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Abstract 

Drug-polymer dispersions are a well-established formulation strategy, with many commercial 

products utilising this technology to either increase bioavailability of poorly water soluble 

compounds or produce controlled release systems. The main limitation of these formulations is 

their long-term physical stability since these systems are often unstable supersaturated molecular 

dispersions. This instability can lead to recrystallisation of the drug, potentially affecting the 

dissolution performance. In this work, new analytical methods were applied to provide 

understanding into the crystallisation behaviour of a model drug, olanzapine, in several polymer 

dispersions. The intention was to develop new insights into the physical drivers for crystallisation, 

the means by which it can be detected and predicted, and the possibility of utilising this knowledge 

to manipulate the crystal form. 

Olanzapine-loaded poly(lactic-co-glycolic acid) (PLGA) microparticles were initially produced. The 

physical stability of this system was assessed through drug-polymer solubility measurements. 

Several de-mixing approaches were compared in which supersaturated dispersions were 

recrystallised to achieve the equilibrium solubility level of the drug in the polymer phase. During 

this work a quasi-isothermal modulated temperature differential scanning calorimetry (QiMTDSC) 

protocol was developed and applied to study crystallisation in these systems. Drug-polymer 

solubility was successfully measured using this approach and drug crystallisation could also be 

monitored, allowing investigation of the conditions under which the solubility equilibrium could be 

achieved. 

Olanzapine is a polymorphic molecule and the study of its recrystallisation in PLGA dispersions 

highlighted that standard techniques could not determine which form was crystallising. Thus, a 

new simultaneous differential scanning calorimetry-powder X-ray diffraction (DSC-PXRD) method 

was applied to characterise olanzapine crystallisation in several polymer dispersions. 

Interestingly, drug crystallisation was influenced by the different polymers present. A new 

polymorph, olanzapine form IV, was discovered which indicated that this crystallisation approach 

can be used as an alternative method for polymorph screening. A process was developed to 

extract form IV crystals from the polymer matrix, providing the proof-of-concept that this approach 

can be used to generate and isolate new polymorphic forms. 
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Impact Statement 

Understanding the solid state of pharmaceutical materials is of significance because the physical 

form determines important properties, such as solubility and stability, which can affect the 

performance of a pharmaceutical formulation.  

Amorphous drug-polymer dispersions are used in many commercial products. However, the 

physical stability of these systems is one of the greatest barriers to their development. The drug 

may recrystallise to its thermodynamically stable crystalline state, resulting in changes to the 

dissolution performance of the formulation. Understanding the drug-polymer solubility level allows 

the physical stability of these molecularly dispersed systems to be determined. Therefore, 

measuring drug-polymer is important from a formulation development perspective, and herein a 

new protocol was developed to measure this parameter utilising the novel method of quasi-

isothermal modulated temperature differential scanning calorimetry. The protocol was validated 

by comparison to established methods and has the advantage of also allowing the kinetic stability 

of these systems to be investigated. Therefore, the protocol can be used to investigate both the 

thermodynamic and kinetic stability of drug-polymer dispersions in development both within 

academia and the pharmaceutical industry.  

Investigating drug crystallisation within polymer dispersion systems has been a significant area 

of academic research. Studies have previously focused on understanding the factors which inhibit 

crystallisation in these systems. In this project, a new analytical method was employed which 

allowed the study of drug polymorphism in polymer dispersions. The effect that the polymer 

dispersion may have on the physical form of the drug obtained has largely been neglected in the 

literature. However, the results presented in this work show that crystallisation in these systems 

can generate new polymorphic forms which could not be generated in conventional crystallisation 

experiments. This was demonstrated by the discovery of olanzapine form IV in this thesis. 

Identifying and understanding drug polymorphism is a critical stage of the drug development 

process. Therefore, the potential impact of this study is significant both within the pharmaceutical 

industry and academia. The work performed has shown that crystallisation from the molecularly 

dispersed state in polymer matrices is a viable new approach for polymorph screening, particularly 

since a process was developed which allows isolation of the crystals from the polymer phase. 

Determination of the crystal structure of olanzapine form IV may also have impact within the 

academic community. With over 60 crystalline structures submitted to the Cambridge Structural 

Database, the solid state of olanzapine is one of the most extensively studied in the literature due 

to its prolific solvate forming ability. The conclusion of this large body of work is that the essential 

building block of olanzapine crystals is a dimer motif. Interestingly, the structure of olanzapine 

form IV does not use this “essential” motif, thus disproving this theory and highlighting that further 

investigation into the solid state of this complex organic molecule is required.  
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1 Introduction  

1.1 General Introduction   

The solid state properties of pharmaceutical formulations can affect the dissolution performance, 

long-term stability and intellectual property rights of developed products. Understanding these 

properties is therefore of critical importance during the pharmaceutical development process 

because unexpected changes in the physical form of pharmaceutical materials can significantly 

alter their performance. A famous example of this is the product Norvir® (ritonivir) which was 

unknowingly marketed as a metastable polymorph (form I), and after two years the stable 

polymorph (form II) was discovered when several batches of capsules failed their dissolution 

specification (Chemburkar et al., 2000). Form II had very different physical properties, such as a 

lower apparent solubility, which reduced the bioavailability of the drug (Bauer et al., 2001). 

Consequently, Norvir® was withdrawn from the market and a new formulation of form II had to be 

developed, causing huge disruption for patients and costing the parent company millions of 

dollars. The example of Norvir® demonstrates the importance of thoroughly investigating and 

understanding the solid state of pharmaceutical materials, which is the principle underpinning 

much of the research performed in this thesis. This project addresses issues such as 

understanding the physical stability of molecularly dispersed drug-polymer phases and studying 

crystallisation in these systems, with a particular focus on investigating API polymorphism in 

recrystallised drug-polymer dispersions.  

The following introduction aims to explain the key fundamental concepts that are present 

throughout this thesis, and present a review of the relevant literature that provided the foundation 

for the research performed. 

1.2 The Solid State of Pharmaceutical Materials 

The majority of active pharmaceutical ingredients (APIs) and pharmaceutical excipients exist in 

the solid state at room temperature and pressure, which makes understanding their solid state 

properties particularly important. In the solid state, molecules are in close proximity to each other 

and interact with their neighbours through intermolecular interactions. The molecules are fixed in 

position because these intermolecular bonds are strong enough to stop the translational motion 

of the molecules than can occur in the liquid state (Ymén, 2011). The solid state can be broadly 

categorised as either crystalline or amorphous, depending on the degree of order in the molecular 

arrangement of the phase. The crystalline state is most common and has defined long-range 

order in the packing of the molecules, with regular repeating structures forming the crystal lattice. 

In the amorphous state there is no long-range order in arrangement of the molecules, although 

short-range order is possible. Short-range order refers to the way individual molecules are 

arranged in relation to neighbouring molecules (e.g. specific directional interactions may promote 

adjacent molecules to arrange in certain conformations), whereas long-range order is when these 

interactions are propagated consistently across appreciable distances (hundreds of thousands of 

molecules) in a regular and defined manner (Ossi, 2006). 

Many materials can exist in both the crystalline and amorphous state. If a molecule has a 

crystalline form, the amorphous state is inherently unstable and will inevitably crystallise over time 

if stored under the correct conditions (Van Scoik and Carstensen, 1990; Vippagunta et al., 2001). 
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Some molecules can exist in multiple crystalline forms, known as polymorphs, although only one 

of these structures will be thermodynamically stable at a particular temperature and pressure 

(Vippagunta et al., 2001). Certain molecules, however, are not able to crystallise and hence only 

exist in the amorphous state. These are generally large, flexible macromolecules such as 

polymers, for which crystallisation is impossible due to their size and conformational flexibility. 

Small molecule APIs often have multiple physical forms, such as crystalline polymorphs and an 

amorphous form. These molecules are generally formulated as their stable crystalline form to 

remove any potential physical stability issues, such the polymorphic transition that occurred in 

Norvir® capsules (Chemburkar et al., 2000; Bauer et al., 2001). However, there are a number of 

factors to consider when deciding on the physical form to proceed with, and the decision is usually 

a compromise between physical, chemical, pharmaceutical and biopharmaceutical properties 

(Aaltonen et al., 2009). For example, different physical forms of a material have different 

solubilities, with unstable higher energy forms having higher apparent solubilities and faster 

dissolution rates (Baghel et al., 2016). These properties can be important for pharmaceuticals 

because up to 70% of APIs in development are considered “practically insoluble” in water which 

can limit the absorbable dose in the gastrointestinal tract since the drug must first be in solution 

to be absorbed (Göke et al., 2018). Poorly water soluble drug molecules are often categorised as 

either “brick dust” or “grease-balls” based on their physicochemical properties. The solubility of 

molecules that are classed as “brick dust” is limited by their solid state properties due to strong 

intermolecular interactions within a tightly bound crystalline lattice (i.e. very low lattice energy), 

which is indicated by a high melting point (Tm) and enthalpy of fusion of the crystalline form. 

Conversely, the solubility of molecules that are classed as “grease-balls” is limited by their high 

lipophilicity. Formulation approaches to increase the apparent solubility and bioavailability of 

“brick dust” molecules therefore often involve manipulation of the solid state (Göke et al., 2018). 

For example, the drug can be formulated in the amorphous glassy state or as a metastable 

polymorph, which are both higher energy structures relative to the stable crystalline form and are 

therefore likely to have favourable dissolution properties and improved bioavailability.  

The amorphous form of the drug can also be inadvertently introduced through processing of the 

material. If a controlled release formulation is required, the drug may be dispersed in a carrier 

matrix so that the degradation/dissolution of the carrier controls the release of the drug. The 

process of dispersing the drug throughout the carrier may result in generation of an amorphous 

glass which, although not strictly necessary for the controlled release performance, may be a by-

product of the processing technique and/or carrier used.  

The properties of the pharmaceutically-relevant solid phases present throughout this work are 

reviewed in the following sections. 

1.3 The Crystalline State  

1.3.1 Structure 

The crystalline state can be described as a three-dimensional brick structure, built up of identical 

repeating blocks called unit cells. The unit cell of a crystal is a defined three-dimensional space, 
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usually containing multiple molecules, which is described by the lattice parameters a, b and c, 

which are the axes lengths, and α, β and γ, which are the bond angles between the axes. The 

convention is that α defines the angle between b and c, β defines the angle between a and c, and 

γ defines the angle between a and b. The various combinations of lattice parameters results in 

seven possible crystal systems which are presented in Table 1.1 (Ymén, 2011). 

Table 1.1 – The seven crystal systems described by the unit cell parameters (adapted from Ymén, 2011) 

Crystal System a b  c  α  β  γ  

Triclinic a  b  c   ≠90° ≠90° ≠90° 

Monoclinic a  b  c  90° ≠90° 90° 

Orthorhombic a  b  c  90° 90° 90° 

Tetragonal a  b  a  90° 90° 90° 

Trigonal a  a  a  ≠90°* ≠90°* ≠90°* 

Hexagonal a  b  a  90° 120° 90° 

Cubic a  a  a  90° 90° 90° 

*in the trigonal system all the angles are equal but not 90° 

The regular and periodic arrangement of unit cells is called the crystal lattice, which is organised 

in such a way that each lattice point has an identical environment with respect to the basic motif 

and other lattice points. The seven crystal systems define the seven types of primitive unit cell, 

which only have lattice points in the corners of the cell. However, there are other arrangements 

of lattice points that fulfil the requirements for a point lattice. In these arrangements the unit cell 

contains additional lattice points, either in the centre of the cell (body-centred) or in the centre of 

two (base-centred) or all (face-centred) of the faces (Clegg, 2015). The combination of the seven 

primitive crystal systems with the possible centring types results in the 14 possible Bravais lattices 

(Vippagunta et al., 2001). 

Defining the lattice parameters of a crystal is the first step in understanding the crystalline state, 

but to fully describe the crystal structure a knowledge of the contents of the unit cell is required. 

The position of each atom within the unit cell is defined by co-ordinates x, y and z. If the unit cell 

contains multiple molecules that are in the same conformation then the molecules will be related 

to each other by symmetry operators called space groups. If the symmetry of the unit cell is known 

this can greatly reduce the number of atom co-ordinates in the cell that need to be defined. The 

atom co-ordinates of part of the unit cell can be described, and knowledge of the symmetry 

elements then determine the remainder of its contents. There are 230 space groups which can 

be classified by the crystal system and lattice centring of the unit cell, and describe the unique 

combination of symmetry elements within it (e.g. rotation, screw axes, mirror or glide planes and 

points of inversion) (Clegg, 2015).  

On a micro- or macroscopic level, crystals are defined by their crystal habit: the characteristic 

external three-dimensional shape of the material. These properties are important from a 

pharmaceutical perspective because they affect particle orientation, thus influencing the 

flowability, packing and compaction of the powder which can affect processes such as tableting 

(Rasenack and Müller, 2002). Isomorphic crystals can have different crystal habits which can be 

manipulated by the use of different crystallisation conditions (Tiwary, 2001; Rasenack and Müller, 
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2002). In addition, the internal packing within the crystal can also influence the crystal habit, with 

different polymorphic forms often exhibiting different external structures (Tiwary, 2001). 

1.3.2 Crystallisation  

Crystallisation is the process in which solid crystalline phases are formed from a growth medium 

(e.g. solution, amorphous phase or vapour phase). In this work, drug crystallisation from 

amorphous drug-polymer dispersions is a common theme in Chapters 4, 5 and 6. Therefore, a 

brief overview of the theoretical background of crystallisation is provided.  

It is well established that crystallisation consists of two distinct processes: nucleation and crystal 

growth. Nucleation is the commencement of a new phase and the simplest description of this 

process is provided by the classical nucleation theory (CNT). From a thermodynamic perspective, 

the driving force for nucleation is the free energy difference between the crystalline and liquid 

phases. The free energy change required for cluster formation (∆G) is a sum of the free energy 

change for the phase transformation (∆Gv) and the free energy change for the formation of a new 

surface (∆Gs). Since the crystalline phase is more stable than the liquid, ∆Gv becomes negative 

thus decreasing the Gibbs free energy of the system which favours the formation of a nucleus. 

However, the formation of a nucleus and the subsequent introduction of a new interface increases 

the free energy of the system. Consequently, the growth of clusters depends on the competition 

between a decrease in ∆Gv and an increase in ∆Gs. The positive surface free energy ∆Gs term 

dominates at small cluster radii, which causes an increase in the total free energy change initially. 

Due to this, the smallest clusters that form are unstable and typically re-dissolve into the growth 

medium. As cluster size increases the total free energy goes through a maximum at a critical size, 

typically in the range of 10 to 1000 molecules (depending on the level of supersaturation), above 

which the total free energy decreases continuously and growth becomes energetically favourable, 

resulting in the formation of stable crystal nuclei (Erdemir et al., 2009; Chen et al., 2011).  

From a kinetic perspective, the steady state of nucleation (J), which is the number of nuclei formed 

per unit of time and per unit of volume, is expressed as an Arrhenius reaction rate equation 

(Equation 1.1). 

Equation 1.1 

𝐽 = 𝐴 𝑒𝑥𝑝 (−
∆𝐺𝑐𝑟𝑖𝑡
𝑘𝑇

) 

where ∆Gcrit is the activation energy for primary nucleation, A is the rate of attachment frequency 

of molecules to the nuclei, and k is the Boltzmann constant. The kinetic factor is related to the 

rate of attachment of molecules to the critical nucleus and as a result depends on the molecular 

mobility in the system. Therefore, the temperature dependence of the kinetic factor can be 

significant because molecular mobility changes as a function of temperature (Erdemir et al., 

2009). 

Primary nucleation may be categorised as either homogenous or heterogeneous. Homogenous 

nucleation relies on molecules assembling into nuclei without the influence of a solid phase or 

interface, whereas heterogeneous nucleation occurs when foreign solid particles or interfaces are 
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present to catalyse the process. Heterogeneous nucleation is far more common since the 

nucleation barrier is almost always lower at a surface than in the bulk (Sear, 2007). This is 

because the positive ∆Gs term is lower at the interface due to the presence of pre-existing 

surfaces for which the free energy cost has already been paid, resulting in faster nucleation 

compared to the bulk.  

Secondary nucleation is when crystal seeds are added to a growth medium to induce 

crystallisation. This approach is widely used in industrial processes and has the advantages of 

selectively targeting a particular crystalline form and yielding a more consistent crystalline product 

in terms of particle size and distribution (Anwar et al., 2015). 

Although CNT is still widely used to model nucleation, it makes several assumptions have been 

contradicted by a number of systems (Sear, 2012). One major assumption made by the theory is 

that nucleation is a one-step process. However, there is a growing body of evidence that 

nucleation can occur as a two-step process, whereby molecules first aggregate into loose 

structures and subsequently reorganise into compact, ordered structures (Erdemir et al., 2009; 

Chen et al., 2011). Interestingly, the API used in this work, olanzapine, was recently shown to 

form mesoscopic solute-rich clusters in aqueous solution, which contradicts CNT and is more in 

support of a two-step nucleation process (Warzecha et al., 2017). 

Crystal growth, which immediately follows nucleation, is governed by the diffusion of molecules 

to the surface of the existing stable nuclei and their incorporation into the structure of the crystal 

lattice from the growth medium. The attachment of molecules to the crystal occurs at sites called 

kinks, which are locations on the crystal surface where the incoming molecule has half the number 

of neighbours than it would have in the bulk of the crystal. Kinks are special sites for growth 

because they are retained after the attachment of the incoming molecule, and the attachment 

does not alter the surface free energy of the crystal. The rate constant of crystal growth for a 

particular system is therefore defined by two parameters: (1) the number of kinks at the interface 

with the growth medium, and (2) the enthalpic and entropic barriers that must be overcome to 

incorporate a molecule into a kink (Vekilov, 2007). 

Although nucleation must occur before crystal growth, the two processes are in competition once 

stable nuclei have formed. Both processes show a bell-shaped dependence with temperature, 

with the maximum in the crystal growth rate occurring at a higher temperature than the maximum 

in the nucleation rate (Okui, 1990). This temperature-dependence is linked to the supersaturation 

level, with lower temperatures resulting in higher levels of supersaturation which favours 

nucleation over crystal growth (Sarig et al., 1978). 

1.3.3 Polymorphism 

The term polymorphism was originally derived from Greek (poly = many; morph = form) and in 

materials science refers to the ability of a molecule to crystallise into more than one crystalline 

phase. Polymorphism in crystalline solids can be defined as materials having the same chemical 

composition but different lattice structures and/or molecular conformations (Rodríguez-Spong et 

al., 2004). The lattice structure defines important material properties, such as the melting point, 
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density, apparent solubility, dissolution rate and chemical reactivity. Therefore, polymorphs of 

APIs can have significantly different properties which can affect their processability and product 

performance (Vippagunta et al., 2001). 

The example of Norvir® highlights the pharmaceutical significance of polymorphism. Other cases 

of late stage polymorphic transitions have also occurred such as the crystallisation of a new 

rotigotine polymorph in Neupro® patches which led to batch recalls of the product (Lee et al., 

2011). The importance of thorough investigation into the solid state of new APIs is highlighted by 

these examples, particularly when it is considered that up to three in four new drugs display 

polymorphism (Cruz-Cabeza et al., 2015). Polymorphism is a key theme throughout two of the 

experimental chapters in this thesis, therefore the theoretical background of this phenomenon is 

reviewed below. 

Structurally, polymorphs can be classified based on changes in the conformation of the molecules 

or their packing arrangement in the solid state (Rodríguez-Spong et al., 2004). In some cases of 

polymorphism, obvious conformational changes in the molecules are observed and these are 

often designated as conformational polymorphs (Bernstein and Hagler, 1978). Alternatively, 

packing polymorphism refers to crystals in which molecules have similar conformations in the 

solid state but are packed differently (i.e. different intermolecular interactions are present between 

the molecules) (Vippagunta et al., 2001). Rigid molecules can only exhibit packing polymorphism, 

whereas flexible molecules may have both conformational and packing polymorphs. Since 

polymorphs have different lattice structures, each form has characteristic unit cell parameters. 

Thermodynamically, polymorphs are defined as either being monotropes or enantiotropes, 

depending on the reversibility of the transformation between the two phases (Vippagunta et al., 

2001). In a monotropic system, one form is always lower in energy (and hence thermodynamically 

stable) compared to a second form, regardless of temperature. In this scenario, the polymorphic 

transition can only occur in one direction: from the higher energy form to the lower energy form. 

Conversely, in enantiotropic systems there is a cross-over in the free energies of the two phases 

with temperature (Ttrans), meaning that the thermodynamically stable form changes with 

temperature and therefore the polymorphic transition is reversible (Figure 1.1). 

 

Figure 1.1 – Gibbs free energy (G) as a function of temperature (T) for monotropic and enantiotropic 
polymorphs (α and β) (adapted from Craig and Reading, 2007)  
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A number of rules have been developed to aid in establishing the nature of the thermodynamic 

relationship between two polymorphs, with the most widely used being the heat of transition rule, 

the heat of fusion rule and the density rule (Burger and Ramberger, 1979a, 1979b). The heat of 

transition rule states that if there is an endothermic transition between two crystal forms then they 

are related enantiotropically, whereas if there is an exothermic transition and no further transition 

at a higher temperature then the two polymorphs are monotropically related. The heat of fusion 

rule is concerned with the melting of the two crystalline forms. In enantiotropically related systems, 

the higher melting polymorph will have the lower heat of fusion; however, in monotropic systems 

the higher melting polymorph also has the higher heat of fusion. The density rule states that the 

polymorphic form with the lowest density at 0 K will be the most stable, providing the molecules 

are unable to form strong directional interactions. This rule is based on the principle that better 

molecular packing results in lower energy structures, which is generally true for crystals with 

packing structures dominated by van der Waals interactions. For example, the API nabumetone 

is unable to form intermolecular hydrogen bonds in the crystal structure because it only has 

hydrogen bond acceptor groups and this molecule obeys the density rule: the stable form I has a 

density of 1.26 g/cm3, whereas the metastable form II has a density of 1.21 g/cm3 (Price et al., 

2002). Conversely, ritonavir has multiple hydrogen bond donors and acceptors, and the stable 

form II has a lower density (1.25 g/cm3) than the metastable form I (1.28 g/cm3) (Bauer et al., 

2001). 

There are many exceptions to these rules and they should only be used as a guide to help 

establish the thermodynamic relationship between a set of polymorphs and determine which of 

these is most stable at a certain temperature. However, the major issue with polymorphism is that 

it is not possible to conclusively prove that a particular polymorph is the thermodynamically stable 

form because it is always possible that the most stable form has not yet crystallised, and these 

rules do not help with this issue. To mitigate this risk, extensive polymorph screening is performed 

in the pharmaceutical industry which is designed to identify as many metastable phases as 

possible. Additionally, crystal structure prediction (CSP) methods can be employed to calculate 

whether hypothetical alternative structures exist that may be thermodynamically competitive with 

the lowest energy form currently identified. 

1.3.3.1 Crystallisation and polymorphism 

A system will tend to move towards the thermodynamically equilibrated state, which in the context 

of crystallisation is the crystalline form with the lowest free energy. However, metastable 

crystalline forms can be the product of crystallisation experiments because the route to the 

thermodynamically stable state is also dependent on kinetic factors: the thermodynamic drive 

towards free energy minimisation is balanced by the kinetic tendency for the system to crystallise 

as quickly as possible to relieve the imposed supersaturation (Bernstein et al., 1999). Therefore, 

if a metastable form is able to crystallise more rapidly than the stable form under a certain set of 

conditions, it will do so despite the fact that it is not lowest in free energy. A secondary phase 

transition will then occur from the metastable form to the stable form, possibly via dissolution and 

recrystallisation, providing the free energy barrier for this transition can be overcome in the 

system. 
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The crystallisation of polymorphs can be explained by the kinetic nucleation theory which 

compares the nucleation rates of stable and metastable forms, and examines the factors that 

influence this in an attempt to explain why polymorphism occurs. Equation 1.1 indicates that the 

nucleation rate of two polymorphic forms may differ based on ∆Gcrit, the activation energy for 

primary nucleation, and A, the rate of attachment frequency of molecules to the nuclei. The ∆Gcrit 

term is related to the degree of supersaturation, temperature of crystallisation, and interfacial 

tension. As the solubility of the stable form is always likely to be lower than the metastable form, 

the ∆Gcrit term will often favour the crystallisation of the stable form since the system will be less 

supersaturated with respect to a metastable form at the same temperature. However, the rate of 

attachment frequency of the metastable form will be higher than that of the stable form because 

the entropy of the metastable form is higher. The effects of these two terms are therefore thought 

to oppose each other. Since the degree of supersaturation is temperature-dependent, the 

temperature at which a crystallisation occurs may have a significant influence on which form has 

the greater nucleation rate. Based on this theory, crystallisations at lower temperatures (i.e. higher 

degrees of supersaturation) are more likely to favour nucleation of stable form, whereas 

crystallisations at higher temperatures (i.e. lower degrees of supersaturation) may favour the 

nucleation of the metastable form (Lee, 2014). Under certain conditions, the nucleation rates of 

two polymorphs may be very similar which can result in concomitant polymorphs being obtained 

from a crystallisation experiment (Bernstein et al., 1999). 

An alternative explanation for the crystallisation of metastable forms is provided by Ostwald’s rule 

of stages (Ostwald, 1897). This theory was proposed in 1897 and states that when a molecule 

crystallises it will first do so to the form nearest in energy (i.e. the highest energy crystalline state) 

and subsequently transition through all of the possible metastable forms until the lowest energy 

form is achieved. Ostwald’s rule has been shown to be significantly flawed and the reality is not 

as simple as the rule states, but there are a sufficient number of cases of successively crystallising 

polymorphic forms to warrant consideration of the principles behind the rule as guidelines for 

understanding this phenomenon (Bernstein et al., 1999). 

1.3.3.2 Polymorph screening 

Kuhnert-Brandstätter postulated that “probably every substance is potentially polymorphous. The 

only question is, whether it is possible to adjust the external conditions in such a way that 

polymorphism can be realised or not” (Kuhnert-Brandstätter, 1975). This statement indicates that 

different polymorphs may form when the crystallisation conditions are adjusted and it is on this 

principle that polymorph screening is based. The ultimate aim of polymorph screening is to have 

confidence that the thermodynamically stable form has been identified and can be formulated 

without risk of future polymorphic transitions occurring. 

As explained above, one of the main conditions to vary when searching for new polymorphs is 

the temperature, and hence supersaturation level, during the crystallisation experiment. However, 

there are other variables that can also be changed. For example, it is a well-established kinetic 

phenomenon that crystallisation from different solvents can yield different polymorphic forms 

(Ymén, 2011). The reasons for this are not always clear but may include the molecule adopting 
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different conformations and having different activation energies of primary nucleation in different 

solvents, as well as different solubilities leading to different degrees of solvent-solute and solute-

solute interactions. For this reason, polymorph screens involve solution crystallisations from a 

diverse range of solvent systems (generally both single and mixed solvents) and at different 

temperatures. Other approaches are also used to screen for alternative forms, such as 

desolvation of solvates, and crystallisation from the melt, amorphous or vapour phases (Price et 

al., 2005; Bhardwaj et al., 2013). All of these approaches provide different crystallisation 

conditions and hence can potentially influence the kinetic and thermodynamic balance to promote 

generation of different structures. An alternative approach for polymorph generation is proposed 

in this thesis, therefore it is necessary to have an understanding of the screening currently 

performed. 

When attempting to identify the thermodynamically stable form of an API, one should consider 

Ostwald’s rule of stages (Ostwald, 1897). As discussed above, there are many exceptions to this 

rule, but the general principle that metastable forms may initially crystallise and subsequently 

convert to a more stable form has been observed for many systems (Nývlt, 1995). Solution-

mediated polymorphic transformation exploits Ostwald’s rule of stages and the solubility 

difference between polymorphs to identify the thermodynamically stable form (Gu et al., 2001). In 

this technique, a metastable form is suspended in a saturated solution and stirred for several 

days. The more stable form can then crystallise from solution at the expense of the dissolution of 

the metastable form. The thermodynamic driving force for this conversion is the apparent solubility 

difference between the polymorphs: the metastable form has a higher apparent solubility and 

therefore dissolves more readily than the stable form. Over a period of several days, the solubility 

difference can promote the conversion of all of the initial crystalline material to the 

thermodynamically stable phase. 

1.3.3.3 Crystal structure prediction  

Computational CSP is emerging as a complementary tool to polymorph screening, to help 

establish whether all polymorphs of interest have been found for a particular molecule. CSP is 

the process whereby thermodynamically competitive crystal structures are calculated from a 

chemical diagram of a molecule based on quantum mechanical calculations. The output of CSP 

studies for small organic molecules has led to the concept of computed crystal energy 

landscapes, which are sets of computer-generated structures that are thermodynamically 

plausible as potential polymorphs (Price, 2014). The theoretical structures are ranked by their 

calculated lattice energy, and the energy of the static lattice at 0 K is used as an approximation 

to the relative thermodynamic stability of the crystals (Price and Reutzel-Edens, 2016). 

CSP techniques aim to identify thermodynamically feasible alternative crystal structures and aid 

in rational polymorph screening in the pharmaceutical industry. The ranking of the computer-

generated structures into crystal energy landscapes can be used to establish structures that are 

likely to be sufficiently stable to form under laboratory conditions. The most thermodynamically 

plausible structures can then be targeted through specific crystallisation experiments. Although 
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far from routine, this principle has been proven for tolfenamic acid form VI (Case et al., 2018) and 

carbamazepine form V (Arlin et al., 2011). 

CSP studies can either provide confidence that the most stable form has been crystallised or 

identify that there are other hypothetical structures of interest that should be investigated. The 

main issue with CSP is that the technique has a tendency to over-predict the number of potential 

polymorphs. The reasons for this are numerous and have been discussed at length in an excellent 

review by Price (Price, 2013). Some of these issues relate to the predictions themselves, 

particularly the neglect of thermal effects in the calculations. However, there are also experimental 

issues to consider; for example, a hypothetical polymorph may be able to exist but the necessary 

crystallisation experiment required to generate it has not yet been performed. The ideal CSP code 

would eliminate the issues associated with the predictions and only predict structures that can be 

obtained experimentally. The current state of the art shows that although there have been 

significant advances in CSP in recent years, the technique requires further development to 

achieve this aim (Price, 2018).  

1.3.4 Solvates, Co-crystals and Salts 

Solvates, co-crystals and salts are alternative crystal structures of an API which contain a second 

component (Figure 1.2). These structures are not polymorphs as they do not have the same 

chemical composition as the anhydrous crystal, although solvates and co-crystals are sometimes 

referred to as pseudopolymorphs because they are effectively different crystal structures of the 

same drug molecule. 

 

Figure 1.2 – Schematic depiction of the possible crystalline phases of an API. (a) and (b) represent 
anhydrous polymorphs, (c) represents a solvate, (d) represents a co-crystal and (e) represents a salt. 

A solvate is defined as a solid phase in which solvent molecules are incorporated into the crystal 

structure (Vippagunta et al., 2001). When the solvent molecule is water, this is referred to as a 

hydrate. The number of solvent molecules per drug molecule in the crystal lattice may be highly 

defined (in the case of stoichiometric solvates), or alternatively the solvent content of the crystal 

can vary without significant changes in crystal structure which usually involves incorporation of 

the solvent molecules into voids in the structure (in the case of non-stoichiometric solvates) 

(Braun and Griesser, 2016). A solvate may be the thermodynamically stable form under certain 
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conditions, usually when in contact with its mother liquor and within a certain temperature range 

(Ymén, 2011). 

A co-crystal can be defined as a structurally homogenous crystal that contains two components, 

which are both solids at ambient temperature and pressure, in a highly defined stoichiometric 

manner (Qiao et al., 2011). The API is one of these components and molecules known as co-

formers are the second component. There is no proton exchange between the API and second 

component, instead the molecules interact through hydrogen bonding and/or van der Waals 

interactions (Ymén, 2011). Conversely, pharmaceutical salts are solid phases in which there is a 

proton exchange between ionisable groups on the API and a counter ion, with the two 

components interacting through ionic interactions. 

Hydrates, co-crystals and salts may have properties that are potentially advantageous from a 

pharmaceutical perspective. Due to the additional components in the crystal structure, the lattice 

energy of these forms will be different to the anhydrate, resulting in differences in dissolution, 

solubility and stability. Under conditions of relative humidity, a hydrate may be the most stable 

form of an API (Pina et al., 2014b). Therefore, for drugs that are likely to be exposed to such 

conditions it may be beneficial to develop the hydrate form. Co-crystal and salt forms are generally 

used in pharmaceutical formulations to increase the dissolution rate and bioavailability of poorly 

water soluble compounds (Berge et al., 1977; Qiao et al., 2011). 

1.4 The Glassy State 

1.4.1 Structure 

Amorphous solids are called glasses and are defined as having short-range order between 

neighbouring molecules, but no long-range order of molecular packing or well-defined molecular 

conformations. The immediate environment of a molecule in a glass may not be significantly 

different to that of a crystal; the molecule may form similar intermolecular interactions to 

neighbouring molecules and have a similar level of molecular mobility. However, the arrangement 

of molecules in a glass lack the long-range translational-orientational symmetry that characterise 

the crystalline state (Yu, 2001).  

Glasses are present in all of the experimental chapters of this thesis and therefore the key 

properties of these phases are discussed below, with a focus on the glass transition temperature 

(Tg) and crystallisation from the amorphous state which are areas particularly pertinent to the 

research performed. 

1.4.2 Formation of a glass from the melt  

The simplest way to describe glass formation is from the perspective of cooling a material from 

the melt. When a liquid is cooled its thermodynamic properties (enthalpy and volume) relax in line 

with the cooling programme. If a crystalline form of the material exists, as the liquid is cooled 

below the Tm the system may crystallise, resulting in a sudden contraction of the system due to 

the reduction in free volume. Consequently, the enthalpy and specific volume of the system 

suddenly decrease at the Tm (Figure 1.3), and further cooling of the system results in a reduction 
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in the thermodynamic properties in line with the cooling programme due to heat capacity and 

thermal contraction effects (Craig et al., 1999). 

 

Figure 1.3 – Schematic depiction of the variation of enthalpy (or volume) with temperature (adapted from 
Hancock and Zografi, 1997)  

In a glass-forming material crystallisation does not occur when the system is cooled below the 

Tm. This can be due to thermodynamic reasons, where there is no Tm because no crystalline form 

of the molecule exists since crystallisation of the molecule is not possible due to its size and 

shape. It can also be due to kinetic reasons, where the rate of cooling is too rapid to allow time 

for crystallisation to occur. If the liquid is cooled below the Tm then it becomes a super-cooled 

liquid and its thermodynamic properties continue to relax in line with the cooling programme. Upon 

further cooling, a point is reached whereby the properties of the material change considerably as 

the rubbery, highly viscous liquid passes through the Tg and enters the rigid glassy state. On a 

molecular level, the bonding between the molecules remains essentially the same as in the liquid 

state, but the translational and rotational motions of the molecules are dramatically reduced in the 

glass. The viscosity of the system increases to approximately 1013 poise, meaning that the 

physical appearance of the material is now more similar to that of a solid than a liquid. At the point 

of glass formation, the enthalpy and volume of the system are no longer able to relax in line with 

the cooling programme and therefore deviate from the liquid line as shown in Figure 1.3 (Craig et 

al., 1999). 

For both thermodynamic and kinetic reasons, the preparation of glasses is easy for some 

materials but very difficult for others. Thermodynamically, the free energy difference between the 

crystalline and glassy states will influence the stability of the glass, with greater differences 

promoting crystallisation and therefore poor-glass forming properties. Kinetically, slow 

crystallisation rates of the material favour glass formation (Yu, 2001). 

It is important to note that amorphous solids are also prepared by methods other than melt-

quenching. In this project, glasses are primarily prepared by solvent removal techniques such as 
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spray drying. These methods promote glass formation by rapidly drying solutions so that there is 

insufficient time for crystallisation of the solutes as they form a solid phase. The theoretical 

background of spray drying is covered in Chapter 2.  

1.4.3 Glass transition temperature 

The Tg of an amorphous system is the temperature at which changes in the physical state of the 

material take place, from a rubbery viscous liquid to a glassy solid material. Amorphous systems 

are characterised by their thermodynamic instability due to the excess enthalpy and entropy 

trapped in the glassy material, which tends to be released over time at temperatures near the Tg. 

Therefore, the Tg is generally the main parameter of interest when characterising glasses because 

it is often used to determine the physical and chemical stability of the material (Craig et al., 1999). 

Super-cooled liquids vitrify at approximately 2/3 to 4/5 of their Tm when measured in Kelvins 

(Fukuoka et al., 1991). Unlike Tm, the Tg is a kinetic parameter which depends on both the thermal 

history of the material and the scanning rate used to measure it. Although the Tg is often described 

by a single temperature value, the glass transition actually occurs over a temperature range, so 

it may be necessary to consider the onset, mid-point and endpoint temperature of the transition. 

Several material properties change at the Tg and can hence be used to measure it, such as the 

heat capacity (Cp) and volume of the sample. For pharmaceutical materials, the main technique 

used for measuring the Tg of amorphous materials is differential scanning calorimetry (DSC) 

which measures the step change in Cp as a material transitions from the glassy state to a super-

cooled liquid, or vice versa. Other techniques, such as dynamic mechanical analysis, can also be 

used to measure this important property.  

The thermal history of the material defines its true Tg. This concept can be explained by 

considering the conditions of glass formation from a super-cooled liquid state. If a super-cooled 

liquid is rapidly cooled then there is limited time available for the molecules to pack efficiently, 

resulting in a glass forming at a higher temperature which has higher enthalpy and volume. 

However, if the same super-cooled liquid is cooled at a slower rate, the molecules have time to 

pack more efficiently meaning the Tg is reached at a lower temperature, and consequently the 

glass formed has lower enthalpy and volume. The thermal history in this example is the cooling 

rate used to form the glass. It is important to note that there is a theoretical lower limit to the value 

of a Tg for a particular system, referred to as the Kauzmann temperature (Tk), which is the 

temperature at which the thermodynamic properties of the super-cooled liquid converge with 

those of the crystalline material when extrapolated to temperatures below the Tg (Figure 1.3) 

(Kauzmann, 1948). This hypothetical point is considered to be the point at which the 

configurational entropy of the system reaches zero, which is significant for the physical stability 

of the glass and may be a useful indicator of the long-term storage stability of amorphous solids 

(Hancock and Zografi, 1997). 

When the Tg is measured by DSC on cooling the scanning rate used will affect the Tg measured 

as described above, because the scanning rate defines the conditions of glass formation. 

