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Summary
This thesis has focused on the study of pharmaceutical cocrystal production, and the
impact of introducing an excipient into the manufacturing process. Cocrystals of
sulfadimidine (SDM) and 4-aminosalicylic acid (4ASA) were formed in the presence of
an excipient by spray drying and spray coating, while cocrystals of ibuprofen (IBU) and
isonicotinamide (INA) were formed by spray drying and hot melt extrusion.
Cocrystals of SDM and 4ASA were formed in the presence of a number of excipients.
The Hansen Solubility Parameter (HSP) of the cocrystal and excipients was calculated.
Cocrystal formation was preserved when the API and coformer was co-spray dried in the
presence of four excipients at excipient loadings of 50 %. These excipients (inulin,
microcrystalline cellulose (MCC), dextran and mannitol), were determined to be
immiscible with the cocrystal, based on HSP values, with the difference between the HSP
of cocrystal and excipient being at least 9.6 MPa0.5 in all cases. Excipients which were
miscible with the cocrystal, based on the differences in HSP values (Soluplus, PVP K15
and HPMC), resulted in the formation of an amorphous solid dispersion at excipient
loadings of 50 %. However, it was determined that cocrystal-in-excipient matrix systems
could be formed with two of these excipients when the excipient loading was decreased.
Excipients that showed partial miscibility with the cocrystal (polyvinyl alcohol, glycine)
resulted in a cocrystal-in-excipient matrix, with single component crystals of API and
conformer also present. The experimental solubility of the cocrystal in amorphous
excipients was determined, and a simple equation was proposed to predict whether
cocrystal formation would be retained in the presence of an excipient, based on the
difference in HSP between the cocrystal and excipient, the experimental solubility, and
the percentage of excipient to be incorporated into the spray drying process.
Co-spray drying the API and coformer in the presence of two excipients (inulin, MCC)
was also investigated. Different excipient loadings and ratios of inulin:MCC were
incorporated into the spray drying process. In all cases, cocrystal formation was
preserved. The co-spray dried powders were found to be poorly flowable, with a Carr’s
index > 25 for all formulations investigated. The powders were subsequently tabletted,
with higher excipient loadings resulting in a higher tensile strength of the tablets formed.
Spray drying was compared to hot melt extrusion in the formation of cocrystal-inexcipient matrix systems. Due to the thermal instability of 4ASA, the model cocrystal
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chosen was IBU:INA, which was processed by spray drying and hot melt extrusion in the
presence of a number of excipients. Mannitol, Soluplus and PVP K15 were chosen as
excipients which were processed with the API and coformer by spray drying. Xylitol,
Soluplus and PVP K15 were chosen as excipients for the extrusion studies. Cocrystal
formation was seen in the presence of mannitol by spray drying with up to 50 % excipient
loadings, while cocrystal formation was only seen when no more than 10 % PVP K15
and Soluplus were incorporated into the process. This can be explained by the differences
in HSP between the cocrystal and excipients. Mannitol is immiscible with the cocrystal
with a difference in HSP of 18.3 MPa0.5, while the difference in HSP between the
cocrystal and excipient is 2.1 and 1.6 MPa0.5 for Soluplus and PVP K15 respectively.
Different results were observed for the hot melt extruded formulations. Cocrystal
formation was seen only at low xylitol loading (10 %), despite a large difference in HSP
between the cocrystal and excipient (20.7 MPa0.5). Cocrystal formation, as well as the
presence of individual API and coformer, was observed when PVP K15 and Soluplus
were incorporated into the extrusion process at 10 % excipient loading. Therefore, spray
drying may be considered a more feasible method to produce cocrystal-in-excipient
systems. The greater molecular mobility of the API and coformer in solution during the
spray drying process, relative to the presumed lower molecular mobility during hot melt
extrusion, may allow higher excipient loads to be incorporated into the process while still
retaining cocrystal structure.
Spray coating was successfully employed as a method to produce a layer of cocrystals on
the surface of inert beads. Both formulation and process parameters were optimised to
produce cocrystal coated beads. The spray rate of the solution onto the beads and the total
amount of mass sprayed had a positive effect on the degree of crystallinity and the loading
efficiency, while the nitrogen airflow and atomisation pressure had a negative impact on
the loading efficiency. In addition, the atomisation pressure promoted attrition of the
beads.
Flow studies of the coated and uncoated beads were performed. The cocrystal coated
beads demonstrated improved flow properties, suggesting that the cocrystal beads may
be amenable to downstream processes such as capsule filling. In addition, a faster release
of SDM from the cocrystal coated beads compared to the spray dried cocrystal was
observed. In previous studies, during dissolution, the spray dried cocrystal was observed
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to agglomerate, reducing the dissolution rate of the spray dried cocrystal compared to the
cocrystal produced by different crystallisation methods. However, due to the large
particle size of the sugar beads, agglomeration does not occur, thereby increasing the
surface area available from which dissolution can occur.
Based on the results from the studies in this thesis, it appears that cocrystallisation can
occur in the presence of an excipient when the method of cocrystal formation is mediated
by the amorphous state. The process itself (spray drying, hot melt extrusion, spray
coating) and associated process and formulation parameters may dictate the excipient
loading that can be incorporated into the process without impeding cocrystal formation.
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Origin and scope
In recent years, several active pharmaceutical ingredients (APIs) have been formulated
as cocrystals and marketed as such. Cocrystals of an API can serve to increase the
dissolution rate and solubility, enhance stability and improve downstream processing
without chemical modification of the API. Cocrystallisation of an API is an attractive
method to alter the solid state characteristics of a non-ionisable API, which is not
amenable to modification by salt formation. However, research in this area focuses
mainly on cocrystal formation, screening, structure determination and methods to
produce cocrystals of an API and a coformer, with little emphasis on the preparation of a
final formulated product.
This thesis focuses on the production of cocrystal-in-excipient systems by a variety of
advanced pharmaceutical methods, such as spray drying, hot melt extrusion and spray
coating. The production of cocrystal-in-excipient systems by a one step process can serve
to reduce the number of unit operations required to produce a final pharmaceutical
product, as a separate blending step of the cocrystal with excipients may be omitted. This
concept, referred to as process intensification, can serve to increase the economic and
ecological efficiency of industrial production routes (Becht et al., 2009). The production
of cocrystal-in-excipient systems by a one step process could result in a powder which
may be suitable for direct compression to tablets, or cocrystal coated beads which could
be filled into capsules.
Processes such as spray drying and hot melt extrusion have previously been employed as
methods for producing cocrystals (Alhalaweh and Velaga, 2010, Dhumal et al., 2010).
However, the impact of adding an excipient on cocrystal formation has not been
investigated. While both methods have previously been compared in the production of
amorphous solid dispersions (Tian et al., 2014) and fixed dose combinations (Kelleher et
al., 2018), comparison of both methods with respect to the production of cocrystal-inexcipient systems has not previously been made.
Spray coating has not previously been investigated as a method to prepare cocrystals.
This method has previously been utilized to produce drug loaded beads, such as
SporanoxTM, in which an amorphous dispersion of itraconazole and hypromellose is
coated onto sugar spheres. Spray coating is also employed in the production of EfexorTM,
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in which a solution of ethyl cellulose and hypromellose is used to coat spheronised drug
pellets, resulting in an extended release formulation. However, studies in this thesis will
extend the application of spray coating, and investigate this approach as a method to coat
sugar beads with a thin layer of cocrystal, which could then be filled into capsules.
The overall objective of this thesis was to investigate if an excipient could be incorporated
into a one step process with an API and coformer, while still retaining the cocrystal
structure.
The following research interests were investigated and are presented in this thesis:
1. For the sulfadimidine:4-aminosalicylic acid cocrystal, investigate cocrystal
formation in the presence of a range of excipients by spray drying. Also
investigate the possibility of using differences in Hansen Solubility Parameter
between the cocrystal and excipient to predict the success or otherwise of
cocrystal formation in the presence of excipient, at different weight ratios.
2. Co-spray dry the same API and coformer in the presence of two excipients, and
investigate the flow and tabletting properties of the co-spray dried powders.
3. Compare spray drying with hot melt extrusion as a method to produce cocrystalin-excipient systems using a model cocrystal of ibuprofen:isonicotinamide.
4. Investigate the feasibility of spray coating as a method to produce a layer of
cocrystals on the surface of sugar beads.
5. Propose a mechanism by which cocrystallisation can occur in the presence of
excipient.
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CHAPTER 1
Introduction
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Chapter 1: Introduction

1.1

Pharmaceutical solids

Most Active Pharmaceutical Ingredients (APIs) are formulated as oral solid dosage
forms, such as capsules and tablets. Tablets and capsules offer a number of advantages
as a formulation strategy, due to their suitability for large scale production, chemical and
microbiological stability and low cost of production compared to other dosage forms.
They are also favoured by patients, as they are easy to administer and non-invasive.
However, oral solid dosage forms are also associated with a number of disadvantages,
such as difficulty of swallowing in the case of children, elderly patients and unconscious
patients, as well as difficulties with powder processing prior to tabletting or capsule
filling.
There are a number of important issues to consider during the development stage of an
API that is to be formulated as a solid oral dosage form, such as the solid form of the
API, physical and chemical stability, hygroscopicity, dissolution rate and solubility
(Figure 1.1). In the case of crystalline materials, the polymorphic form is also of
importance. These factors can ultimately affect the bioavailability of an API.
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Figure 1.1. Factors that can influence the bioavailability of an API.

1.2

The solid state – crystalline and amorphous forms

The solid state of an API is of critical importance when developing oral dosage forms, as
this will have a large impact on the physical stability of the API. The solid state can also
impact on the dissolution rate of the API. Solids can be categorised into three groups
based on their degree of long range order: crystalline, liquid crystalline and amorphous
solids (Zhang and Zhou, 2017), depicted in Figure 1.2. Crystalline solids exhibit a three
dimensional long range order in which the structural units, termed unit cells, are repeated
regularly and indefinitely in three dimensions in space. Each crystal can be classified as
a member of one of seven possible crystal systems that are defined by the relationships
between the dimensions of the unit cells and between the individual angles of the unit
cell (Brittain et al., 1999, Byrn et al., 1999). Different crystalline forms can exist, such as
solvates and polymorphs. Solvates, which can also be referred to as pseudopolymorphs,
are crystalline solids containing solvent molecules incorporated into the crystal structure,
either in stoichiometric or nonstoichiometric amounts (Vippagunta et al., 2001). If the
solvent molecule incorporated into the crystal structure is water, it is termed a hydrate.
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There are several well-known pharmaceutical products in which the API exists as a
hydrate include alendronate sodium trihydrate, amoxicillin trihydrate, atorvastatin
calcium trihydrate and pantoprazole sodium sesquihydrate (Lee et al., 2011). Solvates
generally crystallise more easily than single API molecules, as the solvent can potentially
form hydrogen bonds with the API molecules in the crystal lattice, or can contribute to
adduct-induced conformational changes (Morris, 1999). Solvates can exhibit differences
in dissolution rate and solubility when compared to the non-solvated form of a drug.
Several solvated forms of niclosamide, for example, demonstrated a lower solubility and
intrinsic dissolution rate in aqueous media when compared to the anhydrous form (Van
Tonder et al., 2004). This can be explained by the conversion of the solvate into the least
soluble hydrate in solution. In most cases, the dissolution rate of an anhydrous API is
higher than the hydrated form. However, in some cases, the dissolution rate of the hydrate
can be faster. An example of this is the antibiotic erythromycin, in which the dihydrate
form demonstrated a faster dissolution rate than the anhydrate and monohydrate forms of
the API (Savjani et al., 2012). The pentanol and toluene solvates of glibenclamide have
a higher solubility and dissolution rate when compared to two non-solvated polymorphs
of the drug (Suleiman and Najib, 1989). However, solvent levels in solvated crystals can
often be at concentrations that are not acceptable to regulatory authorities, as they may
have toxicological consequences. Anhydrous crystalline solids are often preferable, as
solvates can often be unstable, leading to desolvation during storage resulting in the
formation of potentially less soluble forms, as solvent loss can lead to an amorphous
phase, which can then crystallise into less soluble forms (Blagden et al., 2007).
Desolvation of a solvate generally results in either a disordered noncrystalline state or a
different crystalline form (Griesser, 2006).
As well as solvates, crystalline APIs can exist as a number of different polymorphs.
Polymorphism is the ability of a compound to exist as more than one distinct crystal form.
Crystal polymorphs have the same chemical composition but have different internal
packing structures. Molecules can adopt more than one packing arrangement and/or
conformation in the crystal lattice, resulting in polymorphism (Bernstein, 2002).
Polymorphism can be divided into four categories: conformational polymorphism,
packing polymorphism, synthon polymorphism and tautomeric polymorphism.
Conformational polymorphs involve flexible molecules which can adopt more than one
conformation in the solid state. Conformational polymorphism can be defined as
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molecular moieties with varied rotational degrees of freedom which can result in different
conformations in the unit cell (Dubey and Desiraju, 2015). Examples of conformational
polymorphs include olanzapine and venlafaxine hydrochloride (Roy et al., 2005, Llinàs
and Goodman, 2008, Di Maria et al., 2014). Packing polymorphism involves different
packing arrangements of conformationally rigid molecules (Lee et al., 2011). In this
structure, identical moieties pack into different periodic crystal structures (Li et al.,
2014b). Aprepitant, an anti-emetic used to prevent nausea and vomiting caused by
chemotherapy, displays packing polymorphism (Toziopoulou et al., 2017). Synthon
polymorphism occurs when the primary synthons in the forms are different (Li et al.,
2014b). These polymorphs can differ in their primary hydrogen-bond motifs. Interactions
between molecules can occur via supramolecular synthons which can be assembled by
known intermolecular interactions (Healy et al., 2017). Molecules which have multiple
hydrogen bonding sites are more inclined to form synthon polymorphs. APIs displaying
synthon polymorphism include cocrystals of 5-fluorouracil and 4-hydroxybenzoic acid
(Li et al., 2014b) and furosemide (Babu et al., 2010). Tautomeric polymorphism exists
when different tautomers of an API crystallise and co-exist in equilibrium in multiple
crystal forms (Childs and Hardcastle, 2007). Tautomers that interconvert in solution
rapidly between isomers are considered to be the same compound, and therefore can be
classed as polymorph. However, tautomers that interconvert slowly are classed as
different compounds (Bhatt and Desiraju, 2007). This can, however, be subjective, as
interconversion can be temperature dependent. A cocrystal of piroxicam and 4hydroxybenzoic acid displays tautomeric polymorphism. One polymorph of the cocrystal
contains the API as the unionised form, while another polymorph contains the
zwitterionic form of piroxicam (Childs and Hardcastle, 2007).
The lowest energy polymorph is generally chosen as the polymorph for development, as
it is the most stable solid state form of the API, although this is commonly the polymorph
with the lowest dissolution rate and solubility. As well as this, different polymorphs can
exhibit differences in hardness, tabletability, density, refractive index and melting point
(Vippagunta et al., 2001). It is imperative that appropriate screening for polymorphic
forms of an API is carried out prior to development. During the development of ritonavir,
only one crystal form was identified. This crystal form was formulated in a semi-solid
gel as a hydroalcoholic solution. However, in 1998, several lots of ritonavir drug product
failed the dissolution specification. The cause of this was found to be due to conversion
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to a previously undiscovered polymorph which had a significantly lower solubility and
dissolution rate. It was hypothesised that a degradation product of ritonavir promoted
heterogeneous nucleation of the less soluble polymorph of the API. Ritonavir was found
to exhibit conformational polymorphism (Bauer et al., 2001). As a result, ritonavir,
marketed as Norvir, was withdrawn from the market, leaving tens of thousands of patients
without medication (Bučar et al., 2015). The product was subsequently reformulated in
an oily vehicle (Censi and Di Martino, 2015).
In the amorphous state, the three dimensional long range order that is seen in crystalline
materials does not exist. The individual molecules are randomly oriented relative to each
other and can exist in a number of conformational states (Hancock, 2002). Unlike
crystalline solids which have a melting temperature, amorphous materials display a glass
transition temperature. Below this temperature, the material behaves like a brittle solid,
without the crystalline structure and displaying only short range order (Baghel et al.,
2016). The amorphous state of an API has a higher heat capacity, entropy, enthalpy and
free energy, and as a result can have significantly different properties when compared to
the crystalline API (Zhang and Zhou, 2017).
The amorphous state of an API has a number of advantages relative to the crystalline
solid. As the amorphous form of an API is more energetic, amorphous materials tend to
have a higher solubility and dissolution rate than their crystalline counterparts (Hancock
and Parks, 2000). In certain cases the amorphous state can confer other advantages, such
as better compression characteristics, relative to the crystalline form (Yu, 2001).
However, the amorphous form can be physically unstable, resulting in crystallisation
during storage or during in vitro or in vivo dissolution (Van den Mooter et al., 2001,
Newman et al., 2012). As well as physical instability, amorphous materials can exhibit
greater chemical instability relative to the crystalline form, likely due to the greater
molecular mobility of the amorphous form and the hygroscopic nature of the amorphous
form (Yoshioka and Aso, 2007).
Liquid crystals can possess properties of a liquid, such as fluidity and an inability to
support shear, as well as crystalline properties, such as a periodic arrangement of
molecules in one or more spatial arrangements (Andrienko, 2018). Liquid crystals are
related to liquids, but maintain a small degree of orientational order (Stevenson et al.,
2005). Depending on the arrangement of the molecules, liquid crystals can further be split
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into nematic and smectic phases. Nematic mesophases possess a long range order with
molecular axes aligned along a preferred direction. Smectic mesophases can be
distinguished from the nematic phase by its stratification. The molecules are arranged in
layers, which can freely slide over one another. Smectic mesophases can be further split
into smectic A, B and C. Smectic A mesophases have molecules aligned perpendicular
to the layers. In smectic B, there is a hexagonal crystalline order between the layers, while
smectic C have a biaxial symmetry. Examples of liquid crystals include itraconazole
(Mugheirbi et al., 2016) and cyclosporin (Lechuga-Ballesteros et al., 2003).

Figure 1.2. The solid state. Solids can be categorised into three groups based on their
degree of long range order: crystalline, liquid crystalline and amorphous solids.

1.3 Solubility and dissolution
The solubility of a drug is defined as the maximum amount of solute that will dissolve in
a given amount of solvent at a constant temperature and pressure under equilibrium
conditions (Murdande et al., 2011). Solubility reflects the equilibrium competition of
solute molecules between themselves (crystal energy) and the solvent (solvation energy)
(Tasknen, 2007). Drugs must display acceptable aqueous solubility to be administered by
the oral route. However, due to processes such as combinatorial chemistry and highthroughput screening (HTS), the number of APIs in the pipeline with poor aqueous
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solubility is increasing. Almost 70 % of compounds in the early development pipeline
exhibit aqueous solubility below 100 μg/ml (Ku and Dulin, 2012). Approximately 40 %
of marketed immediate release oral drugs are defined as practically insoluble (< 100
μg/ml) (Kalepu and Nekkanti, 2015).
With low aqueous solubility APIs, it is important to take into account that the doses of
different APIs may vary drastically. Dose number (Do) has been defined the ratio of drug
concentration in the administered volume (250 ml) to the saturation solubility in water at
37 oC (Dahan et al., 2009). The highest dose of an API is used when calculating the D o.
The volume of 250 ml is chosen as this is considered to be the volume of a glass of water
taken with an oral dosage form. The Do therefore may be viewed as the number of glasses
of water required to dissolve the drug dose. A Do equal or lower than 1 indicates a high
solubility compound.
𝐷𝑜 = (𝑀𝑜/𝑉𝑜)/𝐶𝑠

(Takagi et al., 2006)

Where Mo is the highest dose strength, Vo is 250 ml and Cs is the equilibrium solubility.
Drug dissolution refers to the rate at which the API solute enters into a solution. Noyes
and Whitney determined that the rate at which a solid in its own solution will dissolve is
proportional to the concentration difference between the concentration of the solution and
the concentration of the saturated solution (Noyes and Whitney, 1897).
𝑑𝑐
𝑑𝑡

= 𝐾 (𝐶𝑠 − 𝐶𝑡)

(Noyes and Whitney, 1897)

Where dc/dt is the dissolution rate, K is a constant, Cs is the solubility of the substance,
and Ct is the concentration of the substance in solution at time t. Modification of the
Noyes-Whitney equation allows the important factors for drug dissolution to be
identified. Nernst and Brunner conducted further studies based on the work of Noyes and
Whitney, focusing on the meaning of the constant K in the Noyes-Whitney equation.
𝑑𝑚
𝑑𝑡

=

𝐷𝐴(𝐶𝑠−𝐶𝑡)
ℎ

(Nernst, 1904, Brunner, 1904)

Where dm/dt is the rate of mass transfer per unit time, D is the diffusion coefficient, A is
the surface area of the substance dissolving, Cs is the equilibrium solubility of the
compound in the dissolution medium, C is the concentration of the substance at time t in
the dissolution medium, and h is the thickness of the diffusion boundary through which
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the dissolved solid diffuses. From the above equation, the difference between the
equilibrium solubility and the concentration of dissolved drug in the gastric fluid is the
driving force behind the rate at which dissolution occurs. In cases where the drug passes
through the intestinal membrane at a faster rate than the rate at which the drug goes in to
solution, the concentration of the drug in the dissolution medium is negligible, resulting
in the equilibrium solubility of the drug being the main factor driving dissolution.

1.4 Methods to increase dissolution rate and solubility
Common methods to increase the dissolution rate and/or solubility of an API include the
formation of amorphous solid dispersions, salt formation, cocrystallisation, prodrug
formation and particle size reduction.
Amorphous APIs can have advantages over their crystalline counterparts, such as
enhanced solubility and dissolution rate, often leading to a higher oral bioavailability
(Hancock and Zografi, 1997). However, due to stability issues, pure amorphous drugs are
rarely used in formulations. Instead, solid amorphous dispersions are formulated,
containing an amorphous API and an amorphous carrier. Amorphous solid dispersions
can be formulated as either a glass solution or a glass suspension. A glass solution is a
one phase system exhibiting one glass transition in which the API molecules are mixed
with the polymer, which is favourable in respect of dissolution properties (Van den
Mooter, 2012). A glass suspension can be formulated when there is limited miscibility
between the API and carrier. A glass suspension will typically contain at least two glass
transitions, one attributable to a drug rich phase and one attributable to a polymer rich
phase. In these systems, there is a higher likelihood for the API to crystallise from the
amorphous form due to phase separation (Laitinen et al., 2014). The aim in formulating
amorphous solid dispersions is to inhibit crystallisation and maintain a level of
supersaturation in solution to allow dissolution and absorption of the API (Newman et
al., 2012). ASDs can generate a highly supersaturated solution in which the API
concentration is significantly greater than the equilibrium solubility of the crystalline API
in solution. However, this state can be unstable in solution and revert back to the stable,
crystalline form (Sun and Lee, 2013). The dissolution profile of an API from an
amorphous solid dispersion typically exhibits the “spring and parachute” effect (Babu
and Nangia, 2011). The “spring” refers to the initial dissolution of the API from the
dosage form, while the “parachute” refers to the prolonged supersaturation of the API in
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solution as the polymer prevents crystallisation of the API (Liu et al., 2016). Amorphous
solid dispersions are commonly produced by spray drying or hot melt extrusion (Baird
and Taylor, 2012).
Salt formation is commonly used to increase the solubility and dissolution rate of
ionisable drugs (Kawabata et al., 2011). Salt formation involves an acid/base reaction,
where an API forms an ionic interaction with an oppositely charged counter ion via a
proton transfer or neutralisation reaction (Kumar et al., 2007) (Berge et al., 1977). A
stable ionic bond can be formed when the difference in pKa between the acid and base is
greater than 3 (Childs et al., 2007). The counter ion can change the local pH at the
dissolving surface in the diffusion layer, resulting in a higher dissolution rate and
solubility of the salt compared to the unionised API (Serajuddin, 2007). As per the
Henderson-Hasselbalch equation, the change in pH will alter the solubility of an ionisable
API (Völgyi et al., 2010). pH dependent solubility can be calculated using the HendersonHasselbalch equation, and depends on the pH of the solution and the pKa of the API. The
below equation can be used to predict the pH-solubility for monoprotic acids:
𝑝𝐾a = 𝑝𝐻 − log[(Stot-So)/So}

(Tasknen, 2007)

Where Stot is the effective solubility (the sum of the concentrations of all the compound
species dissolved in the aqueous medium at a particular pH (Takagi et al., 2006) and So
is the intrinsic solubility (solubility of the uncharged species).
Salt formation can be favourable compared to the amorphous solid dispersion approach,
as an enhanced dissolution rate and solubility can be achieved without compromising
stability. However, only acidic and basic APIs are amenable to salt formation.
Prodrugs are derivatives of drug molecules that can undergo an enzymatic and/or
chemical transformation in vivo to the active drug, which can then exert a
pharmacological effect (Rautio et al., 2008). The prodrug itself should not be
pharmacologically active, and any biological activity should come from the drug
molecule. Prodrugs can be used to enhance the solubility and dissolution rate of an API
(Chin Chung et al., 2011), improve the biopharmaceutical profile (Stella, 2010), reduce
side effects (Chin Chung et al., 2011) or for targeted delivery to the site of action
(Dhaneshwar and Vadnerkar, 2011). Sulindac sulfoxide, a prodrug of the Non-Steroidal
Anti-Inflammatory Drug (NSAID) sulindac, is approximately 100 times more water
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soluble than the pharmacologically active form (Duggan et al., 1977, Shen and Winter,
1977). The prodrug is more polar in this case, resulting in greater aqueous solubility. The
use of a prodrug approach can also identify more efficacious drug candidates. The antihelminthic API albendazole was found to be less active than the prodrug albendazole
sulfoxide. The prodrug also displayed an improved dissolution rate and solubility profile
(Domínguez et al., 1995). However, in practice, the prodrug approach is rarely used to
improve the dissolution rate and solubility of poorly soluble drugs. Instead, this approach
is mainly used to overcome permeability barriers (Stella and Nti-Addae, 2007).
Reduction of particle size can also be used to enhance the saturation solubility and
dissolution rate of poorly soluble drugs (Chen et al., 2011, Kipp, 2004). The saturation
solubility of an API can increase for particles with a mean particle size below 1 μm
(Shahrin, 2013, Keck and Müller, 2006). Reduction in particle size below 1 μm can result
in extreme curvature of the particles, which can increase the solvation pressure, resulting
in an increase in solubility (Khadka et al., 2014, Muller and Keck, 2004). The increase in
saturation solubility with respect to reduction of particle size can be explained by the
Ostwald-Freundlich equation:
𝑅𝑇
𝑉𝑚

𝑆

. 𝐿𝑛 𝑆𝑜 =

2𝛾
𝑟

(Ostwald, 1900, Freundlich, 1909)

where R is the universal gas constant, T is the temperature, Vm is the molar volume, S is
the solubility of small particles of radius r, S0 is the solubility of drug in solution under
equilibrium conditions, γ is the interfacial tension between the solid and liquid, and r is
the radius of the particles. However, any small particle dispersed in a medium is
thermodynamically unstable due to its large interfacial area. Particle growth can decrease
this area, lowering the interfacial energy. Small particles have a higher saturation
solubility than larger particles, creating a concentration gradient between small and large
particles. The smaller particles diffuse through the concentration gradient, resulting in a
supersaturated solution around the large particles, which then deposit onto the large
particles (Wu et al., 2011, Voorhees, 1985). This phenomenon is referred to as Ostwald
ripening and is responsible for changes in particle size and particle size distribution (Wu
et al., 2011). As a result, it can be necessary to include stabilisers to inhibit Ostwald
ripening (Verma et al., 2011). Small particles can also exhibit greater cohesion and
adhesion than larger particles, resulting in downstream processing problems such as poor
flowability (Han et al., 2011).
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Reduction of the particle size will increase the surface area of the API exposed. As per
the Nernst-Brunner equation, increasing the surface area will increase the dissolution rate.
Dissolution enhancement can be seen with reduction to both micron-sized drug particles
(Rasenack and Müller, 2004) and nano-sized drug particles (Kumar et al., 2015, Müller
and Peters, 1998). The production of a nanocrystal suspension of cilostazol increased its
bioavailability. As well as this, no significant food effect was seen for this system
compared to other formulations of this API, reducing both intra- and inter-patient
variability (Jinno et al., 2006). However, particle size reduction is normally produced by
mechanical methods, such as crushing, grinding and milling (Rasenack and Müller,
2004). Mechanical activation of the crystalline API can occur, resulting in amorphous
regions and/or the formation of metastable polymorphs (Boldyrev, 2004).

1.5 Bioavailability
The bioavailability of an API is the fraction of the dose that reaches the system circulation
in its unchanged form, as well as the rate at which the API enters the systemic circulation.
For orally administered drugs, the bioavailability is affected by the amount of drug that
is absorbed across the intestinal epithelium as well as first pass metabolism, as the drug
crosses the intestine and liver on its way to the systemic circulation. The bioavailability
of an API can depend on factors such as the physicochemical properties of the API, APIexcipient interactions, efflux transporters, and the fasted or fed state of the patient.

1.6 Biopharmaceutics Classification System (BCS)
The BCS is used to classify drugs based on their aqueous solubility and gastrointestinal
permeability. It is based on the idea that the two most significant factors influencing oral
drug administration are solubility and permeability, and divides drugs into four groups
based on these parameters (Amidon et al., 1995), as shown in Figure 1.3. Drugs are
considered to be highly soluble when the highest dose strength of an immediate release
oral formulation is soluble at 37 oC in 250 ml or less of aqueous media over a pH range
of 1–6.8, as defined by the Food and Drug Administration (FDA), or over a pH range of
1.2-6.8, as defined by the European Medicines Agency (EMA). The concept of BCS
solubility is similar to that of the dose number of an API. Unlike the dose number, the
BCS will assess solubility across a pH range. The dose number will, however, generate
a dimensionless value based on the maximum dosage and aqueous solubility of an API.
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Do values below or equal to 1 indicate a high solubility API. Do can be regarded as the
number of glasses of water required to dissolve the maximum dose of an API.
Both the EMA and FDA state that in order for a drug to be considered highly permeable,
the extent of absorption must be ≥ 85 % of the administered dose based on the absolute
bioavailability or mass balance studies. The BCS can be used to allow waiver of in vivo
bioavailability and bioequivalence testing of immediate release solid oral dosage forms
for Class I drugs when the drug also exhibits rapid dissolution.

Figure 1.3. The Biopharmaceutics Classification System.
Class I drugs exhibit high solubility and high permeability. Examples of BCS Class I
drugs include propranolol, metoprolol and diltiazem (Sachan et al., 2009). Gastric
emptying is often the rate limiting step for absorption due to the fast rate of dissolution
of Class I drugs. BCS Class II drugs, such as ibuprofen, sulfadimidine and
carbamazepine, display low solubility and high permeability. For these drugs, the rate
limiting step to absorption is dissolution of the API in the alimentary tract. Due to drug
discovery strategies such as high throughput screening (HTS), lead molecules are
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identified with greater efficacy and specificity for a particular target, but with poor
physicochemical properties such as low aqueous solubility and dissolution rate (Lipinski
et al., 2012). Approximately 40 % of marketed drugs and up to 75 % of drugs under
development have poor solubility or are practically insoluble (Williams et al., 2013,
Kalepu and Nekkanti, 2015). BCS Class III drugs exhibit high aqueous solubility and
poor intestinal permeability. Permeation through the intestinal membrane is the rate
limiting step for BCS Class III drugs, with drug dissolution being of negligible
importance. However, some compounds may be eligible for biowaiver when they meet
the criterion for very fast dissolution, defined as greater than 85 % within 15 minutes at
pH 1.2-6.8 (EMA, 2010). Examples of BCS Class III drugs include atenolol, cefazolin
and valsartan (Wu and Benet, 2005). BCS Class IV drugs exhibit both low solubility and
low permeability. The bioavailability of BCS Class IV drugs can be significantly
influenced by food, and such compounds can be substrates for the efflux transporter, Pglycoprotein, and for CYP 3A4, leading to extensive first pass metabolism. There can
also be inter and intra subject variability associated with BCS Class IV drugs (Ghadi and
Dand, 2017). As a result, the amount of BCS Class IV compounds absorbed into the
systemic circulation can be erratic and unpredictable. BCS Class IV drugs include
amphotericin B, mebendazole and chlorothiazide (Wu and Benet, 2005).

1.7 Pharmaceutical cocrystals
Pharmaceutical cocrystals offer an alternative method to alter the dissolution rate and
solubility of BCS Class II drugs. Cocrystals consist of an API and a generally regarded
as safe (GRAS) molecule, with specific stoichiometric compositions (Figure 1.4).
However, there is no single definition as to what a pharmaceutical cocrystal is. Multiple
definitions appear in the literature, but a common definition is “a stoichiometric multicomponent system connected by non-covalent interactions where all the components
present are solid under ambient conditions” (Jones et al., 2006, Bhogala and Nangia,
2008, Aakeröy and Salmon, 2005). As both the API and coformer in a cocrystal must be
solid on their own under ambient conditions, solvates and hydrates are not classed as
cocrystals. However, other restrictive definitions define a cocrystal as “a crystalline
complex of two or more neutral molecular constituents bound together in the crystal
lattice through non-covalent interactions, often including hydrogen bonding” (Jones et
al., 2006). This definition specifies that the API and coformer must be in the neutral form.
However, there are many reports of “ionic cocrystals” in the literature, where the
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molecules in the crystal lattice interact via ionic bonds as well as hydrogen bonding (Yao
et al., 2014, Braga et al., 2010, Duggirala et al., 2014). An article authored by 46
researchers in the area of cocrystals have proposed an inclusive definition of cocrystals,
defining cocrystals as “solids that are crystalline single phase materials composed of two
or more different molecular and/or ionic compounds generally in a stoichiometric ratio
which are neither solvates nor simple salts” (Aitipamula et al., 2012).

Figure 1.4. Multi-component crystals (Childs, 2009).

