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Abstract
The primary aim of pharmaceutical materials engineering is the successful formulation
and process development of pharmaceutical products. The diversity of solid forms
available offers attractive opportunities for tailoring material properties. In this context,
pharmaceutical

cocrystals,

multicomponent

crystalline

materials

with

definite

stoichiometries often stabilised by hydrogen bonding, have recently emerged as
interesting alternative solid forms with potential for improving the physical and
biopharmaceutical properties of a drug substance. There are, however, gaps in our
understanding of the screening, scale-up and formulation operations required for effective
use of cocrystals in drug product development. The objective of this thesis was to
improve fundamental understanding of the formation mechanisms, solution behaviour
and solid-state properties of pharmaceutical cocrystals.
The solution chemistry and solubility behaviour of a diverse set of cocrystals were
studied. It was found that the thermodynamic stability regions of the cocrystals and their
components were defined by the phase solubility diagrams. Spray drying was introduced
as a new method of preparing cocrystals; the formation mechanisms are illustrated. The
cocrystals were more soluble than the respective drugs alone and the solubility-pH
profiles were able to be predicted by mathematical models using a eutectic point
determination approach. The cocrystal solubility was pH-dependent and could be
engineered by the choice of coformers; this is valuable information for designing robust
formulations. The solubility advantage of cocrystals was retained by the use of excipients
that imparted kinetic and thermodynamic stability. The retention of drug-coformer
association in processed cocrystals has been revealed, introducing a novel concept with
potential implications for solid dosage form development. The final study demonstrated
that the structure of the crystals and the particle engineering processes affected the solidstate and bulk particle properties of the cocrystals.
This thesis contributes to the field of pharmaceutical science by advancing our
understanding of crystallization processes and formulation development, thus enabling
pharmaceutical cocrystals into drug products.

Keywords: crystal engineering, cocrystal, formation, solubility, pH, dissolution, surface
properties, solid-state properties
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Abbreviations
K A acidity constant
K D basicity constant

K11 binding constants representing the formation of 1:1 complexation in the solution

J Ld dispersive surface energy of probe

J Sd dispersive surface energy of solid powder
'G AB energy of adsorption
K eu eutectic constant

VN retention volume

K sp solubility product
K 21 binding constants representing the formation of 2:1 complexation in the solution
¨Cp heat capacity change
AN electron acceptor or acid number
CAF caffeine
CBZ carbamazepine
CPMAS charge polarized magic angle spinning
DN electron donor or base number
DSC differential scanning calorimetry
GLT glutaric acid
HPLC high performance liquid chromatography
HT high throughput
IGC inverse gas chromatography
IND indomethacin
NF nitrofurantoin
NIC nicotinamide
OXA oxalic acid

pKa dissociation constant
PSD phase solubility diagrams
PVP polyvinyl pyrrolidone
PXRD powder X-ray diffraction
SA succinic acid
SAC saccharin
SCF supercritical fluid
SEM scanning electron microscopy
SLS sodium lauryl sulphate
Tg glass transition temperature
THF theophylline
TPD ternary phase diagrams
U urea
VTPXRD variable temperature PXRD

1. Introduction
Traditional drug product development fosters empirical practices that often lead to
compromised product quality and patient safety. A paradigm shift in the current drug
development practices in the industry, in line with the new regulatory framework, calls
for science-based research, development, and manufacturing for improved efficiency of
the whole process (Hamad et al., 2010).
The solid dosage forms of a drug (e.g. tablet, capsule, powder) are the most marketed and
convenient forms as they are simple, easy to administer and make, and stable, while
offering accurate dosage. Traditional drug product development comprises a sequence of
unit operations involving complex material and process engineering activities, often
empirically based. However, it is desirable to simplify the process of solid dosage form
development for better control of the product quality and performance (Sheth et al.,
2005). This needs a thorough understanding of the interrelationships between solid-state
structures, properties, performance and processes at a fundamental level, as has been
discussed under the concept of the materials science tetrahedron (Sun, 2009).
Drug molecules can exist in the solid form in either crystalline or amorphous states.
Because of the instability of many amorphous materials, most drugs are formulated in the
crystalline state (Vippagunta et al., 2001). Drugs can be crystallized into different
polymorphic forms with different crystal packing or conformations. Drug molecules can
also crystallize with other guest molecules to form multicomponent crystals such as
hydrates, solvates, salts and cocrystals. Scheme 1 shows the possible solid forms of single
and multicomponent crystals. Each of these solid forms can have different material or
bulk properties (such as physiochemical, mechanical, etc.) as a consequence of
remarkable structural differences (Vippagunta et al., 2001). These properties can
profoundly affect the stability, bioavailability and manufacturing feasibility of the dosage
form.
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Scheme 1. Possible solid forms of a drug substance. Red, blue, yellow and green
represent drug, water/solvent, counter ion, and coformer molecules, respectively.
Consequently, solid-form screening is a common practice in the search for materials with
optimal properties for drug product development and delivery (Chow et al., 2008).
Cocrystals have recently emerged as an interesting and alternative solid form for
rectifying the undesirable properties of a drug substance (Fleischman et al., 2003; Jones
et al., 2006). Cocrystallization technology has been successfully applied for a number of
drug molecules (Childs et al., 2008; S. Childs et al., 2007). However, studies on
cocrystals with the purpose of using this solid form in a drug product are rare. This thesis
aims to bring a more fundamental understanding of crystallization processes and the
formulation development of pharmaceutical cocrystals to facilitate and ease the selection
and usage of this solid form as a platform in dosage form design.
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1.1 Cocrystals as a solid form
1.1.1 Cocrystal definition
The term cocrystal (or co-crystal) is still under debate in the academic and industrial
community (Bond, 2007). Some scientists think that the term molecular complex better
describes this solid form (Desiraju, 2003) and others that the term molecular complex is
too broad (Dunitz, 2003). Most of the wider scientific community agrees, however, that
cocrystals are crystalline materials that contain more than one component (i.e.
multicomponent crystals). One somewhat restrictive definition of cocrystals is a
structurally homogeneous crystalline material that contains two or more components in
definite stoichiometric amounts (Aakeröy et al., 2005; Jones et al., 2006; Vishweshwar et
al., 2006). These multi-component systems are usually designed following crystal
engineering principles and are often stabilised by non-covalent interactions (Desiraju,
1995). Some scientists have attempted to differentiate cocrystals from solvates or
hydrates by limiting cocrystal components to solids at room temperature. Accordingly, if
one of the components is a pharmaceutically active ingredient, they are referred to as
pharmaceutical cocrystals (Vishweshwar et al., 2006). Indeed, the definition of cocrystals
is important from a regulatory perspective as it has intellectual property implications,
since cocrystals are novel, useful and non-obvious (Trask, 2007).
The structural differences between salts and cocrystals have been under discussion for a
long time (Aakeröy et al., 2007). When salts are formed, the proton is completely
transferred while, for cocrystals, there is no transfer or only a partial transfer (Aakeröy et
al., 2007; Banerjee et al., 2005). It is thought that differences in the dissociation constant
(pKa) values of the interacting species could help to guide the eventual formation of a salt
or a cocrystal (S. L. Childs et al., 2007; Stevens et al., 2010).
1.1.2 Structural diversity of cocrystals
Cocrystals can theoretically be formed from weakly acidic, basic or even neutral
compounds (Friscic et al., 2010). A wide list of possible coformers or guest molecules
provides huge structural diversity for cocrystals. A single drug can form several
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cocrystals; in fact, over 50 cocrystals have been identified for a few drugs (Childs et al.,
2008; S. Childs & Hardcastles, 2007).
Cocrystals can show polymorphism, with unique structural and physical properties.
Cocrystals with two or more polymorphs include, for example, those composed of (1:1)
urea (U) and glutaric acid (GLT) (Chadwick et al., 2009), (1:1) 4,4’-bipyridine and
pimelic acid (Braga et al., 2008), (1:1) ethenzamide and 3,5-dinitrobenzoic acid
(Aitipamula et al., 2010), and (1:1) carbamazepine (CBZ) with nicotinamide (NIC)
(Porter III et al., 2008), saccharin (SAC) (Porter III et al., 2008), or isonicotinamide
(Horst et al., 2008).
Cocrystals also exhibit stoichiometric diversity; i.e. the drug-coformer can present in
different stoichiometric ratios. Many examples of different stoichiometric cocrystals
have been reported, for instance 2:1, 1:1, and 1:2 U-maleic acid cocrystals (VidenovaAdrabinska et al., 1993), 2:1 and 1:1 CBZ-4-aminobenzoic acid cocrystals (Jayasankar et
al., 2009), 2:1 and 1:2 caffeine (CAF)-4 hydroxybenzoic acid cocrystals (Bucar et al.,
2009), among others. However, their formation mechanisms are poorly understood.
Moreover, cocrystals have been found to crystallize as hydrates (Clarke et al., 2010;
Karki et al., 2007; Shaameri et al., 2001) and as solvates (Basavoju et al., 2006).
An interesting crystal engineering strategy has been developed to make cocrystals of a
drug in the salt form (Childs et al., 2004). Cocrystals of fluoxetine hydrochloride with
carboxylic acids (Childs et al., 2004) and norfloxacin saccharinate dehydrate with SAC
(Velaga et al., 2008) have been prepared.
The structural diversity of cocrystals is an advantage for improving the diversity of drug
solid forms. This feature can offer opportunities for fine-tuning the properties of a drug.
Knowledge of cocrystal diversity is also important for better solid form control during
scale-up operations. It has been claimed that the structural diversity of multicomponent
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crystals can be predicted by computational methods but these have so far mainly been
used to rationalise the experimental results (Gagnière et al., 2009).

1.2 Cocrystal phase diagrams
Phase diagrams demonstrate the thermodynamic stability regions and predict the
transformation of the phases of a compound at different temperatures, pressures and
compositions. In cocrystal research, at a fixed temperature and pressure, the phase
diagram can define the stable region of cocrystals as a function of their phase
composition. This process is vital for increasing the efficiency of cocrystal screening and
preparation, and understanding of cocrystal behaviour.
1.2.1 Phase solubility diagrams and ternary phase diagrams
Phase solubility diagrams (PSDs) and ternary phase diagrams (TPDs) have recently been
used to explain the solubility and stability of cocrystals in solution (Chiarella et al., 2007;
Nehm et al., 2006). The PSD displays the concentrations of the reactants in solution at
equilibrium with the solid phases. PSDs have been used for studying the dependence of
cocrystal formation on the solution composition and complexation. TPDs show the total
composition of the solid and liquid phases of the cocrystal system.
Cocrystal systems can be congruently or incongruently saturating in solution (Good et al.,
2009). Congruently saturating cocrystals are thermodynamically stable during slurring
(solution-mediated phase transformation), and can be readily formed by slurring the
stoichiometric ratio of cocrystal components. On the other hand, incongruently saturating
cocrystals transform during slurring, resulting in a less soluble solid form. The PSDs and
TPDs for congruently and incongruently saturating systems are shown in Figure 1 and
Figure 2, respectively.
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Figure 1. Phase solubility diagram (PSD) for a) congruently saturating systems and b)
incongruently saturating systems. L, D, C and D-C indicate the liquid phase, and the
drug, coformer and cocrystal solid phases, respectively. Eutectic points are indicated by
eu. D-C+L, D+L, C+L solid lines indicate cocrystal, drug and coformer solubility curves,
respectively. Dashed line is stoichiometric ratio of drug and coformer.