However, for practical reasons the Tg of materials are often measured on heating which is 

associated with two main issues. Firstly, the scanning rate will still affect the Tg measurement 
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since it is a kinetic event and is therefore highly dependent on the heating programme. However, 

this will not reflect the true Tg of the glass as it does on cooling. Secondly, structural relaxation 

occurs in the glass when it is aged at temperatures below the Tg which manifests as a endothermic 

response super-imposed on the baseline shift in heat flow, often masking the Tg and making it 

difficult to measure (Craig et al., 1999). In an aged glass, the cause of this endothermic event is 

as follows. The glass is not in a thermodynamic equilibrium state at its storage temperature below 

Tg, therefore the glass continues to slowly relax over time, reducing its enthalpy and volume and 

thereby increasing its density as it loses free energy. This loss of enthalpy on storage results in 

the appearance of an endothermic peak when the glass is heated through its Tg due to the 

requirement for the absorption of heat to re-establish the enthalpy of the super-cooled liquid at T 

> Tg. Due to this enthalpic relaxation endotherm, heat-cool-heat cycles are commonly used to 

erase the thermal history of the material (i.e. the physical aging), allowing the Tg to be measured. 

The development of modulated temperature DSC (MTDSC) allows the two separate processes 

of the Tg and enthalpic relaxation to be separated, meaning that the Tg of aged glasses can be 

measured in a single heating cycle with this technique (Craig and Reading, 2007). It should be 

noted that the scanning rate used will also affect the sensitivity of detection of the Tg, with faster 

heating rates having improved sensitivity.  

1.4.4 Crystallisation from the amorphous state 

Crystallisation from the amorphous state is frequently referred to in the experimental chapters, 

and the theory of nucleation and crystal growth described in Section 1.3.2 also applies to 

crystallisation in amorphous materials. However, the effect of the physical changes that occur in 

the super-cooled liquid with temperature must also be considered in these systems. The classical 

or “first approximation” view of crystallisation in glass forming systems states that nucleation and 

crystal growth can only occur in the temperature window between the Tm and Tg of the material 

(Bhugra and Pikal, 2008). Since nucleation is favoured at higher degrees of super-cooling, and 

crystal growth is favoured at lower degrees of super-cooling, there is only a small temperature 

window in which both processes, and therefore crystallisation, can occur. This view has been 

shown to be somewhat simplistic as both nucleation and crystal growth can occur below the Tg 

(Yoshioka et al., 1994). In addition, more recent work investigating the local fast molecular mobility 

in the amorphous state (known as Johari-Goldstein β relaxations) indicated that crystallisation 

can occur at temperatures far below the Tg, but the temperature at which β relaxations occurred 

(Tβ) correlated excellently with the onset of crystallisation in several amorphous drugs (Sibik et 

al., 2015). Nevertheless, the principle remains that crystallisation will primarily occur within a 

narrow temperature range in amorphous materials due to a combination of kinetic and 

thermodynamic effects. 

The factors that affect crystallisation from the amorphous state have been extensively reviewed 

(Bhugra and Pikal, 2008). Molecular mobility is considered a key parameter affecting 

crystallisation from the amorphous state because viscosity dramatically changes as a function of 

temperature in amorphous materials. In light of this, crystallisation requires sufficient mobility to 

allow reorganisation of the molecules into a crystalline phase. Thermodynamic parameters, such 

as the free energy difference between the crystalline and super-cooled liquid states, also play a 
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role in determining the physical stability of amorphous phases. Additionally, additives in the 

amorphous state, such as pharmaceutical excipients, have an effect on crystallisation which is 

discussed further in Section 1.9. 

The majority of the crystallisation experiments performed in this project are cold crystallisations. 

This is a phenomenon that occurs when an amorphous material is heated above the Tg. If a glass 

was produced rapidly, for example by melt-quenching or spray drying, there is insufficient time for 

crystallisation to occur on cooling. However, once a glass is heated and transitions into the super-

cooled liquid state the molecules have sufficient molecular mobility to begin crystallising and 

crystallisation therefore occurs on heating. This is typically observed in DSC experiments as an 

exothermic peak between the Tg and Tm of an amorphous material (Wellen and Rabello, 2005). 

1.4.5 Pharmaceutical relevance 

Amorphous solids are pharmaceutically relevant for a number of reasons. Firstly, glasses have a 

number of properties that can be advantageous for a pharmaceutical perspective; namely, 

increased apparent solubilities and dissolution rates compared to their crystalline counterparts. 

Secondly, many pharmaceutical excipients are fully or partially amorphous materials, such 

poly(D,L-lactic-co-glycolic acid) (PLGA) and poly(vinyl pyrrolidone) (PVP) which are polymers 

used throughout this work. Thirdly, many of the processes used in pharmaceutical development 

are able to process APIs into glasses, such as spray drying, freeze drying and hot melt extrusion 

(Yu, 2001). Due to a combination of these factors, a growing number of amorphous formulations 

are being marketed, particularly solid dispersion systems which are discussed further in Section 

1.7.  
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1.5 Overview of Drug-Polymer Dispersions 

Drug-polymer dispersions are formulations in which an API is dispersed throughout a polymeric 

carrier. There are many different pharmaceutical polymers available which can be classified by 

their solid state as either fully amorphous, semi-crystalline or crystalline. The physical state of the 

polymers can vary between grades and can also be changed through processing the materials. 

All of the polymers used in this project are fully amorphous materials.  

The solid state of drug-polymer dispersions produced with fully amorphous polymers can be 

broadly categorised as either a molecular dispersion, an amorphous/amorphous dispersion or an 

amorphous/crystalline dispersion (Figure 1.4) (Huang and Dai, 2014).  

 

Figure 1.4 – Schematic depiction of the three possible structures of a drug-polymer dispersion produced 
with an amorphous polymer. Red circles represent drug molecules and blue lines represent polymer chains. 

A molecular dispersion is a single phase system in which individual drug molecules are dispersed 

throughout the amorphous polymer matrix. An amorphous/amorphous dispersion is a two phase 

system, where there are amorphous polymer-rich domains and amorphous drug-rich domains. 

Finally, an amorphous/crystalline dispersion is also a two phase system, where there are 

amorphous polymer-rich domains and a crystalline drug domains. The solid state achieved for a 

particular system will be influenced by the physical properties of the drug and polymer, and the 

processing method used (Huang and Dai, 2014). It is important to note that the physical form of 

the dispersion can change over time (Lin et al., 2018), which is discussed further in Section 1.8. 

The main applications of drug-polymer dispersions are dissolution enhancement of poorly soluble 

drugs (e.g. solid dispersion technology) and controlled release (e.g. PLGA microparticles). The 

polymer properties determine whether the formulation will provide dissolution enhancement or 

controlled release. The drug-polymer dispersion formulations relevant to this project, PLGA 

microparticles and solid dispersions, are reviewed in the following sections. 

1.6 PLGA Microparticles 

1.6.1 Overview 

PLGA microparticles are drug delivery formulations composed of a biodegradable polymer matrix 

which releases an encapsulated drug as it degrades over a time period of days to months. The 

microparticles tend to be spherical and have diameters in the low micron range (Mao et al., 
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2012a). A diverse range of APIs have been encapsulated in these particles including small 

molecules (Cheng et al., 1998), peptides (Schoubben et al., 2010), proteins (Hamishehkar et al., 

2009) and genes (Parsa et al., 2008). PLGA microparticles are generally administered 

parenterally into subcutaneous (SC) or intramuscular (IM) tissue because the long degradation 

time and small particle size of these formulations makes them particularly suited for use in long-

acting injections.  

PLGA is a fully amorphous polymer, therefore the solid state of PLGA microparticle formulations 

can be any of the three possible structures depicted in Figure 1.4. Progesterone-loaded PLGA 

microparticles are a good example of how the physical state of the API may change in the 

formulation with both drug load and time. DSC analysis performed in a study by Rosilio et al. 

indicated that progesterone-PLGA formulations were molecularly dispersed when the drug 

loading was <35% w/w, yet crystalline domains were observed when the drug load was greater 

than this. In addition, progesterone was shown to crystallise on storage in the formulations with 

drug loads <35% w/w, showing physical instability in these systems (Rosilio et al., 1991). A 

number of PLGA microparticle formulations have also been shown to have phase separated 

amorphous domains. For example, rifampicin, fusidic acid, and ciclosporin A loaded PLGA 

microparticles were all demonstrated to be amorphous/amorphous dispersions, with spherical 

drug-rich domains present at the surface of the particles (Passerini and Craig, 2002; Gilchrist et 

al., 2012). 

Microparticles can be produced by a number of well-established processes, with phase 

separation, emulsion-solvent evaporation, and spray drying/freeze drying methods commonly 

used for the commercial manufacture of microparticle products (Mao et al., 2012b). In this work, 

microparticle formulations are produced by spray drying and the less well known temperature-

induced phase separation (TIPS) methods. 

1.6.2 Licensed products 

PLGA and its homopolymer poly(lactic acid) (PLA) are currently the only controlled release 

polymers with a proven safety history for parenteral administration and approved for use by major 

pharmaceutical regulators (Makadia and Siegel, 2011). Consequently, all licensed parenteral 

polymeric microparticle formulations use either PLGA or PLA as the controlled release matrix 

(Table 1.2). These formulations encapsulate a wide range of APIs including small molecules, 

peptides and proteins and offer dosing frequencies ranging from weekly (Bydureon®), to six 

monthly (Lupron Depot®, 6-month) (Kumar and Palmieri Jr, 2010; Hu et al., 2012; Mao et al., 

2012a). The licensed products also cover a variety of indications, including diabetes mellitus, 

prostate cancer, schizophrenia and alcohol addiction.  

Sustained delivery of biopharmaceuticals, such as peptides, is possible with this technology and 

this has been the main commercial application with numerous products available (Table 1.2). 

Biopharmaceuticals tend to have very low oral bioavailability due to multiple factors including 

degradation due to the acidic environment of the stomach and presence of proteases in the small 

intestine, and their low permeability across the wall of the gastrointestinal tract. For this reason, 

biopharmaceuticals are almost exclusively administered parenterally and if a molecule has a short 
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half-life (which is the case for many peptides) multiple daily injections are required using traditional 

SC or IM injections. However, sustained release formulations using PLGA or PLA microparticles 

have allowed dosing frequencies of up to six monthly, which is clearly a huge improvement in the 

delivery of biopharmaceuticals that are used in the treatment of chronic conditions. 

Table 1.2 – Summary of licensed PLGA/PLA microparticle products 

Trade Name  Drug  Drug Class Polymer Approved  

Vivitrol® Naltrexone  Small Molecule PLGA 2006  

Risperdal Consta®  Risperidone  Small Molecule  PLGA 2002  

Arestin® Minocycline  Small Molecule PLGA 2001 

Parlodel LA®/Parlodel LAR® Bromocriptine Small Molecule PLGA 2005 

Nutropin Depot® Somatotropin  Protein  PLGA 1998-2004 

Bydureon® Exenatide  Peptide  PLGA  2012  

Sandostatin® Octreotide  Peptide  PLGA 1998  

Lupron®/Enantone®  Leuprorelin  Peptide  PLGA/PLA 1995  

Decapeptyl®/Trelstar®/ 

Pamrorelin® LA  

Triptorelin  Peptide  PLGA 1986  

Somatuline® LA Lanreotide Peptide  PLGA 1998 

Suprecur® MP (Japan only) Buserelin Peptide PLGA 2002 

 

Several commercial products also formulate small molecule drugs in PLGA microparticles, such 

as risperidone (Risperdal Consta®) and naltrexone (Vivitrol®). Unlike peptides and proteins, 

parenteral delivery is not a necessity because these drugs are orally bioavailable. However, 

sustained parenteral delivery is attractive due to the indications of these molecules which are 

schizophrenia and alcohol addiction, respectively. Patient compliance can be assured and more 

stable drug blood-plasma levels can be achieved by administering these drugs as sustained 

release injections (Eerdekens et al., 2004; Mannaert et al., 2005). Additionally, with the increasing 

number of highly potent but poorly soluble small molecule APIs in the development pipeline, long-

acting microparticle injections offer an alternative formulation strategy for molecules that cannot 

be made suitably bioavailable via the oral route, particularly those in Biopharmaceutics 

Classification System (BCS) Class IV (Wischke and Schwendeman, 2008). 

1.6.3 Formulation considerations 

Microparticles are a free flowing dry powder which need to be suspended in a solvent before 

being administered parenterally through a hypodermic needle. The average size and size 

distribution of the microparticles are important because this will affect the syringeability and 

injectability of the formulation. The literature value of an acceptable microparticle diameter for 

parenteral administration is less than 50 µm, but exact limits will depend on the gauge of needle 

used (Mao et al., 2012a). The viscosity, density and flow of the suspension also need to be 

considered as these factors will influence injection performance (Cilurzo et al., 2011). For viscosity 

to be at an acceptable level, the maximum concentration of the microparticle suspension is 

approximately 20% w/v. The maximum injection volume for SC and IM routes is 2 mL and typical 

API loads achieved in PLGA microparticles for water soluble drugs can be limited to 20% w/w, 

although much higher loads are possible for hydrophobic drugs (Mao et al., 2012a). Microparticles 
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are therefore only suitable for the delivery of highly potent APIs because administering high doses 

is not possible with this technology.  

Formulations administered via the parenteral route need to be sterile and pyrogen free. To 

achieve this, microparticles have to be prepared in aseptic conditions or be terminally sterilised. 

Terminal sterilisation by gamma irradiation or heat can degrade the microparticles or reduce the 

polymer molecular weight so microparticles are generally prepared in aseptic conditions (Kumar 

and Palmieri Jr, 2010). This adds a further layer of complexity to the formulation manufacture and 

increases cost. 

When PLGA microparticles degrade, an acidic microenvironment (dropping as low as pH 1.5) is 

generated inside the particles (Fu et al., 2000). This can adversely affect the stability of some 

drugs (particularly proteins and peptides) that are encapsulated in the polymer matrix, and 

therefore the chemical stability of the API needs to be considered when deciding the formulation 

strategy. This can be a particular problem for proteins and peptides because these have amide 

bonds that are susceptible to acid-catalysed hydrolysis. 

1.6.4  Biodegradation of PLGA microparticles 

In an aqueous environment PLGA undergoes hydrolytic degradation due to random hydrolysis of 

the ester linkages in the polymer backbone (Makadia and Siegel, 2011). This results in scission 

of the long polymer chains which both reduces the molecular weight of the polymer and increases 

its hydrophilicity as carboxylic acid and hydroxyl groups become exposed. As the polymer 

continues to be hydrolysed, oligomers (approximately 1,100 MW) become water soluble and are 

finally broken down into the monomers of lactic acid (LA) and glycolic acid (GA). These 

degradation products are endogenous to the body and can be utilised by metabolic pathways, 

such as the Krebs cycle (Kapoor et al., 2015). PLGA can also undergo auto-catalytic degradation. 

This occurs when the acidic products of the degradation process become trapped in the polymer 

matrix, creating an acidic microenvironment as discussed above. The ester linkages in the 

polymer backbone are then hydrolysed by acid-catalysed ester hydrolysis which increases the 

rate of polymer degradation. The microparticle size and structure can therefore affect the 

degradation rate of the polymer, which in turn affects the rate of drug release. Larger particles 

have been shown to have a greater auto-catalytic degradation effect, relative to small particles, 

due to the longer diffusion distances that the acidic molecules have to cover before they can 

escape into the bulk media (Klose et al., 2006). Additionally, particles with increased porosity 

have a reduced auto-catalytic effect because there are more diffusion pathways for the acidic 

molecules to escape from the particle (Klose et al., 2006). 

The two-stage degradation of PLGA microparticles involves both hydrolytic depolymerisation of 

the polymer (degradation), followed by a loss of mass (erosion) and a potential increase in rate 

of degradation due to the auto-catalysis effect described above (Tamber et al., 2005). Depending 

on the grade of PLGA and microstructure of the matrix, surface or bulk erosion will predominate 

and this will affect the significance of the auto-catalytic degradation. Bulk erosion is the main 

mechanism encountered in pharmaceutical formulations since the more hydrophilic PLGA grades 

are commonly used for drug delivery applications (Chen et al., 2006; Fredenberg et al., 2011). 
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The polymer composition (LA:GA ratio) is a critical factor that affects the rate of polymer 

degradation. The LA monomer is more hydrophobic than GA and its polymer PLA has a slower 

degradation rate than poly(glycolic acid) due to the slower rate of water uptake. Therefore, grades 

with a higher LA ratio have slower degradation times and hence prolonged controlled release 

(Park, 1995). The polymer end group also affects the rate of hydrolytic degradation because 

grades with an ester end group are more resistant to hydrolysis and thus have longer degradation 

times compared to the carboxylic acid capped grades. This is thought to be because the acid end 

groups can initiate the auto-catalytic degradation process described above and also increase the 

relative hydrophilicity of the polymer (Kapoor et al., 2015). 

Polymer molecular weight is directly related to both viscosity and chain length. Microparticles 

produced with PLGA grades with a higher molecular weight also have greater degradation times 

because it takes more time to degrade the longer chains; thus, the molecular weight of PLGA can 

affect drug release profiles. Additionally, polymers with shorter chain lengths have a lower Tg and 

upon plasticisation by water in an aqueous environment can pass through the glass transition and 

enter the rubbery state which is more susceptible to erosion and can increase the rate of 

degradation. Polymers with longer chain lengths may remain in the glassy state due to their higher 

Tg which will result in longer degradation times (Park, 1994). 

1.6.5 Release mechanisms from PLGA microparticles 

Drug release profiles from PLGA microparticle formulations are often associated with an initial 

burst of drug release followed by zero-order sustained release that is mediated by the erosion of 

the polymer (Huang and Brazel, 2001). The burst is a diffusion-mediated event and involves 

release and dissolution of drug molecules that have easy access to the particle surface (Sah et 

al., 1994), with its extent and rate being dependent on both the thermodynamic (drug and polymer 

miscibility) and transport (diffusion pathways and polymer annealing) properties of the system 

(Allison, 2008). Many formulation properties have been shown to influence burst release, 

including particle size (Berkland et al., 2002, 2004), drug solubility and location (Berkland et al., 

2004; Allison, 2008), polymer matrix microstructure (Messaritaki et al., 2005; Allison, 2008), and 

particle surface morphology (Bouissou et al., 2006; Allison, 2008). 

Understanding the release of encapsulated APIs from PLGA microparticles is non-trivial because 

there are multiple release mechanisms and numerous factors that can influence the rate of 

release. A brief summary of these factors and mechanisms are presented, and readers are 

directed to the excellent review by Fredenberg et al. for more information (Fredenberg et al., 

2011).  

An encapsulated drug can be released from a PLGA microparticle by four true release 

mechanisms: diffusion through the polymer matrix, diffusion through water-filled pores, osmotic 

pumping and erosion (Fredenberg et al., 2011). These processes describe the different possible 

ways in which the drug can be released from the particle. The release mechanism used by a 

particular formulation will be dependent on the physicochemical properties of the API, the 

intermolecular interactions it can form with the polymer, and the size and structure of the 

microparticles. There are also a number of different processes and properties which affect the 
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rate of release but are not true release mechanisms; for example, closure of pores on the particle 

surface (Kang and Schwendeman, 2003), formation of cracks (Matsumoto et al., 2006), drug-

polymer solubility (Panyam et al., 2004), polymer relaxation (Gagliardi et al., 2010), and specific 

interactions between the drug and polymer (Manuela Gaspar et al., 1998). To optimise the release 

profile for a particular system it is important to understand the key release mechanisms and 

factors affecting the release rate of the drug.  

1.7 Solid Dispersions 

1.7.1 Overview 

Solid dispersions aim to increase the oral bioavailability of poorly water soluble drugs through 

enhancing the dissolution rate and increasing the apparent solubility of the API. These 

formulations were traditionally defined as a dispersion of one or more drugs in an inert carrier or 

matrix at the solid state prepared by solvent, melting or solvent–melting methods (Chiou and 

Riegelman, 1971). The greatest interest has been in drug-polymer systems in which the drug is 

dispersed throughout an amorphous matrix of a highly water soluble polymer. The final physical 

form of these systems are dependent on the properties of the drug and polymer, as well as the 

processing method used. The main methods of production of amorphous solid dispersions are 

hot melt extrusion (HME) and spray drying, and the filaments (HME) or microparticles (spray 

drying) produced are then further processed into solid oral dosage forms (Huang and Dai, 2014). 

Solid dispersions are produced in this thesis using the spray drying method, and API 

crystallisation within these systems is studied with a particular focus on understanding how 

crystallisation in polymer dispersions influences drug polymorphism. 

1.7.2 Licensed products 

There are a number of licensed products that use amorphous solid dispersion technology, with 

the majority of these being approved within the last 15 years (Table 1.3).  

Table 1.3 – Licensed products that use amorphous solid dispersions (adapted from Lin et al., 2018) 

Trade Name  Drug Polymer Preparation 

Process 

Approved 

Casamet® Nabilone PVP N/A 1985 

Sporanox® Itraconazole HPMC Spray drying 1992 

Prograf® Tacrolimus HPMC Spray drying 1994 

Gris-PEG® Grisofulvin PEG HME 2000 

Crestor® Rosuvastatin HPMC Spray drying 2002 

Cymbalta® Duloxetine HPMCAS N/A 2004 

Kaletra® Lopinavir/ritonavir PVP-VA HME 2005 

Eucreas® Vidagliptin/Metformin HPC HME 2005 

Intelence® Etravirine HPMC Spray drying 2008 

Onmel® Itraconazole HPMC HME 2010 

Fenoglide® Fenofibrate PEG/Polaxamer 188 Spray melt 2010 

Norvir® Ritonavir PVP-VA HME 2010 

Incivo® Telaprevir HPMCAS Spray drying 2011 

Noxafil® Posaconazole HPMCAS HME 2013 

Orkambi® Lumacaftor/ivacaftor HPMCAS/SLS HME 2015 
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There has been significant interest and research into solid dispersions with thousands of 

publications in this area since this technology was first described in the early 1960s (Sekiguchi 

and Obi, 1961). In this context, there are surprisingly few marketed products, particularly when 

one considers the high number of poorly water soluble drugs in the development pipeline and the 

significant increases in bioavailability that can be achieved using this technology. Some of the 

main issues with using solid dispersions commercially have been a lack of understanding of their 

solid state structure and dissolution enhancement mechanisms, and potential physical stability 

issues due to use of the amorphous state which may recrystallise on storage, altering the 

dissolution performance (Craig, 2002; Grohganz et al., 2014). 

1.7.3 Mechanisms of increased dissolution rate and apparent solubility 

Increased in vivo bioavailability is the ultimate goal of solid dispersions and this is achieved by 

getting the maximum amount of drug into solution as quickly as possible, which increases 

absorption by generating greater concentration gradients across the walls of the gastrointestinal 

tract. This has been demonstrated for many systems, for example the blood-plasma area under 

the curve (AUC) of ritonavir was increased 22-fold in an in vivo dog model when formulated as 

an amorphous solid dispersion, compared to the unformulated crystalline form (Law et al., 2004). 

The potential mechanisms by which solid dispersions achieve increased apparent solubility and 

dissolution rates are discussed below. 

1.7.3.1 Dissolution Rate 

The dissolution rates of drugs formulated in amorphous solid dispersions are often significantly 

higher relative to unformulated drug crystals. There are a number of potential mechanisms for 

this increase in dissolution rate, which may be closely linked to the physical nature of the solid 

dispersion. 

Reduced particle size of the drug crystals is one mechanism by which the dissolution rate can be 

increased. Depending on the processing method used, the drug particle size may be infinitely 

small (in the case of a molecular dispersion) which results in a large increase in surface area and 

will therefore increase dissolution rate as described by the Noyes-Whitney equation (Equation 2.8 

in Chapter 2). The use of highly hydrophilic polymer matrices can also improve the wettability of 

the drug particles/molecules and therefore aid the dissolution process (Craig, 2002). 

Craig proposed two release mechanisms from solid dispersion systems produced with water 

soluble polymers: carrier-controlled dissolution and drug-controlled dissolution (Craig, 2002). In 

carrier-controlled dissolution, the drug dissolution rate is determined by the dissolution rate of the 

polymer. In this scenario, it is proposed that drug particles in the solid dispersion can rapidly 

dissolve in the hydrated polymer layer that forms at the dissolving surface of the formulation. The 

viscosity of this layer is high and therefore the diffusion of the drug molecules out of this layer is 

slow, meaning the rate of release into the bulk media is therefore controlled by the dissolution of 

the polymer itself. In formulations that operate by this mechanism, the drug properties (particle 

size and physical form) are less important because it is the polymer properties that control 

release. In drug-controlled dissolution, the drug particles are unable to rapidly dissolve into the 
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hydrated polymer layer and hence are released into the bulk media as intact particles. Therefore, 

in these systems the drug properties determine the dissolution rate. 

The mechanisms proposed by Craig help explain why for some systems the physical form of the 

drug is vital for achieving improved dissolution, whereas for others it appears to have minimal 

effect. Based on this theory, it is the solubility of the drug in the hydrated polymer layer at the 

liquid-solid interface that determines the mechanism of release. 

1.7.3.2 Supersaturation effect 

A way of further increasing oral bioavailability is to generate a supersaturated solution in the 

gastrointestinal tract. This can be achieved by solid dispersions if the drug is present in the 

amorphous state, since this physical form has a higher apparent solubility relative to the crystalline 

state. A major issue with this mechanism of bioavailability enhancement is precipitation of the 

unstable fraction of the drug out of solution before it has been absorbed. To overcome this, a 

“spring and parachute” approach was proposed by Guzmán et al. in which a “spring” is used to 

rapidly achieve the supersaturated state (i.e. the amorphous form of the drug), and a “parachute” 

is used to maintain the supersaturation level (i.e. precipitation inhibitors) for a time period sufficient 

for absorption to occur (Guzmán et al., 2007). Amorphous solid dispersions are well-suited to this 

approach because they can be designed to have both a “spring” by formulating the drug in the 

amorphous state, and a “parachute” because many hydrophilic polymers typically used in solid 

dispersions are very good precipitation inhibitors (Brouwers et al., 2009). 

1.8 Physical Stability of Drug-Polymer Dispersions 

Drug-polymer dispersions have many advantages over traditional pharmaceutical formulations, 

such as prolonged release profiles (in the case of PLGA microparticles), and increased oral 

bioavailability (in the case of solid dispersions). The processing methods and polymers commonly 

used to fabricate these dispersions tend to generate the amorphous form of the API which can 

be advantageous as discussed above. However, the main limitation of amorphous drug-polymer 

dispersions is their long-term physical stability, which can result in recrystallisation or phase 

separation of the API on storage. For example, felodipine was found to recrystallise in amorphous 

solid dispersion systems produced with either PVP or HPMCAS, and the crystallisation kinetics 

were shown to be influenced by the polymer selection, drug load and storage conditions 

(Rumondor et al., 2009b). This is of significance because changes in the physical form of the drug 

can affect the in vitro and in vivo dissolution performance of the formulation. For example, Knopp 

et al. recently demonstrated this for celecoxib solid dispersion systems; an increase in celecoxib 

crystallinity in the formulations correlated with reduced in vitro AUC in the dissolution profiles and 

in vivo AUC in the blood-plasma concentrations (Knopp et al., 2018). Together, these studies 

demonstrate the vital connection between the physical stability of drug-polymer dispersions and 

their performance, and highlight why it is important to attempt to understand the physical stability 

of these systems, which is an area addressed in this project. 

Understanding the physical stability of drug-polymer dispersions can represent a significant 

challenge, particularly for molecularly dispersed systems. Amorphous/crystalline dispersions 

should be physically stable providing that the drug is in its lowest energy polymorphic form, which 
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is one of the main arguments for developing nanocrystalline solid dispersion formulations 

(Thombre et al., 2012). Conversely, amorphous/amorphous dispersions may be kinetically stable 

but are almost certainly thermodynamically unstable, providing a crystalline form of the drug 

exists. However, the physical stability of single-phase molecular dispersions are less obvious, 

and both the thermodynamic and kinetic stability need to be considered. 

To produce a stable molecular dispersion of drug and polymer, the amorphous phases of the two 

components must be miscible. Miscibility refers to the thermodynamic stability of mixed 

amorphous phases and is a simple concept when the molecules involved can only exist in the 

amorphous state under the conditions in question (e.g. two fully amorphous polymers or two liquid 

solvents) (Qian et al., 2010). In this scenario, the miscibility level will determine the maximum 

amount of one component that can be molecularly dispersed in the second component without 

risk of phase separation occurring. However, for drug-polymer systems the miscibility of the 

amorphous drug and polymer phases is complicated by the fact that the amorphous drug can 

usually also exist in the crystalline state. Therefore, although the amorphous drug and polymer 

phases may be miscible, the solubility of the crystalline drug in the amorphous polymer phase 

must also be considered to determine whether a drug-polymer dispersion is truly stable (Qian et 

al., 2010). Consequently, when considering the thermodynamic stability of drug-polymer 

molecular dispersions, the amorphous polymer matrix is best viewed as a solvent with the 

dispersed drug molecules forming the solutes.  

A thermodynamic solubility equilibrium exists for the solute drug molecules in the polymer solvent 

system, which is also the case for dissolved drug molecules in traditional liquid solvent systems. 

Therefore, the drug-polymer dispersion will be thermodynamically stable if the drug concentration 

in the polymer matrix is below the solubility of its crystalline form in the polymer. The drug-polymer 

solubility level is temperature-dependent and is defined by the enthalpy and entropy of mixing, 

although the relative contribution of each is uncertain (Marsac et al., 2006b). Measuring the 

equilibrium drug-polymer solubility is essential to understand the thermodynamic stability of 

molecular dispersions, and several experimental methods and modelling approaches have been 

developed which are discussed further in Chapter 4.  

Molecular dispersions can therefore be classed as either unsaturated glasses (thermodynamically 

stable) or supersaturated glasses (thermodynamically unstable) at any given temperature. Drug-

polymer solubility is difficult to measure at temperatures relevant to storage conditions of 

pharmaceutical products because most drug-polymer dispersions are in the glassy state under 

these conditions which makes equilibrium kinetics very slow. Drug-polymer solubility is therefore 

typically assessed at elevated temperatures and these measurements can be used to inform 

decisions on drug loading which is explored in Chapter 4 (Qian et al., 2010). 

Although the slow equilibrium kinetics in the glassy state make measuring drug-polymer solubility 

difficult, they can allow supersaturated glasses to be kinetically stable for significant time periods. 

Kinetic stability is when the crystallisation of the dispersed API in a supersaturated glass is 

hindered by the very high viscosity and low molecular mobility in this state. The kinetic stability of 

supersaturated systems has been extensively investigated, with the Tg often being quoted as the 



Chapter 1 

46 
 

main parameter of interest when predicting the long-term physical stability. A rule often stated is 

that providing the storage temperature is over 50 °C below the Tg then the system is likely to 

remain kinetically stable for the lifetime of a pharmaceutical product (Hancock et al., 1995). Again, 

the kinetic stability of supersaturated glasses is discussed in more detail in Chapter 4.  

A hypothetical phase diagram for molecularly dispersed drug-polymer systems was proposed by 

Qian et al. to describe the various potential scenarios (Figure 1.5) (Qian et al., 2010).  

 

Figure 1.5 – Hypothetical phase diagram for drug-polymer molecular dispersions (adapted from Qian, Huang 
and Hussain, 2010)  

There are six possible regions of the phase diagram, divided by the drug-polymer miscibility level, 

drug-polymer solubility level and the Tg of the dispersion. Zones I and II of the diagram are 

thermodynamically stable phases because the drug load is lower than the solubility in the polymer, 

with the dispersion being a glass in zone I and a super-cooled liquid in zone II. A stable molecular 

dispersion will be produced if the formulation is in these regions of the phase diagram. Zones III 

and IV of the phase diagram are metastable since the drug is above its solubility level in the 

polymer but below its miscibility level. The two phases are therefore supersaturated relative to 

the solubility of the crystalline drug, meaning it may crystallise to its lower energy form. However, 

the two amorphous components are still fully miscible so there is less of a thermodynamic drive 

for crystallisation, and the low molecular mobility in the glass in zone III may kinetically stabilise 

the system. Zones V and VI of the phase diagram are most unstable because the drug load is 

above its miscibility level in the polymer and hence spontaneous amorphous/amorphous phase 

separation can occur which will destabilise the system and promote crystallisation of the API. 

There is no thermodynamic barrier to prevent crystallisation and although zone V may have kinetic 

stability due to the low molecular mobility in the glass, systems in zone VI can rapidly phase 

separate (Qian et al., 2010). 

Drug-polymer formulations will inevitably be in the glassy state under normal storage conditions, 

meaning the system will be in either zone I, III or V. Understanding which zone of the phase 

diagram the formulation is in is important for predicting the long-term physical stability of the 

system, and this issue is addressed later in the thesis. 
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Environmental effects also have an indirect influence on the physical stability of molecular 

dispersions via both thermodynamic and kinetic effects. The storage temperature clearly 

influences the stability; Figure 1.5 shows the thermodynamic effect of temperature on physical 

stability, but the kinetic effect must also be considered. Molecular mobility increases in the glass 

as the system approaches the Tg which can compromise the kinetic stability of supersaturated 

systems. Nucleation has been observed up to 20 °C below the Tg of pure amorphous 

indomethacin (Yoshioka et al., 1994), and it is reasonable to assume that this is also possible in 

supersaturated drug-polymer dispersions.  

The other major environmental factor is the relative humidity under which the dispersion is stored. 

Water molecules have high molecular mobility and can be absorbed by a dispersions if the system 

is exposed to humidity. Water is a strong plasticiser and has been shown to reduce the Tg of drug-

polymer dispersions, thereby reducing their kinetic stability (Shamblin and Zografi, 1999). 

Additionally, water molecules are both strong hydrogen bond donors and acceptors, so there is 

the potential that drug-polymer hydrogen bonding interactions may be disrupted which may affect 

both the thermodynamic and kinetic stability of the formulation (Rumondor et al., 2009a, 2010). 

1.9 Crystallisation in Drug-Polymer Dispersions 

Crystallisation of the API on storage is one of the greatest concerns when formulating drug-

polymer molecular dispersions. For this reason, the study of drug crystallisation in these 

formulations has been a significant area of interest, and advances have been made in 

understanding the potential crystallisation pathways and factors that may inhibit this process. The 

current state of the art regarding drug crystallisation in polymer matrices is summarised below 

since API recrystallisation in drug-polymer dispersions is a common theme throughout the later 

chapters of this thesis, with the main aims of using this approach being to measure drug-polymer 

solubility and study polymorphism. 

Two routes of drug crystallisation have been proposed in molecularly dispersed systems 

(Rumondor et al., 2009a). In the simplest scenario, the drug directly crystallises from the 

supersaturated molecularly dispersed state. Alternatively, a two-step process can occur of 

amorphous/amorphous phase separation followed by drug crystallisation in drug-rich amorphous 

domains. In the second scenario, the polymer is less able to inhibit crystallisation processes in 

the drug-rich regions, meaning the drug crystallisation kinetics may be accelerated. If the 

crystallisation routes are considered in the context the thermodynamic stability of the system as 

described in Figure 1.5, one would expect the drug to directly crystallise from the molecular 

dispersion if the system is in zones III or IV and for crystallisation to potentially occur via the two-

step process if the system is in zones V and VI of the phase diagram. 

It is important to consider the processes that are occurring on a molecular level when the drug 

crystallises directly from the molecularly dispersed state. The main complicating factor is the 

presence of large polymer molecules with low diffusivity in the phase from which the crystal is 

growing and therefore understanding what happens to these molecules during crystallisation. 

Zhang et al. recently proposed three locations the polymer can adopt as the drug crystallises from 

the molecularly dispersed state (Figure 1.6) (Zhang et al., 2017).  
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Figure 1.6 – Three possible polymer locations following drug crystallisation from a molecularly dispersed 
state (adapted from Zhang et al., 2017). Red diamonds represent drug molecules and blue lines represent 
polymer chains.  

The simplest scenario is that the polymer molecules are continually expelled from the growing 

crystal lattice during crystallisation. This would result in an accumulation of a polymer-rich phase 

at the crystal surface, therefore reducing the crystal growth rate with time. The other potential 

scenarios involve the polymer molecules becoming incorporated into the growing crystalline 

domain, either interstitially or by substitution. Kestur et al. investigated the crystallisation kinetics 

of felodipine in PVP dispersions and concluded that it was most likely that PVP was present as 

amorphous domains within the felodipine crystal (i.e. substitutional scenario) (Kestur et al., 2010). 

The authors ruled out continual expulsion of the polymer from the growing crystal based on the 

crystallisation kinetics observed and the calculated low diffusivity of the polymer molecules. X-ray 

diffraction data were used to exclude the possibility of interstitial incorporation of polymer 

molecules into the felodipine crystal. One would expect the lattice parameters to be affected if the 

large polymer molecules were incorporated interstitially into the crystal lattice; however, the lattice 

parameters of felodipine crystals grown from the pure amorphous state and molecularly dispersed 

state were the same. The majority of studies that investigate crystallisation from drug-polymer 

dispersions do not consider the location of the polymer during crystallisation, and further 

experimental investigation is required to better understand these hypothesised processes. 

There are a number of potential mechanisms by which the polymer may inhibit crystallisation of 

the amorphous API in supersaturated glasses. Most amorphous polymers have a significantly 

higher Tg than amorphous APIs and therefore have an anti-plasticising effect on the drug when 

the two are formulated as a molecular dispersion, resulting in reduced molecular mobility in the 

system and inhibition of crystallisation (Van den Mooter et al., 2001). However, inhibition of drug 

crystallisation has also been observed in several systems in which the addition of the polymer 

has no effect, or even reduces, the Tg of the drug-polymer system (Matsumoto and Zografi, 1999; 

Khougaz and Clas, 2000; Konno and Taylor, 2006). In the cited examples, the inhibitory effect of 

the polymer was attributed to the formation of hydrogen bond interactions between the polymer 

and drug molecules. These specific drug-polymer interactions can disrupt the formation of specific 

Continuous expulsion 

of polymer molecules 

from crystal lattice

Substitutional 

incorporation of 

regions of amorphous 

polymer into the 

crystal lattice 

Interstitial incorporation 

of polymer molecules 

into the crystal lattice 

Expulsion
Substitutional 

Incorporation

Interstitial 

Incorporation



Chapter 1 

49 
 

drug-drug interactions required for crystallisation (as proposed by Matsumoto and Zografi) and 

also reduce the molecular mobility of the drug molecules.  