1.8 Cocrystal design
Crystal engineering can be used to design cocrystals with the aim of improving the solid
state properties of an API without modification of the intrinsic structure of the API (Qiao
et al., 2011). Cocrystals between the API and coformer molecules can form via noncovalent interactions such as hydrogen bonding, - stacking, van der Waals forces,
halogen bonding and electrostatic interactions (Aakeröy et al., 2007, Cinčić et al., 2008,
Miroshnyk et al., 2009, Saha et al., 2005). Based on the definition by Aitipamula et al.
(2012), ionic interactions between the API and coformer can also exist within the
cocrystal structure.
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The selection of an appropriate coformer to form a cocrystal is often based on the concept
of “supramolecular synthons” (Desiraju, 1995). These are functional groups within
molecules that can interact with another molecule through non-covalent interaction,
resulting in cocrystal formation. Examples of functional groups involved in
cocrystallisation include carboxylic acids, amides, alcohols and pyridines (Qiao et al.,
2011, Shan and Zaworotko, 2008). Supramolecular heterosynthons, where the two
complementary, interacting functional groups are different, are favoured to
supramolecular homosynthons. Examples of supramolecular heterosynthons commonly
seen in cocrystals include carboxylic acid-aromatic nitrogen, carboxylic acid-amide and
alcohol-pyridine interactions (Shan and Zaworotko, 2008). Interactions between
supramolecular homosynthons can also occur, such as the carboxylic acid-carboxylic
acid and amide-amide homosynthons, although these are less common (Groom et al.,
2016). Appropriate coformers can be screened using Cambridge Structural Database
(CSD) surveys, which can identify coformers containing functional groups which can
potentially cocrystallise with the API. The CSD is a comprehensive repository of crystal
structures, with over 900,000 entries. However, this approach does not take into account
the ability of the coformer to pack into an ordered crystalline structure, as steric hindrance
can prevent the interaction of complementary functional groups between the API and
coformer. Furthermore, this approach does not consider competition between different
functional groups present in the API and coformer (Thakuria et al., 2013).
Other approaches to coformer selection include the use of pKa differences between the
API and coformer and also the use of the difference in Hansen Solubility Parameter
(HSP) between the two components. It has previously been reported that salt formation
is likely to occur when the difference in pKa between the acid and base is greater than
two or three units (Cruz-Cabeza, 2012, Variankaval et al., 2006). The difference in pKa
can result in complete proton transfer from acid to base, resulting in salt formation.
Cocrystal formation between an acid and a base can occur when the difference in pKa is
minimal, i.e., less than one (Bhogala et al., 2005, Childs et al., 2007). However, when the
difference in pKa is between 0 and 2, it can be difficult to predict the species which may
form. It should also be noted that many exceptions to this rule exist; for example, neutral
carboxylic acid-pyridine interactions have occurred when the pKa difference is
approximately 3.75 (Johnson and Rumon, 1965). Furthermore, pKa measurements are

18

Chapter 1: Introduction
applicable to acidic and basic molecules in solution, and so this approach may not be
successful in predicting cocrystals produced by solvent-free techniques.
Another approach to predict cocrystal formation involves the use of the difference in HSP
between the API and potential coformers (Mohammad et al., 2011). This approach is
based on the hypothesis that in order for an API and coformer to interact, they must be
miscible on a molecular level. A small difference in HSP can indicate miscibility, and
therefore cocrystallisation can occur. It has been reported that systems with a difference
in solubility parameter of less than 7 MPa0.5 are miscible, while systems with a difference
greater than 7 MPa0.5 are immiscible (Greenhalgh et al., 1999). It should, however, be
noted that the studies of Greenhalgh et al. are based on Hildebrand Solubility Parameter.
All cocrystals formed in the previously reported study by Mohammad et al. (2011) had a
difference in HSP values between the coformer and model API, indomethacin, of less
than 7 MPa0.5. However, not all miscible coformers, defined as having a HSP difference
of less than 7 MPa0.5 between the API and coformer, resulted in cocrystal formation.
The concept of a solubility parameter was first introduced by Hildebrand and Scott. They
suggested that compounds with a similar solubility parameter value would be miscible.
The behaviour of specific solvents was given a numerical value, which was the square
root of the cohesive energy density of the solvent. This quantity was referred to as the
Hildebrand Solubility Parameter (Hildebrand, 1936). However, a limitation of the
Hildebrand Solubility Parameter is that it does not take into account association between
molecules, such as polar and hydrogen bonding interactions (Hansen, 2002). The use of
multicomponent parameters such as the Hansen Solubility Parameter (HSP) can
overcome these issues to a large extent. The basis of HSP is that the total cohesive
bonding that holds a solvent together is broken when the solvent evaporates. The total
energy of vaporisation of a solvent consists of several individual parts, which can be
attributed to dispersion forces, hydrogen bonding forces and dipole-dipole forces
(Hansen, 2004). This led to the three component HSP, which can be split in to disperse
forces, dipolar forces and hydrogen bonding forces. These three component values are
then combined to give the overall solubility parameter value. The use of HSP to predict
miscibility has been widely used in the paint and ink industries (Hansen, 1969, Machui
et al., 2012).

19

Chapter 1: Introduction

1.9 Advantages of cocrystals
Cocrystals can offer a number of advantages compared to other formulation strategies.
Cocrystals can enhance the dissolution rate and solubility of an API without chemical
modification of the API. The solubility of the API in a cocrystal is enhanced by two
mechanisms: lowering the crystal lattice energy and increasing solvation. Both methods
can enhance API solubility to different extents. Lowering of the crystal lattice energy is
generally a more important mechanism to enhance cocrystal solubility in non-polar
solvents. The crystal lattice energy is influenced mainly by hydrogen bonding, van der
Waals forces and electrostatic forces (Perlovich et al., 2004). The lattice energy between
the coformer and API is generally lower than the energy between the API molecules in a
single component crystal structure. As a result, it may be reasonably expected that
cocrystal solubility, and hence dissolution rate, may be correlated with the cocrystal
melting temperature. However, this is not always the case, particularly in water, where
the solvent-solvate barrier dominates over lattice energy (Good and Rodríguez-Hornedo,
2009). The second method by which cocrystals can exhibit enhanced solubility is by
solvation of the API in the cocrystal structure. This is the main method by which
solubility enhancement occurs in water, as hydrophobic BCS Class II drugs are often
solubility-limited by reduced solvent-solute interactions. The introduction of a polar,
water soluble molecule into the crystal structure can serve to more readily solvate the
hydrophobic API. Cocrystal solubility can be correlated with coformer solubility. This is
due to enhanced solvation with a higher solubility coformer (Good and RodríguezHornedo, 2009, Childs et al., 2008).
Cocrystallisation can also serve to improve the stability profile of an API. Crystalline
forms can show both a greater chemical and physical stability compared to amorphous
forms. Further to this, cocrystallisation of an API can prevent the formation of hydrates
during processing and storage. Crystalline theophylline has been shown to interconvert
between the anhydrous and monohydrated form as a function of relative humidity. This
can then present challenges during manufacturing (Khankari and Grant, 1995). It was
demonstrated that cocrystals of theophylline are much less likely to form hydrates at high
relative humidity. A cocrystal of theophylline and oxalic acid did not form a hydrate at
high relative humidity, and also did not dissociate under these conditions, indicating that
this cocrystal is more stable and can be less unpredictable during processing and storage
(Trask et al., 2006).
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The compaction properties of an API can also be improved by cocrystallisation.
Paracetamol displays poor compression properties due to its low plasticity. Wet
granulation with excipients is normally required to improve the tabletability of
paracetamol. However, cocrystallisation of paracetamol with caffeine improved
compaction and increased plastic deformation (Latif et al., 2018). Due to the relatively
large dosage of paracetamol (500 mg), the addition of large amounts of excipients to
improve production performance is not favoured, as this would lead to in an increase in
tablet size. This may then be an issue for patients with swallowing difficulty. Another
study compared the compaction properties of paracetamol with that of the paracetamol:5nitroisophthalic acid cocrystal. The coformer in this case has a higher degree of
interparticulate bonding, resulting in greater plasticity for the cocrystal. The improved
tabletability and increase in tensile strength in this case may also be due to the presence
of slip planes in the cocrystal structure, which can result in greater plasticity (Hiendrawan
et al., 2016). It is important to note that coformer selection is an important aspect to
consider when aiming to improve the tabletability of an API. Theophylline was found to
demonstrate better tabletability than the theophylline:methyl gallate cocrystal (Chattoraj
et al., 2010). The coformer in this case, methyl gallate, was found to be poorly tabletable.
In order to improve the compression properties of an API, it is important to choose a
coformer with desirable tabletting properties. Cocrystallisation of an API can improve
downstream processing. Ertugliflozin, marketed as Steglatro, existed as a hygroscopic,
amorphous form with a low glass transition temperature which is unsuitable for
processing (Bowles et al., 2014). Cocrystallisation of this API resulted in a crystalline
solid form which is suitable for processing.
Cocrystals can also impact the pharmacokinetic profile of an API. This can be attributed,
but not limited to, the solubility advantage of the cocrystal compared to the API (Shan et
al., 2014). Cocrystals of AMG-517, a poorly soluble small molecule, were compared to
the free base. A 30 mg/kg dose in rat of the API in the cocrystal form demonstrated a
comparable maximum plasma concentration (Cmax) to a 500 mg/kg dose of the API in the
free base form. Both the cocrystal and API were delivered as suspensions. This indicates
improved oral absorption of the API by cocrystallisation (Bak et al., 2008). Another study
compared the area under the curve (AUC) of meloxicam and 12 meloxicam cocrystals in
rats dosed with the equivalent of 10 mg/kg of meloxicam. While most AUC values for
the cocrystals were higher than for free meloxicam, some cocrystals demonstrated a
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reduced AUC value relative to meloxicam, demonstrating that coformer selection is an
important consideration when selecting a drug for cocrystallisation (Weyna et al., 2012).
One of the main advantages of cocrystallisation is cocrystal diversity. Cocrystals offer
the ability to fine tune an API by rational coformer selection. Coformers can be selected
to increase and decrease the dissolution rate and solubility of an API (Chow et al., 2012,
Grossjohann et al., 2012, Levinthal, 1978), improve stability (Trask et al., 2006) and
improve production performance of an API (Hiendrawan et al., 2016, Latif et al., 2018).
Further to this unlike in salt formation, as APIs do not require an ionisable group to form
cocrystals, cocrystallisation is a viable method to tailor the physicochemical properties
of a large number of APIs. A study by Stahly found that 60 % of all APIs screened could
form cocrystals (Stahly, 2007).
Formulating marketed drugs as cocrystals can also provide the opportunity to grant new
intellectual property on an API, and therefore extend their patent life cycle (Newman and
Wenslow, 2016). This is especially relevant due to the impact of the ‘patent cliff’ in the
pharmaceutical industry on the Irish economy (Enright and Dalton, 2013). Cocrystals can
also offer some disadvantages. Cocrystallisation of an API will increase the mass of drug
substance to be incorporated into the formulation, which can be a disadvantage for high
dose APIs. Also, in the case of drug-drug cocrystals, the ratio of one API to the other
must be stoichiometric. Therefore, for these types of cocrystals, the loading of one API
cannot increase without the other API.

1.10 Methods to produce cocrystals
Many methods currently exist to produce cocrystals. These methods can be split into
solution based methods and solvent free methods. Solution based methods include
solvent evaporation, cooling crystallisation, reaction crystallisation, spray drying, freeze
drying and supercritical fluid technology. Solvent evaporation has previously been shown
to produce pure cocrystals (Weyna et al., 2009, Bag et al., 2011). The API and coformer
are dissolved in solvent, which is then allowed to evaporate. However, the downside of
this method is the potential formation of single component crystals. When the API and
coformer are incongruently saturating in solution, the less soluble component can
crystallise, resulting in a mixture of cocrystal and crystalline API and coformer.
Therefore, reactant solubilities are important to consider. Further to this, both
components must be soluble in the solvent prior to evaporation.
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Reaction crystallisation is a solution based method that has been successful in preventing
the formation of single component crystals (Childs et al., 2008). Reaction crystallisation
to produce cocrystals is performed by producing a saturated solution of reactant A (API
or coformer), then adding reactant B to the saturated solution. The solution becomes
supersaturated with respect to the cocrystal, resulting in cocrystal formation (Qiao et al.,
2011).
Cooling crystallisation is another solution based method used in the production of
cocrystals. Cocrystal formation by this method is more likely to occur when the API and
coformer have similar solubilities in the solvent (Chiarella et al., 2007). However, this
can limit the number of potential coformers. This method is the current method of choice
in the pharmaceutical industry for crystallisation of APIs (Wittering et al., 2015). While
this method is well understood and ubiquitous, control of the crystallisation process is
significantly more complex with the addition of a second (coformer) molecule, especially
when both components display differences in solubility in a particular solvent (Aakeröy
et al., 2009). As a result, non-stoichiometric ratios of API: coformer are often required,
with a higher proportion of the more soluble component. The API and coformer are
dissolved in boiling solvent, generating a supersaturated solution. The solution is then
cooled, reducing the solubilities of the API and coformer, resulting in nucleation and
crystal growth of the cocrystal. Cocrystal phase diagrams are commonly used to predict
cocrystal formation from solution. Phase diagrams are used to visualise solution and solid
phase compositions based on thermodynamic considerations (Wouters and Quéré, 2011).
However, the downside of this approach is the construction of a phase diagram can be
quite time consuming, and is unique to each solvent. This can be a disadvantage during
screening studies. Difficulty can also be encountered with scale up by this method
(Ainouz et al., 2009).
Spray drying is a solution based method to produce pure cocrystals from congruently and
incongruently saturating solutions (Alhalaweh and Velaga, 2010). Congruently saturating
solutions are solutions in which the API and coformer have the same solubility in a given
solvent, whereas solutions in which the API and coformer have different solubilities are
termed incongruently saturating solutions. Spray drying is a method of generating dry
powders from solution or suspension by rapidly evaporating the solvent with a hot air
stream (Broadhead et al., 1992, Patel et al., 2009). Spray drying consists of three stages:
atomisation of the liquid feed, drying of the fine droplets by a heated gas stream, and
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separation of the fine powder from the drying gas (Cal and Sollohub, 2009). While spray
drying is commonly used to produce amorphous dispersions (Caron et al., 2011, Paudel
et al., 2013, Ambike et al., 2005), this method can also be used to generate crystalline
forms (Chiou and Langrish, 2008, Vehring, 2008, Chiou et al., 2008). The production of
crystalline forms by spray drying is likely due to the rapid supersaturation during the
drying phase and due to the difference in inlet and outlet temperatures (Matsuda et al.,
1984). It is thought that the production of cocrystals by spray drying is kinetically
controlled by the amorphous state, where the liquid droplets are first converted to an
amorphous state, and then converted from the amorphous to the crystalline state
(Alhalaweh and Velaga, 2010). Spray drying parameters can also be altered to tailor the
properties of the spray dried product. Spray drying can therefore be seen as a viable and
scalable method to produce cocrystals.
Freeze drying has also been explored as method to produce cocrystals from solution.
Freeze drying is a technique where a solution of API and cocrystal is prepared, frozen
rapidly, and then held under vacuum, causing the solvent to sublime (Eddleston et al.,
2013). Like spray drying, freeze drying is a technique primarily associated with
generating amorphous powders (Yu, 2001). However, crystallisation from the amorphous
form can occur if the glass transition temperature of the amorphous material is low (Craig
et al., 1999). It is thought that, like spray drying, cocrystallisation by freeze drying
proceeds via the amorphous state (Eddleston et al., 2013). As a result, freeze drying is
less likely to produce single component crystals than solution based methods such as
solvent evaporation or cooling crystallisation. This technique is also widely used to
produce dry powders in the pharmaceutical industry, and is amenable to scale up.
Supercritical fluid technology has been explored as a method to produce cocrystals
(Padrela et al., 2009, Padrela et al., 2010). A supercritical fluid is any substance at a
temperature and pressure above its critical point, where distinct liquid and gas phases do
not exist. Above its critical point, a substance has density and solvating power
approaching that of a liquid, and can effuse through solids like a gas. Depending on the
technique used, supercritical carbon dioxide can be employed as a solvent, anti-solvent
or as an atomising fluid. This process can be used to control the morphology and size of
the cocrystals produced (Padrela et al., 2009).

24

Chapter 1: Introduction
Solvent free methods to produce cocrystals include hot melt extrusion and grinding
techniques. The production of cocrystals by hot melt extrusion has previously been
demonstrated (Dhumal et al., 2010, Moradiya et al., 2014). This process involves
premixing the API and coformer and pumping them with a rotating screw under elevated
temperature through a die to produce a product of uniform shape (Crowley et al., 2007).
The extrudate can then be milled to produce a pharmaceutically acceptable powder. Like
spray drying and freeze drying, hot melt extrusion is normally associated with the
production of solid amorphous dispersions (Lenz et al., 2017, Sarode et al., 2013,
Sathigari et al., 2012). Hot melt extrusion can offer a number of advantages over other
formulation methods, as it is a continuous, one step method to produce dry powders
(Maniruzzaman et al., 2012). As hot melt extrusion is a solvent free method, the resulting
powders will have negligible quantities of oxygen and water, which can be an advantage
for APIs susceptible to oxidation and hydrolysis (Breitenbach, 2002). However, this
process may not be suitable for certain APIs and excipients, as heat stress and shear forces
can result in chemical degradation (Crowley et al., 2007). A study by Dhumal et al.
investigated the impact of processing temperature, screw configuration and screw speed
on the formation of the ibuprofen: nicotinamide 1:1 cocrystal by this method. Optimal
conditions to produce cocrystals by hot melt extrusion were low screw speed, high mixing
intensity and processing above the eutectic temperature of the API and coformer (Dhumal
et al., 2010). A eutectic mixture comprises two compounds that display limited
miscibility in the solid state, but are fully miscible in the molten state. The two
components can crystallise simultaneously when cooled from the molten state (Laitinen
et al., 2014).
Mechanochemistry is a popular method to produce cocrystals. Mechanochemical
synthesis of cocrystals occurs due to mechanical energy, and therefore requires limited
or no solvent (Fernández-Bertran, 1999, James et al., 2012). This process can be split in
to dry (neat) grinding and liquid assisted grinding. Dry grinding involves mixing the API
and coformer together and grinding them using a pestle and mortar, or by using a ball
mill (Qiao et al., 2011). This can be an effective method to produce cocrystals, especially
when the processing temperature is above the eutectic temperature of the API and
coformer. Further to this, the closer the eutectic temperature to the cocrystal melt
temperature, the longer it will take to complete the cocrystallisation process by dry
grinding (Chadwick et al., 2007). The mechanism of cocrystallisation by neat grinding
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has not been fully elucidated, and it is thought that several mechanisms are involved, such
as molecular diffusion, eutectic formation and cocrystallisation mediated by the
amorphous phase (Friščić and Jones, 2009). However, when the eutectic temperature is
above the processing temperature, dry grinding can result in a poor yield of cocrystal
(Chadwick et al., 2007, Shan et al., 2002). A number of drops of solvent can be added to
improve the kinetics of cocrystal formation. This process is referred to as liquid assisted
grinding, or wet grinding. In order to accelerate the process, at least one of the
components must be at least partly soluble in the solvent (Shan et al., 2002). It is thought
that small amounts of solvent can confer greater molecular freedom and additional
degrees of orientational freedom, resulting in an increased opportunity for molecular
collisions. Further to this, cocrystal seeds may form in the solvent during liquid assisted
grinding which can promote the cocrystallisation process (Shan et al., 2002, Trask et al.,
2004). However, this process may result in the formation of cocrystal solvates, or a
powder with residual solvent. It should be noted that, as the mechanism of cocrystal
formation differs between solution based methods and solid state methods, applying an
API and coformer in a defined stoichiometric ratio to different processes can result in
different cocrystal polymorphs. The SDM:4ASA cocrystal, for example, has been shown
to have at least two polymorphs. Form I can be generated through liquid assisted grinding
with ethanol, while form II can be generated through solution based methods such as
solvent evaporation and spray drying (Grossjohann et al., 2015). However, it has been
shown that polymorphic control of the cocrystal can be achieved during liquid assisted
grinding by selection of an appropriate solvent. In one study, polymorphic control of the
caffeine:glutaric acid 1:1 cocrystal could be achieved by adding four drops of either a
polar or non-polar solvent (Trask et al., 2004). However, cocrystals produced by dry or
liquid assisted grinding may not be amenable to scale up. Advantages and disadvantages
of cocrystal production methods are presented in Table 1.1.
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Technique
Solution
based
methods

Synthesis
Solvent
Evaporation

Cooling
Crystallisation

Reaction
Crystallisation

Spray Drying

Freeze Drying
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Advantages

Disadvantages
API
Indomethacin

Examples
Coformer
Saccharin

Carbamazepine

Nicotinamide

(Weyna et al., 200

Carbamazepine

Nicotinamide

(Gagnière et al.,
2009)

Theophylline

Oxalic acid

(Zhang and
Rasmuson, 2012)
(Childs et al., 2008

Reference
(Basavoju et al.,
2008)

Highly crystalline
product is formed;
can select from a large
number of solvents can
to tailor final product
Suitable for scale up;
cocrystal formation can
be predicted by phase
diagrams

Formation of single component
crystals from incongruently
saturating solutions;
both components must be
soluble in solvent
Scale up can be complicated
for multicomponent systems;
phase diagrams can be time
intensive to generate

Less likely to form single
component crystals;
cocrystal formation can
be predicted by phase
diagrams
Can generate pure
cocrystals from
incongruently saturating
solutions;
suitable for scale up
Can generate pure
cocrystals from
incongruently saturating
solutions;
suitable for scale up

Large volumes of solvent
required;
phase diagrams can be time
intensive to generate

Carbamazepine

Succinic acid
Maleic acid

Spray dried powders tend to
have small particle size, poor
flowability

Sulfadimidine

4-aminosalicylic
acid

(Grossjohann et al
2015)

Urea

Succinic acid

Theophylline

Caffeine

(Alhalaweh and
Velaga, 2010)
(Eddleston et al.,
2013)

Batch process, increased
handling and processing times
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Solid
state Hot Melt
methods
Extrusion

Dry Grinding

Liquid Assisted
Grinding

Final product will have
negligible quantities of
oxygen and water,
suitable for scale up
Environmentally
friendly, useful aid to
screen for cocrystals not
formed by solution
methods
Control of cocrystal
polymorph is possible by
rational solvent selection

Not suitable for APIs which
are subject to thermal
degradation;
further processing (eg. milling)
of extrudate is required
Poor kinetics of cocrystal
formation if eutectic
temperature is above
processing temperature;
not suitable for scale up
Not suitable for scale up

Table 1.1. Advantages and disadvantages of methods to produce cocrystals
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Ibuprofen

Nicotinamide

(Dhumal et al.,
2010)

Benzophenone

Diphenylamine

(Chadwick et al.,
2007)

Caffeine

Glutaric acid

(Trask et al., 2004

Sulfadimidine

4-aminosalicylic
acid

(Grossjohann et al
2015)
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1.11 Regulatory considerations
Both the European Medicines Agency (EMA) and the Food and Drug Administration
(FDA) have published guidance relating to the classification of cocrystals in recent years.
In both cases, a cocrystal of an existing API is classed as a polymorph of the API as
opposed to a new chemical entity. Cocrystals of an existing API can be approved by the
FDA through the 505(b)(2) New Drug Application pathway (Kalepu and Nekkanti,
2015). This pathway allows some of the safety and efficacy data to come from studies
not conducted by the applicant. Existing drugs with new indications, changes in dosage
form, formulation or strength and new combination products may be approved through
this pathway. While the FDA had previously defined cocrystals as a drug product
intermediate that must dissociate before reaching the site of action (FDA, 2016), new
guidance published in February 2018 considers a cocrystal to have a similar regulatory
classification to that of a polymorph of the API (FDA, 2018). As a result of this
reclassification, cocrystals are now seen as an attractive formulation approach once again,
as they are viewed as drug substances. If classified as a drug product intermediate,
additional current good manufacturing practice (cGMP) requirements would apply to
cocrystals. The EMA will not designate an existing API as a new active substance unless
the cocrystal form shows differences with respect to efficacy and/or safety. However, for
certain routes of administration, such as inhalation or topical formulations, the status of
the cocrystal is dependent on what the therapeutic moiety is at the site of action. In these
cases, dissociation of the API from the cocrystal may not have occurred when the
cocrystal reaches the site of pharmacological action (EMA, 2015). In these cases, the
cocrystal may be the active moiety at the site of action as opposed to the previously
authorised API, which can have implications on efficacy and/or safety. An active
substance which is a new therapeutic moiety will be treated as a new active substance
regardless of whether the API is presented as a salt, cocrystal, solvate or anhydrous
molecule (EMA, 2015). Cocrystals of an existing API can be considered for generic
applications.
A number of medicines have been formulated as cocrystals and marketed in the last
number of years. Entresto, a drug-drug cocrystal of sacubitril and valsartan, was approved
for use by the EMA in 2015 and is licenced for the treatment of symptomatic chronic
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heart failure with reduced ejection fraction. Entresto is a cocrystal salt hydrate, with each
unit cell consisting of 6 sacubitril anions, 6 valsartan anions, 18 sodium cations and 15
water molecules (Feng et al., 2012). The cocrystal contains both a new active substance,
sacubitril, a prodrug converted in vivo to sacubitrilat, and valsartan, which has previously
been licenced for conditions such as hypertension and heart failure. Valsartan in this
formulation is more bioavailable than valsartan in other marketed formulations. Doses of
26 mg, 51 mg, and 103 mg of valsartan as a cocrystal are equivalent to 40 mg, 80 mg,
and 160 mg of valsartan in marketed formulations respectively, as measured by the
maximum concentration in plasma (Cmax) and total exposure (area under the curve
(AUC)). Peak plasma concentrations of valsartan as a cocrystal formulation were
achieved at approximately two hours, while the peak plasma concentration of valsartan
in the marketed formulation was achieved at approximately four hours. No differences in
the terminal half-life were observed (Gu et al., 2010).
Steglatro is an anti-hyperglycaemic drug which was approved for use by the EMA in
March 2018. The active drug in Steglatro is ertugliflozin, a competitive inhibitor of the
sodium-glucose co-transporter 2 (SGLT2), which inhibits reabsorption of glucose in the
kidneys, therefore lowering blood glucose (Miao et al., 2013). After synthesis of the API,
attempts to crystallise ertugliflozin proved unsuccessful. Instead, ertugliflozin existed as
a hygroscopic, amorphous form with a low glass transition temperature which is
unsuitable for processing (Bowles et al., 2014). However, cocrystallisation of the API
with L-pyroglutamic acid resulted in an acceptable, anhydrous crystalline form which
was suitable for pharmaceutical processing (Bernhardson et al., 2014). Ertugliflozin is a
BCS Class I drug, displaying high solubility across the physiological pH range and high
permeability (EMA, 2018). Cocrystallisation in this case was employed to improve the
processability as opposed to improving the solubility and dissolution profile of the API.
Steglujan, a fixed dose combination of ertugliflozin: L-pyroglutamic acid and sitagliptin,
has also been approved for use by the EMA, as well as Segluromet, a fixed dose
combination of ertugliflozin: L-pyroglutamic acid and metformin.
Suglat is a sodium-glucose co-transporter-2 (SGLT2) inhibitor marketed in Japan, which
was approved for use in January 2014. This product was also in trials both in the US and
Europe, and had completed three phase II trials. However, the development of Suglat in
these markets was discontinued due to competition and prioritisation of other products in
the pipeline (Poole and Dungo, 2014). The API in Suglat is ipragliflozin, which is
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formulated as a cocrystal with L-proline in a 1:1 molar ratio. The cocrystal in this case is
more stable and less hygroscopic than the free compound, resulting in less challenges
during production (Aguillon et al., 2018).
Escitalopram oxalate, which is marketed as Lexapro as well as other generic versions,
has been considered to be a salt of escitalopram and oxalic acid. However, each unit cell
contains two escitalopram cations, one oxalate dianion and one neutral oxalic acid
molecule (Harrison et al., 2007). In this structure, both ionic bonding and hydrogen
bonding forces are present, and therefore this complex may be classified as a cocrystal
salt. Another cocrystal-salt hybrid which exists and is marketed in the EU and US is
Depakote, which contains valproic acid and sodium valproate (Brittain, 2013). Valproic
acid is a clear, colourless liquid at room temperature, while sodium valproate is
hygroscopic at ambient temperatures (Petruševski et al., 2008). It can be argued that the
valproic acid:sodium valproate complex is not a cocrystal, as many definitions argue that
the two individual components should exist in the solid state under ambient conditions
(Jones et al., 2006, Bhogala and Nangia, 2008, Aakeröy and Salmon, 2005), therefore
distinguishing cocrystals from solvates. However, the EMA and FDA argue that
cocrystals should be seen as an extension of solvates, as opposed to a separate entity. The
valproic acid:sodium valproate compound is more processable, and has shown superior
anticonvulsant properties relative to the sodium valproate salt (Henry, 2003).
A drug-drug cocrystal of tramadol hydrochloride and celecoxib is currently under
development by Esteve. Celecoxib is a BCS Class II API, exhibiting high permeability
and low solubility, while tramadol is a BCS Class I API, exhibiting high permeability
and solubility. Cocrystallisation results in a greater release of celecoxib, while the release
of tramadol is slower compared to the pure component. This can be advantageous, as
prolonged release of tramadol may result in less pronounced peaks and troughs. High
peaks of tramadol are often associated with adverse effects. This approach can also
provide a synergistic approach to pain management. Celecoxib is an NSAID and a
preferential inhibitor of cyclo-oxygenase-2, while tramadol is an opioid receptor agonist
as well as a reuptake inhibitor of both serotonin and noradrenaline, therefore providing
pain relief by a number different mechanisms (Almansa et al., 2017). Pharmacokinetic
parameters of both celecoxib and tramadol were found to be altered for the cocrystal
when compared to marketed formulations of the individual APIs. Tramadol from the
cocrystal showed a similar AUC to tramadol monotherapy, but showed a lower C max,
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likely due to its slower dissolution rate. Lower peaks of tramadol can translate to fewer
side effects. Celecoxib from the cocrystal formulation showed a reduction in AUC and
Cmax, as well as a faster Tmax, when compared to celecoxib monotherapy. This can be
attributed to a faster dissolution from the cocrystal (Videla et al., 2017).
TAK-020 is an investigational drug that is currently in clinical trials. TAK-020 is a
Bruton’s tyrosine kinase inhibitor developed for the treatment of rheumatoid arthritis
(Chavan et al., 2018). TAK-020 is formulated as a cocrystal with gentisic acid and has
recently completed phase I trials. Examples of marketed cocrystal formulations and
cocrystals in clinical trials are presented in Table 1.2.
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API

Coformer/API

Comments

Status

Sacubitril

Valsartan

Greater bioavailability of
valsartan as a cocrystal
compared to monotherapy.

Ertugliflozin

L-pyroglutamic
acid

Ipragliflozin

L-proline

Escitalopram

Oxalic acid

Sodium
valproate

Valproic acid

Ertugliflozin could not be
crystallised individually, and
existed as a hygroscopic
amorphous material which is
unsuitable for processing.
The cocrystal is more stable
and less hygroscopic than the
free compound.
Salt cocrystal hybrid with each
unit cell containing two
escitalopram cations, one
oxalate dianion and one
neutral oxalic acid molecule.
The cocrystal is more
processable, and has shown
superior anticonvulsant
properties relative to the
sodium valproate salt.

Licenced for the treatment of
symptomatic chronic heart
failure with reduced ejection
fraction
Licenced for the treatment of
type 2 diabetes mellitus in adults
aged 18 or older.

Tramadol
Celecoxib
hydrochloride

TAK-020

Gentisic acid

Lower peaks of tramadol due
to slower dissolution from
cocrystal, translating to fewer
side effects. Faster dissolution
of BCS Class II API celecoxib.
Cocrystal developed for the
potential treatment of
rheumatoid arthritis.

Licenced for the treatment of
type 2 diabetes in Japan, South
Korea and Thailand.
Licenced for the treatment of
major depressive episodes, panic
disorder, social anxiety disorder,
generalised anxiety disorder and
obsessive-compulsive disorder.
Licenced for treatment of
generalised, partial or other
epilepsy, and for the treatment
of manic episode in bipolar
disorder when lithium is
contraindicated or not tolerated.
Currently in Phase II clinical
trials.

Recently completed Phase I
clinical trials.

Table 1.2. Examples of marketed cocrystals and cocrystals in clinical trials.

