrystals (Rahman et al. 2011).
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2.3. Characterisation of pharmaceutical solids.
The main objective of the drug development process is to obtain a drug with
optimal physicochemical and pharmaceutical properties. During this process,
various advanced characterisation methods are used to find the best form of the
drug. The characterisation is necessary to gain information about the structure,
physicochemical properties and purity. Furthermore, characterisation methods
can be used (in situ or real-time) to monitor and investigate any changes to the
solid form during the drug development process.
2.3.1.

Structural crystallographic studies

2.3.1.1. Powder X-ray diffraction
Powder X-ray diffraction (PXRD) technique has been extensively used to
characterise the structure of solid materials and determine their crystalline or
amorphous

nature

(Tedesco

and

Brunelli

2017).

Characterisation

of

polycrystalline materials using this technique is based on the principle of Bragg’s
law in which an X-ray pattern is a plot. This contains diffraction intensities of
scatted X-ray waves from the face of the crystalline material as a function of 2θ
values or equivalent d spacings in the crystals of the solid materials (Harris et al.
2001), (Figure 2.7).
The position of the peak corresponds to the d spacing, and the intensity of the
peak is inductive of a particular material and phase. As a result, this generates a
unique crystal peaks pattern for every crystalline material, considered as a
fingerprint. X-ray diffraction is extensively used in the characterisation of different
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solid forms, including APIs, their various salts, solvates and cocrystals (Thakral
et al. 2018). Traditionally single-crystal X-ray diffraction (SCXRD) has been used
to establish the crystal structure of solid materials. This X-ray technique is
inherently limited to characterisation of microcrystalline powders. Thereby, PXRD
is a more powerful tool for characterisation of polycrystalline solid forms and their
polymorphic forms as per the routine evaluation of microcrystalline powders
(Pindelska et al. 2017).

Figure 2.7. Schematic representation of Bragg theory for X-ray diffraction

〖(𝒏〗_𝟏 𝝀 = 𝟐𝒅_(𝒉𝒌𝒍 ) 𝒔𝒊𝒏𝜽),
where 𝒏_𝟏 is the order of reflection, 𝝀 is the wavelength incident x-ray
beam, 𝒅_(𝒉𝒌𝒍 )is the interplanar distance between lattice planes and θ is
the diffraction angle (Charpentier et al. 2012).
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2.3.1.2.

Spectroscopic characterisation

A spectroscopic characterisation is a group of techniques based on the study of
the interaction of electromagnetic radiation with matter. Solid-state spectroscopy
has emerged as a powerful analytical tool for the study of a solid chemical
substance. This incorporates pharmaceutical molecules such as cocrystals, salts,
polymorphs and solvates. The popularity of spectroscopic methods is attributed
to their abilities in detecting changes in solid-state materials at a molecular level.
Also, spectroscopic methods are fast, non-destructive technique and can be
coupled with fibre- optic probes for in situ monitoring of solid-state materials.
These methods can provide both quantitative and qualitative analysis of materials
(Deidda et al. 2019). Spectroscopic methods consist of two primary methods:
vibrational spectroscopy and nuclear magnetic resonance (NMR).

Vibrational spectroscopy is a subset of molecular spectroscopy, consisting of
infrared (IR) light absorption and Raman light scattering spectroscopic methods.
The vibrational and rotational energies of crystal materials may vary for different
crystals based on bond angles and lengths. Hence crystals have a distinct
vibrational spectrum. Vibrational spectroscopy is a useful method for observing
modifications in both vibrational and rotational states of materials during
molecular transitions (Qiao et al. 2017).
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2.3.1.3. Infrared spectroscopy
Infrared spectroscopy (IR) region of the electromagnetic spectrum consists of
radiation with wavelengths from 700 nm to 1 mm. IR is divided according to
spectral ranges into three different regions of absorption:
•

Mid-IR spectroscopy (MIR) 4000-400 cm-1 (2.5-25 μm wavelength)

•

Near-IR spectroscopy (NIR) 12,500-4000 cm-1 (0.8-2.5 μm wavelength)

•

Far-IR spectroscopy (FIR) 400-25 cm-1 (5-1000 μm wavelength)

These ranges are in respect to their popularities in the characterisation of solid
material (Pindelska et al. 2017) (Figure 2.8). IR spectroscopy has a wide range
of applications in the pharmaceutical field, especially after the recent evolution
into multidimensional 2D IR spectroscopic methods, which are based on
sequences of laser IR pulses (Hunt 2009).

Figure 2.8. Electromagnetic spectrum (Monnier 2018).

MIR is the most popular region utilised in material studies, as it is the stretching
and bending fundamentals IR bands. Thereby, MIR spectroscopy is an essential
technique for detecting any changes in solid pharmaceutical ingredients which
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usually defer in the number and or position of atoms hence absorbance of these
bands. Recently MIR has been successfully coupled with differential scanning
calorimetry DSC-IR and was found crucial to the study of thermal stability and
phase conversion of solid pharmaceutical materials (Soares and Carneiro 2014).
Also, coupling MIR with atomic force microscopy (AFM-IR) is an indispensable
nanoscale chemical imaging technique to study morphologies, composition,
molecular interactions in crystallographic phases (Soares and Carneiro 2014).
The NIR vibrational spectra region includes a combination of overtone bands such
as OH, CH. NH and SH groups. Therefore NIR is considered as a useful
technique for the determination of material hydration, and water gives its main
characteristic bands at 1940 nm (5150 cm−1) and 1450 nm (6900 cm−1) (Roggo
et al. 2007). Also, NIR spectroscopy has widely used in screening and
characterisation of polymorphs, solvate materials and monitoring their
transformations under various conditions (Aaltonen et al. 2003). Furthermore,
significant advancement has been made in polymorphic NIR imaging towards
quantitative analysis and statistical spectra processing for in situ applications (da
Silva et al. 2017).
Terahertz (THz) spectroscopic region of the electromagnetic spectrum is the
region that spans the frequency range between IR and microwave (3.3 - 333.6
cm−1). THz spectroscopy is an emerging analytical technique that is
predominately used in the study of pharmaceutical materials. THz comprises of
bands from both intermolecular vibrations (such as hydrogen bonding and Van
der Waals interactions) and intramolecular vibrations that occur to a large
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molecular fragment in macromolecules (such as the segmental motion of polymer
chains). THz spectroscopy is a non-invasive method that is sensitive to humidity
and material hydration. THz can penetrate the surface of pharmaceutical tablets
easily that provides chemical imaging applications. In THz spectroscopy,
crystalline materials produce sharp distinguishable peaks, while amorphous
materials have broad peaks or no bands. Therefore this technique is useful for
studying the crystallinity of solid materials (Shen 2011).

31

2.3.1.4. Raman spectroscopy

Raman spectroscopy relies on light scattering in detecting vibrational and
rotational changes in materials. Raman spectroscopy is similar to NIR
spectroscopy by irradiation of the sample with a monochromatic beam of light and
the differences between the incident, and scatted beams are detected, resulting
in Raman spectrum. Scattered beams are characteristic of each component in
the formulation. The classical Raman spectrum spans from about several tens of
cm-1 to about 4000 cm-1. Raman spectroscopy also covers low frequencies (below
400 cm-1) which are not available in IR spectroscopy (Pindelska et al. 2017). This
low-frequency area has been recently suggested for the research into drug
crystallinity.
Furthermore, Raman spectroscopy is a versatile technique for the analysis of
pharmaceutical materials providing an insight into both quantitative and
qualitative properties. Quantitative analysis can be conducted by evaluating the
intensity of scattered light and qualitative analysis by evaluating the frequency of
scattered light (Pindelska et al. 2017). This technique has been utilised in many
studies of cocrystal, polymorphs, acids and solvents for their identification,
structure characterisation, phase transformation and quantification in mixtures
(Sato et al. 2011; Deidda et al. 2019).
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2.3.1.5. Thermal analysis
The thermal analysis incorporates all methods used for monitoring the property
of materials against time or temperature under controlled, specific and
programmed thermal conditions. Measurements are typically performed with
increasing temperature, but measurements at isothermal or decreasing heat are
also possible. Thermal analysis techniques, including differential scanning
calorimetry (DSC) (Saganowska and Wesolowski 2018), thermogravimetry (TGA)
(Rodriguez and Bugay 1997) and hot stage microscopy (HSM) (Stieger et al.
2012). These all are frequently used in the characterisation of pharmaceutical
materials.
2.3.1.6. Differential scanning analysis (DSC)
DSC is a thermo-analytical technique extensively used in the characterisation of
pharmaceutical materials, including cocrystals. This technique makes it possible
to detect transition or energetic events of materials as a function of time or
temperature, against a standard reference in a controlled environment with
programmed conditions (Figure 2.9). Throughout the experiment, the difference
in temperature between the sample (Tp) and the reference (Tr) is kept constant.
The difference in the amount of heat (∆T=TP ˗TR) supplied to the sample during
energetic events is evaluated, then plotted against time or temperature. When
sampling materials undergo phase transition phenomenon, more or less heat is
required to maintain the balance with the reference.
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During analysis, the curves of both the sample and reference exhibit parallel
behaviour, under constant heat before the reaction event. During endothermic
change (melting) the sample material requires more heat energy to keep the
temperature same as the reference, due to the absorption of heat by the sample
for the phase transition from solid to liquid. Conversely, less heat is needed to
increase the temperature of the sample, when the sample undergoes an
exothermic change (such as crystallisation), due to the excess heat produced
during the process.
DSC is a versatile tool used for measuring:
•

Transition events such as glass transition (in polymers)

•

Melting or crystallisation (in crystalline materials)

•

Material heat history

•

Thermal ability

•

Sample purity

•

Quantitative analysis
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Figure 2.9. Diagrammatic representation of thermal changes of the sample
and reference material during DSC analysis. The sample temperature TP
does not increase during the endothermic event (melting t1 -t2) while, the
temperature of the reference side continue to exhibit a linear increase
(Netzsch 2019)
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2.3.1.7. Hot stage microscopy
Hot stage microscopy (HSM) is a combination of a microscope with a thermal
stage capable of having a temperature-controlled environment. Materials can be
analysed as a function of temperature and time. The instrument consists of a
temperature-controlled stage with an atmosphere-controlled sample holder with
a microscope connected to a system that enables the recording of images and
condition control during the analysis process.
This technique is extensively used in the characterisation of solid pharmaceutical
materials. This technique enables the observation of the most apparent properties
of materials such as their physical appearance, morphology and valuable details
regarding its solid-state properties in a short period. Also, HMS offers the ability
to measure characteristics such as fusibility, viscosity, wettability and surface
tension of different materials. Furthermore, properties that can be analysed by
HSM include melting ranges, crystals nucleation, crystal growth and crystal
transformation. In pharmaceutical research, HSM can be useful for the study of
material morphology, transformations and the interaction between different
compounds. This technique can also be used to study the thermal behaviour of
an individual compound such as melting or liquefication (upon heating),
sublimation, evaporation, solidification and crystallisation (upon cooling) (Elder et
al. 2013).
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2.4. Methods of cocrystals preparation
2.4.1. Solvent-based cocrystallisation
Solvent crystallisation methods are the most preferred and used methods at both
laboratory and industrial scales (Shaikh et al. 2018b). One of the reasons behind
the popularity of solution methods is the simplicity of this technique and the
capacity to produce a significant quantity of well-formed single crystals. This
method provides the ability to regulate final product characteristics such as crystal
habit and crystal surface features through the solvent selection and temperature
modification. Solvent-based techniques are well established as practical
techniques in the formation and purification of cocrystals (Zhang et al. 2007). In
addition to the crystals engineering considerations, cocrystals also rely on many
factors which need to be controlled such as the composition of different system
components, the selective solvent, temperature and the solubility of components
(Figure 2.10).
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Figure 2.10. Typical three-component phase diagram involving API,
Cocrystal former CCF,

and a solvent in the triangle corners and the

obtained materials dominates(Aitipamula et al. 2014a).

It is widely believed that solvents have a function of a catalyst in the
cocrystallisation process whereby, lowering the activation energy barrier, thus
enhancing rearrangement of the solute molecules into crystalline structures
hence influencing the kinetics of the system (Munshi et al. 2016). Solvent
selection is a crucial and central step in solvent-based crystallisation and
cocrystallisation methods, due to the influence of the solvent on the physical
characteristics of crystals (size and shape), the quality of APIs, polymorphism,
and the final yield of the process. Crystallisation and cocrystallisation from
solvents are generally governed by the interactions between solute and solvent
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molecules and are affected by the solute diffusion to the surface, thus separating
the solid and liquid phases. In solvent-based cocrystallisation methods,
components must have similar solubilities in the selected solvent to avoid
exclusive precipitation of the less soluble component (Karagianni et al. 2018).
Binary and ternary phase diagrams (Figure 2.11) are usually used in monitoring
solvent-based cocrystallisation processes to describe the conditions for
thermodynamic stability. These provide insight and predict the outcome of the
cocrystallisation process. The diagram is an equilateral triangle in the shape of
which, each corner represents a pure compound of API, coformer or solvent. The
sides serve the binary systems of an individual to its adjacent components
(Rodrigues et al. 2018).
In general, binary phase diagrams are constructed with information obtained from
the thermal analysis of solid materials. The starting temperature is usually
selected as a stable stage for the first endotherm. Whereas, the endothermic peak
is considered as a liquidise stage for the phase diagram. The thermal behaviour
of the different component (APIs and coformer) determines the eutectic and
cocrystals properties for the investigated system. Generally, the binary system
has a eutectic, forming a “V” shape at their eutectic. In contrast, the cocrystal
forming system adopts a “W” share as an indication of cocrystal development in
the system (Sathisaran and Dalvi 2018), (Figure 2.11).
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Figure 2.11. Schematic representation of binary phase diagrams for (A)
eutectic formation between A-B compounds and TE is the eutectic point.
For (B) cocrystal formation between A and B binary components where C
is the cocrystal phase, and TE1 and TE2 are the eutectic temperatures
(Sathisaran and Dalvi 2018).

The ternary phase diagram is a proximate measure based on the solubilities of
the different components in selective solvent(s) and is usually presented as
isothermal. Cocrystal formation by this method relies on the dissolution of
components (API and coformer) in a solvent (a mixture of solvents) or the
dissolution of API in a solution saturated with coformer leading to cocrystal
formation by altering the thermodynamic and kinetic stable phase of the solid in
the system.
Two different strategies are typically used to reach the cocrystal stability region,
depending on the solubility of the API and coformer in the selected solvent (or a
mixture of solvents). The first strategy is used for components with similar
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solubility profiles (in the selected solvent), equivalent concentrations of
components are required as cocrystals saturate (Figure 2.12 A) congruently.
However, the incongruous solubilities of different components in the specific
solvent sometimes prevents the formation of cocrystals (Figure 2.12 B). The
second approach thus uses non-equivalent concentrations of ingredients (API
and coformer). Different solubility profiles achieve the thermodynamically stable
solid phase in noncongruently saturating solvents (Childs et al. 2008).

Figure 2.12. Schematic representation of (A) systematic ternary phase of
the diagram and (B) asymmetrical ternary phase diagram.

Crystallisation

and

cocrystals

formation

from

solvent(s)

requires

a

supersaturation of the system where the concentration of solutes exceeds their
equilibrium concentration limits and creation of the liable zone. In low solute
concentration levels termed as undersaturation stable zone, existing crystals will
dissolve. Alteration of solute concentration by evaporation of the solvent(s) from
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the system leads to the formation of the metastable zone, which is an essential
technique for developing a well-controlled crystallisation process.

2.4.1.1. Cocrystallisation by evaporation

Solution-based methods of cocrystallisation from a supersaturated solution
containing API and coformer are the most common methods for industrial-scale
production of cocrystals. Cocrystallisation usually occurs by evaporation of
stoichiometric supersaturated solutions containing equimolar components with
similar solubilities in the selected solvent. However, cocrystallisation through
evaporation may result in a formation of a single component crystal of the
relatively less soluble reactant. This awkward situation can overcome by reaction
cocrystallisation, and this is when one component (API) is added to a saturated
or close to a saturated solution with the other component (coformer) subsequently
added, the solution is supersaturated with both reactants leading to
cocrystallisation.

2.4.1.2.

Cocrystallisation by cooling

Cooling cocrystallisation is another solution-based method which involves varying
the temperature of the system to reach supersaturation; thus, cocrystallisation
occurs. In this method, a solution containing large amounts of reactants is heated
to ensure the dissolution of all solute in the solvent. This step is generally followed
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by a cooling down step in which cocrystals start to precipitate when the solution
is supersaturated with respect cocrystals as the solution is cooled down.

2.4.1.3.

Spray drying

Spray drying is well-established scalable technology for the production of dry
powders from solutions or suspensions. The transformation of saturated liquids
into spherical dried particles is mediated by rapidly evaporating the solvent.
Atomisation of this saturated solution occurs into a drying medium, exposing it to
hot gasses in the drying chamber (Lu et al. 2019). This technique is preferred for
engineering particles with distinctive physical properties for various applications,
including powders used for inhalation in pulmonary drug delivery. This method
has been shown to be versatile, allowing cocrystal formation (Alhalaweh and
Velaga 2010).
2.4.1.4. Microwave-assisted cocrystallisation
Microwave-assisted cocrystallisation method is based on irradiation of saturated
solutions (with API and coformer) by microwave radiations (Figure 2.13). An
interaction between microwave radiation and dipoles of the molecules promotes
molecular excitation, hence improving molecular mobility. This depends on
dielectric properties of materials, their absorbance, reflection capacity of
microwave radiation and conversion of microwave energy into heat energy.
Dielectric heating is a result of friction between the elutes of the solution,
oscillating dipole and ions of the compound during their alignment with the applied
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microwave field. The resultant dielectric heat induces the acceleration and
maintenance of the saturated solution at the crystal interface leading to cocrystals
formation (Rodrigues et al. 2018). Microwave-assisted cocrystallisation has the
advantages of being a fast and green technique in cocrystallisation. The overall
cocrystallisation process and the final cocrystal form depends on the dielectric
properties as well as the solubility of APIs and its coformer in the selected solution
(Pagire et al. 2013).

Figure 2.13. Schematic representing the saturation region of microwaveassisted cocrystallisation (Mukherjee and Desiraju 2011; Pagire et al. 2013;
Rodrigues et al. 2018).
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2.4.1.5. Ultrasound-assisted solution cocrystallisation
Ultrasound-assisted

solution

cocrystallisation

(USSC),

also

known

as

sonocrystallisation, is another solvent-based method for cocrystal synthesis.
Ultrasound radiations are employed to induce nucleation and subsequent crystals
growth in slurries or supersaturated solutions of APIs and coformers. The USSC
process involves formation, growth and collapse of microscale bubbles under high
pressure and temperature as a result of ultrasonic radiation waves. The collapse
of micro-bubbles results in cavitation and cocrystallisation. Aher et al. conducted
USSC in a comprehension study with slurry cocrystallisation and solvent cooling
cocrystallisation of caffeine and maleic acid at various concentrations. According
to the study, the ultrasound application in USSC enhanced supersaturation
conditions of the multicomponent in the solution, favouring the generation of
cocrystals (Aher et al. 2010).
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Table 2.1. Solvent based cocrystallisation methods, main advantages and
disadvantages (Douroumis et al. 2017; Rodrigues et al. 2018)
Solvent based cocrystallisation technique
Cocrystallisation
technique
Main advantages
Solvent evaporation

Main disadvantages

• Simple methodology and apparatus

• Single compounds crystals formation

• Efficacy in screening and laboratory scale

• Solvates formation
• Environmental hazardous
• Difficult to scale-up

Cooling

• Easily scalable

• Environmental hazardous

Spray drying

• Single step process
• Continuous process

• Environmental hazardous
• Easily scalable

• Single compounds crystals prevention
Ultrasound assisted

• Efficacy in screening and laboratory scale
• High purity cocrystals

• Difficult to scale-up

High shear wet
granulation

• Facilitate downstream processing

• Limited number of studies

• Good compatibility of produced granules

• Complex process
• Limited range of drug – cocrystal pairs
• Not very high cocrystal purity
• Solvates formation
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2.4.2. Solvent-free Cocrystallisation
2.4.2.1. Mixed fusion Kofler method
Thermal methods have randomly used to screen for cocrystals. Cocrystallisation
by mixed fusion (Kofler) method is usually carried out using a thermal microscope
(HSM) to visualise the melting profile of different components. In the Kofler
method, one component is molten the solidified before bringing it into contact with
another component in the molten state. This fused mixing allows the solubilisation
of the contact part of the first component. In Kofler method, Cocrystallisation
occurs due to a mixed fusion of different components in the binary phase diagram.
Different components have pure compositions in one side of the mixing zone
(Berry et al. 2008), (Figure 2.14).