The polymer has also been hypothesised to physically impede drug crystallisation from the 

molecularly dispersed state. Two mechanisms have been proposed: polymer accumulation and 

drug dilution. Polymer accumulation is based on the principle described above regarding the 

expulsion of polymer molecules from the growing crystal lattice, resulting in the formation of a 

concentrated polymer layer at the surface of a growing crystal which can impede the transport of 

drug molecules to the crystal, and thereby inhibiting further crystallisation occurring (Konno and 

Taylor, 2006). The principle of the drug dilution mechanism is that the addition of polymer 

molecules to the amorphous drug phase effectively dilutes the concentration of drug molecules, 

increasing diffusion pathways for crystallisation and thereby inhibiting the process (Konno and 

Taylor, 2006; Bhugra and Pikal, 2008). 

The effect of various formulation and environmental factors on the rate of crystallisation in these 

systems have been studied by several groups (Konno and Taylor, 2006; Rumondor et al., 2009b; 

Kestur et al., 2010; Kothari et al., 2015). Suryanarayanan’s group have measured molecular 

mobility in drug-polymer dispersions and investigated how this relates to the crystallisation rate. 

Factors such as the polymer concentration in the dispersion (Kothari et al., 2015), the strength of 

drug-polymer interactions (Mistry and Suryanarayanan, 2016), and temperature (Bhardwaj and 

Suryanarayanan, 2012) have all been successfully correlated to both the level of molecular 

mobility and crystallisation kinetics in these systems. These studies therefore show that multiple 

factors must be considered when assessing the stability of supersaturated glasses.  

One area in which there is a paucity of information is the effect that crystallising the drug from 

polymer matrices has on the physical form of the crystals obtained for polymorphic APIs. The 

focus of much of the research in the literature has been on whether crystallisation will occur in 

these amorphous systems, and if so, which factors predominantly determine the rate. Crystallising 

from polymer matrices to manipulate the physical form obtained is a relatively unexplored 

concept. Two studies have investigated the crystallisation of paracetamol in HPMC dispersions 

and found that the highly metastable form III crystallised from these systems (Gaisford et al., 

2010; Telford et al., 2016). This selective crystallisation of the highly metastable polymorph was 

attributed Ostwald’s rule of stages favouring the formation of the highest energy form which was 

then kinetically trapped in the viscous polymer phase. Computational simulations performed also 

indicated that the polymer played an active role in stabilising form III through intermolecular 

interactions at the crystal-polymer interface (Telford et al., 2016). These initial studies indicate 

that crystallisation of polymorphic drugs from polymer matrices warrant further investigation, 

particularly for the study of metastable forms and this is the primary focus of the final two 

experimental chapters of this thesis. 
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1.10 Thesis Aim 

Throughout the above literature review, it is clear that investigating and understanding the solid 

state of drug-polymer dispersions is important because this can affect their physical stability and 

dissolution performance which are both critical from a pharmaceutical perspective. This project 

addresses a number of questions regarding the solid state of dispersion systems of a model API, 

olanzapine, with several pharmaceutical polymers. 

The overarching aim of this thesis was to develop novel understanding of drug crystallisation 

behaviour in polymer dispersions via the use of new characterisation approaches. The intention 

was to develop new insights into the physical drivers for crystallisation, the means by which it can 

be detected and predicted, and the possibility of utilising this knowledge to manipulate the crystal 

form. This aim evolved as the project progressed which is evident through the development of the 

four experimental chapters. The initial project aim was to compare two manufacturing processes 

for the production of drug-polymer dispersions, specifically PLGA microparticles, and investigate 

the influence these processes had on the particles produced using a variety of analytical 

techniques. During the formulation of the olanzapine-PLGA microparticles interest arose 

regarding the physical stability of the amorphous system. Therefore, the aim progressed to 

understanding the thermodynamic stability of the olanzapine-PLGA phase through intentional 

recrystallisation of supersaturated glasses and measurement of the drug-polymer solubility level. 

This work led to the final aim of the project of understanding the phase transitions occurring in 

drug-polymer dispersions and characterising olanzapine crystallisation in these systems. 

Olanzapine is a polymorphic drug, therefore the focus was on determining the physical state of 

the drug in the recrystallised dispersions, and investigating whether the polymer molecules 

influence the polymorphic forms obtained. 

1.11 Thesis Overview 

An overview of the remaining sections of this thesis is provided below.  

Chapter 2 – Materials and Methods  

Reviews the materials and methods used throughout this project, provides instrument information, 

material sourcing and some experimental details. Specific experimental parameters are located 

in each experimental chapter. 

Chapter 3 – Experimental Chapter 

Focuses on the comparison of two microfabrication processes used to prepare PLGA 

microparticles. Olanzapine-PLGA formulations were prepared using optimised spray drying and 

TIPS processes, and the microparticles produced were characterised using a variety of analytical 

techniques to investigate the differences in structure and performance induced in the formulation 

by the different processes used. 

Chapter 4 – Experimental Chapter 

Focuses on assessing miscibility and measuring drug-polymer solubility for the olanzapine-PLGA 

system. The microparticle formulations produced in Chapter 3 were found to consist of a single 
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molecularly dispersed phase, which raised the question of how much olanzapine could be 

dispersed in the PLGA phase without risk of crystallisation occurring on storage. Supersaturated 

glasses were produced using the spray drying method developed in Chapter 3, and olanzapine 

was deliberately recrystallised to achieve the equilibrium drug-polymer solubility level. A number 

of different properties of the recrystallised dispersions were used to measure drug-polymer 

solubility, and the results of these were compared.  

Chapter 5 – Experimental Chapter  

Focuses on investigating olanzapine polymorphism in recrystallised drug-polymer dispersions. 

The research performed in Chapter 4 highlighted that it was difficult to identify which physical form 

of olanzapine was crystallising in the polymer dispersion using standard analytical techniques. In 

this chapter, supersaturated glasses of olanzapine were prepared with four different 

pharmaceutical polymers by spray drying. The crystallisation of olanzapine in these systems was 

studied using a simultaneous DSC-PXRD method, with the aim of investigating crystallisation 

from polymer matrices and assessing whether different polymers promote crystallisation of 

different polymorphic forms.  

Chapter 6 – Experimental Chapter 

Focuses on developing a process for the crystallisation and isolation of olanzapine form IV: a new 

polymorphic form discovered in Chapter 5. Olanzapine form IV has only been crystallised from 

polymer matrices, therefore a protocol was developed to recrystallise a supersaturated 

olanzapine-PVP glass and isolate the new form with high chemical and physical purity. The 

properties of form IV were then characterised and compared to olanzapine form I. 

Chapter 7 – Conclusions and Future Work  

Provides a summary of the main conclusions that can be drawn from the research performed 

during this project and suggests avenues for future work.  

 



Chapter 2 

52 
 

 

 

 

 

 

Chapter 2 

Materials and Methods 

 

  



Chapter 2 

53 
 

2 Materials and  Methods 

2.1 Materials  

2.1.1 Olanzapine 

Olanzapine, the model API used in this project, belongs to the thienobenzodiazepine class of 

drugs and is an atypical antipsychotic, antimanic, and mood stabilising agent. It is licensed for the 

maintenance treatment of schizophrenia (Bhana et al., 2001), and for treatment of moderate-

severe manic episodes in bipolar disorder (Narasimhan et al., 2007). 

Pre-clinical studies identified that olanzapine has a broad pharmacologic profile with binding 

affinity to serotonin 5-HT2A-C, adrenergic, histamine H1, dopamine D1-5 and muscarinic receptors; 

however, the main therapeutic effect is thought to be produced through its inverse agonistic effect 

on 5-HT2A serotonin receptors and antagonism of D2 dopamine receptors, although the exact 

mechanism of action remains unclear (Seeman, 2002). Like the majority of atypical antipsychotic 

agents, olanzapine has higher affinity for 5-HT2A than for D2 receptors which results in a more 

favourable adverse reaction profile compared to the first-generation antipsychotic drugs, such as 

reduced extrapyramidal effects and lower prolactin blood-plasma levels. 

Various formulations of olanzapine are currently licensed, with both oral and parenteral products 

available. ZypAdhera® is a long-acting depot injection of olanzapine embonate (a poorly soluble 

pamoate salt) which is administered by IM injection every 2-4 weeks (Chue and Chue, 2012). 

Long-acting injectable formulations of antipsychotic drugs were developed due to issues with 

compliance to oral therapy in patients with schizophrenia (Kaplan et al., 2013). 

The chemical structure of olanzapine is displayed in Figure 2.1 and its key physicochemical 

properties are presented in Table 2.1.  

 

Figure 2.1 – Chemical structure of olanzapine 

The solid state of olanzapine has been extensively studied in the literature, with anhydrous form I 

being the thermodynamically stable form. To date, the crystal structures of two anhydrous forms 

(I and II) (Wawrzycka-Gorczyca et al., 2004a; Thakuria and Nangia, 2011b; Bhardwaj et al., 

2013), three dihydrates (B, D and E) and a higher hydrate (Reutzel-Edens et al., 2003), 32 

solvates (Capuano et al., 2003; Wawrzycka-Gorczyca et al., 2004b, 2007; Ayala et al., 2006; 

Bhardwaj et al., 2013, 2018; Bojarska et al., 2013), two co-crystals (Nanubolu and Ravikumar, 

2017), and 14 protonated salts (Ravikumar et al., 2005; Thakuria and Nangia, 2011a, 2013; 

Kavitha et al., 2013; Sarmah et al., 2016, 2018) have been submitted to the Cambridge Structural 

Database (CSD). A third anhydrous polymorph, form III, has been identified, although a single 

crystal was not isolated because it could only be crystallised as a mixed phase with form II, 

therefore the crystal structure has not been determined (Bhardwaj et al., 2013). 
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Table 2.1 – Physicochemical properties of olanzapine 

Property Information Reference 

IUPAC name 2-Methyl-4-(4-methyl-1-piperazinyl)-

10H-thieno[2,3-b][1,5]benzodiazepine 

 

Chemical formula C17H20N4S  

Molecular weight 312.43 g/mol  

Density (ρ) 1.30 g/cm3  (Reutzel-Edens et al., 

2003) 

Melting point 195 °C (form I) (Bhardwaj et al., 2013) 

Glass transition temperature 70 °C (Bhardwaj et al., 2013) 

Water solubility  43 mg/L (Thakuria and Nangia, 

2011b) 

 

A computed crystal energy landscape was previously produced for olanzapine as part of a study 

which included a polymorph screen of over 400 crystallisation conditions (Bhardwaj et al., 2013). 

Greater than 40 forms (primarily solvates) of olanzapine were identified in the screen, making its 

solid state one of the most investigated in the literature. The results of the computed crystal 

energy landscape performed calculated that olanzapine molecules have a maximum packing 

efficiency of approximately 70%, resulting in space within the crystal structure for solvent 

molecules which explains why olanzapine is such a prolific solvate former (Bhardwaj et al., 2013). 

The crystalline structures of all of the anhydrous and solvated forms of olanzapine identified to 

date contain the same basic building block, referred to as the SC0 dimer motif, which consists of 

two olanzapine molecules interacting through van der Walls interactions, forming a dimer. The 

structure of the SC0 dimer is discussed further in Chapter 5 in the context of the discovery of a 

new olanzapine polymorph. 

Some of the key properties of the anhydrous polymorphs of olanzapine are displayed in Table 

2.2. It should be noted that the nomenclature of the olanzapine polymorphs has changed since 

the original patents were filed, and the currently recognised designations are used in this thesis 

(Bhardwaj et al., 2013). 

 

 

 



Table 2.2 – Anhydrous olanzapine polymorphs 

Designation Information Unit Cell Parameters CSD Refcode Reference 

Form I • Thermodynamically stable form 

• Melting point (onset) = 195 °C  

• Single crystal obtained allowing full structural characterisation 

• Previously referred to as form II 

Monoclinic 

Space group: P 21/c 

a (Å) = 10.328(3) 

b (Å) = 14.524(3) 

c (Å) = 10.500(3) 

β (°) = 100.606(14) 

V (Å3) = 1548.2(7) 

UNOGIN (Wawrzycka-Gorczyca et 

al., 2004a; Bhardwaj et al., 

2013) 

Form II • Metastable form – stable at room temperature for >10 months but 

rapidly converts to form I within 2 days at 40 °C 

• Melting point (onset) = 181 °C 

• Converts to form I on melting 

• Single crystal obtained through vapour phase via sublimation of 

olanzapine allowing full structural characterisation 

• Previously referred to as form IV 

Monoclinic 

Space group: P 21/c 

a (Å) = 9.8544(14) 

b (Å) = 16.314(2) 

c (Å) = 9.9754(12) 

β (°) = 98.304(8) 

V (Å3) = 1586.9(4) 

UNOGIN02 (Thakuria and Nangia, 

2011b; Bhardwaj et al., 

2013) 

Form III • Metastable form – stable at room temperature for >10 months but 

rapidly converts to form I within 2 days at 40 °C 

• Melting point (onset) = 170 °C 

• Converts to form I on melting 

• Difficult to isolate, usually present as mixture of form II and form III 

• Single crystal not obtained for full structural characterisation 

N/A N/A (Bhardwaj et al., 2013) 
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2.1.2 Poly(lactic-co-glycolic acid) 

PLGA is a synthetic linear copolymer that is comprised of GA, D-LA and L-LA monomers. PLGA 

can be synthesised by a number of different methods, resulting in different average molecular 

weights and sequencing (random or analogous) (Gentile et al., 2014). 

Many different grades of PLGA are commercially available which differ in three key properties: 

(1) composition (LA:GA ratio), (2) average molecular weight and (3) end group chemistry. The 

LA:GA ratio defines the relative hydrophobicity of the polymer, with higher GA content resulting 

in more hydrophilic grades with shorter aqueous degradation times. Common LA:GA ratios used 

are 50:50 and 75:25. The average molecular weight defines the intrinsic viscosity of the polymer 

grade and also influences degradation times, since the mechanism of degradation is chain-

scission where longer chains require more time to fully degrade. The end group chemistry also 

affects the hydrophilicity of the polymer grade, with either carboxylic acid end groups or ester end 

groups available. Typical in vivo degradation times of 50:50 grades of PLGA range from 2 weeks 

to 2 months, depending on the particular grade used and the geometry of the product (Kapoor et 

al., 2015). 

PLGA is a polyester that has been extensively investigated for drug delivery as it is both 

biocompatible and bioerodible. Importantly, PLGA is one of the few controlled release polymers 

to be approved by the FDA for parenteral delivery, so it has been widely investigated for delivery 

systems which aim to give prolonged release following an injection, such as implants, 

microparticles and nanoparticles (Schwendeman et al., 2014). 

The chemical structure of PLGA is displayed in Figure 2.2 and some of the key physicochemical 

properties of the grade used in this work are summarised in Table 2.3.  

 

Figure 2.2 – Chemical structure of PLGA 

All grades of poly(D,L-lactic-co-glycolic acid) are fully amorphous with a glass transition 

temperature in the region of 45-55 °C; however, poly(L-lactic-co-glycolic acid) has a crystalline 

form, with the melting point depending on the monomer ratio (Lan and Jia, 2006). 
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Table 2.3 – Key physicochemical properties of PLGA Purac® grade PDLG 5002A (Corbion, Netherlands) 

Property Information Reference 

IUPAC name  Poly(D,L-lactic-co-glycolic acid)  

Chemical formula [C3H4O2]x[C2H2O2]y  

General designation PLGA  

Molecular weight 17,000 g/mol (Corbion, 2014) 

Density (ρ) 1.34 g/cm3 (Kapoor et al., 2015) 

Glass transition temperature 45-50 °C (Kapoor et al., 2015) 

LA:GA ratio 50:50 (Corbion, 2014) 

End group chemistry Carboxylic acid (Corbion, 2014) 

 

2.1.3 Poly(lactic acid) 

PLA is a synthetic linear homopolymer formed of LA monomers and has been extensively studied 

for tissue engineering and drug delivery applications due to its biocompatibility and 

biodegradability. A number of reaction schemes have been developed for the synthesis of both 

the starting monomers (either racemic D,L-LA or L-LA) and the final product of high molecular 

weight grades of PLA (Hamad et al., 2015). The stereochemistry of the LA monomers used in the 

synthesis affects the physical form of the polymer produced; D,L-PLA is a fully amorphous 

material, whereas L-PLA is crystalline with a Tm of 173-178 °C (Kapoor et al., 2015). 

The chemical structure of PLA is displayed in Figure 2.3, and the properties of the grade used in 

this thesis are presented in Table 2.4. PLA is a more hydrophobic material than PLGA and as a 

result has significantly longer aqueous degradation times, ranging from several months to up to 

2 years making it more suited to tissue engineering applications (Kapoor et al., 2015). 

 

Figure 2.3 – Chemical structure of PLA  

Table 2.4 – Key physicochemical properties of PLA Purac® grade PDL 02A (Corbion, Netherlands) 

Property Information Reference 

IUPAC name  Poly(D,L-lactic acid)  

Chemical formula [C3H4O2]n  

General designation PLA  

Molecular weight 17,000 g/mol (Corbion, 2014) 

Glass transition temperature 50-60 °C (Kapoor et al., 2015) 

End group chemistry Carboxylic acid (Corbion, 2014) 

 

2.1.4 Poly(vinyl pyrrolidone) 

Soluble grades of PVP, also known as Povidone, are widely used in pharmaceutical formulations 

for a number of purposes; for example, PVP is used as a binder in tablet formulations and has 

also been used extensively in solid dispersion systems to stabilise amorphous drugs (Joneja et 

al., 1999; Tantishaiyakul et al., 1999; Khougaz and Clas, 2000; Pina et al., 2014a). 
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PVP is a highly-water soluble synthetic linear homopolymer which is synthesised by free-radical 

polymerisation of vinylpyrrolidone in aqueous solutions. PVP is suitable for drug delivery because 

it is a non-toxic and biocompatible material. Many grades are commercially available which are 

amorphous and differentiated by their molecular weights and relative viscosity in water. Each 

grade is assigned a K-value which is calculated from the viscosity of a standard PVP solution and 

is essentially a function of the molecular weight of the sample, with lower molecular weight grades 

having lower K-values (Teodorescu and Bercea, 2015). 

The chemical structure of PVP is displayed in Figure 2.4, and properties of the PVP grades used 

in this thesis are presented in Table 2.5. PVP was spray dried with olanzapine in this project to 

produce solid dispersion systems and stabilise the amorphous state of the drug. 

 

Figure 2.4 – Chemical structure of PVP 

Table 2.5 – Key physicochemical properties of PVP Kollidon® grades (BASF, Germany) 

Property Information Reference 

IUPAC name  Polyvinylpyrrolidone  

Chemical formula [C6H9NO]n  

General designation PVP  

Molecular weight 7,000 – 11,000 g/mol (Kollidon® K17PF) 

1,000,000 – 1,500,000 g/mol (Kollidon® K90F) 

(BASF, 2013) 

Glass transition temperature 138 °C (Kollidon® K17PF) 

156 °C (Kollidon® K90F) 

(LaFountaine et 

al., 2016) 

 

2.1.5 Hydroxypropylmethylcellulose acetate succinate 

HPMCAS is a polymer commonly used in the pharmaceutical industry for enteric coating, and is 

also widely used in solid dispersion systems to stabilise amorphous drugs (Friesen et al., 2008). 

Hydroxypropylmethylcellulose has a polymeric backbone of cellulose and is produced by 

processing natural cellulose and reacting it with methyl chloride and propylene oxide, leading to 

hydroxypropyl substitution (Li et al., 2005). Hydroxypropylmethylcellulose acetate succinate also 

has acetyl and succinoyl substitution. Different HPMCAS grades contain different ratios of acetyl 

and succinoyl substitution which affects their solubility at different pH values (Ting et al., 2015). 

The chemical structure of the HPMCAS backbone, and its various functional substituents, are 

presented in Figure 2.5. HPMCAS is a fully amorphous polymer, and the physicochemical 

properties of the grade used in this work are presented in Table 2.6.  
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Figure 2.5 – Chemical structure of HPMCAS 

Table 2.6 – Key physicochemical properties of HPMC AS-LF AQOAT® grade (Shin-Etsu, Japan) 

Property Information Reference 

IUPAC name  Hydroxypropylmethylcellulose acetate 

succinate 

 

Chemical formula [C10H22O9]n  

General designation HPMCAS  

Molecular weight 18,000 g/mol (Shin-Etsu, 2005) 

Glass transition temperature 120 °C (LaFountaine et 

al., 2016) 

Acetyl substitution 8% (Shin-Etsu, 2005) 

Succinoyl substitution 15% (Shin-Etsu, 2005) 
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2.1.6 Raw Material Sourcing 

Table 2.7 provides a summary raw materials used in this thesis and the suppliers from which 

these were obtained.  

Table 2.7 – Summary of raw material information 

Category Substance Form/Grade Supplier 

API Olanzapine  Form I Mjoy Ltd (India) 

Polymer PLGA Purac® PDLG 5002A Corbion (Netherlands) 

PLA Purac®
 PDL 02A Corbion (Netherlands) 

PVP Kollidon® K90F 

Kollidon® K17PF 

BASF (Germany) 

HPMCAS HPMC AS-LF AQOAT® Shin-Etsu (Japan) 

Solvent Dichloromethane HPLC grade Sigma Aldrich (UK) 

Dimethyl carbonate HPLC grade Sigma Aldrich (UK) 

Acetonitrile HPLC grade Sigma Aldrich (UK) 

Other Polysorbate 80 Tween® 80 Sigma Aldrich (UK) 

Phosphate buffered saline 

(pH 7.4) 

Fisher Bioreagents 10x 

concentrate 

Fisher Scientific (UK) 

Potassium dihydrogen 

phosphate R 

 Sigma Aldrich (UK) 

Sodium hydroxide pellets  Fisher Scientific (UK) 

Sodium azide  Sigma Aldrich (UK) 

Indium reference standard  TA Instruments (USA) 

Synthetic sapphire 

reference standard 

 TA Instruments (USA) 
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2.2 Methods 

2.2.1 Processing Methods 

An overview of theoretical background and set-up of the main processing methods used is 

provided below. Specific process parameters are provided in the Methods section of each 

experimental chapter. 

2.2.1.1 Spray Drying 

Spray drying is a drying method that was first described in 1872 and has been used extensively 

for pharmaceutical applications (Peroy, 1872). It is a one-step process that produces dry 

microparticles, typically with diameters in the low micron range, directly from a feed solution 

(Vehring, 2008). 

Spray drying involves three main stages: (1) atomisation of the feed liquid, (2) drying the atomised 

droplets to produce solid particles, and (3) separation of the particles from the drying gas. Each 

of these stages can have a significant impact on the properties of the final product and there are 

many process variables that must be considered and optimised (Cal and Sollohub, 2010). 

Atomisation of the feed solution is essential because it hugely increases the surface area of the 

solution which facilitates the transfer of heat from the drying gas to the droplets. This results in 

fast solvent evaporation, meaning that much of the thermal energy of the drying gas is rapidly 

used to evaporate the solvent; therefore, the dried product is not exposed to such high 

temperatures. The atomisation process has a large effect on the product particle size and 

morphology because the droplet size produced will influence these properties (Cal and Sollohub, 

2010). There are a number of different modes of atomisation, including pneumatic and ultrasonic 

methods which are both used in this work. Discussion regarding how these atomisation modes 

differ in principle and affect particle properties is provided in Chapter 3. 

The feed solution is transported to the atomisation nozzle by a peristaltic pump where it is then 

atomised into the drying chamber and comes into contact with the drying gas. The drying gas is 

normally atmospheric air which has been filtered and pre-heated to the inlet temperature, but the 

system can be closed and purged with nitrogen if an inert atmosphere is required (e.g. if organic 

solvents are used). The temperature of the drying gas should be greater than the boiling point of 

the solvent system used, resulting in very rapid evaporation of the solvent (on the scale of 

milliseconds) with the precipitated solutes forming solid particles (Vehring, 2008). Mechanisms of 

particle formation and factors affecting this are discussed further in Chapter 3.  

The drying gas, which significantly cools due to the expenditure of thermal energy required to 

evaporate the solvent, leaves the drying chamber and carries the dried particles that have not 

impacted on the drying chamber walls. The particles which exit the drying chamber tend to be the 

smaller and driest, and need to be separated from the gas to be collected. This is achieved by 

using a cyclone which is attached to the drying chamber outlet allowing the dried product to be 

separated from the drying gas by centrifugal force and collected (Cal and Sollohub, 2010). A 

schematic of a typical spray dryer is shown in Figure 2.6.  
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Figure 2.6 – Schematic of the spray drying process  

In this project, olanzapine-polymer dispersions were produced by spray drying. All spray drying 

experiments were performed using a Mini B-290 Spray Dryer (Buchi, Switzerland) connected to 

a B-295 Inert Loop (Buchi, Switzerland) to achieve a closed system. All processing involved 

organic feed solvents and was performed under an inert atmosphere (<6% O2), by purging the 

closed system with nitrogen spray gas. The organic solvent was collected following processing 

by the inert loop accessory and disposed of appropriately.  

2.2.1.2 Temperature-Induced Phase Separation 

TIPS is a relatively recent development for the production of porous microparticles that was first 

described in 2008 (Blaker et al., 2008a). Tissue engineering was the initial intended application 

of the microparticles produced, and PLGA and collagen microparticles have previously been 

prepared using this method (Keshaw et al., 2009, 2010). Recent work has been focused on drug 

delivery applications (Blaker et al., 2008b; Foong et al., 2010; Malik et al., 2016). 

The TIPS process produces microparticles from solution via solvent removal and the set-up is 

displayed in Figure 2.7. A feed solution containing co-dissolved drug and polymer is supplied to 

the unit head at a defined rate by a syringe driver. At the unit head, the feed solution is forced 

through a sapphire nozzle by acoustic vibration generated by the encapsulator unit. This causes 

a small amount of liquid to be forced through the nozzle which forms an individual droplet. The 

droplet then falls under gravity and is collected into liquid nitrogen causing the solvent to rapidly 

freeze. The frozen particles are then collected and lyophilised to remove the solvent by 

sublimation (Blaker et al., 2008a). 
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Figure 2.7 – Schematic of the temperature-induced phase separation process 

In this project, TIPS was used to produce olanzapine-PLGA microparticle formulations in Chapter 

3. The TIPS formulations were prepared by Dr Panagiotis Sofokleous at UCL Division of Medicine. 

The feed solutions produced were pumped through the sapphire nozzle (50 or 100 µm in 

diameter) by a Nexus 6000 syringe driver (Chemyx, USA). Droplets were generated at the unit 

head using a VAR-D encapsulator unit (Nisco, Switzerland), operating at an acoustic frequency 

of 2.75 kHz and an amplitude of 70%. The droplets were then collected into liquid nitrogen with a 

collecting distance of 50 cm. The liquid nitrogen was left to evaporate in a −80 °C freezer and the 

resultant particles were freeze-dried for 24 hours. 

2.2.2 Characterisation Techniques 

An overview of theoretical background and set up of the main characterisation techniques used 

in this thesis are provided below. For most techniques, specific experimental details are provided 

in the Methods section of each experimental chapter. 

2.2.2.1 Differential Scanning Calorimetry 

DSC is a technique that is widely used in the pharmaceutical sciences to characterise the solid 

state of materials and investigate phase transitions that occur as a function of temperature or 

time. DSC has been used extensively throughout this project for a number of applications, such 

as solid state characterisation, measuring drug-polymer solubility, and investigating phase 

transitions that occur in drug-polymer dispersion systems. 

The principle of DSC is to apply a heat signal to a sample and measure the heat flow, allowing 

the temperature and enthalpy of phase transitions such as melting, crystallisation, and glass 

transitions to be quantified. The heating signal applied to the sample can be either heating, cooling 

or isothermal, and the events that are measured are clearly differentiated as either exothermic 

(release heat) or endothermic (absorb heat) by the direction of the heat flow on the thermogram. 

Throughout this thesis exothermic peaks have an upward direction and endothermic peaks have 

a downward direction. The sample size used is generally 3-5 mg for organic materials and the 

sample is enclosed in a metal (often aluminium) DSC pan, which also referred to as a crucible.  
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DSC instruments can be categorised based on their principle of operation as either heat flux or 

power compensation systems. In each type, the instruments are essentially measuring a 

temperature difference between an empty reference pan and a sample pan which arises due to 

the presence of the sample, and the endothermic or exothermic events it goes through during the 

heating programme. However, the two types of DSC differ in terms of the design of the DSC cell 

and the way in which the heat flow of the sample is calculated. In the power compensation method 

there are two DSC cells: one for the reference pan and one for the sample pan. The temperature 

of the two cells is kept similar by modifying the power supplied to each cell and therefore it is the 

electrical power difference that is directly measured. In heat flux DSC there is only one cell which 

contains both the sample and reference pan. The pans are both exposed to the same heat signal 

and each pan is situated on top of a thermocouple which are connected in a back-to-back 

arrangement, so the voltage developed by the pair is a direct measure of the temperature 

difference between the sample and reference (Craig and Reading, 2007). Heat flux DSC was 

used in all experiments in this project and a schematic of this mode of operation is shown in Figure 

2.8. 

 

Figure 2.8 – Schematic a heat flux DSC cell 

The equation for the heat flow from the furnace to each DSC pan is described in Equation 2.1 

Equation 2.1 

𝑑𝑄

𝑑𝑡
=
∆𝑇

𝑅
 

where Q is heat, t is time, ΔT is the temperature difference between the furnace and pan, and R 

is the thermal resistance of the heat path between the furnace and pan. The factors that influence 

the heat flow measured from a sample during a DSC experiment are described in Equation 2.2 

Equation 2.2 

𝑑𝑄

𝑑𝑡
=  𝐶𝑝 ∙

𝑑𝑇

𝑑𝑡
∙ 𝑓(𝑇, 𝑡) 

Sample Pan Reference Pan

Furnace

Gas vent

Heat flux plate

ΔT between sample 
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Thermocouple

Purge gas in 
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where Cp is the sample heat capacity, dT/dt is the heating rate and f(T,t) is an additional term that 

covers kinetic events in the sample due to gross changes in heat capacity associated with 

physical or chemical transformations. Therefore, heat capacity is the fundamental physical 

property of the sample that is measured by DSC, defined as the amount of energy required to 

raise the temperature of the sample by 1 K. Changes (chemical or physical) that occur in the 

sample as a function of temperature are measured in the heat flow signal if these are associated 

with a release or absorption of heat. Equation 2.2 shows that the measured heat flow will be 

greater at higher heating rates which improves the detection limit, although resolution between 

events is lost as the heating rate is increased due to broadening of endotherms and exotherms. 

Standard heating rates used are typically in the range of 10 °C/minute to 20 °C/minute because 

heating rates within this range give a reasonable balance of detection limit and resolution, and 

allow samples to be analysed within an acceptable timeframe. 

MTDSC is a mode of operation whereby a perturbation (typically a sinusoidal wave) is applied to 

the heating programme of a conventional DSC. The heat flow data collected by the instrument 

can then be processed using a mathematical procedure designed to separate the Cp and f(T,t) 

terms of the heat flow in Equation 2.2, which is possible due to the non-linear heating rate used. 

Two additional heat flow signals can be calculated from the total heat flow: a reversing heat flow 

signal isolating only the heat flow due to the reversing changes in the heat capacity of the sample 

which occur with a change in temperature, and a non-reversing heat flow signal which is due to 

other processes associated with a gross change in heat capacity and are kinetically hindered (in 

some cases, irreversible), such as melting, structural relaxation and crystallisation (Craig and 

Reading, 2007). 

The main application for using MTDSC in the work discussed here is to measure the Tg of 

amorphous materials. As discussed, the glass transition of an aged glass is associated with 

structural relaxation and the endotherm associated with this often masks the Tg in the total heat 

flow signal because the events occur concurrently. In MTDSC these two events can be separated 

since the Tg is measured as a step-change in the reversing sample heat capacity, therefore is 

seen in the reversing heat flow signal, and the structural relaxation is a kinetically hindered 

process which is seen in the non-reversing heat flow signal. To obtain good quality glass transition 

measurements using MTDSC a relatively low heating rate must be used (usually 1 °C/minute to 

5 °C/minute) and the heating rate and modulation frequency should be selected so that there are 

a sufficient number (≥4) of modulation cycles over the transition of interest to enable complete 

separation of the processes (Thomas, 2005). 

A further mode of operation is quasi-isothermal MTDSC (QiMTDSC) which is MTDSC with an 

underlying heating rate of zero. Equation 2.2 shows that heat capacity cannot be measured under 

isothermal conditions using DSC because an underlying heating rate is required. However, 

QiMTDSC allows accurate heat capacities to be measured under conditions that are effectively 

isothermal by applying a small sinusoidal modulation to the isothermal temperature. The result of 

the experimental procedure is two heat capacity signals. Outside of the glass transition region the 

thermodynamic heat capacity of the sample reaches equilibrium very quickly and is observed in 



Chapter 2 
 

66 
 

the reversing heat capacity (RevCp) signal, whereas latent heat effects are isolated and observed 

in the non-reversing heat capacity signal (Wunderlich, 2009). To understand the calculation of the 

RevCp signal the basic expression of MTDSC must first be described in Equation 2.3 

Equation 2.3 

𝑇 =  𝑇0 + 𝛽𝑡 + 𝐴𝑇sin (𝜔𝑡 − 𝜃) 

where T is the temperature at time t, T0 is the initial temperature, β is the underlying heating rate, 

AT is the amplitude of the temperature modulation with the angular frequency ω, and θ is the 

phase shift with regard to the reference pan. The total heat flow measured by MTDSC can be 

separated into RevCp and non-reversing heat capacity signals, with the RevCp calculation 

displayed in Equation 2.4 

Equation 2.4 

𝑅𝑒𝑣𝐶𝑝 =  
𝐴𝑃
𝑚𝐴𝑇∗

 

where AP is the first harmonic of the heat flow, m is the sample mass and AT* = ωAT. The non-

reversing heat flow signal is the difference between the total and reversing signals at any given 

temperature (Otun et al., 2015). These heat capacity signals can be plotted as a function of time, 

and the temperature of the sample can also be increased in a step-wise manner if required. 

QiMTDSC has previously been used to make accurate heat capacity measurements of materials 

(Thomas and Aubuchon, 1999), monitor crystallisation in semi-solid lipid systems (Otun et al., 

2015), and investigate polymorphic transitions in pharmaceuticals (Qi and Craig, 2012). Here, 

QiMTDSC is used for the first time to monitor crystallisation processes in drug-polymer 

dispersions and also estimate drug-polymer solubility based on RevCp measurements. 

A number of differential scanning calorimeters were used to conduct the research described here. 

Q20, Q1000, Q2000 and Discovery series DSCs (all TA Instruments, USA) were used for different 

experiments, and the specific instrument used is specified in the Methods section of each chapter. 

The same temperature and cell constant (enthalpy) calibration procedures were used for all 

instruments by heating an indium standard through its melting transition and measuring the 

temperature and enthalpy of the melting endotherm recorded. The principle of the calibration is 

that the software compares the measured values to the literature values (Tm = 156.6 °C; heat of 

fusion = 28.57 J/g) and applies a correction based on the difference observed (Breuer and Eysel, 

1982). The temperature and enthalpy calibration were then verified by analysing the same indium 

standard under the same conditions after the calibration was performed. Calibration and/or 

verification were performed if the procedure (e.g. heating rate) or experimental design (e.g. pan 

type) were changed. In addition, RevCp was calibrated on the Discovery DSC using a synthetic 

sapphire standard for the QiMTDSC experiments. This was performed by measuring the heat 

capacity of the standard in the temperature range of interest. The software then applied a 

correction based on the difference between the literature and measured values. Again, verification 

of the RevCp calibration was performed before samples were analysed, and calibration and/or 
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verification were performed if there was any change in the procedure (e.g. temperature or 

modulation parameters) or experimental design (e.g. pan type).  

All DSC experiments were conducted under an inert atmosphere achieved by purging a nitrogen 

gas into the cell at 50 mL/minute. The role of the purge gas is to remove any volatiles produced 

by the sample from the cell to prevent long term damage to the instrument and enhance the heat 

transfer between the furnace and the sample pan. Inert gases are used to prevent oxidation of 

materials at elevated temperatures.  

The sample size selected was 3-5 mg which is generally recommended for pharmaceutical 

materials. An increase in sample size improves the detection limit but also increases the thermal 

gradient across the sample and hence can reduce the resolution. The DSC pan type used is 

important and can affect the data collected. In the majority of experiments standard aluminium 

pans and lids (TA Instruments, USA) were used, which were crimped and pin-holed to allow 

volatiles to escape from the pan. If other pan types were used this is indicated in the Methods 

sections of individual chapters. 

2.2.2.2 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) is an analytical technique in which a sample is weighed as it 

is heated under a finely controlled heating programme, allowing the sample mass to be plotted 

as a function of temperature or time. For pharmaceutical materials, TGA is typically used to either 

quantify the loss of volatiles from a material (water or residual solvent) or measure the onset 

thermal decomposition (Craig and Reading, 2007). 

TGA instruments consist of a highly sensitive balance and a furnace. The sample is placed in a 

pan (typically made of aluminium) on a sample holder which is suspended and attached to the 

balance unit by a piece of metal wire. The furnace then rises around the suspended sample holder 

allowing the temperature to be controlled whilst the weight is simultaneously measured. Both the 

sample chamber and the balance are purged with nitrogen gas to establish a stable environment, 

and remove any volatiles from the furnace (Craig and Reading, 2007). 

TGA can be a useful tool for solid state characterisation because measuring the solvent content 

of materials can be helpful for a number of reasons. Quantifying solvent loss can allow the 

stoichiometry of solvates to be investigated (Pina et al., 2014a), or account for changes in the 

glass transition temperature of amorphous materials due to plasticisation by residual solvent. 

Information provided by TGA can also facilitate the analysis of DSC data by determining whether 

events measured in the DSC trace are accompanied by a weight loss which can help differentiate 

between events such as solvent loss and melting (Craig and Reading, 2007). 

Two TGA models have been used during this project. A Hi-Res TGA 2950 (TA Instruments, USA) 

was used in Chapter 3 and operates with a nitrogen gas flow rate of 60 mL/min through the 

furnace and 40 mL/min through the TGA head. A newer Discovery DSC (TA Instruments, USA) 

was used in Chapters 4 and 6 and operates with nitrogen gas flow rate of 25 mL/min in the furnace 

and 15 mL/min in the balance.  
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TGA was primarily used here to quantify the residual solvent content of amorphous materials 

following processing, and to measure the extent of the thermal degradation of drug-polymer 

dispersions when the systems were annealed at elevated temperatures. The latter was 

particularly important because heating amorphous drug-polymer dispersions to recrystallise the 

API is a common theme in this project. Understanding whether the system was undergoing 

thermal degradation was essential to fully understand the properties of recrystallised drug-

polymer system, and also to optimise a suitable process for the crystallisation of olanzapine in 

PVP dispersions in Chapter 6.  