1.12 Formulation in the presence of excipients
Pharmaceutical dosage forms are formulated with a number of excipients as well as the
API. Excipients can be used to enhance flow properties, disintegration properties and
compression properties of oral dosage forms. For inhalation products, excipients are
commonly added to prevent agglomeration, therefore increasing the respirable fraction
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of the API (Bosquillon et al., 2001). For injectable formulations, excipients are
commonly added to enhance the stability, as well as increasing the solubility of the API
(Strickley, 2004). Other excipients can be used to increase the bioavailability of the API
by mechanisms such as inhibition of efflux transporter P-glycoprotein (Hugger et al.,
2002). While most excipients are pharmacologically inert, they can have an important
impact on the chemical and physical stability of the API (Bharate et al., 2016). For
example, non-hygroscopic excipients should be chosen when formulating an API which
is susceptible to hydrolysis. For BCS Class I drugs, often the rate limiting step of
absorption is disintegration of the tablet or capsule. In these cases, the time taken for the
API to reach therapeutic levels in the body is often dependant on the excipients. However,
the API is normally manufactured separately as a drug substance, and then blended with
excipients to form the drug product.
Co-processing an excipient with an API can often provide a formulation advantage, as
well as potentially reducing production costs by formulating an API with an excipient in
a one-step process. Antisolvent precipitation of an API and excipient has been used to
tailor the physicochemical properties of the poorly soluble API, siramesine
hydrochloride. Adsorption of excipients such as sodium lauryl sulfate (SLS),
hydroxypropyl methyl cellulose (HPMC) and hydroxypropyl cellulose (HPC) onto the
surface of drug particles altered the size and morphology of the co-processed systems.
The resulting systems showed increased wettability, resulting in an increase in the
dissolution rate of the API (Zimmermann et al., 2009). Drying of peptides by processes
such as freeze drying or spray drying from the liquid state to the solid state is commonly
performed to increase the stability of the peptide (Millqvist-Fureby et al., 1999).
However, these processes can remove water from the protein which can be responsible
for protein activity. Replacing the water with excipients can compensate for the water
loss and reduce the impact of dehydration induced inactivation (Carpenter and Crowe,
1989).
However, there is currently very little investigation into the impact of adding an excipient
during the cocrystallisation manufacturing process. A number of studies have
investigated the impact of an excipient on the phase behaviour and dissolution properties
of the cocrystal (Remenar et al., 2007, Ullah et al., 2015, Li et al., 2014a), but studies
incorporating an excipient during a one-step cocrystallisation process are limited.
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2.1

Materials

Material

Supplier

Sulfadimidine (SDM)

Sigma Aldrich (Ireland)

4-Aminosalicylic acid (4ASA)

Sigma Aldrich (Ireland)

Racemic ibuprofen (IBU)

Kemprotec (UK)

Isonicotinamide (INA)

Sigma Aldrich (Ireland)

Mannitol

Sigma Aldrich (Ireland)

Chitosan (avg. molecular weight 50,000 – Sigma Aldrich (Ireland)
190,000)
Glycine

Sigma Aldrich (Ireland)

Polyvinyl Alcohol (PVA) (avg. molecular Sigma Aldrich (Ireland)
weight 70,000 – 100,000)
Polyvinylpyrrolidone K15 (PVP K15) Sigma Aldrich (Ireland)
(avg. molecular weight 10,000)
Dextran (avg. molecular weight 68,800)

Sigma Aldrich (Ireland)

Hydroxypropyl methylcellulose (HPMC) Sigma Aldrich (Ireland)
(4,000 cP)
Microcrystalline cellulose (MCC) Avicel FMC Biopolymer (Belgium)
CL-611
Inulin (avg. degree of polymerisation = 11) Sensus (Netherlands)
Soluplus

BASF (Germany)

Xylitol

Lancaster (UK)

Non-pareil sugar beads 250, 500 and 1000 JRS Pharma (Germany)
µm)
Polyvinylpyrrolidone K90 (PVP K90) BASF (Germany)
(avg. molecular weight 1,000,000 –
1,500,000)
Sodium bromide

Fluorochem (UK)

Water (HPLC grade)

Elix 3 connected to Synergy UV system,
Millipore (UK)

Water (deionised for DVS)
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Ethanol (96 %)

Corcoran Chemicals (Ireland)

Ethanol (> 99.9 %) (for DVS)

Merck (Germany)

Methanol

Sigma Aldrich (Ireland)

Methanol (HPLC grade)

Fischer Scientific (Ireland)

Isopropanol

Corcoran Chemicals (Ireland)

Acetone

Corcoran Chemicals (Ireland)

Phosphoric acid

Merck (Germany)

Dipotassium phosphate

Sigma Aldrich (Ireland)

Trifluoroacetic acid (TFA)

Sigma Aldrich (Ireland)

Liquid nitrogen

BOC (Ireland)
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2.2

Unit operations

2.2.1

Spray drying

Preparation of the SDM:4ASA cocrystal and cocrystal-in-excipient systems
A 1 % w/v solution of SDM and 4-ASA was prepared using ethanol as solvent. The
solution was sonicated to dissolve the cocrystal components completely. An equal
volume of 1 % w/v excipient aqueous solution (inulin, mannitol, glycine, PVA (heated
to 60 oC), HPMC, PVP K15 and Soluplus) or suspension (MCC, chitosan and dextran)
was added to the 1 % w/v solution of SDM and 4-ASA. The solution with the cocrystal
components was mixed with the excipient solution/suspension prior to spray drying. For
the excipients which were in suspension, the suspensions were stirred constantly during
the spray drying process. The resultant solutions/suspensions were spray dried using a
Büchi B-290 Mini Spray Dryer operating in the open mode. The solutions/suspensions
were delivered to a 2-fluid atomisation nozzle using a peristaltic pump at a pump speed
of 30 % (9-10 ml/min) and the aspirator was operated at 100 %, equivalent to 35 m3/hr.
The flowmeter for the standard 2-fluid nozzle was set at 4 cm, which is equivalent to 667
normlitres per hour (Nl/h) of gas flow at standard temperature and pressure conditions
(p=1013.25 mbar and T=273.15 K) (Büchi Labortechnik, 93001). The inlet temperature
was set at 105 °C (outlet temperature between 68 – 72 °C) for the systems which
contained excipient in deionised water and 78 °C (outlet temperature between 50 – 57
°C) for the spray drying of cocrystal in ethanol alone. Based on whether cocrystal
formation occurred at this ratio of cocrystal component to excipient (i.e. 1:1 % w/w), the
ratio of cocrystal components to excipient was altered to assess the maximum ratio of
excipient:cocrystal components which would allow cocrystal formation.
Preparation of the SDM:4ASA cocrystal-in-excipient systems with two excipients
As per the Design of Experiment formulation parameters detailed in chapter 4, the total
excipient concentration and ratio of inulin: MCC varied according to each run. Inulin was
added to water and stirred using magnetic stirrer until completely dissolved. MCC was
added and suspended in the water. This suspension of MCC and inulin was then added to
the solution containing the cocrystal components (a 1:1 molar ratio of SDM and 4-ASA
was prepared in a mixture of 150 ml ethanol and 50 ml deionised water). The final
concentration of solids in solution/suspension was 1 %w/v. The resultant suspensions
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were spray dried using a Büchi B-290 Mini Spray Dryer operating in the open mode. The
suspensions were delivered to a 2-fluid atomisation nozzle using a peristaltic pump at a
pump speed of 30 % (9-10 ml/min) and the aspirator was operated at 100 %, equivalent
to 35 m3/hr. The inlet temperature was set at 105 °C (outlet temperature between 68 – 72
°C) for the systems which contained excipient.
Preparation of the IBU:INA cocrystal and cocrystal-in-excipient systems
For the cocrystal alone, a 1% w/v solution of IBU:INA (1:1 molar ratio) was prepared in
ethanol or isopropanol (300 ml) and sonicated until completely dissolved. For the systems
containing the cocrystal components and an excipient, a 1:1 molar ratio of IBU:INA was
dissolved in a mixture of ethanol and water at a 90:10 v/v ratio. When the two cocrystal
components were fully dissolved, the carrier excipient was then added and fully
dissolved. For the system containing 50 % w/w of excipient, the ratio of ethanol to water
was altered to 80:20 v/v to ensure complete dissolution of the excipient. The batch size
for all spray drying experiments was 3 grams (300 ml of a 1 % w/v solution). Solutions
were spray dried using a Büchi B-290 Mini Spray Dryer operating in the open mode (inlet
temperature 90 oC, pump speed 30 % (equivalent to 9-10 ml/min), aspirator 100 %
(equivalent to 35 m3/hr), nitrogen flow rate 667 Normlitres/h). The spray dried cocrystal
refers to the cocrystal spray dried from ethanol, unless indicated otherwise.
A solution of INA and Soluplus 50:50 weight ratio was dissolved in a mixture of 90:10
v/v of ethanol and water and spray dried under the same spray drying conditions. This
was performed to assess the polymorphic form of INA after spray drying with Soluplus
For comparison purposes, a 1 %w/v solution of IBU was spray dried using ethanol as
solvent. The inlet temperature was set at 65 oC due to the low melt temperature of IBU.
All other processing conditions were kept the same, as above.
Investigation of cocrystallisation of API/coformer with excipient – Spray drying
IBU or INA was spray dried with mannitol to investigate the possible formation of a
cocrystal between the API or coformer with the crystalline excipient. IBU was spray dried
with mannitol at a weight ratio of 0.566: 0.1, which is the same ratio of IBU:mannitol
used in the formulation comprising 90:10 (w/w) cocrystal components to excipient. INA
was spray dried with mannitol at a weight ratio of 0.334:0.1. All process parameters were
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unchanged relative to those used to spray drying the IBU:INA cocrystal. The solvent used
was a mixture of 90:10 v/v ethanol and water.
2.2.2

Solvent evaporation

Preparation of the SDM:4ASA cocrystal by solvent evaporation
SDM (2.78 g) and 4ASA (1.53 g) were dissolved in 60 ml of acetone to give a 0.01 M
solution and stirred until complete dissolution was achieved. The resulting solution was
placed in a fumehood and allowed to evaporate for 72 hours (Serrano et al., 2015).
Preparation of the IBU:INA cocrystal by solvent evaporation
IBU (2.06 g) and INA (1.22 g) were added to a beaker containing 50 ml of isopropanol
as solvent. Sonication was performed to ensure complete dissolution of the API and
coformer. The beaker was covered with pierced parafilm to slow the evaporation of the
solvent, which allowed larger crystals to form which could be used for single crystal Xray diffraction studies, detailed in section 2.3.2. The beaker was placed in a fumehood
and the solvent left to evaporate.
2.2.3

Physical mixture preparation

Physical mixtures of cocrystal and excipient, or API and coformer, were prepared by
gentle mixing in an agate mortar and pestle.
2.2.4

Compaction

Tensile strength and ejection force of the co-spray dried systems and physical mixtures
of cocrystal with excipient(s) were investigated. Flat tablets (n=6, 100 mg) were
compressed using a Natoli NP-RD10 (Saint Charles, MO, USA) laboratory-scale single
punch tablet press supplied with an Enerpac (Menomonee Falls, WI, USA) P-392 manual
pump with a RC-104 hydraulic cylinder working in the range from 0 to 10 tonnes and
standard 8-mm diameter punch and die tooling (I Holland Limited, UK). Compaction
properties were quantified in terms of hardness achieved at the applied compaction
pressure of 6 kN (0.612 tonnes). The pressure was released immediately after the desired
compression pressure was reached. Tablets were pushed out of the die using the bottom
punch and ejection force was recorded. A set of 6 tablets was subjected to radial hardness
testing using a Dr Schleuniger, Pharmatron model 6D tablet tester (Thun, Switzerland)
(Serrano et al., 2015). Tensile strength was calculated as indicated in Equation 2.1:
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𝜎=

2∗𝐹
𝜋∗𝐷∗𝐻

(Eq. 2.1)

where σ is the tensile strength, F is the radial hardness, D is the tablet diameter, and H is
the tablet thickness. After compaction, it was monitored whether or not the tablet capped
under the applied pressure and if the breakage of the tablet occurred in a consistent
manner. PXRD studies, detailed in section 2.3.1, of the formulation before and after
compaction were compared.
2.2.5

Hot melt extrusion

Preparation of the IBU: INA cocrystal-in-excipient systems
A 1:1 molar ratio of IBU and INA was premixed with either xylitol, Soluplus or PVP
K15 using a mortar and pestle for 5 minutes. The ratio of cocrystal components to
excipient was 90:10 (w/w). HME was performed using a co-rotating, fully intermeshing
twin-screw extruder (Microlab, Rondol Technology Ltd, France). The extruder die
(Rondol Technology Ltd, France) was 2 mm in diameter, and was connected via screws
to the end of the barrel. Only conveying elements were assembled on the screw shafts.
The extruder contained five heating zones, which were set at 70, 80, 90, 90 and 80 oC
from the feeding zone to the exit die. The batch size used was 10 grams for all extrusion
studies. The cylindrical extrudate was air cooled and subsequently cryomilled, which is
detailed in section 2.2.6.
Investigation of cocrystallisation of API/coformer with excipient – Hot melt extrusion
IBU or INA was extruded with xylitol to investigate the possible formation of a cocrystal
between the API or coformer with the crystalline excipient. IBU was extruded with
xylitol at a weight ratio of 0.566:0.1, which is the same ratio of IBU:xylitol used in the
formulation comprising 90:10 (% w/w) cocrystal components to excipient. INA was hot
melt extruded with xylitol at a weight ratio of 0.334:0.1. All process parameters were
unchanged relative to the extrusion studies performed in section 2.2.5.
2.2.6

Cryomilling

HME samples were pulverised using a high-energy cryogenic ball mill (Retsch Cryomill,
Haan, Germany) with circulating liquid nitrogen for 3 cycles consisting of 5 minutes of
grinding followed by a 2-minute break before physicochemical analysis.

41

Chapter 2: Materials and Methods
2.2.7

Spray coating

Spray coating studies of the cocrystal on to non-pareil beads were performed. A total of
eight formulations were prepared. Non-pareil sugar starter cores (either 500 or 1000 µm)
were coated with an ethanolic solution containing a binder (inulin or PVP K90) and SDM
and 4ASA in a 1:1 molar ratio. The cocrystal components were initially dissolved in
ethanol at a concentration of 1 % and then the corresponding binder was added to the
mixture at a concentration of either 1 % or 5 %. The ethanolic solution was sprayed using
a fluidised bed coater equipped with a Wurster insert (Mini-Glatt, Glatt®, Binzen,
Germany). The process parameters were as follow: 60℃ inlet temperature, 0.5 mm nozzle
diameter, 1.6 or 2.5 g/min spray rate, 25 or 35 m3/h nitrogen flow rate and 0.7 or 1 bar
atomisation pressure. Once the ethanolic solution was sprayed, the coated beads were
dried inside the fluidised bed until the product temperature reached 40℃.
A seven-factor eight-run Taguchi design (L2^7) was employed for factor screening
studies in order to identify the formulation and process variables that critically influence
the product quality. Seven factors and two levels of each factor affecting the cocrystalcoating process were selected. Seven factors were numerical (i - vi) and one categorical
(vii):
i)

Spray rate of feed solution: 0.4 (1.6 g/min) or 0.6 (2.5 g/min);

ii)

Nitrogen flow rate: 25 or 35 m3/h;

iii)

Atomisation pressure: 0.7 or 1 bar;

iv)

Non-pareil sugar bead size: 500 or 1000 µm;

v)

Amount of sprayed mass onto the beads: 30 or 50%;

vi)

Amount of binder: 1 or 5%

vii)

Type of binder: inulin or PVP K90.

Based on the preliminary studies (factor screening studies), the critical material attributes
that affected the spray coating process were identified. A Box-Behnken design was then
employed for systematic optimisation using Design Expert® software. The central point
(0, 0, 0) was studied in quintuplicate. Three factors and three levels of each factor
affecting the cocrystal coating process were selected: atomisation pressure (0.6, 0.8 and
1 bar), the amount of mass sprayed onto the beads (15, 30 and 45%) and the amount of
binder (5, 12.5 and 20%). The remainder of the process and formulation parameters were
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kept constant: 500 µm sugar bead size, 25 m3/h nitrogen flow rate, 60 ℃ inlet
temperature, PVP K90 as a binder, 0.5 mm nozzle diameter and 2.5 g/min spray rate.
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2.3

Solid state characterisation

2.3.1

Powder X-ray diffraction (PXRD)

Powder X-ray analysis was performed using a Miniflex II Rigaku diffractometer with Nifiltered Cu Kα radiation (1.54 Å). The tube voltage and tube current used were 30 kV and
15 mA, respectively. The PXRD patterns were recorded (n=3) for 2 theta ranging from
5° to 40° at a step scan rate of 0.05° per second. Rigaku Peak Integral software was used
to determine peak intensity for each sample using the Sonneveld-Visser background edit
procedure.
The programme Mercury (version 3.9, Cambridge Crystallographic Data Centre,
Cambridge, UK) was used for calculation of X‐ray powder patterns on the basis of the
single crystal structure obtained from the Cambridge Crystallographic Data Centre.
2.3.2

Single crystal X-ray diffraction

This analysis was performed by Brendan Twamley (School of Chemistry, Trinity College
Dublin, Ireland). X-ray structural analysis for crystals of IBU:INA (C19H24N2O3),
prepared by solvent evaporation from isopropanol, was performed on a Bruker APEX
Duo CCD at 100 K with an Oxford Cobra cryostat, with the sample mounted on a
MiTeGen microloop using Cu Kα radiation (λ = 1.54178 Å). Bruker APEX (Bruker,
2014) software was used to collect and reduce data and determine the space group.
Absorption corrections were applied using SADABS (Bruker, 2014/5). Structures were
solved with the XT structure solution program (Sheldrick, 2015), using Intrinsic Phasing
and refined with the XL refinement package (Sheldrick, 2008) using Least Squares
minimisation. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were assigned to calculated positions using a riding model with appropriately fixed
isotropic thermal parameters, except for amide hydrogens (N1, N25) which were located
on the difference map and refined as semi-free. The sample was weakly diffracting
leading to a high wR2 and poor high angle data. Apart from the acid moiety, each
ibuprofen group is fully disordered and is modelled in two positions with O10/O12
64:36% and O34/O36 53:47% occupancy, and restraints were used for convergence of
the least squares refinements (DFIX, SADI, SIMU).
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2.3.3

Differential scanning calorimetry (DSC)

DSC was performed using a Mettler Toledo DSC 821e instrument under nitrogen purge.
Powder samples (4-6 mg) were placed in aluminium pans (40 μl), sealed, pierced to
provide three vent holes and heated at a rate of 10 °C/min in the temperature range of 25
to 250 °C for the SDM:4ASA cocrystal, associated cocrystal-in-excipient systems and all
raw materials in chapters 3 and 4. Quantification of crystallinity for the spray coated
systems in chapter 6, described in section 2.2.2.7, was also performed using this DSC
method. The heating rate for the IBU:INA cocrystal, associated cocrystal-in-excipient
systems and raw materials in chapter 5 was 10 °C/min in the temperature range of 25 to
200 °C. Temperature and enthalpy were calibrated using indium as standard. The DSC
was controlled by Mettler Toledo STARe software (version 6.10) working on a Windows
NT operating system. All reported temperatures refer to onset of melting. All DSC
analyses were performed in triplicate.
2.3.4

Modulated temperature differential scanning calorimetry (MTDSC)

MTDSC scans for the SDM:4ASA coated beads in chapter 6 were performed using a
DSC Q200 (TA instruments, Elstree, United Kingdom) calorimeter using nitrogen as the
purge gas. Intact beads were weighed (4-6 mg) and sealed in closed aluminium pans with
one pin-hole. A scanning rate of 5 °C/min, amplitude of modulation of 0.796 °C and
modulation rate of 60 seconds was employed. The temperature range was from 25 °C to
210 °C. The instrument was calibrated for temperature and cell constant using indium as
standard. MTDSC data was analysed using TA Universal Analysis software (TA
Instruments, Leatherhead, UK) version 4.5 A. Temperatures of melting events (n = 3)
refer to onset temperatures.
MTDSC scans for the IBU:INA cocrystal systems in chapter 5 were performed using a
DSC Q200 (TA Instruments, Elstree, United Kingdom) calorimeter using nitrogen as the
purge gas. Samples were loaded into sealed standard aluminium pans, held at 105 oC for
10 minutes to remove any residual moisture and scanned over a temperature range of 70-180 °C with a modulation rate of 0.53 oC every 40 seconds, with a scanning rate of 5
°C/min. The instrument was calibrated for temperature and cell constant using indium as
standard. MTDSC data was analysed using TA Universal Analysis software (TA
Instruments, Leatherhead, UK) version 4.5 A. Temperatures of melting events (n = 3)
refer to onset temperatures.
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2.3.5 Attenuated total
spectroscopy (ATR-FTIR)

reflectance

Fourier

Transform

infrared

Infrared spectra were recorded on a PerkinElmer Spectrum 1 FT-IR Spectrometer
equipped with a UATR and a ZnSe crystal accessory. Each spectrum was scanned in the
range of 650-4000 cm-1 with a resolution of 4 cm-1. Data were evaluated using Spectrum
v 5.0.1. software. Four scans of each sample were taken.
2.3.6

Physical stability studies

Spray dried samples (100 mg) were placed in glass vials and stored in conditions of 25
o

C and 60% relative humidity, with the required humidity provided by using a saturated

solution of sodium bromide. After seven days, samples were removed and analysed by
PXRD.
2.3.7

Particle size analysis (PSA)

The geometric particle size distributions (PSD) were determined by laser diffraction
using a Malvern Mastersizer 2000 (Malvern Instruments Ltd., Worcestershire, UK).
Particles were dispersed using a Scirocco dry feeder instrument with 3 bar pressure. An
obscuration of 0.5-3% was obtained under a vibration feed rate of 75%. Values reported
are D50 (median particle size) results. Mastersizer 2000 software (Version 5.61) was used
for the analysis of the particle size. Results reported are the average of three analyses for
each sample.
2.3.8

Solubility of cocrystal in excipient

Physical mixtures of cocrystal and excipient were prepared by mixing in a pestle and
mortar at different weight ratios. The melting enthalpy of the crystalline phase was
determined by DSC, as described in section 2.3.3, and plotted as a function of excipient
weight fraction. The solubility of the cocrystal in excipient was determined by
extrapolating the linear plot of the mass fraction against melting enthalpy to zero melting
enthalpy, as previously described (Amharar et al., 2014). Annealing was not performed
due to the thermal instability of 4ASA.
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2.3.9

Scanning electron microscopy (SEM)

The surface images of the samples were captured at various magnifications by SEM using
a Zeiss Supra Variable Pressure Field Emission Scanning Electron Microscope
(Germany) equipped with a secondary electron detector at 5 kV. Samples were glued on
to carbon tabs, mounted onto aluminium pin stubs and sputter-coated with gold/palladium
under vacuum prior to analysis.
2.3.10

High performance liquid chromatography (HPLC)

The concentration of SDM and 4ASA in solution were determined as previously
described (Grossjohann et al., 2015) using an Alliance HPLC with a Waters 2695
Separations module system and Waters 2996 photodiode array detector. The mobile
phase consisted of methanol and phosphate buffer pH 6.5 in 40:60 (v/v) ratio. The buffer
was prepared from a 50 mM dipotassium phosphate solution adjusted to pH 6.5 with
phosphoric acid. The mobile phase was vacuum filtered through a 0.45 μm membrane
filter (Pall Supor® 0.45 µm, 47 mm) and bath sonicated for 5 min. Separation was
performed on a Phenomenex Inertsil ODS (3) C18 column (150 mm length, diameter 4.6
mm, particle size 5 μm) at a UV detection wavelength of 265 nm. An injection volume
of 20 μL was used. The elution was carried out isocratically at ambient temperature with
a flow rate of 1 mL/min. Elution times for 4ASA and SDM were 1.9 min and 4.0 min
respectively. Empower software was used for peak evaluation. HPLC analysis was
performed for assay in chapter 3, dissolution studies in chapters 3 and 6, and to determine
cocrystal loading efficiency and degree of crystallinity in chapter 6. The loading
efficiency was measured by weighing out an exact mass of beads after coating and adding
to mobile phase. Sonication was performed to ensure complete dissolution of the
cocrystal. The resultant solution was filtered prior to HPLC analysis. The concentration
range for the calibration curves of SDM and 4ASA was 0.1 – 100 µg/ml. The ratio of
signal to noise at 0.1 µg/ml was > 10 for both SDM and 4ASA. This was considered to
be the limit of quantification, with a limit of detection of 0.033 µg/ml.
In chapter 5, the concentration of IBU in solution was determined using an Alliance
HPLC with a Waters 2695 Separations module system and Waters 2996 photodiode array
detector. The mobile phase consisted of 85% HPLC grade methanol and 15% HPLC
grade water containing 0.2% trifluroracetic acid (Li et al., 2016). The mobile phase was
degassed by sonicating for 10 minutes. Separation was performed on a Waters XBridge
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C18 column with a length of 150 mm, an internal diameter of 3 mm and a particle size of
3.5 μm. Samples were analysed at a UV detection wavelength of 220 nm. An injection
volume of 20 μL was used. The elution was carried out isocratically with a flow rate of
0.5 mL/min. The temperature of the column chamber was maintained at 40 oC for the
entire analytical process. Elution times for IBU and INA were 2.2 and 1.5 minutes
respectively. With the systems containing Soluplus, the ratio of aqueous to organic phase
was altered to 70:30 v/v due to peak interference. The elution time for IBU was 5.7
minutes. Empower software was used for peak evaluation. The concentration range for
the calibration curve for IBU was 0.14 – 115 µg/ml. The signal to noise ratio at 0.14
µg/ml was > 10. This was considered to be the limit of quantification, with a limit of
detection of 0.046 µg/ml.
2.3.11

Density measurement

A 1-cm3 syringe was used in the bulk volume determination of samples in chapter 4, as
previously described (Ógáin et al., 2011). The syringe was filled by allowing the powder
to flow into the syringe until 1 ml was reached. The tap volume was determined similarly
to the bulk volume, but the volume taken for calculations was that after 100 strokes. Each
average result is calculated based on two measurements. Carr’s compressibility index
was calculated using the bulk and tapped values according equation 2.2.
𝐶𝑎𝑟𝑟 ′ 𝑠 𝐼𝑛𝑑𝑒𝑥 =
2.3.12

𝑏𝑢𝑙𝑘 𝑣𝑜𝑙𝑢𝑚𝑒−𝑡𝑎𝑝𝑝𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒
𝑏𝑢𝑙𝑘 𝑣𝑜𝑙𝑢𝑚𝑒

∗ 100

(Eq. 2.2)

Quantification of crystallinity for co-spray dried systems

The relative crystallinity for the co-spray dried systems compared to the physical
mixtures of cocrystal and excipients in chapter 4 was calculated according to equation
2.3. All runs were performed as described in section 2.3.3, in the temperature range of
25-250 oC. Physical mixtures were prepared by mixing in an agate mortar and pestle.
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑐𝑜𝑠𝑝𝑟𝑎𝑦 𝑑𝑟𝑖𝑒𝑑 𝑐𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙

% 𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 𝑚𝑖𝑥 𝑜𝑓 𝑐𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑥100
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2.3.13

Quantification of crystallinity for spray coated systems

The degree of crystallinity (DC) was calculated taking into consideration the actual
percentage of cocrystal that was coated on the beads (loading efficiency), measured by
HPLC, described in section 2.3.10, and the melting enthalpy (J/g) corresponding to the
melting of the cocrystal. The melting enthalpy of the cocrystal coated beads was
compared with the melting enthalpy of the cocrystal prepared by solvent evaporation (SE)
described in section 2.2.2 (Eq. 2.4). The DSC method used to calculate the melting
enthalpy is the method for the SDM:4ASA system described in section 2.3.4.
𝐷𝐶 (%) =
2.3.14

𝛥𝐻𝑓 𝑐𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑐𝑜𝑎𝑡𝑒𝑑 𝑜𝑛 𝑏𝑒𝑎𝑑𝑠
(𝐿𝐸(%)∗ 𝛥𝐻𝑓 𝑐𝑜𝑐𝑦𝑟𝑠𝑡𝑎𝑙 𝑆𝐸)/100

* 100

(Eq. 2.4)

Thermogravimetric analysis (TGA)

TGA was performed using a Mettler TG50 measuring module coupled to a Mettler
Toledo MT5 balance (Schwerzenbach, Switzerland). Approximately 8−10 mg samples
were analysed in open aluminium pans, using nitrogen as the purge gas. Samples were
heated from 25 to 300 °C at a rate of 10 °C/min. All TGA studies were performed in
triplicate.
2.3.15

Dynamic vapour sorption (DVS)

Vapour sorption experiments on the IBU:INA cocrystal and associated cocrystal-inexcipient systems in chapter 5 were obtained using a DVS Advantage-1 automated
gravimetric sorption analyser (Surface Measurement Systems, Alperton, UK) at 25.0 ±
0.1 oC. Ethanol was used as the probe vapour. A mass of 15-20 mg of powder was loaded
on to the sample basket. Samples were dried for 1 hour at 0 % partial pressure (P/Po) and
then subjected to step changes of 10 % P/Po up to 90 % P/Po, and the reverse for
desorption. The sample mass was allowed to reach equilibrium, defined as dm/dt ≤ 0.002
mg/min over 10 min, before the P/Po was changed (Grossjohann et al., 2015). Two cycles
of sorption and desorption were performed for each sample. Samples were recovered and
analysed by PXRD and DSC. All studies were performed in duplicate.
Vapour sorption experiments on the SDM:4ASA coated beads in chapter 6 were obtained
using a DVS Advantage-1 automated gravimetric sorption analyser (Surface
Measurement Systems, Alperton, UK) at 25.0 ± 0.1°C. Water was used as the probe
vapour. A mass of 15-20 mg of powder was loaded on to the sample basket. Samples
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were dried at 0 % RH for 1 h and then subjected to step changes of 10 % RH up to 90 %
RH, and the reverse for desorption. The sample mass was allowed to reach equilibrium,
defined as dm/dt ≤ 0.002 mg/min over 10 min, before the RH was changed (Grossjohann
et al., 2015). One cycle of sorption and desorption was performed. All studies were
performed in duplicate.
2.3.16

Surface area measurements

To determine the specific surface area by the Brunauer, Emmett, Teller (BET) isotherm
method, a Micromeritics Gemini VI (Micromeritics, Norcross, GA, USA) surface area
analyser was used. The specific surface area of the samples was determined by the N 2
adsorption BET multipoint method, with 6 points in the relative pressure range of 0.050.3, using a Micromeritics Gemini 2385c (Micromeritics, Norcross, USA). Each average
result was calculated on the basis of three measurements. Samples were prepared by
purging under N2 overnight at 25 °C using a SmartPrep degassing unit (Micromeritics,
Norcross, GA, USA).
2.3.17

Flow measurements

The basic flow energy (BFE), specific energy (SE) and stability index (SI) of both the
uncoated 250, 500 and 1000 µm beads, and the coated 250, 500 and 1000 µm beads were
measured using a FT4 Powder Rheometer (Freeman Technology Ltd., Gloucestershire,
UK) in chapter 6. All tests were performed in 25 ml batch samples in a 25 mm diameter
cylinder with a fitted blade. The material was subject to a standard conditioning cycle, to
ensure that the state of each sample was reproducible before every test. The BFE and SE
were measured by rotating a precision blade anti-clockwise downward and clockwise
upward, respectively, in a helical path through a fixed volume of conditioned material.
During the downward traverse, the torque and axial force acting on the blade were
measured, and the resistance to flow was calculated and expressed as energy (Narang et
al., 2016, Chaudhari and Dave, 2015). The SI, defined in equation 2.5, is the ratio of
energy in test 1 to energy in test 7. Stable powders will have an SI value of approximately
1 (Davis et al., 2018, Freeman, 2007).
𝑆𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 (𝑆𝐼) =
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𝐸𝑛𝑒𝑟𝑔𝑦 𝑡𝑒𝑠𝑡 7
𝐸𝑛𝑒𝑟𝑔𝑦 𝑡𝑒𝑠𝑡 1

(Eq. 2.5)
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2.3.18

Attrition

Attrition measurements of the beads after spray coating was performed by attempting to
pass the uncoated and coated beads through a sieve. Initially, sieving was performed to
ensure that none of the uncoated beads could pass through the sieve. After spray coating,
the beads were again subject to the same process. 425 µm and 850 µm sieves were used
to perform studies on the 500 µm and 1000 µm beads respectively. The attrition value
(calculated as % broken beads) was calculated from equation 2.6.
% 𝐵𝑟𝑜𝑘𝑒𝑛 𝑏𝑒𝑎𝑑𝑠 =

51

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑏𝑒𝑎𝑑𝑠 𝑝𝑎𝑠𝑠𝑒𝑑 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑠𝑖𝑒𝑣𝑒
𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑏𝑒𝑎𝑑𝑠 𝑡𝑒𝑠𝑡𝑒𝑑

∗ 100

(Eq. 2.6)
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2.4

Dissolution studies

2.4.1

Intrinsic/constant surface area dissolution studies

Dissolution studies of solid materials were performed using a Wood’s intrinsic
dissolution apparatus (Elementec, Ireland). This allowed the dissolution to be measured
from constant surface area discs. Discs were prepared by compressing the powder (200
mg) into compacts using a Perkin Elmer hydraulic press with an 8 mm (diameter) punch
and die set at a pressure of 3 tonnes for a 1 min dwell time. The dissolution studies for
the SDM:4ASA cocrystal systems in chapter 3 were carried out in deionised water
(volume: 900 mL, temperature: 37 oC) at a rotation speed of 100 rpm. All dissolution
studies were performed under sink conditions. Aliquots (5 ml) were withdrawn with
volume replacement at appropriate time intervals. Samples were taken at 2, 4, 6, 8, 10,
15, 20, 25, 30, 40, 50 and 60 minutes. Samples were filtered through 0.45 µm filters and
analysed for SDM and 4ASA content by HPLC. The study was performed in triplicate.
The intrinsic dissolution rate (IDR) was determined from the slope of the dissolution time
profiles over the first 10 minutes. All dissolution studies were carried out for samples
with a 50 % (w/w) ratio of excipient and cocrystal. At the end of the experiments, the
discs were recovered, dried at ambient temperature and analysed by PXRD for process
induced phase transformation.
With regard to the studies for the IBU:INA cocrystal systems, dissolution studies were
performed in phosphate buffer (pH: 7.2, volume: 900 mL, temperature: 37 oC) at a
rotation speed of 100 rpm as indicated in the USP Pharmacopeia 38/NF 33. All
dissolution studies were performed under sink conditions. Aliquots (5 ml) were
withdrawn with volume replacement at appropriate time intervals. Samples were filtered
through 0.45 µm PTFE filters and analysed for IBU content by HPLC. The study was
performed in triplicate. Samples were taken at 2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50 and 60
minutes. The dissolution rate was determined from the slope of the dissolution time
profiles over the first 10 minutes. At the end of the experiments, the discs were recovered,
dried at ambient temperature and analysed by PXRD for process induced phase
transformation.
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For some samples in chapter 5, additional intrinsic dissolution studies were carriedut at
20 oC, with all other conditions being kept the same. This was performed to investigate
the impact of Soluplus on the release of the cocrystal from constant surface area disks.
Statistical analysis of dissolution profiles was performed using DDSolver (Zhang et al.,
2010). Univariate ANOVA analysis was performed to compare drug dissolution profiles
considering a p-value < 0.05 as significant (Yuksel et al., 2000). An f2 value between 50100 indicates that dissolution profiles are similar.
2.4.2

Dissolution from capsules

Cocrystal coated beads were weighed (200 mg) and filled into HPMC capsules size 1
(Vcaps®). Dissolution studies in chapter 6 were performed according to USP Method I
(basket method) utilising a Sotax dissolution apparatus with a rotation speed of 100 rpm.
The dissolution medium was 900 ml of simulated intestinal fluid without enzymes
adjusted to pH 6.8 at 37°C (Serrano et al., 2015). Samples (5 ml) without replacement
were obtained at: 5, 10, 15, 20, 30, 40, 50 and 60 min. For comparison purposes,
dissolution studies were also performed on non-pareil sugar beads coated with SDM.
SDM was dissolved in ethanol at 1% concentration and sprayed onto non–pareil sugar
beads using the same process parameters as for the optimised cocrystal formulation.
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2.5

Hansen solubility parameter

2.5.1

Hansen solubility parameter calculation

Hansen solubility parameters were calculated from the chemical structures using the Van
Krevelen method (Van Krevelen and Te Nijenhuis, 2009). The weight average molecular
weights were used to determine the solubility parameters for polymeric excipients (Scott,
1992). The total HSP contribution was divided into three partial solubility parameters:
dispersion (δd), polar (δp) and hydrogen bonding (δh). The total solubility parameter was
calculated as indicated in Equations 2.6 – 2.9:
δt = (δd2 + δp2 + δh2)0.5
𝛿𝑑 =

𝛿𝑝 =

∑𝑛
𝑖=1 𝐹𝑑𝑖

(Eq. 2.7)

∑𝑛
𝑖=1 𝑣𝑖

2
(∑𝑛
𝑖=1 𝐹𝑝𝑖 )

0.5

(Eq. 2.8)

∑𝑛
𝑖=1 𝑣𝑖
∑𝑛

𝛿ℎ = ( ∑𝑖=1
𝑛

𝐹ℎ𝑖

𝑖=1 𝑣𝑖

(Eq. 2.6)

0.5

)

(Eq. 2.9)

where i is the structural group within the molecule, Fdi is the group contribution of the
dispersion forces, Fpi is the group contribution of the polar forces, Fhi is the group
contribution of the hydrogen bonding forces, and Vi is the group contribution of the molar
volume (Mohammad et al., 2011).