Figure 2.14. Illustrative diagram of fused melting (Kofler) crystallization
method in which the higher melting point (A) is molten and recrystallised
before bringing into contact with the lower melting point component in its
molten state. The solubility of the compound A upon contact with
compound B creates a mixing zone (Berry et al. 2008).
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2.4.2.2. Grinding
Mechanochemical methods have become increasingly attractive, and significant
progress has been made in terms of cocrystals formation in the last decade.
These are solvent-free techniques hence green technologies and applicable to a
wide range of compounds. Cocrystal formation by mechanochemical techniques
is influenced by the immediate absorption of mechanical energy during shearing,
stretching and grinding of starting materials. Applied mechanical stress in this
method generates mechanochemical reactive sites, promoting fracture and
increasing the surface area. This facilitates the interpenetration and reaction
between synthons moieties of crystal materials (Braga et al. 2006).
Grinding is a commonly used method for cocrystallisation under high-stress
forces either manually using mortar and pestle or mechanically, using ball and
mill or a vibratory mill. Grinding is mainly divided into three different techniques:
neat grinding, liquid assistant grinding and polymer assistant grinding.
2.4.2.3. Neat grinding
Neat grinding (NG) also called dry grinding or solid-state grinding. This is a
process in which cocrystals are obtained by mixing stoichiometric cocrystal
components in solid-states and grinding them without the addition of solvent
(Rehder et al. 2011). Several mechanisms have been used to describe the
mechanism of cocrystals formation using this technique. Three phases are
considered to be essentials intermediate phases; molecular diffusion, eutectic
formation and cocrystallisation mediated by an amorphous phase. These
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mechanisms are believed to have an intermediate bulk phase(s) (gases, liquid or
an amorphous solid), exhibiting enhanced mobility and higher energies of
reactant molecules in respect to their starting crystalline forms (Friščić and Jones
2009).
Cocrystals formation by the molecular diffusion mechanism occurs when at least
one or both reactants exhibit significant vapour pressure in their solid-state this
leads to instant product formation upon contact between solids reactant materials,
even without mechanochemical stress (Friščić and Jones 2009). Neat grinding
cocrystallisation mediated by eutectic phase occurs for reactants with relatively
low melting points. Mechanical agitation induces the formation of metastable
eutectic liquid phase on the contact interface between reactants, turning most
parts of the material surface into a molten state at room temperature. Solidification
of molten materials results in cocrystals formation, through successive nucleation
and exposure to fresh reactant surfaces for eutectic formation (Chadwick et al.
2007). Neat grinding cocrystallisation mediated by an amorphous phase usually
occurs between non-volatile compounds with strong intermolecular interactions.
Mechanochemical agitation of components below their glass transition
temperature accelerates the formation of cocrystal solids through the creation of
the amorphous phase (Jayasankar et al. 2006).
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2.4.2.4. Liquid assisted grinding
Liquid assisted grinding (LAG) also known as solvent drop grinding, kneading or
wet co-grinding is based on the addition of a few drops of a solvent that function
as a catalyst to increase kinetics and yield cocrystals (Qiao et al. 2011). LAG is
an alternative to NG and often necessary for a series of conditions such as the
failure of forming a new phase formation by NG. Advanced exploring of
processing parameters effects product output, thereby, LAG may create more
favourable conditions for the formation of new solid forms (Karki et al. 2007).
The improvement in kinetics is referred to an increase in the degree of molecular
orientation, freedom of movement and the enhancement of molecular collision.
Also, liquid assistant cocrystallisation offers the possibility of controlling the
polymorphic outcome of the process by using solvents with selective properties
(polarity). However, the addition of solvent to the system, even in small quantities
may lead to the unintentional formation of crystal solvates due to the
intermolecular interactions between the solvent and the API or the coformer
(Douroumis et al. 2017).
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2.4.2.5. Polymer assistant grinding
Polymer attendant technology has been recently reported as a promising strategy
to avoid the risk of formation of crystal solvates during mechanochemical
production of cocrystals using LAG. The fresh approach, namely polymerassisted grinding, is focused on the addition of polymers (with relatively low
melting points) during the mechanochemical production of cocrystals instead of
solvents (Hasa et al. 2015a). Polymers can positively affect the properties of
cocrystals, such as the rate of dissolution and bioavailability when incorporated
into the formulation. Moreover, regarding the intrinsic characteristics of polymers,
they can serve as catalysts for a particular system, by adapting their physical
conditions or chemical compositions. Hasa et al. (2016) reported this adaptation
as a useful method for the selective control of polymorphism.
2.4.2.6. Screw extrusion
Extrusion is a widely used process by chemical and pharmaceutical industries as
a continuous scale-up method for converting unprocessed materials into
processed products with uniform shapes and densities. Extrusion is carried out
by feeding raw materials through a barrel containing one or more rotary screw(s).
Compression forces are applied under controlled processing parameters of
speed, screw configuration and barrel geometry to obtain solid form extrudates
with desirable pharmaceutical properties. The friction occurs between the screw,
and the barrel provides an efficient mixing, thereby, suitable surface contact and
close material packing between the cocrystals components (Breitenbach 2002).
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Hot-melt extrusion (HME) is a novel technique for cocrystallisation that has gained
increased attraction as a continuous process. HME has been proven to be a
versatile and relatively simple, allowing scale up to industrial scales. Furthermore,
the versatility of this technique allows real-time control and analysis of the
production process achievable using Process Analytical Techniques (PAT) tools
and Quality by Design (QbD) approaches. Despite the advantages, HME has
limited use because of the difficulty in processing thermally liable materials which
are sensitive. As they can thermally degrade when exposed to high temperatures
during extrusion (Marcia Williams 2010)
2.4.2.7.

Matrix-Assisted Cocrystallisation

Matrix-Assisted Cocrystallisation (MAC) also known as matrix embedded
cocrystallisation, is another method of obtaining cocrystals based on HME. In this
technique, a physical mixture of APIs and its coformers (in stoichiometric ratios)
are embedded in molten or softened matrix materials during the HME process.
Matrix materials are fluidised under the influence of temperature and work as
catalytic solvents providing sufficient mixing of different components and
enhancing surface interaction, ultimately favouring cocrystallisation. MAC has
been found to produce cocrystals with high purity in a formulated matrix, providing
additional advanced pharmaceutical properties (Boksa et al. 2014).
2.4.2.8.

High shear granulation (HSG)

High shear granulation (HSG) is a process of particle size enlargement by
agglomeration. HSG is a significantly used processing technique in the
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pharmaceutical industry to improve flowability, eliminate dust, and ensure
uniformity of drug distribution in solid dosage forms. In HSG liquid and/or liquidbased binder is introduced to the surface of the agitated powder bed, to bring fine
powder particles together into larger semi-permanent agglomerates or granules
with a desired physicochemical and mechanical properties (Newitt 1958 ).
Thereby, granulation is as a critical step process in manufacturing particulates in
food, chemical and pharmaceutical fields.
HSG process is carried out under the high shear force of impellers to enhance
the even distribution of binding materials over the surface of substrate particles.
Typical laboratory-scale high shear granulators consist of a water-jacketed bowl
of various volumes (1-5 L), a temperature probe, an impeller and a chopper.
Granulators may have different geometry, where the impeller is positioned in the
top (top blade) or bottom (bottom blade) of the bowl cavity. The chopper controls
the breakage of oversized granules to ensure a narrow size distribution of the
products (Figure 2.15).
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Figure 2.15. Schematic representation of a) bottom bladed high shear
granulator b) four-blade impeller and c) chopper

Solid-state transformations may take place during the granulation process due to
the exposure of solid particles to the solvent(s) under thermal and mechanical
stress. Rehder et al. (2013) produced piracetam-tartaric cocrystals with three
different granule formulations using HSG. It was concluded that HSG could be
established as a suitable technique to manufacture cocrystals on a batch scale.
Despite this being a complicated process in which cocrystal formation is
dependent on formulation parameters and process variables.

54

Mechanism of granulation

Granulation can be broadly classified into two types:
•

Wet granulation in which liquid and/or liquid-based binders are used to
bridge powder particles together under the influence of impellers (in high
shear granulation) or air turbulence (in fluidised bed granulation) (Badawy
et al. 2012)

•

Dry granulation in which fine particles are mechanically compressed or
compacted together to facilitate granulation without using any liquids or
binders (Bacher et al. 2008).

Selection of the type of granulation process requires a thorough knowledge of
the physicochemical properties of the primary materials particle size, surface
chemistry, free surface energy, temperature reliability, required flow and
release properties of the granulation process products.
Wet granulation
Wet granulation is the traditional and widely used technique in pharmaceutical
industries, whereby granules are produced by wet massing the powder bed with
liquid and/or liquid-based binders under the influence of high mechanical shear
of impellers and choppers or low shear of air currents. In wet granulation, the
wetting materials on the surface of powder particles produce temporary bridges
with neighbouring particles which eventually solidify after drying, resulting in more
desirable agglomerates. Wet granulation has recently advanced a significant
innovation in the ways and forms of binder application techniques.
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Dry granulation
Dry granulation is the process whereby powder particles are compacted together
into densified strips or ribbons without using liquid binders (Bacher et al. 2008).
Roll compaction (Figure 2.16) is widely used for dry granulation technique in
pharmaceutical industries, ideally for moisture sensitive materials (Peter et al.
2010). Roll compaction is a continuously controlled crushing and densifying
process of powder materials in a decreased gap between two contra-rotating rolls
into densified ribbons and strips, which subsequently milled into granules with
desired properties (Yu et al. 2012).
Roller compactor generally consists of three major units: a feeding system, in
which the friction between the surface of the rollers and powder materials conveys
the latter to the compaction area between two rolls (gap); compacting unit, where
high compaction pressure is applied on the powder by two contra-rotating rolls,
thus producing densified ribbons; the size reduction unit, where long compacted
ribbons sized into desired particle size granules (Freeman et al. 2016). Rolls with
different surfaces patterns produce a variety of ribbon shapes: smoot, fluted,
knurled or pocket groves tend to produce dense ribbons of flakes, sheets, strips
or briquettes, respectively.
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Figure 2.16. Schematic representation of different regions (and their
transition angles) of the compaction zone gap during the compaction
process (Peter et al. 2010).

The compaction zone (gap) which represented by the space between rolls, is
generally divided into three different regions:
(1) The slip region, where the powder moves downward slowly with particle
rearrangement and de-aeration. However, the powder remains relatively loose
with slower slipping motion because the region is less affected by pressure
exerted by the rolls.
(2) The nip region starts where the powder velocity becomes equal with
the roll’s velocity. There is a significant increase in rolls pressure on the powder
due to a decrease in the gap, which results in densification and compaction of the
powder leading to the formulation of ribbons or strips
(3) The release region represents the after compaction area, where the
gap begins to increase, and the pressure gradually falls (M Gera et al. 2011).
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Regional angles are the transition between the different region of the roller
compactor.
There are several advantages of roll compaction over other granulation
techniques, including:
•

Continues process with a conceptual simplicity and low operating costs

•

The ideal technique for densifying powders with fine, cohesive and
inconsistent particle size with poor flow properties

•

Relatively large mass throughput

•

Applicable in densifying moisture-sensitive materials

•

Solvent-free granulation making it environmentally friendly and most
economical method (Peter et al. 2010).

However, roll compaction technique has its drawbacks, a high amount of noncompacted powder is left due to lack of liquid binders. Thereby, roller
compactors are usually combined with recycling units for refeeding the
remaining non-compacted powder. Besides, some types of powders (e.g.
calcium carbonate and magnesium carbonate) cannot be easily compacted
without the addition of powdered binders (e.g. cellulose) for successful
processing (Yu et al. 2012).
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Melt granulation
Melt granulation is the process whereby polymers with low melting points are
used as thermoplastic binders in the agglomeration of powder particles instead of
liquid-based binders. Melt granulation is carried out under the influence of heat to
maintain the binders in a molten state, reduce viscosity and enhance binder
dispersion and coating the surface of solid particles (Marcia Williams 2010).
Granules are produced using this technique after cooling the system under the
melting point of the molten binder, leading to solidification of molten or soft
binders, thus the production of granules with desirable physicochemical
properties (Mangwandi et al. 2015b).
Melt granulation has received considerable attention from the pharmaceutical
industry in solid dosage manufacturing, due to its advantages over conventional
granulation methods. Melt granulation is a simple, continuous and solvent-free
process, hence elimination of problems associated with in-process hydrolysis of
moisture-sensitive powders. In contrast to conventional granulation, melt
granulation may be performed in one process step, hence eliminating the need
for drying equipment due to the absence of water. Therefore, melt granulation is
considered a more economical process with fewer operation units, which also
minimises contamination and the loss of drugs during granule transfer between
different production units.
Melt granulation has wide applications in modified or controlled drug release
formulations, thus overcoming the problem of undesirable dose dumping by some
solid dosage forms in hydro-alcoholic media. This can have achieved by
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appropriate selection of melt-able binders. Hydrophilic matrices such as
polyethene glycols and poloxamers are used for improved-release dosage forms,
while hydrophobic binders such as waxes, fatty acids, fatty alcohol and glycerides
matrices may be used for prolonged-release formulations (Walker et al. 2006;
Yeung and Rein 2015).
Melt granulation is commonly carried out under the high shearing force of
impellers to enhance even distribution of molten binders over the surface of
substrate particles. In MG process, binding materials can be added in their solidstate by mixing them with substrate materials in a granulator facilitated with a
jacket wall containing a current of hot water. Alternatively, the internal heat of
friction may be sufficient for melting binder particles. Hence an external source of
heat may not be necessary. Besides, binders can be added to the powder bed in
their molten state via dispersing nozzles.
Mechanisms of Granulation
Granulation is a complex process, considered to consist of three physical
phenomena occurring inside the granulator, namely: wetting and nucleation;
growth and consolidation; breakage and attrition. The series of granulation rate
can overlap and ultimately lead to the formation of aggregates, granules or
spheres.
Wetting and nucleation
Wetting and nucleation refer to the introduction of binding materials into the
surface of the powder bed, with an attempt to an even distribution to provide
wettability to the surface of powder particles which subsequently adhere to
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neighbouring particles and form weak structures known as nuclei (Tan et al.
2014). The dispersion of binder materials over powder bed, thus nucleation
phenomenon is dependent on many formulation factors such as liquid to solid
ratio and particle size; free surface energy of powder materials; surface tension
and viscosity of binding materials; process parameters of mechanical agitation
binder atomisation nature; temperature and the geometry of granulator (Iveson et
al. 2001b).
Nucleation phenomenon follows two different mechanisms upon contact with
liquid binder materials:
•

Nucleation by dispersion, this occurs when binder droplet size is relatively
smaller compared with powder particle size. Whereby, binder droplets
disperse over the surface of particles leading to the coalescence of
particles together, leading to the production of porous granules due to
trapped air inside during granulation.

•

Nucleation immersion mechanism, whereby small size particles immerse
into the surface of relatively larger droplets, forming rigid granules with a
saturated core nuclei (Schæfer and Mathiesen 1996; Mort 2005), (Figure
2.17).
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Figure 2.17. The nucleation formation mechanism may depend on the
relative sizes of the droplet to the powder particle (a) Distribution
mechanism (b) Immersion mechanism, (Mort 2005).

Growth and consolidation
Depending on formulation variables, granule growth may follow one of two
different process models of granule growth which are well known and
experimentally proven:
•

A coalescence process model, which is traditionally referred to granule
growth occurs upon collision and adhesion of two relatively large particles
or granules

•

A layering process model is a granule growth occur upon sticking of fine
particles to the surface of pre-existing granules (Liu et al. 2000). A collision
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between powder particles and pre-existing granule is essential for granule
growth.
Whether granules coalesce together or not upon collision events is dependent on
several factors: (1) The force of the collision, (2) granule surface moisture and (3)
the microstructure of the collided granules.
The force of the collision, in coalescence growth, the collision force by which two
granules are pulled together must be sufficient to deform the granules plastically.
This is essential to create wider contact zone between colliding granules and
consolidate their microstructure to extent moisture from the cores into the surface
of the contact zone (Ouchiyama and Tanaka 1975).
Granule surface moisture, sufficient moisture content on the surface of collided
granules is another crucial factor in controlling granule growth. The moisture
saturation level in the granule structure is usually ensured (to enhance granule
growth), by loading more binders or/and consolidation of agglomerates.
Consolidation technique increases granule density by reducing internal porosity
and exerting wetting binders from granule cores to the surfaces (Schaafsma et al.
1998).
During the granulation process, granules can exist in five degrees of binder
saturation states:
I.

Pendular, is the initial state of saturation in which weak liquid bridges
barely connected particles.
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II.

Funicular state, in this state granules, has a higher level of binder
saturation, leading partial filling of voids inside the granule structures.

III.

Capillary state, in this saturation sate granules, is fully saturated, and all
voids inside the granule structures are filled with binding materials and the
surface liquid drawn back with capillary action.

IV.

Droplet state is a fully oversaturated state in which particles are
suspended within or at the surface of binder droplets.

V.

Pseudo droplet state which occurs only in poor wetting systems, where
several empty voids get trapped inside the droplet.

Continuous addition of liquid binders and/or consolidation phenomena make it
possible for the granule to shift from poor saturation state of pendular through to
the fully oversaturated state of the droplet during the granulation process (Newitt
1958; Iveson et al. 1996).
The microstructure of the collided granules, granule microstructures should be
plastic enough and deformable upon granules collision, but with sufficient
moisture content to survive as granules with brittle microstructures are prone to
breakage and attrition during consolidation or collision events (Tan et al. 2006).
Coalescence growth between two collided granules is only possible when
collision force is sufficient to deform granule plastic microstructures and induce
the squeeze of liquid binders from the core to the contact zone on their surface.
In addition, the contact duration time should be sufficient for the surface binders
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to form bridges between collided particles in the contact zone (Iveson and Litster
1998).
Based on the illustration of Liu and his research group (Liu et al. 2000), two
different types of coalescence outcomes can occur upon collision, depending on
the kinetic energy balance of the surface during collision events:
•

Type I coalescence is achieved upon collision of granules with wetting
layers which have sufficient viscosity to completely dissipate the kinetic
collision energy thus prevent the elastic-plastic deformation of the granule
core

•

Type II coalescence is achieved when deformation in the elastic-plastic
core is due to the inability of the liquid layer on the surface of granule to
dissipate the kinetic collision energy completely. The degree of
deformation on the granule core depends on the resilience of granule
microstructure and applied force of the collision. Collided granules
plastically store some energy by deformation giving a chance for the liquid
layer to form intergranular bonds on the zone of contact. However, if the
force stored elastically is enough to overcome the viscous force in the
newly formed intergranular bonds (bridges), then the collided granules will
rebound, and the collision events will result in no coalescence (Mills et al.
2000), (Figure 2.18).
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Figure 2.18. Agglomerate grow by plastic deformation of granules
depending on the collision stress force and granule microstructure.
Coalescence occurs when the plastically stored force overcomes the
elastic rebound force (Mort 2005).

Breakage and attrition
Granule breakage is considered an upper limit of granule growth and a necessary
rate process of the granulation process. Breakage of wet granules occurs due to
an applied high shear force (mechanical force) on granules with poorly
microstructural properties, thereby unable to withhold the impact of force and
survive during the granulation process (Liu et al. 2009). Granules with poor
dynamic structures and low moisture levels are in continuous breakage and
immediate coalescence throughout the granulation process (Iveson et al. 2001b;
M. Iveson 2001). Breakage of the wet granule inside the granulator can be
desirable for reducing final size distribution, thus homogenising the granule batch,

66

enhancing material distribution and enhancing granule strength by promoting
consolidation. On the other hand, attrition of dry granules due to applied stress
inside the granulator or dryer or subsequent handling is undesirable because of
dust formation, which considered as disastrous in further processing, handling
and transportation of granules (Iveson et al. 2001a; Iveson et al. 2001b).
Improved knowledge of the breakage phenomena as an essential rate of the
granulation process is crucial to control granule growth, ensuring homogenous
distribution of materials and providing strength to resultant granules (Reynolds et
al. 2005).

Solid-state transformation may take place during the granulation process due to
exposure of solid particles to a solvent under thermal and mechanical stress.
Rehder et al. (2013) Produced piracetam (API) with tartaric (coformer) cocrystals
in three different granule formulations using the HSG technique. It was concluded
that HSG could be established as a suitable technique to manufacture cocrystals
on a batch scale despite being a very complicated process, whereby cocrystal
formation is dependent on formulation and process variable parameters.
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2.4.2.9. High shear milling
Mechanical action and the resulting shear forces are well proven to induce
chemical reactions in reactions in solids. The exposure of API and coformer to
high shear force is typically used for cocrystals synthesis at both laboratory and
industrial scales. Milling or micronising of solids exerts high shearing forces and
subjects the materials to temperature changes due to the interparticle and
particle/instrument friction. Recently, Korde et al.

(2018) investigated the

continuous manufacturing of cocrystals by high shear milling technology using a
solid-state shear mill (S3M) (Figure 2.19) and polymers as catalytic agents. High
shear milling was found to be scalable for continuous manufacturing of cocrystals.
This was due to the high levels of shear forces and temperatures exerted at the
tribological interface during the milling process. The cocrystallisation process and
the critical attribute of the resultant products were found to be highly influenced
by processing parameters (pan diameter and bevel level) as well as polymer
content.
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Figure 2.19 Schematic of cocrystallisation by a high shear mill, using S3M
(Korde et al. 2018).
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Table

2.2.

Solvent-free

cocrystallisation

main

advantages

and

disadvantages (Douroumis et al. 2017; Rodrigues et al. 2018)
Solvent-free cocrystallisation technique
Cocrystallisation
technique
Main advantages
Neat grinding

Liquid assisted
grinding

Hot melt extrusion

• Good purity cocrystals
• Wide range of drug-coformer pairs
• Particle size reduction
• Environmentally friendly – no solvents
• Isolate polymorphs of the same
cocrystal

• Low yield
• Scale-up issues
• Time consuming

• High purity cocrystals
• Wide range of drug-coformer pairs
• Broader range of synthesized
cocrystals
• Particle size reduction
• Fast processing
• Production of relatively high yield
• Isolate polymorphs of same cocrystals
• Use different stoichiometric ratio

• Use of solvents
• Scale-up issues
• Efficiency problems (manual
grinding)

• High purity cocrystals
• Continuous process
• High throughput
• Easy to scale – up
• Small footprint
• Environmentally friendly – no solvents
• Short residence time
• Inline Process monitoring
• Wide range of drug-coformer pairs

Matrix-assisted

Main disadvantages

• Increase cocrystal chemical stability
• Use of non-miscible carriers
• Easy to scale – up
• Small footprint
• Environmentally friendly – no solvents
• Short residence time
• Inline Process monitoring
• Wide range of drug-coformer pairs
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• Only one polymorph of the same
cocrystal
• Not appropriate to thermal labile
drugs

• Presence of low drug amorphous
content
• Limited number of studies
• Not appropriate to thermal labile
drugs

Cocrystallisation continues to drive interest in the pharmaceutical field for the
necessity to improve the physicochemical properties of drugs molecules. The
improvement in the solubility, dissolution, consequently bioavailability, stability
and mechanical properties have been reported through cocrystallisation.
Production methods can be broadly classified into solvent-based or solvent-free
methods, related to the user of solvent catalysts in production.
While most of the solvent-based methods such as solvent evaporation, cooling,
ultrasound-assisted, HSG, and wet cocrystallisation are well known and
increasingly used in research. These methods have drawbacks of not being
scalable, utilisation of large amounts of hazardous solvents which can also lead
to solvate formation (Table 2.1). In contrast, the solvent-free HME method is well
established as a green technology, a continuous process and easily scale up
cocrystallisation method. However, this method is not appropriate for thermal
liable materials, and it is only possible to produce a single polymorph of the same
crystal (Table 2.2). The HME based MAC cocrystallisation method is emerging by
providing more promising results in cocrystallisation. However, the formation of
amorphous forms is common during MAC cocrystallisation, and only limited
studies regarding the method are available.
The high shear milling cocrystallisation is reported as a continuous, scalable
method for cocrystallisation. However, the formation of amorphous forms due to
high friction is a possible outcome of the milling process. In addition, the control
of the physical properties such as morphology and particle shape is challenging.
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In this study, we introduce High Shear Melt Granulation (HSMG) as a novel
technology for the preparation of cocrystals. The technology involves utilising
polymers as catalysts in the production of cocrystals embedded in composites
with disabled physical characteristics.
Specific objectives of this study involve:
1. To develop a robust process for cocrystal production using HSMG
technology.
2. To investigate the influence of formulation and processing variables in the
cocrystallisation yield and cocrystals purity.
3. To prepare highly spherical and smooth morphology granules containing
a uniform content of cocrystals
4. To obtain cocrystals with high purity embedded in polymer matrix providing
additional desirable characteristics.
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Chapter 3: Materials and methods
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3. Materials and methods

This chapter provides details about the materials used in this experiment with a
brief explanation of drug profiles. This chapter also provides a detailed
explanation of processing methodologies and characterisation techniques used
in this study.
Salicylic acid (SAL) was chosen as the main model drug in this study. SAL is a
beta hydroxy acid that occurs naturally in plants and has analgesic and antiinflammatory properties, being the active component of aspirin, besides its action
as a topical antibacterial agent in skincare products for its capability in promoting
exfoliation (Klessig et al.). Also, SAL has anti-fungal properties, hence used to
eliminate fungus infections (Vane et al. 1990). However, SAL has poor aqueous
solubility (BSC class II), which influences its bioavailability.
Cocrystallisation of SAL with several coformers has been reported using different
preparation methods including solvent grinding of SAL with meloxicam (Cheney
et al. 2010), SAL-CBZ by Kofler method (Childs et al. 2009), SAL-CAF by
ultrasound sonication, SAL-Creatinine by solvent evaporation (Goswami et al.
2006) and SAL-NIC by Kofler method (Berry et al. 2008).
Nicotinamide (NIC), also known as niacinamide, is considered as the amide
derivative of the water-soluble niacin (vitamin B3), (Knip et al. 2000). NIC can be
found in food and has been intensively used in humans as a dietary supplement
and medication. This is widely regarded as a safe molecule (Kashyap et al. 2019).
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NIC a popular coformer, increasingly used in the pharmaceutical cocrystallisation
studies and easily forms cocrystals with many APIs (Berry et al. 2008).
Carbamazepine (CBZ) is an API with poor aqueous solubility mainly used as an
anti-convulsant medicine under the brand name Tegretol. CBZ exhibits
polymorphism, and it readily forms a less water-soluble form in the presence of
moisture. Thereby, CBZ was an early candidate of cocrystallisation studies and
had a well-published dataset concerning different cocrystallisation techniques for
tailoring the physicochemical properties, including solubility and consequences
on bioavailability. Examples for cocrystallisation of CBZ includes CBZ-NIC
cocrystallisation by solvent evaporation (Weyna et al. 2009; Qiao et al. 2013),
melt mixing method (Barmpalexis et al. 2018). Koffler method (Berry et al. 2008)
and HME method (Wood 2016).
Polymers
Polyethylene glycol (PEG), also known as Macrogols, are important water-soluble
polymers frequently used as excipients for pharmaceutical formulations. PEG
polymers are manufactured by polymerisation of ethyl oxide units with monoethylene glycol or di-ethylene glycol using alkaline catalysts (Henning 2002). PEG
polymers are mainly used as binding materials and for enhancing the solubility of
poorly water-soluble compounds due to their characteristic hydrophilic and watermiscible properties. The characteristic properties of PEG polymers are attributed
to their chemical nature having both a non-polar hydrophobic (alkane chains) and
a polar hydrophilic (ether) portion of the polymer chain (Henning 2002; Gullapalli
and Mazzitelli 2015)
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Gelucire is family of semi-solid (wax) to solid materials diverted from polyethene
glycol ester surfactants. These are composed of a simple triglyceride (mono, di,
and triglycerides) and PEG esters of fatty acids. The PEG comprises the
hydrophilic part of the gelucire molecule, and the fatty acids are the lipophilic part.
This amphiphilic nature of the material makes it possible to manufacture gelucire
materials of different polarities covering the various spectrum of hydrophilic,
lipophilic balancing values (HLB) by changing the molecular weight of fatty acids
and PEG. Gelucire is available with a wide range of HLB and melting spots (3365 ᵒC). This makes it useful for different uses such as controlled drug release,
taste masking and as a coating agent (Panigrahi et al. 2018).
The physicochemical properties of these materials are shown in (Table 3.1). The
thermal and crystallographic properties are described in chapters 4-6).
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3.1.