2.2.2.3 Hot Stage and Polarised Light Microscopy 

Hot stage microscopy (HSM) is an analytical technique that consists of an optical microscope with 

a hot stage accessory, and can be performed with or without a polarised light filter. This is a 

particularly powerful technique for characterising materials because it combines critical 

information obtained from microscopy (e.g. particle size and morphology, extent of crystallinity) 

with thermal analysis, allowing visualisation of microscopic changes in materials as a function of 

temperature. Photomicrographs can be taken with high resolution camera accessories, which 

enable thermal events to be recorded during isothermal periods or heating/cooling cycles. Data 

obtained from HSM can be very useful to help interpret transitions in DSC or TGA thermograms 

(Vitez et al., 1998). 

Light microscopy, with polarised light filters and hot stage accessories, was used in this project 

to characterise the solid state of materials. Specifically, HSM was found to be a very sensitive 

and useful technique for identifying low levels of crystallinity in drug-polymer dispersions. 

Light microscopy and HSM studies were performed using a Leica DM 2700M microscope (25x 

magnification) with a polarised light filter and a Mettler Toledo HS82 Hot Stage controlled by a 

FP90 Central Processor. Images were taken using Studio86 Design capture software. 

2.2.2.4 Powder X-ray Diffraction 

X-ray diffraction is the gold standard technique for the structural characterisation of 

pharmaceutical materials. Powder X-ray diffraction (PXRD) data can be analysed to determine 

the solid state of a material, identify specific crystalline phases from characteristic powder 

patterns, calculate crystal lattice parameters, and quantify the relative content of different phases 

in a multi-phase system.  

The basic principle of the technique is that a monochromated beam of X-ray radiation is produced 

and focused on the solid sample. When the X-rays pass through the sample, they interact with 

the electron clouds of the molecules in the material causing the X-rays to scatter. The radiation is 

scattered in all directions, causing the majority of the scattered waves cancel each other out 

through a phenomenon called destructive interference. However, if a material is crystalline and 

certain conditions are met (defined by Bragg’s Law), a phenomena called constructive 

interference can occur, which is when the regular arrangement of atoms in the crystal causes the 

waves to scatter in the same phase and direction resulting in the formation of a single wave of a 

greater amplitude (Clegg, 2015). The intensity of the scattered X-rays are then recorded by a 
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detector, and the intensity of the X-rays are far greater at incident angles which satisfy Bragg’s 

Law, resulting in characteristic hkl reflections in the diffractograms produced. 

Constructive interference occurs when the incident angle of the X-rays on the crystal, the 

wavelength of the radiation and the d-spacing between two planes in the crystal all satisfy Bragg’s 

Law, presented in Equation 2.5  

Equation 2.5 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 

where n is an integer, λ is the wavelength of the radiation, d is the interplanar distance in the 

crystal and θ is the incident angle of the X-rays on the crystal (Bragg and Bragg, 1913). Bragg’s 

Law states that at certain incident angles, the additional distance that an X-ray has to travel to 

interact with one plane of atoms in the crystal, relative to a second plane, will be equal to the 

wavelength (or a multiple of the wavelength) of the X-ray radiation. This will cause some of the 

scattered X-rays from two planes to be in phase and travelling in the same direction, allowing 

constructive interference to occur. Since crystals are highly ordered structures and the number of 

planes can effectively be considered infinite, the effect of the constructive interference is 

magnified and intense X-rays are diffracted from the crystalline phase.  The reason that X-ray 

radiation is used for crystallography is that the wavelength of light in this region of the 

electromagnetic spectrum is a similar length to the spacings between planes in a crystal lattice 

(known as d-spacings).  

For PXRD analysis the sample should consist of a fine powder. Providing the particle size is 

sufficiently small and no preferred orientation effects are occurring, the particles in the sample 

should cover the whole range of possible orientations. This results in an average diffraction effect 

being measured for the bulk powder, meaning diffraction rings are produced from crystalline 

samples rather than the individual spots generated by single crystals (Gilmore, 2011). The PXRD 

pattern produced can be used to identify phases and determine crystallinity. However, for 

absolute structure determination single crystal XRD analysis is required, in which an X-ray beam 

is passed through an individual crystal, allowing the exact atomic positions to be observed and 

the structure of unknown materials to be determined (Clegg, 2015). 

The X-ray source will determine the wavelength of the radiation which, in turn, determines the 2θ 

angle at which reflections are measured for a particular crystal through the relationship described 

in Equation 2.5. In standard bench top diffractometers, X-rays are generated by heating a filament 

(a cathode) to produce a source of electrons, which are then fired at an anode target (usually Cu, 

Mo, Cr or Ag) to produce a characteristic X-ray spectrum. The X-rays are then passed through a 

monochromator crystal (such as graphite) to ensure that the wavelength of the radiation is 

consistent (Clegg, 2015). In this thesis, CuΚα1 radiation (λ = 1.54006 Å) was used for all standard 

PXRD analysis and data was collected with two diffractometers in different experiments: a STADI-

P (STOE, Germany) operating at 40 kV and 30 mA, and a 600 Miniflex (Rigaku, Japan) operating 

at 40 kV and 15 mA. The 2θ scanning range, step size, and scan rate are specified for each 

experiment in the Methods section of the individual experimental chapters. 
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2.2.2.5 Simultaneous DSC-PXRD 

Researchers at UCL have recently developed a simultaneous DSC-PXRD analytical platform on 

the Joint Engineering, Environmental, and Processing (JEEP) Beamline I12 at the Diamond Light 

Source (Didcot, UK) that requires only minor modification to a standard differential scanning 

calorimeter. Clout et al. first developed this simultaneous method with a TA 2010 instrument (TA 

Instruments, USA) and then made similar modifications to a Q20 instrument (TA Instruments, 

USA), which was the calorimeter used in this study (Clout et al., 2016). The simultaneous method 

has so far been used give detailed insights into phase transitions of glutaric acid, sulfathiazole 

and paracetamol and investigate their polymorphism (Clout et al., 2016; Telford et al., 2016). This 

technique is used in Chapter 5 to investigate the crystallisation of olanzapine in polymer 

dispersion systems. 

The cell of a Q20 DSC was modified at UCL by drilling entry and exit holes in line with the sample 

pan so that the synchrotron X-ray beam could be passed through the sample pan in situ during a 

DSC experiment. Figure 2.9 shows the modified cell; the diameters of the entrance and exit holes 

were 3 mm and 5 mm, respectively. The diameter of the X-ray beam was 0.5 mm on Beamline 

I12, but once the beam is diffracted by the crystalline sample in the DSC pan, the diameter of the 

X-ray beam increases and hence a larger exit hole is required.  

 

Figure 2.9 – Modified Q20 DSC cell with entrance and exit holes in line with the sample pan allowing the X-

ray beam to pass through the sample in situ 

It has previously been shown that modification of the DSC cell does not change the heating profile 

(Clout et al., 2016). The temperature and enthalpy were calibrated with indium once the DSC was 

situated on Beamline I12. Figure 2.10 shows the DSC set up and aligned so that the X-ray beam 

passed through the holes in the DSC external casing and cell, before the X-ray diffraction data 

were collected on a Thales Pixium RF4343 detector positioned 1.9 m behind the sample. The red 

lines in Figure 2.10 represent the path of the X-rays and show that the diffracted X-rays are 

detected as rings of radiation on the 2D detector, with the position depending on the 2θ angle for 

a particular hkl reflection. The detector calibration was performed using cerium dioxide.  

X-rays can be generated in a synchrotron storage ring with far greater intensity than those 

produced by bench top diffractometers. Magnetic fields are used to accelerate electrons at nearly 

the speed of light around the ring that is hundreds of meters in diameter (Gilmore, 2011). 

Entrance 
Ø = 3 mm

Exit 
Ø = 5 mm
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Radiation that has a continuous spectrum from X-rays to infrared is emitted from the ring by 

changing the direction of the electrons using bending magnets or undulators, from which a 

wavelength of any value can be isolated using various monochromators (Clegg, 2015). The X-ray 

radiation used on I12 had a very short wavelength of 0.23306 Å, and due to the intensity of the 

beam and high sensitivity of the detectors, good quality diffractograms could be collected within 

several seconds (specifically, 2 seconds data collection with a 4 second pause between 

measurements). The main issue with combining PXRD and DSC in a standard laboratory is that 

the heating rates used in DSC analysis cause the sample to change at a much faster rate than 

bench top diffractometers can collect PXRD data, which typically takes 10-30 minutes for a good 

quality diffractogram. However, the PXRD data collection time of 2 seconds on Beamline I12 is 

now comparable to the heating rates used in DSC and means that only minor modifications are 

required to the DSC instrument for the simultaneous analysis to be performed. The DSC analysis 

was performed from 50 °C to 200 °C using a heating rate of 10 °C/minute, meaning a 

diffractogram was recorded for every 1 °C increase in temperature of the sample. 

 

Figure 2.10 – Simultaneous DSC-PXRD set up on Beamline I12. Red lines represent the path of the X-rays 
and display how the powder X-ray diffraction data are collected by the 2D detector situated 1.9 m behind the 
sample. 

The samples were filled into open Tzero aluminium pans (TA Instruments, USA) which were 

selected because they allowed a relatively large sample mass of 15-30 mg to be used to ensure 

that the sample remained in the path of the X-ray beam throughout the experiment. Samples were 

analysed once with the simultaneous set up at the synchrotron and the reproducibility of the phase 

transitions were checked by repeating the thermal analysis of samples in triplicate on a Discovery 

series DSC at UCL. 

DSC data were analysed with Universal Analysis (TA Instruments, USA). The 2D PXRD data 

were processed to 1D diffraction patterns using DAWN Science Workbench software (Basham et 

al., 2015). Structural refinement was performed on selected patterns using the Rietveld method 

in TOPAS Academic v5 software (Coelho et al., 2011) and the results were plotted in Origin 2018. 
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The lattice parameters and three Gaussian peak shape parameters were refined for each model. 

The background was fitted with an 18-term polynomial of the first order which was required to fit 

the amorphous halos present due to the presence of the amorphous polymer throughout the 

experiment. The atom positions and atom displacement parameters were not refined, and the 

zero point was not refined since the data were collected using a 2D detector. Once good fits were 

obtained for individual patterns, batch refinements were then performed. The peak shapes for 

each phase were constrained for the batch refinements and only the lattice parameters and phase 

fraction were refined, which allowed determination of the relative content of each phase at each 

temperature. The integrated area of each phase was plotted as a function of temperature in Origin 

2018 software to provide a quantitative description of the phase transitions occurring. 

All models used in the Rietveld refinements were obtained from the CSD, with the exception of 

the olanzapine form IV model which was obtained from a computed crystal energy landscape 

generated in a previous study (Bhardwaj et al., 2013). The CSD identifiers of the models used for 

olanzapine form I, olanzapine form II and the olanzapine DCM solvate were UNOGIN, UNOGIN02 

and WEXQAS, respectively. 

2.2.2.6 Attenuated Total Reflection–Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is a spectroscopic technique that works by 

passing polychromatic infrared radiation (in the mid-IR region of 4000 to 400 cm-1) through a 

sample and detecting the amount of radiation that is transmitted or absorbed at each 

wavenumber. Photons of light are absorbed by bonds in the sample when the frequency of the 

radiation is equal to the energy required for a particular bond to vibrate. In order for a vibration to 

be IR active the molecular dipole moment must change during the vibration (O’Neil and Edwards, 

2011). FTIR therefore provides information about the chemical bonds present in a material, which 

can be used to identify the functional groups present and help understand the chemical structure 

of the sample. 

The ease of obtaining IR spectra has been significantly increased since the use of standard IR 

spectroscopy by the development of FTIR instruments that apply a Fourier transform to raw data 

generated with polychromatic light to allow the full IR spectrum to be measured. Additionally, the 

application of attenuated total reflection (ATR) crystals to FTIR instruments has removed the need 

for sample preparation with KBr disks (O’Neil and Edwards, 2011). 

The FTIR spectrum measured can provide information about the molecular composition of a 

material through the assignment of absorption bands to specific bond vibrations, give some 

indication of the physical state of the material through subtle differences in FTIR spectra of 

different physical forms (i.e. different polymorphs), and allow investigation of interactions within 

multi-component systems due to wavenumber shifts of bonds involved in intermolecular 

interactions (Taylor and Zografi, 1997). 

FTIR studies were performed using a Spectrum 100 FT-IR spectrometer (Perkin-Elmer, USA), 

and spectra were collected in the range of 4000 to 650 cm-1 with a total of 16 scans and a 
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resolution of 2 cm-1, unless otherwise stated. Background scans were performed in all 

experiments. 

2.2.2.7 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) allows samples to be imaged with much higher 

magnification and spatial resolution than is achievable using light microscopy. SEM is used to 

analyse the surface morphology of materials up to the nanometre scale as it has an upper 

magnification of about 250,000x and a lateral resolution of up to 3 nm (Nichols et al., 2011). Due 

to the way SEM images are produced, the technique can only image the very surface of 

specimens and other microscopy techniques must be used to image the internal morphology of 

materials.  

Scanning electron microscopes work by generating a beam of electrons with an electron gun at 

the top of the instrument, which is focused on the sample by condenser and objective lenses 

which are variable-power electromagnets. The primary electron beam is rastered (scanned) 

across the surface and secondary electrons are emitted from the surface. These are detected by 

secondary and backscattered electron detectors that are positioned a few millimetres away from 

the sample. The information collected by these detectors is used to generate the image of the 

sample. The imaging is performed under a strong vacuum so that gaseous molecules do not 

interfere with the path of the electron beam and the image produced. Non-electrically conductive 

samples (i.e. most pharmaceutical materials) need to be coated with a thin layer of metal (typically 

<20 nm) to be imaged by SEM; the metal coating renders the sample conductive and significantly 

improves the quality of the SEM photomicrographs produced (Nichols et al., 2011). 

SEM analysis was performed by Mr David McCarthy and Dr Andrew Weston at the Electron 

Microscopy Unit at UCL School of Pharmacy. Samples were adhered onto a SEM stub using 

double sided carbon tabs (Agar Scientific, UK). The prepared stub was then given a thin coating 

of gold (~10 nm) in a Quorum Q150T Sputter Coater (Quorum Technologies Ltd, UK) under an 

argon atmosphere. The coated stub was then transferred and imaged with a FEI Quanta 200F 

(FEI company Ltd, Netherlands) at an acceleration voltage of 5 kV. 

2.2.2.8 Focused Ion Beam Microscopy 

Focused ion beam (FIB) microscopy is similar in principle to SEM, but it uses a focused beam of 

metal ions, opposed to electrons, to image the sample. The advantage of this is that the current 

of the ion beam can be manipulated to either image the sample (at low currents) or selectively 

destroy parts of the sample through a process called milling (at high currents) which then allows 

the internal morphology of the material to be viewed (Moghadam et al., 2006). 

FIB microscopy was performed in Chapter 3 to analyse the internal morphology of PLGA 

microparticle formulations.   

2.2.2.9 Micro-computed Tomography 

Micro-computed tomography (Micro-CT) is an analytical technique which combines X-ray 

transmission techniques with computed tomographical reconstruction to provide detailed 3D 

images of the internal structure of materials. Images are produced by transmitting a scanning X-
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ray beam through the sample. Density differences in the material affect the intensity of transmitted 

radiation which can be visualised in the set of 2D shadow images produced. The 2D images can 

be further processed to construct a 3D visualisation of the internal structure of the material (Wang 

et al., 2010). 

Micro-CT was performed in Chapter 3 to analyse the internal morphology of PLGA microparticle 

formulations.  

2.2.2.10 Inverse Gas Chromatography 

Inverse gas chromatography (IGC) is an analytical technique that can provide information about 

a wide number of physicochemical properties of a material, such as its surface energy and BET 

specific surface area. The principle of the technique is that the sample material forms the 

stationary phase and its properties are investigated by studying the interactions it forms with 

different gaseous mobile phases (referred to as probe molecules). A low concentration of a well-

characterised single gas or vapour of a volatile substance is injected via an inert carrier gas 

through the stationary phase. The retention of these probe molecules to the stationary phase is 

measured by a flame ionisation detector as the injected mobile phase exits the column. A number 

of different probe molecules with varying characteristics can be used and their retention data can 

be analysed to understand the interaction between the probe molecules and the stationary phase, 

allowing properties of the stationary phase to be determined (Mohammadi-Jam and Waters, 

2014). 

IGC was used to measure the BET specific surface area of microparticle formulations in Chapter 

3. The adsorption method of Brunauer, Emmett and Teller (BET) is based on the physical 

adsorption of a gas onto the surface of a solid sample. IGC has been shown to be capable of 

producing adsorption isotherms which allow calculation of the BET specific surface area of the 

stationary phase if the correct experimental conditions are used (Legras et al., 2015). 

BET theory was developed with nitrogen but is applicable to other gases such as those typically 

used in IGC. Five types of adsorption isotherms are possible, depending on the adsorption 

scenario of the probe molecule on the solid surface. The BET equation is applicable to isotherm 

types II and IV, where there is the formation of a monolayer followed by multilayers and then 

capillary condensation. The BET equation is presented in Equation 2.6 

Equation 2.6 

𝑃

𝑛(𝑃0 − 𝑃)
=
𝐶 − 1

𝑛𝑚𝐶
(
𝑃

𝑃0
) +

1

𝑛𝑚𝐶
 

where P is the solvent partial pressure in the gas phase (Torr), P0 is the saturated solvent vapour 

pressure (Torr), n the amount of gas adsorbed (Mol g−1), nm the monolayer capacity (Mol g−1) and 

C the BET constant. The BET equation fits adsorption isotherms type II and IV in a specific range 

of equilibrium pressure P/P0, usually 0.05 < P/P0 < 0.35. The monolayer capacity, nm, can be 

determined from the slope and intercept of the linearised BET equation fitted to the adsorption 

isotherm in this equilibrium pressure range. The BET specific surface area (m2 g−1) can be 

expressed as shown in Equation 2.7 
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Equation 2.7 

𝑆𝐵𝐸𝑇 = 𝑎𝑁𝐴𝑛𝑚 

where a is the probe molecule cross section area and NA is Avogadro’s Number. Therefore, once 

nm is calculated from the adsorption isotherm, the BET specific surface area (SBET) of the material 

can be calculated since a and NA are known (Legras et al., 2015). 

2.2.2.11 Laser diffraction 

Laser diffraction is one of the most widely used particle sizing techniques in the pharmaceutical 

field. The technique determines particle size distributions by shining a laser beam (usually He-Ne 

laser with 632.8 nm wavelength) through a dispersed particulate sample and measuring the 

angular variation in the intensity of light scattered. The angle of scattering is related to the size of 

the particle scattering the light, with larger particles scattering light at smaller angles. The intensity 

of the light scattered across a range of angles is recorded, and Mie theory of light scattering is 

used to calculate the size distribution of the particles responsible for the scattering observed, 

assuming a volume equivalent sphere model (Shekunov et al., 2007). 

Laser diffraction experiments were performed in Chapter 3 to measure the particle size 

distribution of PLGA microparticle formulations. 

2.2.2.12 Dissolution Studies 

Drug molecules must be in solution to be absorbed in the gastrointestinal tract, distributed to the 

site of action and exert their pharmacological effect. Dissolution testing is therefore an important 

tool for characterising the performance of pharmaceutical systems, such as solid oral and 

parenteral formulations. In early stage development, in vitro dissolution studies are used to inform 

formulation design to optimise the dissolution profile of a particular product. For commercial 

products, in vitro dissolution testing is used for quality control and quality assurance purposes to 

ensure batch-to-batch consistency, and evaluate comparability between products before and after 

changes in the manufacturing process or formulation (Hauck et al., 2005). 

The dissolution process of a solid material consists of two steps. The first step involves the wetting 

and solvation of molecules at the solid-liquid interface; the solute-solute bonds must be broken 

and new solute-solvent bonds are formed causing solute molecules to become detached from the 

solid surface. The second step involves the diffusion of the solute molecules away from the 

saturated boundary layer at the solid surface. The factors that affect the rate at which these two 

processes occur are described in the Noyes-Whitney equation (Noyes and Whitney, 1897; Hörter 

and Dressman, 2001) displayed in Equation 2.8 

Equation 2.8 

d𝑚

d𝑡
= 𝐴 ∙

𝐷

𝑑
(𝐶𝑠 − 𝐶𝑏) 

where dm/dt is the solute dissolution rate, m is the mass of solute dissolved, t is time, A is the 

surface area of the solute, D is the diffusion co-efficient (related to solvent viscosity), d is the 
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thickness of the diffusion layer at the surface of the dissolving material, Cs is the saturated 

solubility of the solute in the solvent and Cb is the solute concentration in the bulk media.  

Guidance on the apparatus and conditions used for dissolution testing of formulations are 

provided by pharmacopoeias, with the United States Pharmacopoeia (USP) guidance being most 

widely used. Where possible, it is recommended that apparatus and methodologies compliant 

with pharmacopoeial guidance are used, but due to practical reasons this is not always possible 

when assessing the performance of non-conventional formulations, such long-acting parenteral 

formulations (e.g. drug-loaded PLGA microparticles). 

In vitro dissolution testing of PLGA microparticle formulations was performed in Chapter 3 using 

a bespoke dialysis method, and standard USP 2 apparatus and conditions were used to compare 

the dissolution rates of olanzapine polymorphs in Chapter 6. Detailed information regarding the 

design of the dialysis method can be found in Chapter 3. 
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3 Formul ation and Charac terisati on of Ol anzapine-PLGA Micr oparticl es Prepar ed Using Two Micr ofabrication Processes  

3.1 Introduction 

The initial aim of the project was to compare two microfabrication methods for the production of 

PLGA microparticle formulations. The processes were selected based on the contrasting particle 

structures that could be achieved, and the effect these properties had on drug release 

performance were explored using a variety of analytical techniques. PLGA microparticles were 

chosen as the technology of interest because these drug-polymer dispersions have been 

extensively investigated for the development of long-acting injectable formulations, with several 

products making it to market which demonstrates both their viability and clinical need (Varde and 

Pack, 2004). 

Many processes can be used for the production of microparticles, such as emulsion-solvent 

evaporation/extraction, phase separation, spray drying and electrospraying methods (Mao et al., 

2012b). These processes can produce particles with different microscopic properties, such as 

particle size and porosity, which have been shown to influence drug release by affecting the rate 

of autocatalysis in the particles (Klose et al., 2006). Microparticle production using TIPS is a more 

recent development, and particles produced by this method are unique due to the extensive 

porosity that can be introduced (Blaker et al., 2008a). To date, no comparative studies have been 

performed that investigate how these particle properties affect the release performance. 

In this study, a model olanzapine-PLGA system was prepared using both spray drying and TIPS. 

Spray drying is a well-established method of microparticle production which produces small, solid 

particles and has been previously used to produce PLGA formulations loaded with a variety of 

APIs (Bittner et al., 1998; Rivera et al., 2004; Blanco et al., 2006; Guerrero et al., 2008). 

Conversely, TIPS is a relatively unexplored method for PLGA microparticle production and 

produces highly porous systems (Blaker et al., 2008a). The hypothesis underpinning this study 

was that the two processing methods could be optimised to produce microparticles with 

contrasting structures, which would allow the effect this has on drug release to be investigated. 

Olanzapine was the API used and is a hydrophobic, small molecule drug that has previously been 

well encapsulated in PLGA particles at drug loads of 10% w/w (Nahata and Saini, 2008; Seju et 

al., 2011). Antipsychotic drugs are often formulated as long-acting injections, therefore olanzapine 

serves as a good model drug for this study. 

The objectives of this study are outlined below: 

1. Optimise the spray drying and TIPS processes to produce olanzapine-PLGA 

microparticles with identical composition but contrasting particle structures.  

2. Characterise the formulations produced using standard and more advanced analytical 

techniques to identify and understand differences between the formulations. 

3. Assess the release performance of the formulations using an in vitro dissolution method 

and determine how the different particle properties affect this. 
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3.2 Methods 

3.2.1 Spray Drying 

Microparticle formulations were prepared with the set-up described in Chapter 2. Atomisation of 

the feed solution was achieved using either a standard two-fluid pneumatic nozzle or an Ultrasonic 

Nozzle and Controller (Buchi, Switzerland). Viton® tubing was installed on the peristaltic pump 

when DCM solutions were used. An aspirator rate of 100% and spray gas flow rate of 40 mm was 

used in all experiments. 

3.2.1.1 Selecting Feed Solvent 

Feed solutions of 2% w/v PLGA (Purac® PDLG 5002A) were prepared in both DCM and acetone 

which were processed with the parameters displayed in Table 3.1 to produce formulations PLGA-

SD1 and PLGA-SD2, respectively. 

Table 3.1 – Spray drying parameters used to produce PLGA microparticles from different solvents 

 

Spray Drying Parameter 

Formulation 

PLGA-SD1 PLGA-SD2  

Nozzle type Two-fluid pneumatic Two-fluid pneumatic 

Peristaltic pump rate 6 mL/min 6 mL/min 

Inlet temperature 55 °C 65 °C 

Outlet temperature 35 °C 30 °C 

 

3.2.1.2 Selecting Nozzle Type 

Feed solutions of 2% w/v PLGA (Purac® PDLG 5002A) in DCM were prepared and processed 

using either the two-fluid pneumatic nozzle or ultrasonic nozzle using the parameters displayed 

in Table 3.2 to produce formulations PLGA-SD3 and PLGA-SD4, respectively. 

Table 3.2 – Spray drying parameters used to produce PLGA microparticles when selecting nozzle type 

 

Spray Drying Parameter 

Formulation 

PLGA-SD3 PLGA-SD4 

Nozzle Type Two-fluid pneumatic nozzle Ultrasonic nozzle 

Operating power N/A 0.8 W 

Peristaltic pump rate 6 mL/min 1.2 mL/min 

Inlet temperature 60 °C 60 °C 

Outlet temperature 37 °C 37-39 °C 

 

3.2.1.3 Optimising Feed Solution Concentration 

Feed solutions with increasing PLGA (Purac® PDLG 5002A) concentration (2% w/v, 5% w/v and 

10% w/v in DCM) were prepared and processed using the parameters displayed in Table 3.3 to 

produce formulations PLGA-SD5, PLGA-SD6 and PLGA-SD7, respectively. A 15% w/v PLGA 

(Purac® PDLG 5002A) in DCM solution was unable to be processed as it could not be consistently 

atomised due to its viscosity. 
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Table 3.3 – Spray drying parameters used to produce PLGA microparticles from feed solutions with different 
polymer concentrations 

 

Spray Drying Parameter 

Formulation 

PLGA-SD5, PLGA-SD6 and PLGA-SD7 

Nozzle type Ultrasonic 

Operating power 0.8 W 

Peristaltic pump rate 1.2 mL/min 

Inlet temperature 60 °C 

Outlet temperature 37-39 °C 

 

3.2.1.4 Optimising Ultrasonic Power 

The ultrasonic operating power was optimised using a feed solution of 9% w/v PLGA (Purac® 

PDLG 5002A) and 1% w/v olanzapine in DCM. Formulations OLZ-PLGA-SD1, OLZ-PLGA-SD2 

and OLZ-PLGA-SD3 were produced using the processing parameters displayed in Table 3.4. 

Table 3.4 – Spray drying parameters used to produce olanzapine-PLGA microparticles when optimising 
ultrasonic power 

 

Spray Drying Parameter 

Formulation 

OLZ-PLGA-SD1 OLZ-PLGA-SD2 OLZ-PLGA-SD3 

Nozzle type Ultrasonic Ultrasonic Ultrasonic 

Operating power 0.8 W 1.0 W 1.2 W 

Peristaltic pump rate 1.2 mL/min 1.2 mL/min 1.2 mL/min 

Inlet temperature 60 °C 60 °C 60 °C 

Outlet temperature 40-42 °C 40-42 °C 40-42 °C 

 

3.2.1.5 Preparation of Spray Dried Olanzapine-PLGA Microparticle Formulation 

Olanzapine-PLGA microparticle formulations were produced from a feed solution (15 mL) of 

9% w/v PLGA (Purac® PDLG 5002A) and 1% w/v olanzapine in DCM using the optimised 

parameters displayed in Table 3.5.  

Table 3.5 – Spray drying parameters used to produce olanzapine-PLGA and blank PLGA microparticle 

formulations 

 

Spray Drying Parameter 

Formulation 

OLZ-PLGA-SD and PLGA-SD 

Nozzle type Ultrasonic 

Operating power 0.8 W 

Peristaltic pump rate 1.2 mL/min 

Inlet temperature 60 °C 

Outlet temperature 37-39 °C 

 

Blank PLGA microparticles were produced using the same parameters from a feed solution of 9% 

w/v PLGA (Purac® PDLG 5002A) in DCM. The formulations were further dried in an oven (40 °C; 

12 hours) to reduce the residual solvent content in the particles. 
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3.2.2 Temperature-Induced Phase Separation 

3.2.2.1 Optimisation of TIPS Parameters 

Optimisation of the TIPS parameters were performed by producing two batches of particles from 

a feed solution (25 mL) of 10% w/v PLGA (Purac® PDLG 5002A) and 1% w/v olanzapine in 

dimethyl carbonate (DMC) using different nozzle diameters and pump rates: 

- 50 µm sapphire nozzle and 1.8 mL/min pump rate  

- 100 µm sapphire nozzle and 2.5 mL/min pump rate 

In each case, the solution was pumped through the sapphire nozzle by a Nexus 6000 syringe 

driver (Chemyx, USA). Droplets were generated at the unit head using a VAR-D encapsulator 

unit (Nisco, Switzerland), operating at an acoustic frequency of 2.75 kHz and an amplitude of 

70%, and collected into liquid nitrogen with a collecting distance of 50 cm. The liquid nitrogen was 

left to evaporate in a freezer (−80 °C) and the resultant particles were freeze-dried for 24 hours. 

3.2.2.2 Preparation of TIPS Olanzapine-PLGA Microparticle Formulation 

A feed solution (25 mL) of 9% w/v PLGA (Purac® PDLG 5002A) and 1% w/v olanzapine in DMC 

was prepared and transferred into a syringe (60 mL, Terumo). The solution was then pumped 

through a sapphire nozzle (100 µm diameter) at 2.5 mL/min using the equipment and parameters 

described above.  

Blank PLGA microparticles (PLGA-TIPS) were prepared using an identical method from a feed 

solution (20 mL) of 9% w/v PLGA (Purac® PDLG 5002A) for comparison to the drug-loaded 

particles (OLZ-PLGA-TIPS). 

3.2.3 Scanning Electron Microscopy 

The microparticle samples were analysed by SEM as described in Chapter 2. Microparticle size 

analysis was performed by measuring the diameter of these particles using ImageJ software 

(National Institute of Health, USA).  

3.2.4 Differential Scanning Calorimetry 

DSC was performed using a Q1000 DSC (TA Instruments, USA) which was calibrated for 

temperature and enthalpy with indium. Aluminium DSC pans and lids (Perkin-Elmer, USA) were 

used with a pin-hole punched through the lid. The mass of each sample analysed was between 

3-5 mg and all samples were analysed in triplicate. The samples were equilibrated to 0 °C and 

heated at a rate of 10 °C/minute to the target temperature. In all experiments a nitrogen purge 

gas was used with a flow rate of 50 mL/minute.  

MTDSC was performed on the same calorimeter as described above, except that a heating rate 

of 2 °C/minute with a modulation of ± 0.212 °C/40 seconds was used. A heat-cool-heat method 

was used to generate amorphous olanzapine in situ and measure the Tg of the amorphous form. 

Data analysis was performed using Universal Analysis 2000 software (TA Instruments, USA). 
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3.2.5 Thermogravimetric Analysis 

TGA was performed using a Hi-Res TGA 2950 (TA Instruments, USA). Each sample (3-10 mg) 

was placed into a tared open aluminium DSC pan (Perkin-Elmer, USA), and all samples were 

analysed in triplicate. The samples were equilibrated to 30 °C and heated at a rate of 10 °C/minute 

to the target temperature. Data analysis was performed using Universal Analysis 2000 software 

(TA Instruments, USA).  

3.2.6 Powder X-ray Diffraction 

PXRD was performed on a 600 Miniflex diffractometer (Rigaku, Japan) with a voltage of 40 kV 

and current of 15 mA, using CuΚα1 radiation. Patterns were recorded over the 2θ range between 

3° and 40° with a step of 0.005° at a scan rate of 5°/minute. Samples were composed of fine 

powders and were placed on an aluminium sample holder for analysis.  

3.2.7 Fourier Transform Infrared Spectroscopy 

FTIR was performed using a Spectrum 100 FT-IR spectrometer (Perkin-Elmer, USA). For each 

sample 16 scans were made in the range of 4000 cm-1 to 650 cm-1 at a resolution of 2 cm-1. 

Background scans were performed, and each sample was analysed in duplicate to check the 

reproducibility of the spectra.   

3.2.8 Drug Loading in Microparticle Formulations 

A direct method was used to determine the olanzapine load in the microparticle formulations (Seju 

et al., 2011). Each formulation (10 mg) was accurately weighed and completely dissolved in 

acetonitrile (10 mL). The resultant solution was diluted two-fold in acetonitrile and the olanzapine 

concentration was determined by a UV assay at a wavelength of 276 nm using a SpectraMax 

M2e microplate reader (Molecular Devices, USA) with 200 µL of solution in each well of a UV-

transparent 96-well plate (Greiner Bio-One, Austria). Each sample was analysed in triplicate, and 

acetonitrile was used as the plate blank. A linear standard curve (R2 = ≥0.999) was produced on 

each plate to quantify the olanzapine concentration by performing a serial dilution of a 50 mg/L 

standard solution of olanzapine in acetonitrile. Blank PLGA microparticle formulations were also 

analysed to confirm that the dissolved PLGA did not interfere with the olanzapine absorbance at 

276 nm.  

3.2.9 Laser Diffraction 

Particle size was determined by automated laser diffraction using a Mastersizer 3000 (Malvern 

Instruments Ltd, UK) with a Hydro MV module. The dispersant used in all experiments was 

0.1% w/v Tween® 80 aqueous solution (refractive index = 1.33) prepared with HPLC grade water 

(Fisher Scientific, UK). Microparticle formulations (30 mg) were initially dispersed in 0.5% w/v 

Tween® 80 aqueous solution (15 mL) by sonication or mechanical stirring. The suspension (1-2 

mL) was then dropped into the Hydro MV module until 2-4% obscuration of the laser light was 

achieved under a 3,500 rpm stirrer speed. Background and sample measurement times of 

10 seconds were used, and 6 measurements were made for each sample. Experiments were 

performed in at least triplicate. Data processing and analysis was performed on Mastersizer 3000 

software (Malvern Instruments Ltd, UK). The following PLGA material properties were used for 
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analysis: refractive index = 1.59 (Goraltchouk et al., 2006); absorption index = 0.001 (Lochmann 

et al., 2010); density (g/cm3) = 1.34 (Kapoor et al., 2015). 

3.2.10 Focused Ion Beam Microscopy 

The internal morphology of the microparticle formulations was imaged using FIB microscopy at 

the Nanovision Centre (Queen Mary University of London, UK) with the assistance of Mr Russell 

Bailey. Microparticle powders were adhered onto aluminium SEM stubs (TAAB Laboratories, UK) 

using carbon-coated double-sided tape. The samples were sputter coated in platinum to render 

them conductive. Imaging and sample manipulation were conducted using a Quanta 3D FEG 

instrument (FEI, USA) using a gallium ion source. The particles were imaged using a low current 

(30 pA) and milled by increasing the current (0.5-3.0 nA) of the ion beam. OLZ-PLGA-TIPS 

particles could be directly milled using a 0.5 nA current, but this was not possible for OLZ-PLGA-

SD and in situ platinum deposition was performed to fix the particles in place by injection of a 

(methylcyclopentadienyl)trimethyl plantinum gas onto the sample surface. 

3.2.11 Micro-Computed Tomography 

The internal morphology of the OLZ-PLGA-TIPS formulation was imaged using Micro-CT by Dr 

Amin Garbout at the Imaging and Analysis Centre (Natural History Museum, UK). Particles were 

adhered to the sample holder using double-sided tape and were imaged using an Xradia 520 

Versa (Zeiss, Germany). The X-ray source settings were 50 kV and 80 µA with an exposure time 

of 20 seconds. The source-RA distance used was 40 mm, and the detector-RA distance was 325 

mm. An optical magnification of 4x was used and the pixel size was 0.7 µm.  

3.2.12 Inverse Gas Chromatography 

IGC was performed by Dr Anett Kondor at Surface Management Systems (London, UK). OLZ-

PLGA-TIPS and OLZ-PLGA-SD particles were packed into 30 cm silane-treated glass columns 

with a 3 mm internal diameter (Surface Measurement Systems, UK) and held in position using 

glass wool. The columns were loaded into an iGC-Surface Energy Analyzer (Surface 

Measurement Systems, UK) and a range of target fractional surface coverages (0.65 to 0.005) of 

octane gas were injected onto the sample column. The gas flow rate used on the column was 10 

SCCM. The raw elution data were analysed using Cirrus Plus software (Surface Measurement 

Systems, UK), and adsorption isotherms were generated in the BET relative pressure range (0.05 

to 0.35 P/P0) providing a linear dataset for each formulation (R2 = ≥0.995) which was processed 

by the software to calculate the SBET for each microparticle formulation. 

3.2.13 In Vitro Dissolution Study 

No standard in vitro dissolution method exists for microparticle formulations, and USP dissolution 

apparatus intended for oral formulations are not appropriate as the intended route of 

administration of PLGA microparticles is either SC or IM injection (D’Souza and DeLuca, 2006). 

This means that the volumes, buffers and stirring conditions used in USP dissolution methods 1 

(paddle) and 2 (basket) are not representative of the in vivo conditions that the formulations would 

encounter. Additionally, there are practicalities to consider when performing dissolution testing on 

PLGA microparticle formulations. An experimental design is needed that ensures that the 



Chapter 3 
 

84 
 

microparticles are not sampled, or lost during sampling, when aliquots are taken for analysis. USP 

dissolution apparatus 4 (flow through cell) would be most appropriate for the dissolution testing 

of microparticle formulations; however, this apparatus was not available and therefore could not 

be used in this work.  