2.6

Statistical analysis

Statistical analysis for both Box-Behnken and Taguchi Design of Experiments was
performed using Design Expert software (version 10.0) Optimisation of the process and
formulation factors was also performed using this software.
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3.1

Introduction

This chapter investigates the introduction of an excipient, in the presence of an API and
coformer, in to a one-step spray drying process. Such processes could result in a cheaper
and more efficient process to produce a final product, which in turn could make medicines
more accessible to patients. A cocrystal of SDM and 4ASA was chosen as a model
cocrystal. This cocrystal is well characterised, and has previously been studied
extensively by this research group.
It has been shown that the reason less than 1% of drug candidates make it to market is
not only due to a lack of efficacy, safety or an unfavourable side effect profile, but also
due to poor biopharmaceutical properties (Cook et al., 2014, Aakeröy et al., 2009). It has
been suggested that drug discovery strategies, such as high throughput screening, are
increasingly leading to lead candidates which have unfavourable physicochemical
properties (Lipinski et al., 2012). Many of these compounds have poor aqueous solubility,
which can lead to a low dissolution rate (Hörter and Dressman, 2001). Over half of
marketed drug products are formulated as salts to modify the physical properties of the
active pharmaceutical ingredient (API). However, a major limitation of this approach is
the requirement of the API to possess a basic or acidic ionisable group. Pharmaceutical
cocrystals offer an alternative to salt forms as a means of improving the solubility,
dissolution and bioavailability of poorly water soluble drugs. Cocrystals of an API and
coformer are formed by noncovalent, freely reversible interactions, and so the presence
of an ionisable group is not a necessity. The solubility and dissolution rate of an API in a
cocrystal are improved by lowering the lattice energy and/or increasing the solvent
affinity (Thakuria et al., 2013). Cocrystallisation of an API can confer a number of
advantages over other formulation strategies such as amorphisation. One of the major
limitations of amorphous forms is the fact that they are thermodynamically unstable,
making them prone to conversion to the lower energy crystalline forms (Hancock et al.,
1995).
Various methods exist to produce cocrystals. Common approaches include grinding and
solution methods. However, a disadvantage of solution methods to produce cocrystals
can be the formation of single component crystals when crystallised from an
incongruently saturating solution (Qiao et al., 2011). Spray drying is commonly used to
produce amorphous solid dispersions (Zhao et al., 2012, Van den Mooter et al., 2001) but
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also, in some instances, results in the formation of crystalline materials (Kumar et al.,
2015). This technique has been shown to be a viable and scalable method to produce pure
cocrystals from both congruent and incongruently saturating solutions. Carbamazepineglutaric acid, theophylline-nicotinamide, urea-succinic acid and caffeine-glutaric acid all
formed pure cocrystals when spray dried from incongruently saturating solutions. Further
to this, the urea-succinic acid 1:1 cocrystal was discovered and consistently generated in
pure form by spray drying. Cocrystallisation of this system was unsuccessful by slurry or
reaction crystallisation methods (Alhalaweh and Velaga, 2010).
The approach of using Hansen Solubility Parameters calculated using the group
contribution method has enabled the prediction of solid-solid solubility of pharmaceutical
materials (Hancock et al., 1997). For drug-excipient combinations, a Δδt (i.e. difference
in HSP) of less than 7.0 MPa1/2 is considered to be indicative of significant miscibility,
while a Δδt of greater than 10.0 MPa1/2 denotes a lack of miscibility and limited ability to
form glass solutions (Greenhalgh et al., 1999, Forster et al., 2001). However, it is
important to note that the studies conducted by Greenhalgh et al. utilised Hildebrand
Solubility Parameters as opposed to Hansen Solubility Parameters.
Calculation of the HSP of drug and coformer and the difference in HSP values for the
two components can be used as a tool to predict the success of cocrystal formation on
spray drying. It has been shown that, in order for an API to form a cocrystal with a
coformer, the two molecules must be miscible at a molecular level, with the difference in
HSP being less than 7 MPa0.5 (Mohammad et al., 2011). However, to the best of our
knowledge, the effect on cocrystal formation of introducing a third (excipient) component
into the feed solution during the spray drying process has never been investigated, nor
has the relative differences in HSP between excipient and cocrystal components been
probed in relation to success or otherwise of cocrystal formation on spray drying.
The hypothesis underlying this work is that a larger difference in HSP between the
cocrystal components and the excipient will promote cocrystal formation during spray
drying in the presence of a carrier excipient, as the cocrystal components will not be
miscible with the excipient, and so will remain phase separated from the excipient but
still interact with one another. In contrast, excipients which have a similar HSP to the
cocrystal components may be miscible and may not allow for cocrystal formation to
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occur, rather there may be a high probability that an amorphous dispersion of individual
coformer molecules, rather than a cocrystal suspension would form within the carrier.
The aim of this work was to investigate the impact of including a carrier excipient on
cocrystal formation during the spray drying process. A range of pharmaceutical
excipients was selected and co-spray dried with the cocrystal components. Solid state
characterisation was performed as well as solubility studies of the cocrystal in the
excipient using a thermal analysis approach. Dissolution studies were performed from
constant surface area disks.
The feasibility of co-spray drying cocrystals and a third carrier excipient component in
order to reduce the number of unit processes to produce a final pharmaceutical product
was investigated by means of compaction studies.
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3.2

Results

3.2.1 Effect of the type and composition of excipient on cocrystal formation
by spray drying
SDM:4-ASA cocrystal:excipient 50:50 (% w/w)

The form II polymorph of the SDM:4ASA cocrystal, the crystal structure of which has
previously been determined by single crystal XRD (Grossjohann et al., 2015), was
generated by spray drying. The X-ray diffraction pattern of SDM:4ASA cocrystal and
individual components are depicted in Figure 3.1, as well as the cocrystal prepared by
slow solvent evaporation from acetone. DSC analysis of the cocrystals produced by
solvent evaporation and spray drying showed a single endothermic peak, characteristic
of cocrystal melting. The cocrystal produced by solvent evaporation had a higher melting
point (175.84 ± 0.85 oC) and melting enthalpy (239.15 ± 6.84 J/g) compared to that
produced by spray drying, which had a melting point of 170.08 ± 0.23 oC and a melting
enthalpy of 216.52 ± 3.69 J/g. This is in agreement with previously reported data
(Grossjohann et al., 2015). This finding can be explained by the fact that rapid drying
processes, such as spray drying, are likely to induce crystal lattice imperfections such as
point defects, line defects and plane defects, which can affect the thermal properties of
the spray dried product (Corrigan, 1995).
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Figure 3.1. PXRD patterns a) Cocrystal produced by spray drying, b) Cocrystal produced
by slow solvent evaporation from acetone, c) Unprocessed 4ASA, d) Unprocessed SDM.
PXRD demonstrated cocrystal formation was preserved when cocrystal components were
spray dried in the presence of inulin, MCC, dextran and mannitol at a 50 % (w/w) ratio
of cocrystal components to 50 % (w/w) of excipient (Figure 3.2). PXRD analyses showed
that the same diffraction peaks were present when compared to the spray dried cocrystal.
Characteristic diffractions peaks of the cocrystal are observed at 11.9o, 13.65o, 20.25o and
24.4o 2θ (Serrano et al., 2015). It would be expected that cocrystal formation would occur
in the presence of a suspended excipient (which was the case for MCC, chitosan and
dextran), as the cocrystal components in solution would be phase separated from the
excipient in suspension. Extra diffraction peaks were present for the cocrystal in mannitol
system which were attributed to mannitol (both alpha and delta polymorphs).
Characteristic peaks of delta mannitol are present at 9.75o and 25.2o 2θ, while
characteristic alpha mannitol peaks are observed at 17.3o and 33.2o 2θ. Spray drying of
mannitol and lysosome has previously been shown to produce a system containing a
mixture of mannitol polymorphs, and both beta and delta polymorphs of mannitol were
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observed (Hulse et al., 2009). However, the intensity of the diffraction peaks was
decreased for the co-spray dried cocrystal-in-excipient system when compared to a
physical mixture of the spray dried cocrystal and excipient, probably due to the
interaction between the cocrystal components and the excipient, and partial
amorphisation of cocrystal within the excipient matrix. Reduction in peak intensity may
also be attributed to crystal imperfections and/or the preferred orientation effect (Grant
and York, 1986). The observed decrease in intensity varied for each excipient used.
PXRD analyses of physical mixtures of cocrystal and excipient are shown in Figure
A.1.1, Appendix 1.

Figure 3.2. PXRD pattern of co-spray dried systems with excipient at 50% w/w ratio. a)
Cocrystal produced by spray drying, b) Cocrystal components co-spray dried with
dextran, c) Cocrystal components co-spray dried with inulin, d) Cocrystal components
co-spray dried with MCC, e) Cocrystal components co-spray dried with mannitol.

The melting enthalpy associated with the co-spray dried cocrystal in inulin system was
91.81 ± 2.62 J/g, compared with a value of 98.7 ± 5.45 J/g for a physical mixture of the
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spray dried cocrystal and inulin. The co-spray dried dextran in cocrystal system showed
an enthalpy of 99.11 ± 5.4 J/g, compared to a value of 103.21 ± 9.13 J/g for the physical
mixture of dextran and spray dried cocrystal. The excipient which showed the largest
difference in enthalpy between the co-spray dried system and the physical mixture was
MCC, with values of 83.52 ± 4.23 J/g and 101.02 ± 9.59 J/g respectively. In all cases, the
only endothermic event was attributed to the melting of the cocrystal, and no exothermic
events were observed (Figure 3.3). It was not possible to accurately measure the enthalpy
of melting for the cocrystal when mannitol was used as an excipient. Mannitol melted at
165.46 ± 0.47 oC, which overlapped with the melting of the cocrystal. Based on the DSC
analyses, the relative crystallinities of the co-spray dried systems compared to the
physical mixtures were 93.02 %, 96.03 % and 82.68 % for the systems containing inulin,
dextran and MCC respectively. The co-spray dried systems had a similar melting
temperature as the physical mixture of cocrystal and excipient for all systems, with the
exception of MCC, where a significant melting point depression was seen for the cospray dried formulation when compared to the physical mixture. DSC analyses of the
physical mixtures are shown in Figure A.1.2, Appendix 1.
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Figure 3.3. DSC thermograms. a) Unprocessed SDM, b) Unprocessed 4ASA, c)
Cocrystal produced by spray drying, d) Cocrystal produced by solvent evaporation, e)
Cocrystal components co-spray dried with inulin, f) Cocrystal components co-spray dried
with mannitol, g) Cocrystal components co-spray dried with MCC, h) Cocrystal
components co-spray dried with dextran.
Bragg diffraction peaks attributable to the cocrystal, as well as the individual components
(API and coformer), were observed when cocrystal components were spray dried in the
presence of PVA, glycine and chitosan at a 50:50 % w/w ratio. Characteristic diffraction
peaks of glycine were also present in that particular system (Figure 3.4). An amorphous
solid dispersion was produced when cocrystal components were spray dried in the
presence of Soluplus, HPMC and PVP K15 at the 50:50 % w/w ratio (Figure 3.5).
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Figure 3.4. PXRD analyses of co-spray dried systems with excipient at 50:50%w/w ratio.
a) Cocrystal produced by spray drying, b) Cocrystal components co-spray dried with
PVA, c) Cocrystal components co-spray dried with glycine, d) Cocrystal components cospray dried with chitosan. Extra diffraction peaks attributable to crystalline glycine can
be seen in c).
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Figure 3.5. PXRD analyses of co-spray dried systems with excipient at 50:50%w/w ratio.
a) Cocrystal produced by spray drying, b) Cocrystal components co-spray dried with
HPMC, c) Cocrystal components co-spray dried with Soluplus, d) Cocrystal components
co-spray dried with PVP K15.
Based on the calculated HSP, inulin, MCC, mannitol, chitosan and dextran are
immiscible with the cocrystal components with a difference in HSP between the excipient
and cocrystal ranging from 9.6 MPa0.5 – 18.6 MPa0.5 (Table 3.1). All of these spray dried
systems, with the exception of chitosan, resulted in the formation of a cocrystal and there
was no evidence of other (individual API or coformer) components present by PXRD.
Characteristic diffraction peaks of the cocrystal and SDM were observed for the spray
dried system containing chitosan. As chitosan is a basic polymer, there may be an
interaction with the acidic coformer, resulting in the presence of Bragg peaks attributed
to “free” SDM.
The differences in HSP between PVA and glycine and the cocrystal are 4.9 MPa0.5 and
6.6 MPa0.5, respectively which can explain the presence of diffraction peaks of both the
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cocrystal and the individual components, due to the partial miscibility of the cocrystal
components within these excipients. It may be hypothesised that the interaction of the
excipient with the cocrystal components can result in the formation of an amorphous
dispersion. The diffraction peaks observed may be as a result of the rapid crystallisation
of a binary, ternary or single component amorphous domains. The crystallisation of
materials by spray drying is thought to be a two stage process, with material transforming
from the liquid to an amorphous phase first, and then from the amorphous phase to a
crystalline phase (Chiou and Langrish, 2008) The differences in HSP between PVP K15,
Soluplus and HPMC and the cocrystal were even lower (4.4 MPa0.5, 3.9 MPa0.5 and 1.9
MPa0.5 respectively). Spray drying led to the formation of an amorphous solid dispersion
instead of a cocrystal (Figure 3.5) probably due to the higher miscibility of the cocrystal
components in these excipients.
Table 3.1. Cocrystal formation in excipient matrix when spray dried at a ratio of 50:50
(% w/w) cocrystal components: excipient. The calculated HSP of SDM:4ASA cocrystal
was 26.8 MPa0.5. Key, CC, cocrystal. HSP values of excipient which are not referenced
were calculated.
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Excipient

Excipient
in solution
or
suspension

Crystalline or
amorphous
nature of the
excipient

δt (MPa0.5) of
excipient
(Reference)

PXRD of co-spray
dried systems

26.8

Δδt (MPa0.5)
between
excipient
and
Cocrystal
-

Cocrystal

N/A

-

Inulin

Solution

Amorphous

45.4

18.6

CC

MCC

Suspension

CC

12.3

CC

Chitosan

Suspension

Amorphous

11.2

CC+API+coformer

Dextran

Suspension

Amorphous

9.6

CC

Glycine
PVA

Solution
Solution

Crystalline
Amorphous

6.6
4.9

CC+API+coformer
CC+API+coformer

PVP K15

Solution

Amorphous

4.4

Amorphous

Soluplus
HPMC

Solution
Solution

Amorphous
Amorphous

39.3 (Rowe,
1988)
39.1 (Forster
et al., 2001)
38 (Ravindra
et al., 1998)
36.4
(Antoniou et
al., 2010)
33.4
31.7 (Forster
et al., 2001)
22.4 (Forster
et al., 2001)
22.9
28.7

12.5

Solution

Semicrystalline
Crystalline

Mannitol

3.9
1.9

Amorphous
Amorphous

-
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3.2.2 Effect of different ratios of excipient on cocrystal formation during
spray drying
PVP K15, Soluplus and HPMC

The ratio of cocrystal components to excipient was altered to assess whether the HSP
difference reflected the ratio at which a cocrystal would form when co-spray dried with
an excipient. PVP K15, Soluplus and HPMC were chosen and different
cocrystal:excipient weight ratios (75:25, 80:20, 90:10 % w/w) investigated.
At the lowest ratio of excipient (10 % w/w), the cocrystal was formed when PVP K15
and Soluplus were the excipients used. However, an amorphous dispersion was formed
in the case of HPMC (Figure A.1.3, Appendix 1). It has previously been determined that
viscous polymers can inhibit the crystallisation process. The fast evaporation of solvent
which occurs during the drying process can lead to a rapid viscosity increase and permit
kinetic trapping of the cocrystal components in the excipient matrix as an amorphous
form or disordered system (Paudel et al., 2013). As the HPMC solution has a higher
viscosity than the PVP K15 and Soluplus solutions, both the higher viscosity and the
lower difference in HSP between the cocrystal components and HPMC may contribute
to the formation of an amorphous dispersion.
For PVP K15 and Soluplus, cocrystal formation was observed when excipients were cospray dried at a ratio of 80:20 (% w/w) cocrystal components to excipient (Figures 3.6i
and 3.7i respectively). When the ratio was altered to 75:25 (% w/w) cocrystal components
to excipient, an amorphous dispersion was formed in the case of both excipients. The
three co-spray dried PVP K15 and Soluplus systems at different ratios were then stressed
under conditions of 25 oC and 60 % relative humidity (RH) for one week. An increased
intensity of the Bragg peaks was observed in those co-spray dried systems containing
80% and 90% cocrystal. Co-spray dried cocrystal components and PVP K15 at a 75 (%
w/w) cocrystal components to 25 (% w/w) ratio crystallised from an amorphous
dispersion to the metastable polymorph II cocrystal (Grossjohann et al., 2015) under these
conditions. Peaks attributable to individual components or to the form I cocrystal were
not observed. In contrast, when the 75:25 (% w/w) cocrystal components: Soluplus
system was stressed, diffraction peaks attributable to both the form II and more stable
form I cocrystal were present (Figures 3.6ii and 3.7ii respectively). When the spray dried
cocrystal alone (which presents as form II) was stressed under the same conditions, a
polymorphic transition to the form I cocrystal was not observed, suggesting that stressing
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co-spray dried cocrystal: Soluplus (75:25 % w/w) from the amorphous state results in a
metastable form II.

Figure 3.6. PXRD patterns of co-spray dried systems with PVP K15. i) Co-spray dried
with PVP K15 and ii) Co-spray dried with PVP K15 after stressing at 25 oC and 60 %
RH for seven days, a) Spray dried cocrystal, b) Cocrystal:PVP K15 (75:25 % w/w), c)
Cocrystal:PVP K15 ( 80:20 % w/w), d) Cocrystal:PVP K15 (90:10 % w/w).

Figure 3.7. PXRD patterns of co-spray dried systems with Soluplus. i) Co-spray dried
with Soluplus and ii) Co-spray dried with Soluplus after stressing at 25 oC and 60 % RH
for seven days. a) Spray dried cocrystal, b) Cocrystal:Soluplus (75:25 % w/w), c)
Cocrystal:Soluplus (80:20 % w/w), d) Cocrystal:Soluplus (90:10 % w/w).
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Chitosan

Diffraction peaks attributable to both the cocrystal and individual components were seen
when chitosan was co-spray dried with cocrystal components (50 % w/w). This ratio was
altered to determine the maximum ratio at which cocrystal formation will occur without
the presence of individual components. Cocrystal formation occurred when 10, 20 and
25 (% w/w) chitosan was co-spray dried with the cocrystal components. When 30 % of
chitosan was used, cocrystal as well as the peaks of individual components were
observed, probably due to the interaction between the chitosan and the 4ASA, as
previously commented (Figure 3.8). DSC thermograms showed that the melting
temperature of the co-spray dried system with chitosan varied between 164 to 167 oC
(Figure 3.9) .

Figure 3.8. PXRD pattern of a) Spray dried cocrystal, b) Cocrystal:chitosan (70:30 %
w/w), c) Cocrystal:chitosan (75:25 % w/w), d) Cocrystal:chitosan (80:20 % w/w), e)
Cocrystal:chitosan (90:10 % w/w).
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Figure 3.9. DSC thermograms of a) Spray dried cocrystal, b) Unprocessed SDM, c)
Unprocessed 4ASA, d) Cocrystal:chitosan (75:25 % w/w), e) Cocrystal:chitosan (80:20
% w/w), f) Cocrystal:chitosan (90:10 % w/w).
MCC

A cocrystal was formed in the presence of MCC when the cocrystal components were
co-spray dried with MCC (50 % w/w). As a cocrystal formed at this ratio, the amount of
MCC relative to cocrystal components was increased to assess the maximum ratio at
which cocrystal formation would occur. Cocrystal formation was observed up to a 30:70
% w/w, cocrystal:MCC weight ratio. A reduction in intensity of Bragg peaks attributable
to the cocrystal was seen when the ratio of MCC to cocrystal components was increased
(Figure 3.10i). The diffraction pattern was devoid of characteristic Bragg peaks of the
individual cocrystal components. The melting point depression of the cocrystal with
increasing MCC composition suggests the formation of a more imperfect crystalline form
of the cocrystal when higher ratios of MCC are used. A broader melting peak can be
attributed to imperfect crystalline form (Figure 3.11). After stressing at 25 oC and 60 %
RH for seven days, characteristic Bragg peaks of the cocrystal were observed even at the
lowest ratio (cocrystal: MCC, 20:80 % w/w) (Figure 10ii).
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Figure 3.10. PXRD patterns of co-spray dried systems with MCC before (i) and after
stressing (ii) at 25 oC and 60 % RH for seven days. Key: a) Spray dried cocrystal, b)
Cocrystal:MCC (50:50 % w/w), c) Cocrystal:MCC (40:60 % w/w), d) Cocrystal:MCC
(30:70 % w/w), e) Cocrystal:MCC (20:80 % w/w), f) Unprocessed MCC.

Figure 3.11. DSC thermograms of co-spray dried systems with MCC. Key: a) Spray dried
cocrystal, b) Cocrystal:MCC (50:50 % w/w), c) Cocrystal:MCC (40:60 % w/w), d)
Cocrystal:MCC (30:70 % w/w), e) Cocrystal:MCC (20:80 % w/w).
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3.2.3

Morphology

Spray drying resulted in cocrystal microspheres between 1 and 10 µm (Figure 3.12).
Microparticle surface and morphology was dependent on the excipient used, but also on
the excipient-cocrystal ratio. In those systems where the cocrystal was formed,
microspheres exhibited rough surfaces with embedded crystals at the surface (Figure
3.12a-d) whereas, in those systems where an amorphous solid dispersion was formed,
microspheres exhibited smooth surfaces (for example with PVP K15 at 50 %). When the
ratio of PVP K15 was reduced to 10 %, cocrystal formation occurred and microspheres
with rough surfaces were observed (Figure 3.12f).

Figure 3.12. SEM micrographs. Key: a) Spray dried cocrystal, b) Co-spray dried cocrystal
with inulin (50:50 % w/w), c) Co-spray dried cocrystal with mannitol (50:50 % w/w), d)
Co-spray dried cocrystal with MCC (50:50 % w/w), e) Co-spray dried cocrystal with PVP
K15 (50:50 % w/w), f) Co-spray dried cocrystal with PVP K15 (90:10 % w/w).

3.2.4

ATR-FTIR

The H-bonding interaction between the cocrystal in the presence of excipients was
analysed by ATR-FTIR. The co-spray dried system with inulin is displayed in Figure
3.13. Distinctive bands in the higher frequency range were observed for the single
components. Asymmetric and symmetric stretching bands of -NH2 of 4ASA were
observed at 3493 cm-1 and 3386 cm-1. SDM displays asymmetric and symmetric
stretching bands of the NH2 group at 3441cm-1 and 3339 cm-1 respectively. The
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sulphonamide NH group shows a stretching band at 3235 cm-1. The molecular interaction
through hydrogen bond formation between SDM and 4ASA spray dried cocrystal was
characterised by: i) two broad bands, one at 3482 cm-1 and one at 3372 cm-1 with a
shoulder attributable to the N-H stretching of the NH2 amine group of 4ASA which were
shifted towards lower wavenumbers from 3493 cm-1 and 3386 cm-1 and ii) sulfone (-SO2)
stretching in SDM and -OH deformation in 4ASA at 1315 cm-1 and 1275 cm-1,
respectively (Grossjohann et al., 2015). The same bands were seen for both the spray
dried cocrystal alone and the co-spray dried systems (containing inulin, mannitol, MCC
and dextran), indicating no interaction between the cocrystal and the excipient on spray
drying. Hydrogen bonding attributable to cocrystal formation is not seen when PVP and
Soluplus were co-spray dried with the cocrystal components at the 50:50 % w/w ratio. In
Figure 3.13, the co-spray dried system with inulin is illustrated. Co-spray dried systems
with dextran, MCC, mannitol, PVP K15 and Soluplus at the 50 (% w/w) ratio are
presented in Figures A.1.4-A.1.8, Appendix 1).
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Figure 3.13. FTIR analyses of a) Co-spray dried cocrystal in inulin (50:50 % w/w), b)
Spray dried cocrystal, c) inulin, d) a physical mixture of SDM and 4ASA (1:1 molar
ratio).

3.2.5

Solubility of cocrystal in excipient

It was hypothesised that cocrystal formation occurs in the presence of an excipient when
the single components are not miscible with the excipient, as determined by the difference
in HSP between the components and excipient. In order to correlate the difference in HSP
with the miscibility of the cocrystal with the excipient matrix, the solubility of the spray
dried cocrystal and the individual cocrystal components in the amorphous excipients
(inulin, MCC, dextran, chitosan, PVA, PVP K15, Soluplus and HPMC) was determined
by the zero enthalpy extrapolation method (Amharar et al., 2014). The solubility of the
cocrystal in inulin, MCC and dextran was 3.69 % w/w, 3.85 % w/w and 3.83 % w/w,
respectively, which was relatively low (Figure 3.14). Based on these low solubilities, it
is not surprising to see that the cocrystal is immiscible with these excipients based on
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HSP differences, with values of 18.6 MPa0.5, 12.5 MPa0.5 and 9.6 MPa0.5 respectively,
indicating that the formation of the cocrystal at higher excipient ratios is likely to happen.
The solubility of cocrystal in chitosan was determined to be 3.23 %. This value is in
agreement with the calculated HSP difference of 11.2 MPa0.5 between the cocrystal and
chitosan. However, a cocrystal only formed at low ratios of chitosan, possibly due to the
interaction between basic chitosan and acidic 4ASA.

Figure 3.14. The solubility of the cocrystal in inulin (i), MCC (ii), chitosan (iii) and
dextran (iv).
The solubility of the cocrystal in PVA was 13.74 % w/w and the difference in HSP
between the cocrystal and PVA was 4.9 MPa0.5. Cocrystal solubility in PVP K15,
Soluplus and HPMC was much higher, 24.43 % w/w, 25.21 % w/w and 18.77 % w/w
respectively (Figure 3.15). These solubility values are higher than for the immiscible
excipients. Also, the difference in HSP between these excipients and the cocrystal
indicate miscibility, as ∆HSP < 7 MPa0.5 in all cases, justifying why cocrystal formation
only occurred when a low ratio of excipient was used. Similar solubility values between
the single components and the excipients were observed as the solubility values between
the cocrystal and respective excipients (values in Table 3.2) (Figure A.1.9 – A.1.11,
Appendix 1).
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Figure 3.15. The solubility of the cocrystal in PVA (i), Soluplus (ii), HPMC (iii) and PVP
K15 (iv).
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Table 3.2. Solubility values of cocrystal and individual components in excipients and the
associated difference in HSP.
System

Solubility (% w/w)

Difference

in

HSP

(MPa0.5)
Cocrystal in Inulin

3.69

18.6

Cocrystal in MCC

3.85

12.5

Cocrystal in Chitosan

3.23

11.2

Cocrystal in Dextran

3.83

9.6

Cocrystal in PVA

13.74

4.9

Cocrystal in PVP K15

24.43

4.4

Cocrystal in Soluplus

25.21

3.9

Cocrystal in HPMC

18.77

1.9

SDM in Inulin

2.85

19.2

4ASA in Inulin

4.14

16.8

SDM in MCC

1.76

13.1

4ASA in MCC

1.77

10.7

SDM in Chitosan

2.50

11.8

4ASA in Chitosan

9.41

9.4

SDM in Dextran

5.68

10.2

4ASA in Dextran

5.10

7.8

SDM in PVA

13.88

5.5

4ASA in PVA

11.77

3.1

SDM in Soluplus

15.93

3.3

4ASA in PVP K15

27.52

6.2

3.2.6

Dissolution studies

Dissolution of SDM and 4-ASA from the cocrystal started incongruently over the first 10
min and became congruent subsequently (Figure 3.16). During spray drying, 4ASA can
partially sublime, resulting in a mass loss of 4ASA, as previously reported (Grossjohann
et al., 2015). HPLC analysis of the spray dried cocrystal showed 3.5 % less molar amount
of 4ASA relative to SDM. It is surmised that this resulted in an excess of SDM in the
spray dried product which can transform to the amorphous state upon spray drying (Caron
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et al., 2011). Once the excess amorphous SDM crystallised, dissolution became
congruent.
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Figure 3.16. Stoichiometry (SDM:4ASA) of the systems co-spray dried with inulin (black
◼), mannitol (red ⚫) and dextran (blue ▲) during dissolution, as measured by HPLC.
No statistically significant differences in the f2 value were found among the dissolution
profiles of the co-spray dried systems (50:50 % w/w ratio) with inulin, mannitol or
dextran (Figure 3.17). Dissolution from a constant surface area could not be tested when
MCC was used as an excipient since, due to the disintegrant properties of MCC, the disk
quickly disintegrated. No differences were found between the constant surface area
dissolution rates of the three co-spray dried systems (Table 3.3). Therefore, it was
concluded that the excipient used had no impact on the dissolution of the cocrystal from
the co-spray dried system.
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Figure 3.17. The release of SDM for the systems co-spray dried with inulin (black ◼),
mannitol (red ⚫) and dextran (blue ▲) with a 50:50% w/w ratio of excipient and
cocrystal.
Table 3.3. Constant surface area dissolution rates of SDM calculated over the first 10
min.
System, 50:50 % w/w ratio
Cocrystal in inulin system
Cocrystal in mannitol system
Cocrystal in dextran system

Initial Dissolution Rate (mg/cm2/min)
0.0712 ± 0.0027
0.0812 ± 0.0013
0.0764 ± 0.0150

After dissolution, the compacts were dried and analysed by PXRD for surface changes.
A polymorphic transformation from the form II to form I was observed for the co-spray
dried system with mannitol. In contrast, no polymorphic transformation was seen when
dissolution studies were performed with inulin and dextran (Figures A.1.12 – A.1.14,
Appendix 1). The compacts were smooth and homogenous in texture before dissolution.
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After dissolution, the surface was observed to be pitted due to the different dissolution
rates of the excipient and cocrystal.
3.2.7

Compactability of spray dried cocrystal:excipient systems

As a proof of concept, the feasibility of co-spray dried systems to reduce the number of
unit processes to produce a final pharmaceutical product was investigated by means of
compaction studies. As MCC is commonly used as a tablet filler due to its excellent
compression properties (David and Augsburger, 1977), the compactability of the cospray dried system with MCC (50 % w/w) and its corresponding physical mixture were
assessed. Including more than one excipient in the feed solution/suspension may allow
for a blending step to be omitted, going directly from a spray drying process to a direct
compression. For this reason, the compaction properties of a co-spray dried system
containing 60 % w/w cocrystal, 20 % w/w inulin and 20 % w/w MCC was also assessed,
along with a physical mixture with identical composition. It has previously been reported
that the SDM:4ASA cocrystal produced by spray drying is less prone to capping than the
cocrystal produced by solvent evaporation (Serrano et al., 2015). For the MCC systems,
both the co-spray dried system and physical mixture produced tablets with similar tensile
strengths. A significant difference in ejection force was observed however, with the cospray dried system requiring a 5-fold lower force to eject the tablets (Figure 3.18). No
capped tablets were observed for both the co-spray dried system and the physical mixture.
PXRD analyses were performed to assess possible alteration of the crystal structure
during the tabletting process. While an increase in Bragg peak intensity was observed for
the co-spray dried system after compaction, no deformation induced phase
transformation changes were observed (Figure A.1.15, Appendix 1). For the system
containing both MCC and inulin, the co-spray dried system showed no tendency to
capping during compaction. Two capped tablets were observed for the physical mixture.
These two tablets were not tested further. Two extra tablets were made and tested. No
differences were observed in tensile strength between the co-spray dried system and the
physical mixtures. However, a significantly lower ejection force (19-fold) was observed
for the co-spray dried system (Figure 3.18), suggesting that the compaction properties of
the co-spray dried system were notably improved, due to less sticking characteristics.
Possible alteration of the cocrystal structure was evaluated by PXRD analysis before and
after the compaction. No deformation induced phase transformation changes were
observed (Figure A.1.16, Appendix 1).
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Figure 3.18. Tensile strength (circles) and ejection force (triangles) of i) co-spray dried
system and physical mixtures of cocrystal 50 %, MCC 50 %, and ii) co-spray dried system
and physical mixtures of cocrystal 60 %, inulin 20 % and MCC 20 %, compacted at 6
kN.

3.3

Conclusions

This work demonstrates that the introduction of a third component into the feed
solution/suspension prior to spray drying can result in a cocrystal embedded in excipient
matrix. Cocrystal formation can also occur when more than one excipient is added to the
spray drying feed solution/suspension. The difference in HSP between the cocrystal
components and the excipient can be used as a general parameter to predict if cocrystal
formation will occur. However, as was seen when the cocrystal components were cospray dried with chitosan, other factors such as the acidic/basic nature of the excipient
can influence whether cocrystal formation can occur. The difference in HSP can also be
used to predict the ratio at which a cocrystal can form when co-spray dried with an
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excipient. Co-spray drying an excipient with the cocrystal components can result in
cocrystal formation, regardless of the crystalline or amorphous nature of the excipient.
As spray drying is a scalable unit operation used in the pharmaceutical industry, co-spray
drying with an excipient can reduce the number of unit operations required to produce a
final pharmaceutical product, as a separate blending step of the cocrystal and excipient
could be avoided.
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CHAPTER 4
Using a design of experiment
approach to optimise the
incorporation of cocrystals into an
excipient matrix by spray drying
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4.1

Introduction

Tablets are the preferred drug delivery system, due to ease of patient administration and
the relative ease of manufacturing large amounts of tablets (Sinka et al., 2009).
Cocrystallisation of an API has previously been performed to enhance its tabletability.
Cocrystals of caffeine and methyl gallate exhibited an improved compaction behaviour
compared to that of the API alone, by the formation of flat slip planes in the cocrystal
structure (Chattoraj et al., 2010). Cocrystallisation of SDM with 4ASA can result in a
solid which is less prone to capping, when compared to a physical mixture of the two
components (Serrano et al., 2015). In chapter 3, it was shown that cocrystals of SDM and
4ASA can form in the presence of an excipient by a one-step spray drying process.
Research in chapter 3 also demonstrated that cocrystal formation can occur in the
presence of two immiscible excipients, as defined by differences in HSP. The aim of this
work is to form tablets from a cocrystal containing powder produced from a one-step
spray drying process. The concept of reducing the number of steps required to make a
final product can result in more efficient technologies (Buchholz, 2010).
Statistical design of experiment (DoE) is a powerful approach used to optimize
pharmaceutical and other processes. DoE has become increasingly prevalent in
formulation design, as it allows the identification of critical formulation and process
parameters (Wang et al., 2018). In order to carry out a DoE, a problem is defined and the
variables are chosen. A design space, or region of interest, is also identified. This involves
setting a range of variability for each variable (Cavazzuti, 2013).
The DoE chosen in this case was the Box-Behnken design. This is an incomplete three
level factorial design. This design was introduced to limit the sample size as the numbers
of parameters grow. The sample size is kept to a value that is sufficient for the estimation
of the coefficients in a second degree least squares approximating polynomial. In a BoxBehnken design, the block of samples corresponding to a three-level factorial design is
repeated over a number of different sets of parameters. The parameters that are not
included in the factorial design remain at their mean level throughout the block. The type
(full or fractional), the size of the factorial, and the number of blocks which are evaluated,
depend on the number of parameters and it is chosen so that the design meets, either
exactly or approximately, the criterion of rotatability. A design is rotatable if the variance
of the predicted response at any point depends only on the distance of the design point
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from the centre point. Rotatability in statistical design of experiments is a desirable
property. This design requires fewer design points than a full factorial design, and avoids
extreme conditions. Extreme conditions are represented by the corners of the cube in the
graphical example of the Box-Behnken design in Figure 4.1, which are avoided in this
type of DoE approach. In this project, a Box-Behnken design with three factors, three
levels and five centre points was used. Graphically, the samples are at the midpoints of
the edges of the design space. The Box-Behnken design used in this project has three
input factors: excipient percentage, excipient ratio (i.e ratio of inulin:MCC), and spray
dryer airflow, and three responses: % crystallinity, Carr’s index and tensile strength.