Figure 2. Ternary phase diagram (TPD) for a) congruently saturating and b)
incongruently saturating systems. L, D, C and D-C indicate the liquid phase, and the
drug, coformer and cocrystal solid phases, respectively. The black dots indicate the
eutectic points.
1.2.2 Cocrystal solution stability as demonstrated by phase diagrams
PSDs can help in mapping out the stability regions of different solid phases (Nehm et al.,
2006). Figure 3 shows an example of a PSD for a 1:1 cocrystal. Different regions in the
PSD are indicated by Roman numbers. In region I, the drug is supersaturated and the
cocrystal is metastable as it has higher solubility than the drug. Both the drug and the
cocrystal are supersaturated in region II and undersaturated in region III. Finally, in
region IV, the cocrystal is supersaturated and the solubility of the cocrystal is lower than
that of the drug. The cocrystal will have the highest solubility at the point where the
stoichiometric line intersects the cocrystal solubility line.
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The lowest equilibrium

solubility is at the eutectic points, as an excess of any of the cocrystal components
reduces cocrystal solubility. This understanding has led to the development of the
reaction cocrystallization method, an efficient method for cocrystal screening and scaleup (Gagnière et al., 2009; Rodriguez-Hornedo et al., 2006). Therefore, for incongruently
saturating systems, a non-stoichiometric ratio of cocrystal components in a solvent or
solvent mixture should be used to create conditions where the cocrystals, if they exist, are
the preferred solid phase at thermodynamic equilibrium.

Figure 3. Phase solubility diagram of a cocrystal and its components showing the regions
stability of the different solid phases. The green solid line is the cocrystal solubility as a
function of the SAC concentration. Dashed line is the solubility of the single component.
In the TPD in Figure 2, the stable cocrystal region is designated (D-C + L). When the
system is congruently saturating, the cocrystals can be formed readily by solvent
evaporation or slurry methods. For incongruently saturating systems, the drug is less
soluble than the coformer, and the stoichiometric (dashed) line passes the stable region
for the drug. Therefore, in the latter situation, a non-stoichiometric experiment must be
conducted to assess the stable cocrystal region. This explains the inability to obtain
cocrystals by stoichiometric-based experiments in incongruently saturating systems.
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1.3 Cocrystal eutectic points and the eutectic constant
Eutectic points or transition concentrations are isothermally invariant points where
cocrystals and one of their components, i.e. two solid phases, coexist in equilibrium with
a liquid phase, regardless of the amounts of solids, at a fixed temperature and pH. The
eutectic points define the thermodynamically stable regions of the cocrystals in relation to
their pure components in phase diagrams (i.e. PSDs or TPDs) which can guide cocrystal
synthesis and selection without the need for full determination of the PSD or TPD (Figure
1 and Figure 2) (Good & Rodriguez-Hornedo, 2009).
The molar ratio of cocrystal components in solution at the eutectic point is referred to as
the eutectic constant ( K eu ) (Good et al., 2010). The K eu value of a cocrystal correlates
with the thermodynamic stability and solubility ratio of the cocrystal and drug in a pure
solvent. K eu has been previously applied to determine phase diagrams of racemic
compounds and to describe the crystallization of enantiomers (Wang et al., 2005). K eu
can be calculated from the measured concentrations of the coformer and the drug at the
eutectic point as follows

K eu

>coformer @eu
>drug @eu

(1)

.

The 1:1 cocrystal systems with K eu  1 are congruently saturating while those with K eu
> 1 are incongruently

saturating in their respective solvents (Good & Rodriguez-

Hornedo, 2010). Therefore, measuring the concentrations of the cocrystal components at
the eutectic point in a single experiment under equilibrium conditions allows
determination of the stability of even incongruently saturating cocrystals, which is
otherwise impossible. The K eu approach for studying cocrystal solubility and stability is
very useful, as it incorporates the effects of ionisation, complexation, and solute-solvent
interactions.

1.4 Methods of cocrystal preparation, screening, and scale-up
Various methods and tools have been proposed for the preparation of cocrystals in line
with the increased interest in the area. Table 1 presents different methods of cocrystal
20

preparation (Mohammad et al., 2011). The cocrystal preparation methods can broadly be
divided into solid-state or solution-based methods. The solid-state method uses a
stoichiometric mixture of drug and coformer and, since stoichiometric or nonstoichiometric experiments can be conducted in solution, the solution-based methods
depend on the saturation condition of the cocrystal systems.
Table 1. Solid-based and liquid-based cocrystal preparation methods.
Liquid-based methods

Evaporative crystallization, slurry conversion, reaction
cocrystallization,

cooling

crystallization,

liquid-assisted

grinding, sonication, supercritical fluid crystallization, and
spray drying.
Solid-based methods

Melt crystallization [hot stage microscopy and differential
scanning calorimetry (DSC)], solid-state grinding, and twinscrew extrusion.

Both experimental and computational methods have been applied in cocrystal screening
and discovery. While computational and theoretical methods are not yet reliable, they
can help in guiding and rationalising the experimental process (Fabian, 2009; Issa et al.,
2009). On the other hand, empirical experimental methods using phase-diagram-directed
crystallization conditions are very effective (Childs et al., 2008). These methods have
been incorporated into a high-throughput (HT) screening process that has been used in
the screening and identification of cocrystals.
The development of a scale-up crystallization process is essentially more complex for
cocrystals than for single-component crystals. Unfortunately, not all preparation methods
are suitable for cocrystal scale-up. With knowledge of the phase solubility behaviour,
slurry-based crystallization methods have been developed for the scale-up of CBZ-NIC
and CAF-GLT cocrystals (Gagnière et al., 2009; Yu et al., 2010). However, these
methods are vastly non-stoichiometric and the generation of pure cocrystalline material
requires careful control of thermodynamic and kinetic factors. In addition, these are non-
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continuous batch crystallization methods that require considerable efforts for
optimisation. Nonetheless, non-stoichiometric slurry methods are currently industrially
viable methods for the large-scale production of cocrystals. Recently, supercritical fluid
(SCF) and twin-screw extrusion methods have been reported as suitable scale-up
approaches for the production of cocrystals (Dhumal et al., 2010; Padrelaa et al., 2009).
The hot-melt extrusion method has been suggested, as it is single-step and solvent-free
(Dhumal et al., 2010).

1.5 Solubility behaviour of cocrystals
In early studies discussing the potential of solution complexation as a means of
improving the solubility of drugs, insoluble molecular complexes (later renamed
cocrystals) received little attention (Higuchi et al., 1953). This may have been because a
mechanistic understanding of complex formation and the derivation of predictive models
were the main objectives (Higuchi et al., 1973; Higuchi & Zuck, 1953; Kostenbauder et
al., 1956). Recently, studies on the solubility behaviour of cocrystals in organic and
aqueous media have revealed the dependence of cocrystal solubility on the concentrations
of their components. Thus, increasing the solubility of one component decreases the
solubility of the other in order to keep the solubility product ( K sp ) constant. Hence, the
solubility of cocrystals can be given by K sp , the activity or concentration product of
cocrystal components. Models of the solubility behaviour of cocrystals with different
stoichiometries have been derived, based on the solubility product behaviour and the
solution complexation characteristics (Jayasankar et al., 2009; Nehm et al., 2006).
Despite its importance, very few studies have been concerned about cocrystal behaviour
in aqueous media. Cocrystals are generally more soluble in aqueous media than the
corresponding drugs, making the measurement of equilibrium solubility not feasible. The
solubilities of these metastable cocrystals have recently been estimated by determining
the eutectic point at different pHs (Bethune et al., 2009) The estimation of cocrystal
solubility using this approach is very helpful, especially in the early stages of drug
development where obtaining solubility data from limited amounts of material is not
always feasible. It was shown that drug pH-dependent solubility and stability can be
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engineered using cocrystallization technology for even non-ionisable drugs (Bethune et
al., 2009; Reddy et al., 2008).
A recent strategy based on the differential solubilisation of cocrystal components was
effective for stabilising highly soluble cocrystals (Huang et al., 2010; Huang et al., 2011).
This approach could help in rationalising the formulation approach of the cocrystal form.
However, the amount of surfactant required to stabilize the cocrystals could be critical.