In the absence of USP dissolution apparatus 4 there were two main options for the experimental 

design of dissolution testing. The first is a sample and separate method whereby the formulation 

is freely suspended in the dissolution media and is then separated from the aliquot that is sampled 

for analysis by either centrifugation or filtration (Schaefer and Singh, 2002; Liu et al., 2003; Ruan 

and Feng, 2003). The issues associated with this method are that the formulation can be lost in 

the filtration step or can be difficult to re-suspend after centrifugation. The second option is a 

dialysis method in which the formulation is suspended in a small volume of buffer within a sealed 

dialysis bag which is placed in a larger volume of external buffer (Lee et al., 2002; Prabhu et al., 

2002; Wang et al., 2004). Aliquots are taken for analysis from the external buffer compartment 

and therefore the formulation cannot be lost during sampling. The main issue with the dialysis 

method is that there is an unstirred boundary layer around the formulation as the stirring that can 

be achieved is impeded by the presence of the dialysis membrane, although it has been argued 

that this unstirred layer around the formulation is actually more representative of the IM or SC 

environment (D’Souza and DeLuca, 2006). 

The in vitro dissolution method selected in this study was a dialysis method (Figure 3.1). On 

balance the dialysis method was considered most appropriate, particularly since preliminary 

experiments identified that the TIPS particles floated and adhered to the glass vessel above the 

line of the buffer. Use of a dialysis bag removed issues of sampling and also ensured that the 

TIPS formulation remained submerged and therefore in contact with the dissolution buffer 

throughout the experiment. The parameters used were either selected based on a literature 

review of the experimental design of similar studies or optimised in preliminary experiments 

(D’Souza and DeLuca, 2006; D’Souza et al., 2014). 

 

Figure 3.1 – Schematic diagram of the optimised in vitro dissolution study design (not to scale). Glass vials 

were stored in a shake incubator at 37 °C and 100 rpm.  

The saturated solubility of olanzapine in PBS (pH 7.4) was measured as 89 mg/L (classed as 

practically insoluble), although due to the low dose of olanzapine it was still possible to achieve 

sink conditions (3-10 times the total volume required to fully dissolve the mass of olanzapine).  

38 mL PBS (pH 7.4)

Sealed dialysis tubing (14 kDa MWCO)

Suspension of microparticles (10 mg) 

in 2 mL PBS (pH 7.4)

Aliquots (1 mL) taken at time points 

and replaced with fresh PBS buffer

Glass vial (60 mL) with snap cap lid
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Comparison of olanzapine-PLGA microparticle formulations 

Each microparticle formulation was accurately weighed (10 mg) and transferred into dialysis 

tubing (14000 MWCO BioDesignDialysis Tubing™; Fisher Scientific, UK). PBS (pH 7.4) media (2 

mL) was then transferred into the tubing which was then sealed. The sealed dialysis bag was 

then submerged in PBS (pH 7.4) media (38 mL) in a 60 mL snap cap glass vial (VWR, UK), which 

was placed in an Incushake Mini shake incubator (SciQuip, UK) set at 37 °C and 100 rpm. 

Samples (1 mL) were taken at predetermined time points over a 7 day period and the media was 

replaced with fresh, pre-warmed PBS (pH 7.4) to maintain sink conditions.  

The olanzapine concentration was measured by UV spectroscopy at a wavelength of 276 nm. 

The absorbance readings for each sample were made in duplicate using a SpectraMax M2e 

microplate reader (Molecular Devices, USA) with 200 µL of solution in each well of a UV-

transparent 96-well plate (Greiner Bio-One, Austria). PBS (pH 7.4) was used as the plate blank. 

A linear standard curve (R2 = ≥0.999) was produced on each plate to quantify the olanzapine 

concentration by performing a serial dilution of a 30 mg/L standard solution of olanzapine in PBS 

(pH 7.4). Each formulation was tested in triplicate and the mean average drug release was 

calculated. A release study was performed with blank PLGA microparticles to confirm that 

dissolved PLGA oligomers did not interfere with the olanzapine absorbance at 276 nm in PBS 

(pH 7.4). 

Preliminary experiments 

Preliminary studies were performed to optimise the experimental design of the dissolution assay 

using the OLZ-PLGA-SD formulation. The equipment described above was used, but factors such 

as the dissolution volume and duration of the experiment were optimised. The release was initially 

assessed over a 28 day period and two experimental designs with different dissolution volumes 

were used with internal/external dialysis volumes of 3.5 mL/35 mL and 7 mL/70 mL. These 

experiments identified that aqueous degradation of olanzapine appeared to be occurring over the 

28 day period, so this was further investigated by preparing a 26 mg/L standard solution of 

olanzapine in PBS (pH 7.4) and storing it in an Incushake Mini shake incubator (SciQuip, UK) set 

at 37 °C and 100 rpm for 28 days. The concentration of the solution was measured at 

predetermined time points using the UV assay described above to investigate whether 

degradation of olanzapine was occurring.  
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3.3 Results and Discussion 

3.3.1 Characterisation of Olanzapine Raw Material 

3.3.1.1 Solid State Characterisation 

The thermal properties of the olanzapine raw material were characterised using both DSC and 

MTDSC. Unprocessed olanzapine showed a melting endotherm peak of 195.5 °C when analysed 

with DSC (Figure 3.2), confirming the solid state as crystalline form I which has a reported melting 

point of 195-197 °C (Bhardwaj et al., 2013; Cavallari, 2013). 

 

Figure 3.2 – DSC thermogram of olanzapine raw material 

Amorphous olanzapine was generated using a heat-cool-heat MTDSC method whereby the 

sample was heated to 220 °C, cooled to 0 °C and reheated to 220 °C at a rate of 2 °C/minute. 

The mid-point of the Tg was measured on the second heating cycle as 74 °C  (Figure 3.3) which 

was in reasonable agreement with the reported literature value of 70 °C (Bhardwaj et al., 2013). 

Slight variations in reported Tg values are common because the reported number is describing an 

event that occurs across a temperature range, not at a specific temperature, and because the 

experimental conditions (e.g. scan rate) used will influence the Tg measured for a material 

(Lasocka, 1976; Brostow et al., 2008). 
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Figure 3.3 – MTDSC thermogram showing the total and reversing heat flow of amorphous olanzapine 

The olanzapine crystalline raw material was also analysed by PXRD (Figure 3.4) which confirmed 

that the material is present as the stable polymorph form I since it had hkl reflections at the 

characteristic 2θ positions of 8.6°, 12.5°, 17.1°, 19.8°, 21.5° and 22.3° (Bhardwaj et al., 2013). 

 

Figure 3.4 – PXRD diffractogram of olanzapine raw material 

3.3.1.2 Thermogravimetric Analysis 

Olanzapine was analysed with TGA (Figure 3.5) which showed the material had no significant 

water or solvent content due to the negligible mass loss by 150 °C. The onset of thermal 

degradation of the material was at approximately 200 °C with 88% mass loss by 325 °C.  
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Figure 3.5 – TGA thermogram of olanzapine 

3.3.1.3 Fourier Transform Infrared Spectroscopy 

The olanzapine raw material was analysed using FTIR to identify specific IR absorption bands of 

chemical bonds in the molecule (Figure 3.6).  

 

Figure 3.6 – FTIR spectrum of olanzapine form I 

The intense broad band at 3196 cm-1 was the stretching vibration of the NH bond in the molecule; 

the width of this band suggests that the hydrogen of this bond is involved in hydrogen bonding. 

The three bands at 2935, 2838 and 2792 cm-1 were the CH stretching vibrations for the various 

alkane groups in this molecule.  The intense bands at 1581, 1553 and 1516 cm-1 were the double 
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bonds of C=C and C=N present in the benzene, thiophene and azepine rings. The bands in the 

next region of 1500-1300 cm-1 become more overlapped and are dominated by the methyl, 

methylene and C-H bonds. The characteristic bands assigned above are in good agreement with 

IR spectra of olanzapine present in the literature (Ayala et al., 2006). 

3.3.2 Characterisation of PLGA Raw Material 

3.3.2.1 Solid State Characterisation 

The PLGA grade used was known to be fully amorphous. The Tg of the unprocessed material was 

determined using MTDSC (Figure 3.7) and was found to be 43 °C which is close to the literature 

value range of 45-50 °C for 50:50 lactide:glycolide grades of PLGA (Kapoor et al., 2015). 

 

Figure 3.7 – MTDSC thermogram of unprocessed PLGA material 

The unprocessed PLGA was also analysed by PXRD (Figure 3.8). As expected, the polymer 

showed only broad halo patterns confirming the material was amorphous. A number of reflections 

were present on the diffractogram which were confirmed to be from the aluminium sample holder. 
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Figure 3.8 – PXRD diffractograms of PLGA raw material and aluminium sample holder; reflections marked 

(*) are attributed to the sample holder 

3.3.2.2 Thermogravimetric Analysis 

The unprocessed PLGA material was analysed with TGA to determine the solvent content and 

the onset of thermal degradation of the material (Figure 3.9).  

 

Figure 3.9 – TGA thermogram of PLGA raw material 
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3.3.2.3 Fourier Transform Infrared Spectroscopy 

The unprocessed PLGA material was analysed by FTIR to identify specific IR absorption bands 

of chemical bonds in the molecule (Figure 3.10).  

 

Figure 3.10 – FTIR spectra of PLGA  

The bands at 2997 cm-1 and 2948 cm-1 are the C-H stretch of the alkane groups present in the 

polymer. The intense band at 1748 cm-1 is the carbonyl group of the ester linkage and the intense 
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the band at 1383 cm-1 is the C-H rock. The characteristic bands assigned above are in agreement 

with FTIR spectra of PLGA present in the literature (D’Avila Carvalho Erbetta et al., 2012). 
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will be identified in which the formulation materials have high solubility, and that has a low boiling 

point and low toxicity. 

Acetone and DCM were initially selected after a preliminary study identified that both olanzapine 

and PLGA were soluble in these solvents. The relevant properties of these solvents are 

summarised in Table 3.6. 

Table 3.6 – Comparison of acetone and dichloromethane solvent properties 

Solvent Property Acetone Dichloromethane 

Olanzapine solubility Soluble* Soluble* 

PLGA solubility Soluble* Soluble* 

Boiling Point (°C) 56 40 

Toxicity (ICH guideline R5) Class 3 (low toxic potential) Class 2 (use should be limited) 

*Definition of “soluble” is that 1 g of solute can be fully dissolved in 10-30 mL of solvent 

The boiling point of the solvent is an important consideration since it determines the required 

drying temperature which will affect the hazard and cost associated with the process. It is also of 

particular importance when spray drying PLGA because of the low Tg (43 °C) of the polymer 

(Kapoor et al., 2015). Low drying temperatures are required to prevent coalescence of the 

particles, and keep the particles in the glassy state when collected. For this reason, DCM has 

been used as the main feed solution solvent in the majority of studies preparing PLGA particles 

with the spray drying method (Bittner et al., 1998; Fu et al., 2002; Burke et al., 2004; Blanco et 

al., 2006; Guerrero et al., 2008; Li et al., 2013). Acetone has not been used as extensively in the 

literature for this application but was also selected as it had the advantage of having lower toxicity 

than DCM (ICH, 2011). 

PLGA microparticles were successfully produced by spray drying 2% w/v PLGA solutions of both 

acetone and DCM. SEM micrographs of the formulations produced are displayed in Figure 3.11.  

   

Figure 3.11 – SEM micrographs of PLGA-SD1 (a) and PLGA-SD2 (b) prepared using DCM and acetone as 
the feed solvent, respectively. 

Formulation PLGA-SD1, prepared using DCM, is comprised of discrete micro- and nanoparticles 

with smooth surface morphology. Formulation PLGA-SD2, prepared from a solution of acetone, 

also consists of a mixture of smooth micro- and nanoparticles, although many of the particles are 

(a) (b) 
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clearly coalescing together. The formulations were then further analysed using TGA and MTDSC 

to further investigate this observation. 

The residual solvent content in the formulations was assessed using TGA (Figure 3.12), and the 

weight change associated with solvent loss was calculated to be 1.1 ± 0.1% for PLGA-SD1 and 

1.7 ± 0.1% for PLGA-SD2.  

 

 

 

 

Figure 3.12 – TGA thermograms of PLGA-SD1 (a) and PLGA-SD2 (b) prepared using DCM and acetone as 
the feed solvent, respectively.  
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The identity of the solvent cannot be determined by TGA, but in each case it is reasonable to 

assume it is the feed solvent. PLGA-SD2, prepared with acetone, was found to have a higher 

residual solvent content than PLGA-SD1.  

The formulations were then further characterised using MTDSC to determine the Tg of the PLGA 

particles (Figure 3.13).  

 

 

 

 

Figure 3.13 – MTDSC thermograms of formulations PLGA-SD1 (a) and PLGA-SD2 (b)  
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PLGA-SD1 had a Tg with a mid-point of 45 °C, whereas PLGA-SD2 had a broader glass transition 

with a Tg with a mid-point of 40 °C. As the two formulations were produced with the same PLGA 

grade, the difference in Tg can be attributed to the residual solvent content. PLGA-SD2 had more 

residual solvent and therefore experienced a greater plasticisation effect which explains the lower 

Tg and broader glass transition observed. The difference in Tg between the formulations explains 

why PLGA-SD2 showed greater coalescence of the particles. A combination of the lower Tg and 

higher outlet temperature experienced by the particles meant that the particles were more likely 

to be in the rubbery state when collected which could promote particle coalescence. 

DCM was selected as the feed solvent based on the characterisation of formulations PLGA-SD1 

and PLGA-SD2. PLGA-SD1 had favourable particle morphology, a higher Tg and lower residual 

solvent content. Despite its higher toxicity, DCM is a solvent commonly used in the production of 

PLGA microparticle formulations and the residual levels can be reduced by using a secondary 

drying step. 

3.3.3.2 Selection of Nozzle Type 

The atomisation method used when spray drying has a significant influence on the particle 

properties such as the diameter and size distribution achieved. Traditionally, two-fluid pneumatic 

nozzles are the main atomisation method used in spray drying of pharmaceutical products (Cal 

and Sollohub, 2010). Pneumatic nozzles atomise the feed solution by mixing the solution with a 

carrier gas at the nozzle which creates high-frictional forces over the solution surface causing it 

to disintegrate into fine droplets (Cal and Sollohub, 2010). Ultrasonic atomisation, achieved using 

an ultrasonic nozzle and controller, is an alternative method that allows the production of larger 

particle sizes with narrow size distributions (Topp and Eisenklam, 1972). Atomisation is achieved 

with this nozzle type by using piezoelectric transducers to generate vibrations that are amplified 

at the atomising surface. The ultrasonic frequencies generated produce capillary waves in the 

feed solution which break apart to form droplets. The opportunity to achieve more monodisperse 

particles with larger diameters is potentially advantageous when producing microparticle 

formulations since particle size has been shown influence key formulation properties, such as 

drug release (Siepmann et al., 2004; Klose et al., 2006). 

The influence of the atomisation method on particle morphology and size was assessed by 

processing identical feed solutions with both pneumatic and ultrasonic nozzles. Formulations 

PLGA-SD3 and PLGA-SD4 were produced using the ultrasonic and two-fluid pneumatic nozzles, 

respectively. The SEM micrographs and particle size histograms of these formulations are 

displayed in Figure 3.14.  
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Figure 3.14 – SEM micrographs and particle size histograms of PLGA-SD3 (a) and PLGA-SD4 (b) 

Formulation PLGA-SD3, produced with ultrasonic atomisation, clearly had favourable particle 

morphology compared to PLGA-SD4. The particles in PLGA-SD3 were smooth, spherical and 

discrete, whereas PLGA-SD4 consisted of smaller particles that formed aggregates. The particle 

size of each formulation was assessed using image analysis software and a mean average was 

calculated from 100 particle size measurements (Table 3.7) which confirmed that PLGA-SD3 had 

a larger average particle diameter of 7.5 µm. 

Table 3.7 – Particle size statistics determined by SEM image analysis for formulations PLGA-SD3 and 
PLGA-SD4 

Formulation Mean Average 

Diameter ± Standard 

Deviation (µm) 

Minimum Particle Size 

Measured (µm) 

Maximum Particle 

Size Measured (µm) 

PLGA-SD3 7.5 ± 4.5 1.8 22.7 

PLGA-SD4 2.4 ± 1.2 0.5 7.1 

 

3.3.3.3 Optimisation of PLGA Feed Solution Concentration 

The main factors that influence the droplet size, and subsequently particle size, generated using 

ultrasonic atomisation are the nozzle vibration frequency and the properties of the feed solution 

(BUCHI Labortechnik AG, 2014). 
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The simplest way to change the properties of the feed solution was to change the dissolved solids 

content. The effect PLGA concentration had on particle size was investigated by producing three 

formulations from feed solutions with increasing PLGA concentration (2, 5 and 10% w/v). A 

15% w/v PLGA solution was also attempted, however it was difficult to process as it congealed 

on the atomising surface of the nozzle and would not consistently atomise. SEM micrographs of 

formulations PLGA-SD5, PLGA-SD6 and PLGA-SD7 (prepared from 2, 5 and 10% w/v PLGA in 

DCM, respectively) are presented in Figure 3.15 with particle size histograms produced from SEM 

image analysis.  

  

  

  

Figure 3.15 – SEM micrographs and particle size histograms of PLGA-SD5 (a), PLGA-SD6 (b) and PLGA-
SD7 (c) prepared from 2, 5 and 10% w/v PLGA in DCM, respectively.   
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The particle size statistics for the three formulations are presented in Table 3.8 which show a 

number of trends with change in PLGA concentration.  

Table 3.8 – Particle size statistics determined by SEM image analysis for formulations PLGA-SD5, PLGA-
SD6 and PLGA-SD7  

Formulation Feed PLGA 
Concentration 
(% w/v) 

Mean Average 
Diameter ± Standard 
Deviation (µm) 

Minimum 
Particle Size 
Measured (µm) 

Maximum 
Particle Size 
Measured (µm) 

PLGA-SD5 2 7.9 ± 3.4 3.3 22.9 

PLGA-SD6 5 12.8 ± 4.5 4.0 23.6 

PLGA-SD7 10 12.7 ± 6.5 6.2 61.5 

  

The mean average particle size was increased from 7.9 µm to 12.8 µm by increasing the PLGA 

concentration from 2% w/v to 5% w/v, but increasing the concentration to 10% w/v did not further 

increase the average particle size. The particle size distribution was broadened by increasing the 

PLGA concentration which was shown by an increase in the standard deviation of the mean 

average diameter. Finally, increasing the PLGA feed concentration also increased the minimum 

and maximum particle sizes measured.  

Based on the particle size results, the optimum PLGA concentration was between 5 and 10% w/v 

because these solutions could be consistently spray dried and produced particles with a larger 

average mean diameter than feed solutions with lower PLGA concentrations. Regarding the 

particle morphology, partial coalescence of particles was observed in the SEM micrographs of all 

three formulations. Formulations later loaded with olanzapine did not exhibit this issue which was 

attributed to the higher Tg of these formulations due to the anti-plasticising effect of olanzapine.  

3.3.3.4 Optimisation of Nozzle Vibration Frequency 

The vibration frequency of the ultrasonic nozzle is the predominant factor that determines particle 

size. Median droplet size is inversely proportional to the nozzle vibration frequency to the 2/3 

power; therefore lower vibration frequencies produce the largest droplets and particle sizes 

(BUCHI Labortechnik AG, 2014). The vibration frequency is determined by the power supplied to 

the ultrasonic nozzle from the ultrasonic broadband controller.  Below a critical power level, the 

stall point, there is insufficient energy for atomisation of the feed solution to occur. The absolute 

value of the stall point is dependent on multiple factors including the feed solution properties, flow 

rate and properties of the nozzle. Atomisation occurs in a narrow power window (0.5-1.5 W) above 

the stall point, and cavitation occurs if the power level is too high. Cavitation describes the process 

whereby the feed solution is ripped apart by excess energy, causing large chunks of material to 

be expelled rather than uniform droplets (BUCHI Labortechnik AG, 2014). 

To investigate the effect the ultrasonic vibration frequency had on particle morphology and size, 

a selected feed solution of 9% w/v PLGA and 1% w/v olanzapine was processed using ultrasonic 

nozzle operating powers of 0.8 W, 1.0 W and 1.2 W to produce formulations OLZ-PLGA-SD1, 

OLZ-PLGA-SD2 and OLZ-PLGA-SD3, respectively. The parameters were selected based on the 

stall point determined for this solution of 0.8 W. SEM micrographs and particle size histograms of 

the formulations produced are displayed in Figure 3.16 which show that the particle size and 
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morphology do not significantly change in this operating power range. Olanzapine was added to 

the formulation so the final optimisation was performed with drug-loaded particles which would 

be produced later in the study. Any contribution that olanzapine had to the particle properties 

could therefore be accounted for at this stage. 

  

  

  

Figure 3.16 – SEM micrographs and particle size histograms of formulations OLZ-PLGA-SD1 (a), OLZ-
PLGA-SD2 (b), and OLZ-PLGA-SD3 (c) produced using nozzle operating powers of 0.8 W, 1.0 W and 1.2 W, 
respectively.  

The particle size statistics for the olanzapine-PLGA microparticles obtained using the three 

ultrasonic operating powers show that there is no difference in the particle size measurements in 

this operating power range (Table 3.9). 
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Table 3.9 – Particle size statistics for formulations OLZ-PLGA-SD1, OLZ-PLGA-SD2 and OLZ-PLGA-SD3 
determined by SEM image analysis 

Formulation Operating 
Power (W) 

Mean Average 
Diameter ± Standard 
Deviation (µm) 

Minimum 
Particle Size 
Measured (µm) 

Maximum 
Particle Size 
Measured (µm) 

OLZ-PLGA-SD1 0.8 12.0 ± 3.0 5.0 20.1 

OLZ-PLGA-SD2 1.0 11.0 ± 3.2 5.5 21.1 

OLZ-PLGA-SD3 1.2 11.3 ± 3.9 5.2 24.5 

 

The particle size would not be increased by further increasing the operating power, since particle 

size is inversely proportional to the vibration frequency (and therefore operating power) over wider 

frequency ranges. Therefore, use of an ultrasonic operating power between 0.8-1.2 W was 

suitable for the production of olanzapine-PLGA particles from the selected feed solution because 

the particle size obtained remained consistent within this range.  
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3.3.4 Optimisation of TIPS Parameters 

The processing parameters for the TIPS microfabrication method were selected and optimised 

with the aim of obtaining porous particles with suitable particle diameters for SC or IM drug 

delivery. 

The TIPS particle size can be optimised by altering the nozzle diameter through which the droplets 

were generated (Blaker et al., 2008a). Batches of formulations were produced using nozzle 

diameters of 50 and 100 µm. Particles were successfully produced using both nozzle diameters. 

However, the 50 µm nozzle became repeatedly blocked throughout processing due to the 

viscosity of the feed solution. The results of the particle size analysis (Table 3.10) showed that, 

as expected, the particles produced using the 50 µm nozzle were smaller than those produced 

with the 100 µm nozzle.  

Table 3.10 – Particle size distribution of OLZ-PLGA-TIPS-1 and OLZ-PLGA-TIPS-2 formulations measured 

by laser diffraction 

Formulation Nozzle 

Diameter (µm) 

Dv10 (RSD %) 

(µm) 

Dv50 (RSD %) 

(µm) 

Dv90 (RSD %)  

(µm) 

OLZ-PLGA-TIPS-1 50 178.76 (3.92) 221.91 (3.04) 275.72 (5.32) 

OLZ-PLGA-TIPS-2 100 216.49 (11.73) 333.41 (3.29) 511.64 (5.34) 

 

The particle sizes of both batches were fairly large for SC or IM delivery but could not be reduced 

further because smaller nozzle diameters would have been prone to blockages. Despite 

producing larger particle sizes, the nozzle diameter of 100 µm was selected to produce the 

formulations since its process was more efficient compared with using the 50 µm nozzle. 

SEM micrographs of the formulations produced during the optimisation work showed that porous 

particles had been successfully produced (Figure 3.17). The porosity of the particles can be 

controlled by changing the polymer concentration of the feed solution, with lower polymer 

concentrations producing more porous particles (Day and Blaker, 2014). The morphology and 

porosity of the TIPS particles produced during the optimisation work was satisfactory, but it was 

decided to reduce the total solids content of the feed solution from 11% w/v to 10% w/v to keep 

the concentration of the feed solutions consistent between the two microfabrication methods. 

     

Figure 3.17 – SEM micrographs of OLZ-PLGA-TIPS-2 particle morphology at 270x (a) and 5,000x (b) 
magnification  

(a) (b) 
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3.3.5 Production of Spray Dried and TIPS Olanzapine-PLGA Microparticle 

Formulations 

Formulations with a target drug load of 10% w/w were produced using both the spray drying and 

TIPS processes from feed solutions of 9% w/v PLGA (Purac® PDLG 5002A) and 1% w/v 

olanzapine. The process parameters used were optimised for each microfabrication method to 

produce microparticles of with contrasting structures and morphology. Blank particles were also 

prepared for comparison to drug-loaded formulations. Table 3.11 summarises the formulations 

produced to investigate the effect the contrasting particles structures have on the olanzapine 

release performance from these systems. 

Table 3.11 – Summary of olanzapine-PLGA microparticle formulations 

Formulation Theoretical 
composition (% w/w) 

Feed Solution Microfabrication 
Method 

PLGA-SD 100% PLGA 9% w/v PLGA in DCM Spray Drying  

OLZ-PLGA-SD 10% olanzapine 

90% PLGA 

1% w/v olanzapine + 9% 

w/v PLGA in DCM 

Spray Drying 

PLGA-TIPS 100% PLGA 9% w/v PLGA in DMC TIPS 

OLZ-PLGA-TIPS 10% olanzapine 

90% PLGA 

1% w/v olanzapine + 9% 

w/v PLGA in DMC 

TIPS 
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3.3.6 Characterisation of Olanzapine-PLGA Microparticle Formulations 

3.3.6.1 Scanning Electron Microscopy 

SEM micrographs showed that the spray dried formulation OLZ-PLGA-SD consisted of spherical 

microparticles with smooth surface morphology and diameters of approximately 10-20 µm (Figure 

3.18). The particle morphology appeared very consistent, although some surface defects were 

evident in Figure 3.18b.  

         

 

Figure 3.18 – SEM micrographs of formulation OLZ-PLGA-SD at (a) 500x magnification, (b) 5,000x 
magnification and (c) 20,000x magnification 

SEM micrographs of the particle morphology of the OLZ-PLGA-TIPS formulation are displayed in 

Figure 3.19. The particles were spherical with diameters in the region of hundreds of microns. In 

Figure 3.19a there are several damaged and partially collapsed particles indicating that the 

particles were fragile. The damaged particles are clearly highly porous which would explain the 

fragility observed. Figure 3.19c shows that OLZ-PLGA-TIPS particles had many surface pores 

with irregular shapes and geometries in the micron scale.  

(a) (b) 

(c) 
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Figure 3.19 – SEM micrographs of OLZ-PLGA-TIPS formulation at 100x magnification (a), 1,000x 
magnification (b) and 5,000x magnification (c)  

The formulations produced using the two microfabrication methods had very different particle 

surface morphologies. The spray dried particles were smaller and had smooth, non-porous 

surfaces, whereas the TIPS particles were significantly larger and had many surface pores. These 

differences were expected and were due to the different particle formation processes used. 

In spray drying, the feed solution is atomised into droplets which hugely increases the surface 

area of the solution and facilitates heat transfer from the drying gas to the solvent, resulting in 

evaporation of solvent within milliseconds (Cal and Sollohub, 2010). The exact mechanism of 

particle formation from the droplet is dependent on the solution properties and the spray drying 

parameters used, and is thought to be dependent on the ratio between droplet evaporation rate 

and diffusional movement of solutes (referred to as the Peclet number). In systems with a low 

Peclet number, the diffusional movement of the solutes is high compared to the evaporation rate 

of the droplet. The solutes are therefore able to diffuse quickly enough to migrate into the centre 

of the rapidly shrinking droplet and spherical, solid particles are formed. Conversely, in systems 

with a high Peclet number the diffusional movement of the solutes is slow in comparison to the 

evaporation rate of the solvent. Solutes rapidly precipitate at the surface of the droplet, forming a 

solid layer as the droplet continues to dry. This mechanism of particle formation tends to produce 

hollow, collapsed and lower density particles (Vehring, 2008; Vicente et al., 2013). Based on the 

morphology of the particles in Figure 3.18, the system appears to have had a low Peclet number 

since the particles do not appear to be collapsed or hollow. 

(a) (b) 

(c) 
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In the TIPS method the mechanism of particle formation is very different. Single droplets are 

produced by forcing the feed solution through a nozzle; acoustic vibration is applied to the liquid 

jet generated which introduces periodic instabilities, causing it to break into uniform droplets which 

fall under gravity and are collected into liquid nitrogen. The droplet size generated by this method 

is determined by the size of the orifice, which was 100 µm in this study. When the droplet comes 

into contact with the liquid nitrogen the solvent at the surface of the droplet begins to crystallise, 

and phase separation occurs producing a polymer-rich phase and a crystalline solvent phase 

(Blaker et al., 2008a). The crystallising solvent front follows the heat transfer into the centre of the 

droplet, forming a phase-separated solid particle. The solvent phase is then removed by 

lyophilisation, leaving only the polymer phase and resulting in the formation of a porous particle. 

Therefore, the contrasting morphologies of the particles were a result of the different particle 

formation mechanism utilised by each microfabrication method.  

3.3.6.2 Focused Ion Beam Microscopy 

The internal structure of the spray dried microparticle formulation was assessed using FIB 

microscopy (Figure 3.20).  

            

 

Figure 3.20 – FIB micrographs of OLZ-PLGA-SD: (a) Platinum deposited on a single microparticle, (b) 
platinum covered microparticle milled by ion beam viewed at 52° sample stage angle and (c) cross section 
of microparticle viewed at 0° sample stage angle. 

In the analysis of formulation OLZ-PLGA-SD a thin layer of platinum was deposited on a single 

microparticle to fix it in place because direct milling of the particle with the ion beam caused the 

particles to move due to their small size and mass. The platinum deposition was achieved by 

(a) (b) 

(c) 

Solid 
microparticle 

Deposited 
platinum layer 
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injection of an organo-metallic gas, via a needle, onto the sample surface. A defined surface 

around the target particle was excited by the ion beam which caused preferential adsorption of 

gas molecules on the surface of this region. Energy from the ion beam and the secondary 

electrons emitted from the sample surface caused dissociation of the organo-metallic gas and 

deposition of platinum on the sample surface (Tao et al., 1990). The ion beam was then used to 

mill the platinum-covered particle, exposing the cross section shown in Figure 3.20c. The cross 

section shows a solid black mass covered by the deposited platinum layer which shows that the 

spray dried microparticles were solid and did not have a hollow shell structure, confirming the 

system had a low Peclet number. Several particles were analysed in this manner and all were 

found to be solid. This observation is important from a drug delivery perspective as the particle 

structure may affect the degradation rate of the particles and therefore the rates and mechanisms 

of drug release (Siepmann et al., 2004; Klose et al., 2006). 

The internal structure of formulation OLZ-PLGA-TIPS was also assessed using FIB microscopy 

(Figure 3.21).  

    

 

Figure 3.21 – FIB micrographs of an OLZ-PLGA-TIPS microparticle: (a) before milling, (b) after milling a 

wedge shape out of the particle and (c) after milling viewed at a 0° sample stage angle. 

The larger size of these particles meant that they could be directly milled with the ion beam and 

did not need fixing in place with platinum. A wedge shape was removed from a single particle 

(Figure 3.21b) and rotation of the sample stage by 52° allowed the internal architecture of the 

TIPS microparticle to be viewed (Figure 3.21c). The internal channels appear to be interconnected 

(a) (b) 

(c) 
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and extend from the centre of the particle in a radial manner to the surface pores. The porous 

structure of the particle is a result of the advancement of the solvent crystallisation front into the 

centre of the particle during processing. The removal of the interconnected solvent phase by 

lyophilisation results in the formation of the interconnected channels and pores in the remaining 

solid polymer phase (Blaker et al., 2008a).  The TIPS microparticle shown in Figure 3.21 also had 

one large surface pore which is consistent with previous observations in the literature. This pore, 

present on the underside of the TIPS microparticle, opens into a large internal void which can be 

partially seen in Figure 3.21c. The presence of large internal voids in the TIPS particles has been 

attributed to the entrapment of air inside the liquid droplets produced using this microfabrication 

method (Blaker et al., 2008a).  

3.3.6.3 Micro-computed Tomography 

Micro-CT was also used to assess the internal structure of the OLZ-PLGA-TIPS particles (Figure 

3.22) and confirmed the observations made from the FIB microscopy images. An internal void 

can also be seen inside the particle analysed (highlighted), which could be viewed more clearly 

when multiple cross sections were compared since the void could be seen to appear midway 

through the particle and narrow towards the surface. This technique was able to resolve the 

internal channels that connect to the surface pores. FIB microcopy has higher resolution, but 

Micro-CT has the advantage of being a non-destructive technique. The images obtained from the 

two imaging techniques complementary and help build a full picture of the internal structure of the 

OLZ-PLGA-TIPS particles. 

 

Figure 3.22 – Micro-computed tomography cross section mid-way through an OLZ-PLGA-TIPS microparticle 
(circled) with an approximate diameter of 200-400 µm. Smaller particles and particle fragments can also be 

seen in the image.  

The spray dried formulation OLZ-PLGA-SD was not analysed using Micro-CT since it was unlikely 

that more information would be obtained by analysing the solid particles, particularly due to the 

smaller size of the particles and the poorer resolution of the technique compared to FIB 

microscopy. 

Single TIPS 

microparticle 

Internal void Internal channels 
connecting to surface 

pores 
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3.3.6.4 Particle Size Analysis 

Particle size analysis of OLZ-PLGA-SD was performed using both SEM image analysis (Figure 

3.23) and laser diffraction (Table 3.12). The formulation had a normal distribution of particle size 

and a mean particle diameter of 10.8 ± 4.0 µm determined by SEM image analysis. The 

microparticle size distribution determined by laser diffraction was in reasonable agreement with 

the SEM image analysis data, with 50% of the particles having a diameter of less than 20 µm. 

However, the particle size range determined by laser diffraction was higher than that determined 

by SEM image analysis, since laser diffraction results are based on volume distribution. The 

presence of larger particles or aggregates in a polydisperse sample skew results calculated using 

volume distribution to larger particle sizes as a single large particle or aggregate of particles has 

the same volume as many smaller particles.  

   

Figure 3.23 – SEM micrographs and particle size histogram of OLZ-PLGA-SD formulation  

Table 3.12 – Particle size distribution of spray dried and TIPS particles measured by laser diffraction  

 

Formulation 

Average Particle Size (µm) 

Dv10 (RSD %) Dv50 (RSD %) Dv90 (RSD %) 

OLZ-PLGA-SD 9.23 (2.31) 20.66 (1.03) 39.15 (7.78) 

OLZ-PLGA-TIPS 195.2 (13.5) 308.4 (7.7) 508.4 (1.28) 

 

Particle size was determined for the OLZ-PLGA-TIPS formulation using the laser diffraction 

method alone because an insufficient number of particles could be analysed using SEM image 

analysis due to their larger size (Table 3.12). The particle size of the OLZ-PLGA-TIPS formulation 

was much larger than that of the OLZ-PLGA-SD formulation: 90% of the particles produced using 

the TIPS method had diameters below 508 µm, compared to the particles produced using the 

spray drying method where 90% of the particles had a diameter less than 39 µm. The different 

particle size distributions can clearly be attributed to the different atomisation methods. While in 

the TIPS method individual droplets were produced through an orifice of 100 µm, with ultrasonic 

atomisation in spray drying many droplets are simultaneously generated. Due to the size of the 

orifice used in the TIPS process, the particles were much larger than the spray dried particles.  
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3.3.6.5 Drug Loading  

The drug loading in formulations OLZ-PLGA-SD and OLZ-PLGA-TIPS were determined using a 

direct method adapted from the literature (Seju et al., 2011). The formulations were dissolved in 

acetonitrile in which both olanzapine and PLGA were soluble, and the olanzapine concentration 

was then determined by UV spectroscopy at a wavelength that did not overlap with the UV 

absorbance of the polymer.  

The drug loading in each formulation was found to be approximately 10% w/w (Table 3.13), 

showing that all of the drug was encapsulated in the formulation in both processes.  

Table 3.13 – Drug loading in spray dried and TIPS formulations 

Formulation Drug Loading ± Standard Deviation (% w/w) 

OLZ-PLGA-SD 9.8 ± 0.1 

OLZ-PLGA-TIPS 10.6 ± 0.0 

 

Both microfabrication methods produced solid particles directly from solution by rapid solvent 

removal, either by use of hot drying gas (spray drying) or lyophilisation of frozen droplets (TIPS). 

These processing steps leave little opportunity for loss of drug, resulting in the high encapsulation 

efficiencies achieved. Conversely, emulsion-based methods of microparticle generation can 

result in lower encapsulation efficiencies due to loss of drug into the continuous phase during 

processing (Alshamsan, 2014). 

3.3.6.6 Thermogravimetric Analysis  

The freshly prepared drug-loaded formulations were analysed with TGA to determine the residual 

solvent content and to assess the onset of thermal degradation (Figure 3.24). The weight loss 

occurred in two main phases for each formulation. The first phase (occuring between 30-90 °C) 

can be attributed to solvent loss, and the two formulations both experienced approximately 1% 

weight loss in this period suggesting a residual solvent content of 1% (Table 3.14).  

Table 3.14 – Weight loss from microparticle formulations determined by TGA 

Formulation First Phase (30-90 °C) of Weight 

Loss (%) ± Standard Deviation 

Second Phase (90-200 °C) of Weight 

Loss (%) ± Standard Deviation 

OLZ-PLGA-SD 1.11 ± 0.12 1.49 ± 0.08 

OLZ-PLGA-TIPS 0.77 ± 0.05 2.80 ± 0.30 

 

However, this may be an undercalculation because the second phase of weight loss, primarily 

due to thermal degradation, may have also been partially due to the evaporation of bound solvent, 

particularly for OLZ-PLGA-TIPS where the residual solvent (DMC) had a higher boiling point of 

90 °C. Supporting evidence for this was that the OLZ-PLGA-TIPS formulation experienced 

significantly higher weight loss in the second phase (Table 3.14) than OLZ-PLGA-SD which may 

have been due to greater loss of solvent in this temperature region due to the higher boiling point 

of DMC compared to DCM (90 and 40 °C, respectively). Any solvent loss occuring in this phase 

overlaped with the onset of thermal degradation of the samples, and the two events could not be 

be deconvoluted.  
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In summary, the residual solvent content of the formulations could not be accurately determined 

using TGA, although the data suggest that the levels are similar in each formulation and are less 

than 2%. The onset of thermal degradation of each sample was at approximately 160 °C.  