Figure 4.1. Graphic example of Box-Behnken design.
Excipient percentage and excipient ratio were chosen as input factors as it was previously
observed in chapter 3 that different excipients can have an impact on the crystallinity of
the cocrystal. High excipient loadings of MCC were observed to negatively impact the
crystallinity of the cocrystal, while high excipient loadings of inulin had less of an impact
on cocrystal crystallinity, as was seen in chapter 3. It was also hypothesised that a faster
drying of the atomised feed may result in a greater number of crystal imperfections, which
could be reflected in the thermal properties of the spray dried product (Corrigan, 1995),
and could have further processing implications. Carr’s index is a straight forward,
commonly used method to measure the flowability of a powder. Carr’s index is a useful
quantitative parameter for indicating the cohesiveness of a powder. Carr’s index
considers bulk density which is the mass of powder that can be packed into a specific
volume and tapped bulk density which is obtained by tapping the syringe holding the
aerated sample (Abdullah and Geldart, 1999). In general, the structure of a cohesive
powder will collapse significantly on tapping while a free-flowing material has low
tendency for further consolidation. A low Carr’s index therefore indicates that the powder
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is not cohesive (Leturia et al., 2014). Carr’s index can be calculated from the following
equation (Eq. 2.2):
𝐶𝑎𝑟𝑟 ′ 𝑠 𝐼𝑛𝑑𝑒𝑥 =

𝑏𝑢𝑙𝑘 𝑣𝑜𝑙𝑢𝑚𝑒−𝑡𝑎𝑝𝑝𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒
𝑏𝑢𝑙𝑘 𝑣𝑜𝑙𝑢𝑚𝑒

∗ 100

(Eq. 2.2)

The third response assessed was the tensile strength of the tablets prepared. Tabletability
is defined as the ability of a powdered material to be transformed into a tablet of specified
strength under the effect of compaction pressure (Thoorens et al., 2015). An ideal target
for a cocrystal is one that is suitable for direct compression with only a low amount of
excipient, has good flowability and can form a stable compact at low punch forces
(Serrano et al., 2015). Changing the crystal structure by means of cocrystallisation of an
API can affect the compression and tableting behaviour. Regarding tableting behaviour,
a free-flowing powder can be filled homogenously into the die. The contact area between
the particles can vary depending on the alignment of the crystals in the die. Therefore, an
exclusive variation only of the external crystal structure, as can be seen when an API is
cocrystallised, can optimize substance properties (Rasenack and Müller, 2002). The
addition of different excipients and excipient ratios may also impact on the ability of the
powder to form a tablet, especially if the cocrystal itself has poor compression properties.
One of the aims of this chapter was to investigate the processability of the 1:1
SDM:4ASA cocrystal in an excipient matrix when three inputs (excipient percentage,
excipient ratio and airflow) were varied. Serrano et. al. have demonstrated that when the
cocrystal alone was prepared in numerous ways (liquid assisted milling, solvent
evaporation, spray drying), the flowability of the powder was poor in all cases, with
Carr’s index values above 25 (Serrano et al., 2015). It has also been reported that when
the SDM:4ASA cocrystal is produced by spray drying it is less prone to capping in
comparison to the cocrystal produced by solvent evaporation (Serrano et al., 2015). The
effect of adding inulin and MCC as excipients at different ratios and varying the airflow
during the spray drying process has on compactibility and flowability is unknown, and
was investigated in this study.
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4.2

Results

The three factors and three responses assessed in the Box-Behnken DoE are presented in
Table 4.1. The airflow values expressed throughout this chapter refer to the rotameter
setting on the spray dryer, in which 40, 50 and 60 mm are equivalent to 667, 1052 and
1744 Normlitres/hour respectively.
Run

Factor 1

Factor 2

Factor 3

Response 1

Response 2

Response 3

A: Excipient %

B: Excipient ratio

C: Airflow

Crystallinity

Tensile

Carr’s Index

(inulin: MCC)

Strength
mm

%

MPa

%

1

35

50:50

50

94.19

2.37

47.5

2

35

75:25

40

94.25

2.50

45

3

35

25:75

60

94.63

2.63

50

4

20

50:50

60

97.01

2.24

42.5

5

50

50:50

60

95.77

2.51

47.5

6

35

75:25

60

95.78

2.55

35

7

35

50:50

50

92.33

2.44

37.5

8

50

25:75

50

97.95

2.68

42.5

9

20

50:50

40

96.98

2.42

47.5

10

50

75:25

50

94.73

2.44

32.5

11

35

50:50

50

93.69

2.31

40

12

35

50:50

50

93.98

2.43

35

13

20

25:75

50

99.69

2.30

42.5

14

35

25:75

40

97.32

2.40

40

15

20

75:25

50

103.64

2.24

42.5

16

35

50:50

50

97.73

2.49

37.5

17

50

50:50

40

99.61

2.71

40

Table 4.1. Box-Behnken design used in this study. The airflow values refer to the
rotameter setting on the spray dryer. 40, 50 and 60 mm are equivalent to 667, 1052 and
1744 Normlitres/hour.
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The PXRD and DSC patterns of the starting materials are presented in Figures 4.2 and
4.3. Both 4ASA and SDM are crystalline, with 4ASA displaying a melting endotherm at
145.76 ± 0.64 oC (348.29 ± 2.71 J/g), while SDM displays a melt endotherm at 197.25 ±
0.12 oC (127.40 ± 0.70 J/g). Inulin is an amorphous material, while MCC is semicrystalline. Characterisation of the cocrystal produced by spray drying and solvent
evaporation has previously been discussed in chapter 3.

Figure 4.2. PXRD patterns of raw materials. a) MCC, b) inulin, c) 4ASA, d) SDM.
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Figure 4.3. DSC curves of a) SDM, b) 4ASA, c) Cocrystal produced by spray drying, d)
Cocrystal produced by solvent evaporation from acetone, e) Inulin and f) MCC.

Figure 4.4. PXRD patterns of a) Cocrystal produced by spray drying, b) Cocrystal
produced by solvent evaporation from acetone, c) 4ASA, d) SDM.
4.2.1

PXRD analysis

The PXRD analyses in Figures 4.5 – 4.7 show that all the diffraction peaks of the samples
with varying excipient: cocrystal ratios and excipient percentages can be superimposed
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with the diffraction peaks of the cocrystal itself and that the peaks are in the same position
regardless of the ratio used. Therefore, cocrystal formation is retained for all
cocrystal:excipient ratios and for all ratios of inulin:MCC. PXRD and DSC analysis
showed no evidence of the presence of single components.

Figure 4.5. DoE runs containing 20 % total excipient fraction. a) Run 15, b) Run 13, c)
Run 9, d) Run 4, e) Cocrystal produced by spray drying.
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Figure 4.6. DoE runs containing 35 % total excipient fraction. a) Run 14, b) Run 6, c)
Run 3, d) Run 2, e) Cocrystal produced by spray drying.

Figure 4.7. PXRD patterns of DoE runs containing 50 % total excipient fraction. a) Run
17, b) Run 10, c) Run 8, d) Run 5, e) Cocrystal produced by spray drying.
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4.2.2

DSC analysis

The relative crystallinity of the co-spray dried systems was calculated by comparing each
formulation to an equivalent physical mixture of cocrystal (produced by spray drying),
inulin and MCC. The physical mixtures of cocrystal and excipients generally have higher
enthalpies than the co-spray dried systems, possibly due to partial amorphisation of the
cocrystal components and due to more imperfect cocrystals being formed due to the
presence of the excipients in the spray drying process. DSC curves of all co-spray dried
formulations are presented in Figures 4.8 – 4.10.

Figure 4.8. DSC curves of DoE runs containing 20% total excipient fraction. a) Cocrystal
produced by spray drying, b) Run 4, c) Run 9, d) Run 13, Run 15.

92

Chapter 4: Spray Drying - Design of Experiment

Figure 4.9. DSC curves of DoE runs containing 35% total excipient fraction. a) Cocrystal
produced by spray drying, b) Run 2, c) Run 3, d) Run 6, Run 14.

Figure 4.10. DSC curves of DoE runs containing 50% total excipient fraction. a)
Cocrystal produced by spray drying, b) Run 5, c) Run 8, d) Run 10, Run 147.
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4.2.3

Statistical analysis

Multilinear regression analysis was performed based on the results of the experiments.
Linear models were found to be the best fit for the assessed parameters for all responses.
For all three models generated, there were no statistically significant interactions between
the factors, and so these interactions were excluded from the final models. The
coefficients of the model generated for the tensile strength showed that the model was
significant with a p-value of < 0.05. In all cases, the lack of fit was not significant. This
is desirable, as a significant lack of fit can indicate that the model does not adequately
describe the functional relationship between the experimental factors and response
variables. The models generated for crystallinity and Carr’s index were not statistically
significant (p> 0.05).
The 2D contour plot and 3D surface plot depicted in Figures 4.11 and 4.12 revealed that
the crystallinity was negatively influenced by all three input factors. However, none of
these factors had a statistically significant impact on the relative crystallinity of the
cocrystal. Also, the overall model was not statistically significant, with a p-value > 0.05.

Figure 4.11. 2D contour plot (a) and 3D surface response (b) showing the influence of
the total excipient percentage and the excipient ratio on the cocrystal crystallinity.
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Figure 4.12. 2D contour plot (a) and 3D surface response (b) showing the influence of
the total excipient percentage and the airflow on the cocrystal crystallinity.

With regard to the tensile strength of the tablets formed, a linear model was found to be
the best fit for the data. The p-value for the model generated was 0.0126. Further to this,
the total excipient fraction had a highly statistically significant impact on tensile strength,
with a p-value of 0.0019 for this input factor. Both the excipient ratio and the airflow
were not significant (p> 0.05). The excipient fraction positively affected the tensile
strength of the tablets formed, while the excipient ratio negatively affected the tensile
strength, suggesting that a higher amount of MCC in the tablets would positively affect
the tensile strength. The airflow also had a negative effect on the tensile strength. 2D
contour plots and 3D surface responses showing the effect of the input factors on tensile
strength are presented in Figures 4.13 and 4.14.
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Figure 4.13. 2D contour plot (a) and 3D surface response (b) showing the influence of
the total excipient percentage and the excipient ratio on the tensile strength of the tablets
formed.

Figure 4.14. 2D contour plot (a) and 3D surface response (b) showing the influence of
the total excipient percentage and the airflow on the tensile strength of the tablets formed.
Differences in Carr’s index are shown in Table 4.1. Powders with a Carr’s index > 25 are
poorly flowable, cohesive powders (De Villiers, 2005). All samples in this study
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demonstrated a value greater than 25. The poor flowability is likely due to the small
particle size of the spray dried powders an unfavourable crystal habit. SEM analysis in
Chapter 3 showed that the cocrystals produced by spray drying were in the shape of
microspheres, which are likely to have better flow properties compared to crystal habits
such as needles. However, particle size analysis performed in Chapter 3 also
demonstrated that the cocrystal produced by spray drying had a D50 of 5.7 μm. As a result,
there is a larger surface area for interaction between the particles, resulting in a cohesive
powder. Spray dried particles can also be electrostatic in nature, which can promote
cohesion between the particles and adhesion to surfaces. It had been anticipated that a
lower airflow rate would improve the Carr’s index, as it should result in a larger particle
size due to less energy for fluid dispersion. The particle size of the co-spray dried powders
was not measured in this study due to the small sample size. Other process factors that
could increase particle size of spray dried powders, and therefore improve Carr’s index,
are increasing the feed rate, decrease the ratio of organic solvent: water, and increasing
the concentration of the feed solution. It should also be noted that, due to the batch sizes
of the runs performed, a 1 ml syringe was used to perform the bulk and tapped density
measurements for Carr’s index, as previously described (Ógáin et al., 2011). Due to the
small syringe size, and considering that the syringe was graduated in 0.05 ml
measurements, there may also be some error associated with the measurement process.
Statistical analysis of the Carr’s index of the spray dried powders revealed that the model
was not significant with a p-value > 0.05. The model chosen was a linear model, as there
were no significant interactions. Further to this, there were no significant model terms.
2D contour plots and 3D surface responses showing the effect of the input factors on
Carr’s index are presented in Figures 4.15 and 4.16. The predicted equations for all three
responses in terms of actual factors are presented in Table 4.2. As the models generated
and the individual responses for crystallinity and Carr’s index are not statistically
significant, these models may not be valid, and may not be suitable to predict responses
based on these input factors and parameters.
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Figure 4.15. 2D contour plot (a) and 3D surface response (b) showing the influence of
the total excipient percentage and the excipient ratio on Carr’s index of the co-spray dried
powders.
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Figure 4.16. 2D contour plot (a) and 3D surface response (b) showing the influence of
the total excipient percentage and the airflow on Carr’s index of the co-spray dried
powders.
Model (p-value)

Predicted equation in terms of actual factors

Linear (p>0.05)

Crystallinity

=

+

101.992

–

0.077*Excipient

%

-

0.023*Excipient ratio – 0.031*Airflow.
Linear (p<0.02)

Tensile Strength = + 2.262 + 0.010*Excipient % 0.001*Excipient ratio – 0.002*Airflow.

Linear (p>0.05)

Carr’s

Index

=

+

49.988

–

0.104*Excipient

%

-

0.080*Excipient ratio – 0.031*Airflow.

Table 4.2. Model generation and predicted equations obtained from the Box-Behnken
DoE.
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4.2.4

Validation studies

The search for the optimum process and formulation parameters was carried out with the
aim of maximising crystallinity and tensile strength, while minimising Carr’s index. The
optimum parameters were: 50 % excipient, 44.18 % inulin as excipient fraction, and an
airflow setting of 40 mm, equivalent to 667 Nl/hour. These parameters were predicted to
give a relative crystallinity of 95.86 %, a tensile strength of 2.61 MPa, and a Carr’s index
of 40.22. Validation of the QbD methodology revealed close proximity between the
predicted value of the response with the observed response for tensile strength, presented
in Table 4.3. The percent error between the experimental and predicted validation runs
was 0.29 %, 1.53 % and 0.55 % for crystallinity, tensile strength and Carr’s index
respectively, demonstrating excellent goodness of fit. However, the small experimental
error for the crystallinity and Carr’s index may be due to chance, as these models were
not statistically significant.
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Experimental
Response

Predicted results

results
Mean

Standard Predicted

Percent

95 % CI

95 % CI

deviation response

error

Low

High

Crystallinity (%) 96.58

0.78

96.86

0.29 %

92.34

99.38

Tensile Strength 2.57

0.23

2.61

1.53 %

2.49

2.74

0

40.22

0.55%

34.73

45.68

(MPa)
Carr’s Index

40

Table 4.3. Comparison of experimental results with predicted responses. Key: CI,
Confidence intervals.

4.3

Conclusions

Spray drying has been successfully been employed to produce a cocrystal-in-excipient
matrix. Two excipients were incorporated into a one-step spray drying process to produce
a cocrystal-in-excipient powder which could be directly compressed, eliminating the
need for a separate blending step of cocrystal and excipients. A Box-Behnken DoE was
performed to assess the impact of formulation and process parameters on the crystallinity
of the cocrystal, tensile strength of the tablets formed and Carr’s index of the co-spray
dried powders. Linear models were chosen as the best fit in all cases. However, the only
statistically significant model was the model generated for tensile strength, indicating that
higher excipient to cocrystal fractions will result in tablets with a higher tensile strength.
The ratio of inulin:MCC did not have a statistically significant effect on any of the three
responses. The process parameter which was assessed, the airflow of the drying gas, did
not have a significant impact on any response. This may be an indication that spray drying
is a robust process in which to produce a cocrystal-in-excipient system.
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CHAPTER 5
Comparing spray drying versus hot
melt extrusion to prepare cocrystalin-excipient systems
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5.1

Introduction

Spray drying has previously been shown to be an effective method to produce cocrystals
(Alhalaweh and Velaga, 2010). It can offer an advantage compared to other solution
based methods such as cooling crystallisation, which can result in a mixture of phases
(Fucke et al., 2012). Further to this, spray drying is favourable as it is a scalable,
continuous one-step process often employed in the pharmaceutical industry (Broadhead
et al., 1992, do Amaral et al., 2018). Spray drying parameters can also be altered to tailor
the properties of particles produced by spray drying, such as particle size, shape and
density (Vehring et al., 2007). However, disadvantages of spray drying include the
requirement of large volumes of organic solvent (Ré, 2006), residual solvent of spray
dried powders (Patel et al., 2009), the production of poorly flowable powders (Walton,
2000) and the expense of the equipment at large scale.
Hot melt extrusion (HME) has been explored as a method to produce cocrystals
(Moradiya et al., 2014, Dhumal et al., 2010, Li et al., 2017). This process can offer a
number of advantages as a formulation processing method, as it is a scalable and
continuous process. Unlike spray drying, it is a solvent free method, and is therefore often
regarded as a ‘greener’ method in comparison to spray drying, as large volumes of solvent
are not required. As a result, the product obtained will have negligible amounts of oxygen
and water, an advantage for pharmaceuticals which are susceptible to oxidation and
hydrolysis (Breitenbach, 2002, Li et al., 2013). However, extrusion can also confer a
number of disadvantages, as heat stress and shear force can cause chemical degradation
of an active pharmaceutical ingredient (API) (Crowley et al., 2007). In the case of
cocrystallisation (processing of drug and coformer) by extrusion, it has previously been
demonstrated that cocrystallisation can occur when processed above the eutectic
temperature (Dhumal et al., 2010).
Ibuprofen (IBU) is a Non-Steroidal Anti-Inflammatory Drug (NSAID) included in Class
II of the Biopharmaceutics Classification System (BCS), demonstrating poor aqueous
solubility and high permeability (Alvarez et al., 2011). Various attempts to increase the
bioavailability of IBU, such as salt formation (Tung et al., 1991) and the formation of
amorphous dispersions (Marsac et al., 2009, Shen et al., 2010), are abundant in the
literature. Cocrystallisation of IBU can offer an alternative formulation approach to
increase the bioavailability of the API without altering the chemical integrity, while
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maintaining the physical stability of the API. Cocrystals of IBU with a number of
different coformers have been generated by methods such as solvent evaporation (Chow
et al., 2012), cooling crystallisation (Friščić and Jones, 2007), liquid assisted grinding
(Friščić and Jones, 2007), dry grinding (Alshahateet, 2010, Alshahateet, 2011), HME
(Kelly et al., 2012, Dhumal et al., 2010, Moradiya et al., 2014), and freeze drying
(Eddleston et al., 2013). A review of the literature revealed no previous reports of an IBU
cocrystal produced by spray drying. The IBU:INA cocrystal was chosen as a model
cocrystal for this study as it was found that the SDM:4ASA cocrystal was not processable
by HME, due to the thermal degradation of 4ASA. The IBU:INA cocrystal is amenable
to both spray drying and HME.
Previous studies, presented in chapters 3 and 4, described the production of cocrystals of
another BCS Class II drug, sulfadimidine, in the presence of a third component by a onestep spray drying process in order to reduce the number of unit operations which are
required to produce a final pharmaceutical product. Cocrystal integrity was preserved
when the cocrystal components were immiscible with the excipient, based on the
difference in Hansen Solubility Parameter (HSP). However, our previous work did not
consider the use of HME as an alternative continuous process to produce a cocrystal-inexcipient matrix system.
Attempts have previously been made to form the IBU:INA cocrystal by HME in the
presence of xylitol, Soluplus and Eudragit EPO (Li et al., 2016). Cocrystal formation
occurred only in the presence of xylitol (which has a melt temperature of 93.68 oC) at a
90:10 weight ratio of cocrystal components to xylitol, but not with Soluplus or Eudragit
EPO, probably due to IBU amorphisation during the extrusion process (Li et al., 2016).
Ratios of 70:30 and 50:50 (by weight) of cocrystal components to xylitol resulted in
cocrystal formation, but individual crystalline IBU and INA were also detected in the
extruded products. However, alteration of the processing temperature and screw
configuration during extrusion led to cocrystal formation even with a higher xylitol load
of 50 % by weight (Li et al., 2017).
The aim of this work was to fully investigate the impact of including a carrier excipient
on cocrystal formation during spray drying and to compare it to HME. Spray drying and
HME techniques have previously been compared in the context of the production of
amorphous solid dispersions (Tian et al., 2014) and fixed dose combinations (Kelleher et
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al., 2018), but the production of cocrystals in an excipient matrix by both methods has
not been compared. The combination of IBU:INA was used as a model cocrystal. A range
of pharmaceutical excipients was selected for processing. The ratio of cocrystal
components to excipient was altered to assess the ratios at which cocrystal formation
occurs. Due to the low melt temperature of xylitol and the low yield of xylitol on spray
drying, mannitol (a six carbon polyol which is amenable to spray drying and has a similar
HSP to xylitol, Table 5.2) was chosen as a model crystalline excipient for spray drying.
Soluplus and PVP K15 were selected as amorphous excipients for comparison purposes.
Solid state characterisation was performed as well as dissolution studies from constant
surface area discs to compare the product characteristics of materials processed by the
two different methods.
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5.2

Results

5.2.1 Single crystal X-ray
evaporated cocrystal

diffraction

characterisation

of

solvent

Using an equimolar ratio of IBU:INA, the solvent evaporation method produced a
colourless crystalline sample of the cocrystal. A suitable crystal was analysed via single
crystal X-ray diffraction yielding a formula of C13H18O2:C6H6N2O, a 1:1 cocrystal. The
asymmetric unit consists of two independent IBU and two INA molecules, linked via
hydrogen bonding, almost as predicted (Li et al., 2016). Each IBU is disordered over two
positions and Figure 5.1 only shows the majority occupied moiety (see Figures A.3.1 and
A.3.2, Appendix 3 for further figures). The hydrogen bonding between the INA moieties
are formed via the amide NH and the opposite carbonyl group (N1…O27 = 2.963(4),
N25…O3 = 2.926(4) Å). IBU also forms a hydrogen bond with the INA (O…N 2.575(4),
2.607(4) Å with angles > 157°) tying the four molecules into a linear array. One IBU is
pointing up and the other pointing down. Each linear array is hydrogen bonded to a
neighbouring array through the free INA amine NH to the IBU carbonyl (N1…O36ii,
3.113(4) Å; symmetry transformations used to generate equivalent atoms: ii -x,-y+2,z+1) forming a sheet (Figure 5.2). Each successive layer packs on the nearest layer by
slotting the IBU between each other (Figure A.3.3, Appendix 3). There are several
heterosynthon IBU cocrystals known in the literature (Walsh et al., 2003, Chen et al.,
2010, Alshahateet, 2010, Berry et al., 2008, Alshahateet, 2011, Stone et al., 2009). Many
are trimers e.g. IBU:X:IBU. Only a few display the same packing motif seen here where
a tetramer is formed IBU:INA:INA:IBU (Berry et al., 2008, Alshahateet, 2011).
Crystallographic data of the cocrystal are presented in Table 5.1. Crystallographic data,
CCDC 1862812, can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/ data_request/cif.
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Table 5.1. Crystal data and structure refinement for IBU:INA cocrystal.
Empirical formula

C19H24N2O3

Formula weight

328.40

Temperature/K

100(2)

Crystal system

Triclinic

Space group

P-1

a/Å

5.7025(3)

b/Å

11.5514(6)

c/Å

27.6754(13)

α/°

95.551(3)

β/°

93.326(4)

γ/°

102.210(3)

Volume/Å3

1767.65(16)

Z

4

ρcalcg/cm3

1.234

μ/mm-1

0.675

F(000)

704.0

Crystal size/mm3

0.27 × 0.17 × 0.16

Radiation

CuKα (λ = 1.54178)

2Θ range for data collection/°

3.218 to 138.392

Index ranges

-6 ≤ h ≤ 6, -13 ≤ k ≤ 13, -33 ≤ l ≤ 33

Reflections collected

24654

Independent reflections

6444 [Rint = 0.0600, Rsigma = 0.0759]

Data/restraints/parameters

6444/669/669

Goodness-of-fit on F2

1.069

Final R indexes [I>=2σ (I)]

R1 = 0.0985, wR2 = 0.2875

Final R indexes [all data]

R1 = 0.1223, wR2 = 0.3155

Largest diff. peak/hole / e Å-3

0.40/-0.41
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Figure 5.1. Cocrystal structure determined from SCXRD studies. Hydrogen bonded
tetramer of the cocrystal C13H18O2:C6H6N2O, IBU:INA, with only the majority occupied
disordered IBU moiety shown. Only heteroatoms labelled and only hydrogen atoms
involved in hydrogen bonding are shown. Displacement parameters shown at 50 %
probability.

108

Chapter 5: Spray Drying versus Hot Melt Extrusion

Figure 5.2. Cocrystal structure determined from SCXRD studies. Hydrogen bonded sheet
structure of the IBU:INA cocrystal showing the amide-ketone and hydroxide-INA donor
acceptors as dotted lines as well as weak CH…O interactions (C5…O36ii = 3.316(4) Å;
ii = symmetry equivalent transformation, -x,-y+2,-z+1).

5.2.2

Powder X-ray diffraction

Spray drying

Spray drying the solution of IBU:INA at a 1:1 molar ratio resulted in cocrystal formation.
Similar Bragg peak intensity was seen for the cocrystal produced by spray drying from
ethanol and the cocrystal produced by spray drying from isopropanol. Bragg peaks
attributable to IBU and INA were not present. Characteristic peaks of IBU raw material
may be observed at 6.15o, 12.25o, 16.7o and 24.6o 2θ, and peaks of INA raw material at
17.85o, 18.9o, 20.85o and 23.5o 2θ (Figure 5.3). Similarly to Li et al. who prepared the
cocrystal by coextrusion (Li et al., 2016), Bragg peaks attributed to the IBU:INA
cocrystal were observed at 6.4o, 17.45o, 18.95o and 20.1o 2θ (Figure 5.3), indicating that
the same form of the cocrystal was obtained by both hot melt extrusion and spray drying.
Spray drying can produce a different polymorphic form of a cocrystal than other methods
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of cocrystal formation, as previously seen with the SDM:4ASA cocrystal (Grossjohann
et al., 2015). However, polymorphism of the IBU:INA cocrystal has not been reported to
date. The cocrystal produced by solvent evaporation from isopropanol resulted in more
intense Bragg peaks compared to the cocrystals produced by spray drying. Spray dried
IBU resulted in crystalline IBU, with the same polymorph obtained as the raw material
(Figure 5.3).

Figure 5.3. PXRD analyses of raw materials, cocrystals produced by spray drying and
solvent evaporation. a) Cocrystal produced by spray drying from ethanol, b) Cocrystal
produced by spray drying from isopropanol, c) Cocrystal produced by solvent
evaporation from isopropanol, d) Spray dried IBU, e) Physical mixture of IBU and INA
(1:1 molar ratio), f) INA, g) IBU.
Each formulation is named in this chapter with reference to the method of production
(spray drying (SD) or hot melt extrusion (HME)), excipient used (M = mannitol, X =
xylitol, P = PVP K15, S = Soluplus) and excipient weight fraction. For example, the cospray dried system with 10 % mannitol is referred to as SD-M-10.
Cocrystal formation was observed for the spray dried formulations with mannitol, i.e.
SD-M-10, SD-M-30 and SD-M-50 formulations (Figure 5.4). Bragg peaks attributable to
the individual cocrystal components were not observed. However, Bragg peaks
attributable to both the cocrystal and to different polymorphic forms of mannitol were
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seen. Both beta and delta mannitol peaks were present in the PXRD diffractogram for all
ratios of cocrystal components to excipient (Figure A.3.4, Appendix 3). Co-spray drying
mannitol with lysozyme has previously been shown to produce a mix of mannitol
polymorphs (Hulse et al., 2009). The API and coformer have similar HSP values, 19.4
MPa0.5 and 24.4 MPa0.5 respectively, whereas mannitol HSP is 39.1 MPa0.5 (Table 5.2).
It has previously been determined that cocrystallisation can occur when the difference in
HSP between the API and coformer is less than 7 MPa0.5 (Mohammad et al., 2011), while
cocrystal formation in the presence of a third component occured when the difference in
HSP between the cocrystal and excipient (i.e. third component) was above 9.6 MPa0.5, as
was observed in chapter 3.

Figure 5.4. PXRD analyses of co-spray dried systems with mannitol; a) IBU:INA 50 %,
mannitol 50 %, b) IBU:INA 70 %, mannitol 30 %, c) IBU:INA 90 %, mannitol 10 %, d)
Spray dried cocrystal.

Cocrystal formation by spray drying with different ratios of cocrystal components to
Soluplus was also assessed. The SD-S-10 formulation resulted in cocrystal formation
(Figure 5.5). The ratio of Soluplus to cocrystal components was increased and cocrystal
formation at these ratios was assessed. Bragg peaks attributable to the cocrystal were also
observed for the SD-S-15, SD-S-20 and SD-S-30 formulations, as well as crystalline INA
and what was taken to be an amorphous phase comprising IBU and Soluplus, given the
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observed shift in the Tg of Soluplus when loads of ≥ 15 % Soluplus were incorporated
into the feed solution. The PXRD patterns of the polymorphic forms of INA were
obtained from single crystal data obtained from the Cambridge Crystal Database (Figure
A.3.5, Appendix 3). Form I (CSD ref code: EHOWIH01) is the unprocessed raw material
polymorph used in these experiments (Groom et al., 2016).

Figure 5.5. PXRD analyses of co-spray dried systems with Soluplus; a) IBU:INA 70 %,
Solulpus 30 %, b) IBU:INA 80 %, Soluplus 20 %, c) IBU:INA 85 %, Soluplus 15 %, d)
IBU:INA 90 %, Soluplus 10 %, e) Spray dried cocrystal. Bragg peaks attributable to INA
can be observed at 23o 2θ when the Soluplus loading was ≥ 15 %.
A peak attributable to a polymorph of INA (form IV, CSD ref code: EHOWIH04) can be
seen at 23o 2θ when Soluplus loads ≥ 15 % were incorporated into the process. Attempts
were made to co-spray dry the cocrystal components with Soluplus at a ratio of 60:40 (%
w/w). However, when this ratio was used, the yield was significantly affected, with
negligible amounts of product reaching the collection vessel of the spray dryer. Cocrystal
formation, without other separated coformer or API components, was only seen when 10
% Soluplus was used. Above this excipient loading, a mixture of cocrystal, a glass
solution of IBU and Soluplus, and crystalline INA was formed, which can be explained
by the fact that the difference in HSP between Soluplus and cocrystal is 2.1 MPa0.5. It has
previously been demonstrated in chapter 3 that when the HSP values of cocrystal and
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excipient are very close, cocrystal formation only occurs when low excipient loads are
used.
Cocrystal formation in the presence of PVP K15 by spray drying and HME was also
assessed. PVP K15 was chosen as, unlike Soluplus, its glass transition temperature is
above the extrusion processing temperature. It was hypothesised that this could prevent
the formation of a glass solution being formed as a side reaction. A shorter chain PVP
was chosen as higher chain length polymers can be more viscous in solution, which can
result in kinetic trapping of the API/coformer during the fast solvent evaporation when
spray drying, resulting in the formation of an amorphous dispersion (Paudel et al., 2013).
Cocrystal formation was assessed by spray drying in the presence of PVP K15 at a ratio
of 90:10 (% w/w) cocrystal components to excipient. Bragg peaks attributable only to the
cocrystal were seen for the SD-P-10 formulation (Figure 5.6). When the SD-P-20
formulation was processed, again peaks attributable only to the cocrystal were observed.

Figure 5.6. PXRD analyses of co-spray dried systems with PVP K15; a) IBU:INA 80 %,
PVP K15 20 %, b) IBU:INA 90 %, PVP K15 10 %, c) PVP K15, d) Spray dried cocrystal,
e) INA, f) IBU.
Due to the abundance of potential hydrogen bonding sites in mannitol, spray drying
experiments were prepared to investigate the potential for cocrystal formation between
the crystalline excipient (mannitol) and the API or the coformer. PXRD analyses of the
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control powders showed no new peaks which could be attributed to a ‘cocrystal cocktail’.
Results of PXRD analyses are presented in Figures A.3.6-A.3.8, Appendix 3.

Table 5.2. Calculated HSP values of cocrystal components and carrier excipients.
Molecule

HSP value (MPa0.5)

ΔHSP (MPa0.5)

IBU

19.4

1.4

INA

24.4

3.6

Cocrystal 1:1 molar ratio

20.8

-

Mannitol

39.1

18.3

Xylitol

41.5

20.7

Soluplus

22.9

2.1

PVP K15

22.4

1.6

Hot Melt Extrusion

When the cocrystal components were processed with xylitol, HME-X-10, the hot melt
extruded product showed characteristic diffraction peaks of the cocrystal, as well as peaks
attributable to crystalline xylitol, which are indicated by arrows (Figure 5.7). Altering the
extrusion temperature and screw configuration has been previously shown to result in
cocrystal formation when higher xylitol loads are incorporated into the extrusion process
(Li et al., 2017).
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Figure 5.7. PXRD analyses of cocrystal produced by hot melt extrusion. A) Cocrystal in
the presence of xylitol. a) Extruded IBU:INA 90 %, xylitol 10 %, b) Spray dried cocrystal,
c) Xylitol, d) INA, e) IBU. Xylitol peaks are highlighted by arrows.
Hot melt extrusion was also performed using Soluplus and PVP K15, HME-S-10 and
HME-P-10 respectively, as amorphous excipients. The processing temperature was
above the Tg of Soluplus, and below the Tg of PVP K15. In both cases, the presence of
cocrystal as well as amorphous and crystalline API/coformer was observed by PXRD
(Figure 5.8). Peaks attributable to INA are highlighted by arrows. However, a cocrystal
was obtained with both PVP K15 and Soluplus by spray drying at the same ratio,
suggesting that spray drying may offer a processing advantage over hot melt extrusion.
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Figure 5.8. PXRD analyses of cocrystal produced by hot melt extrusion. A) Cocrystal in
the presence of Soluplus and PVP K15; a) IBU:INA 90 %, PVP K15 10 %, b) IBU:INA
90 %, Soluplus 10 %, c) Spray dried cocrystal, d) INA, e) IBU. Peaks attributable to INA
in the HME formulations are highlighted by arrows.
HME experiments were also performed with xylitol and the API or coformer to
investigate the potential for cocrystal formation between the excipient and the API or
coformer. No new peaks attributable to a cocrystal between the excipient and
API/coformer were observed. Results of PXRD analyses are presented in Figure A.3.9A.3.11, Appendix 3.
5.2.3

Differential scanning calorimetry

Spray drying

At a heating rate of 10 oC/min, IBU displayed a characteristic melting point at 75.26 ±
0.13 oC (130.96 ± 0.16 J/g), with INA displaying a polymorphic transformation at 120.08
± 0.63 oC (13.34 ± 0.06 J/g) and a melting point at 156.40 ± 0.13 oC (196.14 ± 0.57 J/g)
(Figure 5.9 and Table 5.3). For the physical mixture of IBU and INA, two endothermic
events were present, one of which was below the IBU melt temperature, which may be
attributed to a eutectic melt. In systems forming eutectics, cocrystal formation can occur
by heating in the DSC past the eutectic temperature (Lu et al., 2008). The second

116

Chapter 5: Spray Drying versus Hot Melt Extrusion
endotherm can be attributed to the cocrystal. No thermal event attributable to INA was
observed.