1.6 Feasibility of cocrystals for tailoring different properties of drugs
1.6.1 Chemical, physical and photo stability
The chemical stability of 1:1 CBZ-SAC cocrystals was similar to that of CBZ form III
under varying conditions of temperature and humidity over 2 months (Hickey et al.,
2007). However, the 1:1 cocrystals of nitrofurantoin (NF) with 4-hydroxybenzoic acid at
40 °C and 75% relative humidity (RH) and 24 °C and 57% RH were more stable than the
respective drugs (Vangala et al., 2010). In another study, the stability of adefovir
dipivoxil in a sealed glass vial was inferior to that of its SAC cocrystal. The cocrystals
did not significantly change in content over 47 days whereas only 4.13 % of the pure drug
content remained on the 18th day (Gao et al., 2011) .
The physical stability of cocrystals has also been studied for hydrate-forming systems
such as CBZ, CAF, theophylline (THF) and NF (Trask et al., 2006; Trask et al., 2005).
The cocrystals of CBZ with SAC and NIC were more stable (less likely to form hydrates)
than the stable anhydrous form of the drug. Cocrystals of CAF and THF formed with
different carboxylic acids varied in their physical stability and the oxalate cocrystals of
these drugs did not transfer to the hydrated form of the drug even after 7 weeks at 98%
RH (Trask et al., 2006; Trask et al., 2005). Citric acid cocrystals of these drugs behaved
differently; the CAF-citric acid cocrystals converted to the hydrated form of the drug
whilst the THF-citric acid cocrystals converted to the hydrated form of the cocrystal,
which was stable for 3 days at 98% RH (Karki et al., 2007). The 1:1 cocrystals of NF-4hydroxybenzoic acid were stable for 13 weeks at 97% RH, whilst the drug alone readily
converted to the hydrated form (Vangala et al., 2010).
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Cocrystals of NF-4-hydroxybenzoic acid were more photostable than the drug when
exposed to a 315–400 nm UV lamp for 168 h (Vangala et al., 2010).
1.6.2 Mechanical properties
Cocrystallization leads to the creation of a new crystal structure that contains both drug
and coformer, with different inherent mechanical properties. It has been demonstrated
that, because of their layered structure, CAF-methyl gallate cocrystals have better
tableting properties than the drug alone (Sun et al., 2008). Similarly, better
compressibility and therefore better tableting properties were seen for cocrystals
containing paracetamol than for the stable form of the drug (Karki et al., 2009). This was
also due to the layered structure of the cocrystals. The plasticity and tableting properties
of THF-methyl gallate cocrystals were better than those of methyl gallate crystals but not
of THF (Chattoraj et al., 2010), because of differences in the hardness of the crystals.
1.6.3 Dissolution, formulations and in vivo studies of cocrystals
Cocrystals tend to have higher dissolution rates than the corresponding drugs, due to their
higher solubility (Bethune, 2009). However, most studies have focused on the powder
dissolution profiles as an indicator of cocrystal performance. These studies did not
comment on the cocrystal solubility behaviour or explain the reasons for improved
dissolution rates in some cases (Basavoju et al., 2008; Remenar et al., 2007). Further,
suggested approaches or a mechanistic understanding of overcoming transformation
challenges during dissolution were not discussed.
One of the early examples is cocrystals of itraconazole with a carboxylic acid, i.e.
fumaric acid, succinic acid (SA), malic acid, and tartaric acid (Remenar et al., 2003), all
of which had higher dissolution rates than that of the crystalline drug and similar rates to
that of the amorphous form of the drug.
The dissolution of fluoxetine hydrochloride was compared with that of cocrystals made
with benzoic acid, fumaric acid or SA (Childs et al., 2004). The dissolution rate of the
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salt was about twice as high as that of the benzoic acid cocrystals, similar to that of the
fumaric acid cocrystals and at least 3 times lower than that of the SA cocrystals.
Celecoxib-NIC cocrystals had a higher dissolution rate than the drug alone (Remenar et
al., 2007). The dissolution rate of cocrystals formulated with 2% sodium dodecylsulfate
and polyvinylpyrrolidone (PVP) was better than that of the drug alone formulated with
similar excipients, and similar to that of the amorphous formulation. This was only an
empirical formulation study and the mechanics of the effect of the excipient on cocrystal
behaviour have not been investigated.
The dissolution of cocrystals of exemestane with maleic acid and megestrol acetate with
SAC was studied in Fasted State Simulated Intestinal Fluid (FaSSIF) (Shiraki et al.,
2008). Transformation of the exemestane cocrystals to the drug was fast and dissolution
rate was similar to that of the drug when the particles were fine, whereas higher
dissolution rates than those of the drug were achieved for larger particle sizes (106-150
and 150-300 μm) (Stanton et al., 2008). Transformation of megestrol acetate cocrystals
was slow and the dissolution rate of the fine particles was much faster than for the drug,
whereas that of the larger particles was similar to that of the drug.
The dissolution of 1:1 cocrystals of CBZ-SAC was studied at pHs 1 and 7. The cocrystals
transformed quickly to CBZ hydrate; subsequently, the crystallization of CBZ hydrate
was slowed by adding 1% hydroxypropylcellulose (Bethune, 2009). The effect of particle
size on the dissolution profile of CBZ-SAC cocrystals was investigated in another study
(Hickey et al., 2007). It was concluded that a faster dissolution rate will be achieved with
smaller particle sizes. In the same study, the in vivo performance of the cocrystals
compared with the marketed product (Tegretol®) was investigated. The pharmacokinetic
data indicated no significant differences between them.
The preliminary dissolution behaviour of indomethacin (IND)-SAC cocrystals at pH 7.4
was investigated at different ionic strengths of the phosphate buffer (60 and 200 mM at
26 °C). The dissolution rate of the cocrystals was around 50 times higher than that of
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IND in 200 mM buffer, dependent on the ionic strength (Basavoju et al., 2008). In
another study, the bioavailability of IND-SAC cocrystals was investigated in beagle dogs
and compared with the bioavailability of both the marketed product of IND (Indomee®)
and the physical mixture of drug and coformer (Jung et al., 2010). The cocrystals had
similar pharmacokinetic data to the marketed product but significantly improved
performance compared to the physical mixture.
After preparing and characterising cocrystals of AMG517 (Stanton & Bak, 2008),
cocrystals of AMG517 with sorbic acid were studied in vivo in Sprague-Dawley rats at
different doses and compared with 500 mg/kg doses of the free base form of the drug
(Bak et al., 2008). The result indicated dose-dependent pharmacokinetics (Cmax and
AUC) for the cocrystals.

26

2. Aims
The overall aim of the thesis was to gain a fundamental understanding of the formation
mechanisms, solution behaviour and solid-state properties of pharmaceutical cocrystals.
The specific aims were:
x

To study the role of thermodynamic and kinetic factors in the formation and
stabilisation of cocrystals in organic solvents.

x

To introduce spray drying as a novel and alternative method of cocrystallization.

x

To gain a fundamental understanding of the solubility behaviour of cocrystals in
aqueous media for rational formulation strategies.

x

To study the effects of formulation excipients on the dissolution and
transformation of cocrystals in aqueous media and provide insights for capturing
the solubility advantage offered by cocrystals.

x

To investigate the solid-state nature of the processed cocrystals.

x

To demonstrate the potential of cocrystallization technology in engineering the
particle properties of drugs.
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3. Materials and methods
3.1 Chemicals
IND (Ȗ form), CBZ, THF, CAF, SAC, NIC, GLT, oxalic acid (OXA), U, SA, sodium
lauryl sulphate (SLS), and PVP (K29/32) were purchased from Sigma-Aldrich, Sweden.
All solvents except ethanol (purity >99.8%) were also sourced from Sigma-Aldrich,
Sweden, and used without further treatment. Ethanol (99.5% purity) was purchased from
Kemetyl, Sweden. Milli-Q water was used throughout this work.

3.2 Experimental section
3.2.1 Preparation of the cocrystals
3.2.1.1 Solvent evaporation

In papers I and IV, IND-SAC cocrystals were crystallized using the solvent evaporation
method. A mixture of IND (0.01 M, 3.578 g) and SAC (0.01 M, 1.832g) was dissolved in
200 mL of ethyl acetate and heated to aid dissolution. The solution was left at room
temperature (~22 ºC) in a controlled fume hood (air flow 0.54 m/s). The resulting crystals
were filtered and dried in a dessicator over silica gel to assure complete dryness. They
were then milled gently using a mortar and pestle and passed through a 125 μm sieve
(RETSCH, Germany). The powder thus obtained was verified by DSC and powder X-ray
diffraction (PXRD) for phase purity.
In paper II, the 2:1 U-SA cocrystals were prepared by solvent evaporation of a 2-propanol
solution of corresponding stoichiometry at room temperature.
3.2.1.2 Slurry crystallization

In papers IV, V, VI and VII, slurry-based crystallization methods were used for the
preparation of cocrystals. In paper IV, CBZ-SAC cocrystals were prepared using the
reaction crystallization method in ethanol at room temperature, by adding CBZ to nearly
saturated solutions of SAC.
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In paper V, a mixture of IND (3.578 g) and SAC (1.83 g) was slurried in 10 mL of ethyl
acetate for 5 days at room temperature. Suspensions were filtered together under vacuum,
dried at room temperature and collected.
Slurry crystallization was also used in paper VI, where approximately 3.578 g of IND and
1.221 g of NIC in a 1:1 molar ratio was placed in 10 mL of ethyl acetate in a flatbottomed flask and stirred for 5 days at room temperature with the help of a magnetic stir
bar on a stir plate. The resulting solids were filtered, dried and analysed.
In paper VII, a mixture of THF (1.80 g) and SAC (1.83 g) was slurried in 10 ml of
methanol for 4 days at room temperature. The suspension was then filtered under vacuum
and dried at room temperature. Larger batches (about 3 times the size of the initial
batches) were also prepared in a similar manner.
3.2.1.3 Solvent-drop or liquid-assisted grinding

A solvent-drop grinding method was used in papers I, III and VI for preparing IND-NIC
cocrystals. A 1:1 stoichiometric mixture of IND (0.072 g, 0.2 mM) and NIC (0.024 g, 0.2
mM) was placed in a 10 mL Retsch grinding jar containing two stainless steel balls and
20 ȝL of methanol was added. The mixture was ground for 30 min in a Retsch grinder
(Mixer Mill MM301, Retsch GmbH & Co., Germany) at an oscillation frequency of 30
Hz/min.
3.2.1.4 Spray drying

In papers III and VII, the solutions were spray dried using a laboratory scale spray dryer
(Büchi Mini Spray Dryer B-290, Büchi Labortechnik AG, Switzerland). Solutions
prepared using organic solvents were spray dried in a closed configuration with nitrogen
as the drying gas. The solvent was trapped using a B-295 inert loop. Solutions prepared
from water were spray dried with the spray dryer operating in the open mode using
compressed air as the drying gas. The processing conditions (air flow 357 L/h, aspiration
rate 70 or 100 % and solution feed rate 5 ml/min) were the same for all systems. The inlet
temperature was 70/75 °C for organic solvents and 130 °C for water. The outlet
temperatures were in the range of 50-55 °C.
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In paper II, the bulk 1:1 U-SA cocrystals (in pure form) used for various
characterisations can only be prepared by spray drying an aqueous or 2-propanol solution
of 1:1 U and SA (inlet temperature = 120 °C for water, 75 °C for 2-propanol; flow rate =
5 mL/min; aspiration = 70-100%).
3.2.1.5

Dry milling of different solid forms

In paper VII, a ball mill was used to micronize the samples. About 1g of THF or THFSAC was placed in a 10 mL Retsch grinding jar and ground for 15 min in a Retsch
grinder (Mixer Mill MM301, Retsch GmbH & Co., German) at 30 Hz oscillations. The
powder was then collected and the physical purity was verified.
3.2.2 Preparation of amorphous material
3.2.2.1 Melt-quenching on a hot plate

In paper VI, IND-NIC and IND-SAC crystalline cocrystals (~500 mg) were heated on
aluminium foil on a laboratory hot plate until they melted; the melt was quenched and
cooled in liquid nitrogen. The material was then gently ground with a mortar and pestle
under controlled water vapour pressure and immediately analysed by DSC and PXRD.
3.2.2.2 Milling