Materials used in experiments

Table 3.1. Materials used in this study
Material
Salicylic acid (SAL)

Source of
purchase
Sigma Aldrich

Chemical structure
(Formula), (molar mass), (melting point)

(C7H6O3), (138.122 g·mol−1), (158-159 °C)

Nicotinamide (NIC)

Sigma Aldrich

(C6H6N2O), (122.127 g·mol−1), (127-131
°C)

Carbamazepine (CBZ)

Alfa Aesar

(C15H12N2O), (236.269 g·mol−1),(189192 °C)

Caffeine (CAF)

Sigma Aldrich

(C8H10N4O2), (194.19 g·mol−1), (235-238°C)

Glutaric acid (GLU)

Alfa Aesar

(C5H8O4), (132.12 g·mol−1), (95 to 98 °C)

Polyethylene glycol
(4000)
Polyethylene glycol
(6000)
Tetraethylene glycol
99%

Sigma Aldrich

(C2H4O)nH2O), (4000g·mol−1), (53-59°C)
(C2H4O)nH2O), (6000 g·mol−1), (56-63°C)

Alfa Aesar
Alfa Aesar

(C8H18O5), (194.23 g·mol−1), (-5.6 °C)
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Diethylene glycol 99%

Alfa Aesar
(C4H10O3), (106.12 g·mol−1), (-10 °C)

Gelucire 48/16
Gelucire 39/01

Gattefoss SAS (HLB16) (46-50°C)
Gattefoss SAS (HLB01) (37-41°C)

Sodium phosphate
monobasic

Sigma Aldrich

(H2NaO4P.H2O), (137.99 g·mol−1), (205 °C)

Methanol 99% (MeOH)
(HPLC grade)

Fisher
Scientific (UK)

(CH3OH), (32.04 g·mol−1), (-85 °C)
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3.2.

Methods

This section will provide details of different experiments were conducted to
prepare cocrystals. Several trials experiments on HSMG were carried out to
determine the optimal processing parameters of impeller and chopper required to
obtain a spherical shape granule. All experiments were done in triplicate, and the
average values were considered in the analysis of the results.

3.2.1. Preparation of cocrystals
3.2.1.1.

Preparation of cocrystals by mechanical grinding

Cocrystals were prepared by grinding a mixture of API and coformer in equimolar
ratios using a mortar and pestle for 20 min. Cocrystallisation process was assisted
by introducing 0.05ml (2 drops) of MeOH solvent to the system during grinding.
The solvent evaporated at room temperature before the characterisation of
samples. The reference cocrystal samples are prepared with a liquid grinding
method and labelled as Solvent Grinding (SG) for the use of MeOH solvent.
3.2.1.2.

Preparation of cocrystals by HSMG

Different formulations of granules were prepared (Figure 3.1), using a GMX-Lab
micro top blade high shear granulator (Freund Victor- USA). The granulator
comprised of top mixing impeller blades, a chopper with a 1 L jacketed bowl that
was connected to (Figure 3.1) a hot water bath for temperature control (Julabo
F12-Germany). Equimolar ratios of API and coformers were granulated for 60 min
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with polymers as binding agents. The components were placed into the granulator
bowl, mixed for 5 min at an impeller speed of 500 rpm.
During the granulation process, the influence of binder concentration and
processing temperature on granulation behaviour was investigated at an optimum
impeller, and chopper speeds 1000 rpm and 1200 rpm, respectively. Formulations
of different polymer concentrations (2.5, 5, 7.5, 10, 12.5, 15 and 17% w/w) were
granulated under high shear force and bath temperatures of 40, 70, 80 and 120
ᵒ

C (hot water was circulated after the premixing phase). Cocrystal formation

during the granulation process was investigated over 60 min, and samples were
taken at set time intervals (0, 10, 20, 30, 40, 50 and 60 min). After the granulation
process, the resultant product was sieved through a mesh sieve (1504 mm) to
remove any large agglomerates. Each granulation process was performed in
duplicate.

80

Figure 3.1 GMX-Lab micro top blade high shear granulator

Table 3.2 Different formulations crystallised using HSMG
Batch
SAL-NIC
SAL-NIC
SAL-NIC
SAL-NIC
CBZ-NIC
CBZ-NIC
SAL-CBZ

Polymer
PEG 4K
PEG 6K
Gelucire 48/16
Gelucire 39/01
Gelucire 48/16
PEG 6K
PEG 4K
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3.2.1.3.

Formation of cocrystals with HME method

Cocrystallisation was conducted using Pharmalab 16 mm co-rotating twin-screw
extruder (Thermo Fisher Scientific, Karlsruhe Germany) having a length to
diameter ratio of 40:1 (Figure 3.2). Batches of 200 mg (APIs and coformers in 1:1
equimolar ratios with polymers 15%) were premixed for 10 min and fed into the
extruder at the rate of 0.3 kg/h using a gravimetric feeder (Congrav OP1T,
Brabender, Germany), (Figure 3.3) at three variable extruder barrel temperature
profiles (T70, T90 and T120) as shown in (Table 3.3). The extruder was operated
without a die, and the product was collected directly from the exit end of the
extruder screws. Extrusion was carried out using different screw configurations
(Table 3.4) to determine the influence of shearing force on the purity of prepared
cocrystals. HME extrusion was carried out at three different screw speed (10, 25
and 50 rpm) to investigate the effect of the residence time on the purity of
prepared cocrystals.
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Figure 3.2. Pharmalab 16 co-rotating twin-screw extruder used for I
cocrystals formation.

Figure 3.3. Twin-screw gravimetric feeder (Congrav OP1T, Bartender,
Germany).
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Three different screw configurations were used to investigate their effect of the
on cocrystal formation, as shown in (Table 3.4). Screw configurations were made
using different screw elements. Conveying elements help the transport of
materials along the length of an extruder. Mixing or kneading elements to ensure
homogenous mixing of materials under a given temperature profile. Discharge
elements at the end of extruder to discharge materials to the collection point.
Different types of screw elements which were used in screw configurations are
shown in (Figure 3.4).
The twin extruder was operated at three different speeds 10, 25 and 50 rpm to
investigate the effect of the residence time on cocrystal formation. The
temperature of the screw barrel was set according to the requirement of batch
formulations. The screw barrel temperature and torque were monitored using a
programmable logic controller (PLC), connected to sensors provided near the
discharge zone.

Figure 3.4. Typical screw elements used in screw configuration with their
geometry.
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Table 3.3 Temperature profiles (ᵒC) across different zones of the extruder
barrel

Table 3.4.Screw configurations used for preparation cocrystals batches
using HME extrusion
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Figure 3.5. Different zones of the twin-screw extruder and screw
configurations used in this experiment.

Figure 3.6. Twin Screw extruder with screw configuration (Conf C) showing
the obstruction of the physical materials inside the extruder barrel during
operation at T90 thermal code.
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3.2.2. Characterisation techniques
This section provides details of several essential techniques which have been
used to determine the characteristic changes upon cocrystallisation. DSC, PXRD
and Raman spectroscopy were used for characterisation and in the determination
the purity of prepared cocrystals. SEM and hot stage microscopy were used to
observe morphological changes. Details of the drug release experiment and
physical characterisation techniques are also given in this section.
3.2.2.1. Differential scanning calorimetry (DSC)
Thermal analysis was carried out using a TA instrument Q2000 differential
scanning calorimetry (Crawley UK) equipped with an RSC90 cooling unit.
Temperature and energy use calibration was performed using an indium metal
standard provided with the instrument at the respective heating rate. Accurately
weighed samples (1.5-4 mg) were placed in perforated aluminium pans and lids.
A heating rate of 5 ᵒC/min or 10 ᵒC/min was employed, and the inert atmosphere
was maintained using by purging nitrogen gas at 50 mL/min.
3.2.2.2.

Hot stage microscopy

Hot stage optical microscopy was performed using Lingham hot stage THMS600
(Lingham scientific instrument Ltd, Surrey, UK) mounted on a Zeiss Axioplan-2
polarised light microscope and controlled through a Lingham TP94 temperature
controller. Images were collected and processed using Axio vision (9.4) software.
Different samples of starting materials (APIs and coformers) and cocrystals were
analysed under hot stage microscopy to visualise their behaviours under
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controlled thermal conditions Samples were individually heated from room
temperature to above their melting points at 5 ᵒC/min heat rate.
3.2.2.3. Powder X-ray diffraction (PXRD)
PXRD patterns of various samples were collected using Bruker D8 diffractometer
(Coventry, UK), having an X-ray wavelength of (1.54056 Aᵒ) emitted from a 40 kV
Cu Ka source with a filament emission of 40 mA. Coarse samples were crushed
down to reduce their particle size using a mortar and pestle before transferring
them onto a silicon flat-plate (25 mm diameter) sample holders and placed in the
X-ray diffractometer (Figure 3.7). A zero-background sample holder was used
when the sample size available for analysis was limited. Data were collected form
scanning rages of 5ᵒ to 35ᵒ (2θ) using a 0.02ᵒ step size and 2 s time count.

Figure 3.7. Image of PXRD diffraction Bruker D8 diffractometer showing
the loading slide, Xray source and detector
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3.2.2.4.

Raman spectroscopy

Raman spectrums were obtained using a Renishaw inVia confocal microscope
(Gloucestershire, UK) with a laser excitation source of 633 nm helium-neon (HeNe) laser and a 785 nm gallium-aluminium-arsenide (GaAlAs) diode laser. Before
each experiment, the alignment and the velocity scale of the instrument were
calibrated by obtaining a spectrum of a silicon wafer with a reference band of (520
cm-1 ± 1cm-1). Samples were placed in the instrument on a metallic slide, and the
area of interest was focused using an objective lens with a laser spot diameter of
5 µm. Spectra were obtained by scanning the samples in the range of 3200-100
cm-1 using the extended mode of the instrument with a 10 sec exposure time,
100% laser power and 10 accumulations. The Raman Renishaw WiRETM 2.0
software was used in combination with the system to select the required
parameters. The obtained spectrums were analysed using GRAM AI software
(version 8).
3.2.2.5.

Raman Mapping

Raman mapping analysis was conducted using DXRi Raman Microscope
(Thermo Scientific, UK.) The microscope was equipped with a laser of 780nm
wavelength and 24 mW power. Samples were mounted and focused using an
X10 objective lens and exposed for 5 sec to the laser beam, and 10 scans were
collected within the spectra range of 50-3360 cm-1. Spectra arrays were acquired
over the surface of the sample using a step size of 20µm in X and Y. Total
collection time for each sample was around 6h.
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3.2.2.6.

Scanning electron microscopy (SEM)

The morphology, size and surface characteristics of different samples were
investigated using SEM. The instrument (SEM, model-6360, JEOL, JSM, Tokyo,
Japan) provided an electron beam with an acceleration voltage of 10 kV. The
images were taken with a resolution of 3 nm.

Samples were prepared for

scanning by placing samples on self-adhesive (Agar Scientific G3347N) carbon
adhesive tabs mounted on (Agar Scientific G301) aluminium stubs. The samples
were coated with a thin layer of gold-palladium under vacuum conditions over 2
min, using a fine auto coater (JEOL, JFC, Tokyo, Japan).
3.2.2.7.

Sieving analysis

Sieving analysis was performed by placing a known weight of materials (250 g)
of each batch on the top of a group of nested sieves. The sieves were arranged
in order with the largest screen opening (1405 µm) at the top followed by sieves
with smaller opening sizes down to the last sieve (at the bottom) with the smallest
opening size screen of 120 µm. The sieve stuck was mechanically shaken with
an amplitude of 2 Hz for 6 min. The weight fraction from individual sieve was
collected and accurately weighed.
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3.2.3. In vitro dissolution studies
3.2.3.1. Preparation of alkaline medium (sodium buffer, pH 6.8)
Alkaline buffer was prepared by dissolving 2.72 g of sodium phosphate
monobasic in 1000 mL of deionised water to obtain a clear solution of pH 5. The
pH was then adjusted to pH 6.8 with 1 M NaOH solution.
3.2.3.2. Preparation of acid medium (Hydrochloric acid HCl, PH 1)
The acidic medium was prepared by adding 8.212 mL of HCl (36.44g/ml) into 250
mL of deionised water. The final volume of the solution was adjusted to 1000 mL
with the addition of deionised water. The pH value was determined using a digital
pH meter.
3.2.3.3. Assay test
The amount of API in different batches was determent by transferring 250 mg of
samples into 100 mL round bottom flasks and dissolving them in 25 mL of
acetonitrile solvent. The solution was then sonicated for 5 min to ensure the
sample was fully dissolved. The volume was made up to 100 mL with the medium
solution to obtain a stock solution (2500 μg/ml). The stock solution was further
diluted with the medium buffer to obtain a concentration of 25 μg/mL (d.f 100)
before loading into the HPLC instrument.
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3.2.3.4. Drug release
Dissolution apparatus (LabIndia, Mumbai, India) was used to analyse drug
release of samples (spheres and tablets) in triplicate at a temperature of 37±5 °C
by employing USP apparatus I at 100 rpm. The study was performed in both acidic
and alkaline dissolution mediums. Dissolution studies were performed on 100 mg
of pure API (salicylic acid) in 900 mL of dissolution medium and samples
containing an equivalent amount of the drug were placed in baskets to ensure the
sinking conditions. Samples were automatically collected at different time
intervals and replaced with fresh dissolution medium. The aliquot samples were
filtered using a 0.35 µm filter and analysed using HPLC. The obtained dissolution
data were analysed using PCP-Dissoi software V3 (Poona College of Pharmacy,
Poona, India).
3.2.3.5. High-performance liquid chromatography (HPLC)
The HPLC analysis was conducted on a Waters HPLC system by using a method
similar to that by Desai and Senta (2015). The HPLC system consists of a
separating module integrated with a degasser and photodiode array detector
(Table 3.5). The chromatography analysis method was modified for simultaneous
estimation of salicylic acid and nicotinamide using different mobile phases,
solvent buffer ratio and pH values. The optimised conditions in which both salicylic
acid and nicotinamide showed good peak shapes, symmetry and resolution were
obtained using a mobile phase consisting of acetonitrile/phosphate buffer
(60:40% v/v). The separation was carried out isocratically at temperature (25 °C)
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with a flow rate of 1 mL/min. UV detection for both salicylic acid and nicotinamide
was carried out at a wavelength of 298 and 269 nm, respectively using an injection
volume of 10 µL. Under these optimised conditions the retention time for
nicotinamide was ~ 1.22 min and for salicylic acid was ~2.27 min. All samples
were analysed in triplicate, and the average was taken (Figure 3.8).

Figure 3.8.Chromatographic showing the retention time of NIC and SAL at
1.22min and 2.27 respectively
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Table 3.5.Equipment and apparatus used in liquid chromatography.
Equipment
HPLC System

Apparatus
Waters e-2695 (Separation module, USA) Highperformance liquid chromatography system
equipped with the degassing system, autosamplers,
column compartment and photodiode array detector
(PDA-2998)

Column

Fortis C18 (150x4.6mm, 3µm)

Column oven

30 C

Software

Empower 3, chromatography data software (CDS)
(Waters, USA).

Preparation of the buffer

Phosphate buffer (pH 3.2) was prepared by dissolving 1.36 g of potassium
dihydrogen phosphate in 1000 mL of 18 Ohm deionized water. The pH was
adjusted to pH 3.2 using a diluted ortho-phosphoric acid. The final solution was
filtered and degassed before introducing it into the HPLC system.
Construction of calibration curves

Calibration curves for APIs were obtained by preparing solutions with different
concentrations 10-60 µg/mL after serial dilution with the respective dissolution
medium of standard solutions. Samples were injected into the HPLC system in
triplicates, and the mean value of the area was used in a regression analysis to
obtain calibration curves and R2 values. The linear line of the best fit equation
was used to determine concentrations in samples (Figure 3.9), (Figure 3.10),
(Figure 3.11).
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Calibration of SAL raw in HCl (pH 1)
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Figure 3.9. Linearity calibration curve of SAL in acidic medium HCl (pH 1)
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Figure 3.10. Linearity calibration curve of SAL in alkaline medium sodium
buffer (pH 6.8)
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Calibration of NIC raw in buffer (pH 6.8)
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Figure 3.11. Linearity calibration curve of NIC in alkaline medium sodium
buffer (pH 6.8)
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Chapter 4: Preparation of Cocrystal
With High Shear Melt Granulation
Technology
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4. Preparation of cocrystal with high shear melt granulation

technology

4.1. Introduction
High shear melt granulation (HSMG) is the process whereby polymers of low
melting points are used as thermoplastic binders in the agglomeration of fine
powder particles into aggregates, granules and spheres with desirable
physicochemical and mechanical characteristics. HSMG is performed under high
shear force and elevated temperatures to maintain the molten state of binder
materials, decreasing viscosity and therefore enhancing even binder dispersion
and coatings over the solid surface of substrate particles (powder bed) (Marcia
Williams 2010). The adhesion of molten binders to the surface of the powder bed
creates interparticle bridges which ultimately solidify following a reduction in the
system temperature below their melting points. This leads to the production of
granules and aggregates or spheres with desirable characteristics and API
content uniformity (Mangwandi et al. 2015b).
Granulation is a standard manufacturing unit operation process in food, chemical
and pharmaceutical industries. This is considered as a complex process which
comprises of three different steps; starting with the mixing of materials,
subsequently the addition of binding materials followed by a drying step. Besides,
different physical phenomena occur during the granulation process, namely,
wetting, nucleation, growth, consolidation, breakage and attrition. These
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processes can overlap during the granulation process and ultimately lead to the
formation of aggregate, granules and spheres with desirable attributes.
Subjecting crystalline materials to processing stress introduced during the unit
operation process such as granulation can result in induced solid-state phase
transformation, which can move the system from or towards equilibrium (Morris
et al. 2001). During the melt granulation process, particles physically interact with
each other under high shear forces due to impeller rotation, being exposed to high
temperatures and introduced to wetting material. During every stage of the melt
granulation process, the solid-state induced transformation of crystalline
materials can take place due to their exposure to various types of stress;
mechanical, thermal and interaction with solubilization factors (molten Binders)
(Rehder et al. 2013).
Process induced transformation of materials can generally be classified into solidsolid (phase transition, deformation), solid-liquid (melting or crystallisation, or
solid-gas (sublimation). These transformations are usually undesirable as they
affect the quality hence the performance of the final products (Jørgensen et al.
2004).
Nevertheless, the objective of this work is to examine the formation of cocrystals
using HSMG as a novel solvent-free technology for production of spherical shape
granules of cocrystal, using polymers with low melting points as binding materials
as well as solvation agents to induce the formation of cocrystals (Figure 4.1).
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Figure 4.1. Schematic of crystals formation with HSMG technology using
polymers as co-crystallisation aid.
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4.2. Salicylic acid-Nicotinamide (1:1) cocrystals

Figure 4.2. Schematic of the crystal structure of 1:1 SAL-NIC cocrystals
and the crystal packing in the unit cell (adopted from CSD) (Berry et al.
2008).

Cocrystal formation due to hydrogen bonding between SAL and NIC molecules
is well reported, using Kofler and solvent evaporation methods (Berry et al. 2008;
Sarcevica et al. 2013). The crystal structure, bond length and angle details of
SAL-NIC (1: 1) cocrystals are given in (Table 4.1).
Calculated PXRD diffractogram for the SAL-NIC cocrystal in (Figure 4.3) shows
the characteristic peaks at 2θ = 7.8ᵒ, 8.8ᵒ, 9.5ᵒ and 13.3ᵒ.
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Table 4.1. Crystallographic data for SAL-NIC cocrystal phase. Source; CSD
Cambridge structural database, (Berry et al. 2008).
Cocrystal
Empirical formula
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)

SAL-NIC 1:1
C6H6N2O, C7H6O3
Monoclinic
P21/n
11.0751(2)
4.9441(1)
22.8470(5)
90
97.556(1)
90

Figure 4.3. Calculated PXRD pattern for SAL-NIC 1:1 (adopted from CSD
Cambridge)(Berry et al. 2008).