 

 

 

 

Figure 3.24 – TGA thermogram of (a) OLZ-PLGA-SD and (b) OLZ-PLGA-TIPS formulations 
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3.3.6.7 Modulated Temperature Differential Scanning Calorimetry 

The thermal properties of blank and drug-loaded formulations produced using both spray drying 

and TIPS were investigated using MTDSC (Figure 3.25 and Figure 3.26).   

  

 

Figure 3.25 – MTDSC thermograms of (a) PLGA-SD and (b) OLZ-PLGA-SD formulations 
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Figure 3.26 – MTDSC thermograms of blank PLGA-TIPS (a) and OLZ-PLGA-TIPS (b) formulations 

The thermograms of all blank and drug-loaded formulations showed only a single glass transition 

in the reversing heat flow signal, and the Tg was significantly elevated in the drug-loaded 

formulations compared to the blank PLGA particles. There was no evidence of an endothermic 

melting event in the drug-loaded formulations, suggesting olanzapine was present in the 

amorphous form. A summary of the Tgs of the formulations and raw materials are presented in 

Table 3.15.  

 

41.89°C(F)

42.52°C

44.00°C

86.16°C

-0.035

-0.030

-0.025

-0.020

-0.015

-0.010

-0.005

0.000

0.005

0.010

[ 
  
  
  
  
  
  
 ]
 R

e
v
 H

e
a
t 
F

lo
w

 (
W

/g
)

 –
–
 –

–
 –

 

-0.12

-0.10

-0.08

-0.06

-0.04

H
e
a
t 
F

lo
w

 (
W

/g
)

0 50 100 150 200

Temperature (°C)

Sample: SA008 TIPS MS - Blank
Size:  3.1500 mg
Method: MTDSC OLZ-PLGA SEAN

DSC
File: C:...\SA008 TIPS MS - Blank 3
Operator: Sean
Run Date: 12-Mar-2016 03:18
Instrument: DSC Q1000 V24.11 Build 124

Exo Up Universal V4.5A TA Instruments

48.00°C(F)

46.17°C

50.63°C

85.75°C

-0.05

-0.04

-0.03

-0.02

-0.01

0.00

[ 
  
  
  
  
  
  
 ]
 R

e
v
 H

e
a
t 
F

lo
w

 (
W

/g
)

 –
–
 –

–
 –

 

-0.12

-0.10

-0.08

-0.06

-0.04

H
e
a
t 
F

lo
w

 (
W

/g
)

0 50 100 150 200

Temperature (°C)

Sample: SA008 TIPS MS - Drug Loaded
Size:  3.8600 mg
Method: MTDSC OLZ-PLGA SEAN

DSC
File: C:...\SA008 TIPS MS - Drug Loaded 2
Operator: Sean
Run Date: 11-Mar-2016 18:19
Instrument: DSC Q1000 V24.11 Build 124

Exo Up Universal V4.5A TA Instruments

(a) 

(b) 



Chapter 3 
 

113 
 

Table 3.15 – Glass transition temperatures of raw materials and microparticle formulations determined by 
MTDSC 

Material Glass Transition Temperature (°C) ± Standard 

Deviation  

PLGA raw material 43.8 ± 0.7 

Olanzapine raw material 73.9 ± 0.3 

PLGA-SD 42.2 ± 0.3 

OLZ-PLGA-SD 49.1 ± 0.1 

PLGA-TIPS 41.9 ± 0.1 

OLZ-PLGA-TIPS 47.7 ± 0.2 

 

Both PLGA-SD and PLGA-TIPS had a Tg of 42 °C which was slightly lower than that of the 

unprocessed polymer (43-44 °C), likely due to plasticisation of the system by the residual solvent 

following processing. Formulations OLZ-PLGA-SD and OLZ-PLGA-TIPS both had a significantly 

elevated Tg compared to the blank formulations. The Tg of the drug-loaded formulations was very 

similar (49 °C for OLZ-PLGA-SD and 48 °C for OLZ-PLGA-TIPS) and the slight difference 

measured of 1 °C was likely to be a result of subtle differences in the plasticisation effects of the 

residual solvents. 

A single glass transition in the drug-loaded formulations with an intermediate temperature 

between that of pure amorphous PLGA and pure amorphous olanzapine indicates that the two 

components are miscible and that a molecular dispersion of olanzapine in PLGA was formed. A 

number of equations have been developed that attempt to predict the intermediate Tg of miscible 

binary polymer blends and these have also be successfully applied to binary polymer-drug 

systems (Fukuoka et al., 1989; Brostow et al., 2008). The Gordon-Taylor (GT) is the most 

commonly used method to estimate the Tg of amorphous drug-polymer dispersions and is 

presented in Equation 3.1 (Gordon and Taylor, 1952) 

Equation 3.1  

𝑇𝑔 𝑚𝑖𝑥 = 
𝜔1𝑇𝑔1 + 𝜅𝜔2𝑇𝑔2

𝜔1 +  𝜅𝜔2
 

where ω1 and ω2 are the weight fractions of each component, Tg1 and Tg2 are the glass transition 

temperatures (K) of each component and κ is the ratio of free volumes of the two components, 

which can be simplified as shown in Equation 3.2 

Equation 3.2 

𝜅 ≈  
𝜌1𝑇𝑔1

𝜌2𝑇𝑔2
 

where ρ1 and ρ2 are the true densities of each component. The literature values for which are 

1.34 g/cm3 for PLGA 50:50 monomer ratio (Kapoor et al., 2015) and 1.30 g/cm3 for olanzapine 

(Pina et al., 2014a). 

Couchman and Karasz (CK) also developed an equation to describe the glass transition 

behaviour of polymer-plasticiser blends using a thermodynamic approach (Couchman and 
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Karasz, 1978). The equation was identical to the GT equation, except for the calculation of κ 

which based on the changes in the specific heat capacity of each component at the Tg as 

described in Equation 3.3 

Equation 3.3  

𝜅 =  
Δ𝐶𝑝2

Δ𝐶𝑝1
 

where ΔCp1 and ΔCp2 are the changes in the specific heat capacity of each component as they 

pass through the glass transition of the material. The advantage of this calculation is that most 

drug molecules act as plasticisers in the polymer matrices and with the development of MTDSC 

the heat capacity data required to calculate κ is readily available.  

Both the GT and CK methods were used to calculate κ, which were found to be 0.941 and 0.961, 

respectively. As the value of κ calculated was very similar using both methods, the theoretical 

intermediate Tg of a 10% w/w olanzapine/PLGA dispersion was the same when calculated using 

both methods. The theoretical value of 47 °C was in reasonable agreement with the measured Tg 

of OLZ-PLGA-SD and OLZ-PLGA-TIPS systems which ranged from 47.7 to 49.1 °C. This provides 

evidence that the formulations consist of a molecularly dispersed phase of olanzapine and PLGA. 

An assumption made by the GT and CK equations is ideal mixing behaviour between the two 

components. The theoretical and experimental Tgs are close for these systems which would 

indicate no specific interactions exist between the two components, although FTIR data later 

suggest that the components are forming interactions. A previous study has shown that the GT 

equation can still give accurate predictions of Tg solid dispersions that do exhibit intermolecular 

interactions (Marsac et al., 2006a). Additionally, the presence of the residual solvent was not 

accounted for in the equations because the exact amount was not quantified. As the residual 

solvent plasticises the system, the Tg of the completely dry binary systems are likely to be a few 

degrees higher than measured and may therefore deviate from the theoretical value. 

No other significant events were detected in the reversing heat flow signal of the formulations, 

except a small event that occurred at 87 °C in the thermograms of the blank and drug-loaded 

TIPS particles, which may have been due to the collapse of the large, porous microparticles 

resulting in pan movements. The total heat flow signal showed the enthalpic relaxation that 

occured as the particles passed through the glass transition, and the onset of thermal degradation 

in each system (corroborated by TGA).  

3.3.6.8 Powder X-ray Diffraction  

The formulations were analysed with PXRD to further characterise the solid state of the 

formulations (Figure 3.27). The diffractograms of all the formulations exhibited only broad halo 

patterns which suggested that olanzapine was not present in the crystalline form in the 

microparticles. The diffractogram of a 10% w/w physical mixture of olanzapine in PLGA showed 

a number of hkl reflections from crystalline olanzapine, showing that 10% w/w crystallinity was 

above the limit of detection under the conditions used. The lack of reflections in the diffractogram 
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of the drug-loaded formulations is further supporting evidence that olanzapine was present in the 

amorphous state in the PLGA microparticles. 

 

Figure 3.27 – PXRD diffractograms of crystalline olanzapine (form I), physical mixture of olanzapine-PLGA 
(10:90) and microparticle formulations 

3.3.6.9 Fourier Transform Infrared Spectroscopy 

The spray dried and TIPS formulations were analysed using FTIR (Figure 3.28 and Figure 3.29) 

to determine whether any bands corresponding to olanzapine could be detected in the sample to 

confirm the presence of the drug. The spectra of formulations produced using the two processing 

methods were very similar, differing only slightly in the wavenumber of the characteristic bands. 

For this reason, the spectra of the formulations produced with each microfabrication method will 

be discussed together.  

In all the spectra (Figure 3.28 and Figure 3.29), the bands at approximately 2996 cm-1 and 2949 

cm-1 were the C-H stretch of the alkane groups present in the polymer. The intense band at 1746 

cm-1 was the carbonyl group of the ester linkage in PLGA and the intense band at 1088 cm-1 was 

likely to be the C-O stretch. The bands at 1451 cm-1 was the C-H bend, and the band at 1383 cm-

1 was the C-H rock. The spectra of the drug-loaded formulations (Figure 3.28b and Figure 3.29b) 

were very similar to the spectra of the blank formulations (Figure 3.28a and Figure 3.29a). The 

only significant difference was the presence of three bands at approximately 1605 cm-1, 1591 cm-

1 and 1565 cm-1. The raw material of olanzapine had intense bands at 1581 cm-1, 1553 cm-1 and 

1516 cm-1 due to the double bonds of C=C and C=N present in the benzene, thiophene and 

azepine rings. The additional bands present in Figure 3.28b and Figure 3.29b are likely to due to 

these bonds as olanzapine is present in the sample, although the bands have undergone a blue 

shift to a higher wavenumber. A significant shift in the wavenumber of bands may be evidence of 

intermolecular interactions between the two components, although the nature of these could not 

5 10 15 20 25 30 35 40

R
e

la
ti
v
e

 I
n

te
n

s
it
y
 (

c
o

u
n

ts
)

2(degrees)

 Crystalline Olanzapine (Form I)

 Physical Mix (10:90 OLZ:PLGA)

 OLZ-PLGA-TIPS

 PLGA-TIPS

 OLZ-PLGA-SD

 PLGA-SD



Chapter 3 
 

116 
 

be elucidated from the FTIR data due to the small number and low intensity of the olanzapine 

bands present in the spectra which was a result of the low drug loading. 

 

 

Figure 3.28 – FTIR spectra of PLGA-SD (a) and OLZ-PLGA-SD (b) formulations 
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Figure 3.29 – FTIR spectra of PLGA-TIPS (a) and OLZ-PLGA-TIPS (b) formulations 
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3.3.6.10 BET Specific Surface Area  

The BET specific surface area (SBET) of the two drug-loaded formulations was determined using 

IGC. Octane was used as the probe molecule and adsorption isotherms were produced for each 

formulation in the BET relative pressure range which were then processed to calculate the SBET 

of each formulation. 

The extensive porosity of the TIPS microparticles, which has been demonstrated through a 

combination of imaging techniques, resulted in the formulation having a relatively large surface 

area of 12.05 g/m2. Conversely, the non-porous spray dried microparticles had a lower surface 

area of 0.99 g/m2, despite the spray dried formulation having a 10 to 20-fold smaller particle 

diameter than the TIPS particles. The SBET measured supported what was expected based on the 

results of the imaging of the particles: the high porosity of the TIPS particles induced by the 

processing method gave the particles a significantly higher surface area than the spray dried 

particles, despite the larger particle size. The implications this difference in particle structure and 

surface area had on the release performance was then assessed through an in vitro dissolution 

study.  

3.3.7 In vitro Dissolution Study 

3.3.7.1 Development and Optimisation of Dissolution Method 

Preliminary dissolution experiments were performed using OLZ-PLGA-SD to fully optimise the 

parameters (Figure 3.30).  

 

Figure 3.30 – Dissolution performance of OLZ-PLGA-SD formulation in experimental designs with different 
volumes (10 mg of formulation in either 3.5 mL/35 mL or 7 mL/70 mL internal/external PBS volume) 
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this hypothesis the experiment was repeated with the same mass of formulation and twice the 

volume of buffer in the internal and external compartments (7 mL internal and 70 mL external). 

No difference was seen in the dissolution profiles (Figure 3.30) confirming that the incomplete 

release was not due to a solubility issue. In the final experimental design a 2 mL/38 mL 

internal/external volume was selected. This was selected based on a recommendation of 

maximising the internal/external compartment volume ratio to promote diffusion of the dissolved 

drug out of the dialysis bag into the external buffer (D’Souza and DeLuca, 2006). 

The decrease in olanzapine release observed following day 7 of the dissolution experiment in 

Figure 3.30 was investigated. The most likely cause of this reduction was chemical degradation 

of olanzapine once dissolved in PBS (pH 7.4), therefore this was studied by measuring the 

concentration of a standard olanzapine solution (of a similar concentration to that achieved in the 

release experiment) stored at 37 °C and shaken at 100 rpm over 28 days (Figure 3.31). 

 

Figure 3.31 – Aqueous degradation of olanzapine in PBS (pH 7.4) 

There was a linear reduction (R2 = 0.9761) in olanzapine concentration over a 28 day period 

determined by a UV assay. Since olanzapine was well below its saturated solubility, the most 

reasonable explanation for this reduction in concentration was chemical degradation. The 

olanzapine concentration reduced from a mean average of 26.2 mg/L to 21.9 mg/L over 21 days 

which was a 16.4% reduction. This correlates well to the relative reduction in olanzapine release 

measured in the 21 day period between days 7 and 28 in the dissolution study of 17.2% and 

21.5% for the 35 mL and 70 mL experimental set ups, respectively. This provides strong evidence 

that the reduction in release seen was due to aqueous degradation of olanzapine. Additionally, 

this analysis suggests that there may not have been further release of olanzapine from the 

particles after day 7. 

In summary, the preliminary dissolution experiments identified two issues with the dissolution 

study. Firstly, incomplete release of olanzapine was seen over a 28 day period. This was 
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confirmed to not be due to an issue with solubility. At the end of the experiment a solid mass of 

particles remained, and therefore it is possible that the remaining mass of olanzapine had not yet 

been released from the particles. Secondly, chemical degradation of olanzapine occurred during 

the experiment which began to significantly affect the results after day 7 of the dissolution study. 

Due to these complications it was decided to perform the dissolution study for 7 days in the 

comparative study, since it is within this time period that the majority of the drug is released from 

the formulation and only minimal aqueous degradation occurs.  

3.3.7.2 Comparison of Spray Dried and TIPS Formulations 

The dissolution performance of the microparticle formulations prepared by the spray drying and 

TIPS methods were assessed using the dialysis method described above (Figure 3.32). 

 

Figure 3.32 – Dissolution performance of olanzapine from the microparticle formulations after (a) 6 hours 
and (b) 7 days  
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formulation exhibited a much larger burst release of drug after 6 hours (Figure 3.32a) and then 

proceeded to release the drug over a 3 day period before plateauing at 65% ± 2% release. The 

lack of complete release is due to the duration of the experiment as the reference PLGA grade 

degradation time is >4 weeks (Corbion, 2014). The formulations were not compared to the 

unformulated crystalline drug because preliminary experiments identified that the poorly water 

soluble drug crystals sedimented in the folds of the dialysis bag, resulting in highly variable 

dissolution performance. 

Figure 3.32a shows the first 6 hours of the dissolution experiment and therefore focuses on the 

timeframe in which burst release typically occurs. The burst release from the TIPS microparticle 

formulation was 40% ± 3% at the end of this time period. However, the spray dried microparticle 

formulation provided a more linear release of olanzapine in the first 6 hours of only 11% ± 1% 

which shows that the microfabrication method used and subsequent particle properties had a 

significant effect on the burst release.  

The extent of burst release is dependent on the solubility of the drug in the release medium and 

the drug diffusion coefficient in the polymer (Narasimhan and Langer, 1997). Therefore, the extent 

of olanzapine burst release from the OLZ-PLGA-TIPS formulation is relatively high for a well 

encapsulated poorly soluble drug. Burst release from PLGA microparticles is thought to occur due 

to the rapid dissolution of surface-associated drug molecules and this typically occurs to a higher 

extent when there is thermodynamic incompatibility between the drug and the polymer (Allison, 

2008). For example, immiscibility between hydrophilic drugs and the hydrophobic PLGA polymer 

results in low encapsulation of the drug into the PLGA matrix which promotes the presence of 

phase separated drug molecules at the surface of the particles (Allison, 2008). However, in the 

case of the OLZ-PLGA-TIPS formulation the drug is dissolved in the polymer matrix (as shown 

by MTDSC in Figure 3.26) and therefore one would expect the release of drug from locations near 

the surface to still be impeded by the polymer. This has been shown to be the case for another 

hydrophobic small molecule drug, ivermectin, which was formulated using a single emulsion 

process and exhibited a very small burst release, comparable to that of the OLZ-PLGA-SD 

formulation (Clark et al., 2004). 

Another factor driving the extent of burst release is the diffusional escape of the drug through 

channels in the polymer matrix (Huang and Brazel, 2001; Yeo and Park, 2004; Allison, 2008). 

The extensive surface pores and internal interconnected channels of the TIPS microparticles may 

allow percolation of dissolution media into the centre of the particles and transport of dissolved 

olanzapine molecules out of the particles into the bulk dissolution medium. Conversely, the spray 

dried microparticles had a smooth surface with no surface pores (that could be resolved using 

SEM) which meant that the transport properties of these particles were very different to those of 

the TIPS particles, and the diffusional release of the drug would primarily come from the very 

surface of the solid particles. The large particle size difference between the microparticle 

formulations meant that the surface area of the microparticle formulations needed to be 

experimentally determined as it was difficult to compare the two formulations due to the different 

particle properties.  
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The measured SBET of the microparticle formulations support the hypothesis that the percolation 

transport mechanism is responsible for the large burst release exhibited by the TIPS 

microparticles. As discussed, the presence of surface pores on the TIPS microparticles would 

allow percolation of dissolution media into the extensive internal interconnected channel network 

within the particles, thus hugely increasing the accessible surface area of the formulation which 

is shown by the high SBET of this formulation. A previous study by van de Weert et al. 

demonstrated that a large burst release (50%) of lysozyme from porous PLGA microparticles was 

also due to the diffusion of the protein through channels in the PLGA matrix and not simply due 

to surface-associated drug (van de Weert et al., 2000). 

The extensive particle porosity meant that the OLZ-PLGA-TIPS formulation had a 12-fold higher 

SBET than OLZ-PLGA-SD formulation which correlated to the 4-fold larger burst release observed 

from the TIPS microparticles after 6 hours. There appeared to be a relationship between the 

surface area of the microparticle formulation and the burst release observed, but the relationship 

was not directly proportional. This may have been due to a number of factors, such as the surface 

area accessible to gaseous octane in the pores and channels in the TIPS microparticles may 

have been higher than it was to the dissolution media. A further possible factor is surface 

remodelling of the TIPS particles during the dissolution experiment. The cessation of burst release 

was long assumed to be solely due to the depletion of surface-associated molecules, but more 

recently a second explanation based on polymer mobility, the polymer annealing theory, has 

gained traction (Allison, 2008). This theory arose from an observation that the cessation of burst 

release coincided with the formation of an apparent “skin” layer on the surface of PLGA 

microparticles that had previously had surface pores, forming a diffusion barrier (Wang et al., 

2002). This initial observation has been subsequently supported by similar studies and by the fact 

that reduced burst release is often seen in release studies performed at elevated temperatures 

(Bouissou et al., 2006; Kang and Schwendeman, 2007; Mao et al., 2007). Mechanistically, the 

surface remodelling of the microparticles occurs due to the PLGA at the surface becoming 

plasticised by water molecules from the dissolution media, causing the Tg of the matrix at the 

surface to drop below 37 °C and therefore the surface PLGA transitions into the rubbery state. 

The increased molecular mobility in the system allows surface remodelling which promotes the 

closure of surface pores and formation of a PLGA layer at the surface. The surface layer formed 

acts as a diffusion barrier and prevents further percolation and diffusion of drug molecules from 

internal channels in the particle. The extensive surface pores of the OLZ-PLGA-TIPS particles 

may undergo this transition during the early hours of the release experiment which would possibly 

explain why the burst release seen does not correlate directly with the surface area of the 

formulation. This theory, however, was not investigated to allow other areas to be explored. The 

OLZ-PLGA-SD particles would also undergo some level of surface remodelling, but this would 

not affect the release as significantly because the particles were not porous. 
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3.4 Conclusions 

Olanzapine-PLGA microparticles were prepared using two microfabrication methods, and the 

formulations were characterised using a variety of analytical techniques to investigate whether 

the processes affected the particle properties and, subsequently, the in vitro release performance. 

The particles produced by the different methods were composed of the same materials and had 

the same drug load and solid state properties. However, the characterisation performed identified 

significant differences in the particle structure and morphology which affected the SBET of the 

formulations. TIPS microparticles had large diameters (100-500 µm) and were shown to be highly 

porous by a combination of SEM, FIB microscopy and Micro-CT. Conversely, spray dried 

microparticles had smaller diameters (10-20 µm) and were solid particles as demonstrated by 

SEM and FIB microscopy. The differences in morphology and structure resulted in the TIPS 

formulation having a 12-fold greater surface area than the spray dried formulation. The 

formulations were also found to have significantly different in vitro dissolution performance: the 

TIPS formulation exhibited 40% burst release after 6 hours, whereas the spray dried formulation 

only had 11% release in the same time period. 

The mechanisms of burst release are still debated, although it is generally accepted that this 

phase is at least partially due to diffusion-mediated release of surface-associated drug molecules. 

The formulations produced using each microfabrication method were shown to encapsulate the 

drug well. The TIPS formulation had a higher surface area due to the extensive porosity of the 

particles. The difference in particle structure and surface area are proposed as an explanation for 

the difference in burst release observed between the two formulations: the significantly higher 

surface area of the TIPS particles meant that a larger proportion of olanzapine was surface-

associated and therefore able to be released by diffusion in the early hours of the dissolution 

experiment. The results of this study suggest that the dissolution media percolated into channels 

of the porous TIPS particles, allowing dissolution and diffusional transport of olanzapine out of 

the particle into the bulk media.  

This is the first study to compare formulations prepared with these two processes, and shows that 

that spray dried microparticles provide a more favourable controlled release profile than the TIPS 

formulation due to the differences in particle structure. Both microfabrication methods, however, 

provide a good encapsulation of olanzapine and are simple processes. An obvious limitation of 

this study is that only one model system has been used, and to determine whether these findings 

are generalisable further APIs should be investigated.  

Choice of the microfabrication method to prepare PLGA microparticles should be based on the 

desired particle properties and drug release profile, which will be determined by the intended 

application. From a drug delivery perspective, one key advantage that the TIPS microparticles 

have is that they can also be used for tissue engineering applications. Therefore, drug-loaded 

TIPS particles can be injected or inserted into cavities such as fistulas and fulfil two roles 

simultaneously: local release of drug and provide a scaffold for tissue repair (Foong et al., 2010). 

Based on the work performed, spray drying was selected as the process for the production of 

drug-polymer dispersions in the subsequent chapters of this thesis. The developed process was 
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versatile and fast, and the microparticle properties (size, morphology and release) were more 

favourable for drug delivery applications. 

The characterisation performed highlighted that there are many different properties to consider 

that can ultimately affect the performance of a PLGA microparticle formulation. In both 

formulations produced, the solid state was determined to be a molecular dispersion. The drug 

load (10% w/w) was selected based on the results of other studies formulating olanzapine-PLGA 

systems (Nahata and Saini, 2008; Seju et al., 2011). The inherent physical stability of this 

molecularly dispersed phase is currently not understood for this system, and therefore this 

observation had important implications for both the long-term physical stability and the rational 

selection of drug loads in these drug-polymer dispersions. These areas are explored in more 

detail for the olanzapine-PLGA system in the next experimental chapter. 
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4 Assessing Miscibilit y and  Measuring  Drug- Polymer Solub ilit y for an Olanzapine-PLGA System 

4.1 Introduction 

Solid state characterisation of olanzapine-PLGA microparticles identified that the formulations 

were composed of a single amorphous phase, indicating olanzapine and PLGA were present as 

a molecular dispersion. The amorphous form of olanzapine is unstable and may crystallise over 

time, which could result in changes to the formulation performance. Therefore, this observation 

raised important questions regarding the physical stability of this system:  

1. How can it be determined whether a molecularly dispersed drug-polymer phase is 

physically stable? 

2. Can understanding this help inform the selection of the drug load in a pharmaceutical 

formulation? 

The concept of drug solubility in amorphous polymer matrices, such as PLGA, has gained 

particular attention in the last decade. Understanding this parameter, in theory, should allow a 

drug load to be selected for a particular drug-polymer molecular dispersion that will remain 

physically stable indefinitely (i.e. a drug load below the solubility level at the temperature of 

interest) and therefore remove any concerns about physical stability of the amorphous 

formulation. Several approaches for measuring this important parameter are now proposed in the 

literature (Marsac et al., 2009; Tao et al., 2009; Mahieu et al., 2013; Knopp et al., 2016a), although 

no gold standard method has been agreed because there are several difficulties associated with 

making solubility measurements in polymers. These are a result of the high viscosity of these 

systems, with the main issues being that the solubility equilibrium kinetics are very slow and 

quantification of the drug concentration in the solid polymer matrix is challenging. 

Modelling and experimental approaches have both been used to investigate the thermodynamic 

drug-polymer solubility equilibrium. Perturbed-Chain Statistical Associating Fluid Theory (PC-

SAFT) has been used to thermodynamically model the effect of polymer composition and 

molecular weight on solubility in drug-polymer systems, and has been shown to provide accurate 

predictions of solubility through comparison to experimental results (Prudic et al., 2014, 2015; 

Luebbert et al., 2017). Experimental protocols for measuring drug-polymer solubility have 

traditionally used DSC. DSC can use elevated temperatures which allows the solubility 

equilibrium to be achieved more quickly and can also measure key properties of the system, such 

as melting endotherms and Tgs, which can be used to determine solubility. A seminal DSC method 

reported in the literature involved heating cryo-milled physical mixtures of drug and polymer with 

the aim of dissolving the drug in the molten matrix by heating at slow scan rates and measuring 

at which temperature the dissolution process ends (Tao et al., 2009). This was therefore the 

temperature at which the solubility is equal to the weight fraction of the drug in the physical mixture 

for the system. The method was then further developed to include annealing periods to allow 

more time for the equilibrium to be reached (Sun et al., 2010). Additionally, a fast scan rate was 

used to assess whether any crystalline material remained following annealing. 

More recently, Mahieu et al. developed a DSC protocol based on de-mixing (crystallising) 

supersaturated drug-polymer dispersions (Mahieu et al., 2013). This approach uses a heat-cool-

heat protocol: in the first cycle the solid dispersion is heated to promote crystallisation of the 
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thermodynamically unstable drug and is annealed at a defined temperature to allow the solubility 

equilibrium to be achieved (Figure 4.1).  In the second cycle the sample is rapidly cooled below 

the Tg, and in the third cycle the sample is heated again and the Tg of the remaining molecularly 

dispersed drug-polymer phase is measured. The composition of this phase can be determined 

from the Tg using theoretical relationships such as the Gordon-Taylor equation (Gordon and 

Taylor, 1952). A key advantage of this approach is that the de-mixing process (crystallisation) is 

often faster than the mixing process (dissolution) on heating of these highly viscous systems, 

which makes experimental times significantly shorter (Mahieu et al., 2013). This method has now 

been applied to several drug-polymer systems, and has been validated against other methods of 

measuring solubility (Knopp et al., 2015b, 2015a, 2015c, 2016b; Wlodarski et al., 2015). 

 

Figure 4.1 – Diagram describing the principle of using the de-mixing approach to achieve the solubility 
equilibrium in drug-polymer dispersions. Red circles represent drug molecules and blue lines represent 
polymer chains.  

One of the persisting issues with drug-polymer solubility measurements is that measurements 

can only be made at elevated temperatures >Tg of the system and <Tm of the drug. This is due to 

the high viscosity of the polymer and the resultant slow kinetics of the solubility equilibrium at 

temperatures below the Tg. Solubility is a temperature-dependent parameter, therefore the 

solubility measured above the Tg will be greater than the solubility in the glass at normal storage 

conditions. This remains a limitation of these measurements, although the solubility curve can be 

extrapolated to allow estimation of solubility at ambient temperature using models such as the 

Flory-Huggins theory (Knopp et al., 2015b). 

In this study a number of different methods are used to measure both the miscibility and drug-

polymer solubility of the olanzapine-PLGA system. Miscibility was assessed using the theoretical 

approach of Hansen solubility parameters (Kontogeorgis, 2007) and experimentally using a 

melting point depression method (Marsac et al., 2006b). For the drug-polymer solubility 

measurements, the focus of this work was on de-mixing methods whereby supersaturated 

glasses were produced and intentionally recrystallised to achieve the solubility equilibrium. A 

number of different properties of the saturated glass were assessed using DSC and microscopy 

to determine drug-polymer solubility level and investigate whether the same conclusions could be 

drawn from different physical properties. 
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The main research questions addressed in this chapter are:  

1. Are olanzapine and PLGA a miscible system and how can this be assessed? 

2. What is the solubility of olanzapine in a PLGA matrix and which properties of a saturated 

glass can be used to measure this? 

3. Is formulation of a thermodynamically stable glass feasible and necessary for this 

system? 
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4.2 Methods 

4.2.1 Preparation of Amorphous Microparticle Formulations 

Olanzapine-PLGA dispersions in this study were produced using the spray drying method 

developed and optimised in Chapter 3.  

4.2.2 Estimation of Miscibility  

4.2.2.1 Hansen Solubility Parameters 

Miscibility of olanzapine and PLGA was predicted using the theoretical approach of Hansen 

solubility parameters. The van Krevelen and Hoftyzer method was used to calculate the Hansen 

solubility parameters (δ) of the drug and polymer from their chemical structures as described in 

Equation 4.1 and Equation 4.2 (van Krevelen and te Nijenhuis, 2009).  

Equation 4.1 

𝛿 =  𝛿𝑑
2 + 𝛿𝑝

2 + 𝛿ℎ
2 

Equation 4.2 
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2
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The total solubility parameter (δ) was determined for each molecule from the interactions between 

the dispersion forces (δd), polar interactions (δp) and hydrogen bonding (δh) of the structural 

groups that are present, divided by the molar volume (V). 

In the literature each structural group has a value for Fdi, Fpi and Ehi reported at 25 °C, which are 

the group’s contributions to dispersion forces, polar interactions and hydrogen bonding, 

respectively (van Krevelen and te Nijenhuis, 2009). Therefore, for any given molecule δ can be 

calculated using Equation 4.2, providing the molar volume (V) of the molecule is known. V can be 

calculated for a molecule from the individual group contributions to V using Fedors’ reference 

values (Fedors, 1974; van Krevelen and te Nijenhuis, 2009). The units for solubility parameters 

are MPa1/2. 

When δ is calculated for both the drug and polymer, the drug-polymer interaction parameter (χ) 

can be estimated as described in Equation 4.3 

Equation 4.3 

𝜒 = 
𝑉0
𝑅𝑇
(𝛿𝑑𝑟𝑢𝑔 − 𝛿𝑝𝑜𝑙𝑦𝑚𝑒𝑟)

2 

where V0 is the volume of the theoretical lattice site, R is the gas constant and T is the absolute 

temperature. 



Chapter 4 
 

130 
 

4.2.2.2 Melting Point Depression 

The melting point depression study was performed to estimate olanzapine and PLGA miscibility 

by applying Flory-Huggins lattice theory to experimental data. The protocol was taken from the 

original study (Marsac et al., 2006b) and is briefly described below.  

PLGA particles were ball milled and the resultant powder was sieved to ensure a particle size of 

<355 µm. Olanzapine form I was sieved and the particle size fraction of 180-63 µm was used in 

this study. Physical mixtures of drug and polymer (total sample mass of 5 mg) were individually 

prepared in situ in DSC pans (Aluminium 40 µL DSC pans, Perkin-Elmer) by manual mixing which 

were then crimped and sealed with a pin-holed lid (Aluminium DSC lids, Perkin-Elmer). The 

physical mixtures were prepared in triplicate with the following olanzapine compositions: 100%, 

90%, 85%, 80%, 75% and 70%. The samples were analysed by DSC using a Q2000 DSC (TA 

Instruments, USA) which was calibrated for temperature and enthalpy with an indium standard. 

A nitrogen purge (50 mL/minute) was used for all experiments. The samples were equilibrated to 

0 °C and then heated to 210 °C at a rate of 10 °C/minute. The effect of an increased PLGA fraction 

on the Tm of olanzapine was then determined. The heating rate used can affect the melting point 

depression measured, with slower scanning rates resulting in more accurate measurements. The 

heating rate used in this study was selected as compromise to provide both reasonable accuracy 

and short experimental runtimes. 

4.2.3 Measuring Drug-polymer Solubility 

4.2.3.1 DSC Tg Protocol 

The protocol used in this study was similar to that described in the original publication (Mahieu et 

al., 2013) and is based on measuring drug-polymer solubility using the Tg of the molecular 

dispersion after reaching the thermodynamic solubility equilibrium from a supersaturated state. A 

50% w/w olanzapine-PLGA dispersion was heated at a rate of 10 °C/minute from 0 °C to the 

target temperature (60, 70, 80, 90, 100, 110, 120, 130 or 140 °C) where it was annealed for 90 

minutes to allow time for de-mixing and the solubility equilibrium to be achieved. Following the 

annealing step, the samples were rapidly cooled to −10 °C and then re-heated to 200 °C at a rate 

of 10 °C/minute. The Tg (midpoint) of the amorphous phase following crystallisation was 

measured in the second heating cycle. Experiments were performed in triplicate at each annealing 

temperature and an average Tg was calculated. 

In summary, the DSC de-mixing (Tg) protocol has four steps: 

1. Preparation of supersaturated, metastable molecular dispersion  

2. Heating of the amorphous dispersion in the DSC to temperatures significantly above the 

Tg of the system to promote crystallisation of the thermodynamically unstable fraction of 

the drug and holding it isothermally to allow the solubility equilibrium to be achieved 

(heating cycle 1) 

3. Rapid cooling of the recrystallised dispersion below the Tg (cooling cycle) 
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4. Heating of the dispersion to measure the Tg of the remaining amorphous drug-polymer 

phase to allow calculation of the fraction of drug that remains dissolved in the polymer 

matrix (heating cycle 2) 

The Tg was used to calculate the drug-polymer solubility following crystallisation using a standard 

curve because the system was found to deviate from the theoretical Gordon-Taylor relationship. 

To prepare the standard curve, a series of olanzapine-PLGA dispersions with increasing drug 

content were produced using spray drying, and the Tg was measured using a standard heat-cool-

heat method with a heating rate of 10 °C/minute. The samples were heated to 70 °C in the first 

cycle and held at this temperature isothermally for a period of 30 minutes to thoroughly dry the 

dispersions before measuring the Tg in the second heating cycle. 

A sample size of 3-5 mg was used for all experiments. DSC analysis was performed using a 

Q1000 DSC (TA Instruments, USA) calibrated for temperature and enthalpy with an indium 

standard, with a nitrogen purge (50 mL/minute). Standard aluminium pans and lids (TA 

Instruments, USA) were used with a pin-hole punched in the lid. 

Thermal degradation of the 50% w/w olanzapine-PLGA dispersion was assessed under a number 

of the isothermal annealing conditions using a Discovery TGA (TA Instruments, USA). 5-10 mg 

of the sample was placed into an aluminium cup (TA Instruments, USA) and heated from 30 °C 

to the target annealing temperature (90, 110 or 140 °C) at a heating rate of 10 °C/minute and held 

isothermally for 90 minutes to mimic the first heating cycle used in the DSC protocol. All 

experiments were performed in triplicate. 

4.2.3.2 DSC Heat of Fusion Protocol 

The DSC heat of fusion protocol for calculating drug-polymer solubility was modified from 

methods in the literature (Theeuwes et al., 1974; Panyam et al., 2004). The principle of the original 

method was to prepare a series of drug-polymer dispersions with increasing drug load directly in 

DSC pans using a film casting method. The samples were then heated and the heat of fusion of 

any crystalline drug that is present in the film was measured. The enthalpy of the melt of the 

crystalline drug was considered to be directly proportional to the amount of crystalline drug 

present in the sample. If no crystalline drug was present in the sample, the drug load was 

considered below the solubility level. However, if crystalline drug was present the drug load was 

considered above the solubility level. The solubility level can therefore be defined and calculated 

by determining the highest drug load at which no crystalline material was detected when analysed 

by DSC. This approach does not account for the temperature dependence of solubility.  

The protocol was modified to make it more suitable to the olanzapine-PLGA system. Firstly, 

dispersions were produced by spray drying, rather than film casting, to be consistent with the 

results from the DSC Tg protocol. Secondly, the olanzapine-PLGA dispersions are metastable 

and only crystallise on heating; therefore, an annealing step was used to promote crystallisation 

of the unstable fraction of the drug in the amorphous system. Following this, the samples were 

then heated further and the enthalpy of the olanzapine melt was recorded. 
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Olanzapine-PLGA dispersions with the following drug loads were prepared: 15, 20, 25, 30 and 

35% w/w. The amorphous systems were held isothermally at 100 °C for 60 minutes to promote 

recrystallisation of any thermodynamically unstable olanzapine. The samples were then heated 

to 200 °C at a rate of 10 °C/minute. The heat of fusion of the melting endotherm was measured. 

All experiments were conducted in triplicate and a mean average heat of fusion was calculated 

for the melting of olanzapine in each drug load. 

A sample size of 3-5 mg was used for all experiments, and thermal analysis was performed using 

a Discovery DSC (TA Instruments, USA) calibrated for temperature and enthalpy with an indium 

standard, with a nitrogen purge (50 mL/minute). Standard aluminium pans and lids (TA 

Instruments, USA) were used with a pin-hole punched in the lid. 

4.2.3.3 Development of a Quasi-isothermal MTDSC Protocol  

An alternative DSC method was developed for quantifying the drug-polymer solubility following 

recrystallisation of the API, and for monitoring drug crystallisation kinetics within the dispersion. 