Figure 5.9. Cocrystal formation by spray drying and solvent evaporation; a) IBU, b) INA,
c) Cocrystal produced by slow solvent evaporation from isopropanol, d) Cocrystal
produced by spray drying from ethanol, e) Cocrystal produced by spray drying from
isopropanol, f) Physical mixture of IBU and INA.
Xylitol displayed a characteristic melting point at 93.68 ± 0.16 oC (249.56 ± 9.15 J/g)
(Figure 5.13), while mannitol had one endothermic event characteristic of melting at
165.59 ± 0.21 oC (307.14 ± 5.87 J/g) (Figure 5.10). The spray dried product of IBU and
INA from ethanol at a 1:1 molar ratio displayed one endothermic peak at 119.33 ± 0.14oC
(139.10 ± 0.98 J/g) and no exothermic peaks, indicating that cocrystal formation had
occurred. The spray dried cocrystal from isopropanol displayed an endothermic peak at
119.31 ± 0.16 oC (138.64 ± 0.25 J/g), similar to that of the cocrystal produced by spray
drying from ethanol with a slight reduction in the melt enthalpy. Solvent evaporation
from isopropanol resulted in a material that displayed one single endothermic peak in the
DSC at 119.72 ± 0.09oC (139.43 ± 0.56 J/g) (Table 5.4).
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Table 5.3. Melting temperatures and heat of fusion of raw materials and physical mixture
of IBU and INA (1:1 molar ratio). *Denotes glass transition temperature. **Denotes
polymorphic transformation. N/A, non-applicable.

System

Tm1 or Tg (oC)

IBU

75.26 ± 0.13

INA

120.08 ± 0.64**
73.67 ± 0.29

Physical
mixture

ΔHf (J/g)

Tm2 (oC)

ΔHf (J/g)

N/A

N/A

13.14 ± 0.06

156.40 ± 0.13

196.14 ±0.57

85.01 ± 1.82

117.72 ± 0.12

50.75 ± 4.84

N/A

N/A

N/A

N/A

130.96 ±
0.16

307.14 ±

Mannitol

165.59 ± 0.21

Xylitol

93.68 ± 0.16

Soluplus*

61.98 ± 0.22

N/A

N/A

N/A

PVP K15*

127.53 ± 0.23

N/A

N/A

N/A

5.87
249.56 ±
9.15

Co-spray dried IBU:INA with mannitol at all three ratios, SD-M-10, SD-M-30 and SDM-50, displayed two melting peaks, one attributable to the melting of the cocrystal and
one attributable to the melting of crystalline mannitol (Figure 5.10). No melting peaks
attributable to the individual cocrystal components were observed, even when high
mannitol loads (50 % w/w) were incorporated into the feed solution prior to spray drying.
Melting point depression of the cocrystal was observed with increasing mannitol loads,
as well as broad melting peaks. This was observed for both the co-spray dried systems
and the physical mixtures of cocrystal and mannitol. Melting point depression and broad
melting peaks were also seen for mannitol. The melting enthalpy of the co-spray dried
systems and the physical mixtures were compared, and the relative crystallinity of the cospray dried systems compared to a physical mixture of cocrystal and excipient was
calculated. A relative crystallinity of 98.36 %, 97.43 % and 91.79 % was calculated for
the SD-M-10, SD-M-30 and SD-M-50 formulations respectively, showing a small loss in
crystallinity for the co-spray dried formulations compared to the physical mixtures.
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Figure 5.10. Cocrystal co-spray dried with mannitol; a) Mannitol, b) IBU, c) INA, d)
Spray dried cocrystal, e) Spray dried IBU:INA 90 %, mannitol 10 %, f) Spray dried
IBU:INA 70 %, mannitol 30 %, g) Spray dried IBU:INA 50 %, mannitol 50 %, h)
Physical mixture of spray dried cocrystal 50 % and mannitol 50 %.
The SD-S-10 formulation resulted in cocrystal formation, with one endothermic peak
present on the DSC curve, which can be attributed to cocrystal melting (Figure 5.11).
When the ratio of Soluplus in the feed solution was increased, a second endothermic
event was observed directly after cocrystal melting. However, this shoulder peak was not
present in physical mixtures of spray dried cocrystal and Soluplus at the same ratios
(Figure A.3.12, Appendix 3). This double melting peak could be attributed to two
different crystal morphologies (Blundell, 1987). Nevertheless, as this peak occurred after
cocrystal melting, it is unlikely to be morphology related. This peak can probably be
attributed to a significantly depressed INA melting event which can be observed when
15 %, 20 % and 30 % Soluplus was incorporated into the feed solution prior to spray
drying.
A polymorphic form of INA (form IV, CSD ref code: EHOWIH04) was generated, as
well as the cocrystal, when Soluplus loads ≥ 15 % were used. This polymorph was also
generated when INA was spray dried with Soluplus (50:50 % w/w), resulting in one
endothermic event at 140 oC (Figure A.3.13, Appendix 3). This polymorph has been
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shown to demonstrate one endothermic event on DSC analysis. No phase change is seen
during DSC analysis, as only a melting event is observed (Eccles et al., 2011). At
Soluplus loads ≥ 15 %, a mixture of an amorphous phase, cocrystal and crystalline INA
can be observed. When ≥ 15 % Soluplus is incorporated into the feed solution, a shift in
the Tg of Soluplus is seen, indicating a glass solution of polymer and IBU is formed, as
well as crystalline INA. MTDSC results are presented in Figure A.3.14, Appendix 3,
which shows the shift in glass transitions of the systems with ≥ 15 % Soluplus. The
relative crystallinities of the co-spray dried samples were obtained by comparing the melt
enthalpies to the relevant physical mixtures of cocrystal and Soluplus. A relative
crystallinity of 94.11 %, 66.68 %, 56.58 % and 32.69 % was calculated for the systems
containing 10 %, 15 %, 20 % and 30 % of Soluplus respectively, indicating a significant
amount of amorphous IBU, present as a glass solution with Soluplus, and crystalline INA
are present in the formulations containing ≥ 15 % Soluplus.

Figure 5.11. Cocrystal co-spray dried with Soluplus; a) IBU, b) INA, c) Spray dried
cocrystal, d) Physical mixture of IBU and INA (1:1 molar ratio), e) Soluplus, f) Spray
dried IBU:INA 90 %, Soluplus 10 %, g) Spray dried IBU:INA 85 %, Soluplus 15 %, h)
Spray Dried IBU:INA 80 %, Soluplus 20 %, i) Spray dried IBU:INA 70 %, Soluplus 30
%.
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The SD-P-10 formulation showed one endothermic peak at the cocrystal melting
temperature (Figure 5.12). The relative crystallinity of the co-spray dried product
compared to the physical mixture of cocrystal and PVP was 98.94 %. A Tg was observed
at 10.66 ± 0.67 oC, indicating the presence of a glass solution between the polymer, API
and/or coformer. A melting event of the individual components was not observed. It was
not possible to determine if a separate phase of polymer was present, as the Tg of this was
obscured by the melting of the cocrystal. The SD-P-20 formulation showed two
endothermic peaks, one attributable to the cocrystal and a second peak after the cocrystal
temperature. Like the systems with ≥ 15 % Soluplus, this can be attributed to crystalline
INA, although this was not detected by PXRD. A Tg was also observed at 3.65 ± 0.28 oC,
which is likely a glass solution of polymer, IBU and/or INA, Figure A.3.15, Appendix 3.

Figure 5.12. Cocrystal co-spray dried with PVP K15; a) IBU, b) INA, c) Cocrystal
produced by spray drying, d) Physical mixture of IBU and INA, e) PVP K15, f) Co-spray
dried IBU:INA 90 %, PVP K15 10 %, g) IBU:INA 80%, PVP K15 20 %.
Hot melt extrusion

The HME-X-10 formulation displayed two characteristic melting peaks, a depressed
xylitol peak at 84.95 ± 0.16 oC (21.98 ± 0.82 J/g) and a cocrystal melting peak at 115.28
± 0.07 oC (119.66 ± 2.27 J/g) (Figure 5.13). The melting enthalpy of the hot melt extruded
cocrystal in xylitol was slightly lower than the spray dried cocrystal in mannitol.
However, this may be attributed to the cocrystal melting into liquid xylitol in the case of
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the hot melt extruded product, while the cocrystal melts in the presence of solid mannitol
in the case of the spray dried product. A relative crystallinity of 97.99 % was measured
for the hot melt extruded product compared to the physical mixture of cocrystal and
xylitol.

Figure 5.13. DSC analyses of cocrystal in the presence of xylitol; a) Xylitol, b) IBU, c)
INA, d) Spray dried cocrystal, e) Physical mixture of IBU:INA 1:1 molar ratio, f)
Physical mixture of IBU, INA 90 % and Xylitol 10 %, g) Hot melt extruded IBU:INA
90 %, Xylitol 10 %.
The hot melt extruded products with Soluplus and PVP K15 were also analysed (Figure
5.14). The HME-S-10 formulation showed an endothermic peak attributable to a eutectic
melting, as well as a cocrystal melt. It is likely that the eutectic phase comprises IBU and
INA, as Bragg peaks attributable to INA were observed in the PXRD diffractogram
(Figure 5.8). The HME-P-10 formulation showed a melting event attributable to the
cocrystal, as well as a depressed INA melt, indicating that only crystalline INA was
observed by DSC, and any excess IBU was rendered amorphous.
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Figure 5.14. DSC analyses of Cocrystal in the presence of Soluplus and PVP K15; a)
IBU, b) INA, c) Spray dried cocrystal, d) Physical mixture of IBU and INA at 1:1 molar
ratio, e) Hot melt extruded IBU:INA 90 %, Soluplus 10 %, f) Hot melt extruded IBU:INA
90 %, PVP K15 10 %.
It should be noted that TGA experiments were performed on the raw materials prior to
HME to demonstrate suitability of the processing temperatures used. All chemicals
showed less than 5 % mass loss at the extrusion processing temperature, with the
exception of PVP K15. However, the weight loss observed for PVP K15 can mainly be
attributed to water loss. Results of TGA experiments can be seen in Figure A.3.16,
Appendix 3.
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Cocrystal:
excipient
(ratio, %
w:w)
IBU:INA
IBU:INA

IBU:INA
IBU:INA,
mannitol
(90:10 %
w/w) (SDM-10)
IBU:INA,
mannitol
(70:30 %
w/w) (SDM-30)
IBU: INA,
mannitol
(50:50 %
w/w) (SDM-50)
IBU:INA,
xylitol
(90:10 %
w/w) (HMEX-10)
IBU:INA,
Soluplus
(90:10 %
w/w) (SD-S10)
IBU:INA,
Soluplus
(85:15 %
w/w) (SD-S15)
IBU:INA,
Soluplus
(80:20 %
w/w) (SD-S20)
IBU:INA,
Soluplus
(70:30 %
w/w) (SD-S30)
IBU:INA,
Soluplus
(90:10 %
w/w) (HMES-10)
IBU:INA,
PVP K15
(90:10 %
w/w) (SD-P10)
IBU:INA,
PVP K15
(80:20 %
w/w) (SD-P20)
IBU:INA,
PVP K15
(90:10 %
w/w) (HMEP-10)
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Result

Cocrystal melting
temperature (oC)

ΔHf (J/g)

Excipient/ other
melting temperature
(oC)

ΔHf (J/g)

Cocrystal

119.33 ± 0.14

139.10 ± 0.98

N/A

N/A

Cocrystal

119.31 ± 0.16

138.64 ± 0.25

N/A

N/A

Cocrystal

119.72 ± 0.09

139.43 ± 0.56

N/A

N/A

Spray drying

Cocrystal

118.48 ± 0.16

123.45 ± 1.75

150.37 ± 0.21

4.04 ± 0.56

Spray drying

Cocrystal

117.90 ± 0.06

91.30 ± 2.16

150.07 ± 0.11

70.43 ± 2.74

Spray drying

Cocrystal

117.09 ± 0.18

59.55 ± 0.50

151.94 ± 0.54

135.12 ± 1.78

HME

Cocrystal

115.28 ±0.07

119.66 ± 2.27

84.95 ± 0.16

21.98 ± 0.82

Spray drying

Cocrystal

118.35 ± 0.01

103.01 ± 1.48

N/A

N/A

Spray drying

Cocrystal,
amorphous API and
crystalline coformer

117.78 ± 0.13

67.34 ± 1.04

123.17 ±0.47

0.15 ± 0.06

Spray drying

Cocrystal,
amorphous API and
crystalline coformer

115.57 ± 0.53

48.69 ± 1.19

122.39 ± 0.57

1.03 ± 0.29

Spray drying

Cocrystal,
amorphous API and
crystalline coformer

108.82 ± 0.42

26.98 ± 0.76

118.77 ± 0.34

4.29 ± 0.23

HME

Cocrystal, crystalline
coformer and
crystalline and
amorphous API

118.30 ± 0.40

77.06 ± 1.54

65.81 ± 1.03

2.35 ± 0.49

Spray drying

Cocrystal,
amorphous
API/coformer

117.58 ± 0.16

90.30 ± 1.24

N/A

N/A

Spray drying

Cocrystal,
amorphous API and
crystalline coformer

111.67 ± 0.30

43.49 ± 1.35

119.31 ± 0.48

4.73 ± 0.34

HME

Cocrystal,
amorphous API and
crystalline coformer

114.31 ± 0.11

61.11 ± 2.60

139.22 ± 0.46

3.98 ±0.77

Method of
production
Spray drying
(from ethanol)
Spray drying
(from
isopropanol)
Solvent
evaporation
from
isopropanol
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Table 5.4. Summary table including thermal events of all spray dried and hot melt
extruded systems. The ratio of IBU:INA cocrystal was 1:1 molar ratio for all systems.
5.2.4 Investigation of H-bonding interactions by Fourier Transform
infrared spectroscopy
The FTIR spectra of IBU, INA, cocrystal, mannitol, xylitol, Soluplus, PVP K15, the hot
melt extruded system with xylitol and the spray dried formulations with mannitol,
Soluplus and PVP K15 are presented. The FTIR spectra of the co-spray dried systems
with mannitol are presented in Figure 5.15, while the FTIR analyses of the co-spray dried
systems with Soluplus and PVP K15, and the hot melt extruded formulation with xylitol
are presented in Figures A.3.17-A.3.19, Appendix 3. Cocrystal formation between an API
and coformer can form between supramolecular heterosynthons or homosynthons
(Desiraju, 1995). The FTIR spectrum for IBU showed a broad vibrational band from
3400-2800 cm-1, characteristic of O-H stretching of the carboxylic acid group. Medium
intensity peaks are observed from 3100-2900 cm-1, representing C-H stretching in the CH, C-H2 and C-H3 groups of IBU and the C-H bonds in the aromatic ring (Vueba et al.,
2008). A strong band was present at 1708 cm-1, indicative of stretching of the C=O group
of the carboxylic acid (Maheshwari et al., 2003). INA showed vibrational bands at 3361
cm-1 and 3178 cm-1, representing asymmetric and symmetric stretching N-H respectively,
for the H-bonded primary amide groups among closely packed INA molecules (Iogansen
et al., 1977, Bakiler et al., 2007). Vibrational stretching at 1654 cm-1 represented the
amide carbonyl group, while 1621 cm-1 represented bending of the N-H bond in the
primary amide (Filho et al., 2006).
Some shifts in the IR peaks were observed for the cocrystal (prepared by spray drying)
when compared to a physical mixture of IBU and INA, which can be attributed to Hbonding interactions between the two components. The IBU:INA cocrystal consists of
two acid:amine interactions and an amide homodimer between the INA molecules. INA
contains two competing H-bond acceptor sites, the pyridine N and the amide carbonyl.
The nitrogen on the pyridine ring is considered a stronger H-bond acceptor than the amide
carbonyl (Laurence and Berthelot, 2000). In crystalline INA, the pyridine N forms a
hydrogen bond with the amide N-H. This bond is broken in the cocrystal, resulting in the
formation of an N-H∙∙∙O of the amide homodimer. The symmetric N-H stretching shifted
from 3178 cm-1 to 3171 cm-1, indicating the formation of the N-H∙∙∙O bond in the amide
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homodimer. The amide N-H asymmetric stretching shifted from 3361 cm-1 to 3431 cm-1,
representing formation of an N-H∙∙∙O bond between the amide of INA and the IBU
carboxylic acid carbonyl on the adjacent IBU molecule (Saha and Desiraju, 2018). NH2
bending of INA shifted from 1621 cm-1 to 1630 cm-1, resulting in the formation of the
amide homodimer (Chow et al., 2012).
The broad peak attributable to O-H stretching in IBU is absent for the cocrystal, with the
formation of a single peak at 3317 cm-1, which can be attributed to H-bonding between
the pyridine N and the O-H group of the carboxylic acid of IBU. The carboxylic acid
carbonyl of IBU shifted from 1708 cm-1 to 1698 cm-1, due to H-bond formation between
the carbonyl and the pyridine hydrogen. The C-H bending of the pyridine ring also shifted
from 794 cm-1 to 779 cm-1. The same peaks were present when the API and coformer was
co-spray dried with mannitol, xylitol, PVP K15 and Soluplus, and the hot melt extruded
product with xylitol, as well as peaks attributable to the excipient, indicating that
cocrystal formation occurred in the presence of the excipient.
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Figure 5.15. Investigation of H-bonding by FTIR. Cocrystal co-spray dried with
mannitol; a) Co-spray dried IBU:INA 50 %, Mannitol 50 %, b) Co-spray dried IBU:INA
70 %, Mannitol 30 %, c) Co-spray dried IBU:INA 90 %, Mannitol 10 %, d) Cocrystal, e)
Mannitol, f) INA, g) IBU.
5.2.5

Moisture uptake and sorption-desorption profile

DVS analysis of the spray dried cocrystal, the spray dried formulations with mannitol
and Soluplus and the hot melt extruded cocrystal with xylitol was performed using
ethanol as the probe vapour. Initial experiments were performed using water as the
adsorbate. However, due to the hydrophobic nature of IBU, samples showed negligible
water uptake (data not shown). It was hypothesised that any amorphous content in the
samples would be crystallised when subject to moisture, which would then be detected
by PXRD or DSC post analysis. The sorption and desorption isotherms of the
formulations are illustrated in Figures 5.16, 5.17. The maximum ethanol sorption of the
spray dried cocrystal was 0.54 % (Figures 5.16, 5.17), with most vapour uptake being
between 50 % and 90 % P/Po. The desorption profile showed a hysteresis effect from 90
% to 40 % P/Po. No hysteresis effect was seen on the second cycle. The spray dried
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formulations with mannitol showed a maximum ethanol sorption of 0.93 %, 1.63 % and
2.88 % for the SD-M-10, SD-M-30 and SD-M-50 formulations respectively. The increase
in ethanol uptake with increasing mannitol loads may be due to the high surface area of
the porous, spray dried mannitol particles (Littringer et al., 2011, Maa et al., 1997). The
HME-X-10 formulation showed a maximum moisture uptake of 0.33 % at 90 % P/Po,
showing a hysteresis at all points from 90 % to 20 % P/Po. A significant difference in
moisture uptake between the first and second cycles was not seen for any system,
indicating that the spray dried samples contained a negligible amorphous content prone
to crystallisation. The samples were recovered and analysed by PXRD and DSC. No
change in solid form was observed with any of the systems containing mannitol as carrier
excipient post DVS analysis (Figure A.3.20, Appendix 3).
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Figure 5.16. DVS sorption (blue) and desorption (red) isotherms of co-spray dried
systems with mannitol and HME with xylitol using ethanol as the probe vapour; a) Cospray dried IBU:INA 50 %, mannitol 50 %, b) Co-spray dried IBU:INA 70 %, mannitol
30 %, c) Co-spray dried IBU:INA 90 %, mannitol 10 %, d) Spray dried cocrystal, e) Hot
melt extruded IBU:INA 90 %, xylitol 10 %.
The co-spray dried systems with Soluplus all showed a significantly higher moisture
uptake than the co-spray dried systems with mannitol. This can be mainly attributed to
the amorphous nature of Soluplus. However, no hysteresis effect was observed at any
P/Po step. The ethanol uptake at 90 % P/Po was 8.29, 14.01, 18.65 and 28.64 (% w/w) for
the SD-S-10, SD-S-15, SD-S-20 and SD-S-30 formulations respectively. PXRD analysis
of these systems after DVS showed a Bragg peak attributable to INA at 23o 2θ for systems
containing ≥ 15 % Soluplus. This is not the case for the SD-S-10 formulation, as only
peaks attributable to the cocrystal were present, suggesting that any amorphous content
in this system crystallises to the cocrystal, or is stable as a glass solution at this ratio
(Figure A.3.21, Appendix 3).
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Figure 5.17. DVS sorption (blue) and desorption (red) isotherms of co-spray dried
systems with Soluplus using ethanol as the probe vapour; a) Co-spray dried IBU:INA 70
%, Soluplus 30 %, b) Co-spray dried IBU:INA 80 %, Soluplus 20 %, c) Co-spray dried
IBU:INA 85 %, Soluplus 15 %, d) Co-spray dried IBU:INA 90 %, Soluplus 10 %, e)
Spray dried cocrystal.
5.2.6

Particle size distribution (PSD)

PSD analysis of the spray dried formulations and hot melt extruded formulation were
evaluated (Table 5.5). Spray drying resulted in a particle size reduction when compared
to the raw API and coformer materials. The spray dried cocrystal displayed a D50 of 6.92
± 0.13 μm. A similar particle size was measured in the hot melt extruded product with
xylitol after cryomilling (6.63 ± 0.36 μm). An increase in D50 was observed when
mannitol was added compared to the cocrystal spray dried alone, with the largest particle
size being the formulation containing 50 % mannitol. The samples which resulted in
cocrystal formation with the amorphous excipients, Soluplus and PVP K15, displayed a
1.7 and 1.6-fold higher D50 value of 11.75 ± 0.27 μm and 10.95 ± 0.46 μm, respectively,
compared to the spray dried cocrystal without excipients.
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5.2.7

Morphology characterisation by SEM

The spray dried IBU:INA cocrystal presented as plate shaped particles, with a
significantly smaller particle size than the raw materials (Figure 5.18). Co-spray drying
of the cocrystal components with mannitol and Soluplus resulted in cocrystal plates,
whereas more spherical particles were obtained when PVP K15 was used as the carrier
excipient. The smaller particle size of the spray dried particles could result in poorly
flowing and cohesive powder from a manufacturing point of view, but this could be
negated by altering spray drying parameters, such as decreasing the airflow of the drying
gas, and increasing the feed rate and concentration of the feed solution (Cal and Sollohub,
2009); however, this is not the main aim of this work and has not been further
investigated.

Figure 5.18. SEM images. Key: a) IBU, b) INA, c) Spray dried cocrystal, d) Spray dried
IBU:INA 90 %, mannitol 10 %, e) Spray dried IBU:INA 90 %, Soluplus 10 %, f) Spray
dried IBU:INA 90 %, PVP K15 10 %, g) Hot melt extruded IBU:INA 90 %, xylitol 10
%, h) Spray dried IBU:INA 50 %, mannitol 50 %.
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5.2.8

Dissolution studies

Constant surface area dissolution studies of the spray dried cocrystal, HME-X-10, SDM-10, SD-S-10 and SD-P-10 at 37 oC were performed (Figure 5.19). Intrinsic dissolution
studies of unprocessed IBU were also performed (Figure A.3.22, Appendix 3).
Dissolution studies of the cocrystal, SD-M-10 and HME-X-10 all resulted in similar
dissolution profiles. All three formulations showed a similar IDR and release after 60
minutes. The SD-S-10 formulation showed a lower release compared to the cocrystal,
while the SD-P-10 formulation showed a higher release compared to the reference
cocrystal. This formulation showed a 2.3-fold greater IDR for IBU compared to the spray
dried cocrystal as well as the highest release of IBU after 60 minutes amongst all the
tested formulations. The highest release was for the unprocessed raw material. However,
it is important to note that the starting material is different for this system, as IBU is the
starting material as opposed to the cocrystal. The dissolution studies were performed in
pH 7.2 phosphate buffer, a medium in which IBU is very soluble (Dhingra et al., 2010).
The pH-solubility curve for cocrystals can be significantly different to that of the API
(Bethune et al., 2009), which can in turn impact dissolution of the API. Therefore,
dissolution of the unprocessed API may not be directly comparable with dissolution from
the cocrystal when pH-solubility studies of the cocrystal have not been performed. These
experiments have not been performed as part of this study.
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Figure 5.19. Dissolution profiles of spray dried and hot melted extruded formulations
performed at 37 oC. Key: co-spray dried IBU:INA 90 %, PVP K15 10 % (pink ◆), cospray dried IBU:INA 90 %, mannitol 10 % (blue ▲), cocrystal produced by spray drying
(black ◼), hot melt extruded IBU:INA 90 %, xylitol 10 % (red ⚫) and co-spray dried
IBU:INA 90 %, Soluplus 10 % (green ▼).
Univariate ANOVA analysis was also performed to compare the dissolution profile of
the spray dried cocrystal to the dissolution profiles of the co-spray dried and hot melt
extruded formulations. The co-spray dried system with PVP K15 was the only system
which was statistically significantly different from the reference at each time point,
indicating the IDR of this system was statistically higher than that of the cocrystal, as was
the total release after 60 minutes.
Exposure of the cocrystal to the dissolution medium resulted in the transformation of the
cocrystal to the individual components (Figure 5.20). PXRD analysis of the surface of
the disk after dissolution revealed peaks attributable mainly to IBU. No INA peaks were
observed, suggesting that the more soluble INA was in solution, leaving the less soluble
IBU on the surface of the disk. A cocrystal peak was also present at 17.4 2θ. It has
previously been reported that when a large difference in solubility exists between the API
and the coformer, the cocrystal can be unstable in solution and recrystallisation to the
individual components can occur. Recrystallisation to individual components is less
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likely to occur when the solubilities of the API and coformer are similar (Schultheiss and
Newman, 2009).

Figure 5.20. PXRD analyses after cocrystal dissolution; a) Cocrystal after dissolution, b)
Cocrystal produced by spray drying, c) INA, d) IBU. Some peaks attributable to IBU are
highlighted by arrows.
Transformation to the individual components was also observed when the hot melt
extruded cocrystal with xylitol and the spray dried cocrystal with mannitol were analysed
by PXRD after dissolution (Figure 5.21, 5.22). Bragg peaks attributable to IBU are
indicated by arrows.
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Figure 5.21. PXRD analyses after dissolution of the co-spray dried cocrystal with
mannitol; a) Co-spray dried IBU:INA 90 %, mannitol 10 % after dissolution, b) Co-spray
dried IBU:INA 90 %, mannitol 10 %, c) Cocrystal produced by spray drying, d) INA, e)
IBU. Some peaks attributable to IBU are highlighted by arrows.
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Figure 5.22. PXRD analyses after dissolution of hot melt extruded cocrystal with xylitol;
a) Hot melt extruded IBU:INA 90 %, xylitol 10 % after dissolution, b) Hot melt extruded
IBU:INA 90 %, xylitol 10 %, c) Cocrystal produced by spray drying, d) INA, e) IBU.
Some peaks attributable to IBU are highlighted by arrows.
Analysis of the disk after dissolution of the SD-S-10 formulation showed the same
diffraction peaks as the cocrystal, indicating that Soluplus polymers prevented the
recrystallisation of the cocrystal to the individual components (Figure 5.23).
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Figure 5.23. PXRD analyses of co-spray dried cocrystal with Soluplus at 37 ºC; a) Cospray dried IBU:INA 90 %, Soluplus 10 % after dissolution, b) Co-spray dried IBU:INA
90 %, Soluplus 10 %, c) Cocrystal produced by spray drying, d) INA, e) IBU.
For the SD-P-10 formulation, PXRD analysis of the disk after dissolution showed mainly
Bragg peaks attributable to the cocrystal. However, a characteristic peak of IBU at 6.15o
can also be seen, suggesting some recrystallisation to the individual components, or
crystallisation of trace amounts of amorphous IBU present in the system. (Figure 5.24).
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Figure 5.24. PXRD analyses of co-spray dried cocrystal with PVP K15; a) Co-spray dried
IBU:INA 90 %, PVP K15 10 % after dissolution, b) Co-spray dried IBU:INA 90 %, PVP
K15 10 %, c) Cocrystal produced by spray drying, d) INA, e) IBU.
The lowest IDR and release after 60 minutes of IBU was for the spray dried system with
Soluplus (Table 5.5). However, the low IDR may be due to the presence of Soluplus as
this excipient exhibits a lower critical solution temperature (LCST) in water near 40 oC
(Hughey et al., 2013). Polymers can demonstrate good aqueous solubility at low
temperature, but can demonstrate partial miscibility and separate from solution above the
LCST (Feil et al., 1993). At the LCST, Soluplus chains lose hydration and progressively
associate, decreasing their solubility and forming a cloudy suspension that can
precipitate. This behaviour is responsible for the gel-forming property of Soluplus (Fini,
2016). Attempts to measure the IDR of IBU and carvedilol from solid dispersions
containing Soluplus have resulted in lower values than expected, which has been
attributed to the gelling properties of Soluplus (Genina et al., 2017).
To test our hypothesis that the lower release of IBU from the co-spray dried system with
Soluplus was due to the LCST of Soluplus, dissolution studies of both this system and
the spray dried cocrystal were performed at 20 oC (Figure 5.25). The dissolution rate of
the cocrystal was significantly (p<0.05) lower than that of the co-spray dried system with
Soluplus at 20 oC.
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Figure 5.25. Dissolution profiles at 20 oC of: the cocrystal produced by spray drying
(black ◼) and co-spray dried IBU:INA 90%, Soluplus 10% (red ⚫).
Disks were also analysed by PXRD after dissolution. Similar to the results obtained at 37
o

C, the diffractogram of the SD-S-10 formulation after dissolution showed the same

Bragg peaks of the cocrystal after dissolution (Figure 5.26).
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Figure 5.26. PXRD analyses of co-spray dried cocrystal with Soluplus post dissolution at
20 ºC; a) Co-spray dried IBU:INA 90 %, Soluplus 10 % after dissolution, b) Co-spray
dried IBU:INA 90 %, Soluplus 10 %, c) Spray dried cocrystal, d) INA, e) IBU.
However, dissolution of the cocrystal without a carrier excipient at 20 oC showed Bragg
peaks attributable to IBU and also multiple cocrystal peaks (Figure 5.27), which differs
from results at 37 oC. This can be explained by the higher temperature, which may
accelerate the dissociation of the cocrystal into its individual components.
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Figure 5.27. PXRD analyses cocrystal post dissolution at 20 ºC; a) Spray dried cocrystal
after dissolution, b) Spray dried cocrystal, c) INA, d) IBU. Peaks of both the cocrystal
and IBU can be seen after dissolution.
Table 5.5. Particle size distribution of raw materials and spray dried and hot melt
extruded IBU and INA cocrystal (1:1 molar ratio). Intrinsic dissolution rates (of IBU)
were calculated at 37°C for the spray dried cocrystal and those systems containing 90 %
cocrystal: 10 % carrier excipient. Intrinsic dissolution rates were calculated over the
first 10 minutes at 37 oC.
System

D50 (μm)

Intrinsic Dissolution Rate
(mg/cm2/min)
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IBU

23.69 ± 1.73

0.513 ± 0.003

INA

31.78 ± 1.74

-

Cocrystal

6.92 ± 0.13

0.199 ± 0.013

SD-M-10

9.47 ± 0.51

0.211 ± 0.006

SD-M-30

7.86 ± 0.12

-

SD-M-50

11.40 ± 0.57

-

SD-S-10

11.75 ± 0.27

0.152 ± 0.006

SD-P-10

10.95 ± 0.46

0.454 ± 0.022

HME-X-10

6.63 ± 0.36

0.207± 0.004
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5.3

Conclusions

Cocrystallisation of an API and coformer in the presence of an excipient can be achieved
through both spray drying and hot melt extrusion. However, the results obtained with the
IBU:INA cocrystal suggest greater feasibility of spray drying over HME as a process for
producing cocrystals within a carrier excipient, intended to reduce the number of unit
operations required to produce a final pharmaceutical product. The use of HSP
differences can be useful to predict cocrystal formation within a carrier excipient.
However, HSP values should not be used as the only indicator, as the manufacturing
process, the ratio of carrier excipient:cocrystal and the overall miscibility among drug,
coformer and carrier have also a major impact.
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CHAPTER 6
Fluidised bed coating as a method to
produce cocrystal coated beads
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6.1

Introduction

Spray drying has previously been proven to be successful in producing pure cocrystals
from solution (Alhalaweh and Velaga, 2010). Further to this, spray drying is a scalable
method that is commonly used in the pharmaceutical industry. Cocrystals produced by
spray drying are commonly spherical in nature (Serrano et al., 2015), which can result in
advantageous flow properties compared to other cocrystal habits such as needles.
However, due to the small particle size of spray dried powders, cocrystals produced by
this method may have unfavourable flow properties. Cocrystals of SDM:4ASA produced
by spray drying were more prone to aggregate in aqueous media compared to the
cocrystal produced by solvent evaporation and milling methods. The cocrystal produced
by spray drying had more hydrophobic surfaces exposed to the dissolution media,
resulting in aggregation and subsequently a lower dissolution rate than cocrystals
prepared by other methods (Serrano et al., 2015).
Fluidised bed spray coating has been successfully employed in the formation of drugcoated beads with enhanced dissolution properties and oral bioavailability (Kolašinac et
al., 2013). One example is SporanoxTM, which consists of an amorphous solid dispersion
of itraconazole and hypromellose coated on sugar spheres (Namburi and Kerr, 2003).
Spray coating is also employed to coat EfexorTM pellets with ethyl cellulose to produce
an extended release formulation. However, to the best of our knowledge, this technique
has not been employed in the production of cocrystal coated beads. Research presented
in the previous chapters in this thesis has determined that cocrystals can form in the
presence of an excipient by spray drying and HME. The aim of this work was to assess
if cocrystals can be formed by spray coating on to inert beads.
The hypothesis underpinning this work is that fluidised bed spray coating can be used to
form in situ cocrystals deposited as a thin layer on different substrates, such as non-pareil
sugar beads, resulting in particulates that are large enough to avoid aggregation in liquid
medium, while improving dissolution and oral bioavailability. Quality by design (QbD)
experiments (Taguchi and Box-Behnken) were performed to understand the effect of
different process parameters, such as spray rate, air flow rate and nozzle air pressure, as
well as formulation parameters such as size of the starter cores and the amount and type
of binder excipient, on cocrystal formation during fluidized bed spray coating. The
optimal parameters for loading efficiency, degree of crystallisation and yield were
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identified. The cocrystal coated beads were evaluated and characterized. The SDM:4ASA
cocrystal was used as the model cocrystal in this study. The spray coating process does
not subject the API, coformer and excipients to high temperatures which may cause
degradation, unlike the HME process. The aim of this study was to produce cocrystal
loaded beads, which may then be suitable for capsule filling.