Formation of SAL-NIC cocrystals is considered to be at an equimolar
stoichiometric ratio (1:1 Ratio), facilitated by the interaction between the
carboxylic acid group of the salicylic acid with the amide group and the nitrogen
(N) on the pyridine group of the nicotinamide. In general, cocrystals formation
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results from the attraction between heterosynthons of the molecules; these are
more favourable over the homosynthons. Concerning SAL and NIC, the dominant
interactions between the carboxylic acid and aromatic nitrogen as well as those
between the carboxylic acid and amide synthon would favour the cocrystal
formation.
In this study, HSMG technology was used for cocrystallisation and simultaneous
granulation of SAL-NIC cocrystals (1:1 ratio) in the presence of polymer and lipids
materials, which were employed as a catalyst to aid cocrystallisation and as a
binding agent for granule formation. Cocrystallisation by HSMG was carried out
using a GMX-Lab micro top blade high shear granulator, as explained in (section
3.2.1.2).

Results analysis
4.2.1. SAL-NIC 1:1 cocrystals (PEG4K).

DSC and PXRD analysis of granules were used to determine the degree of
cocrystallisation, indicating the purity of the resultant cocrystals. The DSC
thermograms of SAL, NIC and PEG4K polymer are shown in (Figure 4.4). Many
articles report that the melting temperature (Tm) of cocrystals lies between the
melting points of the API and the coformer or lower than the individual melting
points. SAL, NIC and PEG4K exhibited characteristic melting points at 162.01
ᵒ

C, 131.04 ᵒC and 63.34 ᵒC respectively.
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Figure 4.4. Representative DSC thermogram of SAL, NIC and PEG raw
materials showing their Tm at 162.01 ᵒC, 131.04 ᵒC and 63.34 ᵒC respectively.
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4.2.1.1.

The effect of polymer content

The formation of SAL-NIC cocrystals with HSMG was investigated at various
binder concentrations (2.5, 5, 7.5, 10, 12.5, and 15% w/w). Figure 4.5 shows DSC
thermograms of samples taken at different time intervals for a 2.5% polymer
concentration batch, the physical mixture (SAL-NIC PM) and the reference SALNIC SG sample produced by liquid assisted grinding using methanol.
SAL-NIC PM exhibited a eutectic endotherm at 116 °C below the individual
melting points of SAL and NIC. Most importantly, an endothermic event was
observed at 138 °C characteristic of SAL-NIC cocrystals. The second
endothermic peak observed in the physical mixture corresponds with the
endothermic peak of the reference SAL-NIC (SG) sample.
Samples were taken at 30 to 70 min of batches produced using a lower polymer
concentration (SAL-NIC (PEG4K 2.5%) had higher enthalpy values at
endothermic peaks at 138 °C. However, the enthalpy value decreased for the
endotherm at 116 °C. The changes in thermal behaviour found is an indication for
the improvement in cocrystals formation throughout the HSMG process.
However, the concentration of the binder in this batch was not adequate for the
phase transformation of SAL and NIC into a new solid cocrystal phase (Figure
4.5).

105

Figure 4.5. Representative DSC thermogram of SAL-NIC raw materials, PM
and SAL-NIC (PEG4K 2.5%) at different time intervals in comparison to SAL
NIC-SG sample showing meting point at 162 ᵒ𝐶 and 131 ᵒ𝐶 for the raw
materials, 116 ᵒ𝐶 for the eutectic point for the physical mixture and 138 ᵒ𝐶
for the cocrystal formation.

Table 4.2 shows the changes in the enthalpy values for the physical mixture and
samples taken at various time intervals. The enthalpy value for the endotherm at
116 °C was found to gradually decrease as the HSMG process progressed,
indicating the reduction of starting materials. This assumption is supported by the
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gradual increase in the enthalpy values of the endothermic peaks at 138 °C,
characteristic of SAL-NIC cocrystals.

Table 4.2. Enthalpy value of the SAL-NIC (PEG4k 2.5%) at different time
intervals, showing changes in enthalpy value of endothermic peak 116 ᵒ𝐶
and endothermic peak 138 ᵒ𝐶 as an indication for cocrystal formation.
Samples

SAL-NIC (PEG4K 2.5%) PM
SAL-NIC (PEG4K 2.5%) 30min
SAL-NIC (PEG4K 2.5%) 45min
SAL-NIC (PEG4K 2.5%) 60min
SAL-NIC (PEG4K 2.5%) 70min

Enthalpy (J/g) of the
endothermic peak
116 ᵒC
114.38
83.27
59.47
43.01
40.33

Enthalpy (J/g) of the
endothermic peak
138 ᵒC
2.45
9.44
70.05
100.08
108.07

HSMG experiments using various concentrations of PEG4K (% w/w) were carried
out over 60 min to investigate the influence of polymer on cocrystal formation and
their purity. The DSC thermograms in (Figure 4.6) indicate the presence of
starting materials for batches with relatively lower polymer concentrations. The
impurities can be noticed particularly from the presence of the small endothermic
peak at around 116 °C, which is typically characteristic of the eutectic. Although
the quantitative analysis was not carried out, it is worth noting the enthalpy value
of endothermic peak at 116 °C decreases with increasing binder concentration.
The increase in the polymer concentration would appear to lower the eutectic
endotherm of SAL-NIC and increase the endothermic peak at 138 °C as an
indication for increasing cocrystal conversion with greater purity.
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Higher polymer concentrations were required for the formation of cocrystals
during a fixed period, possibly due to their catalytic role in the process using melt
granulation technology (Figure 4.6).
DSC thermograms for the dissolve of starting materials in different concentrations
of PEG4K polymer are shown in the appendix(1) ( see Figure 9.1 and Figure 9.2)

Figure 4.6. DSC thermogram of SAL-NIC with different concentration of
(PEG4K) polymer, showing the remain of primary material for the low
polymer concentration

The SAL-NIC cocrystal diffractogram taken from the Cambridge Structural
Database (CSD), shown in (Figure 4.7 c) has characteristic diffraction peaks at
2θ = 7.8ᵒ, 8.8ᵒ, 9.5ᵒ and 13.3ᵒ. SAL and NIC raw materials patterns have
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characteristic diffraction peaks at 2θ = 11ᵒ and 14.7ᵒ, respectively, (Figure 4.7 a
and b).
The obtained PXRD patterns for the batches produced at lower polymer
concentrations were in line results obtained by DSC thermal analysis. Peaks
characteristic of the starting materials can be noticed in the batches containing
2.5 % PEG4K concentration (mainly diffraction peak of 2θ = 11ᵒ, (Figure 4.7 d).

Figure 4.7. PXRD patterns of a) NIC Raw b) SAL Raw c) SAL-NIC (calculated,
adopted from CSD Cambridge) d) SAL-NIC (PEG4K 2.5%)60min and e) SALNIC-SG, showing the characteristic patterns for the SAL-NIC cocrystals
comparing to the raw materials and the solvent assisted cocrystallisation
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An increase in binder concentration to 5% was found to enhance the
cocrystallisation process, indicated by intensity decrease at 2θ = 11ᵒ, (Figure 4.8
e-d).

Figure 4.8. PXRD patterns of a) NIC Raw b) SAL Raw c) SAL-NIC (calculated,
adopted from CSD Cambridge) d) SAL-NIC (PEG4K 5%)60min and e) SALNIC (PEG4K 7.5%)60min f) SAL-NIC-SG, showing a decrease in 2θ = 11 (ed) after an increase in binder concentration.

Further increases in polymer concentration have increased degree of material
mixing, thus enhancing the surface interactions between different components
(APIs and coformers). Increasing surface interactions between components
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resulted in ultimately shifting the system towards complete cocrystals conversion,
minimising the existence of the starting materials.
PXRD patterns show a further decrease in the intensity at 2θ = 11ᵒ for the batches
containing 7.5-10% w/w polymer, (Figure 4.9 d-e), this peak eventually
disappeared in the batch with 12.5% w/w polymer. The decrease in the intensity
of the diffraction peak at 2θ = 11ᵒ was observed with an increase in the intensity
at 2θ = 13ᵒ, characteristic for a cocrystals formation, (Figure 4.9 d-f).
The obtained thermal and crystals analysis indicate that the optimal polymer
concentration for SAL-NIC cocrystal formation with HSMG is 12.5 % in which APIs
and their coformers gain sufficient mobility, thereby providing the higher possibility
of surface interaction and bond formation between the active sides of molecules,
eventually leading to a formation of cocrystals. In this study, however, the polymer
concentration was further increased to (15% w/w) to enhance the mechanical
properties of the spherical shape cocrystals, (Figure 4.29 b).
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Figure 4.9. PXRD patterns of a) NIC Raw,
(calculated,

adopted

7.5%)60min,

e)

from

SAL-NIC

CSD

b) SAL Raw c), SAL-NIC

Cambridge),

(PEG4K

10%)60min,

d)

SAL-NIC

(PEG4K

f)

SAL-NIC

(PEG4K

12.5%)60min, g) SAL-NIC (PEG4K 15%)60min and h)SAL-NIC-SG, showing
a decrease in 2θ = 11 (e-d) and an increase in the cocrystal characteristic
peaks.

4.2.1.2. The effect of temperature
The effect of temperature on cocrystal formation using the HSMG process was
investigated. Batches of SAL-NIC with 15% w/w PEG4K polymer at different
temperatures (40 °C and 80 °C) were processed.
Batches produced at 40 °C in which PEG4K is only softened but remains in its
solid phase, limited progress in cocrystal formation was observed. DSC
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thermograms in (Figure 4.10) show insignificant changes in endothermic peaks
of different samples throughout the cocrystallisation process. There is a
significant endothermic peak present at 116 °C, indicating the presence of starting
materials. Incomplete cocrystallisation may be attributed to insufficient mixing in
the absence of molten catalysts.

Figure 4.10. DSC thermogram of the starting materials and SAL-NIC (PEG4K
15%) cocrystals produced with the HSMG technique at the processing
temperature of 40 ᵒ𝑪.

Similar results were obtained for SAL-NIC (12.5% w/w PVP) samples prepared
by HSMG at a temperature of 90 ᵒC (Figure 4.15). The presence of starting
materials emphasises the critical influence of temperature in cocrystal formation.
Whereby, binders in the molten state facilitate sufficient mixing and hence
molecular

interactions

between

different
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components

leading

to

the

intermolecular

non-covalent

bond

formation

and

ultimately

complete

cocrystallisation.
PXRD diffractograms of batches produced using lower thermal process
conditions are in concordance with the DSC (thermal analysis) results. Figure
4.11 (d) shows that SAL-NIC (PEG4K) produced at 40 °C has lower intensities
for the characteristic cocrystal diffraction peaks and a higher intensity at 2θ = 11ᵒ.
The diffraction features indicate the presence of residual starting materials, hence
incomplete cocrystal conversion. Besides, the PXRD patterns of samples taken
at different time intervals, as shown in (Figure 4.12 a-d) also correlate with their
thermogram

profiles, showing insignificant progress

in

cocrystallisation

throughout the HSMG process. There are no major changes to the cocrystal
characteristic diffraction peaks (2θ = 6.8ᵒ, 8.8ᵒ, 9.5ᵒ and 13.7ᵒ) for samples taken
between 30-60 min. Moreover, although at 2θ = 11ᵒ has a decrease in intensity,
it remains an indication of the starting materials at the termination point of the
cocrystallisation process.
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Figure 4.11. PXRD patterns of a) NIC Raw b) SAL Raw c) SAL-NIC
(calculated,

adopted

from

CSD

Cambridge)

d)

SAL-NIC

(PEG4K

15%)60min(40C) Showing the existence of the diffraction peak at 11 0 2θ
angles indicating the presence of starting material and d) SAL-NIC-SG.
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Figure 4.12. PXRD patterns of a) SAL-NIC (PEG4K 15%)30min(40C) b) SALNIC (PEG4K 15%)40min(40C) c) SAL-NIC (PEG4K 15%)50min(40C, d) SALNIC (PEG4K 15%)60min(40C) and e) SAL-NIC-SG, .showing insignificant
progress in cocrystallisation and the existence of the diffraction peak at 110
2θ angles indicating the presence of starting material and incomplete
conversion into cocrystal phase.

Of particular importance, the endothermic peaks at 116 °C show a significant
decrease in enthalpy throughout the cocrystallisation cycle and finally disappears
at the time interval of 60 min for batches that were produced at processing
temperature above the melting point of PEG4K polymer (Figure 4.13). The
thermal behaviour of various samples shows an increase in enthalpy of the
endothermic peak at 138ᵒ, indicating cocrystal formation. The significant changes
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in cocrystals thermal behaviour reveals changes in their crystal packing and
lattice energies.
In comparison with batches produces at 40 °C (lower), the formation of cocrystals
at 80 °C was found to be faster and had greater purity. The acceleration in
cocrystal formation can be attributed to being the higher molecular mobility
provided to the starting materials as a result of their partial solubility in the molten
polymer state (at 80 °C). In contrast, PEG4K polymer remains in solid-state at the
processing temperature of 40 °C as this is below its melting point range (53-58
°C). Thereby the lower temperature does not assist the cocrystal formation
(Rehder et al. 2011). Overall, a combination of shear force and heating is
preferable for cocrystal formation by HSMG technology.

Figure 4.13. DSC thermogram of SAL-NIC (PEG4K 15%) cocrystals
produced at 80C, showing noticeable changes in the endothermic peaks of
the eutectic point and the cocrystal point at 138 ᵒC.
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PXRD patterns of SAL-NIC (PEG4K) samples manufactured at the optimised
polymer concentration (15%) and thermal conditions (80 °C) are shown in (Figure
4.14). This indicates significant advances in cocrystallisation in shorter periods
due to the availability of adequate polymer in the molten state, providing greater
molecular mobility. This provides increased opportunities for molecular
interactions, thus bond formation. The substantial decrease in the intensity at 2θ
= 11ᵒ can easily be observed after 20 min, (Figure 4.14 b) this is an indication of
the increased rate of cocrystal formation and reduction of starting materials.

Figure 4.14. PXRD patterns of a) SAL-NIC (PEG4K 15%)10min(80C) b) SALNIC (PEG4K 15%)20min(80C) c) SAL-NIC (PEG4K 15%)30min(80C, d) SALNIC (PEG4K 15%)40min(80C), e) SAL-NIC (PEG4K 15%)50min(80C), SALNIC (PEG4K 15%)60min(80C) and SAL-NIC-SG, showing a significant
improvement in cocrystal formation throughout the HSMG.
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Figure 4.15. DSC thermograms of SAL, NIC raw materials and samples were
taken at different time intervals during SAL-NIC cocrystallisation by HSMG
technology using PVP polymer as a catalyst agent under the thermal
condition of (90 ᵒC). Granule thermograms show small endotherms at the
eutectic melting points (116.78 ᵒC) of the physical mixture, followed by
greater endotherms at the melting point of SAL-NIC cocrystals at 138.64 ᵒC.

More SAL-NIC cocrystals batches were prepared using PEG6K polymer.
The results obtained were similar to those prepared using PEG4K
Results of batches prepared using PEG6K provided in the (Bibliography,
appendix I).
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4.2.1.3. The effect of binder properties
Gelucire is family of semi-solid (wax) to solid materials derived from polyethene
glycol ester surfactants. It is composed of a simple triglyceride (mono, di, and
triglycerides) and PEG esters of the fatty acids. PEG comprises of the hydrophilic
part of gelucire with a lipophilic fatty acid. This amphiphilic nature of the molecules
makes it possible to manufacture gelucire materials of various polarities covering
the spectrum. The spectrum of hydrophilic, lipophilic balancing values (HLB) is
modified by changing the molecular weight of fatty acids and PEG. The molecules
are available in wide ranges of HLB and melting spots (33-65 ᵒC) making them
useful for various uses such as controlled drug release, taste masking and as
coating agents (Panigrahi et al. 2018).
The formation of NIC- SAL cocrystal was investigated with two different grades of
gelucire lipid binders. The first lipid binder investigated was Gelucire 39/01, a
relatively low melting point (39 ᵒC) and hydrophobic nature (a polar, HLB 01).
Gelucire 48/16 has a higher melting point (48 ᵒC), and a hydrophilic nature (polar
HLB 16) was also investigated.
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4.2.1.3.1. SAL-NIC 1:1 (Gelucire 39/01)
DSC thermal analysis
DSC thermograms of SAL-NIC (Gelucire 39/01) batches using various binder
concentrations and thermal conditions (Figure 4.16), all show an endothermic
peak at 116 ᵒC, indicating the presence of starting materials after 60 min. This may
be referred to as the physicochemical properties of Gelucire 39/01 lipids.
The batch produced with (Gelucire 39/01) 12.5% w/w concentration under the
heating condition of 60 ᵒC (20ᵒ degrees above the melting point of the binder), the
materials quickly turned into a wet mass and stuck to the inner surface of the bowl.
The adhesion of materials terminated the impact of shearing force exerted by the
impellers, that is necessary for APIs and coformer interaction and subsequent
cocrystallisation.

Similar results were obtained after reducing the binder

concentration to 10% w/w, and there was no improvement in the thermal
behaviour of the resulting materials.
In an attempt to avoid the wet massing of the starting materials, the processing
temperature was decreased to 35 ᵒC, which is below the melting point of gelucire
39/01. The thermograms for these samples taken at the endpoint of the HSMG
process (60 min) had an endothermic peak at 116 ᵒC, which is characteristic of
the starting material. Also, worth noticing that a minor endothermic peak at 138 ᵒC
(Figure 4.16) was obtained for the resultant materials processed at a lower
temperature, this was not the case in the batches processed 60 ᵒC. This indicates
that thermal influence is a major factor for the formation of cocrystals using HSMG
technology.
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Figure 4.16. DSC thermogram of SAL-NIC (Gelucire 39/01) at different binder
concentrations and processing temperature, showing the existence of
endothermic peak at 116 ᵒC as an indication of the presence of starting
materials.
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PXRD analysis

PXRD patterns for samples taken at the endpoints of various batches produced
using Gelucire 39/01 binder concur with thermographic results. The diffractogram
for the batch produced at the lower temperature taken after 60 min was identical
to the physical mixture patterns. This showed a high-intensity characteristic
diffraction peak at 2θ = 11ᵒ and no SAL-NIC cocrystal characteristic peaks (Figure
4.17 e).
The PXRD patterns for various samples (Figure 4.18) showed no changes in their
cryptographic patterns, thus no formation of cocrystals. Batches produced at a
temperature below the melting point of (Gelucire 39/01), the Gelucire 39/11 was
not in the molten state to provide sufficient mobility for cocrystallisation. Cocrystal
formation in polymer assisted cocrystallisation is attributed to the partial
dissolution of components in the molten polymer, similar to that in the solvent
assisted cocrystallisation (Weyna et al. 2012), we are expecting the same
mechanism for the co-crystallisation in lipid assisted HSMG process, whereas
batches with a higher processing temperature (60 ᵒC) had reduced possibility of
cocrystallisation due to adherence of materials as a wet mass to the interior side
of the granulation bowl. This reduced the shear force on the materials, thus
reducing the possibility of cocrystal formation.
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Figure 4.17. PXRD patterns of a) NIC Raw b) SAL Raw c) SAL-NIC (cal) d)
SAL-NIC-SG and e) SAL-NIC (Gelucire 39/01) 60min(35C), showing the
characteristic patterns for the raw materials as well as the calculated
cocrystal crystallography.
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Figure 4.18. PXRD patterns of a) SAL-NIC (Gelucire 39/01)15% 60 min (35
ᵒ

C), b) SAL-NIC (Gelucire 39/01)10%10 min (60 ᵒC) and SAL-NIC (Gelucire

39/01)12.5% 5 min (60 ᵒC) showing high-intensity diffraction peak at 2θ = 11ᵒ
as an indication for the presence of residual starting materials (SAL).
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4.2.1.3.2. SAL-NIC 1:1 (Gelucire 48/16)
Formation of SAL-NIC cocrystals was investigated with (Gelucire 48/16) which is
hydrophilic (HLB 16 - relatively polar) in comparison to (Gelucire 39/01) lipids.
DSC thermogram for the batch produced with 10% gelucire 48/16 concentration
shows an endothermic peak at 116 °C. Whereas, the batches produced with
12.5% and 15% show a single endothermic peak at 138 ᵒC, characteristic of the
SAL-NIC cocrystal (Figure 4.19). Unlike batches produced with (Gelucire 39/01)
the batches remain in good flow without adherence to the granulator bowl. All
batches were granulated for 60min, and there was improved cocrystal formation
in comparison to the batches produced with gelucire 39/01. The complete crystal
conversion was due to the continuous shear force throughout the HSMG process.
Thermal analysis

The DSC thermograms of the physical materials, reference cocrystal and samples
were taken at 60 min of SAL-NIC (gelucire 48/16) produced by HSMG method
using 10, 12.5 and 15% w/w binder concentrations are shown in (Figure 4.19).
The thermogram of the sample prepared with 10% lipid concentration has a small
endothermic peak at the eutectic melting point of the starting materials at around
116 ᵒC followed by a larger endothermic peak at around 138 ᵒC. The provided
thermogram features is an indication of the presence of residual of API and
coformer due to incomplete cocrystallisation.
The DSC thermogram for the samples prepared with relatively higher
concentrations (12.5 and 15%) has a single endothermic at around 138 ᵒC,
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indicating the purer cocrystals. Besides, small endotherms were observed at
around 40 ᵒC characteristics of gelucire 48/16 lipids.

.
Figure 4.19. DSC thermogram for batches produced with different
concentrations of Gelucire 48/16, starting materials and solvent assisted
batch. Single endothermic peak is shown for batches produced with 12.5%
and 15% binder concentrations, whereas the batch produced at 10% binder
content has an additional peak at 116C characteristic for the SAL starting
material.

Figure 4.20 shows the DSC thermograms of samples taken at different time
intervals during the HSMG cocrystallisation of SAL-NIC (Gelucire 48/16) and the
reference cocrystal sample. All granulated cocrystals have a small endothermic
peak around 40 ᵒC, the melting point of the binder. The DSC thermograms for
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samples taken at 10 and 20 min have small endothermic peaks around 116 ᵒC
indicating an incomplete cocrystallisation. Samples taken at 30, 40 and 60min,
have single endotherms around 138 ᵒC characteristics of the SAL-NIC cocrystals.