In paper VI a typical milling experiment was conducted by placing 200 mg of IND-NIC
and IND-SAC cocrystals in a Retsch MM301 Mixer Mill equipped with a 10 mL
stainless steel milling jar, with either 5 mm or 7 mm stainless steel balls. The cocrystals
were milled at an oscillation frequency of 30 Hz/min for 150 min.
3.2.3 Solubility and solution chemistry experiments
3.2.3.1 Solubility of cocrystals and cocrystal components

In paper I, the equilibrium solubility of IND-SAC cocrystals was determined in methanol,
ethanol and ethyl acetate, with or without the addition of pre-dissolved SAC, at 25 ± 0.5
ºC. The experiments were conducted by adding excess IND-SAC cocrystal solid phase to
solutions in 10 mL glass vials. The suspensions were magnetically stirred for 24 h.
Samples were withdrawn and filtered through a syringe filter with 0.2 μm (cellulose
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acetate membrane) or 0.45 μm (polypropylene membrane) pores and the aliquot was
diluted as required.
In paper II, in a similar experimental procedure, the solubility of 2:1 U-SA cocrystals was
determined in solutions of 2-propanol containing various concentrations of either U or
SA. The SA concentrations in these solutions were determined by HPLC and the U
concentrations were calculated by mass balance.
The equilibrium solubility of cocrystal components in pure organic solvents was
determined under similar conditions using same procedures (Papers I and II). In paper IV,
the solubility of IND, CBZ and SAC was measured in aqueous media at 25 ºC where the
pH is adjusted by the addition of 1M HCl and 1M NaOH. An excess amount of each
material was slurried in solution for 72-96 h. After equilibration, the solutions were
filtered, diluted appropriately and analysed by HPLC.
3.2.3.2 Transition point or eutectic point determination

The transition concentrations or eutectic points for the cocrystals were determined (in
papers I, II, IV and V) in various media (organic solvents, water, buffer, and predissolved excipients) by suspending the cocrystals and one of their components until both
solid forms had coexisted in equilibrium for 24-96 h. The equilibrium concentrations of
cocrystal components at the eutectic points were measured by HPLC. The existence of
drug and cocrystal solid forms at equilibrium was examined and confirmed by PXRD. In
paper V, the eutectic point was assessed at pH 3 in phosphate buffer with and without
pre-dissolved polymer or surfactant.
3.2.3.3 Determination or verification of cocrystal saturation conditions

The stability of the cocrystals was studied in 2-propanol, ethanol and water at 25 °C in
paper II. About 200 mg of 1:1 or 2:1 cocrystals (450 mg when water was the solvent for
the 1:1 cocrystals) was magnetically stirred in 2 mL of the solvent for 4 days in a tightly
sealed glass vial.
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In paper III, a stoichiometric mixture of each of the cocrystal components was slurried for
4 to 7 days at room temperature in various solvents. Also, pure cocrystals were slurried at
the spray-drying outlet temperatures for 24-36 h.
3.2.3.4

Determination of dissolution profiles

In the dissolution study on IND-SAC cocrystals in paper V, which was performed at 25
ºC, 100 mg of the cocrystals were added to 10 mL of phosphate buffer (pH=3) in a 25 mL
glass vial. At least one experiment was carried out at each predetermined time point.
After each experiment, the concentrations of IND and SAC were measured by HPLC, the
pH was recorded and the suspensions were filtered under vacuum before analysis by
DSC.
To study the effect of excess cocrystals on the dissolution behaviour, different amounts
(50, 100 and 200 mg) of excess cocrystal material were added to the solutions while all
other experimental parameters were kept constant.
Further experiments were performed in pre-dissolved PVP and SLS at concentrations of
250 ȝg/mL and 100 mM, respectively. The dissolution profile of the Ȗ form of IND in
100 mM SLS was generated under the same experimental conditions.
3.2.4 Surface energy measurement
Inverse Gas Chromatography (IGC) was used in paper VII to measure the surface energy
of various materials. Pre-silanised glass columns (300 × 4 mm ID) were packed with an
appropriate mass of powder and plugged with silanised glass wool packing at each end.
IGC experiments were performed using an SMS-IGC 2000 (Surface Measurement
Systems Ltd, London, UK) system. Each packed column underwent pre-conditioning at
303 K and 0% RH for 3 h. A series of purely dispersive n-alkane vapour probes (decane,
nonane, octane, hexane and heptane) and polar probes (ethanol, ethyl acetate and
acetonitrile) were injected at infinite dilution (3% p/po), and the corrected retention
volume (V0R) was determined using peak maximum analysis. Methane was used as a
non-interacting probe at a concentration of 0.10 p/po. Helium was used as the carrier gas
at a flow rate of 10.0 cm3/min for all injections. Two columns of each sample were
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analysed and three measurements per column were performed. The raw data were
analysed using IGC Analysis Macros (v1.3 standard edition, Surface Measurement
Systems, London, UK) according to (Schultz et al., 1987) the method.
In order to obtain the dispersive surface energy ( J Sd ), the retention volume ( VN ) of each
alkane was calculated from the following relationship

VN

jF t R  t0

T
273.15

(2)

where j is the James-Martin pressure drop correction factor, F is the exit flow rate
measured at 1 atm and 273.15 K, t R is the retention time of the interacting probe, t 0 is the
mobile phase hold-up, and T is the column temperature in Kelvin. The net retention
volume is related to the dispersive surface free energy component via
RT ln VN

2 N A J Sd

1/ 2

am J Ld

1/ 2

K

(3)

where R is the universal gas constant, N A is Avogadro’s number, a m is the cross
sectional area of the adsorbate, J Sd is the dispersive surface energy of the solid powder,

J Ld is the dispersive surface energy of the probe, and K is a constant.

(3 is a linear

relationship, and J Sd can be calculated from the slope of the line.
The polar components can also be evaluated from the retention behaviour of the polar
probes from the following relationship (assuming that the entropic contribution to the free
energy is negligible) (Gutmann, 1978)

'G AB KADN  KD AN*

(4)

where 'G AB is the free energy of adsorption of a polar probe on a solid material, DN is
an electron donor or base parameter, and AN* is an electron acceptor or acid parameter.
Ethanol (acidic), ethyl acetate (basic) and acetonitrile (basic) were used as polar probe
molecules. A linear plot of 'G AB / AN * versus DN / AN * was obtained by measuring
the value of 'G AB for the polar probes. The Gutmann acidity constant K A and basicity
constant K D of the sample powders were then determined from the slope and the
intercept of the line, respectively.
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3.3 Solid-state and analytical instrumentation
3.3.1 Differential scanning calorimetry
A Thermal Advantage DSC Q1000 (TA Instrument) equipped with a refrigerated cooling
system was calibrated for temperature and enthalpy using indium. Materials were
accurately weighed into non-hermetic aluminium pans and crimped. The samples were
scanned under continuous nitrogen purge (50 ml/min).
The reversing heat flow curves for amorphous samples were obtained by heating the
sample in the modulated mode at 1 °C/min amplitude and a frequency of 60 s with a 2
°C/min underlying heating rate. The inflection point of the glass transition temperature
(Tg) and the heat capacity change (¨Cp) at Tg were determined.

3.3.2 Powder X-ray diffraction
PXRD patterns of various powdered samples were collected using a Siemens D5000
powder diffractometer with Cu KĮ radiation (1.54056 Å). The tube voltage and amperage
were set at 40 kV and 40mA, respectively. The divergence slit and anti-scattering slit
settings were variable for the illumination of the 20mm sample size.
The PXRD patterns for the CBZ-SAC system studies in paper IV were collected by a
bench top Rigaku Miniflex X-ray diffractometer (Danvers, MA) using CuKR radiation
(Ȝ=1.54 Å ), a tube voltage of 30 kV, and a tube current of 15mA. Data were collected
from 2 to 40q at a continuous scan rate of 2.5q/min.

3.3.3 Variable temperature powder X-ray diffractometry
IND–NIC melt-quenched cocrystals were examined using variable-temperature PXRD
(VTPXRD), a technique in which PXRD patterns were obtained while the sample was
subjected to a controlled temperature programme. The melt-quenched cocrystals were
monitored in a PXRD (D-8 advance, Bruker) with CuKĮ (1.54 Å; 40 kV x 40 mA)
radiation. The instrument was operated in the step scan mode in increments of 0.05° 2ș,
over an angular range of 5 – 40° 2ș and counts were accumulated for 0.3 s at each step.
The XRD patterns were obtained at every 10 °C increment from -10 °C to the melting
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temperature. The sample was heated at 12 °C/min and maintained under isothermal
conditions during the XRD run (~ 6 min). Data analyses were performed using
commercially available software (JADE Materials Data, Inc., Livermore, California).

3.3.4 High performance liquid chromatography
Solutions were analysed by high performance liquid chromatography (HPLC; series 200
binary LC pump and 200 UV-vis detector, TotalChrom software, Perkin-Elmer, Wellesly,
MA). A C18 column (Dalco Chrometch, 5 ȝm, 150 mm × 4.6 mm) was used. UV
detection at 319 nm was used for IND, with a mobile phase of 0.2% w/v phosphoric acid
and MeOH, in proportions of 25:75. SAC was detected at 254 nm and the mobile phase
consisted of 20% v/v acetic acid adjusted to pH 3 by adding a saturated solution of
sodium acetate. NIC was detected at 260 nm and the mobile phase was a mixture of water
and methanol (6:4) containing 0.1% trifluoroacetic acid. For SA, the HPLC analysis was
conducted at room temperature with a flow rate of 0.35 mL/min and UV detection at 210
nm. The mobile phase was 50 mM KH2PO4 buffer with 2% acetonitrile (pH 2.5 adjusted
by HCL). The flow rate was 1 mL/min. Mobile phases were degassed for 30 min before
use.
In paper IV, the concentrations of CBZ and SAC in the CBZ-SAC cocrystal solution
were analysed using a Waters HPLC 312 (Milford, MA) equipped with a UV/Vis
spectrometer detector. CBZ and SAC were separated over a C18 Atlantis column (5 μm,
4.6×250 mm; Waters, Milford, MA) at ambient temperature. The mobile phase was 55%
methanol and 45% water with 0.1% trifluoroacetic acid and the flow rate was 1 mL/min
using an isocratic method. Absorbance of CBZ and SAC was monitored at 284 and 260
nm, respectively. The injection sample volumes were 20 or 40 μL.