As with the other DSC methods, the protocol relied on achieving the solubility equilibrium from a 

supersaturated state by heating supersaturated olanzapine-PLGA dispersions. However, it was 

the heat capacity of the sample which was measured in this protocol. 

In QiMTDSC the sample is held at an isothermal temperature with an underlying sinusoidal 

temperature modulation which allows the RevCp of the sample to be continually measured as a 

function of time. The amorphous drug which is dissolved in the polymer matrix has a significantly 

higher Cp than its crystalline counterpart, which crystallises out of the molecular dispersion when 

sufficient energy (heat) is applied to the system. The Cp difference between the physical forms of 

the drug in the dispersion is exploited by this protocol to monitor the kinetics and quantify the 

extent of crystallisation, allowing drug-polymer solubility measurements to be made.  

The RevCp of the raw materials was measured at a single temperature (90 °C), selected from the 

results of the DSC Tg protocol, by holding the sample isothermally for 20 minutes with an 

underlying sinusoidal temperature modulation of ± 1 °C/100 seconds. Data could not be reliably 

collected for the first 5 minutes because the RevCp signal takes time to equilibrate. Amorphous 

olanzapine was generated from the melt in situ in the DSC pan by first heating crystalline 

olanzapine to 200 °C and then rapidly cooling to 90 °C before measuring the RevCp. A total of 6 

replicate measurements were performed for each material.   

Three olanzapine-PLGA dispersion systems were analysed using the QiMTDSC protocol with 

drug loadings of 10, 35 and 50% w/w. Samples were held isothermally at 90 °C with a sinusoidal 

temperature modulation of ± 1 °C/100 seconds for 70 minutes. A total of 6 replicate measurements 

were performed for each dispersion. Additionally, the crystallisation of olanzapine in the 50% w/w 

dispersion was also monitored at 70 and 80 °C to assess the sensitivity of the QiMTDSC protocol 

for determining the minimum temperature and time required to achieve complete de-mixing of the 

system. 

A sample size of 5 mg ± 0.1 mg was used for all experiments. Thermal analysis was performed 

using a Discovery DSC (TA Instruments, USA) with RevCp calibrated with synthetic sapphire in 
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the temperature range of 70-120 °C. The RevCp calibration was verified with synthetic sapphire 

periodically between samples.  A nitrogen purge (50 mL/minute) was used for all experiments. 

Standard aluminium pans and lids (TA instruments, USA) were used, and the bottom of the pans 

were inspected before analysis to ensure they were completely flat. 

4.2.3.4 Hot Stage and Polarised Light Microscopy Method 

A semi-quantitative microscopy method was used to verify the olanzapine-PLGA solubility values 

calculated using the calorimetry methods. A series of olanzapine-PLGA dispersions with 

increasing drug load were prepared by spray drying. Each dispersion (<1 mg) was then finely 

spread on a glass microscope slide and stored at 90 °C in an oven for 24 hours to promote 

olanzapine crystallisation and allow time for the solubility equilibrium to be achieved. The 

annealed dispersions were then removed from the oven, placed in a hot stage set at 90 °C and 

polarised light microscopy was used to determine whether olanzapine crystals were present, 

indicating whether the system was unsaturated or supersaturated at the temperature in question. 

Samples were analysed at 25x magnification. Equipment details are provided in Chapter 2.  

4.2.4 Physical Stability Assessment of a Supersaturated Olanzapine-PLGA 

Microparticle Formulation 

A 30% w/w olanzapine-PLGA microparticle formulation was prepared by spray drying and stored 

in an oven (40 °C) in a sealed desiccator containing silica gel 3.5 mm beads (Sigma Aldrich, 

USA). The solid state of the microparticles was analysed using SEM, MTDSC and PXRD when 

the formulation was freshly prepared, and again with SEM and PXRD after 8 months storage at 

40 °C/0% RH.  

4.2.4.1 Scanning Electron Microscopy 

The microparticles were analysed by SEM as described in Chapter 2.   

4.2.4.2 Modulated Temperature Differential Scanning Calorimetry 

MTDSC was performed using a Discovery DSC (TA Instruments, USA) calibrated for temperature 

and enthalpy with an indium standard, with a nitrogen purge (50 mL/minute). A sample size of 3-

5 mg was used, and the samples were heated from 0 °C to 185 °C at a heating rate of 2 °C/minute 

with an underlying temperature modulation of ± 0.212 °C/40 seconds. Standard aluminium pans 

and lids (TA instruments, USA) were used with a pin-hole punched in the lid.  

4.2.4.3 Powder X-ray Diffraction 

PXRD was performed using a 600 Miniflex diffractometer (Rigaku, Japan) using CuΚα1 radiation 

with a voltage of 40 kV and current of 15 mA. Patterns were recorded over the 2θ range between 

5° and 40° with a step of 0.005° at a scan rate of 5°/minute. Samples were composed of fine 

powders and were placed on a low volume sample holder for analysis.  
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4.3 Results and Discussion 

4.3.1 Assessment of Miscibility 

4.3.1.1 Hansen Solubility Parameters 

The Hansen solubility parameter (δ) of olanzapine was calculated based on the van Krevelen and 

Hoftyzer group contributions (van Krevelen and te Nijenhuis, 2009). The way in which the total 

Fdi, Fpi, Ehi and V were calculated for the molecule (chemical structure displayed in Figure 4.2) is 

shown in Table 4.1. The δ for olanzapine was calculated as 25.7 MPa1/2 using Equation 4.2 and 

the values presented in Table 4.1 which in agreement with the value of δ previously calculated 

for olanzapine in the literature (Pina et al., 2014a). The δ for PLGA (50:50 grade) of 22.3 MPa1/2 

was previously calculated and reported in the literature (Schenderlein et al., 2004). 

 

 

Figure 4.2 – Chemical structure of olanzapine 

Table 4.1 – Hansen solubility parameter functional group contributions using van Krevelen-Hoftyzer method 

Functional 

Group 

Number 

Present in 

Molecule 

Fdi  

((MJ/m3)1/2 

mol-1) 

Fpi
2 

((MJ/m3)1/2 

mol-2) 

Ehi 

(J/mol) 

V 

(cm3/mol) 

-CH3  2 840 0 0 67 

-CH2-  4 1,080 0 0 64.4 

=CH-  1 200 0 0 13.5 

>C=  4 280 0 0 -22 

Phenyl  1 1,270 12,100 0 52.4 

Ring closure 

(>5 atoms) 

3 570 0 0 48 

-S-  1 440 0 0 12 

-NH- 1 160 44,100 3,100 4.5 

-N= 1 60 5,760,000 15,000 5 

-N< 2 -18 

∑ - 4,900 5,816,200 18100 226.8 

 

In theory, compounds with solubility parameters of similar values are more likely to be miscible. 

Greenhalgh et al. found by correlating calculated solubility parameters to experimental 

observations of miscibility that drug-carrier systems with a Δδ <7.0 MPa1/2 were generally 

miscible, whereas systems with a Δδ >10.0 MPa1/2 were generally immiscible, which supports the 

solubility parameter theory and provides a guideline for how similar the solubility parameters need 

to be for miscibility to be achieved (Greenhalgh et al., 1999). For the olanzapine-PLGA system 

the Δδ was 3.4 MPa1/2 which therefore suggests that the two components are miscible. This is 

supported by experimental observations in Chapter 3 which found that a spray dried 10% w/w 



Chapter 4 
 

135 
 

olanzapine-PLGA system had a single, intermediate Tg measured by MTDSC indicating that the 

drug and polymer were miscible at this ratio.  

The drug-polymer interaction parameter (χ) can also be estimated at 25 °C using Equation 4.3. 

The theoretical volume of the lattice site (V0) was defined as the molar volume of an olanzapine 

molecule (V). The olanzapine-PLGA interaction parameter (χ) was calculated as 1.05. Marsac et 

al.  previously stated that positive values of χ suggest endothermic mixing of the components and 

therefore suggest immiscibility between the drug and polymer (Marsac et al., 2006b). The 

calculation of the interaction parameter would therefore appear to be in conflict with the 

preliminary experimental MTDSC results which suggest miscibility between the two components. 

However, this appears to be a misinterpretation since χ effectively refers to the square of the 

difference in δ that were calculated from the structural group contributions, and therefore, 

according to Equation 4.3, χ must always be positive (van Krevelen and te Nijenhuis, 2009). The 

correct interpretation is therefore that more miscible systems will have a smaller difference in δ 

and hence a value of χ closer to zero (Pina et al., 2014a; Raimi-Abraham et al., 2015). Based on 

this interpretation the value of 1.05 would suggest miscibility between the components, 

particularly as this was calculated from Δδ <7.0 MPa1/2. The misinterpretation of χ appears to have 

arisen from applying the same interpretation used for the Flory-Huggins interaction parameter, 

which can be negative.  

4.3.1.2 Melting Point Depression 

The melting point depression method for experimentally assessing drug-polymer miscibility by 

calculation of the Flory-Huggins interaction parameter (χ) was first applied to pharmaceutical 

systems in 2006 (Marsac et al., 2006b). The principle of this method is to prepare a series of drug-

polymer physical mixtures with an increasing weight fraction of polymer and measure the onset 

of drug melting using DSC. In theory, if the polymer and drug are miscible then the melting point 

of the drug crystals will be depressed by the presence of the polymer. This is because mixing of 

the drug and polymer will result in reduced chemical potential of the drug in the polymer mixture, 

compared to the pure drug. The reduced thermodynamic activity is a result of the increased 

entropy in the mixture, and if the sum of enthalpic interactions is greater in the mixture than in the 

pure drug phase, the chemical potential will be further reduced (Marsac et al., 2006b). The result 

is a depression in the Tm of the drug because the chemical potential of the drug in the solid and 

liquid phase must be equal at the Tm, and therefore equality is achieved at a lower temperature 

when the drug is mixed with the polymer (Marsac et al., 2006b). The more favourable the mixing 

of the two components is, the more the chemical potential of the drug will be reduced and 

therefore the greater the melting point depression will be.  

It is important that the Tg of the polymer is significantly lower than the Tm of the drug to allow 

sufficient physical interaction between the two components to occur before the drug melts. If the 

polymer is still in the glassy state when the drug melts then minimal mixing will occur as the 

interaction between the two components will only be at the interfaces between crystals and 

polymer particles, and therefore the Tm will not be affected. 
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The DSC results for the melting of olanzapine in physical mixtures with an increasing fraction of 

PLGA are presented in Figure 4.3.  

 

Figure 4.3 – DSC thermograms showing the melting point depression of olanzapine form I crystals in physical 
mixtures with PLGA 

The onset of the melting endotherm was clearly depressed by the presence of an increasing 

weight fraction of PLGA, suggesting miscibility between the two components. The average Tm 

onset and peak values are presented in Table 4.2.  

Table 4.2 – Olanzapine melting points in physical mixtures with increasing PLGA content 

Physical Mixture Composition 

Olanzapine-PLGA  

(% w/w) 

Tm onset (°C)  

± standard deviation 

Tm  peak (°C)  

± standard deviation 

100/0 194.1 ± 0.0 195.4 ± 0.2 

90/10 191.2 ± 0.6  194.7 ± 0.5 

85/15 190.7 ± 1.2 194.5 ± 0.2 

80/20 189.7 ± 0.7 194.0 ± 0.3 

75/25 187.8 ± 0.4 193.5 ± 0.4 

70/30 186.2 ± 1.1 193.1 ± 0.3 

 

The melting point depression method applies the Flory-Huggins theory to predict drug-polymer 

miscibility by relating the measured melting point depression to the interaction parameter (χ) as 

described in Equation 4.4  

Equation 4.4 
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1
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where, Tm
mix is the melting point of the drug in the presence of the polymer, Tm

pure is the melting 

point of the pure crystalline drug, ΔHfus is the heat of fusion of the pure drug, m is the ratio of the 

volume of the polymer to that of the lattice site (defined here by the volume of the drug), R is the 

gas constant and φpolymer and φdrug are the volume fractions of the polymer and drug, respectively 

(Marsac et al., 2006b). 

To calculate χ, rearrangement of Equation 4.4 was necessary. Specifically a plot of [(1/Tm
mix)-

(1/Tm
pure)*ΔHfus/-R]-ln(φdrug)-[1-1/m)*φpolymer] vs. φpolymer

2 gives a linear dataset, the slope of which 

is χ (Figure 4.4) (Marsac et al., 2006b).  

 

Figure 4.4 – Plot used to calculate the Flory-Huggins interaction parameter for the olanzapine-PLGA system 

The Tm onset data were used to calculate χ as the greatest melting depression was observed in 

the onset, compared to the Tm peak (Table 4.2). The Flory-Huggins interaction parameter (χ) 

describes whether the mixing of the two components is exothermic (χ < 0), endothermic (χ > 0) or 

athermal (χ = 0). For the system in question, the mixing of the components has been determined 

to be exothermic (χ = −3.48) which therefore predicts that olanzapine and PLGA are miscible 

(Marsac et al., 2006b, 2009; Pina et al., 2014a). 

The Flory-Huggins lattice theory attempts to account for both the entropy (ΔSmix) and enthalpy 

(ΔHmix) of mixing between polymers and drugs. This relationship can be expressed as the free 

energy of mixing (ΔGmix) at an absolute temperature, T, as described in Equation 4.5.  

Equation 4.5 

∆𝐺𝑚𝑖𝑥 = ∆𝐻𝑚𝑖𝑥 − 𝑇∆𝑆𝑚𝑖𝑥 

The Flory-Huggins interaction parameter is related to the free energy of mixing as described in 

Equation 4.6 
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Equation 4.6 

∆𝐺𝑚𝑖𝑥
𝑅𝑇

=  𝑛𝑑𝑟𝑢𝑔𝑙𝑛𝜙𝑑𝑟𝑢𝑔 + 𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑙𝑛𝜙𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝑛𝑑𝑟𝑢𝑔𝜙𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝜒 

where, ndrug and npolymer are the moles of drug and polymer, respectively. The first two terms on 

the right hand side of the equation describe the entropy of mixing between the drug and the 

polymer, and the final term describes the enthalpy of mixing between the two components. 

Entropy will always favour mixing and therefore it is the enthalpy of mixing that will be the deciding 

factor as to whether two components will be miscible.  

Figure 4.5 shows the calculated free-energy composition phase diagram for olanzapine and 

PLGA based on the experimentally determined interaction parameter using Equation 4.6. As 

exothermic mixing was determined by the Flory-Huggins interaction parameter, negative values 

of ΔGmix are calculated which show a concave dependence on composition which shows mixing 

is calculated to be thermodynamically favourable. 

 

Figure 4.5 – Free energy-composition phase diagram of olanzapine and PLGA 

4.3.1.3 Discussion of Miscibility Results 

Olanzapine-PLGA miscibility has been estimated using Hansen solubility parameters and melting 

point depression method. Olanzapine and PLGA were predicted to be a miscible system based 

on the results of both methods, which means that it is expected that the amorphous forms of each 

material are able to mix and form a single molecularly dispersed phase. However, the solubility 

of the crystallisable component, olanzapine, in the polymer must also be considered to determine 

whether this phase is thermodynamically stable. 

Each method has its own limitations. Hansen solubility parameters should not be used to estimate 

miscibility in systems that can exhibit strong intermolecular interactions (such as hydrogen 

bonding) as these are not properly accounted for in the model. The melting point depression 

method measures χ at elevated temperatures which may not be applicable to lower temperatures 

since χ is a function of temperature and concentration (Kontogeorgis, 2007; Qian et al., 2010). 

Therefore, a negative value for χ does not necessary mean that two components will be miscible 
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across all temperatures. Additionally, the melting point depression method cannot be used for all 

systems because it requires the Tm of the drug to be significantly higher than the Tg of the polymer, 

and requires neither the drug or polymer to degrade across the temperature range required. 

Ultimately, these methods only estimate that olanzapine and PLGA are likely to be miscible, which 

can be informative from a formulation development perspective but requires verification by 

experimentally assessing miscibility through the production of amorphous dispersions and 

physical characterisation of the systems. Presence of a single, intermediate Tg in a dispersion 

system measured by DSC is generally considered sufficient evidence to prove miscibility between 

two components. 

Understanding miscibility in drug-polymer systems is the crucial first step to understanding the 

physical form of any drug-polymer dispersion produced and identifying potential processing 

issues. However, there is a fundamental problem with only considering miscibility in drug-polymer 

systems: the amorphous form of the drug is not thermodynamically stable and may crystallise to 

the crystalline form. This means that although a drug-polymer system may be miscible, it may not 

be thermodynamically stable. Therefore, to fully understand the physical stability of a dispersion 

system, the drug-polymer solubility needs to be considered, measured and understood.  

4.3.2 Measuring Drug-Polymer Solubility 

4.3.2.1 DSC Tg Protocol 

The principle of this protocol is to heat supersaturated drug-polymer dispersions to promote 

recrystallisation of the unstable fraction of the drug and achieve the solubility equilibrium. The Tg 

of the saturated drug-polymer phase is subsequently measured to allow calculation of the drug 

content remaining in the polymer phase, thereby determining the drug-polymer solubility level. 

4.3.2.1.1 Selection of a supersaturated and metastable olanzapine-PLGA dispersion 

The olanzapine-PLGA system was well suited to drug-polymer solubility measurements using the 

DSC Tg method for a number of reasons. Firstly, the two components have been predicted to be 

miscible which is crucial for any drug-polymer solubility measurement. Secondly, PLGA has a low 

Tg and crystalline olanzapine has a relatively high Tm which results in a significant temperature 

window in which the system should be mobile enough to crystallise (above the Tg) but below the 

Tm of the drug. If the drug melts below or near the Tg of the polymer then this protocol would not 

work since crystallisation of the unstable drug fraction would not occur. Finally, PLGA and 

olanzapine both have Tgs that are significantly different in temperature which is essential to allow 

the fraction of each component to be determined. The Tgs of both materials are sharp and 

observable when measured by DSC which should allow accurate quantification of the drug-

polymer solubility.  

The first step was to identify an olanzapine-PLGA dispersion that was supersaturated so that 

crystallisation would occur on heating, but suitably metastable so that an amorphous dispersion 

could be produced that would not recrystallise during processing. Spray drying was selected as 

the method of preparation since a robust process was developed in Chapter 3 and a recent study 

found that amorphous solid dispersions prepared by spray drying performed best (i.e. closest to 

theoretical Flory-Huggins drug-polymer solubility predictions and with good reproducibility) when 
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analysed using the DSC de-mixing Tg protocol (Knopp et al., 2015b). An initial drug load of 50% 

w/w was selected because this was assumed to produce a supersaturated glass and it was 

predicted that the high polymer load would help stabilise the amorphous API and produce a 

metastable system. SEM micrographs (Figure 4.6) show that the spherical microparticles were 

produced, and PXRD analysis (Figure 4.7) of the microparticles showed only broad amorphous 

halos, with no hkl reflections which would indicate crystallinity.  

 

Figure 4.6 – SEM micrograph of 50% w/w olanzapine-PLGA microparticles produced by spray drying 

 

Figure 4.7 – PXRD diffractograms of 50% w/w olanzapine-PLGA microparticles and the background from 

the aluminium sample holder 

The 50% w/w system was assumed to be supersaturated due to the high drug load which was 

confirmed by MTDSC analysis (Figure 4.8).  
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Figure 4.8 – MTDSC thermogram of 50% w/w olanzapine-PLGA microparticles showing total and reversing 
heat flow  

A single Tg was measured in the reversing heat flow on heating with a midpoint of 50.7 °C which 

is an intermediate value between the Tg of pure amorphous olanzapine and PLGA, showing a 

single miscible amorphous drug-polymer phase was present. As the system was heated further, 

an exothermic event with a peak at 104.8 °C was measured in the total heat flow, which was due 

to crystallisation of molecularly dispersed olanzapine from the drug-polymer phase, showing that 

the system was both supersaturated and metastable. The olanzapine that crystallised on heating 

then melted, as shown by the endotherm with a peak of 177.8 °C in the total heat flow. The melting 

endotherm was broad and the melting temperature was depressed compared to pure olanzapine 

(olanzapine form I Tm = 195 °C) due to the presence of the miscible PLGA, as discussed above. 

The enthalpy of the crystallisation exotherm (40.6 J/g) and melting endotherm (44.2 J/g) were 

similar, suggesting that the initial level of crystallinity in the microparticles was low which was 

supported by the PXRD analysis (Figure 4.7). It should be noted that crystallisation and melting 

enthalpies should not be directly compared in quantitative analysis if they occur at different 

temperatures because there is a temperature dependence of the enthalpic value (Grisedale et 

al., 2010). The Tg value measured using MTDSC cannot be directly compared to those measured 

in the remainder of the study as different modes of operation (modulated vs. standard) and 

heating rates (2 °C/minute vs. 10 °C/minute) were used. 

In summary, the 50% w/w olanzapine-PLGA microparticle system was found to be a 

supersaturated, metastable amorphous system with a miscible drug-polymer phase, with drug 

crystallisation only occurring on heating, making it suitable for use in the DSC Tg protocol. 
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4.3.2.1.2 Measuring the Tg of raw materials 

To allow accurate calculation of drug-polymer solubility using theoretical equations, such as the 

Gordon-Taylor equation, the Tg of the raw materials of olanzapine and PLGA must be accurately 

measured using the same protocol used to measure the Tg of the amorphous drug-polymer 

phase. A standard DSC heat-cool-heat programme with a heating rate of 10 °C/minute was used 

in the DSC Tg protocol. Therefore, the Tg of the raw materials of PLGA and olanzapine were 

measured using the same protocol (Figure 4.9).  

 

 

Figure 4.9 – Glass transition temperatures of raw materials (a) PLGA and (b) olanzapine measured in the 

second heating cycle of a heat-cool-heat method at a heating rate of 10 °C  
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Amorphous olanzapine was produced in situ by melt-quenching the crystalline drug. The Tg of 

amorphous PLGA and olanzapine were measured as 40.4 ± 0.2 °C and 68.1 ± 0.2 °C, 

respectively, using this protocol. 

4.3.2.1.3 Measuring olanzapine-PLGA solubility 

Measuring the Tg of the olanzapine-PLGA phase following recrystallisation  

The 50% w/w olanzapine-PLGA dispersions were heated at a rate of 10 °C/minute from 0 °C to 

a range of temperatures from 60 to 140 °C (at 10 °C intervals) in the first heating cycle to promote 

crystallisation of the thermodynamically unstable fraction of the drug. A range of annealing 

temperatures were used because solubility is a temperature-dependent parameter, thus it is of 

interest to measure it at a number of different temperatures to allow a solubility curve to be 

generated. The curve can be used to extrapolate drug-polymer solubility to ambient conditions if 

required. An annealing time of 90 minutes was used at all temperatures. This was selected based 

on preliminary experiments and the purpose of the annealing period was to allow sufficient time 

for the solubility equilibrium to be achieved. Following the annealing period, the samples were 

then rapidly cooled significantly below their Tg to −10 °C to reform the glassy state. The samples 

were then reheated at a rate of 10 °C/minute to 200 °C to measure the Tg, as well as any 

crystallisation or melting events that occurred.  

The Tgs measured in the second heating cycle, following the annealing period in the first heating 

cycle, are plotted as a function of annealing temperature in Figure 4.10 and displayed in Table 

4.3. 

 

Figure 4.10 – Plot of glass transition temperature of the olanzapine-PLGA phase measured in the second 

heating cycle vs annealing temperature used in first heating cycle 
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Table 4.3 – Glass transition temperatures of the olanzapine-PLGA phase measured following annealing at 
various temperatures 

Annealing temperature in first heating cycle 

(°C) 

Tg (midpoint) in second heating cycle (°C)  

± standard deviation 

60 55.3 ± 0.2 

70 55.5 ± 0.1 

80 53.4 ± 0.4 

90 49.5 ± 0.4 

100 49.7 ± 0.0  

110 50.2 ± 0.3 

120 50.8 ± 0.1 

130 51.3 ± 0.1 

140 52.4 ± 0.2 

 

Following annealing at 60 and 70 °C, the Tg of the drug-polymer molecular dispersion phase 

remained constant and relatively high at approximately 55.5 °C. However, annealing the system 

at 80 and 90 °C resulted in a significant reduction in Tg to 53.4 and 49.5 °C, respectively. The 

observed reduction in Tg was due to a loss of olanzapine from the molecularly dispersed drug-

polymer phase due to its crystallisation during the annealing period. The crystallisation of 

olanzapine effectively increased the concentration of PLGA in the drug-polymer phase, thereby 

shifting the Tg towards that of the polymer. Further evidence in support of this analysis is displayed 

in Figure 4.11.  

 

Figure 4.11 – DSC thermograms of the second heating cycle following annealing of a 50% w/w olanzapine-

PLGA dispersion at 70, 80 and 90 °C for 90 minutes 
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was a smaller event with an enthalpy of 16.8 J/g which coincided with a reduction in the Tg. This 

is strong evidence that a fraction of the thermodynamically unstable olanzapine crystallised during 

the annealing period, but the solubility equilibrium was not achieved, hence the remaining 

unstable fraction crystallised in the second heating cycle. Annealing at the elevated temperature 

of 90 °C resulted in no crystallisation exotherm being measured in the second heating cycle, and 

a further reduction in Tg, showing that the solubility equilibrium was achieved during the annealing 

period under these conditions. 

In the annealing temperature range of 100-140 °C the Tg measured increased with temperature, 

relative to the Tg measured after annealing at 90 °C. This can be explained by the temperature-

dependence of solubility. The concentration of olanzapine in the molecularly dispersed drug-

polymer phase therefore increased with temperature, thus the Tg shifted towards that of 

olanzapine. Solubility often increases with temperature for two main reasons: (1) the liquid solvent 

molecules have increased kinetic energy to break solute-solute bonds; and (2) the vibrations in 

the solid solute crystals are increased, destabilising the crystalline form. These principles may 

also be applied to drug-polymer solubility.  

Investigating whether the solubility equilibrium was achieved in the annealing period 

A way of confirming that the solubility equilibrium was achieved during the annealing period was 

to plot heat flow vs time during this isothermal annealing period (Figure 4.12).  

 

Figure 4.12 – DSC thermograms of heat flow vs time in the isothermal annealing period of heating cycle 1 
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by the increased viscosity in the super-cooled liquid significantly reducing the kinetics of 

crystallisation under these conditions. At the annealing temperatures of 80 and 70 °C no 

crystallisation exotherm was observed during the isothermal period. This is interesting because 

crystallisation has been shown to occur in this period at 80 °C (Figure 4.11), although the solubility 

equilibrium was not achieved. The crystallisation exotherm at 80 °C, therefore, may be so broad 

that it cannot be distinguished from the baseline which poses a problem for using this method of 

analysis to determine annealing conditions under which the solubility equilibrium can be achieved. 

An alternative and more sensitive method for determining appropriate annealing conditions was 

developed as part of this study and is described in Section 4.3.2.3. The time taken to achieve the 

solubility equilibrium therefore significantly increased as the annealing temperature approached 

the Tg of the amorphous system. This was expected because the molecular mobility within a 

system significantly reduces as the viscosity increases when the super-cooled liquid moves 

towards the glassy state. At 70 °C essentially no crystallisation occurred within 90 minutes which 

was shown by no change in the Tg compared to annealing at 60 °C. This highlights one of the key 

issues with measuring drug-polymer solubility at ambient temperatures: the time taken to achieve 

the solubility equilibrium increases dramatically as the temperature approaches the Tg, making 

experimental measurements below the Tg impractical.  

Investigating potential thermal degradation of the dispersion during the annealing period 

In addition to confirming the solubility equilibrium has been achieved under a set of annealing 

conditions, it is important to assess whether thermal degradation is occuring at elevated 

temperatures since this may influence the Tg, predominantly due to molecular weight reduction of 

the polymer chains (Wondraczek et al., 2004). TGA was used to assess the thermal degradation 

of the 50% w/w olanzapine-PLGA solid dispersion at three temperatures (90, 110 and 140 °C). 

Samples were heated at 10 °C/minute to the target temperature and held isothermally for 90 

minutes, which was the same heating programme used in the DSC experiments.  

Figure 4.13 shows representative TGA plots of the three different isothermal temperatures used. 

The majority of the weight loss occurred in a low temperature range during the initial heating ramp 

from 30 °C to the target isothermal temperature in Figure 4.13a and Figure 4.13b, indicating that 

the weight loss was due to evaporation of residual solvent or water. Once at the isothermal 

temperatures of 90 °C and 110 °C, respectively, very little weight loss occurred showing that no 

significant thermal degradation occurred under these annealing conditions. However, at an 

isothermal temperature of 140 °C (Figure 4.13c), a significant weight loss was measured during 

in the isothermal period, which continued to increase as a function of time, showing that some 

thermal degradation of the olanzapine-PLGA system occurred during annealing. The average 

weight loss following the isothermal periods are presented in Table 4.4.  
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Figure 4.13 – TGA thermograms of a 50% w/w olanzapine-PLGA dispersion heated to (a) 90 °C, (b) 110 °C 
and (c) 140 °C and held isothermally for 90 minutes 
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Table 4.4 – Weight loss from 50% w/w olanzapine-PLGA system during annealing period determined by 
TGA 

Isothermal temperature (°C) for 90 minutes Weight loss (%) ± standard deviation 

90 1.24 ± 0.08 

110 1.70 ± 0.01 

140 5.02 ± 0.96 

 

The weight loss increased as the isothermal temperature was raised, although the weight loss 

following annealing at 90 °C and 110 °C was comparable at 1.24% and 1.70%, respectively. 

However, elevating the annealing temperature to 140 °C increased the weight loss to 5.02%. 

Based on the analysis of the TGA results, little to no thermal degradation occurred in the sample 

when annealed for 90 minutes at temperatures ≤110 °C. Thermal degradation does appear to 

occur at the maximum annealing temperature of 140 °C but it is still a relatively low amount after 

90 minutes. In conclusion, thermal degradation was not thought to be a significant issue at any of 

the annealing temperatures used in this study, although caution would be advised at using 

annealing temperatures >140 °C for this system. The DSC results support this (Figure 4.10) 

because the Tg increased in a consistent manner as a function of temperature between 90-

140 °C. If significant thermal degradation was occurring during this temperature range this would 

be expected to affect the observed relationship between Tg and annealing temperature. 

Calculation of drug-polymer solubility from measured Tg 

The drug-polymer solubility can be calculated from the experimental data for the olanzapine-

PLGA system at the temperatures between 90-140 °C since the solubility equilibrium was 

achieved under these conditions. There are a number of theoretical relationships proposed in the 

literature for understanding the relationship between the weight fraction of amorphous 

components in a binary system and the Tg of that system. The equations proposed work on the 

principle that the Tg of a molecularly dispersed phase of two amorphous components will be an 

intermediate value between the Tg of each individual component, providing certain criteria are 

met. However, each equation makes slightly different assumptions and calculates the theoretical 

intermediate value differently. As previously mentioned, the Gordon-Taylor equation has been 

used in the literature to calculate the drug-polymer solubility using measured Tgs (Mahieu et al., 

2013; Knopp et al., 2015b). However, in a number of studies the systems were found to 

significantly deviate from the predicted values so empirical relationships were used instead 

(Knopp et al., 2015c; Wlodarski et al., 2015). 

The Gordon-Taylor equation (Equation 3.1) was used to calculate the weight fractions of each 

component (ω1 and ω2) from the measured Tg1, Tg2, and Tg mix and calculated κ value of 0.941. 

The weight fraction of olanzapine in the molecularly dispersed phase following achievement of 

the solubility equilibrium was the calculated solubility of olanzapine in PLGA (Table 4.5). The 

calculations were performed in Kelvins and then converted to Celsius for consistency.  
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Table 4.5 – Calculated drug-polymer solubility from measured Tg using the Gordon-Taylor equation 

Annealing temperature in first heating cycle 

(°C) 

Olanzapine-PLGA solubility ± standard 

deviation 

90 34.2 ± 1.7 

100 35.0 ± 0.2 

110 36.7 ± 1.3 

120 39.0 ± 0.4 

130 40.8 ± 0.4 

140 44.7 ± 0.9 

 

The accuracy of the solubility values calculated using the Gordon-Taylor equation were assessed 

empirically. A series of amorphous dispersions with known olanzapine-PLGA compositions were 

prepared and their Tgs were measured. The drug loadings were selected based on preliminary 

experiments so that the Tg of the dispersions covered the relevant range for the solubility 

calculations. The same heat-cool-heat protocol was used as described previously. However, the 

amorphous dispersions were only heated to 70 °C in the first heating cycle and were annealed 

for 30 minutes to ensure complete removal of any residual solvent.  

The measured Tgs are plotted in Figure 4.14 alongside the calculated Gordon-Taylor relationship 

for olanzapine and PLGA.  

 

Figure 4.14 – Calculated Gordon-Taylor relationship for olanzapine and PLGA compared to empirical data 
of a series of olanzapine-PLGA standards 

The measured Tg values show that the drug-solubility is over-calculated when the Gordon-Taylor 

relationship is used. These values positively deviate from the theoretical relationship which 

suggests non-ideal mixing behaviour in the olanzapine-PLGA system. Low olanzapine content 

(<10% w/w) in the PLGA phase results in disproportionately large increase in the Tg of the binary 

system.  
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A standard curve was produced using the measured Tg values which was found to be linear (R2 

= 0.997) in the Tg range of interest for the solubility calculations (Figure 4.15). 

 

Figure 4.15 – Empirically measured standard curve of the relationship between Tg and the composition of 
the olanzapine-PLGA phase in the Tg range of interest for drug-polymer solubility calculations 

The linear standard curve (Figure 4.15) was used to re-calculate the olanzapine solubility values 

from the measured Tg as a function of temperature between 90-140 °C (Table 4.6).  

Table 4.6 – Calculated drug-polymer solubility from measured Tg using the empirical standard curve 

Temperature (°C) Olanzapine-PLGA solubility ± 

standard deviation (% w/w) 

Soluble weight fraction (x) 

of olanzapine 

90 21.4 ± 3.0 0.214 

100 23.0 ± 0.4 0.230 

110 26.1 ± 2.3 0.261 

120 30.1 ± 0.7 0.301 

130 33.4 ± 0.7 0.334 

140 40.4 ± 1.7 0.404 

 

The solubility values calculated from this curve were significantly lower than those calculated 

using the Gordon-Taylor equation. One can have greater confidence in the measured values 

since they are directly derived from an experimentally determined relationship rather than a 

theoretical relationship which includes assumptions about the system that may not be applicable. 

One major assumption is that the components do not form strong specific intermolecular 

interactions and exhibit ideal mixing behaviour. Many drug-polymer systems have been shown to 

deviate from the predicted relationship which suggests non-ideal mixing behaviour (Shamblin et 

al., 1996, 1998; Nair et al., 2001; Tong and Zografi, 2001; Gupta and Bansal, 2005; Gashi et al., 

2009; Andrews et al., 2010). Deviation from predicted values is often attributed to the presence 

of strong specific drug-polymer interactions. Caution should be exercised when making this 
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inference purely from observed deviations from the Gordon-Taylor equation because there are 

conflicting reports in the literature regarding this relationship (Baird and Taylor, 2012). For the 

purposes of this study, the exact reason for deviation from the predicted relationship is not 

important; the standard curve can simply be used in place of the Gordon-Taylor equation. 

A solubility curve (Figure 4.16) was plotted from the solubility values presented in Table 4.6. The 

Flory Huggins model (Equation 4.7) was used to fit the data and extrapolate the solubility curve 

to ambient conditions.  

 

Figure 4.16 – Olanzapine-PLGA solubility curve calculated from empirical standard curve and fitted with the 
Flory Huggins model for extrapolation to ambient conditions. Dashed lines show the 95% confidence interval 
calculated from the standard deviation of the interaction parameter.  

Equation 4.7 

Δ𝐻𝑓𝑢𝑠

𝑅
(
1

𝑇𝑚
−
1

𝑇
) = ln(𝜙𝑑𝑟𝑢𝑔) + (1 −

1

𝑚
)𝜙𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝜒(𝜙𝑝𝑜𝑙𝑦𝑚𝑒𝑟)

2
 

The volume fractions (φ) of each component were calculated as shown in Equation 4.8 from the 

soluble weight fraction of olanzapine (x) and the densities (ρ) of the two materials.  

Equation 4.8 

𝜙𝑖 =

𝑥
𝜌𝑖

𝑥
𝜌𝑑𝑟𝑢𝑔

+
1 − 𝑥
𝜌𝑝𝑜𝑙𝑦𝑚𝑒𝑟

 

The volume fractions of the two components at each measured temperature were used to 

calculate the interaction parameter (χ), allowing an average χ (−3.22) and associated error (± 0.26) 

to be calculated across the 50 °C temperature range. The interaction parameter calculated using 

this method was in good agreement with that calculated from the melting point depression method 
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(−3.48) at the significantly elevated temperature of 190 °C, giving confidence that χ does not 

dramatically change as a function of temperature for this system. The interaction parameter was 

then used to calculate the volume fractions of drug and polymer across a range of temperatures, 

and the volume fractions were converted back to weight fractions for consistency in Figure 4.16. 

The 95% confidence intervals are also plotted on the graph as dashed lines, calculated from the 

standard deviation of the interaction parameter. 

Figure 4.16 describes the solubility of olanzapine in PLGA based on the measurements made 

from the Tg values. Solubility is considered to be 100% w/w at 195 °C because this is the Tm of 

the most stable polymorph of olanzapine, and rapidly decreases as a function of temperature. 

From examination of the Flory-Huggins model (Equation 4.7) and Figure 4.16 it is clear that 

solubility is also heavily dependent on the fusion properties of the crystalline drug, with higher Tm 

and ΔHfus resulting in lower solubility at ambient conditions, as previously discussed by Marsac 

et al. (Marsac et al., 2006b). Olanzapine solubility was reasonable (approximately 20% w/w) at 

the lowest temperatures at which the measurements were made. However, extrapolation to 

ambient temperature (25 °C) indicated that the solubility will decrease to approximately 2% w/w. 

This raises a number of questions for this system and for applicability of drug-polymer solubility 

measurements to inform drug loading. This system has been shown to be miscible and heavily 

supersaturated systems up to 50% w/w drug load were produced and shown to be metastable at 

room temperature. Despite these promising indications, the solubility at ambient conditions was 

calculated to be so low that the drug load required to have a thermodynamically stable system 

may impractical from a formulation development perspective, particularly for PLGA microparticles 

because the total formulation mass is limited by the volume of the injection into the SC or IM 

tissue. Drug-polymer solubility information is undoubtedly useful, but Figure 4.16 highlights that 

for some systems it may be necessary to produce supersaturated glasses that are sufficiently 

kinetically stable to ensure no significant changes in the physical state occur during the lifetime 

of a pharmaceutical product. 
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4.3.2.2 DSC Heat of Fusion Protocol 

The principle of this protocol is to determine the maximum drug load in the polymer matrix at 

which no crystalline drug is detected in the heat flow measured by DSC. This drug concentration 

in the polymer is considered to be the drug-polymer solubility level.  