Figure 4.20. DSC thermogram of SAL-NIC (Gelucire 48/16) 15% samples
taken at different time intervals (10-60min) during HSMG cocrystallisation
method

The PXRD diffractograms for samples taken at the endpoint of batches produced
with different concentrations of gelucire 48/16 at processing temperature 60 ᵒC
(Figure 4.21 d-f) show cocrystallisation. PXRD diffractograms agree with the
according to DSC thermograms. A high-intensity diffraction peak was observed
at 2θ = 11ᵒ for a batch with 10% concentration, as shown in (Figure 4-17 d).
Batches produced with 12.5% and 15% shown in (Figure 4.21 d and e) had PXRD
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diffractograms characterising complete cocrystallisation. PXRD patterns of
cocrystals were different due to starting materials due to rearrangements
(different d-spacings and arrangements) of crystals lattice by cocrystallisation.
PXRD analysis

Figure 4.21. PXRD patterns of a) NIC Raw b) SAL Raw c) SAL-NIC (cal) d)
SAL-NIC (Gelucire 48/16 10% 60min(60C) e) SAL-NIC (Gelucire48/16) 12.5%
60min(60C) f) SAL-NIC (Gelucire48/16) 15% 60min(60C) and g) SAL-NIC-SG.
Showing the characteristic peaks for the SAL-NIC cocrystals and starting
materials (a-d). Also showing the diffraction peak 11 as an indication for the
presence of starting materials in batch (d) whereas both batches (e and f)
superimpose on the reference SAL-NIC SG cocrystal patterns (g).

Figure 4.22 shows the PXRD diffractogram for samples taken at various time
intervals during the HSMG cocrystallisation. The sample taken at 10min (a), has
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similar features to the physical mixture, with intense diffraction peaks at 2θ = 11ᵒ
and 14ᵒ. Although sample (b) showed characteristic cocrystals peaks, the
diffraction peak at 2θ = 11ᵒ remained present with a high intensity indicating the
presence of starting materials. The PXRD diffractograms for the samples taken
after 45 and 60 min (c and d), indicated complete cocrystallisation due to the
absence of peaks characteristic of the starting materials.

Figure 4.22. PXRD patterns of SAL-NIC (Gelucire 48/16)12.4% prepared by
HSMG technology. Samples were taken at different time intervals a) 10
min, b) 30 min, c) 45 min, and d) 60 min.
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4.2.2. Raman Spectroscopy
Raman spectra of cocrystals differ from those of the starting materials like PXRD
and DSC. Thus, the mechanochemical transformation into cocrystals, as a new
solid phase, can be evident during the HSMG process through changes in the
spectrum of resultant products. Figure 4.23 presents the overlay of NIC, SAL and
the reference SAL-NIC SG cocrystal sample which maintains various peaks from
the starting material spectrums, mainly in the region 750-1050 cm-1. However, it
is possible to differentiate the cocrystals spectrum from the SAL and NIC
spectrum in two specific regions: 750 to 800 cm-1 and 1000 to 1050 cm-1. The
spectrum for SAL has a characteristic peak at 772 cm-1. Whereas, the most
evident changes in the spectra is the shifting at 1042 cm-1, which is relating to the
C-N-H stretching resulted from interactions between the homosynthons moieties
of NIC molecules. The absent of the SAL characteristic peak at 772 cm-1 and the
shifting of NIC from 1042 to 1030 cm-1 is indicative of cocrystallisation.
Furthermore, this also indicates the development of the cocrystallisation process
and the degree of the cocrystal purity.
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Figure 4.23. Raman spectra of the NIC Raw, SAL Raw and SAL-NIC
cocrystals showing their characteristic peaks.
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Alteration in the spectra of materials upon cocrystallisation is due to changes in
the crystal structure. Raman analysis of SAL-NIC cocrystal samples containing
various concentrations of PEG4K was conducted, as shown in (Figure 4.24). The
Raman spectra for the pure SAL Raw has energetic bands at 772 cm-1, 1030 cm1

and 1245 cm-1. Whereas, the pure NIC Raw sample has medium spectra bands

at 810 cm-1 and high-intensity band at 1043 cm-1. The physical mixture sample of
starting materials contained a combination of all bands in lower intensities.
After cocrystallisation, the characteristic peak in SAL responsible for C-O
stretching shifted from 772 cm-1 to 794 cm-1 indicating the role of the carboxylic
acid in hydrogen bonding. Also, the characteristic peak for NIC at 1043 cm-1 was
observed to shift to 1028 cm-1, indicating the participation of the amide indole ring
in the hydrogen bonding. These shifts all indicate cocrystallisation of NIC with
SAL molecules.
The batch produced with a minimum concentration of polymer, cocrystal
formation was not observed at the endpoint (60 min). Identical Raman shifts for
the starting materials as in the physical mixture sample were present. An increase
in polymer concentration to 10% found to have a remarkable improvement in
cocrystal formation indicated by the complete Raman shifting from 772 cm-1 to
794 cm-1. This is the characteristic Raman shift for the SAL-NIC cocrystal. A
gradual shift from band 1043 cm-1 to 1028 cm-1 was observed, as an additional
indicator for cocrystals formation, (Figure 4.24).
Increasing

the

polymer

concentration

to

12.5%

and

15%

complete

cocrystallisation was observed. The Raman spectra had two single bands in the
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region 794 cm-1 and 1028 cm-1, identical to the observed bands for the SAL-NIC
SG reference sample.

Figure 4.24 Raman spectra for the starting materials, physical mixture and
SAL-NIC (PEG4K) batches with 2.5-12.5% polymer concentration in
compression to the reference SAL-NIC SG cocrystals.
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The progress in cocrystals formation throughout the HSMG process was
investigated for the batch containing 12.5 % (Gelucire 48/16), (Figure 4.25). The
sample taken at 10 min had a peak at Raman shifts at both 1043 cm-1 and 1028
cm-1. Remarkable decrease in intensity for the Raman shift at 1043 cm-1 was
observed after 30min turning into a small shoulder to the Raman shift at 1028 cm1

. Raman shift 1043 cm-1 is characteristic for pure SAL and present in the physical

mixture spectrum (SAL-NIC PM) completely shifted to 1028 cm-1 after 40 min
indicating hydrogen bonding formation by the participation of the amide group.

Figure 4.25. Raman spectra for SAL-NIC (Gelucire 48/16) samples taken at
different time intervals (10, 30, 40 and 60 min) during the HSMG process.
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Samples collected at the endpoints for different batches were analysed using
Raman spectroscopy to determine the formation of cocrystals with various
polymers; these are shown in (Figure 4.26). Batches containing polyethene glycol
(PEG4K and PEG6K) and Gelucire 48/16, had Raman spectra identical to the
reference SAL-NIC cocrystal. This a complete transformation of starting materials
into the new solid phase after achieving the threshold of shear force and
mechanochemical energy. In contrast, the batch with PVP polymer, the spectrum
is characteristic of the starting materials (physical mixture).

Figure 4.26. Raman spectra for samples taken at termination points for
various SAL-NIC batches containing 15% concentration of (PEG4K,
PEG6K, Gelucire 48/16 and PVP) polymer.
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4.2.3. Raman Mapping
As shown in (Figure 4.27), the starting materials (SAL and NIC) and the SAL-NIC
SG reference cocrystal sample has three distinctive peaks within the Raman
shifting region of 750-825 cm-1. SAL Raw exhibited a peak at 722 cm-1
characteristics of C-O groups. NIC Raw showed a low-intensity peak at 768 cm 1

. In the SAL-NIC SG cocrystal sample, the peak at Raman shift 772 cm-1 shifted

to 794 cm-1. The PEG4k does not show any distinctive peak within the Raman
shift region 750-825 cm-1. The peak at Raman shift 794 cm-1 is the characteristic
of SAL-NIC cocrystals. Furthermore, it is free from interference from the Raman
shifts of any other components in the formulation. The characteristic peak at 794
cm-1 was therefore used to generate the Raman map of the sample to determine
the distribution of the cocrystals.
A spiked sample containing different formulation components was analysed using
Raman spectroscopy to determine the viability of the method in the identification
and distribution of individual components. As shown in (Figure 4.27), it is apparent
that there is a differentiation between the spiked material across the analysed
sample indicating the feasibility of the instrument and the viability of the method.
Starting materials are colour coded as NIC (red), SAL-NIC SG (blue), SAL (green)
and PEG4K (yellow).
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Figure 4.27. Schematic demonstration of Raman mapping of a spiked
sample containing red) NIC Raw, blue) SAL-NIC SG, green) SAL Raw and
yellow) PEG4K.
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Mapping results are shown in (Figure 4.28) outline the intensity value of the peak
794 cm-1 across the surface of samples taken at different time intervals for SALNIC (PEG4K) 15% (w/w) batch produced with HSMG technology. Interestingly,
the intensity of the peak of 794 cm-1 increased as a function of the massing time.
The samples were taken at 10 min and 20 min of granulation (cocrystallisation)
process (Figure 4.28 a and b), insufficient cocrystal formation was observed.
When the system reached the energy threshold for cocrystal formation after 30
min, there was an obvious and remarkable increase in the intensity of the
cocrystals across the cross-sectional of the analysed sample, as shown in (Figure
4.28 c and d).
These obtained results are in good agreement with the results obtained from the
thermal and PXRD analysis of the formulation containing 15% w/w PEG4K
polymer. Increasing the polymer concentration and heat in the system led to an
increase in cocrystal formation, a new solid phase. The highest intensity in
cocrystal characteristic peaks was found in samples taken after 50 min and 60
min, (Figure 4.28 d-f). The Raman mapping results were found in good correlation
with the obtained thermograms and crystallographic results.
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Figure 4.28. Raman maps/images showing the intensity at 947 cm -1,
characteristic for cocrystal, throughout the cross-section of SAL-NIC
(PEG4K) at a)10min, b) 20 min, c) 30 min, d) 40 min, e) 50 min and f) 60 min
of HSMG process.
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4.2.4. SEM
Scanning electron microscopy determined the shape, approximate size and the
morphology of prepared cocrystals. The micrographs of the different cocrystals
produced are shown in (Figure 4.29). Cocrystals prepared by solvent grinding
(SG) method were in irregular plane shapes with an approximate size of 4mm2,
as shown in (Figure 4.29 a). Granules prepared by HSMG cocrystallisation of
SAL-NIC (PEG4K15%) were approximately between 1750 to 2500 µm in
diameter and had a regular spherical shape, See (Figure 4.29 b). HSMG
cocrystallisation of CBZ-NIC (PEG415%) also provided a spherical shape granule
with a proximate 1500 to 2000 µm, (Figure 4.29 c).

Figure 4.29. SEM images of cocrystals prepared by a) SAL-NIC SG, b) SALNIC (PEG4K15%) HSMG) and c) CBZ-NIC (PEG4K15%) HSMG.

The highly spherical shape for the cocrystals provided with HSMG may be due to
the motion of mixing materials inside the granulator bowl under the influence of
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impeller rotation speed. The SEM micrograms of spherical cocrystals prepared
with a high concentration of HMG polymer revealed the presence of a hollow core,
as shown in (Figure 4.30 b, c and d). The presence of a hollow core for the
prepared spheres indicates that agglomeration occurred upon the immersion and
layering mechanism. During granulation, the nucleation phenomenon follows the
immersion mechanism, when the binder droplet size is relatively large compared
with powder particle size. Thereby powder particles immerse to the surface of the
droplet and continue to grow by a layering of the particles over the saturated core
leading to the formation of rigid granules with a hollow core (Schæfer and
Mathiesen 1996). See (Figure 2.17).

Figure 4.30. SEM micrographs of HSMG a) single spherical granule of SALNIC (PEG4k15%) 60 min and b) cross-section of granule in the same batch
(30min), the cross-section of granule in the same batch (40min) and crosssection of granule in the same batch (60min).

The hollow core of the spheres produced by HSMG shrunk across the
granulation process due to the migration of molten binders to the contact zones
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on the surface of the granule to enhance further granule growth, (Figure 4.30)
(Iveson and Litster 1998; Tan et al. 2006).
Different mechanisms of agglomeration were observed for the granule formation;
those prepared with relatively lower polymer concentration (PEG4K 10%)
possibly started with dispersing of binders over the surface of the powder particles
leading to the coalescence of primary nuclei and followed by the adhesion of
ungranulated particles, (Figure 4.29 top). Granules produced with this mechanism
and lower binder content provided less regular shaped granules with rough
surfaces due to competing of particles for adherence to the molten binder on the
surface of the granulated nuclei (Walker et al. 2006). On the other hand,
granulation by immersion was dominant in granulation with higher polymer
content. During granulation with the immersion mechanism, powder particles
immerse to the surface of the binder droplet forming initial nuclei. Immersion is
usually followed by a layering of ungranulated particles to surface contact area
containing a thin layer of molten binder migrated from the core of the granule
through micro-channels (Mangwandi et al. 2015a), (Figure 4.31 bottom).
Granules prepared by immersion mechanism are more regular, spherically
shaped with a smoother granule surface, in comparison to formed with
coalescence mechanism with lower binder content (Walker et al. 2006; Mašić et
al. 2012).
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Figure 4.31. SEM image granules produced by HSMG show two different
granulation mechanisms, granulation by dispersion-coalescence (top) and
granulation by immersion and layering (bottom).
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4.2.5. Hot stage microscopy
HSM was used in this study to investigate the morphology and thermal behaviour
of individual compounds, including spherical cocrystals granules. Spherical
shaped granule prepared by HSMG were found to undergo melting after the
temperature reached 138 ᵒC which consistent with DSC analysis.
SAL-NIC (PEG4K15%) sphere

a

b

c

d

Figure 4.32. HSM images of SAL-NIC (PEG4K12.5%) prepared by HSMG
technology, showing the melting of the spherical shape granule at around
138 ᵒC characteristics for SAL-NIC cocrystals.

During the thermal behaviour investigation of SAL, a hollow tubular crystal was
observed forming when the temperature reached around 100 ᵒC and continued to
grow before melting after reaching the typical melting point of SAL at around 162
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ᵒ

C. The formation of hollow needles upon heating is reported (Martins et al. 2011).

This is correlated to crystal growth due to vapour transport (sublimation), see
(Figure 4.33). The crystal tubular needles usually follow two different mechanisms
of growth, in the first mechanism, growth occurs at the tip of needles due to the
transfer of sublimated or liquidised material through the hollow core of the needles
by convection until reaching the tip where it solidifies and feeds growth. In the
second mechanism, needles grow from the root due to the solidification of molten
material at the base of the needles. The physical properties of the solids, including
thermal conductivity, dictate their growth mechanisms.
The SEM images in (Figure 4.34) show hollow tubular crystals of SAL at different
thermal rates, slow (5 ᵒC/min) and fast (10 ᵒC/min). The open channel of the SAL
needle particles at both processing rates indicates the growth by the first
mechanism in which growth occurs at the tip of the needles. More regular shapes
were observed for the needles prepared using the lower thermal rate, (Figure 4.34
a). In comparison, those prepared at the higher thermal rate were less regular
with thinner edges and a relatively larger internal channel, (Figure 4.34 b). These
differences may be related to a slower solidification rate at the higher thermal
processing rate.
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a

b

c

d

e

f

Figure 4.33 Images of SAL raw material under HSM showing the growth of
needles upon sublimation with increasing temperature (a-f).
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a

b

Figure 4.34 SEM images of hollow needle shape crystals prepared under
HSM, showing the solidification of molten materials (growth) at the tip of
the tubular needles. a) slow process b) fast process.

The SEM images of granules prepared by HSMG technology are shown in (Figure
4.35). These show the presence of needles on the surface of a granule prepared
with 10% polymer content (Figure 4.35 a). The granules produced with relatively
high binder content (12.5%) had needles at the void core cavity of the spherical
granules, as shown in (Figure 4.35 b). A further increase in polymer content found
to decrease the presence of the needles, (Figure 4.35 c). The decrease of the
SAL needles with increasing binder content may be related to embedding of SAL
particles inside the molten binder restricting the sublimation phenomena. The
CBZ-NIC (PEG4K25%) cocrystal spheres had no visible presence of needles
which indicate that neither CBZ nor NIC underwent sublimation, (Figure 4.35 d).
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SAL-NIC (PEG4K10%)

SAL-NIC (PEG4K12.5%)

a

SAL-NIC (PEG4K15%)

b

CBZ-NIC (PEG4K15%)

c

Figure 4.35. SEM images of granules prepared by HSMG of SAL-NIC
(PEG4) a) 10% b)12.5%, c) 15% and d) NIC-CBZ (PEG4K15%).
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d

4.2.6. Physical characteristics
Figure 4.36 shows the physical appearance of samples prepared by the HSMG
cocrystallisation method using different binder concentration in comparison to
solvent assisted grinding sample (SG). Samples prepared with lower binder
concentrations found to have less spherical shape granules and a higher
percentage of fine particles. Insufficient binder concentration provides brittle
granules with poor microstructural properties that unable to withhold the impact
of force applied by the impeller and chopper during the granulation process
undergo breakage and attrition (Liu et al. 2009). The gradual increase in binder
concentration has improved the particle size leading to the formation of spherical
shape granules with 15% binder concentration.

Figure 4.36. Images of SAL-NIC SG reference sample and different granule
samples prepared by HSMG cocrystallisation method using different binder
concentrations.

Figure 4.37 shows the sieving analysis of the for batches prepared with 15%
binder concentrations. A higher percentage of spherical shape granules were
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observed to have 450 to 850 µm particle size. The SAL-NIC cocrystals spheres
prepared with PEG4K binder found to most regular shapes (see Figure 4.36 ) and
narrow particle size distribution (Figure 4.37).

Figure 4.37. granule size analysis of granules prepared by HSMG using
different binder concentration
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4.2.7. Dissolution
The drug release of SAL from samples of different batches was compared with
the pure SAL Raw, physical mixture and the reference SAL-NIC SG sample. The
samples containing cocrystals showed significant improvement compared to the
raw materials and the physical mixture of the starting materials, (Figure 4.38). The
fastest dissolution rate was achieved by the SAL-NIC (PEG4K15%) sample,
releasing 90% of the drug from within 30 min. Although the physical mixture of
materials SAL-NIC (PEG4K 15%) PM showed faster dissolution comparing to the
pure drug in SAL Raw, this increase was not significant compared to the cocrystal
batches. The slight improvement in the dissolution rate for the physical mixture
may be referred to as the change in the pH by NIC (Dhumal et al.). Furthermore,
the presence of PEG4K polymer has been reported to have a definite influence
on the drug dissolution rate in comparison to pure drugs (Van Melkebeke et al.
2006). The second fastest dissolution rate was observed for the SAL-NIC SG
reference cocrystals which may be due to their physical properties, being less
compacted than densified spheres and having a greater surface area due to their
plate shape particles, (Figure 4.29).
The drug release of the samples was investigated using a relatively alkaline
dissolution medium of pH 6.8 phosphate buffer. Although all samples, including
the raw drug sample (SAL Raw), exhibited a higher dissolution rate in the alkaline
medium, the samples containing cocrystals exhibited faster dissolution rate,
releasing 80% of the drug in under 10 min, (Figure 4.39).
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Figure 4.38. The dissolution profile of SAL Raw, SAL-NIC cocrystals
produced with different binders and a physical mixture sample SAL NIC
(PEG4K15%) PM in acidic dissolution medium (HCl pH 1).
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Figure 4.39. The dissolution profile of SAL Raw, SAL-NIC cocrystals
produced with different binders and a physical mixture sample SAL NIC
(PEG4K15%) PM in acidic dissolution medium (Phosphate buffer pH 6.8).
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4.3. CBZ-NIC (1:1) cocrystals

Figure 4.40. Crystal structure of CBZ-NIC cocrystals (adopted from CSD
Cambridge).

Cocrystallisation of CBZ with NIC by various methods is reported including
solvent evaporation (Fleischman et al. 2003; Zhang et al. 2017), polymer solution,
Kofler method (Berry et al. 2008) and HME (Wood 2016; Korde 2017). Figure
4.40 shows the crystal structure of CBZ-NIC cocrystals. They have hydrogen
bonding between the amide group of CBZ and the carbonyl group of NIC.
Crystallography data and crystal packing in unit cells for the cocrystal are given
in, Table 4.3. The powder diffraction patterns for CBZ-NIC cocrystals in (Figure
4.41) show the characteristic diffraction peaks at 2θ = 6.7ᵒ, 10.2ᵒ and 13.3ᵒ.
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Table 4.3. Crystallography data for CBZ-NIC cocrystals new phase.
Source: adopted from (CSD Cambridge) (Fleischman et al. 2003).
Cocrystal
Empirical formula
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)

CBZ-NIC 1:1
C15H12N2O, C6H6N2O
Orthorhombic
P21/n
5.096
17.595
19.647
90
90.917
90

Figure 4.41. Calculated PXRD pattern for CBZ-NIC 1:1 (adopted from CSD
Cambridge)(Fleischman et al. 2003).
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Results analysis
4.3.1. DSC thermal analysis
The DSC thermograms of CBZ, NIC starting materials and batches produced with
various PEG4K polymer concentrations (w/w) at 80 ᵒC are shown in (Figure 4.42.
CBZ and NIC starting materials show endothermic peaks attributed to their
melting points at 191.80 ᵒC and 129.86 ᵒC respectively. CBZ-NIC SG cocrystals
show a single endothermic peak at 160 ᵒC, located between the endothermic
peaks of API and coformer and assigned for cocrystals formations (Qiao et al.
2013) (see appendix, Figure 9.19). The thermal analysis of samples taken after
the endpoint of different batches produced with PEG4K show endothermic peaks
at around 51ᵒC and 55 ᵒC, the melting point range of the polymer. The DSC
thermogram for the batch produced with 10 % (w/w) polymer concentration has
two endothermic peaks around 124 ᵒC and 160 ᵒC. The first peak is for the melting
of NIC indicating the presence of the starting material hence incomplete
cocrystallisation of the batch with minimal polymer concentration. The second
event is for the particular melting point for the CBZ-NIC cocrystals formed during
the HSMG process (Chieng et al. 2009). The batches produced with 12.5% and
15% polymer concentrations have an endotherm at 124 ᵒC with decreasing
intensity

with

increasing

the

polymer

content

indicating

increased

cocrystallisation. The batch containing highest polymer concentration of 17.5 %
(w/w), had a single endothermic peak around 160 ᵒC indicating full transformation
of CBZ and NIC into cocrystals as a new solid phase formed during the HSMG
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process. (See appendix for individual curves Figure 9.16, Figure 9.17 and Figure
9.18).