3.3.5 Scanning electron microscopy
Particle morphology was observed by scanning electron microscopy (SEM; JSM 6460lv,
JEOL, Japan). The samples were sprinkled onto double-sided tape that had been secured
onto an aluminium stub and then gold sputter-coated under an argon atmosphere.
A scanning electron microscope (Philips XL 20, Eindhoven, Netherlands) operated at 15
kV was also used to visualise the particle morphology (unpublished results). The
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specimens were mounted on a metal stub with double-sided adhesive tape and coated
with gold under vacuum in an argon atmosphere prior to observation.
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4. Results and discussion
4.1 Solution chemistry, phase solubility diagrams and solubility
modeling of cocrystals in organic solvents
Understanding the solubility behaviour and solution chemistry of cocrystals has
important implications for determining the conditions that induce crystallization or
transformation of cocrystals. It is also essential for developing crystallization and scaleup methods for cocrystals.

4.1.1 Cocrystals with 1:1 stoichiometry
In paper I, the solubility behaviour and solution chemistry of a model cocrystal, INDSAC, were investigated. The behaviour of IND-SAC cocrystals in different solvents
(methanol, ethanol and ethyl acetate) was studied. When the IND-SAC cocrystals are in
equilibrium with the solution, without solution complexation, the following equilibrium
exists
K sp
IND  SAC solid m
o IND solution  SAC solution .

(5)

K sp can be given as
K sp

>IND@>SAC @

(6)

and if the total concentrations are equal to the free concentrations, the cocrystal solubility
can be written as

>IND@total

K sp

>SAC @total

.

(7)

Equation (7) predicts that the cocrystal solubility decreases with increasing
concentrations of SAC. Equation (7) also predicts that the plot of >IND@total versus
1

>SAC @total

is linear, with a slope given by K sp .
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Figure 4. Total concentration of IND in equilibrium with IND-SAC cocrystals as a
function of inverse total SAC concentration in methanol (Ɣ), ethanol (Ÿ), and ethyl
acetate (Ŷ). Solid lines indicate linear regression fit.
The intercept of the lines, based on linear regression analysis, was not significantly
different from zero in ethyl acetate, but was significantly different from zero in methanol
and ethanol. This result suggests that solution complexation occurs in methanol and
ethanol. Thus, equation 3 predicted the solubility behaviour of IND-SAC in ethyl acetate
well (Figure 5), whereas it underestimated the solubility in methanol and ethyl acetate.
Thus, the cocrystal solubility can be expressed as

>IND @total

K sp

>SAC @total

 K11 K sp .

(8)

Equation (8) predicts that the IND-SAC cocrystal solubility will be greater, by a constant
value (the product of K sp and K11 ), than when there is no solution complexation. This
equation predicted the solubility of IND-SAC cocrystals in methanol and ethanol well
(Figure 5). The values of K sp and K11 were evaluated from the slope and the intercept,
respectively, of the linear equation, as in Table 2.
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(b)

(c)
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the predicted solubility of IND, with K11 values calculated from the cocrystal solubility data in Table 2. The dashed red lines represent
the 1:1 stoichiometric composition of IND and SAC.

Figure 5. Solubility of IND-SAC cocrystals at 25 °C as a function of total SAC concentration in a) methanol, b) ethanol, and c) ethyl
acetate. The symbols indicate experimental solubility measurements of the cocrystals. The solid green lines represent the predicted
cocrystal solubility according to equations (7) and (8), using values for K sp and K11 given in Table 2. The solid black lines represent

(a)

Table 2. IND-SAC cocrystal solubility products and solution complexation constants in
organic solvents.
Solvent

K sp

Methanol
Ethanol
Ethyl Acetate

(M2)

1.12E-03 (± 0.05E-03)
0.61E-03 (± 0.02E-03)
1.40E-03 (± 0.07E-03)

K11 (M-1)
1.82 (± 0.75)
3.25 (± 0.9)
0

K11 can also be used to predict the increase in the solubility of IND in the presence of
SAC in solvents as a result of solution complexation (Figure 5).

4.1.2 Cocrystals with 2:1 stoichiometry
U-SA cocrystals were selected for investigating 2:1 cocrystals in paper II. The following
equilibrium exists when U2SAsolid dissociates to its components in solution, when there is
no solution complexation
K sp
U 2 SAsolid m
o 2U solution  SAsolution .

(9)

Assuming ideal conditions, K sp can then be given as

K sp

>U @ >SA@ .

(10)

2

If the system has no solution complexation, the solubility of 2:1 cocrystals can be given
as

>U @total

K sp

>SA @total

.

(11)

This equation predicts that the solubility of cocrystals will decrease with increasing SA
concentrations. However, using K sp evaluated from linear plots in equation (11), the
experimental cocrystal solubility did not agree with the predicted values. This may have
been due to the contribution of solution complexation to the solubility of the cocrystals,
which was not considered in equation (11). Therefore, models that can predict the
solubility of 2:1 U-SA cocrystals while taking solution complexation into consideration
were derived and tested (Table 3).

42

1:1 and 2:1

1:1

2:1

I

II

III

Model Complexation

'
K 21

2U solution  SAsolution m
o U 2 SAsolution

K

sp
U 2 SAsolid m

o 2U solution  SAsolution

K11
U solution  SAsolution m

o USAsolution

K

sp
U 2 SAsolid m

o 2U solution  SAsolution

K 21

USAsolution  U solution m
o U 2 SAsolution

K11

U solution  SAsolution m
o USAsolution

K

sp
U 2 SAsolid m

o 2U solution  SAsolution

Equilibrium reactions

>U @total

(12)

(13)

K sp

>SA@total  K 21' K sp

'
 2 K 21
K sp

total

total

2>SA@total  K112 K sp  2 K11 K sp >SA@

K sp
 K11 A2 K sp
A2

2>SA@total  K112 K sp  2 K11 K sp >SA@

K sp
 K11 A1 K sp
A1

/2

/2

(16)

(15)

(14)

total

total

2 >SA@total  K11 K 21 K sp  K112 K sp  2 K11 K sp >SA@

K sp
 K11 A2 K sp  2 K11 K 21 K sp
A2

2 >SA@total  K11 K 21 K sp  K112 K sp  2 K11 K sp >SA@

K sp
 K 11 A1 K sp  2 K 11 K 21 K sp
A1
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where A2

>U @total

where A1

>U @total

where A2

>U @total

where A1

>U @total

/2

/2

Equations predicting 2:1 cocrystal solubility considering different
complexation orders

Table 3. Models predicting dependence of drug concentrations on ligand concentrations for 2:1 cocrystals.

The thermodynamic constants K sp , K 11 and K 21 were estimated by nonlinear regression
analysis. Table 4 presents the values of the thermodynamic constants evaluated using
various models.

Table 4. presents the values of the thermodynamic constants evaluated using various
models.

Model Complexation Equations

I

II

III

K sp

K11

-1
(M3)× 10-3 (M )

K 21

K 21´

(M-1)

(M-2)

R2

F

(11)

(0.330 ±
0.11a)

5.00
±
2.14

0.14 ±
0.096

97.2 584

(12)

(0.416 ±
0.12a)

10.30
± 3.54

96.3 450

(13)

(0.346 ±
0.05a)

2.20
±
0.81
4.80
±
1.53

(14)

(0.805 ±
0.10 a)

1:1 and 2:1

97.1 574

1:1

2:1

a

(15)

(0.668 ±
0.31a)

1.11
±
0.64

93.4 240
1.59 ±
8.9

94.2 275

Standard error.

From the F-value, R 2 , equations (12) and (14) appear to be better predictors of the
experimental cocrystal solubility. Both equations have similar constants, which suggest
negligible 2:1 complexation.
PSD was used to map the stable regions of the solid phases, i.e. U, 1:1 and 2:1 cocrystals
and SA. Figure 6 shows the PSD of this system and stable regions of the different phases.
Despite considerable effort, we were not able to find a stable region for 1:1 cocrystals
under the studied conditions. It is possible that the phase stability region for 1:1 U-SA
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cocrystals is very narrow, so that it is not practically accessible using equilibrium
methods. Conversely, the stable region for the 1:1 cocrystals might overlap with that for
the 2:1 cocrystals, as in the case of CAF-maleic acid cocrystals (Gao et al., 2011).

Figure 6. Phase solubility diagram (PSD) for 2:1 cocrystals in 2-propanol at 25 °C. (ż)
represent the experimental cocrystal saturation for 2:1 cocrystals at various ligand
concentrations; (¡) are eutectic points, eu1 and eu2. The equilibrium solubilities of U and
SA in neat 2-propanol are indicated by (Ɣ). Dashed black lines correspond to 1:1 and 2:1
stoichiometric ratios. The red solid line indicates the predicted solubility of 2:1 U-SA
cocrystals from equations (11) or (13). The blue and green lines represent the estimated
solubility lines for U and SA, respectively.
4.1.3 Utility of eutectic concentrations and the eutectic constant in cocrystal
preparation
Eutectic points are useful indicators of cocrystal solubility and stability in the PSD, which
can guide cocrystal synthesis and selection. They are very useful for determining the
stable regions of cocrystals without requiring full determination of the phase diagram. For
U-SA cocrystals in 2-propanol (paper II), two eutectic points, eu1 and eu2, were
identified; the respective solid phases for these points were confirmed by PXRD to be U
and 2:1 cocrystals, and SA and 2:1 cocrystals (Figure 6). The concentrations of U at eu1
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and SA at eu2 were higher than those at equilibrium for the individual components in 2propanol. This increase in solubility can be attributed to solution complexation.
The K eu approach was applied in paper I to study the stability and solubility of IND-SAC
and IND-NIC cocrystals. Table 5 summarises the solubility of different solid phases and
the K eu values determined using equation (1). For IND-SAC cocrystals, K eu was  1 in
all the studied solvents; however, for IND-NIC cocrystals, K eu was  1 in ethyl acetate
and > 1 in methanol and ethanol. This indicates that the IND-SAC cocrystals were less
soluble than their components in these solvents, and are congruently saturating systems.
IND-NIC cocrystals are congruently saturating in ethyl acetate and incongruently
saturating in methanol and ethanol.