6.2

Results

6.2.1

Taguchi DoE

Seven process and formulation factors were identified, each at two levels. A Taguchi
design was subsequently performed. Implementation of the design helped to identify the
most important factors which would be subjected to further detailed investigation with
minimal experimentation. The seven factors and three responses assessed in the Taguchi
design are presented in Table 6.1. This design has the advantages of requiring minimal
runs for a large number of independent variables. Screening works on the ‘Pareto
Principle’, also known at the ‘80/20 rule’ or the ‘principle of factor sparsity’, which states
that roughly 80% of the effects come from 20% of the causes (Sanders, 1987).
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Factor

Response

Run 1

2

3

4

5

6

7

1

2

3

1

2.5

25

1

1000

50

1

Inulin

80.87 6.18

87.68

2

1.6

35

0.7

1000

50

5

Inulin

83.58 6.96

80.24

3

1.6

25

0.7

500

30

1

Inulin

67.64 10.21

3.68

4

1.6

25

1

500

50

5

PVP

85.83 10.89

90.7

28.51 1.18

92.8

91.70 19.32

2.77

67.85 9.92

35.14

81.75 2.60

71.66

K90
5

1.6

35

1

1000

30

1

PVP
K90

6

2.5

35

0.7

500

50

1

PVP
K90

7

2.5

25

0.7

1000

30

5

PVP
K90

8

2.5

35

1

500

30

5

Inulin

Table 6.1. Taguchi design matrix for the cocrystal coated beads. Factor 1: spray rate
(g/min), factor 2: airflow (m3/hr), factor 3: atomisation pressure (bar), factor 4: bead size
(μm), factor 5: amount of mass sprayed (as a percentage of total mass, which is the mass
of the API, coformer and binder in solution as well as the mass of the beads), factor 6:
amount of binder (%), factor 7: type of binder. Response 1: degree of crystallinity (%),
response 2: loading efficiency (%), response 3: attrition (broken beads) (%).
In all cases, cocrystal formation was observed. PXRD analyses did not reveal any peaks
attributable to the individual components or to the form I polymorph of the cocrystal.
PXRD analyses of the experiments performed as part of the Taguchi DoE are presented
in Figures 6.1, 6.2. Bragg peaks of both the crystalline beads and the cocrystal can be
observed in the PXRD diffractogram. Bragg peaks attributable to the cocrystal are
observed in the spray coated formulations at 11.9, 13.65 and 24.4 2θ. Bragg peaks
attributable to the non-pareil beads are observed at 11.8, 19 and 22.15 2θ. No differences
were seen in the PXRD diffractogram between beads of different sizes, as the beads were
crushed before PXRD analysis.
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Figure 6.1. PXRD analyses of experiments performed as part of Taguchi DoE with 30 %
spray dried mass. a) Run 8, b) Run 7, c) Run 5, d) Run 3, e) Blank beads, f) Cocrystal
produced by solvent evaporation, g) 4ASA, h) SDM.

Figure 6.2. PXRD analyses of experiments performed as part of Taguchi DoE with 50 %
spray dried mass. a) Run 6, b) Run 4, c) Run 2, d) Run 1, e) Blank beads, f) Cocrystal
produced by solvent evaporation, g) 4ASA, h) SDM.
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MTDSC analyses of all samples from experimental runs were also performed. SDM
showed a melting onset at 193.94 ± 0.56 oC (125.76 ± 2.59 J/g). The melting temperature
is slightly lower than previously reported (Grossjohann et al., 2015), however this can be
attributed to the lower heating rate. DSC analysis of 4ASA at the lower heating rate of 5
o

C/min resulted in thermal degradation of the coformer, due to decarboxylation of 4ASA

to 3-aminophenol (Rotich et al., 2001). This was not previously observed at the heating
rate of 10 oC/min (Grossjohann et al., 2015), which was also seen in chapters 3 and 4.
Melting of the non-pareil beads occurred at 185.61 ± 0.82 oC. Melting of the cocrystal
produced by spray drying occurred at 157.67 ± 0.26 oC. A melting peak attributable to
SDM is also observed. This peak is only observed at the lower heating rate. In the
majority of cases, melting of the cocrystal coated beads occurred at a higher temperature
than the cocrystal produced by spray drying. This may be due to a greater number of
crystal imperfections due to the spray drying process compared to spray coating. For the
spray coated beads, two melt endotherms are present, one attributable to the cocrystal and
another attributable to the beads. DSC analyses of all raw materials and experiments
performed as part of the Taguchi DoE are presented in Figures 6.3, 6.4.

Fig 6.3. DSC curves of experiments performed as part of the Taguchi DoE with 30 %
sprayed mass. a) SDM, b) 4ASA, c) Cocrystal produced by spray drying, d) Non-pareil
beads, e) Run 3, f) Run 5, g) Run 7, h) Run 8.
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Fig 6.4. DSC curves of experiments performed as part of the Taguchi DoE with 50 %
sprayed mass. a) SDM, b) 4ASA, c) Cocrystal produced by spray drying, d) Non-pareil
beads, e) Run 1, f) Run 2, g) Run 4, h) Run 6.
In Figure 6.5, Pareto charts show the most influential variables during the spray coating
process. The Bonferroni limit in this case is higher than the t-value, as the Bonferroni
correction required that the individual significance level be divided by the number of
effects. The atomisation pressure had a significant negative effect on the loading
efficiency and promoted attrition, meaning that the higher the pressure, the lower the
loading efficiency and the smaller the amount of intact beads at the end of the process.
For this reason, this effect was studied in more depth in the second DoE (Box-Behnken),
which included three levels. The amount of sprayed mass had an overall positive effect
on the process, in particular, the higher the amount of sprayed mass, the higher the degree
of crystallinity and the loading efficiency. As for the atomisation pressure, three levels of
sprayed mass were established in the Box-Behnken design to explore in more detail. The
nitrogen flow rate had a negative impact on the loading efficiency probably because, at
higher rates, a greater percentage of sprayed solution was stuck onto the filters located at
the top part of the fluidised bed coater. For this reason, the lower flow rate (25 m3/h) was
selected and kept constant in the second DoE. Lower flow rates were not tested as beads
did not flow well when the flow rate was below 20 m3/h.
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Figure 6.5. Pareto charts depicting the influence of the seven factors assessed in the
Taguchi design. a) Degree of crystallinity, b) Loading efficiency, c) Attrition. Orange
bars represent a positive effect, while blue bars reflect a negative effect.
Regarding the bead size, the larger size (1000 µm) resulted in a negative effect on the
loading efficiency, degree of crystallinity and attrition. The reduced loading efficiency
and crystallinity are a consequence of the smaller surface area available for coating
compared to the 500 and 250 µm beads. Also, due to the larger size, the 1000 µm beads
impact with more energy on the top of the filter, promoting attrition. For all these reasons,
a 500 µm bead size was selected and kept constant in the second DoE. A smaller particle
size was not included in the Box-Behnken design because, in preliminary assessments, it
was observed that the electrostatic interactions of the particles were much higher when
250 µm beads were used, resulting in poor flow and sticking to the walls of the equipment
and thus, high variability in the content uniformity.
The spray rate of the feed solution positively affected the degree of crystallinity and
prevented attrition, so the higher spray rate (2.5 g/min) was kept constant in the next DoE.
Higher spray rates were not selected because in preliminary studies it was observed that
very fast rates (> 3 g/min) resulted in agglomeration of beads as the drying time was
insufficient.
Regarding the amount and type of binder, no significant effect was observed, probably
because the range selected was insufficient to observe differences in the responses. For
this reason, the amount of binder included in the formulation was assessed in the second
DoE at three different levels. Based on preliminary studies, PVP K90 was selected as the
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binder, as inulin promoted higher attrition levels than PVP K90. PVP K90 was chosen
over other grades of PVP, as this chain length typically results in high viscosity and better
binding properties than lower chain PVP grades (Agnese et al., 2010).
While the experiments performed as part of the Taguchi DoE gave some information on
the most important input factors, three levels and a wider range for each factor were
analysed for the Box-Behnken DoE. This was done to ensure that the optimal parameters
for each input factor were within the range of the DoE.
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6.2.2

Box-Behnken DoE

Seventeen experimental runs were performed as part of the Box-Behnken DoE. Three
factors were assessed, each at three levels, and five centre point experiments were
performed. The factors, levels and responses are presented in Table 6.2.
Factor

Response

Run

1

2

3

1

2

3

4

5

1

0.6

45

12.5

24.27

81.58

0.01

76.00

0.09

2

1

30

20

14.72

65.95

1.89

83.84

0.50

3

0.8

45

20

21.84

70.87

2.32

70.56

0.32

4

1

30

5

12.4

88.29

2.27

76.84

1.47

5

0.8

30

12.5

13.84

82.27

4.57

75.66

0.71

6

0.6

30

5

11.68

88.73

0.50

79.20

0.87

7

0.6

30

20

14.27

78.66

0.28

83.94

20.8

8

0.8

30

12.5

15.34

84.50

0.56

83.65

1.28

9

0.6

15

12.5

7.27

77.94

0.63

91.90

20.8

10

0.8

15

5

6.53

81.89

1.23

90.01

1.84

11

0.8

45

5

22.43

93.60

0.34

90.64

0.15

12

1

15

12.5

4.93

76.29

19.41

76.60

2.83

13

0.8

30

12.5

16

83.39

0.49

85.00

0.24

14

1

45

12.5

20.84

96.21

0.13

75.71

0.33

15

0.8

15

20

6.89

84.25

1.79

90.38

0.74

16

0.8

30

12.5

15.84

79.75

0.62

84.08

0.03

17

0.8

30

12.5

13.32

86.17

5.35

75.64

5.09

Table 6.2. Box-Behnken design matrix for cocrystal coated beads. Factor 1: atomisation
pressure (bar), factor 2: amount of sprayed mass (%), factor 3: amount of binder (%).
Response 1: loading efficiency (%), degree of crystallinity (%), response 3: attrition (%
broken beads), response 4: yield (%), response 5: Relative standard deviation of content
uniformity (RSD) (%).
Cocrystal formation occurred in all cases, as confirmed by PXRD. Peaks attributable to
the cocrystal are more prominent on the runs containing 45 % sprayed mass. This can be
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attributed to sprayed mass having a positive effect on degree of crystallinity and loading
efficiency of the cocrystal. In all cases, only Bragg peaks attributable to the beads and
the form II polymorph of the cocrystal were observed. No peaks of SDM, 4ASA or the
form I polymorph were observed in the PXRD diffractogram. PXRD analyses of
experiments performed as part of the Box-Behnken DoE are presented in Figures 6.6 –
6.8. PXRD analyses of the centre points are presented in Figure A.4.1 (Appendix 4).

Figure 6.6. PXRD analyses of experiments performed as part of the Box-Behnken DoE
with 15 % spray dried mass. a) Run 15, b) Run 12, c) Run 10, d) Run 9, e) Blank beads,
f) Cocrystal produced by solvent evaporation, g) 4ASA, h) SDM.
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Figure 6.7. PXRD analyses of experiments performed as part of the Box-Behnken DoE
with 30 % spray dried mass. a) Run 7, b) Run 6, c) Run 4, d) Run 2, e) Blank beads, f)
Cocrystal produced by solvent evaporation, g) 4ASA, h) SDM.

Figure 6.8. PXRD analyses of experiments performed as part of the Box-Behnken DoE
with 45 % spray dried mass. a) Run 14, b) Run 11, c) Run 3, d) Run 1, e) Blank beads, f)
Cocrystal produced by solvent evaporation, g) 4ASA, h) SDM.
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DSC analyses of the experiments performed as part of the Box-Behnken DoE were also
performed. In all cases, two melting endotherms were observed, one attributable to the
cocrystal and one attributable to the beads. DSC analyses of all experiments performed
as part of the Box-Behnken DoE are presented in Figures 6.9 – 6.11. DSC analyses of the
centre points are presented in Figure A.4.2 (Appendix 4).

Fig 6.9. DSC curves of experiments performed as part of the Box-Behnken DoE with 15
% sprayed mass. a) SDM, b) 4ASA, c) Cocrystal produced by spray drying, d) Non-pareil
beads, e) Run 9, f) Run 10, g) Run 12, h) Run 15.
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Fig 6.10. DSC curves of experiments performed as part of the Box-Behnken DoE with
30 % sprayed mass. a) SDM, b) 4ASA, c) Cocrystal produced by spray drying, d) Nonpareil beads, e) Run 2, f) Run 4, g) Run 6, h) Run 7.

Fig 6.11. DSC curves of experiments performed as part of the Box-Behnken DoE with
45 % sprayed mass. a) SDM, b) 4ASA, c) Cocrystal produced by spray drying, d) Nonpareil beads, e) Run 1, f) Run 3, g) Run 11, h) Run 14.
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6.2.3

Statistical analysis

Polynomial analysis was carried out by a multilinear regression analysis method
suggesting that the linear and two factor interaction models were the best fit for the
parameters assessed. The coefficients of the model equations generated for each critical
quality attribute, presented in Table 6.3, revealed goodness of fit of the experimental data
to the selected model with high values of R2 and low p-values < 0.05 for three of the
responses: loading efficiency, the degree of crystallinity and yield. No significant
differences were observed in the percentage of attrition and content uniformity (p> 0.05).
The 2D-contour plot and 3D-response surface plot depicted in Figure 6.12 revealed a
higher influence of the amount of mass sprayed on the loading efficiency, whereas the
influence of the amount of binder was found to be negligible. Higher loading efficiency
was obtained when greater amounts of mass were sprayed onto the beads and also at
lower atomisation pressures.
Regarding the degree of crystallisation, the most influential variables were the amount of
binder and sprayed mass (Figure 6.13). Higher values of crystallinity were achieved when
low amounts of binder and high amounts of mass was sprayed. When the amount of
binder was too high, the degree of crystallinity decreased significantly due to the
generation of an amorphous system. The effect of the atomisation pressure was found to
be negligible.
In contrast, opposite effects were observed for the yield (Figure 6.14). Yield increased
significantly when higher amounts of binder were used, as it ensured the sprayed mass
had a better adhesion to the beads. The atomisation pressure also played a key role in
affecting yield, which was reduced when higher atomisation pressures were used due to
the limited contact time of the sprayed mass with the flowing beads.
Most of the factors exhibited a negligible effect on the attrition and content uniformity
(p> 0.05). However, it is noteworthy that high atomisation pressure promoted high
attrition rates (Figure 6.15) and low amounts of mass sprayed led to poor content
uniformity (RSD > 3 %) (Figure 6.16).
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As previously discussed in chapter 4, models which are not statistically significant may
not be accurate to predict the response. Therefore, the models generated for attrition and
content uniformity may not be suitable to predict a response based on the input variables.
Model (p-value)
Two

Predicted equation in terms of actual factors

factor Crystallinity=

+

79.17

-15.24*Atomisation

pressure

-

interaction

0.21*Amount of mass sprayed + 2.43*Amount of binder +

(p< 0.01)

1.36*Atomisation

pressure*Amount

of

mass

sprayed

-

2.04*Atomisation pressure*Amount of binder - 0.06*Amount of
mass sprayed*Amount of binder
Linear (< 0.0001) Loading efficiency= - 0.36 - 2.87*Atomisation pressure +
0.53*Amount of mass sprayed + 0.08*Amount of binder
Two
interaction

factor Attrition= - 39.17 + 59.16*Atomisation pressure + 0.98*Amount
(p< of mass sprayed - 0.04*Amount of binder - 1.47*Atomisation

0.12)

pressure*Amount

of

mass

sprayed

pressure*Amount

of

binder

+

-

0.03*Atomisation

0.003*Amount

of

mass

sprayed*Amount of binder
Linear (p<0.03)

Yield= + 101.08 - 11.28*Atomisation pressure - 0.47*Amount of
mass sprayed + 0.21*Amount of binder

Linear (p<0.09)

Log10(RSD of content uniformity) = + 0.63 + 0.17*Atomisation
pressure - 0.03*Amount of mass sprayed - 0.002*Amount of binder

Table 6.3. Model generation and predicted equations obtained from the Box-Behnken
DoE.
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Figure 6.12. 3D response surface (a, b, c) and 2D contour plots (d, e, f) showing the
influence of the atomisation pressure, the amount of sprayed mass and the amount of
binder on the loading efficiency.
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Figure 6.13. 3D response surface (a, b, c) and 2D contour plots (d, e, f) showing the
influence of atomisation pressure, the amount of spray dried mass and the amount of
binder on the degree of crystallinity of the spray coated cocrystal.
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Figure 6.14. 3D response surface (a, b, c) and 2D contour plots (d, e, f) showing the
influence of the atomisation pressure, the amount of sprayed mass and the amount of
binder on the yield.

161

Chapter 6: Spray Coating

Figure 6.15. 3D response surface (a, b, c) and 2D contour plots (d, e, f) showing the
influence of the atomisation pressure, the amount of sprayed mass and the amount of
binder on the percentage of attrition.
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Figure 6.16. 3D response surface (a, b, c) and 2D contour plots (d, e, f) showing the
influence of the atomisation pressure, the amount of sprayed mass and the amount of
binder on content uniformity (% RSD).
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6.2.4

Validation studies

The search for an optimum formulation was carried to attain the desired objectives, giving
priority to maximisation of loading efficiency and degree of crystallinity. Based on the
aforementioned objectives, the optimised process and formulation parameters were: 5:95
binder:cocrystal weight ratio, 45 % sprayed mass and 0.75 bar as atomisation pressure,
resulting in 22.1 % loading efficiency and 96.2 % crystallinity (Table 6.4). Validation
of the optimised parameters revealed close proximity between the predicted values of the
responses with observed ones for prepared check-point formulations (Table 6.5). The
percent prediction error for the validated runs varied between 1.10 % and 1.63 % for
loading efficiency and degree of crystallinity respectively, ratifying excellent goodness
of fit. Attempts to maximise the yield resulted in a decrease in the loading efficiency and
degree of crystallinity, so it was decided to set a target of ‘in range’ for the yield. As these
experiments are performed at a small scale, yield may become more important when the
process is subjected to scale up.
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Aims

Lower limit

Upper limit

Factors
Amount of binder (%)

In range

-1

+1

Amount of sprayed mass

In range

-1

+1

In range

-1

+1

(%)
Atomisation pressure (Bar)

Response
Loading efficiency (%)

Maximisation

4.9

24.7

Degree of crystallisation

Maximisation

65.9

96.0

Yield (%)

In range

70.5

91.9

Attrition (%)

In range

0.01

19.41

RSD of content uniformity

In range

0.03

5.09

(%)

(%)
Optimised formulation
Amount of binder (%)

5

-

-

Amount of sprayed mass

45

-

-

0.75

-

-

(%)
Atomisation pressure (Bar)

Table 6.4. Results of numeric optimisation of cocrystal-coated beads.
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Experimental Results
Response

Run

Run

Run

1

2

3

Mean

Predicted results

StD

Predicted

Percent
Error

95%

95%

CI

CI

low

high

Loading
efficiency

22.51 22.11 20.50

21.71

1.06

22.07

1.63

19.54

24.61

crystallinity 93.48 97.47 94.49

95.15

2.07

96.21

1.10

87.99

104.41

(%)

Degree of

(%)

Table 6.5. Comparison of experimental results with predicted responses. Key: CI,
Confidence intervals.
6.2.5 Further investigation of the effect of PVP K90 loading, bead size and
batch size
The effect of other factors was investigated while keeping constant the optimised
parameters from the second DoE. In these studies, the % of mass sprayed and the mass
of beads was kept constant. The only parameter which was altered was the ratio of
cocrystal:binder. The PVP K90 concentration played a key role in the spray coating
process, significantly affecting both the loading efficiency and the degree of crystallinity.
A minimum percentage of the binder was required to ensure that the sprayed solution
appropriately coated the beads within the fluidised bed. When no binder was used, the
loading efficiency was considerably reduced. However, very high percentages of PVP
K90 did not result in greater loading efficiencies (Figure 6.17), as the spray solution was
extremely sticky hampering the coating process, resulting in twinning of the beads. Also,
the larger the percentage of binder, the higher the depression of the melting point of the
cocrystal and the lower the degree of crystallinity due to the formation of an amorphous
solid dispersion (Figure 5.18). The glass transitions for amorphous SDM and PVP K90
were reported to be 78 ˚C and 173 ˚C, respectively (Caron et al., 2011, Knopp et al.,
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2015). No experimental glass transition has been reported for 4ASA due to its high
tendency for crystallisation. Attempts to amorphise 4ASA by spray drying and melt
quenching did not prove successful. After spray coating, an amorphous system could be
formed due to the interaction between SDM and PVP rather than with 4ASA. At higher
percentages of PVP (≥20%), evidence of a glass transition was observed in some of the
systems. Spray coating a solution of SDM and PVP on to beads using the optimal
conditions resulted in an amorphous system with a Tg of 98.23 oC (Figure A.4.3,
Appendix 4).

Figure 6.17. Effect of PVP K90 concentration on cocrystal formation during spray
coating. Key: The percentage of the degree of crystallinity and loading efficiency are
represented in red (⚫) and black (◼) respectively.
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Figure 6.18. DSC curves of the runs performed with the optimized conditions with
varying PVP K90 loadings. a) 5 % PVP, v) 10 % PVP, c) 20 % PVP, d) 30 % PVP, e) 40
% PVP, f) 50 % PVP.
The bead size had a significant impact on the loading efficiency and degree of
crystallinity. 500 µm beads were found to be the optimal size to ensure high loading and
high crystallinity. When a larger bead size was used, the surface area available for coating
was reduced and then the loading efficiency was lower. The greater mass of the beads
resulted in a higher kinetic energy of the beads during the spray coating process, resulting
in higher levels of attrition. However, a smaller bead size did not improve the loading as
the starter cores exhibited poor flow within the fluidised bed, resulting in lower coating
efficiency. When the batch size was increased from 5 to 25 g, the coating efficiency was
higher (1.7-2.2-fold) but the degree of crystallinity was 7-8 % lower, probably indicating
that less binder is required in the manufacture of larger batches (Figure 6.19).
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Figure 6.19. Effect of bead and batch size on cocrystal formation during spray coating.
Key: The percentage of the degree of crystallinity and loading efficiency for the 5 g batch
size are represented in red (⚫) and black (◼) respectively and for the 25 g batch size in
green (▼) and blue (▲).
6.2.6

Physicochemical characterisation

The SEM micrographs showed that the morphology of the coated beads was quasi
spherical (Figure 6.20, 6.21). At higher magnifications, the deposition of small crystals
was observed. However, it can be seen that the loading efficiency of the cocrystal on to
the surface of the bead is low when no binder is used (Figure 6.20, a1-a2) A larger amount
of cocrystal was coated on to the surface of the beads when binder was used. Also, at
larger magnifications, it was observed that cocrystals were embedded within a smoother
matrix corresponding to the PVP (Figure 6.21, b1-c2). Higher loads of PVP also resulted
in the formation of an amorphous phase as opposed to cocrystal formation. The higher
amounts of PVP led to a lower surface area and at the same time higher residual water
content which can be a disadvantage in terms of chemical stability (Figure A.3.4)
Twinning of the beads can also be seen at high PVP loads (Figure 6.21, c1).
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Figure 6.20. SEM micrographs of cocrystal coated 500 𝜇m beads. a) 100 % cocrystal, 0
% PVP, b) 95 % cocrystal, 5 % PVP, c) 90 % cocrystal, 10 % PVP.

Figure 6.21. SEM micrographs of cocrystal coated 500 𝜇m beads. a) 80 % cocrystal, 20
% PVP, b) 70 % cocrystal, 30 % PVP, c) 50 % cocrystal, 50 % PVP.
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The DVS sorption profiles showed a large uptake of water between 60 to 90 % relative
humidity for uncoated beads due to their hydrophilic nature. In contrast, the cocrystal
coated beads exhibited a lower water uptake at these relative humidity values. The
decreased uptake for the cocrystal coated beads can be attributed to the lower uptake of
moisture by the cocrystal (Figure 6.22). Both batches were performed using the optimized
parameters from the Box-Behnken DoE, which are 45 % mass sprayed, 95:5
cocrystal:binder and 0.75 bar atomisation pressure.

Figure 6.22. DVS sorption (blue) and desorption (red) profiles of a) uncoated beads, b)
5g batch of cocrystal coated beads, c) 25g batch of cocrystal coated beads. All beads were
500 μm.
The flow properties of the coated and uncoated beads were also investigated (Figure
6.23). Considering that the beads are intended for capsule filling, good flow is
recommended in order to avoid weight, and therefore dose variability. Cocrystal coated
on non-pareil sugar beads exhibited lower SE compared to the uncoated beads, indicating
that the spray coating process led to less cohesive particles than the starting beads, except
for those of 1000 µm, for which a higher SE was obtained after the coating. A value of
SE less than 5 mJ/g was observed in all the coated systems (except for those of 1000 µm)
which is associated with less cohesive solid particles, indicating that they are suitable for
acceptable capsule filling. Overall the coated beads exhibit a less cohesive behaviour with
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stable flow properties, indicated by SI values which were closer to unity than uncoated
beads (Freeman, 2007).

Figure 6.23. SE and SI values for coated and uncoated beads. Key: US-uncoated sugar
beads, CS-coated sugar beads.
6.2.7

Dissolution studies

Dissolution studies were performed on the optimized spray coated cocrystal beads with
varying amounts of PVP and on the beads coated with SDM using the optimized
parameters, as well as the cocrystal produced by spray drying. For all formulations, a lag
time of 10 minutes was observed due to the initial dissolution of the capsule shell. In
terms of dissolution, the presence of PVP controlled the release of SDM over time. The
batch without binder exhibited the highest release (92.3 %) at 15 min. In all the cases,
100 % release was achieved after 60 min. Dissolution of the cocrystal produced by spray
drying was slower than the spray coated cocrystal beads with 0, 5 and 10 % binder. This
is likely due to aggregation of the spray dried cocrystal in solution. The system with the
slowest dissolution rate was the SDM:PVP coated beads. The dissolution profiles are
presented in Figure 6.24.
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Figure 6.24. Dissolution profiles of spray dried cocrystal (⚫), spray coated beads with no
binder (▲), spray coated beads with 5 % binder (◼), spray coated beads with 10 % binder
() and SDM coated beads (▼).
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6.3

Conclusions

Spray coating has been successfully employed to produce cocrystals deposited as a
coating layer on to inert beads. While this method has previously been used to deposit an
amorphous layer of API on to inert beads, as in the case of SporanoxTM, and to coat pellets
of an API with ethyl cellulose in the case of EfexorTM, coating of beads with cocrystals
has not been demonstrated previously. Two Design of Experiments were performed to
identify the optimum process and formulation parameters to produce cocrystal coated
beads. The balance between high loading efficiencies and high degree of crystallinity was
achieved when 5 % of binder was used. However, these parameters may not be amenable
to scale up, as the production of larger sized batches may require less binder to produce
an acceptable product. The cocrystal coated beads also demonstrated favourable
dissolution properties compared to the cocrystal produced by spray drying. The coated
beads are large enough to inhibit agglomeration in solution, therefore demonstrating a
favourable dissolution rate.
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This thesis has investigated processing an API and coformer in the presence of a range
of excipients by spray drying, hot melt extrusion and spray coating. In all cases,
generation of a cocrystal in the presence of an excipient was possible. However, the ratios
of cocrystal components to excipient varied according to each method used. This was
especially highlighted when generating a model cocrystal both by spray drying and hot
melt extrusion.

7.1

Spray drying

Chapter 3 has demonstrated the feasibility of cocrystal formation and inclusion within an
excipient matrix, through the process of co-spray drying. PXRD and DSC analyses for
the cocrystal-in-excipient systems were consistent with those of the cocrystal produced
by solvent evaporation, indicating that cocrystal formation still occurred when the
cocrystal was co-spray dried with some of the excipients included in this study.
Differences in DSC results were noted between the cocrystal-in-excipient systems and
the corresponding physical mixtures; it was found that the heat of fusion was lowered
(and the melting temperature depressed when higher ratios of excipient were used) for
the co-spray dried systems. PXRD and DSC results also revealed a loss of crystallinity,
indicating that the spray drying process induced some level of amorphisation of the
cocrystal, without fully impeding cocrystal formation. In some cases, subjecting an
amorphous or partially amorphous system to humidity stress resulted in crystallisation of
a co-amorphous system to the cocrystal without the generation of single component
crystals attributable to the API or coformer. However, above a certain limit of excipient
weight fraction, crystallisation of an amorphous system resulted in single component
crystals, as well as the cocrystal. In this case, it is possible that a binary co-amorphous
system was formed between the excipient and the API or coformer, leaving the free API
or coformer to crystallize independently, or the metastable binary phase to crystallize.
Previously, it has been determined that a difference in HSP of less than 7 MPa0.5 indicates
that materials are miscible (Mohammad et al., 2011). This theory has been utilised
previously to predict cocrystal formation, whereby drug and coformer with ΔHSP < 7
MPa0.5 were shown to be likely to form a cocrystal due to their miscibility. In Chapter 3,
the same principle was applied to predict cocrystal formation in the presence of a carrier
excipient. However, in this case it was anticipated that the closer the HSP value for the
cocrystal and carrier excipient, the less likely cocrystal formation would be, because the
carrier excipient would be miscible with the API and coformer and thus prevent cocrystal
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formation. The findings from the study involving the SDM:4ASA cocrystal showed that
a clear correlation exists between the HSP difference between the cocrystal and carrier
excipient, and the likelihood of cocrystal formation occurring. It can be deduced that
HSP > 9.6 MPa0.5 for the cocrystal and carrier excipient leads to formation of the
cocrystal when it is co-spray dried with the carrier excipient. HSP < 9.6 MPa0.5 for the
cocrystal and carrier excipient results in either a completely amorphous form following
co-spray drying, or cocrystal with traces of the individual components (API, coformer)
of the cocrystal.
However, it is important to acknowledge that HSPs do not include thermodynamic
considerations. HSPs were originally designed for, and applied to inks, paints and
polymers, where the thermodynamics cancel out. It has been suggested that corrections
may need to be made for small molecular solutes, taking into account considerations such
as the crystal lattice energy. Therefore, the HSP values for crystalline materials may need
corrections according to the size of the solvent molecule, the lattice energy of the
crystalline solute and the specificity of the hydrogen bonding interactions (Louwerse et
al., 2017).
The experimental solubility of the cocrystal, API and coformer in the amorphous
excipients was also determined. This was then compared to the difference in the
calculated HSP value between the cocrystal and selected excipients. A high experimental
solubility of the API/coformer in the excipient indicates miscibility of the API/coformer
with the excipient. Miscibility between the API/coformer and excipient is unlikely to
result in a cocrystal-in-excipient system when the three components are co-spray dried
together.
The ratio of excipient: cocrystal had a major impact on cocrystal formation as well as the
overall miscibility between the cocrystal and the excipient. In order to get a deeper insight
into the process of producing a cocrystal-in-excipient system by spray drying, a parameter
to predict cocrystal formation (CFP) was calculated using Equation 7.1:
𝐶𝐹𝑃 =

∆𝐻𝑆𝑃
𝐹𝑒∗𝑆

(Eq. 7.1)

Where ΔHSP is the difference in HSP between the cocrystal and the excipient, Fe is the
excipient fraction and S is the measured solubility of the cocrystal within the excipient
matrix. Based on the CFP calculated values and the experimental results (Table 7.1), it
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can be concluded that for those systems with a CFP value > 10, there is a high probability
of cocrystal formation, while values below 1 indicate that there is a high probability of
co-amorphous systems forming. Some exceptions were found, such as chitosan, probably
due to its basic behaviour and interaction in solution with the acidic coformer, which may
decrease the H-bonding interaction between 4ASA and SDM.
Table 7.1. Prediction of SDM:4ASA cocrystal formation based on calculated CFP
values (from Eq. 7.1). Darker areas (CFP < 1) indicate that the formation of a coamorphous system is likely, while lighter areas (CFP>10) indicate that there is a high
likelihood of cocrystal formation to occur in the co-spray dried system.
Ratio of Excipient
Excipient

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Inulin
MCC
Chitosan
Dextran
PVA
PVP K15
Soluplus
HPMC

50.1
30.5
34.4
24.8
3.5
1.6
1.5
1

25.1
15.3
17.2
12.4
1.7
0.8
0.8
0.5

16.7
10.2
11.5
8.3
1.2
0.5
0.5
0.3

12.5
8
8.6
6.2
0.9
0.4
0.4
0.2

10
6.1
6.9
5
0.7
0.3
0.3
0.2

8.4
5.1
5.7
4.1
0.6
0.3
0.3
0.2

7.2
4.4
4.9
3.5
0.5
0.2
0.2
0.1

6.3
3.8
4.3
3.1
0.4
0.2
0.2
0.1

5.6
3.4
3.8
2.8
0.4
0.2
0.2
0.1

For those co-spray dried systems that allowed cocrystal formation, FTIR analyses
revealed no interaction between the cocrystal and the excipient. Also, dissolution studies
from constant surface area disks showed no differences in the SDM release rate among
the different excipients, suggesting that the release of SDM was determined only by the
cocrystal itself. Release of the API and coformer became congruent over time in all cases,
as the molar excess of SDM which exists due to the sublimation of 4ASA crystallizes.
Congruent dissolution of SDM and 4ASA, as measured by HPLC, indicates that the
cocrystal is stable in solution.
For two of the excipients (inulin and dextran), recrystallisation of the cocrystal to the
lower energy polymorph was not seen when the disks were analysed by PXRD after
dissolution studies, suggesting that rational excipient selection may stabilise metastable
cocrystal polymorphs during dissolution. However, only minor differences in dissolution
between the two SDM:4ASA polymorphs have been reported (Grossjohann et al., 2015).
As the predominant factor by which cocrystals of BCS Class II drugs exhibit increased
dissolution and solubility in aqueous media is by enhanced solvation, differences in
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dissolution between cocrystal polymorphs are likely to be minimal. No statistical
differences were seen between the SDM:4ASA cocrystal-in-excipient systems based on
ANOVA and f2 analysis.
Preliminary studies on process intensification showed that co-spray dried systems had
better compaction properties than physical mixtures, suggesting that a secondary
excipient blending step might be avoided. These studies also revealed that the cocrystal
was stable under the compaction pressures, as PXRD analyses revealed no process
induced phase transformation.
Cocrystallisation in the presence of two excipients was also successful. In this case, two
immiscible excipients were chosen and were co-spray dried with the API and coformer
at ratios of up to 50 % w/w total excipient. It is important to note that, in this case, one
excipient was in solution (inulin) and another in suspension (MCC). It would be expected
that the suspended excipient would be phase separated from the API and coformer.
Significant differences in the relative crystallinity and Carr’s index were not observed
with alteration of the assessed input factors, which were the total excipient percentage,
ratio of inulin:MCC and the airflow. In Chapter 3, it was observed that a reduction was
seen in the relative crystallinity for the co-spray dried cocrystal in MCC system with 50
% excipient. A much smaller reduction in crystallinity was seen when the API and
coformer were co-spray dried with inulin at the same excipient loading (50 %). It is
possible that in Chapter 4, significant decreases in crystallinity may not have been
observed due to the narrow design space investigated. The percentage of each excipient
may be a more important parameter than the combined percentage excipient. Significant
differences in the Carr’s index of the co-spray dried powders were also not observed. It
might have been expected that a higher airflow would provide more energy for fluid
dispersion, thus reducing the particle size. This may then be reflected in the Carr’s index
value, with a smaller particle size leading to more cohesive particles due to the higher
surface area available for interaction between the particles. However, no statistical
differences in Carr’s index were observed between the samples.
However, statistical differences were observed between the samples with respect to the
tensile strength of the tablets formed, indicating that the total excipient percentage had a
significant positive impact on tensile strength. This may indicate that tablets with high
cocrystal loadings form weaker tablets, and that high excipient loadings are required to
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produce a tablet with a higher tensile strength, which may prevent tablet disintegration
upon storage and transport. This study also shows that a separate blending step may be
avoided when mixing the cocrystal and multiple excipients, and that a cocrystal-inexcipient system can be created using a one-step spray drying process. While differences
in tensile strength were seen, and the crystallinity of the cocrystal was not adversely
affected even with high (50 %) excipient loadings, the Carr’s index of the co-processed
powders was not acceptable in any case. A larger scale spray dryer may produce a product
with a larger particle size, which may result in a less cohesive powder with a lower Carr’s
index. Powders with a Carr’s index > 25 are considered to be cohesive, and therefore
poorly flowable (De Villiers, 2005). It was therefore decided to investigate other
processing methods, such as hot melt extrusion and spray coating, as methods to form
cocrystals in the presence of an excipient which may result in a product which is more
processible for downstream processing.