Figure 4.42. DSC thermograms of CBZ and NIC starting materials and
different batches produce with HSMG technology using different polymer
concentrations and 80C processing temperature. The curves show
characteristic for the starting materials, eutectic point and CBZ-NIC
cocrystals characteristic endotherm
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4.3.2. PXRD analysis
The PXRD diffractograms for the CBZ and NIC starting materials and the
reference CBZ-NIC cocrystals are shown in (Figure 4.43). As shown in (Figure
4.43 a and b), CBZ and NIC have their characteristic diffraction peaks around 2θ
= 14.7ᵒ and 12.8ᵒ, respectively. The CBZ-NIC reference cocrystal has its
characteristic diffraction peaks at 2θ = 6.7ᵒ, 10.2ᵒ and 13.3ᵒ, as shown in (Figure
4.43 e). Samples taken at the endpoints for batches produced with the lowest
(10% w/w) and the highest (17.5% w/w) polymer (PEG4K) concentrations are
shown in (Figure 4.43 c and d). The PXRD diffractogram for the batch produced
with the highest polymer concentration has new diffraction peaks which
correspond to those in the reference sample and reported characteristic CBZ-NIC
cocrystals peaks (Liu et al.). Whereas the PXRD patterns for the batch produced
with the lowest concentration of polymer (PEG4K10% w/w), has an extra
diffraction peak around 2θ = 12.8ᵒ (Figure 4.43 c) as an indication of starting
material (CBZ) thus, the sample did not undergo complete cocrystallisation during
the process.
The PXRD results for the samples taken at the endpoint of batches produced with
polymer concentrations (12.5% and 15% w/w) are shown in (Figure 4.44 d and
e). The results show a gradual improvement in the formation of the CBZ-NIC
cocrystals with increasing the PEG4K concentrations. The improvement was
noticed from the gradual decrease in the diffraction peak at 2θ = 12.8ᵒ and the
formation of a new diffraction peak at 2θ = 13.3ᵒ, as shown in (Figure 4.44).
(Individual patterns are given in the appendix)
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Figure 4.43. PXRD patterns of a) NIC Raw b) CBZ Raw c) CBZ-NIC (PEG4K
10%) 60min (80C) d) CBZ-NIC (PEG4K 17.5%) 60min (80C) and e) CBZ-NIC
(calculated, adopted from CSD Cambridge). Showing the characteristic
peaks for the reference samples and batches with different polymer
concentrations.
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Figure 4.44. PXRD patterns of a) NIC Raw b) CBZ Raw c) CBZ-NIC (PEG4K
10%) 60min (80C) d) CBZ-NIC (PEG4K 12.5%) 60min (80C) and e) CBZ-NIC
(PEG4K 15%) 60min (80C), f) CBZ-NIC (PEG4K 17%) 60min (80C) and CBZNIC (calculated, adopted from CSD Cambridge).
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4.4. SAL-CBZ (1:1) cocrystals

Figure 4.45. Schematic of the crystal structure of 1:1 SAL-CBZ cocrystals
and the crystal packing in the unit cell (adopted from CSD).

Cocrystallisation of SAL-CBZ cocrystals is well reported (Childs et al. 2009; Korde
et al. 2018). Cocrystals form via hydrogen bonding between the amide moiety (NH2) on the CBZ and the carboxylic acid (-CO2H) of the SAL resulting in SAL-NIC
cocrystals in a monoclinic form, (Figure 4.45). The crystallography structure data,
group spacing, bond length and bond angle are given in (Table 4.4).
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Table 4.4. Crystallography data for SAL-CBZ (1:1) cocrystal new phase.
Source: adopted from CSD database
Cocrystal
Empirical formula
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)

SAL- CBZ 1:1
C15H12N2O, C7H6O3
Monoclinic
P21/n (14)
5.1064
19.783
19.783
90
97.903
90

The PXRD pattern of SAL-CBZ cocrystals in (Figure 4.46) shows characteristic
features for the cocrystals with diffraction peaks at (2θ) 6.48 °, 8.84°, 9.72°, 13.08°
and 16.44°.

Figure 4.46. Calculated PXRD pattern for SAL-CBZ 1:1 (adopted from CSD
Cambridge )(Childs et al. 2009).
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Thermal analysis
DSC thermograms of the starting materials and samples taken at different time
intervals for SAL-CBZ (Gelucire 48/16) 7.5% w/w produced with HSMG at a
processing temperature of (60 °C) are shown in (Figure 4.47). The DSC
thermograms of SAL and CBZ starting materials exhibit endothermic peaks at
around 162 ᵒC and 191ᵒC respectively, which are attributed to their melting points.
Two endothermic peaks were observed for the SAL-CBZ PM at around 139 ᵒC
and 155 ᵒC which attributed to the eutectic and cocrystal melting, respectively.
The thermograms for the samples taken at 45 min and 60 min exhibit relatively
small endothermic peaks at the eutectic point, indicating the presence of starting
materials. The sample taken after 90 min has a single endothermic peak at 155
ᵒ

C, which is characteristic and the reported SAL-CBZ cocrystal melting point.

Figure 4.47. DSC thermograms of SAL and CBZ starting materials and
binary mixture, SAL-CBZ SG and samples taken at different time intervals
for SAL-CBZ produced with 7.5% (w/w) under the thermal processing
conditions of (60 ᵒC).
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The DSC thermogram for batches produced with higher Gelucire binder
concentration 10% w/w showed an improvement in cocrystal formation. The
thermogram for the sample taken at 10 min has two endotherms, the first around
138°C, attributed to the eutectic point for the physical mixture and another at 154
°

C for the melting of the SAL-CBZ cocrystal. Further improvement in cocrystal

formation was observed for the samples taken at 30 min and 40 min, attributed to
the influence of the prolonged sheering force during the HSMG process, (Figure
4.48).

Figure 4.48. DSC thermograms of starting materials and their binary
mixture and SAL-CBZ (Gelucire48/16) 10% samples taken at various time
intervals.

The PXRD diffractogram for the samples taken at various time intervals of the
SAL-CBZ (Gelucire 48/16) with 7.5% lipid concentrations is shown in (Figure
4.49) with the simulated cocrystal pattern and SAL-CBZ SG. The SAL-CBZ
cocrystal has characteristic diffraction peaks at 2θ = 6.48°, 8.84°, 13.08° and
16.44°. PXRD diffractogram for the sample taken at 45 min has a high-intensity
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diffraction peak was at 2θ = 11.05°, this indicates the presence of starting
materials (Figure 4.49 a). A reduction in its intensity was observed for the sample
taken at 60 min as an indication of greater cocrystal formation (Figure 4.49 b). A
further increase was observed for the sample taken after 90 min, showing
identical patterns to the PXRD patterns of the reference samples, (Figure 4.49 c).
The PXRD results for batches produced with 7.5% binder concentration are found
to be in good agreement with the reported SAL-CBZ cocrystals and support the
DSC thermal analysis results.

Figure 4.49. PXRD patterns for a) SAL-CBZ (Gelucire 48/16) 7.5% 45min
(60C), b) SAL-CBZ (Gelucire 48/16) 7.5% 60min (60C), c) SAL-CBZ
(Gelucire 48/16) 7.5% 90min (60C), d) SAL-CBZ SG and e) SAL-CBZ
(calculated, adopted from SCD Cambridge)
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The PXRD patterns for samples taken at different time intervals of a SAL-CBZ
(Gelucire 48/16) 10% binder concentration batch produced with HSMG show an
intangible improvement in cocrystal formation, (Figure 4.50). Although, a gradual
improvement in cocrystallisation was observed indicated by the reduction in the
intensity of the diffraction peak at 2θ 11.05° for the samples taken at 10, 30 and
40 min. The presence of the diffraction peak with relatively high intensity indicates
the presence of starting materials in the sample; therefore, the incomplete
cocrystallisation, (see Figure 4.50 a, b and c). The obtained results contradict
those obtained via DSC thermal analysis, (Figure 4.48). This may be possible due
to cocrystallisation during heating in the DSC.
It is worth noticing, the increase in gelucire concentration led to the termination of
the cocrystallisation process at 40 min due to the adhesion of the materials to the
internal walls of the granulation bowl. Thereby, the required shearing force
threshold was not achieved at the relatively higher lipid concentration comparing
to the batch produced with 7.5% binder concentration in which the process was
terminated after 60 min, (Figure 4.49).
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Figure 4.50. PXRD patterns for a) SAL-CBZ (Gelucire 48/16) 10% 10min
(60C), b) SAL-CBZ (Gelucire 48/16) 10% 30min (60C), c) SAL-CBZ (Gelucire
48/16) 10% 40min (60C), d) SAL-CBZ SG and e) SAL-CBZ (calculated,
adopted from SCD Cambridge).

Figure 4.51 shows the PXRD diffractograms for samples taken at different time
intervals during the process of cocrystals formation of SAL-CBZ using 10% and
12.5% w/w PEG4K polymer concentration. The batch produced with 10% polymer
concentration, the required energy threshold was achieved after 60 min of the
HSMG process indicated by a significant reduction in the intensity of diffraction
peak 2θ = 11.05° (See Figure 4.51 a and b). Further increase in polymer
concentration found to enhance the formation of cocrystals, (Figure 4.51 c).

168

However, an adverse impact on the physical properties of the resultant materials
was observed.

Figure 4.51. PXRD patterns for a) SAL-CBZ (PEG4k 10%) 30min (80C), b)
SAL-CBZ (PEG4k 10%) 60min (80C), c) SAL-CBZ (PEG4k 12.5%) 20min
(80C), d) SAL-CBZ SG and e) SAL-CBZ (calculated, adopted from SCD
Cambridge).
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4.5. Conclusion
Table 4.5 Different batches prepared by HSMG cocrystallisation method,
showing binder % and processing temperature. Red = starting materials,
Green = cocrystals, * impurity, time min = termination point.

Batch
1

API
SAL

Coformer
NIC

Binder

2.5%

PEG4K

5%

80C

7.5%

10%

**

*

12.5%

60 min
60 min

40C
2

SAL

NIC

PEG6K

***

80C

3

SAL

NIC

Gelucire48/16

60C

4

SAL

NIC

Gelucire 39/01

35C

60min **
****

**

*

60min
**
60 min

***

**

60 min

60C
80C

***

10 min
5 min

60C
5

CBZ

NIC

PEG4K

80C

***

**

7

SAL

CBZ

Gelucire48/16

60C

**

90 min

SAL

CBZ

PEG4K

*

60C

**

40 min
*

80C

***

60 min
**
**

***
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***

60 min

60C

8

15%

60 min

60min
*

In this study, we have successfully demonstrated that HSMG is an effective
method for cocrystal formation and could be established as a suitable technique
to

manufacture

cocrystal

granules

on

batch

scales.

Cocrystallisation,

simultaneous granulation and spheronisation using HSMG technology can
beneficial for downstream processing as this combines the advantages of
cocrystallisation and particle agglomeration into a single process.
Cocrystallisation with HSMG technology was found to be dependent on the binder
concentration, type, processing temperature and applied shearing force.
Sufficient binder concentration in a molten state with low viscosity was necessary
for cocrystallisation under the strong influence of impeller speed.
Cocrystals produced in the optimal formulation and processing conditions had
regular spherical shapes, possessed optimised physicochemical properties and
dissolution rate.
High shear melt granulation (HSMG) is a novel solvent-free method for cocrystal
formation and can be a vital technique for cocrystallisation of mechanical or
thermal labile materials.
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Chapter 5: Mechanochemical
Cocrystallisation of SAL-NIC Cocrystals
Using Hot-Melt Extrusion Technology
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5. Mechanochemical cocrystallisation of SAL-NIC cocrystals

using hot-melt extrusion technology

The chapter aims to investigate the influence of formulation and processing
parameters on crystal conversion during the HME process.
Hot melt extrusion cocrystallisation was explored to provide a comparison to
cocrystallisation by HSMG, to determine the key influencing factors in
cocrystallisation by high shear methods.
5.1. Introduction
Hot melt extrusion (HME) technology was initially developed for processing
applications in plastic, rubber and food industries (Patil et al. 2016). The
application of HME has expanded into the pharmaceutical industry for producing
a wide range of solid forms, including pellets, tablets, granules, topical, buccal
films and implants (Crowley et al.). Recently, HME extrusion has gained
increasing attraction as a novel technique to produce pharmaceutical cocrystals.
The HME process involves feeding raw materials through a barrel containing a
single (SSE) or twin rotary screw (TSE) towards a die, under controlled
processing parameters of temperature, screw speed, screw configuration and
barrel geometry. This is to provide solid forms with desirable pharmaceutical
properties. The barrel in is divided into different temperature zones, individually
controlled using fixed thermostats on the barrel and linked to the controlling
system.
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Intensive friction takes place between the screw and the barrel, providing efficient
mixing for the starting materials. This provides temperature control (allowing
elevated temperatures), excellent surface contact and close material packing
between the components leading to cocrystallisation (Breitenbach 2002). HME
technology continues to gain interest in the pharmaceutical industry for the key
advantage of being a continuous process, reducing the processing steps and
providing an economical advantage. Another key advantage is the HME is
relatively simple to scale up production to industrial scale, without compromising
product quality. One of the other advantages of HME is the possibility of inline (in
situ) monitoring of the materials during the active extrusion process through the
implantation of Process Analytical Technology tools (Liu et al.).
5.2. HME applications in cocrystals formation
Medina et al. (2010) first reported pharmaceutical cocrystallisation using HME
technologies. This study investigated AMG 517 and caffeine as a model drug
providing an insight such that TSE offered sufficient mixing, enhancing the
surface contact and close packing of different components, thus facilitating
cocrystal formation.
Dhumal et al. (2013) explored the effect of variable processing conditions during
HME, employing a quality by design approach for cocrystallisation of ibuprofen
and nicotinamide. HME was carried out at variable conditions of screw speeds
and temperature profiles using different screw configurations providing different
levels of shear force inside the extrusion barrel. The processing conditions were
found to have a significant effect on cocrystallisation, their purity and yield. It was
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concluded that the optimal thermal conditions for cocrystallisation to occur, the
barrel temperature must exceed the eutectic melting point of the mixing materials.
Screw configuration was found to have a significant effect on the purity, and high
purity cocrystals were obtained using screw configurations that provide the
highest shearing force.
Daurio et al. (2010) reported similar results on the effect of HME extrusion
parameters

on

cocrystallisation

of

caffeine

oxalic

acid.

Incomplete

cocrystallisation was observed for extrudates prepared at high screw speeds
(shorter residence time). Whereas, a complete cocrystallisation was observed for
the batches produced with a screw configuration that allowed greater mixing at
optimal thermal conditions (Medina et al. 2010). An attempt to investigate the
possibility to manufacture cocrystals at an industrial scale for reported cocrystals
using HME extrusion was made. The experiment findings indicated that HME was
successful in producing cocrystals with high purity on an industrial scale.
Martins et al. (2012) prepared carbamazepine-saccharine cocrystals using SSE
and TSE to demonstrate the effectiveness of cocrystallisation in improving the
aqueous solubility carbamazepine. CBZ is classified as BCS Class II compound
due to its poor aqueous solubility. Thermal DSC analysis and dissolution profiles
of extrudates showed greater purity for the samples prepared using TSE. In
contrast, cocrystals prepared using SSE showed a broader endothermic peak
indicating the impurity of the cocrystals. Furthermore, the cocrystals prepared
using TSE had a faster dissolution rate in comparison to those using SSE. The
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improved mixing provided by the TSE extrusion facilitated mixing and complete
cocrystallisation, leading to increased purity. Thereby better physical properties.
Despite the many presented and reported examples of cocrystallisation using
HME here, this technology is gaining increasing popularity. Due to its versatility
in improving properties of APIs hence it had a great potential in the
pharmaceutical sector.

In an attempt to further investigate the effect of processing and formulation
variables on mechanical cocrystallisation, HME extrusion of SAL-NIC cocrystals
has been investigated in this chapter. A thorough analysis of the extrudates was
carried out using PXRD and DSC to provide an insight into the purity and the
composition of the extrudates. HME extrusion was carried out using variable
formulations and altering process parameters. Details of the set-up are provided
in section 3.2.1.3.

5.2.1. SAL-NIC (1:1) cocrystals (PEG4K)

The physical mixture of SAL and NIC with different concentration of polymer was
subjected to thermal and mechanical stress during continuous HME extrusion.
Extrudates were prepared by twin-screw extrusion with different screw
configurations (Conf A, Conf B and Conf C) and thermal conditions (T70, T90 and
T120) to assess the processing and formulation conditions on the cocrystals
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conversion (yield) and their purity. The effect of polymer content and process
variables on cocrystal yield and purity was assessed by utilising DSC and PXRD
spectroscopic methods.

DSC thermal analysis
Figure 5.1, shows the DSC thermogram of NIC and SAL having single
endothermic peaks at 131 ᵒC and 162 ᵒC, respectively. Interestingly, the physical
mixture of SAL and NIC showed a high endothermic peak at 115 ᵒC attributed to
the eutectic melting point of the mixture, followed by a small melting endotherm
at 138 ᵒC. The presence of two endotherms is an indication for incomplete
cocrystallisation, the eutectic melting endotherm (with Kofler method) which
subsequently exhibits an endothermic event identical to the characteristic
cocrystal sample melting point.

Figure 5.1. DSC thermogram of SAL, NIC starting materials, physical
mixture and SAL-NIC SG cocrystals.
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Figure 5.2 shows the DSC thermograms of extrudates prepared at variable
temperature codes (T90 and T120) and screw speeds (10 and 50 rpm) using the
twin-screw extruder configuration (Conf A) with no mixing zone. The DSC thermal
analysis shows an improvement in cocrystal formation for samples extruded
elevated thermal conditions (T120) and longer residence time (screw speed 10
rpm). The eutectic endotherm at around 115 ᵒC reduced and there was an
increase in the SAL-NIC cocrystal characteristic melting point at 138 ᵒC. The
improvement in cocrystal yield can be correlated to the reduction in polymer
viscosity with increasing temperature. This enhanced mixing and surface
interactions between the different components (Dhumal et al. 2010). However,
the sufficient mixing threshold was necessary for complete cocrystallisation. This
was not reached in the absence of a mixing zone and screw configuration, Conf
A.

Figure 5.2. DSC thermograms for SAL-NIC (PEG4K15%) HME extrudates
prepared at T90 and T120 thermal conditions and screw configuration (Conf
A).
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The DSC thermograms (Figure 5.3) of extrudates prepared with a higher shearing
force by introducing a mixing zone in the screw configuration (Conf B), showed
significant improvement in cocrystallisation. This observation emphasises the
previous correlation between sufficient mixing, cocrystal yield and purity.
Although a small endothermic peak was observed for the extrudates prepared at
higher screw speed (50 rpm) due to insufficient mixing due to the relatively short
residence time, the cocrystal formation was significantly improved with greater
mixing provided by the screw configuration (Conf B), (See Figure 5.2 and Figure
5.3). The samples prepared using a relatively long resident time (screw speed 10
rpm) a single great endothermic peak at the typical cocrystal melting point was
observed, this indicates the formation of highly pure cocrystals (Figure 5.3). The
DSC thermograms of both extrudate samples show endothermic peaks for the
PEG4K polymer, melting point at 54 0C.
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Figure 5.3. DSC thermograms SAL and NIC raw materials, HME extrudate
samples for SAL-NIC (PEG4K15%) batches produced at T90 with screw
speeds 10 and 50 rpm using screw configuration Conf B. SAL-NIC SG.

PXRD analysis
The PXRD diffractograms for extrudates produced using Conf B are shown in
(Figure 5.5) HME extrudates prepared using a shorter residence time (screw
speed 50 rpm) showed a diffraction peak at 2θ = 11ᵒ, characteristic of SAL,
indicating the incomplete cocrystallisation.
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Whereas, the PXRD diffractogram of the sample prepared at a relatively long
residence time was characteristic of SAL-NIC cocrystal reference patterns. These
results are in good agreement with the thermal results.

Figure 5.4. PXRD patterns for NIC, SAL, SAL-NIC cocrystals (calculated,
adopted from CSD Cambridge) and SAL-NIC cocrystals prepared with HME
extrusion under thermal code T90 screw speed 10 and 50rpm and screw
configuration Conf B.
The influence of the processing parameters on the cocrystals conversion was
further investigated using HME extrusion, designed with a broader mixing zone
(Conf C), (Table 3.4). SAL-NIC (PEG4K 15%) extrudates were prepared with
higher thermal conditions (T120) to improve the flow of material down the
extrusion barrel and avoid any obstruction on the broader mixing zone (Figure
3.6). The PXRD analysis of extrudate samples is shown in (Figure 5.5). The
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extrudate samples and the calculated diffractogram patterns were identical,
indicating the increased purity of cocrystals.
Complete cocrystallisation with a relatively shorter residence time may be due to
the increased mixing provided by the screw configuration (Conf C). Besides,
increasing the barrel temperature above the eutectic point of the mixing materials
enhanced the degree of cocrystallisation (Dhumal et al. 2010).
The obtained results illustrate the importance of formulation and processing
parameters in controlling the cocrystallisation during mechanochemical HME
extrusion.
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Figure 5.5. PXRD patterns for NIC, SAL, SAL-NIC cocrystals (calculated,
adopted from CSD Cambridge) and SAL-NIC cocrystals prepared with HME
extrusion under thermal code T120 screw speed 50rpm and screw
configuration Conf C.
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5.2.2. SAL-NIC (1:1) cocrystals (Gelucire)
DSC thermal analysis

Thermal analysis was carried out to determine the purity of SAL-NIC cocrystals
prepared with HME extrusion at various temperatures (T70 and T90), screw
speeds (10, 25, and 50 rpm) with gelucire 39/01 and gelucire 48/16 using the
screw configuration B (Table 3.4). The DSC thermogram samples prepared using
the gelucire 48/16 are shown in (Figure 5.6). The DSC thermogram for extrudate
samples prepared with 12.5 % concentration shows a small endothermic peak
around 115 ᵒC; this indicates the presence of starting materials. This is followed
by a major endothermic peak around 138 ᵒC that is characteristic for the melting
point of SAL-NIC cocrystals. Similar thermograms were obtained for samples with
an increased residential time (screw speed 10 rpm). The insignificant
improvement in cocrystal purity suggests insufficient polymer concentrations to
enhance and facilitate mixing necessary for complete cocrystallisation.
The DSC thermogram for the extrudate samples produced with 15% gelucire
48/16 concentration, has a single endothermic peak at around 138 ᵒC as an
indication for a complete cocrystallisation. Identical thermogram features were
observed for extrudate prepared with three different screw speeds (10, 25 and 50
rpm). This implies the positive influence of gelucire 48/16 in cocrystallisation
through promoting sufficient material mixing. This allows higher surface contacts
between the different components (Figure 5.6).

184

Figure 5.6. DSC thermogram of SAL and NIC starting materials, SAL-NIC SG
cocrystals

and

different

batches

produced

with

HME

extrusion

configuration (Conf B) at various screw speed, using 12.5 and 15% Gelucire
48/16% binder concentrations.

Figure 5.7 show DSC thermograms of extrudates produced using gelucire 39/01
at variable concentrations and processing conditions. The samples prepared with
12.5% gelucire 39/01 concentrations at T70 processing temperature, incomplete
cocrystallisation was observed. There was an endothermic peak around 115 ᵒC
of the thermogram, characteristic of the starting materials. The more intensive
endothermic peak was observed for the extrudates provided at faster screw rate
of 50 rpm in comparison to screw rate 10 rpm, (Figure 5.7). In contrast to the
thermal results for extrudates prepared with gelucire 48/16 (Figure 5.6), an
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increase in residence time (10rpm) resulted in considerable improvement in
cocrystallisation. The presence of impurities indicates that residence time is more
of a critical parameter in decreasing processing temperature and is dependent on
the nature of the catalyst binder.
The DSC thermograms of extrudate samples prepared with 15% gelucire
concentrations, processing temperature of T90 and screw speed 10 and 25 rpm,
show single endothermic peaks at around 138 ᵒC, (Figure 5.7). The absence of
the endothermic peak at the eutectic melting point of the physical mixture can be
considered as an indication for the increased purity of cocrystals produced.
Extrudates prepared with shorter residence time (90 ᵒC- 50 rpm) had a small
endothermic peak at the eutectic melting point (115 ᵒC). This indicates incomplete
cocrystallisation due to insufficient mixing of the starting materials, (Figure 5.7).
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Figure 5.7 DSC thermogram for HME extrudates produced with different
(Gelucire 39/01) lipid concentrations (12.5 and 15%), temperature (T70 and
T90), screw speeds (10, 25, and 50 rpm) and screw configuration (Conf B).