4.1.4 Role of solvents and temperature on the saturation condition of cocrystals
The 1:1 U-SA cocrystals in paper II transformed to 2:1 cocrystals in propanol, ethanol
and water. The cocrystal stability was shown in paper I to be dependent on the solvents;
for example, IND-NIC cocrystals were stable in ethyl acetate but converted to IND in
ethanol and methanol. This was due to changes in the solubility order in the respective
solvents. Similarly, CBZ-GLT cocrystals were congruently saturating in ethanol and
incongruently saturating in ethyl acetate (paper III). The temperature also affected the
stability order of the cocrystals: CAF-OXA acid cocrystals were congruent in methanol at
room temperature, but incongruent at 50 °C (paper III). These results show the impact
that crystallization conditions such as solvent, temperature etc. have on cocrystal
formation. This information is vital, and it is necessary to address these factors before
setting up a slurry crystallization.
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0.735 ± 0.009
0.073 ± 0.001

b

0.054 ± 0.001
0.105 ± 0.005b

1.682 ± 0.078

0.047 ± 0.002a

Methanol

Ethanol
Ethyl Acetate

>NIC @ (M)

>IND @ (M)

1.77

2.82

4.70
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13.52
0.72

31.89

(M)

eu

>IND@
a

(M)

0.065 ± 0.000
0.130 ± 0.004

0.064 ± 0.006a

eu

eu

0.472 r0.060

K eu

Observed

eu

>NIC @

(M)

0.215 ± 0.019
0.041 ± 0.001

K eu

3.299 r 0.191
0.319 r 0.004

9.298 r 0.441

Observed

0.014 ± 0.001 0.232 r 0.011
0.015 ± 0.000 0.149 r 0.008

0.025 ± 0.004

(M)

>SAC@

0.594 ± 0.037

0.099 ± 0.003

0.059 ± 0.000

0.053 ± 0.003

>IND@

>SAC@/ >IND@

>NIC @/ >IND@

0.037 ± 0.001

0.025 ± 0.000

0.032 ± 0.001

(M)

>IND  SAC@c

Solvent

0.181 ± 0.001

0.102 ± 0.005b

b)

0.153 ± 0.004

0.054 ± 0.001

0.247 ± 0.008

Ethanol

0.047 ± 0.002

(M)

(M)
a

>SAC@

>IND@

Ethyl Acetate

Methanol

Solvent

b

a)

Table 5. The mean concentrations at 25 °C of drug and coformer in pure solvents and at the eutectic point, the solubility ratio of
coformer to drug, and the observed K eu values for a) IND-SAC cocrystals and b) IND-NIC cocrystals in different solvents are
presented. aIND methanol solvate; bIND gamma form; cMeasured solubility of IND-SAC cocrystals. Data presented (±standard
deviations, n=3).

4.2 Preparation of cocrystals by spray drying (Paper III)
The formation of cocrystals by spray drying was tested using different known cocrystal
models, as indicated in
Table 6 (Childs et al., 2008; Jie et al., 2009; Trask et al., 2005). The saturation condition
of these cocrystals at room temperature (23-24 °C) and at the outlet temperature for spray
drying was verified and the results are presented in Table 7. The stoichiometric solutions
of drug and coformer were subjected to solvent evaporation crystallization at room
temperature and spray drying. The solid state of the resulting solid phases from the
different methods was verified by PXRD (Table 7). As expected in solvent evaporation,
based on the thermodynamic pathways of cocrystal formation in the TPD, a mixture of
cocrystals and cocrystal components was crystallized for incongruently saturating
systems whereas pure cocrystal forms were obtained for the congruently saturating
systems.

Table 6. The model cocrystals used in this study, with their stoichiometries.
Abbreviations
Stoichiometry
CBZ-GLT
1:1
THF-NIC
1:1
U-SA*
1:1
CAF-GLT
1:1
CAF-OXA
2:1
1:1
IND-NIC€
*
The U-SA cocrystals were discovered in this study. €The existence of IND-NIC
cocrystals was indicated but they were not thoroughly characterised. We subsequently
fully characterised 1:1 IND-NIC cocrystals by HPLC, DSC, PXRD, Raman and solution
NMR spectroscopy.
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Ethanol

CBZ-GLT

Incongruent

Cocrystal Saturation
condition at
room temperature‡

Cocrystal Saturation
condition at the spraydrying outlet
temperature†
Incongruent

Solvent evaporation¥

Spray Drying¥
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CBZ form III, GLT, and
Cocrystals
Cocrystals
THF-NIC
Ethanol
Incongruent
Incongruent
THF, NIC, Cocrystals
Cocrystals
URE-SUC
Water
Incongruent
Incongruent
2:1 cocrystals and SUC
Cocrystals
CAF-GLT
Water
Incongruent
Incongruent
CAF monohydrate, GLT, and Cocrystals Form I£
Cocrystals Form I and Form II
IND-NIC
Methanol
Incongruent
Incongruent
IND solvate, NIC and Cocrystals
Amorphous
CAF-OXA Methanol
Congruent
Incongruent
Cocrystals
Cocrystals
CBZ-GLT Ethyl acetate
Congruent
Congruent
Cocrystals
Cocrystals
IND-NIC Ethyl acetate
Congruent
Congruent
Cocrystals
Amorphous
‡
Determined by slurrying the stoichiometric mixture of cocrystal components at room temperature; different solid phases were formed
for incongruent systems. This was a complementary experiment to slurrying the cocrystals.
†
Determined by slurrying the cocrystals at the spray-drying outlet temperature; different solid phases were formed for incongruent
systems.
¥
The concentrations of the starting solutions were identical.
£
Metastable polymorph of 1:1 CAF-GLT cocrystals (Trask et al., 2005).

Solvent

Cocrystal
System

Table 7. The saturation condition for different cocrystals at room and spray-drying outlet temperatures, along with the solid phases
resulting from solvent evaporation and spray-drying methods.

Interestingly, spray drying of stoichiometric solutions of cocrystal components under
incongruent and congruent conditions resulted in pure cocrystals. However, the spray
dried IND-NIC system was amorphous in nature but crystallized to cocrystals on storage.
Clearly, in contrast to the solvent evaporation method for incongruent systems, spray
drying generated pure cocrystals. The effect of temperature on the order of stability for
the different phases was excluded as a reason because some cocrystals were still
incongruently saturating at higher temperatures. Remarkably, the 1:1 URE-SUC
cocrystals were discovered and consistently generated in a pure form by spray drying,
although they could not be made by slurry or reaction crystallization methods.22 A
metastable form of the CAF-GLT cocrystals (i.e. form I) was also generated by spray
drying. These results suggest that spray drying could be used for preparing metastable
polymorphs or stoichiometrically diverse cocrystals.
This study suggested the presence of different mechanisms of cocrystal formation in the
spray-drying process. Cocrystals could preferentially nucleate and grow in highly
supersaturated regions of drug because of rapid solvent evaporation from the droplets, the
presence of coformer, and/or an interaction between the drug and the coformer in the
liquid phase. It might also be possible that droplets containing the stoichiometric ratio of
cocrystal components formed during spray drying. This solid would comprise an intimate
mixture of drug and coformer that would instantaneously crystallize to form cocrystals.
However, due to differences in the material crystallization propensity in the spray-drying
process, an amorphous phase could result.

4.3 Solubility behaviour of cocrystals in aqueous media (Paper IV)
4.3.1 Evaluating the pH dependence of the model cocrystals' solubility
The solubility behaviour of two model cocrystals, IND-SAC and CBZ-SAC, was
investigated in aqueous media. IND and SAC are weakly acidic compounds with pKa
values of 4.2 and 1.6, respectively, whereas CBZ is nonionisable. Because these
cocrystals were unstable in solution over the studied pH range, the cocrystal solubilities
were evaluated using a eutectic measurement approach. The K sp for IND-SAC cocrystals
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can be evaluated from equation (17) by measuring the concentrations of IND and SAC at
the eutectic point as a function of pH, where IND and IND-SAC cocrystals were in
equilibrium

>SAC @eu

>K @
sp

§ Ka ( IND ) ·§ Ka ( SAC ) ·
¸
¸¨1 
¨1 
>H  @ ¸¹¨© >H  @ ¸¹

(17)

>IND @eu ¨©

where K a ( IND ) and K a ( SAC ) are the components' ionisation constants. Our measurements
were carried out at a pH of 2-3. It was observed that >IND@eu is constant in this pH range
and the ionisation effect of IND is negligible; thus equation (17) becomes

>SAC @eu

>K @
sp

§ Ka ( SAC ) ·
¨1 
¸.
>H  @ ¸¹

(18)

>IND@eu 0 ¨©

The coformer eutectic concentration of cocrystals of a nonionisable drug and a weakly
acidic coformer, such as CBZ-SAC, is dependent on the pH (H+), as predicted by

>SAC @eu

>K @
sp

§ Ka ( SAC ) ·
¸.
¨1 
>H  @ ¸¹

(19)

>CBZ @eu ¨©

Nonlinear regression analysis of the experimental data was used to evaluate the K sp for
IND-SAC and CBZ-SAC cocrystals according to equations (18) and (19), respectively
(Table 8). The observed experimental data were described well by the nonlinear
regression analysis of the proposed model for IND-SAC ( r 2 =0.91, P <0.002 for >SAC@eu )
and CBZ-SAC ( r 2 =0.91, <0.0001for >SAC@eu ).

Table 8. K sp values for cocrystals, determined from eutectic point measurements
according to equations 4 and 5. The S0 is the intrinsic solubility of the drugs.
Cocrystals
pKa(SAC)*
S0± standard error (m)
K sp ± standard error (m2)
IND-SAC
(1.38±0.09)x10-9
(2.85±0.03)x10-6
-6
CBZ-SAC
(1.00±0.05)x10
(5.00±0.05)x10-4
*
The reported pKa values of SAC ranged between 1.3 and 2.2.

1.60±0.01
1.60±0.01

The cocrystal solubility (Scocrystal) can be estimated from its K sp , taking the ionisation of
both cocrystal components into consideration. The cocrystal solubility in the absence of
excess coformer can be referred to as the stoichiometric solubility and can be written as

Scocrystal

>drug@ >coformer@ .