7.2

Spray drying versus hot melt extrusion

The comparison of spray drying versus HME in order to formulate amorphous solid
dispersions has been widely studied. However, our initial work on spray drying did not
consider HME as a method to produce a cocrystal-in-excipient system. Therefore, the
impact of HSP between the cocrystal and excipient during the HME process was
unknown. For spray drying, the solubility of the drug in the solvent is crucial to ensure a
readily scalable and viable process, whereas for HME, the solubility of the drug in the
polymer is key to achieve a thermodynamically stable formulation. From an industrial
point of view, the phase of development is also important in process selection. Bearing
in mind that API availability is often limited at early stages, spray drying is preferable
because preliminary formulation experiments can be performed with amounts as low as
50-100 mg (Dobry et al., 2009), whereas at least several grams of API are required for
HME (Guns et al., 2012). In spite of the use of solvents, spray drying is often preferred
over HME for several reasons such as thermally induced degradation of the drug
(Hengsawas Surasarang et al., 2017), phase separation (Lenz et al., 2017) and high shear
forces during the HME process (Guns et al., 2010).
To the best of our knowledge, the feasibility of employing both techniques to form
cocrystals within a carrier excipient has not previously been compared. In order to ensure
cocrystal formation, the H-bonding interaction between API and coformer has to be
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stronger than the interaction of the individual components with the carrier excipient.
Otherwise, cocrystal integrity will not be preserved. Differences in HSP between the
cocrystal and excipient have previously been employed as a useful, reliable tool to predict
cocrystal formation in the presence of a carrier excipient by spray drying, as demonstrated
in Chapters 3 and 4. However, HSP differences should not be used as the only indicator
for cocrystal formation, as the ratio of carrier excipient: cocrystal also has a major impact.
When the difference in HSP between the cocrystal and the excipient is very small,
cocrystal integrity can still be preserved at low excipient ratios (10 %).
The impact of HSP differences has been demonstrated again in Chapter 5 for the
IBU:INA cocrystal: excipient systems produced by spray drying. When the difference in
HSP between the cocrystal and the excipient was greater than 9.6 MPa0.5, as in the case
of mannitol (ΔHSP of 18.3 MPa0.5), larger amounts of excipient, up to 50 %, could be
incorporated during the spray drying process without altering the integrity of the
cocrystal. For the other two tested excipients, Soluplus and PVP K15 where the difference
in HSP between the cocrystal and excipient was much lower, at 2.1 and 1.6 MPa0.5
respectively, the IBU:INA cocrystal was only formed when very low amounts of
excipient (10 %) were used. Even with 10 % PVP K15, small traces of amorphous content
were observed. However, traces of individual crystalline API or coformer were not
detected by PXRD or DSC analysis. Remarkably different results were obtained when
HME was employed for processing. In the case where xylitol was used as the carrier
excipient, with a difference in HSP between the cocrystal and excipient of 20.7 MPa0.5, a
similar order of magnitude as that for mannitol, pure cocrystal (devoid of API or
conformer contaminants) resulted on co-processing by HME. While it has been reported
that cocrystal formation can occur even with high xylitol loads (50 %), this required
alteration of the extrusion elements and processing temperature (Li et al., 2017). Spray
drying may be seen as a more robust process, as alteration of spray drying parameters
was not required to produce a cocrystal with high mannitol loads. In the case of Soluplus
and PVP K15, a mixture of cocrystal with single components was obtained with 10 %
excipient when processed by HME, while the equivalent spray dried systems showed
cocrystal with no contaminating crystalline API or coformer starting materials could be
prepared at the equivalent weight ratios.
The different results obtained for spray drying and HME are probably related to the speed
of the processes and the energy (mechanical and thermal) imparted during mixing of the
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cocrystal components and the excipient. The evaporation of the solvent during the spray
drying process takes place in milliseconds and hence, there is less chance for the cocrystal
to interact within the excipient molecules, whereas the mixing of the components in HME
is a more energetic and longer process, potentially facilitating interactions between the
cocrystal components and the excipients. For this reason, highly immiscible systems
(cocrystal: excipient) are required to guarantee selective H-bond interactions between the
drug and the coformer molecules and probably larger differences in HSP are necessary
to ensure cocrystal formation in HME processes. The extent of mixing and homogeneity
of the systems during the cocrystallisation process is also an important parameter to
consider. Prior to spray drying, the API, coformer and excipient exists in a homogenous
solution. When this system reaches the ‘reactor’ phase, a homogenous phase of API,
coformer and excipient is present. For the purposes of spray drying, the ‘reactor’ is the
droplet generated after atomisation prior to the drying phase. In the case of HME, a
molten system of API, coformer and excipient exists. Complete cocrystallisation has
previously been shown to occur via HME when processed above the eutectic temperature
of the API and coformer. Similarly, cocrystal formation can occur in the DSC pan when
heated above the eutectic temperature, previously confirmed by variable temperature
XRD (VTXRD) (Lu et al., 2008). However, other studies have indicated that cocrystal
formation between AMG-517 and sorbic acid does not appear to be mediated by eutectic
formation, and instead appears to be mediated by the amorphous state (Daurio et al.,
2014). It is important to note that the ‘reactor’ in this case is the extruder barrel, as this is
where cocrystallisation occurs. The mixing between the components in this case is not as
thorough as during spray drying, as the reduced molecular mobility through the molten
phase may impede the interaction between the API and coformer. Molten xylitol rapidly
solidifies upon cooling, which can trap the molten API/coformer. However, this can
further reduce the molecular mobility, and can impede further the interaction between the
API and coformer, resulting in single components, especially at higher excipient loads.
When the API and coformer is processed with amorphous polymeric excipients by HME,
the high viscosity of the excipient above the Tg can prevent crystallisation of the API
and/or coformer upon cooling. However, processing with an excipient below its Tg did
not result in a pure cocrystal, as was seen with PVP K15. It is important to note, however,
that the process parameters were not altered to optimize the process. Therefore, it may be
possible to produce a cocrystal in the presence of these excipients with varying excipient
loads by altering process parameters such as screw speed, screw configuration and
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processing temperatures. The impact of the solid state nature of the excipient does not
appear to be as significant when co-spray drying. Instead, the differences in HSP between
the excipient and coformer dominates.

7.3

Spray coating

Spray coating a solution of API, cocrystal and binder onto inert beads has also shown to
be a viable method to produce cocrystals. The cocrystal in this case was the SDM:4ASA
cocrystal. This method can serve to reduce agglomeration of cocrystals in solution
(Serrano et al., 2015), and hence prevent a reduction in dissolution rate. The form II
polymorph of the cocrystal was produced by both spray drying, as demonstrated in
Chapters 3 and 4, and spray coating in Chapter 6. Similar to co-spray drying experiments
with two excipients, the spray coating process involves the use of two excipients as well
as the API and coformer. The binder in solution is required to ensure the cocrystal loading
onto the surface of the beads is acceptable while maintaining a high level of crystallinity,
while the inert beads exist as a solid. This is the first time that fluid bed coating has been
used to deposit a layer of a multicomponent crystal on to an inert bead. Low levels of
binder and a larger percentage of spray dried mass resulted in a high cocrystal loading
without the generation of single component crystals or amorphous domains. While PVP
K90 is miscible with the API and coformer, the low percentage of binder does not have
a significant impact on cocrystal formation, as seen previously when spray drying in
Chapters 3 and 5, where cocrystal formation can still occur when co-spray dried with low
percentages (10 %) of miscible excipients. It is also important to note that spray coating
was performed at lower temperatures than spray drying. This can prevent sublimation of
thermolabile chemicals such as 4ASA. No differences between the molar ratios of SDM
and 4ASA were seen after spray coating, whereas a 3.5 % excess of SDM was present
after spray drying, as determined by HPLC analysis in Chapter 3.
Three process parameters (spray rate, nitrogen flow rate and atomisation pressure) and
four formulation parameters (bead size, % sprayed mass, % binder and type of binder)
were assessed and optimized during this study. Both the spray rate of the solution onto
the beads and the percentage of sprayed mass had a positive effect on both the degree of
crystallinity of the cocrystal and the loading efficiency of the cocrystal onto the substrate.
When these parameters are set to the upper limits in this study, there is a larger amount
of solution to be dried. When the airflow is unchanged, drying a smaller amount of
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solution may result in a higher number of crystal defects, as the same amount of energy
is input to dry a smaller amount of solution, which may negatively impact the degree of
crystallinity of the cocrystal.
The nitrogen airflow and atomisation pressure both had a negative impact on the loading
efficiency. Both of these factors may result in the cocrystal being stuck to the filters and
the walls of the spray coater, due to the higher amount of energy being input to the
process. The atomisation pressure also had a significant negative effect on the number of
intact beads at the end of the process. The higher bead size promoted attrition, due to the
greater kinetic energy of the larger beads. The larger beads also resulted in a lower
loading efficiency, due to the smaller available surface area for the cocrystal to deposit.
The type and percentage of binder did not have a significant impact on the loading
efficiency or degree of crystallisation. Due to the small amount of binder in the sprayed
solution (max 5 % in initial studies), cocrystal formation was not impeded by PVP K90
when compared to inulin. Some attrition was seen when inulin was used as a binder.
Therefore, PVP K90 was used in the Box-Behnken DoE.
Further studies performed during the Box-Behnken DoE revealed that higher
concentrations of binder can result in the formation of amorphous domains, which results
in a decrease in cocrystal crystallinity. The higher binder concentration can also result in
an increased yield, likely due to decreased collisions between the beads.
Production of a 25 g batch of cocrystal coated beads was also trialed using the optimized
parameters for a 5 g batch. While the loading efficiency was higher for the 25 g batch
when compared to the 5 g batch, the degree of crystallinity was reduced. This suggests
that scale-up of the process may require lower amounts of binder to produce an acceptable
product.
This study also revealed that the cocrystal coated beads had favourable flow properties
when compared to the uncoated beads. The coated 250 µm and 500 µm beads had
improved flow properties when compared to the uncoated beads, while both the coated
and uncoated 1000 µm beads have a high specific energy (SE) value. SE values below 5
mJ/g indicate a free-flowing material, while SE values above 10 mJ/g indicate a cohesive
material (Leaper et al., 2017). Spray coating of cocrystals onto substrates can result in
favourable flow properties compared to spray drying. Cohesive powders were produced
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when co-spray drying excipients with the API and coformer, as all powders had a high
Carr’s index. However, it appears that the flow properties of the spray coated cocrystal
beads is dominated mainly by the beads themselves. Only small differences exist between
the coated and uncoated beads for all bead sizes. It is likely that the thin layer of cocrystal
on the surface of the beads has only a small impact on the flow properties. Nonetheless,
it appears that the cocrystal coated beads are suitable to downstream processing such as
capsule filling due to their favourable flow properties. This contrasts with the co-spray
dried cocrystal-in-excipient systems, all of which exhibited a Carr’s index above 25 and
can be defined as poorly flowable.

7.4

Mechanism of cocrystal formation in the presence of an

excipient
In this thesis, cocrystals have been produced in the presence of an excipient by three
different methods of manufacture: spray drying, hot melt extrusion and spray coating. It
has previously been reported that the production of cocrystals by spray drying is likely to
be mediated by the amorphous phase (Alhalaweh and Velaga, 2010). It has been
suggested that during spray drying, droplets containing stoichiometric ratios of API and
coformer dry, and a metastable co-amorphous system of API and coformer is formed.
This system can then instantaneously crystallize to form the cocrystal. In the presence of
an excipient, the same process can occur. When the excipient is immiscible with the API
and coformer, as defined by the difference in HSP, the binary co-amorphous system of
API and coformer can crystallize to form a cocrystal without interacting with the
excipient. The resultant powder is a cocrystal-in-excipient system. When only small
differences in HSP between the cocrystal and excipient exist, an amorphous dispersion
was formed. It is likely that during the drying process, a ternary amorphous system is
formed between the API, coformer and excipient due to the miscibility of all three
components. All three excipients which were defined to be miscible with the cocrystal
(PVP K15, Soluplus and HPMC) are amorphous polymeric excipients. These excipients
are miscible with the API and coformer, and can prevent the crystallisation of the API
and coformer, either as a cocrystal or as single component crystals. A mix of cocrystal
and single component crystals was seen when chitosan, polyvinyl alcohol and glycine
were co-spray dried with the API and coformer at excipient loadings of 50 %. In these
systems, it is likely that partial miscibility of the excipient with the API and coformer
may lead to the formation of a binary system of excipient and API or coformer. This can
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leave a single component amorphous domain, which can quickly crystallize.
Additionally, a metastable binary amorphous domain can also crystallize. As the
excipient is only partially miscible, there may also be interactions only between the API
and coformer, which can result in cocrystal formation. In this case, both single component
crystals and cocrystals can be seen in the PXRD diffractogram.
It has previously been suggested that the production of cocrystals by hot melt extrusion
is mediated by the amorphous state or a eutectic state. Studies by Dhumal et. al.
demonstrated that cocrystals of ibuprofen and nicotinamide could by formed by HME. In
this previous study, process parameters such as screw configurations, processing
temperatures and screw speeds were investigated. Lower screw speeds, and screw
configurations which promoted a high level of distributive and dispersive mixing,
promoted cocrystal formation. Interestingly, cocrystal formation was assessed both above
and below the eutectic temperature of the API and coformer. Cocrystal formation,
without the presence of contaminating individual API and coformer, occurred above the
eutectic temperature, and it has been suggested that cocrystal formation occurs from the
eutectic phase (Dhumal et al., 2010). However, it is important to note that while complete
cocrystal formation was not seen below the eutectic temperature, some Bragg peaks
attributable to the cocrystal were observed in the PXRD diffractogram at this processing
temperature. This suggests that cocrystal formation may occur via shear forces or may be
mediated by the amorphous phase.
Cocrystals of AMG-517 and sorbic acid have also been produced by hot melt extrusion
(Daurio et al., 2014). In this previous study, screw configuration, feed rate, screw speed
and processing temperature were identified as the important experimental parameters
which can affect cocrystal formation. However, alteration of the processing temperature
revealed that cocrystal formation was still seen well below the eutectic temperature of the
API and coformer. 57 % conversion of the API and coformer to the cocrystal was seen at
temperatures as low at 10 oC. This suggests that cocrystallisation of this cocrystal does
not occur from the eutectic melt, and instead may be amorphous mediated. It is likely that
higher temperatures can facilitate greater mixing, and can improve the kinetics of
cocrystal formation.
The mechanism of cocrystal formation of the IBU:INA cocrystal by HME has not
previously been investigated. All extrusion experiments performed in Chapter 5 were
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processed above the eutectic temperature of the API and coformer. Li et. al. found that
temperatures that promote solubilisation of the API and coformer in the molten excipient
during processing were preferred, and that decreasing the temperature after
cocrystallisation was necessary to assist precipitation of the cocrystal from the carrier
melt. The temperature in the final zone should be reduced further to solidify the carrier
excipient. However, it is possible that cocrystallisation in this case is also mediated by
the amorphous phase, similar to spray drying. The higher temperatures may serve to
increase the mobility of the particles in the molten ‘melt pool’ during extrusion, thereby
enhancing the kinetics of cocrystal formation. The molten excipient should have some
miscibility with the API and coformer at the higher extrusion temperature, to allow the
API and coformer to diffuse through this molten phase and enable cocrystallisation
between the API and coformer. The temperature gradient may be important to reduce
miscibility between the cocrystal and excipient after cocrystal formation, as the excipient
and cocrystal should become less miscible at lower temperatures. However, cocrystal
formation was seen only at low excipient loadings, while cocrystal formation was seen at
higher excipient loadings with a similar excipient by spray drying. This suggests that the
greater molecular mobility of the API and coformer in solution can allow for greater
excipient loadings to be incorporated into the one-step process. The reduced molecular
mobility of the API and coformer in the molten system relative to a solution can prevent
interaction between the API and coformer. However, alteration of HME process
parameters such as screw speed and screw configuration may increase the mixing in the
extruder barrel, thereby allowing higher excipient loads to be incorporated.
While cocrystallisation in the presence of a low molecular weight excipient was possible,
the production of cocrystals in the presence of Soluplus and PVP K15 was not successful.
It is likely that processing the API and coformer with these excipients resulted in a binary
or ternary amorphous dispersion. In both cases, Bragg peaks attributable to INA were
present in the PXRD diffractogram. It is likely that a binary amorphous system of IBU
and excipient was formed, resulting in crystallisation of INA. Diffusion of the API and
coformer may also have been reduced by the polymers compared to the molten xylitol,
thereby further decreasing the possibility of cocrystal formation.
Cocrystal formation by spray coating is likely to proceed by a similar mechanism to spray
drying. In both cases, droplets containing API, coformer and excipient are dried by a
heated air stream. However, when spray coating, deposition of the cocrystal on to the
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solid substrate is critical. Like spray drying, spray coating is commonly used to produce
an amorphous API. When spray coating, it is likely that a co-amorphous system of API
and coformer is formed on the surface of the bead, which then rapidly crystallises to form
a cocrystal. While a miscible excipient is also present in the sprayed solution, the low
percentage of PVP K90 in the optimised formulation prevented the formation of an
amorphous dispersion. The beads themselves were phase separated from the solution, and
did not impede cocrystal formation. It has previously been reported that heterogenous
crystallisation of an API can occur on an excipient surface (Arribas Bueno et al., 2017).
However, due to the fast crystallisation of the co-amorphous system on the surface of the
bead, heterogenous crystallisation of single component crystals promoted by the bead is
unlikely.
Based on the studies conducted and presented in this thesis, it is likely that cocrystals of
an API and coformer can form in the presence of an excipient when cocrystal formation
occurs via an amorphous intermediate. Miscibility between the co-amorphous
intermediate and excipient can then determine the type of system formed. The individual
process and process parameters can impact on the excipient loadings that can be
incorporated into the process while still maintaining cocrystal formation. Based on these
results, it is hypothesized that a cocrystal-in-excipient system could be formed by a
method such as freeze drying. It has previously been demonstrated that the production of
cocrystals by this method occurs via an amorphous intermediate that is formed as solvent
sublimes during the freeze drying process (Eddleston et al., 2013). Like spray drying,
freeze drying is a commonly used method utilised in the pharmaceutical industry which
is amenable to scale up. As this is also a solvent based method, there may be a higher
molecular mobility which may allow higher excipient loads to be incorporated into the
process without impacting on cocrystal formation.
Other processes such as dry grinding and liquid assisted grinding may also be amenable
to produce a cocrystal in the presence of an excipient. However, no single pathway has
been identified by which cocrystallisation occurs by dry grinding. It is thought that
cocrystallisation can occur by dry grinding via molecular diffusion, eutectic formation or
through an amorphous intermediate (Friščić and Jones, 2009). Liquid assisted grinding
can improve the kinetics of cocrystal formation. Further to this, if a co-amorphous system
between the API and coformer could form by this method in the presence of an
immiscible excipient, the solvent could act as a plasticizer, lowering the glass transition
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temperature and causing the co-amorphous system to crystallize quickly. Therefore,
cocrystallisation in the presence of an excipient by freeze drying, dry grinding and liquid
assisted grinding could be explored in future work. It is unlikely that cocrystallisation in
the presence of an excipient would be successful by methods such as cooling
crystallisation or solvent evaporation. The slow crystallisation rate may promote
heterogenous crystallisation of single components onto the surface of an excipient.
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Main findings
•

Cocrystal formation in the presence of an excipient can occur via spray drying,
hot melt extrusion and spray coating. In the case of spray drying and spray
coating, studies were performed which confirmed that more than one excipient
can be incorporated into a one-step process. These processes can be used to create
powder which is directly compressible to a tablet, or cocrystal coated beads which
are suitable for capsule filling.

•

Cocrystal formation in the presence of an excipient can occur when the
cocrystallisation is mediated by the amorphous state.

•

The amount of excipient that can be incorporated into a one-step process can be
process dependent. Higher loads of excipient could be incorporated in to the
process by spray drying compared to hot melt extrusion without compromising
cocrystal formation. Alteration of hot melt extrusion process parameters can
facilitate higher excipient loadings.

•

The difference in Hansen Solubility Parameter between the excipient and
cocrystal can been used to predict cocrystal formation by spray drying. Cocrystal
formation occurred at high excipient loads (50 %) when the difference in HSP
was > 9.6 MPa0.5.

•

Cocrystal formation can still occur in the presence of miscible excipients when
low excipient loads are incorporated.

•

Excipients incorporated into the one-step process can serve to control the
polymorphic form of the cocrystal during dissolution studies, as recrystallisation
to the lower energy polymorph was not seen during dissolution experiments of
the SDM:4ASA cocrystal in the presence of inulin and dextran.

•

Polymeric excipients such as Soluplus and PVP K15 prevented recrystallisation
of the IBU:INA cocrystal to their single component crystals during dissolution
experiments. This can be advantageous for low solubility APIs, as the dissolution
rate from the cocrystal is likely to be enhanced when compared to the crystalline
API.

•

Cocrystal coated beads can have improved flow properties when compared to the
unprocessed beads. This can be advantageous for processes such as capsule
filling.
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•

All processes explored to produce a cocrystal-in-excipient system are commonly
employed processes used in the pharmaceutical industry and are amenable to scale
up.
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Future Work
•

Investigate the formation of cocrystals in the presence of an excipient by methods
such as freeze drying, dry grinding and liquid assisted grinding.

•

Investigate the pH-solubility profile of the IBU:INA cocrystal, correlate the
findings with the pH-solubility profile of IBU, and assess differences in the
dissolution behaviour of IBU and the IBU:INA cocrystal.

•

Scale up of the spray drying process to produce particles with a larger particles
size to improve downstream processing.

•

Optimisation of the spray drying process to produce cocrystal-in-excipient
systems with two excipients and perform further flow and tabletting studies.

•

Investigate if cocrystal formation can occur with different grades of the same
excipient. The difference in viscosity of different grades of the same polymer in
solution could result in kinetic trapping of the API and coformer and prevent
cocrystal formation.

•

Alteration of HME process parameters to incorporate higher excipient loadings
without compromising cocrystal formation, and investigate if these changes can
result cocrystal formation by this method in the presence of amorphous polymeric
excipients.
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Figure A.1.1. PXRD analyses of physical mixtures of spray dried cocrystal and excipient
at 50:50 % w/w ratios. a) Physical mixture of cocrystal and mannitol, b) Physical mixture
of cocrystal and dextran, c) Physical mixture of cocrystal and MCC, d) Physical mixture
of cocrystal and inulin, e) Spray dried cocrystal.
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Figure A.1.2. DSC analyses of physical mixtures of cocrystal and excipients at 50:50 %
w/w ratio. a) Unprocessed SDM, b) Unprocessed 4ASA, c) Cocrystal produced by spray
drying, d) Cocrystal produced by solvent evaporation, e) Physical mixture of cocrystal
and inulin, f) Physical mixture of cocrystal and mannitol, g) Physical mixture of cocrystal
and MCC, h) Physical mixture of cocrystal and dextran.

Figure A.1.3. PXRD patterns of a) Spray dried cocrystal, b) Co-spray dried system with
HPMC (90:10 % w/w).
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Figure A.1.4. FTIR analyses of a) co-spray dried cocrystal in dextran (50:50 % w/w
ratio), b) spray dried cocrystal, c) dextran, d) physical mixture of SDM and 4ASA (1:1
molar ratio).

Figure A.1.5. FTIR analyses of a) co-spray dried cocrystal in MCC (50:50 % w/w ratio),
b) spray dried cocrystal, c) MCC, d) physical mixture of SDM and 4ASA (1:1 molar
ratio).
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Figure A.1.6. FTIR analyses of a) co-spray dried cocrystal in mannitol (50:50 % w/w
ratio), b) spray dried cocrystal, c) mannitol, d) physical mixture of SDM and 4ASA (1:1
molar ratio).

Figure A.1.7. FTIR analyses of a) co-spray dried cocrystal in PVP K15 (50:50 % w/w
ratio), b) spray dried cocrystal, c) PVP K15, d) physical mixture of SDM and 4ASA (1:1
molar ratio).
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Figure A.1.8. FTIR analyses of a) co-spray dried cocrystal in Soluplus (50:50 % w/w
ratio), b) spray dried cocrystal, c) Soluplus, d) physical mixture of SDM and 4ASA (1:1
molar ratio).

Figure A.1.9. Solubility of i) SDM in inulin, ii) 4ASA in inulin, iii) SDM in dextran, iv)
4ASA in dextran.
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Figure A.1.10. Solubility of i) SDM in chitosan, ii) 4ASA in chitosan, iii) SDM in PVA,
iv) 4ASA in PVA.

Figure A.1.11. Solubility of i) 4ASA in MCC, SDM in Soluplus, iii) 4ASA in PVP K15.
Solubility values (expressed at % w/w) are also shown.
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Figure A.1.12. PXRD analyses of co-spray dried system with inulin at 50:50 % w/w ratio
after dissolution. a) Form I cocrystal, b) Form II cocrystal, c) Cocrystal components cospray dried with inulin after dissolution, d) Cocrystal components co-spray dried with
inulin.
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Figure A.1.13. PXRD analyses of co-spray dried system with mannitol at 50:50 % w/w
ratio after dissolution. a) Form I cocrystal, b) Form II cocrystal, c) Cocrystal components
co-spray dried with mannitol after dissolution, d) Cocrystal components co-spray dried
with mannitol.
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Figure A.1.14. PXRD analyses of co-spray dried system with dextran at 50:50 % w/w
ratio after dissolution. a) Form I cocrystal, b) Form II cocrystal, c) Cocrystal components
co-spray dried with dextran after dissolution, d) Cocrystal components co-spray dried
with dextran.
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Figure A.1.15. PXRD analyses of co-spray dried system with MCC, a) Spray dried
cocrystal, b) Co-spray dried system (50 % w/w cocrystal components, 50 % w/w MCC)
after tabletting, c) Co-spray dried system (50 % w/w cocrystal components, 50 % w/w
MCC), d) Physical mixture of cocrystal 50 % w/w, MCC 50 % w/w after tabletting, e)
Physical mixture of cocrystal 50 % w/w, MCC 50 % w/w.
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Figure A.1.16. PXRD analyses of co-spray dried system with inulin and MCC, a) Spray
dried cocrystal, b) Co-spray dried system (60 % w/w cocrystal components, 20 % w/w
inulin, 20 % w/w MCC) after tabletting, c) Co-spray dried system (60 % w/w cocrystal
components, 20 % w/w inulin, 20 % w/w MCC), d) Physical mixture of cocrystal 60 %
w/w, inulin 20 % w/w, MCC 20 % w/w after tabletting, e) Physical mixture of cocrystal
60 % w/w, inulin 20 % w/w, MCC 20 % w/w.
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Figure A.4.1. PXRD patterns of centre point DoE runs. a) Run 16, b) Run 12, c) Run 11,
d) Run 7, e) Run 1, f) Cocrystal produced by spray drying.

Figure A.4.2. DSC curves of centre point DoE runs. a) Cocrystal produced by spray
drying, b) Run 1, c) Run 7, d) Run 11, e) Run 12, f) Run 16.
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Figure A.3.1. Disordered tetrameric cocrystal of C13H18O2:C6H6N2O, IBU:INA. Each
IBU is fully disordered except for the acid moiety and was modelled in two positions
with O10/O12 64:36 % and O34/O36 53:47 % occupancy using restraints.
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Figure A.3.2. Alternate layers of the IBU:INA cocrystal shown in different colours to
highlight the packing.

Figure A.3.3. Aligned layers showing the edge arrangement of IBU to facilitate packing
between layers.
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Figure A.3.4. PXRD data of mannitol polymorphs generated from single crystal data (in
the Cambridge Crystallographic Data Centre) using Mercury software. a) Alpha, b) Delta,
c) Beta.

Figure A.3.5. PXRD data of INA polymorphs: a) Unprocessed INA, b) EHOWIH05, c)
EHOWIH04, d) EHOWIH03, e) EHOWIH02, f) EHOWIH01, g) Co-spray dried INA
with Soluplus (50:50 % w/w ratio). b-f are Mercury software-calculated PXRD patterns
of INA polymorphs based on single crystal data (in the Cambridge Crystallographic Data
Centre).
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Figure A.3.6. PXRD patterns of a) IBU:mannitol prepared by spray drying, b)
Unprocessed IBU, c) Unprocessed mannitol, d) Alpha mannitol, e) Beta mannitol, f)
Delta mannitol. d-f are Mercury software-calculated PXRD patterns of mannitol
polymorphs based on single crystal data (in the Cambridge Crystallographic Data
Centre).
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Figure A.3.7. PXRD patterns of a) INA:mannitol prepared by spray drying, b)
Unprocessed INA, c) EHOWIH05, d) EHOWIH04, e) EHOWIH03, f) EHOWIH02, g)
EHOWIH01. Patterns c-g are Mercury software-calculated PXRD patterns of INA
polymorphs based on single crystal data (in the Cambridge Crystallographic Data
Centre).
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Figure A.3.8. PXRD patterns of a) INA:mannitol prepared by spray drying, b)
Unprocessed mannitol, c) Alpha mannitol, d) Beta mannitol, e) Delta mannitol. c-e are
Mercury software-calculated PXRD patterns of mannitol polymorphs based on single
crystal data (in the Cambridge Crystallographic Data Centre).

Figure A.3.9. PXRD patterns of a) IBU:xylitol prepared by HME, b) Unprocessed IBU,
c) Unprocessed xylitol, d) Xyltol04, e) Xyltol03, f) Xyltol02, g) Xyltol01, h) Xyltol. d-h
are Mercury software-calculated PXRD patterns of xylitol polymorphs based on single
crystal data (in the Cambridge Crystallographic Data Centre).
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Figure A.3.10. PXRD patterns of a) INA:xylitol prepared by HME, b) Unprocessed INA,
c) EHOWIH05, d) EHOWIH04, e) EHOWIH03, f) EHOWIH02, g) EHOWIH01. c-g are
Mercury software-calculated PXRD patterns of INA polymorphs based on single crystal
data (in the Cambridge Crystallographic Data Centre).
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Figure A.3.11. PXRD patterns of a) INA: xylitol prepared by HME, b) Unprocessed
xylitol, c) Xyltol04, d) Xyltol03, e) Xyltol02, f) Xyltol01, g) Xyltol. c-g are Mercury
software-calculated PXRD patterns of xylitol polymorphs based on single crystal data (in
the Cambridge Crystallographic Data Centre).
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Figure A.3.12. DSC curves of physical mixtures of spray dried cocrystal and Soluplus. a)
Spray dried cocrystal, b) Physical mixture of cocrystal and Soluplus (90:10 % w/w), c)
Physical mixture of cocrystal and Soluplus (85:15 % w/w), d) Physical mixture of
cocrystal and Soluplus (80:20 % w/w), e) Physical mixture of cocrystal and Soluplus
(70:30 % w/w).
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Figure A.3.13. DSC curves of a) Unprocessed INA, b) Co-spray dried INA with Soluplus
(50:50 % w/w ratio), c) Physical mixture of cocrystal and (b) 80:20 (% w/w).

Figure A.3.14. MTDSC curves of a) SD-S-10, b) SD-S-15, c) SD-S-20. d) SD-S-30.
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Figure A.3.15. MTDSC curves of a) SD-P-10, b) SD-P-20.

Figure A.3.16. TGA curves of raw materials. a) IBU, b) INA, c) xylitol, d) mannitol, e)
Soluplus and f) PVP K15.
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Figure A.3.17. Investigation of H-bonding by FTIR. Cocrystal co-spray dried with
Soluplus; a) Co-spray dried IBU:INA 90 %, Soluplus 10 %, b) Cocrystal, c) Soluplus, d)
INA, e) IBU.

Figure A.3.18. Investigation of H-bonding by FTIR. Cocrystal co-spray dried with PVP
K15; a) Co-spray dried IBU:INA 90 %, PVP K15 10 %, b) Cocrystal, c) PVP K15, d)
INA, e) IBU.
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Figure A.3.19. Investigation of H-bonding by FTIR. Extruded cocrystal with xylitol; a)
IBU:INA 90 % hot melt extruded with xylitol 10 %, b) Cocrystal, c) Xylitol, d) INA, e)
IBU.

Figure A.3.20. PXRD analyses of co-spray dried systems with mannitol after DVS; a)
IBU:INA 50 %, Mannitol 50 %, b) IBU:INA 70 %, Mannitol 30 %, c) IBU:INA 90 %,
Mannitol 10 %, d) Spray Dried cocrystal.

234

Appendix 3

Figure A.3.21. PXRD analyses of co-spray dried systems with Soluplus after DVS; a)
IBU:INA 70 %, Soluplus 30 %, b) IBU:INA 80 %, Soluplus 20 %, c) IBU:INA 85 %,
Soluplus 15 %, d) IBU:INA 90 %, Soluplus 10 %, e) Spray Dried cocrystal.

Figure A.3.22. Intrinsic dissolution profile of unprocessed IBU at 37 oC.
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Figure A.4.1. PXRD analyses of centre point experiments performed as part of the BoxBehnken DoE. a) Run 17, b) Run 16, c) Run 13, d) Run 8, e) Run 5, f) Blank beads, g)
Cocrystal produced by solvent evaporation, h) 4ASA, i) SDM.
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Fig A.4.2. DSC curves of centre point experiments performed as part of the BoxBehnken. a) SDM, b) 4ASA, c) Cocrystal produced by spray drying, d) Non-pareil beads,
e) Run 5, f) Run 8, g) Run 13, h) Run 16, i) Run 17.

Figure A.3.3. MDSC thermograms of SDM:4ASA cocrystal coated beads (A) and SDMPVP coated beads (B). The glass transition can be observed in the reversing heat flow
signal (blue line).
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Figure A.4.4. Effect of PVP K90 concentration on water content (black ◼) and surface
area (blue ◼) during spray coating.
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