PXRD analysis

The PXRD diffractogram for the physical mixture (PM) and extrudate samples of
batches prepared with relatively low (gelucire 48/16) 12.5% concentration are
shown in (Figure 5.8). Reference SAL-NIC cocrystals feature characteristic peaks
at 2θ = 7.8ᵒ, 8.6ᵒ, 9.5ᵒ and 13.3ᵒ. In contrast, the physical mixture exhibits an
intensive diffraction peak at 2θ = 11ᵒ.
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The same diffraction peak was observed for the samples prepared with a 12.5%
gelucire 48/16 concentration at screw speeds of 10 and 50 rpm. This indicates
incomplete cocrystallisation due to insufficient gelucire binder concentration.

Figure 5.8. PXRD patterns of SAL-NIC SG, SAL-NIC (Gelucire 48/16) PM and
HME extrudates prepared with 12.5% gelucire 48/16 concentration at T90
and screw speed of 10 and 50 rpm and screw configuration (Conf B).
Figure 5.9 shows diffraction patterns for extrudates prepared with relatively higher
binder concentration (gelucire 48/16) 15% at different screw speeds. The PXRD
diffractogram for the sample with lower residence time (screw speed 50 rpm)
exhibited a diffraction peak at 2θ = 11°. Whereas, the samples with longer
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residence time (screw speed 25 and 10 rpm) exhibited identical diffractograms to
the calculated pattern indicating complete cocrystallisation. This can be attributed
to sufficient mixing in the presence of required binder concentration and residence
time.

Figure 5.9. PXRD patterns of extrudates samples for SAL- NIC (Gelucire
48/16) 15%-90C prepared at T90 and screw speed of 10, 25 and 50 rpm and
screw configuration (Conf B). PXRD patterns of NIC Raw, SAL Raw and
SAL-NIC (calculated, adopted from CSD Cambridge)

The PXRD diffractograms for extrudate samples prepared with 15% (gelucire
39/01), processing temperature T90 and screw speeds (10,25 and 25 rpm) are
shown in (Figure 5.10). Similar patterns to these using gelucire 48/16 were
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obtained and agreed with the thermograms. This improvement, emphasis the
critical influence of sufficient mixing of components in cocrystallisation. During
HME extrusion, improved mixing is directly affected by the binder concentration,
thermal conditions and residence time.

Figure 5.10 PXRD patterns of extrudates samples for SAL- NIC (Gelucire
39/01) 15%-90C prepared at T90 and screw speed of 10, 25 and 50 rpm and
screw configuration B. PXRD patterns of NIC Raw, SAL Raw and SAL-NIC
(calculated, adopted from CSD Cambridge)
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5.2.3. SEM
Scanning electron microscopy analysis was used to assess the morphology,
approximate size and shapes of extrudates prepared using different temperature
codes and screw configurations, (Figure 5.11). The batch prepared with Conf A
(which consists of purely conveying elements no mixing zone), non-densified
extrudates were produced with a poor level of mixing. The extrudates had particle
shapes as those of the SAL NIC physical mixture. Extrudates prepared with Conf
B, (which contain small mixing zone) showed more regular shapes and a higher
degree of mixing. Whereas, extrudates obtained using Conf C have highly
densified structures with sharp edges resulting from breakage due to the
increased shear force.

SAL Raw

Figure 5.11. SEM images of extrudate samples prepared by HME technology
using thermal codes T90 and T120 and different screw configurations a)
Conf A, b) Conf B and c) Conf C.
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5.3. Conclusion
HME is established as a viable technique for continuous manufacturing of
pharmaceutical cocrystals with high throughput and quality. A complete cocrystal
conversion with twin-screw extrusion is achievable due to the versatility in
controlling process parameters and tailoring cocrystal purity.
In this study, the influence of process and formulations on cocrystallisation of
SAL-NIC by HME technology was investigated. The presence of the mixing zone,
temperature and binder content was found to be critical parameters in achieving
complete cocrystallisation. Sufficient mixing of different components under
increased shear force and residence time was found to be the key factor in
manufacturing cocrystals with high purity.
The morphology and density of prepared extrudates were found to be influenced
by the intensity of the shear force provided by the mixing zone.
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Chapter 6: Polymorphic Control of
Cocrystallisation With Polymer Assisted
Grinding Technique.
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6. Polymorphic control of cocrystallisation with polymer

assisted grinding technique.
This chapter aims to investigate the potential of active control of cocrystal
polymorphism during mechanochemical cocrystallisation through the use of lipid
binders with defined microcrystalline properties
6.1. Introduction
The development of multi-component compounds such as cocrystals with crystal
engineering technologies has recently gained great interest due to their ability to
deliver desirable physical and chemical properties (Hasa et al. 2015b).
Cocrystallisation is particularly important in the pharmaceutical field, for their
impact on improving the biopharmaceutical properties of drug molecules such as
stability, compressibility, solubility and bioavailability (Childs et al. 2013).
Significant interest has emerged due to the enhancement of bioavailability of low
aqueous soluble (BSC class II) drugs. Compared to synthetic chemistry,
cocrystallisation is a non-covalent method, which generally employs crystal
engineering principles to select a suitable coformer to create a non-covalent
hydrogen bonding between the two, resulting in desirable properties (Rodrigues
et al. 2018).
In crystal design, identification of potential hydrogen bonding sites on the APIs
and the selection suitable coformers with complementary hydrogen bonding
groups are critical for cocrystal formation (Aitipamula et al. 2014b). Furthermore,
the formation of cocrystals is also influenced by other controlling factors such as
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the composition of the different components, their solubility, the nature of the
crystallisation solvent and the environmental conditions, including temperature.
Thereby, cocrystallisation is considered as a non-trivial process; more
specifically, solvent-based cocrystallisation may lead to unanticipated discoveries
and different outcomes such as hydrates or polymorphs of the APIs or cocrystals,
(Figure 6.1).
Polymorphs are one of the possible outcomes of a cocrystal experiment and refer
to crystalline forms with a distinct crystalline structure of the same chemical
compound. Due to the fact, different polymorphs of the same compound may
have different physicochemical properties; polymorphism continues to attract
attention in pharmaceutical and material science. Studies on polymorphism are
therefore vital, especially for crystalline APIs and pharmaceutical cocrystals as
new solid forms.
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Figure 6.1 Various possible outcomes of cocrystal formation attempt
experiments (Aitipamula et al. 2014b).
.
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6.2. Classification of polymorphs
Polymorphs are broadly classified into two categories according to their
stabilities:
•

Monotropic system – only one polymorph is stable at thermal conditions
below the melting point of the solid drug

•

Enantiotropic system – different forms of the polymorphs are stable
irrespective of the temperature of the melting point of the solid drug
material

Furthermore, polymorphs and cocrystal polymorphs are classified according
to the conformation between different constituents as well as the
intermolecular interactions between two or more molecules, bearing in mind
that these classifications cannot be applied strictly as a polymorph can belong
to different classification types. Thereby, these classification systems can only
beneficial for identifying alternative crystal structures and classifying the
nature of polymorphs.
6.2.1. Synthon polymorphs
Synthon polymorphs occur in cocrystals when the synthon moieties of the forms
are different. This type of polymorphism is more common between molecules that
contain multiple hydrogen-bonding capabilities. An example of synthon
polymorphism is reported between 4,4’-bipyridine, (4BP) – 4-hydroxybenzoic
acid, (4HBA). Form I polymorph features acid-acid dimer and hydroxy-pyridine
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synthons. Whereas, form II is sustained by acid-pyridine and hydroxyl-carbonyl
synthons, see (Figure 6.1), (Aitipamula et al. 2014b).

Figure 6.2 Hydrogen bonding schemes in synthon polymorphs between
4BP - 4HBA showing Form I in which acid-acid dimer and hydroxy-pyridine
bonding and Form II acid-pyridine and hydroxyl-carbonyl bonding
(Aitipamula et al. 2010)

6.2.2. Conformational polymorphs
Conformational polymorphs occur in molecules with flexible molecule structures,
possessing a greater tendency to exhibit polymorphism. As the energy required
for rotation is comparable to the difference in energy between different
polymorphs, thereby exhibiting different molecular conformations (Aitipamula et
al. 2010). An example of a conformational polymorphism is the ethenzamide (EA)
–ethylmalonic acid (EMA) cocrystal, in which both components have similar
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hydrogen bond moieties and common secondary features but contains
remarkable different polymorphs as shown in (Figure 6.3), (Aitipamula et al.
2014a).

Figure 6.3 schematics showing FI) acid-amide heterosynthons interaction
between

EA

and

EMA

cocrystals

and

intramolecular

acid-acid

homosynthons interaction between EMA molecules. FII) Overlay of
conformers of EA (left) and EMA (right) in cocrystal. Note the different
conformations of ethylmalonic acid. Reproduced from (Aitipamula et al.
2010; Aitipamula et al. 2014a)
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6.2.3. Packing polymorphs
Packing polymorphs, in contrast to the previous classes, these occur due to the
crystal arrangement of rigid molecules with weak conformational flexibility. This
leads to a variation in the overall three-dimensional crystal packing. An example
of a cocrystal having rigid conformation is the 2:1 cocrystal of salicylic acid and
N, Nʹ diacetyl-piperazine. Although both polymorphs have similar bonding, they
exhibit two different packing arrangements. Form I exhibit a layering confirmation
as the salicylic acid molecules lie across the face of the piperazine ring of the
diacetyl-piperazine molecule, almost within the plane of the layer. The hydroxyl
group of salicylic acid interacts with the H atoms of the adjacent salicylic acid,
pointing their edges towards the carboxylic acid groups of the adjacent salicylic
acid molecules (Figure 6.4). Whereas, Form II does not have layered
conformation, resulting from direct interaction between the salicylic acid and N, Nʹ
diacetyl-piperazine molecules. These form two types of edge to face contacts,
and this results in a non-layered conformation (Skovsgaard and Bond 2009).
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Figure 6.4.Packing diagrams of the 2: 1 cocrystal of salicylic acid and N, Nʹ
diacetyl-piperazine showing packing polymorphism of the cocrystals, FI
having layered and FII not layered packing structures.
6.2.4. Tautomeric polymorphs
Tautomers refer to compounds which differ in the position of protons and
electrons while their carbon skeletons remain unchanged. Tautomers polymorphs
which interconvert in the solvent or molten state are considered as the same
chemical compounds. The piroxicam, 1:1 piroxicam-4BHA shown in (Figure 6.5)
is a tautomeric polymorph. The polymorph is containing non-charged piroxicam
Form I has unexpected bonding that occurs between the phenolic hydroxyl group,
acting as a proton donor to pyridine and as a hydrogen acceptor from the amide
N-H group. Whereas, Form II contains piroxicam as a zwitterionic tautomer; the
carboxylic acid forms a hydrogen bond with the sulfonyl group on one API
molecule and accepts hydrogen bonding from the pyridine N-H on the
neighbouring API (Childs and Hardcastle 2007).
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Figure 6.5. Tautomeric polymorphs of 1:1 piroxicam-4HBA cocrystals FI
contains the non-ionized tautomer features the acid–acid dimer and
phenol–pyridine synthons, whereas the polymorph that contains the
zwitterion tautomer features acid–sulfonyl and phenol–enolate oxygen
synthons. Reproduced from (Childs and Hardcastle 2007; Aitipamula et al.
2014b)

6.2.5. Polymorphic cocrystals solvates and hydrates
Polymorphism in cocrystals solvates and hydrates is uncommon, in contrast to
single solid components. An example of this class of polymorphism is the
cocrystal of the anti-tuberculosis drug isoniazid with hydroxybenzoic acid (HBA),
which exhibits variable hydrogen bonding with two polymorphic forms in its
monohydrate form, (Figure 6.6). The crystal structure of polymorph Form I shows
the isoniazid forming head to head hydrazide homosynthons via N-H..O hydrogen
bonding, while the carboxylic groups on HBA form an O-H…N hydrogen bond
with the pyridine nitrogen atom of the isoniazid, whereas the water molecules form
hydrogen bonds with the phenol groups. In contrast, the crystal structure of Form
II polymorph shows water molecules forming three hydrogen bonds with the
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carbonyl and terminal amines of the isoniazid molecules. Interestingly, the crystal
structure of Form II polymorph does not feature any head to head homosynthons
bonding like that in Form I (Aitipamula et al. 2013; Aitipamula et al. 2014b).

Figure 6.6. Crystal structure of isoniazid-HBA polymorphic cocrystals
showing FI polymorph having head-to-head hydrogen bonding and FII
polymorph having three hydrogen bonding with the carbonyl and amide
groups(Aitipamula et al. 2013).
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6.3. Controlling the polymorphism
Polymorphism is a common phenomenon in pharmaceutical solids, including
cocrystals, leading to changes in the physicochemical due to variation in the
crystalline structure of individual polymorphs. Polymorphism can, therefore, lead
to compromised quality of the drug in particular drug solubility and therefore drug
bioavailability. Thereby, studies concerning polymorphism are critical in the
development of pharmaceutical materials. Although polymorphism studies in
pharmaceutical cocrystals are less compared than those of single-component
solids, polymorphism in multi-component crystals is gaining more interest due to
the surge in research activity toward the development of cocrystals.
Polymorphism studies are vital for the pharmaceutical drug to reach their
expected stability within their shelf life, bioavailability and therapeutic targets
(Aulton 2013). According to the BCS classifications, a drug is highly soluble when
its highest recommended dose is soluble in 250 mL of an aqueous medium in the
pH range of 1-7.5. Solid polymorphs exhibiting different solubility profiles,
choosing the incorrect polymorph, if phase transformation occurs during
manufacturing and storage, this may affect the bioavailability and consequently
the efficacy (Olímpia et al. 2014).
The

effect

of

polymorphism

on

drugs

physicochemical

and

relative

pharmaceutical properties is known since the 1960s. However, polymorphism
was considered as a significant issue in the pharmaceutical industry after the case
of the Acquired Immunodeficiency Syndrome (AIDS) control drug Norvir
(ritonavir) in 1988 (Bauer et al. 2001). During the development of the drug, only a
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single polymorphic form was identified (Form I). However, a less soluble
polymorphic form (Form II) appeared to form during the manufacturing process.
This compromised bioavailability and subsequent removal of the medication from
the market (Chemburkar et al. 2000).
The need for developing formulation techniques that enable the discovery of
different possible polymorphs is essential to ensure the polymorph with the
expected and most desirable properties is selected. Traditional liquid-based
cocrystallisation enabled limited control of polymorphism due to variability of
component solubility and their interaction between solvent and solute molecules.
(Rodriguez-Hornedo et al. 2006). On the other hand, polymorphism occurs less
during solvent-free mechanochemical cocrystallisation formation methods
(Aitipamula et al. 2012a).
The employment of polymer catalysts in the mechanochemical preparation is well
established as a suitable method to prevent solvate formation during
cocrystallisation (Yadav et al. 2009). Besides, polymers were found to have a
positive influence on dissolution rate and hence the bioavailability of cocrystals
(Van Melkebeke et al. 2006). Furthermore, modification of intrinsic physical
properties of the employed polymers may help to understand mechanochemical
cocrystallisation, as in an attempt to develop a suitable formulation technique to
control the polymorphism (Hasa et al. 2015a).
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Hasa et al. (2016) as recently proposed the use of polymers with modified
physical properties (polymer chain length) as a versatile method for controlling
polymorphism in the mechanochemical formation of cocrystals. Polymers with
relatively polar properties (short polymer chains) were found to lead to the
formation of the more stable Form II polymorph of 1:1 Caffeine (CAF)- Glutaric
acid (GLU) cocrystals. Whereas, neat grinding of the starting materials or the
addition of relatively less polar polymers (longer polymer chain) led to the
formation of the metastable Form I polymorph.
In this study, we expanded the study by introducing lipids with different polarities
and varying HLB degrees. The method employed for cocrystallisation was
polymer assisted grinding.

6.3.1. POLAG cocrystallisation using the Ball milling technique
Cocrystals of CAF-GLU were prepared mechanochemically using ball milling
following the experimental procedure reported by Hasa et al. (2016). A 200mg
batch was prepared by taking an equimolar ratio mixture of materials (CAF 119
mg, GLU 81 mg) with 30mg (15% w/t) of selected polymers or lipids. These were
placed in a 10 mL steel jar containing two grinding balls of 7 mm. Mixtures were
ground for 60 min in a Retsch MM200 grinding mill at a frequency of 25 Hz. In the
case of solid EG derivatives (PEG 4000, gelucire 48/16 and gelucire 39/01)
binders were heated above their melting points before being transferred into a
preheated steel jar and grinding balls to ensure they remained melted. The
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interconversion experiments (CAF-GLU PEG4K) were carried out by grinding 200
mg of pure Form I cocrystal for 60 min using the same operational parameters.
The polymer selected as a catalyst for this study was a polyethene (PG) derivative
with different chain lengths of diethyl (DEG) and tetraethyl (TEG) glycol.
Polyethene glycol (PEG) of different molecular weights (400 and 4000), Gelucire
with a non-polar nature (Gelucire 39/01) and another with a relatively polar nature
(Gelucire 48/ 16) were also used, See (Figure 6.8).
6.3.2. Results and discussion

Grinding experiments using polymers of physical and chemical properties were
carried out to investigate the influence of intrinsic properties on the
cocrystallisation process and the possibility of controlling polymorphism using the
CAF-GLU cocrystal model. As illustrated in (Figure 6.7), the 1:1 CAF-GLU
cocrystal system consists of two conformational polymorphs, having similar
hydrogen bonding synthons. In both polymorphs, GLU molecules arrange in a
linear structure resulting from O-H…O bonding between the hydroxyl end of one
GLU molecule with the carbonyl of the next. This results in an identical twodimensional architecture for the polymorphs. Hydrogen bonding that facilitates
cocrystal formation occurs due to the interaction between the other carboxylic
group of GLU and the imidazole ring of the CAF molecule forming O-H…N
hydrogen bonding. The torsion in the methylene carbon of the GLU components
results in a conformational difference between Form I and Form II polymorphs
(Trask et al. 2004; Hasa et al. 2016).
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Figure 6.7 Crystal structure of 1:1 CAF-GLU cocrystals, showing the
hydrogen bonding in both conformational polymorphs FI viewed along the
b axis and FII viewed along the a-axis. Reproduced from (Hasa et al. 2016).
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Figure 6.8. Schematic representation of the influence of the polar zone in
the short-chain polymer(bottom) in contrast to the long-chain polymers
(top), (Hasa et al. 2016)
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Figure 6.9. PXRD pattern for different polymorphic forms CAF-GLU,
showing the characteristic diffraction peak at 2θ 7ᵒ for FI form and
diffraction peak at 2θ 8.6ᵒ for the polymorphic FII form.

210

6.3.2.1. PXRD analysis
Figure 6.9 shows the PXRD diffractograms for polymorphs Form I and Form II of
CAF-GLU cocrystals. Form I exhibit a characteristic diffraction peak at 2θ = 7ᵒ,
whereas Form II has a characteristic diffraction peak at 2θ = 8.6ᵒ.
Preparation of CAF-GLU cocrystals with DEG (the smallest oligomer of PG)
resulted in Form II alone, showing a characteristic peak at 2θ = 8.5ᵒ, (Figure 6.8
b). The formation of Form II can be attributed to the polarity of the DEG oligomer,
which contains only two ethylene units which are strongly influenced by the
relatively polar zones in the molecule, (Figure 6.8). Similarly, for the samples
prepared with relatively less polar (longer chain) polymers, TEG and PEG400 also
led to the formation of Form II, see (Figure 6.10 c and d). However, both samples
had a diffraction peak at 2θ = 7ᵒ, indicating the presence of the polymorphic Form
I. Whereas, the formation of cocrystals with low polar PEG4K and neat grinding
of CAF and GLU led to the formation of Form I alone, (Figure 6.10 e and f).
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Figure 6.10. PXRD patterns of CAF-GLU cocrystals produced with POLAG,
a) FII polymorph calculated, (b-f) prepared with b)DEG, c)TEG, d)PEG400,
e)PEG4k, f) neat co-grinding and g) FI adopted from CSD Cambridge.

We have introduced the widely used gelucire lipids with different polarity values
to investigate the possibility of using the gelucire family in controlling cocrystal
polymorphism. Mechanochemical preparation of CAF-GLU in the presence of
non-polar Gelucire 39/01 led to the formation of Form I, with the presence of the
characteristic diffraction peak at 2θ = 7ᵒ. Whereas, introducing the relative polar
type Gelucire 48/16 provided Form II, characterised by diffraction peak at 2θ =
7ᵒ, (Figure 6.11). The obtained results are in good agreement with the previous
findings and reported CAF-GLU cocrystals (Hasa et al. 2015b; Hasa et al. 2016).
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Figure 6.11. PXRD patterns of CAF-GLU cocrystals prepared with Gelucire
39/01 providing FI polymorph, Gelucire 48/16 providing FII polymorph.

The polar nature of the polymers and lipids was found to has a significant
influence in the polymorphic outcome of mechanochemical cocrystallisation of
CAF-GLU cocrystals. Neat grinding or using non-polar polymers led to the
formation of Form I. In contrast, mechanochemical cocrystallisation of CAF and
GLU with polar polymers provided Form II polymorph. As mentioned previously,
both Form I and Form II polymorphs exhibit similar secondary leaner architecture.
However, the tertiary structure of different polymorphs is found to strongly be
influenced by the polarity of polymers due to their presence as third components
in the cocrystallisation system. As shown in (Figure 6.12), Form I has a non-polar
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cleavage plane alongside the b axis resulting from the orientation of the planer
sheets along the c axis. In contrast, in the crystal packing of Form II, the planer
sheets are stacked in a staggered fashion; thereby, the non-polar chevage plane
is not observed.

Figure 6.12. Crystal parking diagrams of different polymorphs of CAF-GLU
cocrystal. Polymorphic FI stack along the b axis, showing a non-polar
cleavage. In contrast, FII sheets are stacked in a staggered fashion (Hasa et
al. 2016).

CAF-GLU polymorphic Form I is metastable and easily converts into the more
stable polymorphic Form II under humid conditions or when the cocrystals are
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dispersed into a polar solvent such as acetonitrile (Thakuria et al. 2013b; Hasa et
al. 2016). In this study, CAF-GLU cocrystals were prepared by polymer assisted
grinding using a motor and pestle for 60 min to obtain Form I. Further mechanical
grinding of cocrystals led to a conversion of Form I into Form II, (Figure 6.13).