(20)
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As a result, S can be derived for 1:1 cocrystals. Details of the derivation can be found in
Bethune et al. (Bethune et al., 2009). For IND-SAC cocrystals S is given by

S ( IND  SAC )

§ Ka ( IND ) ·§ Ka ( SAC ) ·
K sp ¨¨1 
¸¨1 
¸
>H  @ ¸¹¨© >H  @ ¸¹
©

(21)

and for CBZ-SAC cocrystals S is given by

S( CBZ  SAC )

§ Ka ( SAC ) ·
K sp ¨1 
¸.
>H  @ ¹
©

(22)

Figure 7. Solubility-pH dependence of (a) 1:1 IND-SAC compared to IND and (b) 1:1
CBZ-SAC compared to CBZ[D]. The measured cocrystal and drug solubilities are
represented by (ż) and (ǻ), respectively. Theoretical cocrystal (ņņ) and drug (·····)
solubility pH-dependence values were calculated according to equations (21) or (22) and
the Henderson-Hasselbalch relationship, respectively using thermodynamic values listed
in Table 8.
The predicted solubilities of IND-SAC and CBZ-SAC cocrystals, according to equations
(21) and (22), are shown in Figure 7. The models fit the measured solubilities well, as
illustrated by SAC solubility at the eutectic points. The predicted solubility curves
indicate that both cocrystals are more soluble than the drugs alone at all pH values.
Further, Figure 7 indicates that the cocrystal solubility will increase with increased pH.
This means CBZ cocrystals with an ionisable coformer are pH-dependant despite it being
non-ionisable (Bethune et al., 2009). It is clear from Figure 7 that the shape of the pHsolubility curve for the cocrystals is different from that for the drugs. This emphasizes the
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potential of cocrystallization technology to engineer the solubility profiles of drugs, in
order to obtain the highest release of the drug at relevant physiological pH values.
4.3.2 Solubility advantages of cocrystals

The IND-SAC and CBZ-SAC cocrystals generate different levels of supersaturation with
respect to the drug. For example, at pH 3 the IND-SAC and CBZ-SAC cocrystal had 67
and 10 times higher solubility than drugs, respectively. The ideal solubilities of the
cocrystals and drugs were compared to determine whether the solubility advantage of the
cocrystals was due to lower lattice energy. The ideal mole fraction solubility (Xideal) was
calculated from the following equation, assuming the heat capacity change upon melting
is zero and the enthalpy of the solution ( 'H sideal ) is equal to the melting enthalpy ( ' H m ),

Fideal

 'H m § Tm  T ·
¨
¸
R ¨© TmT ¸¹

(23)

where Tm and R are the melting temperature in Kelvin and the gas constant, respectively,
and T is the solution temperature. The melting enthalpy ( 'Hm ) was normalised by the
cocrystal stoichiometry. The ideal solubility is independent of the solvent as it quantifies
the lattice energy contribution to the solubility.
The ideal solubility was in all cases higher than the experimental aqueous solubility,
which indicates that solvation is a significant barrier for both cocrystals and drugs. The
ideal solubilities of the IND-SAC and CBZ-SAC cocrystals were not higher than the ideal
solubilities of the drugs. Thus, the solubility advantage of these cocrystals is not due to
contributions from the lattice energy. Although the melting point of CBZ-SAC is lower
than that of CBZ, the ideal solubility (lattice energy) of CBZ-SAC and anhydrous CBZ
are nearly equivalent. IND-SAC has a higher melting point than IND, resulting in a
slightly lower ideal solubility. The melting point of cocrystals, a key parameter of their
ideal solubility, correlates only poorly with their aqueous solubility, which is in
agreement with our findings.
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The contribution of the solvation energy ( J ) to the aqueous solubility was determined
from the measured aqueous mole fraction solubility (X) and the calculated ideal solubility
(XIdeal) according to the following relation

ln F

ln F ideal  ln J .

CBZ

(24)

CBZ-SAC

IND

IND-SAC

0
-1
-2

Log X

-3
-4
-5
-6
-7
-8

Figure 8. The lattice energy ( log F ideal l) and solvation energy ( log J ) contributions to
the experimental aqueous solubility of CBZ, CBZ-SAC, IND and IND-SAC. The black
areas of the bars represent F ideal calculated from equation (23). The grey areas represent
the activity coefficient calculated from equation (24).
The solvation energy, represented by the grey bars in Figure 8, was highest for IND.
Cocrystallization of IND with SAC results in a decrease in solvation energy that increases
the solubility despite the increase in lattice energy. The cocrystals formed from SAC and
the drug with the lowest solubility (IND-SAC) had the lowest aqueous solubility. CBZSAC exhibits a similar aqueous solubility to the anhydrous CBZ, but due to the
solubility-pH dependence of the cocrystal, the solvation energy can be decreased through
ionization. The observed cocrystal solubility depends on the release of solute molecules
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from the crystal lattice (lattice energy) and the solvation of the released solute molecules
(solvation energy).
4.3.3 Eutectic points and eutectic constant dependence on pH

The dependence of the concentration of SAC at the eutectic point >SAC @eu on pH was
predicted using equations (18) and (19) for IND-SAC and CBZ-SAC cocrystals,
respectively. There was good agreement between the predicted and experimentally
determined values (Figure 9).

Figure 9. The dependence of the eutectic point of (a) IND-SAC and (b) CBZ-SAC
cocrystals on pH. Measured >SAC @eu are represented by (ż). The theoretical values for
the dependence of >SAC @eu on pH for these cocrystals were generated from (18) and (19)
using the thermodynamic values listed in Table 8. The IND and SAC pKa values used
were 4.2 and 1.8, respectively.

The eutectic constant K eu was determined using equation (1). K eu increased with
increasing pH for both cocrystals. While the coformer concentrations were in the same
order of magnitude for both cocrystals, the lower drug solubility of IND led to higher
K eu values for the IND-SAC cocrystals than seen for the CBZ-SAC cocrystals. This

demonstrates the effect of the solubility of the cocrystal components on the cocrystal
solubility. Therefore, the potential for cocrystal conversion and drug precipitation would
be very high during dissolution. This has important implications for formulation design,
since suitable cocrystals can be selected from the available cocrystals of the same drug by
monitoring their K eu values.
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4.4 Dissolution and transformation behaviour of cocrystals (Paper V)
The dissolution of the cocrystals was determined at pH 3 and the concentrations of IND
and SAC at each time point were measured. Figure 10 presents the dissolution profiles of
these components. The pH of the solution at all times was 2.9 ± 0.1. It is apparent that the
IND concentration reached a plateau quickly, while SAC dissolved steadily over four
hours. The plateau of IND concentrations at 1-2 μg/ml corresponds to the apparent
solubility of the alfa form of IND (Į-IND) (Alonzo et al., 2010). Indeed, a trace of Į-IND
was detected by DSC in the solids filtered after 15 min in the dissolution experiments.
However, no supersaturation was observed as a result. This was explained by the faster
dissolution and crystallization of Į-IND. Amorphous IND undergoes profound solutionmediated transformation, which affects the drug supersaturation behaviour (Alonzo et al.,
2010).

Figure 10. The concentrations of IND (ż) and SAC (Ƒ) over time (min), during the
dissolution of IND-SAC.
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The dissolution and crystallization of IND continued, and the system finally approached a
state where both IND-SAC and IND (Ȗ form) were in equilibrium with the solution (the
eutectic point). This end-point in the dissolution experiment was unique to the highly
soluble cocrystals. In contrast, amorphous solids tended to fully convert to
thermodynamically stable crystalline forms at equilibrium in solution.
4.4.1 Dissolution behaviour of IND-SAC cocrystals in PVP solutions

The dissolution behaviour of IND-SAC cocrystal in the presence of pre-dissolved PVP
was investigated. K eu was determined over a 0-40% w/v range of polymer content. The
K eu was decreased from around 3000 at 0% w/v polymer to 125 at 40% w/v as a result of
increased solubility of IND relative to the solubility of SAC in PVP solution.
As a 0.025% w/v polymer in solution does not affect the solubility of IND, the ability of
polymer to inhibit the crystallization of IND and maintain the supersaturation was
investigated at this concentration. The concentration-time profiles for IND in absence or
presence of the polymer were similar, indicating no dissolution advantages at 0.025% w/v
of PVP. Surprisingly, the cocrystals were stable in the solid state for up to 180 min as no
Į-IND was detected by DSC.
4.4.2 Dissolution behaviour of IND-SAC cocrystals in the presence of SLS

K eu was determined to evaluate the effect of SLS on the thermodynamic stability of the
cocrystals. Figure 11 shows the calculated K eu at different SLS concentrations. As little
as 50 mM pre-dissolved SLS reduced K eu from around 3000 to about 9.5.

With

increasing concentrations of SLS, the K eu values gradually decreased to approach 1 at
SLS concentrations of 500 mM or higher (Figure 11).

57

Figure 11. K eu values for IND-SAC cocrystals (ż) as a function of SLS concentration.
The green dotted line represents the theoretical presentation of ( K eu =1) at different
concentrations of SLS.

Although it is desirable to thermodynamically stabilise cocrystals at physiological pHs,
the formulation requirements can be very demanding. The large amounts (500-700 mM)
of SLS needed to stabilise the IND-SAC cocrystals would pose problems because of the
toxicity and formulation difficulties. It can be seen that the IND-SAC cocrystals would
show considerable supersaturation at SLS concentrations of 100 mM. The dissolution of
the IND and IND-SAC cocrystals with 100 mM SLS was tested under similar conditions
to those described above (Figure 12). Interestingly, no trace of Į-IND was detected by
DSC or Raman spectroscopy after 240 min, confirming the maintenance of
supersaturation over the entire duration of the experiment. Notably, the release of IND
and SAC from the cocrystals followed a 1:1 molar ratio.
The dissolution of Ȗ-IND also improved, due to a micellar solubilisation effect, as it
reached maximum solubility at 10-15 min. As a result of this differential solubilisation,
the observed supersaturation of IND-SAC was 3 times higher than that of Ȗ-IND in the
presence of SLS.
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Figure 12. The dissolution profiles of Ȗ-IND (Ɣ) and IND-SAC (ż) with 100 mM predissolved SLS in pH 3 phosphate buffer.

4.5 Solid-State properties of cocrystals
4.5.1 Solid-state nature of processed cocrystals (Paper VI)

Cocrystals have traditionally been treated in the literature as a crystalline material and no
study has investigated their nature after disrupting their long-range order periodicity. The
solid-state nature of the cocrystals that underwent an amorphisation route, i.e. meltquenching or milling, was therefore investigated. Cocrystals of IND-SAC and IND-NIC
were selected as model systems. The physical purity of the systems was confirmed and
they were examined after processing by PXRD and DSC (see Figure 13 and Figure 14).
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Figure 13. X–ray diffraction patterns of (a) IND–NIC and (b) IND–SAC systems. The
colours indicate IND–Ȗ form (green), NIC and SAC (pink), cocrystals (red), melt–
quenched cocrystals (blue) and milled cocrystals (black).