Figure 6.13. PXRD patterns for the CAF-GLU polymorphic FI ground for
further 60m resulting in a phase transformation to polymorphic FII form.
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6.3.2.2. DSC analysis

Thermal analysis of the starting materials and both polymorphic forms of CAFGLU cocrystals was carried out. Thermal events such as melting, crystallisation
and phase transformation can be easily identified using DSC. This technique
provides valuable information that are characteristic features of different
polymorphs.
In the thermal analysis, both Form I and Form II were obtained by neat grinding
and with the addition of DEG polymer, (Figure 6.14). DSC analysis was used to
identify the thermal behaviour of distinct forms during heating from 35 to 140 ᵒC.
Form II exhibited a single endothermic peak at 98 ᵒC characteristics for the melting
of CAF-GLU cocrystals. The thermogram for Form I has a small endotherm at 85
ᵒ

C, followed by a significant endotherm at 98 ᵒC, see (Figure 6.14). Both samples

had endotherms at 98 ᵒC. This indicates that the small endotherm observed in the
sample of Form I is due to its melting and phase transition to Form II. According
to the heat of transition rule formulated by Burger and Rumberger, the polymorphs
of CAF-GLU cocrystals are enantiotropically related, exhibiting an endothermic
phase change, and therefore the thermodynamic transition point lies below 85 ᵒC
(Aitipamula et al. 2012b).
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Figure 6.14. DSC thermograms of CAF-GLU polymorphic FI showing two
endotherms and FII exhibiting a single endotherm.

Thermal analysis was also conducted for samples prepared with lipids of different
polarity nature.

The DSC thermogram for the Form I CAF-GLU cocrystals

obtained by mechanochemical cocrystallisation in the presence of Gelucire 39/01,
has a major endothermic peak at 98 ᵒC ascribed for the melting point of the
crystals and a small endothermic peak at 85 ᵒC, (Figure 6.15). The small
endotherm is characteristics for Form I form and related to its melting and
subsequent the phase transition. Whereas, the DSC thermogram of the
polymorphic Form II form prepared with Gelucire 48/16 has a single endothermic
peak at 98 ᵒC, (Figure 6.15).

217

The DSC thermogram for the cocrystal prepared with PEG4K has typical features
for Form I, a major endothermic peak at 98 ᵒC and a small endothermic peak at
85 ᵒC. As mentioned previously, the sample prepared with PEG400 (relatively
polar) polymer led to the formation of Form II with traces of Form I, (Figure 6.15).
Again, the DSC thermogram has a small endotherm at 85 ᵒC. The DSC thermal
analysis results are in agreement with the PXRD results.
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Figure 6.15. DSC thermogram of CAF-GLU cocrystals prepares with
mechanochemical cocrystallisation using polymers and lipids with different
polarity nature.
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6.4. Conclusions
Polymer assisted mechanochemical crystallisation was found as an effective
method for selectively controlling of the polymorphic outcome of cocrystallisation.
Polarities of the polymers largely influence the cocrystallisation polymorphic
outcome during mechanochemical cocrystallisation of CAF-GLU cocrystals.
Cocrystals prepared in the presence of polar (short-chain units) led to the
formation of the stable polymorph Form II. Whereas, introducing a relatively nonpolar (long-chain units) led to the formation of the metastable polymorph Form I.
The metastable Form I readily undergo a phase transition to the stable Form II
under exerted sheer force or in the presence of moisture.
Although CAF-GLU polymorphic cocrystal forms have identical linear secondary
crystal structures, they differ in their tertiary crystal structures due to the presence
of the non-polar cleavage plane for Form II resulting from sheet stacking
orientation.
PXRD analysis and DSC thermal analysis were useful in the characterisation of
the cocrystal polymorphs, providing valuable information of their crystals packing
and thermal behaviour.
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7. Global discussion
Cocrystallisation is an engineering-based technology which provides the
opportunity to tailor the physicochemical properties of drug molecules to achieve
more desirable characteristics. Cocrystals can be prepared using several
methods which can be solvent-based or solvent-free techniques in batch or
continues processes. The main aim of this discussion is to develop an
understanding based on different formulations and processing requirements of
cocrystallisation using HSMG as a batch method and HME as a continuous
method using various low melting polymers. This discussion also aims to explain
the possibility of using the intrinsic property of polymers in the selective control of
polymorphism in cocrystals.
In chapter 4, HSMG is presented as a novel solvent-free technology for a
simultaneous cocrystal formation and spheronisation through employing
polymers and lipids as binding and cocrystallisation aids. Chapter 4 provides
evidence how the binder concentration, temperature and binder type affect the
cocrystallisation by HSMG technology. Sufficient surface interactions of cocrystal
components were induced via optimal formulation and processing parameters;
these were found as key influencing factors for cocrystallisation.
In chapter 4, DSC thermal analysis and PXRD results for samples taken at the
endpoint of batches prepared with relatively low polymer concentrations (25% to
10%) indicated incomplete cocrystallisation of SAL-NIC (1:1) (see Figure 4.5 to
Figure 4.9). Similar results were observed for the batches prepared with
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increasing binder concentration to 15% and decreasing temperature to 40 ᵒC (see
Figure 4.9 to Figure 4.11). The presence of single residual components in
relatively low polymer concentration and/or temperature points below the melting
points of the selected polymers elucidates the crucial role of polymers in
cocrystallisation. However, this was only possible with optimal polymer
concentrations in the molten state (Rehder et al. 2011). Hence, cocrystal
formation in polymer assisted cocrystallisation is contributed to the partial
dissolution of components in the molten polymer as insolvent assisted
cocrystallisation (Weyna et al. 2012).
The gradual increase in cocrystallisation yield during the HSMG process indicates
the necessity to increase the mixing of different components (API and coformer)
for complete cocrystallisation. (see Figure 4.13 and Figure 4.14). The effect of
increasing mixing under the influence of impeller rotation was also observed when
lipid binders of different intrinsic properties were used (gelucire 39/01 and gelucire
48/16) lipids. The attempts for the formation of SAL-NIC cocrystals using gelucire
39/01 was unsuccessful due to sticking of mixing material to the inner side of the
granulation bowl (See Figure 4.16 and Figure 4.18). In contrast, cocrystallisation
by HSMG was successful using different concentrations of gelucire 48/16,
resulting in SAL-NIC cocrystals with increasing cocrystal yield (see Figure 4.19 to
Figure 4.22).
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Polymers concentration was also observed to influence the surface morphology
of prepared spherical granules, (Figure 4.31 top). Granules prepared with
relatively lower polymer concentrations were observed to follow the dispersion
mechanism of granulation, in which nucleation occurs due to the dispersion of
molten materials over the powder particle surfaces, leading to the coalescence of
partially wet particles, followed the adhesion of ungranulated particle. Insufficient
binder content leads to irregular granule shape and rough surfaces due to
competition for the particles to adhere to molten binders. In contrast, granules
prepared with higher binder concentrations (15%) were found to follow the
immersion mechanism in which particles immerse in the molten binders. This is
followed by layering growth and leads to the more regular particle formation with
smooth surfaces and void cores, (Figure 4.31 bottom).
The dissolution rate for the SAL drug significantly improved upon cocrystallisation
with NIC coformer, in comparison to pure SAL and the physical mixture.
CBZ-NIC (1:1) cocrystals were prepared by HSMG technology and found to follow
similar trends to SAL-NIC cocrystals. Granules prepared with (PEG4K 12.5% w/v)
polymer concentration were found to obtain CBZ-NIC cocrystals with high purity
(Figure 4.42). DSC analysis supported the PXRD analysis, showing complete
cocrystallisation upon HSMG. The improvement in cocrystallisation was observed
from the gradual decrease in the diffraction peak at 2θ = 12.8ᵒ and the formation
of a new diffraction peak at 2θ = 13.3ᵒ, as shown in (Figure 4.43).
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SAL-CBZ (1:1) cocrystals were prepared using gelucire 48/16 (7.5% and 10%)
lipid binder. Cocrystallisation with 10% binder concentrations was terminated
after 40 min due to the mixing material turning into a wet mass. The challenge
was overcome by reducing binder concentration to 7.5%. However, longer
processing time was required to obtain pure cocrystals (see Figure 4.47 to Figure
4.51).
Chapter 5 presented HME extrusion as a solvent-free continues cocrystallisation
method for SAL-NIC cocrystals. The effect of changing processing and
formulation variables on cocrystallisation was investigated using different screw
configurations, residence time, barrel temperature codes and binder types.
Thermal analysis of extrudates prepared using screw configuration (Conf A) with
no mixing zone (see Table 3.4) was found to have endothermic peaks for the
eutectic melting point of starting materials followed by an endothermic peak of
SAL-NIC cocrystals, (Figure 5.2). Although considerable improvement in
cocrystallisation was observed with increasing the processing temperature (T120)
and/or residence time (10 rpm), preparation of pure cocrystals was not achievable
in the absence of a mixing zone.
The crucial influence of increasing mixing under the high shear force was
determined by introducing screw configuration (Conf B) with intermediate
shearing force. This led to the formation of pure SAL-NIC cocrystals with screw
speed (10 rpm), (see Figure 5.4). Material mixing was further improved using a
wider mixing zone (Conf C) and increasing the processing temperature (T120) to
obtain cocrystals in a shorter residence time (50 rpm), (see Figure 5.5).
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The influence of intrinsic binder properties on cocrystallisation of SAL-NIC
cocrystals by HME method was investigated by using different grades of gelucire
(48/16) and (39/01) lipids, using screw configuration (Conf B). The results
obtained were contrasted with the results of cocrystals produced by HSMG
method in the previous chapter 4. Thermal analysis and crystallographic features
of cocrystals prepared with gelucire 48/16 (15%) indicate the formation of pure
SAL-NIC cocrystals at both intermediate and higher residence times (screw
speeds 25 and 10 rpm), (see Figure 5.6, Figure 5.8 and Figure 5.9). Interestingly,
similar results were obtained for the extrudate containing gelucire 39/01, (see
Figure 5.10). The obtained results strengthen our explanation regarding the
unfeasibility of preparing pure cocrystals by HSMG using gelucire 39/01 binders.
This also explains the crucial role of increasing mixing under high shearing force
in cocrystal formation and subsequent purity.
The SEM morphology analysis of extrudates prepared with different screw
configurations reflects the degree of material mixing and exerted shearing force,
(see Figure 5.11). Poor material mixing was observed for extrudates prepared
with screw configuration Conf A. With intermediate mixing level (Conf B), regularshaped extrudates were produced. Whereas, highly densified extrudates with
sharp edges were obtained using Conf C.
Chapter 6 presented the potential of using polymers and lipids with defined
intrinsic properties for the selective control of cocrystals polymorphism during
mechanical cocrystallisation. Hasa et al. (2016) proposed the active control of
polymorphism of CAF-GLU cocrystals using polymers with different polarity
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degree. In this chapter, polymers and lipids with different physical properties,
namely, PEG 400, PEG4K, gelucire 39/01 and gelucire 48/16 were used to
investigate their potential in controlling cocrystal polymorphism.
Cocrystals prepared by neat grinding as well as with low polarity polymers or lipids
leading to the formation of the metastable polymorph, Form I. Whereas, the stable
Form II was obtained by using relatively polar polymers, (see Figure 6.10).
Cocrystals prepared using polymers with an intermediate polarity such as
PEG400 and TEG led to the formation of a racemic mixture of both Form I and
Form II polymorphic forms. The formation of polymorphic FI has attributed to the
formation of no-polar cleavage plane alongside the b axis resulted from the
orientation of the planer sheets along the c axis. In contrast, in the crystal packing
of the polymorphic FII, the planer sheets stacked in a staggered fashion; thereby,
a non-polar chevage plane is not observed for the polymorphic FII cocrystals,
(Figure 6.7).
Cocrystal polymorphism was actively controlled using different grades of gelucire
lipids following similar trends. Gelucire 39/01 is relatively less polar lipid having
an HLB value of (01) and was selectively used in preparation the metastable FI
polymorphic form. Whereas, cocrystals prepared using gelucire 48/16 with
relatively polar nature having an HLB value of (16) showed the characteristic
feature of the stable polymorphic FII form. (see Figure 6.11 and Figure 6.15).
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Chapter 8: Global Conclusion and
Suggestion for Further Work
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8. Global conclusion and further work
In this project, HSMH has been presented as a novel solvent-free cocrystallisation
method for the preparation of pharmaceutical cocrystals. The technology has
shown great potential in manufacturing pharmaceutical cocrystals in a batch
manner. Important information about cocrystal conversion under variable
formulation and processing parameters during HSMG and HME cocrystallisation
have been provided in this project. Different pairs of cocrystal were successfully
prepared with HSMG under optimised parameters. Cocrystallisation was
significantly influenced by formulation and processing parameters and intensive
material mixing under a shearing force was found as a key factor for cocrystal
formation. The physical properties of shape, surface morphology and density for
the prepared granules were found to be influenced by the granulation mechanism
and binder concentrations. Cocrystals polymorphism was actively controlled by
employing the intrinsic properties of polymers and lipids.
Suggestion for further work
Further work will focus on the implantation of process analytical technologies
(PAT) to provide a further understanding of the cocrystallisation by HSMG,
combined with the real-time analysis and monitoring of cocrystallisation process,
to ensure acceptable critical quality attributes of the final product. Inline
application of PAT tools such as NIR spectroscopy may provide important
information which can be used in building a QbD approach for prediction of
cocrystal yield and quality attributes.
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Appendix 1

Figure 9.1. DSC patterns of dissolving of NIC Raw using different
concentrations of PEG4K polymer, showing a decrease in the endothermic
peak at NIC melting point (131.11 ᵒC) by increasing the polymer content,
combined with an increase in the endothermic peak of the polymer at
around 58.98 ᵒC.
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Figure 9.2. DSC patterns of dissolving of SAL Raw using different
concentrations of PEG4K polymer, showing a decrease in the endothermic
peak at SAL melting point (160.55 ᵒC) by increasing the polymer content,
combined with an increase in the endothermic peak of the polymer.

Figure 9.3. DSC thermograms of SAL, NIC Raw and physical mixture PM,
SAL-NIC (PEG4K 10%) at different time intervals, showing endothermic
peaks at the eutectic melting point of the physical mixture followed by
greater endotherm at the cocrystals typical melting point, identical to SALNIC SG reference sample.
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Figure 9.4. PXDR patterns of SAL Raw, NIC Raw and SAL-NIC cocrystals
(cal- adopted from CSD Cambridge), SAL-NIC (PEG4K 5%) granule samples
(taken at 60 and 70 min) prepared by HSMG technology showing highintensity diffraction peak to 2(θ) 11ᵒ indicating incomplete cocrystal
conversion.
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Figure 9.5. PXRD patterns of granule samples taken at different time
intervals during cocrystallisation by HSMG technology using (PEG4K 7.5%
(w/w). X-ray patterns show an improve in cocrystallisation indicated by a
decrease in the diffraction peak at 2 (θ) 11 and an increase in the cocrystal
characteristic peak. However, the insufficient binder content hinders the
complete cocrystal conversion.
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Figure 9.6. PXRD patterns of a)NIC (cal), b) SAL (cal), c) SAL-NIC (cal) d)
SAL-NIC (Gelucire 48/16) 10%-60C- 60min prepared by HSMG technology
and SAL-NIC SG. The diffraction pattern for granulated sample (d) features
a diffraction peak at 2 (θ) 11ᵒ for the physical mixture, indicating cocrystals
impurity.
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Figure 9.7. PXRD patterns of NIC, SAL raw materials and SAL-NIC (caadopted from CSD Cambridge), SAL-NIC SG reference sample and SAL-NIC
(PEG4k 12.5%) sample taken at the termination point (60 min ) of HSMG
cocrystallisation process, showing complete cocrystal formation, having
identical patterns to the reference patterns.
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Figure 9.8. PXRD patterns of a) NIC (cal), b) SAL (cal), c) SAL-NIC (cal) d)
SAL-NIC (Gelucire 48/16) 10%-60C- 60min prepared by HSMG technology
and SAL-NIC SG. The diffraction pattern for granulated sample (d) features
an identical pattern to the reference SAL-NIC cocrystals.
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Figure 9.9.PXRD patterns of SAL-NIC SG and SAL-NIC (Gelucire 48/16)1 5%
granule

samples

were

taken

at

different

time

intervals

during

cocrystallisation by HSMG technology under the thermal condition of 60 ᵒC.
The patterns show the gradual formation of cocrystals. Samples taken at
(10-30 min) show diffraction peaks at 2(θ) 11 indication impurities (physical
mixture).
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SAL-NIC cocrystals (PEG6K)

Cocrystallisation of SAL-NIC (1:1) by HSMG was carried out, as explained in
(3.2.1.2) Granulation and simultaneous cocrystallisation of SAL-NIC was carried
out using PEG6K as binding agents as well as catalysts to enhance cocrystal
formation. The prepared granules and spheres were subjected to DSC thermal
and PXRD crystallographic analysis to determine the degree of crystal conversion
during the granulation process.
Results:
The DSC thermograms for samples taken at different time intervals during the
HSMG of SAL-NIC (PEG6K 10%) are shown in (Figure 9.10). All samples show
an endothermic peak at the eutectic melting point for SAL-NIC at around 115 ᵒC
followed by major endotherms at 138 ᵒC characteristics for the SAL-NIC cocrystal
melting. The eutectic melting endotherms indicate the presence of starting
materials at the termination point (60 min) due to incomplete cocrystals
conversion despite the significant improvement in cocrystallisation. This may be
related to insufficient content of polymer to provide adequate mixing for a different
component. Cocrystal conversion was positively influenced by the increase in
polymer content to 15% leading to achieve pure cocrystals resulted from a
complete cocrystal conversion after 50 min, (Figure 9.11).
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Figure 9.10. DSC thermograms of granule samples taken at different time
intervals during HSMG of SAL-NIC with 10% (PEG6K) polymer content,
showing eutectic and cocrystals melting endotherms.

Figure 9.11 DSC thermograms SAL-NIC (PEG6K 15%) granules taken at
different time intervals during HSMG cocrystallisation under the thermal
condition of (80 ᵒC), showing endotherms for polymer melting point,
eutectic point (before 50 min) and SAL-NIC cocrystal melting point, eutectic
point (before 50 min) and SAL-NIC cocrystal melting point (138 ᵒC).

267

The influence of polymer in cocrystallisation of SAL-NIC was found to be less
effective upon decreasing the processing temperature to (60 ᵒC) in which a
PEG6K is softened and not in a molten state, (Figure 9.12). Correlated results
were observed form the PXRD analysis, showing a diffraction peak at 2 θᵒ 11ᵒ
indicating the presence of the starting materials, (Figure 9.13).
The PXRD patterns of samples taken at different time intervals is shown in (Figure
9.14).

Figure 9.12. DSC thermograms SAL-NIC (PEG6K 15%) granule samples
were taken at different time intervals during HSMG cocrystallisation at
processing temperature (60 ᵒC).
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Figure 9.13.PXRD patterns of a) NIC, b) SAL and c) SAL-NIC (cal- adopted
form CSD Cambridge) and d) SAL-NIC (PEG6K15%) granule sample taken
at the termination point (60min) of cocrystallisation by HSMG technology
under thermal processing condition of 60 ᵒC.
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Figure 9.14 . PXRD patterns of SAL-NIC SG and SAL-NIC (PEG6K 15%)
granule samples taken at different time intervals during cocrystallisation by
HSMG technology under the thermal condition of 90 ᵒC. The patterns show
complete cocrystal conversion after 30 min, owing to optimal processing
and formulation conditions.

Conclusion
In conclusion, cocrystallisation of SAL-NIC by HSMG technology was performed
using different PEG6K polymer content and processing temperature 60 ᵒC and 80
ᵒ

C. The obtained thermal and crystallographic results indicate the presence of

starting materials due to an incomplete cocrystal conversion for the samples
prepared with lower polymer contents (10%) or decreased processing
temperatures (60 ᵒC). Cocrystallisation under optimal formation processing
conditions resulted in cocrystals with increasing purity.

270

Figure 9.15. DSC thermograms of granule samples taken at different time
intervals during the HSMG technology of SAL-NIC (Gelucire 48/16) 10%
binder0 content. The thermograms show a small eutectic peak at around 116
ᵒC,

followed by greater endothermic peak at around 138 ᵒC characteristic for

SAL-NIC cocrystal melting point.
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Figure 9.16. DSC thermograms CBZ, NIC raw materials and CBZ-NIC
cocrystals produced by HSMG using 10% PEG4K polymer concentration,
showing endothermic peaks for polymer melting at 52 C, eutectic melting
point at 157.58 C and cocrystals melting endotherm at 160.40 C having
enthalpy value of (92.71 J/g).
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Figure 9.17. DSC thermograms CBZ, NIC raw materials and CBZ-NIC
cocrystals produced by HSMG using 12.5% PEG4K polymer concentration,
showing endothermic peaks for polymer melting at 51-55 C, small eutectic
melting point at around 158.53 C and cocrystals melting endotherm at
around 160.26C, having an enthalpy of (91.41 J/g)
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Figure 9.18. DSC thermograms CBZ, NIC raw materials and CBZ-NIC
cocrystals produced by HSMG using 17.5% PEG4K polymer concentration,
showing endothermic peaks for polymer melting at 51-55 C followed by a
more significant endothermic peak at 158 C typical for the CBZ-NIC
cocrystals as shown for CBZ-NIC SG.
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Figure 9.19. Hot stage microscopy images of CBZ-NIC cocrystals showing
the melting of cocrystals at the characteristic melting at around 160 ᵒC.
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Appendix 2
PROFESSIONAL DEVELOPMENT:

Worked as entrepreneur leader for market validation of (EfferShield) innovative
technology developed by CPES, University of Bradford for providing stability to
hygroscopic effervescent materials through cocrystallisation by granulation. The
program was supported by Innovation to Commercialisation of University
Research (ICURe), InnovateUK. September to December 2019.

CONFERENCE ATTENDED:
➢ CPhI- India international fair for the pharmaceutical industry, November
2019, in Greater Noida, New Delhi, India.
➢ International Conference on Agriculture, Food and Aqua, November 2019
in Bali, Indonesia.
➢ Bio-Europe, the 25th annual international partnering conference, October
2019, in Hamburg, Germany.
➢

CPhI- Worldwide pharmaceutical exhibition, October 2019, in Frankfurt,
Germany.

➢ Vietnam Growtech, the international exhibition on machinery and
technologies of agriculture, October 2019, Hanoi, Vietnam.
➢ The Middle east cleaning technology week exhibition, October 2019,
Dubai, UAE.
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➢ N8 AgriFood annual conference, October 2019, York, United Kingdom.
➢ Bio-Japan 2019/ Regenerative medicine, October 2019, Yokohama.
Japan.
➢ The 9th International granulation conference, June 2019, Lausanne,
Switzerland.
➢ PharmSci pharmaceutical conference, September 2016, Glasgow,
Scotland.

Presentation of research work in conferences

➢ Presented poster entitled “Insight into the surface interaction during melt
granulation process: Inverse gas chromatography as (iGC) as an
important tool” in the UK PharmSci 2063, held in Glasgow, Scotland.

➢ Presented poster entitled “A novel solvent-free high shear technology for
the preparation of spherical pharmaceutical cocrystals” in the 9th
International granulation conference 2019, held in Lausanne, Switzerland.
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