The intensities of the prominent diffraction peaks at 2T angles were diminished for the
IND-SAC cocrystals made by melt quenching, resulting in a predominantly hallow
PXRD pattern (Figure 13). This decrease in the peak intensities was also obvious for the
ground sample. None of the characteristic peaks of IND-NIC cocrystals were detected
when the cocrystals were subjected to melt-quenching or grinding in a ball mill. These
processed materials were investigated further using DSC and modulated DSC (MDSC).
A single Tg was observed for both melt-quenched phases of the cocrystals under DSC
(Figure 14). Similarly, a single Tg at around 30 °C was observed for IND-NIC cocrystals.
However, no re-crystallization or melting events were evident for this system (at the same
heating rate), possibly due to a lower crystallization tendency compared to the IND-SAC
system (Figure 14). An increase in the capacity was observed at around 30°C in the
reversible heat-flow curves for melt-quenched materials of both systems under MDSC,
interpreted as the Tg (Figure 14). No Tg was observed for ground IND-SAC cocrystals,
but ground IND-NIC cocrystals had a Tg at a similar temperature to that of the meltquenched material (at around 30 °C).
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(a)

(b)

(c)
(d)
Figure 14. DSC heating curves for IND–NIC (a and b) and IND–SAC (c and d)
cocrystals; the total heat flow (a and c) and reversing heat flow (b and d) curves of the
cocrystals (red), melt–quenched cocrystals (blue) and milled cocrystals (black) are
shown.
Melt-quenched IND-NIC cocrystals were chosen for further investigation as they were
easy to make and had a lower crystallization propensity than other materials. Solid-state
NMR was employed to investigate the amorphous nature of the material at the molecular
level and to examine whether the drug-coformer association was retained upon meltquenching. Figure 15 shows the ssNMR spectra of the systems. The IND-NIC cocrystals
had peaks at 103.6 and 106.5 ppm which were not seen for the cocrystal components.
Also, an upfield shift (176, 149.8 and 146.9 ppm) was observed in the cocrystals
compared to crystalline and amorphous IND. Despite severe peak broadening in the
melt-quenched cocrystals, the similarity of the peaks (including those at 103.6 and 106.5
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ppm) in the NMR spectra is evident. Importantly, the upfield shifts (176, 149.8 and 146.9
ppm) observed in the cocrystals were retained in the melt–quenched samples.

Figure 15. Solid state 13C CPMAS spectra of a) IND, b) amorphous IND, c) NIC, d)
IND–NIC cocrystals, e) melt–quenched IND–NIC cocrystals and f) an equimolar mixture
of IND and NIC.

(a)

(b)

Scheme 2. Schematic representation of (a) cocrystals of drug (green symbols) and
coformer (red symbols), (b) melt–quenched cocrystals.
The structural differences between cocrystals and processed cocrystals are illustrated in
Scheme 2. Cocrystals comprise a homogeneous array of drug-coformer motifs arranged
in an orderly repeating pattern, extending in all three spatial dimensions. Processing of
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the cocrystals results in disruption of the long–range lattice periodicity, with retention of
the same drug-coformer association that exists in the parent cocrystals.
4.5.2 Morphology and surface properties (Papers III and VII)

4.5.2.1 Morphology
The morphology of particles has an impact on their individual and bulk behaviour.
Cocrystals of a drug were prepared by spray drying with different coformers; cocrystals
of THF (Figure 16) and CBZ (Figure 17) are presented as examples. There were some
obvious changes in the particle morphologies which can be attributed to changes in the
formation mechanisms in the presence of different coformers or differences in crystal
structure.

Figure 16. a) Cumulative (%, undersize) particle size distribution, b) mean diameter
(MD) and volume-specific surface area (SSAv), and SEM pictures (c, d, e, f) for spraydried THF, THF-SAC, THF-U, and THF-NIC, respectively.
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a

b

c

Figure 17. SEM pictures of spray-dried materials processed from methanol solutions; a)
1:1 CBZ-NIC cocrystals, b) 1:1 CBZ-SAC cocrystals, and c) 1:1 CBZ-GLT acid
cocrystals

4.5.2.2 Surface properties
Changes in the solid form and crystal habit can lead to changes in the surface chemistry
and surface energy of materials. In paper VII, cocrystals of THF were prepared by spray
drying; their morphology is shown in Figure 16. The particles of different materials had a
similar particle size distribution. The surface energetics of these materials was measured
by IGC.
Table 9 and Figure 18 show the measured values and the bar graphs of the dispersive
surface energy of the spray-dried materials, respectively. ANOVA analysis of the results
indicated that the dispersive energies of the different particles were significantly different
( p < 0.05). The spray-dried drug and cocrystals containing NIC and SAC particles had
similar irregular crystal shapes but different surface energies. Indeed, the dispersive
energy of NIC cocrystal particles was remarkably different from that of other powders,
which could be attributed to differences in the crystal structures, possibly resulting from
different chemical functionalities on the dominant facets. In addition to solid form
change, cocrystals made with U had different morphology, and marginal differences in
dispersive energy.
The basicity constant ( K D ), which was similar for all the spray-dried materials, was not
significantly different from zero. However, the acidity constant ( K A ) differed among the
spray-dried materials (Table 9). Similarly, the specific free energy ( 'G AB ) indicated a
more acidic surface nature for the materials where 'G AB for ethanol was lower than that
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of ethyl acetate and acetonitrile. Among these powders, cocrystals containing NIC had
the highest 'G AB , indicating the most basic powder surface.

Figure 18. Dispersive surface energy of spray-dried THF and THF cocrystals.
THF as received and THF-SAC cocrystals prepared by slurry were also milled and their
surface energies were compared. The milled drug had a higher dispersive surface energy
than the milled cocrystals. However, the opposite trend was seen when these two
materials were prepared by spray drying. The dispersive surface energy and K A of the
same solid form were higher for the milled particles than for the spray-dried materials
(Table 9). Similarly, 'G AB values with a basic probe were higher for the milled samples
than for the spray-dried material, which is indicative of the more acidic nature of the
milled surface.
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0.13 ± 0.00
0.13 ± 0.00
0.15 ± 0.00
0.16 ± 0.00
0.16 ± 0.01
0.16 ± 0.05

41.39 ± 0.42
45.70 ± 0.79
43.23 ± 1.71
69.98 ± 1.23
60.26 ± 0.42
49.58 ± 0.20

THF

THF-SAC

THF-Urea

THF-NIC

THF

THF-SAC
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0.00

0.00

0.00

0.00

0.00

0.02 ± 0.00

6.79 ±0.02

7.95±1.32

9.36± 0.36

8.60±0.12

5.71 ± 0.14

7.48±0.4

8.96±0.04

10.93±2.27

11.27± 0.22

9.15±0.14

7.80 ± 0.25

10.47± 0.05

10.76±0.12

11.38±0.61

11.48± 0.09

10.28±0.04

8.94±0.28

9.63±0.66

Table 9. The surface energy parameters of different samples determined using IGC. Results are presented as averages ± standard
deviation; 2 columns and 3 runs per column were used for each sample.
'G AB ( KJ / mol )
J d ( mJ / m 2 )
KA
KD
Method
Material
Ethanol
Acetonitrile
Ethyl acetate

Spray drying

Milling

5. Summary of conclusions
This thesis has addressed important topics related to the process of crystallization and the
development of pharmaceutical cocrystal formulations. The key finding are summarised
below:

x

The phase solubility behaviour of cocrystals with different stoichiometries in
organic solvents was explained by the solubility product and solution
complexation (Papers I and II). These PSDs defined the thermodynamic stability
regions for the cocrystals and their components. Mathematical models fitted the
experimental data nicely. The eutectic constant was a useful tool for selecting the
optimum coformer and solvent in the crystallization development and formulation
studies. The information generated by these studies will be vital for future
cocrystal screening and selection of optimal solid forms and scale-up processes.

x

Spray drying has been revealed as a new cocrystal preparation method (paper III).
The studies demonstrated its potential not only as a method for the scale-up of
cocrystals but also for discovering new or metastable cocrystals. The formation of
cocrystals by spray drying undermines the importance of thermodynamic
phenomena, thus the necessity for prior knowledge of the PSD as required for
other solution-based methods is eliminated.

x

In paper V, the solubility behaviour of poorly soluble drugs was improved
dramatically when the cocrystal form of the drug was used. The mathematical
models were useful for estimating the equilibrium solubilities of incongruently
saturating cocrystals at any pH, a task that is otherwise impossible because of
conversion of the cocrystals to drug. The ionisation properties of the cocrystal
components determined the solubility-pH profiles of the cocrystals. The solubility
curve was tailored by changing the coformer; thus, the drug solubility could be
customised to obtain maximum solubility at relevant physiological pHs.
However, despite the advantage of high solubility at physiological pHs, the full
potential of cocrystals was not captured because of transformation and rapid
precipitation of the drug (Paper VI). Formulation approaches involving the use of
polymers or surfactants were subsequently presented and a mechanistic
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understanding of the effects of these additives on the dissolution and
transformation kinetics (i.e. supersaturation) of the cocrystals was explored.
Formulation strategies based on differential solubilisation were useful for
stabilising the cocrystals or slowing their transformation kinetics.
x

The solid-state nature of the cocrystals subjected to standard pharmaceutical
processing methods (milling and melt-quenching) was investigated in paper VI.
The long-range lattice periodicity of the processed cocrystals was destroyed by
these methods and glass transition was detected, confirming the amorphous nature
of the processed materials. The drug-coformer association in the processed
cocrystals was, however, retained at a molecular level (as demonstrated for the
first time, using solid-state NMR). This retention of the molecular drug-coformer
association is believed to be potentially important for the stability and dissolution
of cocrystal formulations.

x

Paper VII investigated the effects of changes to the crystal structure, as a result of
cocrystallization using spray drying, on the physicochemical and theoretical
inhalation properties of a model drug, theophylline. This study demonstrated the
potential of cocrystallization technology in engineering drug particle bulk
properties.
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6. Future Work
x

The problems associated with large-scale production of cocrystals have prevented
their full-fledged industrial development. This thesis introduces spray drying as a
potential scale-up method for cocrystals. We intend to continue to advance
knowledge in this area with the aim of fully establishing spray drying as a scale-up
method for this solid form. Studying the influence of the processing conditions and
Tg of the components on the solid phase outcome could be an interesting study
subject.

x

The thesis has provided guidelines for capturing the solubility advantage associated
with cocrystals and, thus, laying strong foundations for rational formulation and
dosage form design. More studies are needed to translate this laboratory success into
clinical success.

x

The retention of the molecular associations between drug and coformer in amorphous
cocrystals after processing was brought to light in this thesis. This suggests the
possibility of improvements to the stabilisation and dissolution properties of drugs.
However, no experimental studies have as yet been performed. Our future activity in
this area will involve in-depth investigations of the local supramolecular structure of
these new solid phases and of the role of this structure in the molecular mobility,
relaxation and crystallization behaviour of processed cocrystals. It is also our
intention to explore new applications of this approach for formulation development
and quality control.

We believe that the potential for success in this area lies in our ability to understand this new
solid form.
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