4.3.2.2.1 Measuring olanzapine-PLGA solubility 

A series of standard olanzapine-PLGA amorphous dispersions were produced by spray drying, 

with the weight fraction of olanzapine increasing from 15% w/w to 35% w/w. The drug loadings 

were selected based on the results of the DSC Tg protocol which calculated the drug-polymer 

solubility to be in this range, depending on the temperature at which the measurement was 

performed. The samples were first annealed at 100 °C for 60 minutes in the DSC to promote 

crystallisation of the unstable fraction of the drug, and were then heated at 10 °C/minute to 200 °C 

to measure the melting endotherm of any crystalline olanzapine present (Figure 4.17).  

 

Figure 4.17 – DSC thermograms of the melting of crystalline olanzapine in olanzapine-PLGA dispersions 
following annealing of the systems at 100 °C for 60 minutes 

The average olanzapine heat of fusion measured in each dispersion is presented in Table 4.7.  

Table 4.7 – Heat of fusion of olanzapine melt in a series of olanzapine-PLGA solid dispersions with 

increasing drug load 

Olanzapine load in PLGA (% w/w) Heat of fusion of olanzapine melting 

endotherm following crystallisation (J/g) 

15 0  

20 2.3 ± 0.2 

25 16.3 ± 0.6 

30 22.3 ± 0.5 

35 28.3 ± 0.5 
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No melt was detected in the 15% w/w olanzapine-PLGA system, suggesting that the system was 

unsaturated at this drug load. However, when the drug load was increased to 20% w/w a very 

broad melting endotherm with an enthalpy of 2.3 ± 0.2 J/g was detected, suggesting that the 

system was supersaturated and above the solubility level at this drug load. The enthalpy of the 

olanzapine melt increased as the drug load was increased from 20% w/w to 35% w/w, showing 

that more olanzapine was crystallising in the annealing period. 

The olanzapine melting endotherms were broad which was due to the presence of the miscible 

PLGA polymer. As discussed above, the presence of a miscible polymer in the super-cooled liquid 

state can result in melting point depression. The Tm endotherm peak was measured between 160-

170 °C depending on the drug load, compared to 195 °C for the pure form I. This large melting 

point depression is possibly amplified by the crystals being formed from the molecularly dispersed 

state within the polymer matrix, which means they are already well mixed with the polymer phase 

and therefore no time is required for mixing to occur. Metastable olanzapine polymorphs forms II 

or III could be also crystallising in the polymer matrix on heating which have the lower melting 

points of 181 and 170 °C, respectively (Bhardwaj et al., 2013). The melting of these forms is closer 

to the peak of the melting endotherm, although with the effects of melting point depression and 

endotherm broadening it was impossible to determine which form(s) crystallised from the DSC 

data alone. 

The enthalpy of the melting endotherm was plotted against the olanzapine load in PLGA (Figure 

4.18). The data were fitted with a linear trend line (R2 = 0.975) and the y-axis intercept of 17.7% 

w/w provides the calculated olanzapine solubility in PLGA since this is the highest drug load at 

which no crystalline olanzapine is expected. 

 

Figure 4.18 – Plot of olanzapine load in PLGA vs measured enthalpy of the olanzapine melt 
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4.3.2.2.2 Limitations of this protocol 

The main limitation of this protocol is that it does not clearly account for solubility being a 

temperature-dependent parameter. Adding an annealing period to the protocol does somewhat 

address this because the solubility equilibrium is achieved at 100 °C. However, as the sample is 

rapidly heated above this temperature to measure the melting endotherm of the drug, the 

equilibrium is not re-established and crystals could dissolve as the temperature is increased 

before the Tm is reached. Therefore, the sample property used to calculate solubility (heat of 

fusion) is not measured when the system is at equilibrium. For this reason the solubility value 

calculated is not temperature specific and is therefore more of a practical estimation of solubility. 

Conversely, an advantage of the DSC Tg protocol is that once the equilibrium solubility is 

achieved, the sample is very rapidly cooled below the Tg which effectively kinetically freezes the 

equilibrium state until after the Tg measurement has been made.  

A further limitation is the limit of detection of DSC for crystalline material within an amorphous 

matrix. Although DSC is a highly sensitive analytical technique, very low levels of crystallinity can 

be difficult to detect in the heat flow due to the low amount of energy that a small number of 

crystals require to melt. This potential limitation was investigated using HSM. The 15% w/w 

dispersion was analysed using the same heating programme as the DSC and visually analysed 

for olanzapine crystals (Figure 4.19). 

 

Figure 4.19 – Hot stage microscopy images taken at 145 °C (a) and 165 °C (b) of a 15% w/w olanzapine-

PLGA dispersion heated at 10 °C/minute 

(a) 

(b) 
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At 145 °C (Figure 4.19a) the microparticles had collapsed and a number of very small crystals 

had formed and were sparsely distributed in the PLGA phase, which then melted when heated to 

165 °C (Figure 4.19b). HSM confirms the limitation of this DSC method. However, the level of 

crystallinity observed in the 15% w/w solid dispersion by HSM was very low so the solubility of 

17.7% w/w calculated using the DSC method is only estimated to be slightly above the true 

solubility value. 
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4.3.2.3 Development of a Quasi-isothermal MTDSC Protocol 

An alternative DSC protocol was developed as part of this work to measure drug-polymer 

solubility and drug crystallisation kinetics in amorphous drug-polymer dispersions. The need for 

this protocol was identified by the initial work performed using the DSC Tg protocol, where it was 

time consuming and difficult to determine when the system was at equilibrium and the limitations 

of using Tg measurements were apparent. The hypothesis was that a QiMTDSC protocol could 

determine the time taken for the solubility equilibrium to be achieved at a particular temperature, 

measure the kinetics of the drug crystallisation occurring in the system and quantify the drug-

polymer solubility. 

The principle of QiMTDSC and how it may be used to measure heat capacity is provided in 

Chapter 2. QiMTDSC heat capacity measurements were thought to be useful in the context of the 

de-mixing of supersaturated amorphous drug-polymer systems because the heat capacity of 

amorphous and crystalline forms of the same material are significantly different at temperatures 

above the Tg. Heat capacity is essentially a measure of molecular mobility of the sample, and at 

temperatures below the Tg of an amorphous material the molecular mobility is similar to that of 

the crystalline form and hence the heat capacities of the two physical forms are similar. However, 

if the temperature is increased the amorphous form undergoes a dramatic increase in molecular 

mobility at the Tg due to changes in configurational degrees of freedom which is reflected by a 

step increase in heat capacity (Matsuo, 1998). The crystalline form does not have a significant 

increase in molecular mobility until it melts, and therefore there is a significant heat capacity 

difference between the amorphous and crystalline forms of the same material in the temperature 

window between the Tg of the amorphous form and Tm of the crystalline form. This is also the 

temperature window in which drug-polymer solubility measurements can be made experimentally. 

The hypothesis was that this heat capacity difference could be exploited to monitor the progress 

of the recrystallisation of the drug from the molecularly dispersed amorphous form (higher heat 

capacity) to the crystalline form (lower heat capacity) as the system crystallises and the drug-

polymer solubility equilibrium is achieved during annealing. Not only would this allow the time 

taken to reach the solubility equilibrium to be determined at a particular temperature, but the 

kinetics of the drug crystallisation could also be easily monitored because the temperature is 

effectively constant and any change in the heat capacity as a function of time can be directly 

attributed to the phase change in the sample. Additionally, the drug-polymer solubility should also 

be quantifiable by calculating the amorphous and crystalline fractions of drug in the system once 

the drug-polymer solubility equilibrium has been achieved. The proposed protocol could therefore 

provide complementary information to that provided by existing protocols regarding the kinetic 

stability of supersaturated drug-polymer systems at temperatures above the Tg, define annealing 

conditions required to achieve the drug-polymer solubility equilibrium for a particular system and 

also give an assessment of drug-polymer solubility in a one-step protocol. 
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4.3.2.3.1 Determining appropriate annealing conditions to achieve the solubility 

equilibrium 

Using the heat flow signal to determine whether the solubility equilibrium was achieved at a 

particular temperature was shown to be problematic at temperatures approaching the Tg because 

the kinetics of the crystallisation slow down as the temperature is reduced, broadening the 

exothermic peak and making it harder to distinguish from the baseline. This was apparent in the 

results of the DSC Tg protocol since no crystallisation exotherm was detected in the annealing 

period at 80 °C (Figure 4.12) despite a significant reduction in the Tg being measured in the 

second heating cycle following this (Figure 4.10), showing that crystallisation had occurred. 

The QiMTDSC protocol was used to monitor the progress of crystallisation in a 50% w/w 

olanzapine-PLGA dispersion at 70, 80 and 90 °C (Figure 4.20).  

 

Figure 4.20 – QiMTDSC plot of reversing heat capacity vs time showing the crystallisation of olanzapine in 
a 50% w/w olanzapine-PLGA dispersion at 80 and 90 °C.  

The progress of the olanzapine crystallisation was far clearer when viewed as RevCp rather than 

heat flow. No change in the RevCp signal was observed when the system was annealed at 70 °C, 

showing that crystallisation did not occur at this temperature within the 90 minute time period. The 

results of the heat-cool-heat method were in agreement with this observation as no reduction in 

Tg was recorded at this temperature (Figure 4.10). The most interesting data are when the system 

is annealed at 80 °C because it was clear by the reduction in RevCp over time that olanzapine 

was crystallising under these conditions. However, the change in the RevCp signal did not plateau 

during the annealing period showing that the solubility equilibrium was not achieved. This was in 

excellent agreement with the Tg results of the heat-cool-heat method (Figure 4.10), although the 

heat flow signal during the isothermal period was not able to detect this crystallisation (Figure 

4.12). Finally, the data for the 90 °C annealing conditions showed that olanzapine crystallised 

more rapidly and the solubility equilibrium was achieved within approximately 70 minutes. The 
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QiMTDSC protocol was therefore far better than the standard DSC protocol at monitoring slower 

crystallisation processes and determining the heating conditions (temperature and time) required 

to achieve the solubility equilibrium. 

Figure 4.20 again highlights an important issue with measuring drug-polymer solubility: when the 

annealing temperature approaches the Tg of a system, the time required to achieve the solubility 

equilibrium increased dramatically. At 80 °C the equilibrium could be achieved within a practical 

timeframe, but a small reduction in temperature to 70 °C resulted in no crystallisation at all within 

the same time period showing the kinetic limit of crystallisation for this system. The Tg of the 

dispersion was measured by MTDSC to be approximately 20 °C below this (Figure 4.8), which 

shows that making measurements at the Tg may not be possible. 

4.3.2.3.2 Measuring drug-polymer solubility equilibrium  

The QiMTDSC protocol was further tested to determine whether it could provide quantitative 

measurements of RevCp that would allow the drug-polymer solubility to be calculated. If the RevCp 

of the components that make up the recrystallised drug-polymer system are known at a particular 

temperature, then in theory it should be possible to calculate the relative amorphous and 

crystalline drug fractions once the solubility equilibrium is achieved using Equation 4.9.  

Equation 4.9 

RevCp
total(T) =  ϕ[xRevCp

amorphous(T) + (1 − x)RevCp
crystalline

(T)] + (1 − ϕ)RevCp
polymer

(T) 

Qi et al. derived Equation 4.9 as a means of calculating crystalline/amorphous fractions of drug 

in solid dispersion formulations from heat capacity measurements (Qi et al., 2010). RevCp
total 

refers to the total heat capacity measured for the solid dispersion system, RevCp
amorphous and 

RevCp
crystalline refer to the heat capacities of the two physical forms of the drug and RevCp

polymer is 

the heat capacity of the amorphous polymer. T in parenthesis signifies the heat capacities are 

measured at the same temperature. φ is the weight fraction of total drug in the system, and x is 

the weight fraction of the amorphous form of drug. The heat capacities of the individual 

components were measured using the QiMTDSC protocol at 90 °C (Table 4.8).  

Table 4.8 – Heat capacity measurements of individual components of the recrystallised drug-polymer system 
at 90 °C (n=6) 

Material Average RevCp (J/g.°C) Standard Deviation (J/g.°C) 

Crystalline olanzapine 1.28 0.03 

Amorphous olanzapine 1.69 0.04 

PLGA 1.87 0.04 

 

Figure 4.21 shows the change in RevCp with time at 90 °C for three dispersion systems, with an 

olanzapine load of 10, 35 and 50% w/w. The drug loads were selected based on the solubility 

results from the other DSC methods.  
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Figure 4.21 – Reversing heat capacity vs annealing time showing crystallisation in the 35% w/w and 
50% w/w polymer dispersions on heating quasi-isothermally at 90 °C 

The three systems were unsaturated (10% w/w), mildly supersaturated (35% w/w) and heavily 

supersaturated (50% w/w) at the temperature used, therefore providing a range of saturation 

conditions to be assessed by the QiMTDSC protocol. As expected, the heat capacity of the 10% 

w/w solid dispersion did not change as a function of time in the experiment because the drug 

loading was below the solubility level and hence the system was stable. In the 35% w/w system 

a small reduction in heat capacity was observed as the supersaturated fraction of olanzapine 

crystallised and the signal plateaued showing the solubility equilibrium was achieved. The same 

trend is observed for the 50% w/w system, but a larger reduction in heat capacity was observed 

because the system was more heavily supersaturated. 

Equation 4.9 makes the assumption that the heat capacities of the individual components that 

form the recrystallised drug-polymer system are additive. This assumption appears to be valid for 

this system as the calculated heat capacity of an amorphous 10% w/w system is 1.85 J/g.°C, 

which is in good agreement with the measured value. The amorphous olanzapine fractions were 

calculated once the solubility equilibrium had been achieved for the two supersaturated systems, 

which allowed the drug-polymer solubility to be calculated using Equation 4.10 which accounts 

for the total drug fraction present in the system. 

Equation 4.10 

Solubility (% w/w) = x ∙ ϕ ∙ 100 

The RevCp values measured for each system once the solubility equilibrium was achieved, and 

the calculated amorphous olanzapine fraction and drug-polymer solubility are presented in Table 

4.9.  
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Table 4.9 – Summary of drug-polymer solubility calculations at 90 °C using QiMTDSC protocol 

Solid dispersion Average RevCp at 60 

minutes (J/g.°C) 

Calculated 

amorphous fraction 

(%) 

Calculated 

olanzapine 

solubility in PLGA 

(% w/w) 

35% w/w 1.76 ± 0.03 64 ± 18 22 ± 6 

50% w/w 1.68 ± 0.03  51 ± 13 25 ± 6 

 

No statistically significant difference was measured between the solubility calculated for the 35 

and 50% w/w systems (One Way ANOVA, p = 0.58) therefore an average solubility value of 23 ± 

6% w/w was calculated. This is in good agreement with the drug-polymer solubility calculated at 

the same temperature using the DSC Tg protocol, providing evidence that the principle of the 

protocol is valid and the heat capacity measurements can be made precisely and accurately 

enough to obtain meaningful solubility calculations. 

A significant limitation of the QiMTDSC protocol is the difficulty of measuring heat capacity to a 

high degree of accuracy with DSC instruments, which results in the reasonably high experimental 

error associated with the drug-polymer solubility measurements (Table 4.9). In the development 

of this method a number of steps were taken to reduce the error. Initially, the RevCp 

measurements were made on a DSC Q1000 (TA Instruments, USA) but it was found more 

reproducible measurements were made using a more modern Discovery DSC (TA Instruments, 

USA). This shows that the quality of the DSC head is critical to successfully making drug-polymer 

solubility calculations from heat capacity data. Additionally, the pan type was found to affect the 

measurements; crimped standard aluminium pans (TA instruments) performed best as the 

sample is forced to be in good contact with the bottom of the pan. Any damage to the bottom of 

the pan resulted in erroneous measurements and regular verification of the RevCp calibration was 

performed. Despite the optimisation performed, the error associated with the measurements 

remains reasonable. However, advances in DSC technology (i.e. improved baseline) should 

make these measurements easier to make on newer instruments. 

4.3.2.3.3 Measuring drug crystallisation kinetics 

An advantage of the QiMTDSC method is that the RevCp signal is effectively describing a phase 

change over time at a quasi-isothermal temperature, which allows the kinetics of this change to 

be easily calculated, despite the complexity of the system. The phase change occurring in these 

systems is crystallisation of the thermodynamic excess of olanzapine from the supersaturated 

molecularly dispersed state. The Avrami equation (Equation 4.11) can be used to describe 

crystallisation processes, whereby α is the crystal fraction at time t, k is the crystallisation rate 

constant and n is the Avrami exponent (Avrami, 1939). The Avrami exponent can be used to 

estimate the mechanism and processes involved in the crystallisation event, although it can also 

be used as an adjustable fitting parameter that may be non-integral. 

Equation 4.11 

𝛼 = 1 − exp (−𝑘𝑡𝑛) 
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The QiMTDSC data were normalised and processed so the RevCp signal was described as a 

fraction of the total change in the signal during the experiment (Figure 4.22).  

 

Figure 4.22 – Processed QiMTDSC data showing increase in crystalline fraction as a function of time for the 

35 and 50% w/w dispersion systems (red lines show Avrami fits) 

Due to the time taken for equilibration at the start of the QiMTDSC experiments, data cannot be 

reliably collected for the first 5 minutes; therefore for the purposes of the data fitting, the data 

collected in the first 5 minutes were not included and the time at 5 minutes was considered t = 0. 

The progress of the crystallisation occurring in both drug-polymer dispersions was well fitted with 

the Avrami equation, allowing a crystallisation rate constant (k) to be calculated (Table 4.10). 

Table 4.10 – Avrami fitting of crystallisation data for olanzapine in PLGA solid dispersions 

Solid Dispersion  k (min-n) n  R2 

35% w/w  0.108 0.890 0.997 

50% w/w  0.206 0.827 0.998 

 

The crystallisation rate constants of the two dispersion systems show that the 50% w/w system 

crystallised at approximately twice the rate of the 35% w/w system at the temperature studied. 

This was expected because the more heavily supersaturated system was more 

thermodynamically unstable, and due to the higher olanzapine content the process of crystal 

growth would be hindered less by the presence of the polymer. These data demonstrate that the 

protocol can assess the effect of drug load on crystallisation rates in drug-polymer dispersions at 

isothermal temperatures, which could be useful when assessing the relative physical stability of 

supersaturated solid dispersion systems. 

Crystallisation follows sigmoidal kinetics whereby there is an initial slow phase of nucleation, 

followed by a rapid phase of crystal growth which then slows down until crystallisation is complete. 

The crystallisation observed in Figure 4.22 does not have sigmoidal kinetics. Due to the 

practicalities of the QiMTDSC measurement, the sample must first be heated to the desired 

elevated temperature and then equilibrated at this temperature for 5 minutes before data can be 
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reliably collected. The result of this is that the sample is exposed to conditions under which 

crystallisation may occur for >10 minutes before any data are recorded, meaning the first section 

of the crystallisation curve may be missed. The protocol is therefore not able to measure the 

kinetics of fast crystallisation processes that will be complete within this initial time period. 

Additionally, it is within this first 10 minutes that nucleation is likely to be occurring in these 

systems, so the data collected are possibly highlighting the crystal growth stage. Interpretation of 

the Avrami exponent should therefore be treated with caution since it is not describing the whole 

crystallisation process for a pure material, and for the purposes of this work the exponent can be 

considered a fitting parameter to allow calculation of the rate constant, which is the main 

parameter of interest. 

Pseudo-exponential crystallisation kinetics were observed for both systems and have previously 

been reported in other drug-polymer dispersions (Hédoux et al., 2011). These kinetics can be 

expected if the crystallisation occurs in suitably confined geometry, which has been discussed in 

a recent review article (Descamps and Willart, 2018). The presence of the polymer may be 

spatially confining crystallisation through proposed mechanisms such as polymer accumulation 

theory (Konno and Taylor, 2006). The microscopy images in the following section provide further 

supporting evidence of confined crystallisation due to the very small crystallite size observed.  

The QiMTDSC protocol therefore allows the effect of drug load and annealing temperature on the 

drug crystallisation rate in drug-polymer dispersion systems to be investigated at temperatures 

>Tg. 
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4.3.2.4 Polarised Light Microscopy Protocol 

Drug-polymer solubility is frequently assessed using DSC as this allows quantitative 

measurements to be made. DSC protocols, however, rely on relating a measurable thermal 

property of the sample (e.g. Tg, heat of fusion or RevCp) to solubility, which generally involves 

applying a theoretical relationship between the thermal property and drug-polymer composition. 

This can potentially lead to inaccurate solubility calculations as discussed above. For this reason, 

a hot stage polarised light microscopy method was used to assess the validity of the drug-polymer 

solubility measurements made from the DSC data.  

Combining HSM with polarised light microscopy provides a powerful and intuitive way of 

assessing whether a molecularly dispersed system is supersaturated by visually determining 

whether API crystallisation occurs at a temperature of interest. The method can be made semi-

quantitative by analysing a series of dispersions with increasing drug load, allowing a 

concentration range to be determined for the solubility level at a particular temperature. 

4.3.2.4.1 Assessing drug-polymer solubility 

A series of amorphous olanzapine-PLGA dispersions were prepared, with the drug loading 

increasing in 5% w/w increments from 0% w/w to 35% w/w. Figure 4.23 shows images of a series 

of drug-polymer dispersions following annealing at 90 °C for 24 hours in an oven, which were 

transferred to a hot stage set at the same temperature and analysed by light microscopy. The 

long annealing time was selected to allow the solubility equilibrium to be achieved in all of the 

samples. Systems with lower levels of supersaturation have been shown to take longer to reach 

equilibrium (Figure 4.22) because there is less of a thermodynamic drive for crystallisation to 

occur. Figure 4.23a was used as a negative control since no crystallisation can occur in a system 

composed of PLGA alone. The lack of any observable crystallinity in Figure 4.23b and Figure 

4.23c indicate that 5% w/w and 10% w/w olanzapine concentrations are below the solubility level 

at this temperature. The first sample in which crystallinity was detected was 15% w/w olanzapine 

(Figure 4.23d). The crystals were small and sparsely distributed, suggesting that the olanzapine 

was close to its saturation point in the polymer (i.e. solubility) at this concentration. Due to the 

high sensitivity of PLM false positives are possible, therefore caution should be exercised when 

determining whether a sample is supersaturated or not based on observing a very low level of 

crystallinity. However, in the 20% w/w drug loaded system (Figure 4.23e) many larger crystals 

were detected and one can be confident that this system is supersaturated. As the drug load was 

increased from 25% w/w to 35% w/w (Figure 4.23f-h) the level of observed crystallinity increased, 

showing the systems were increasingly supersaturated. The semi-quantitative microscopy 

method therefore determined the solubility of olanzapine in PLGA to be approximately 15-20% 

w/w.  
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(g) 

  

(h) 

  

Figure 4.23 – Light (left) and polarised light (right) microscopy images of olanzapine-PLGA solid dispersions 
annealed for 24 hours at 90 °C (a) 0% w/w, (b) 5% w/w, (c) 10% w/w, (d) 15% w/w, (e) 20% w/w, (f) 25% 
w/w, (g) 30% w/w and (h) 35% w/w olanzapine load 

Interestingly, the size and morphology of the crystals were significantly different between the 

dispersions with lower levels of supersaturation (Figure 4.23e) and the dispersions with greater 

supersaturation (Figure 4.23h). Larger crystals with a defined needle-like morphology were 

formed in the 20% w/w system, whereas significantly smaller crystallites formed in large clusters 

in the 35% w/w system.  

The level of supersaturation in the dispersions explain the differences in crystal size observed, 

using principles taken from solution crystallisation. Supersaturation is the driving force for both 

nucleation and crystal growth which are competing processes. At low levels of supersaturation, 

the rate of crystal growth is greater than the rate of nucleation which results in larger crystals, as 

observed in the 20% w/w system. At higher levels of supersaturation, nucleation dominates crystal 

growth and therefore smaller crystals are observed, which is clearly observed in the 25% w/w and 

30% w/w systems. The reason for this is that in mathematical models nucleation is expressed as 

a high power function of supersaturation, whereas crystal growth is expressed as either a linear 

or low power function (Sarig et al., 1978).  
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4.3.2.5 Discussion of Drug-Polymer Solubility Results 

The prediction that olanzapine and PLGA are miscible was confirmed when a 50% w/w system 

was characterised by MTDSC (Figure 4.8) and found to have only a single, intermediate Tg 

indicating a molecularly dispersed olanzapine-PLGA phase. Miscibility between the two 

components is essential if stable molecularly dispersed formulations are to be produced. 

However, with small molecule API systems, miscibility of the amorphous drug with the amorphous 

polymer does not mean that the system will be thermodynamically stable because the drug may 

crystallise to its lower energy crystalline form. Therefore, to fully understand the physical stability 

and compatibility of a drug-polymer system, the drug-polymer solubility needs to be considered.  

Four approaches were used to measure the drug-polymer solubility of this system. All the 

methods achieved the drug-polymer solubility equilibrium from the supersaturated state and 

hence are considered de-mixing methods. Each approach used a different property of the 

saturated drug-polymer phase to measure drug-polymer solubility: Tg, heat of fusion of the melting 

endotherm, RevCp and visual inspection of crystallinity by microscopy. The measured drug-

polymer solubilities were broadly in agreement (Table 4.11). However, the microscopy results 

showed that the DSC protocols all slightly over calculated solubility.  

Table 4.11 – Summary of drug-polymer solubility measurements made by different protocols at 90 °C 

Protocol Calculated Solubility (% w/w) at 90 °C 

DSC Tg 21 ± 3 

DSC heat of fusion 18* 

QiMTDSC  23 ± 6 

Semi-quantitative microscopy 15-20  

*Solubility calculated by DSC heat of fusion method was not at a specific temperature 

Each protocol had its own strengths and limitations which have been discussed in detail above. 

The main issues with the DSC protocols which may be responsible for the slight over calculation 

of drug-polymer solubility were the sensitivity of the instrument (DSC heat of fusion protocol), the 

accuracy/precision of the measurements (QiMTDSC protocol) and the need to apply theoretical 

relationships to calculate solubility from a property of the sample (QiMTDSC and DSC Tg 

protocols). The semi-quantitative microscopy protocol did not share these limitations and provided 

a rapid and intuitive assessment of solubility at temperatures above the Tg. However, this method 

did not provide a true quantitative assessment.  

The results of this study show that it is important not to rely solely on one protocol because 

different protocols calculate different drug-polymer solubility values. It is the author’s opinion that 

the most useful drug-polymer solubility information is obtained from a combination of the DSC Tg 

and the semi-quantitative microscopy protocols. The DSC Tg protocol allows part of the solubility 

curve to be measured with relative ease, allowing extrapolation of solubility to ambient 

temperatures. The semi-quantitative microscopy protocol is complementary since it can assess 

the accuracy of the solubility measurements made from the Tg which can be erroneous when 

theoretical relationships are used, such as the Gordon-Taylor equation, as demonstrated in this 

study. 
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The main complicating factors when making drug-polymer solubility measurements with any of 

the protocols were: (1) solubility is a temperature-dependent equilibrium parameter; and (2) the 

viscosity and molecular mobility in drug-polymer systems change dramatically as a function of 

temperature, most notably at the Tg. The solubility equilibrium can be achieved at temperatures 

significantly >Tg when the system is in the mobile, super-cooled liquid state, but as the 

temperature approaches the Tg the viscosity dramatically increases resulting in significantly 

reduced molecular mobility. The result of this was that the solubility equilibrium could not be 

achieved in a reasonable timeframe at temperatures near or below the Tg, as demonstrated by 

the results of the QiMTDSC protocol in Figure 4.20. Therefore, drug-polymer solubility cannot be 

experimentally measured under these conditions. The main advantage of the QiMTDSC protocol 

developed in this study was that it could easily determine whether a system was able to achieve 

the solubility equilibrium under a particular set of annealing conditions. 

The DSC Tg method provides the most thorough assessment of drug-polymer solubility because 

it can measure solubility at a range of temperatures above the Tg, allowing a solubility curve to be 

generated which shows the temperature-dependence of solubility in the system. A model such as 

the Flory-Huggins equation can then be fitted to the data to allow extrapolation to ambient 

temperatures (Figure 4.16). This can be useful as the solubility can be predicted at the typical 

storage conditions that pharmaceutical formulations may experience (e.g. 25 °C) and therefore 

the drug load of the formulation can be rationally selected to ensure a thermodynamically stable 

system is produced. However, for this system the solubility at 25 °C was predicted to be 

approximately 2% w/w which may be too low to be practically useful for this formulation. For 

perspective, a solubility in solution of 2% w/v would be classed as sparingly soluble and would be 

considered good for many APIs, but in drug-polymer dispersions much higher drug loads often 

are required to achieve the desired dose within a reasonable mass of formulation. For PLGA 

microparticles this is a particular issue as the formulation mass is limited by the small injection 

volume used for SC or IM injections. Therefore, to achieve the desired drug load for some systems 

it may be necessary to formulate a supersaturated glass that is kinetically stable for the lifetime 

of a pharmaceutical product. Qian et al. proposed that using the solubility value that can be 

measured at the temperature closest to the Tg of the formulation (90 °C in this case) could possibly 

be applied as the maximum drug loading to provide sufficiently physically stable amorphous solid 

dispersions at temperatures <Tg (Qian et al., 2010). The hypothesis for this is that although the 

system would be a supersaturated glass at temperatures <Tg, the supersaturation would be 

relatively low and crystallisation of the drug would be kinetically hindered by the low molecular 

mobility of the glassy state. The formulation is therefore more likely to be physically stable across 

the pharmaceutically relevant timeframe of 2-3 years. This view has not yet been supported by 

experimental data but provides sensible application of the theory to provide guidelines for 

formulation development on an important and complex topic. Based on this view, a maximum 

drug load of 15-20% w/w should be used for this system.  

For drug-polymer dispersions with significantly higher Tg values, it is possible that understanding 

the thermodynamic stability of the system becomes less important due to the increased kinetic 

stability of the system. Crystallisation has been shown to occur at temperatures below the Tg 
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(Yoshioka et al., 1994), but for many systems that are stored at temperatures significantly below 

the Tg (>50 °C is often quoted) this process is so slow that it is not an issue (Bhugra and Pikal, 

2008). Additionally, if the storage temperature is below Tβ the molecular mobility is so low that the 

amorphous state is considered kinetically frozen and crystallisation cannot occur (Sibik et al., 

2015). Therefore, understanding drug-polymer solubility is of greater importance for drug-polymer 

dispersions that have relatively low Tgs (i.e. within 50 °C of potential storage temperatures), such 

as PLGA microparticles.  This is because the level of molecular mobility in the glass may be 

sufficient for crystallisation to occur, making physical instability of supersaturated systems a 

potential issue. 
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4.3.3 Physical Stability Assessment of a Supersaturated Olanzapine-PLGA 

Microparticle Formulation 

Following the measurement of drug-polymer solubility the thermodynamic physical stability of 

olanzapine-PLGA dispersions was well understood. For this system, it would be impractical to 

formulate a stable system due to the low drug-polymer solubility predicted at room temperature. 

Therefore, the physical stability of a supersaturated olanzapine-PLGA dispersion was assessed 

over an 8 month period to investigate the kinetic stability of the system and determine whether 

supersaturation would be an issue for this particular system. The storage conditions selected 

were 40 °C and 0% RH. A 30% w/w olanzapine-PLGA formulation was assessed in the study, 

which was selected as it is a mildly supersaturated system at the temperatures investigated above 

the Tg, but heavily supersaturated at ambient temperature (the predicted solubility at 40 °C is 4% 

w/w). The temperature was selected because it was close to the Tg of the system. Therefore, the 

temperature was within the window below the Tg where crystallisation has been observed for 

other systems, yet was not so high that the microparticles would collapse on storage. 0% RH was 

used because the plasticising effect of water would lead to the collapse of the microparticles.  

4.3.3.1 Initial Characterisation 

The 30% w/w olanzapine-PLGA microparticle formulation was characterised by SEM, DSC and 

PXRD to determine its solid state properties. SEM micrographs (Figure 4.24) show that spherical 

particles were produced, typically with diameters <25 µm. 

   

Figure 4.24 – SEM micrographs of a 30% w/w olanzapine-PLGA microparticle formulation at (a) 1000x and 

(b) 20,000x magnification 

Some crystallinity was visible on the surface of the particles in Figure 4.24(b), although in the 

PXRD analysis (Figure 4.25) only broad amorphous halos were observed, showing that the level 

of crystallinity was low. 

(a) (b) 
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Figure 4.25 – PXRD diffractogram of the freshly prepared 30% w/w olanzapine-PLGA microparticle 

formulation 

Furthermore, MTDSC analysis (Figure 4.26) provided strong evidence that the formulation was 

largely amorphous.  

 

Figure 4.26 – MTDSC thermogram of the freshly prepared 30% w/w olanzapine-PLGA microparticle 
formulation showing total and reversing heat flow 

A single, intermediate Tg with a mid-point of 49.7 °C suggested that the formulation consisted of 

a molecularly dispersed phase of olanzapine and PLGA. Olanzapine crystallisation was observed 

as an exotherm on heating, followed by a melting endotherm with a peak of 163.1 °C. The 
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enthalpy of the crystallisation and melting were approximately equal, indicating that little 

crystalline material was present in the sample before heating.  

In summary, when the formulations were freshly prepared the 30% w/w microparticles were 

largely amorphous, with some evidence of surface crystallinity.  

4.3.3.2 8 Month Physical Stability Assessment 

The formulation was re-assessed using SEM and PXRD following 8 months storage at 

40 °C/0% RH.  SEM indicated that the surface crystallinity of the microparticles had not increased 

during this 8 month period (Figure 4.27).  

   

Figure 4.27 – SEM micrographs of a 30% w/w olanzapine-PLGA microparticle formulation following 

storage at 40 °C/0% RH for 8 months at (a) 2000x and (b) 10,000x magnification 

PXRD analysis (Figure 4.28) confirmed that the supersaturated system was still largely 

amorphous following this long period of storage at a temperature close to its Tg. 

 

Figure 4.28 – PXRD diffractogram of a 30% w/w olanzapine-PLGA microparticle formulation stored at 
40 °C/0% RH for 8 months 
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4.3.3.3 Discussion  

The results of the physical stability study were interesting when considered in the context of the 

drug-polymer solubility measurements. 8 months physical stability has been demonstrated for a 

30% w/w olanzapine-PLGA microparticle formulation at 40 °C. However, the extrapolated 

solubility at this temperature is only 4% w/w (Figure 4.16). Additionally, the Tg of the system was 

only 10 °C higher than the storage temperature, so the formulation was within the temperature 

range of the Tg where crystallisation has been observed for other amorphous drugs (Yoshioka et 

al., 1994). Based on the work performed, the supersaturated glass was kinetically stable for at 

least 8 months at a drug load 7-fold higher than the solubility level and at an accelerated 

temperature near the Tg of the system. This implies is that for this system highly supersaturated 

glasses may have suitable kinetic stability to be used as pharmaceutical formulations. 

Other heavily supersaturated drug-polymer systems have previously demonstrated reasonable 

long-term physical stability, such as an indomethacin and PVP system, due to the presence of 

hydrogen bonding interactions between the drug and polymer (Matsumoto and Zografi, 1999). 

Olanzapine and PLGA can potentially form intermolecular hydrogen bonds and although their 

presence has not been proven in this study, these could potentially explain why a heavily 

supersaturated system is stable for so long near the Tg. Other potential mechanisms that could 

explain the physical stability observed are a purely kinetic stabilisation, due to the low molecular 

mobility in the glass even at temperatures approaching the Tg. It has also been proposed that the 

presence of the polymer can inhibit crystallisation through the polymer accumulation and drug 

dilution mechanisms (Konno and Taylor, 2006; Bhugra and Pikal, 2008). It is possible that a 

combination of these mechanisms are playing a role in the stabilisation of this supersaturated 

glass. Determining the relative contributions of each was not assessed in order to explore other 

avenues of research. 

The obvious limitations of the physical stability study are the duration and number of systems 

studied. The study could not be continued longer due to the time constraints of the research, 

although an accelerated temperature was used in an attempt to compensate for this as PLGA 

microparticle formulations are typically refrigerated at 2-8 °C. Also only one supersaturated 

system was studied. However, it would be unusual to formulate PLGA microparticle systems with 

a drug load >30% w/w and since crystallisation was not detected within the timeframe of the study, 

no further information would have been obtained from testing the stability of formulations with 

lower olanzapine loads.  
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4.4 Conclusions 

The thermodynamic stability of an olanzapine-PLGA molecularly dispersed system has been 

extensively investigated in this chapter. The two components were found to be miscible and the 

drug-polymer solubility level was measured using a number of different de-mixing approaches 

using either DSC or microscopy. A new QiMTDSC protocol was developed to investigate solubility 

and drug crystallisation kinetics in polymer dispersions, which was validated by comparison to 

established methods. The physical stability of a supersaturated olanzapine-PLGA formulation 

was assessed at an accelerated temperature over an 8 month period to explore whether it was 

necessary to produce a thermodynamically stable formulation for this particular system. 

A number of key conclusions can be drawn from this study regarding the practicalities of 

measuring solubility in polymers. QiMTDSC investigation into the conditions required to achieve 

the solubility equilibrium highlighted the kinetic barrier to reaching this near or below the Tg. For 

this system, it was found that at 25 °C above Tg crystallisation proceeded at a reasonable rate. 

However, at 15 °C above the Tg no crystallisation occurred within 90 minutes. This demonstrates 

that drug-polymer solubility can only be measured at temperatures significantly above the Tg, and 

therefore extrapolation to ambient conditions is required using models such as the Flory-Huggins 

equation. The extrapolated solubility at room temperature was predicted to be 2% w/w for this 

system, although there was no way of verifying this experimentally.  

A further issue is that DSC methods tend to rely on a theoretical relationship between a physical 

property of the sample and the drug-polymer solubility. This was shown to be a potential limitation, 

particularly for the DSC Tg method, since the system deviated significantly from the theoretical 

Gordon-Taylor relationship resulting in inaccurate solubility values. Instead, a standard curve was 

prepared and an empirical relationship was used, which calculated solubility values that were in 

much better agreement with the other results. Care should be taken when using theoretical 

relationships and it is recommended that the results of any drug-polymer solubility study are 

verified by checking with a simple and intuitive method such as the polarised light microscopy 

protocol used in this study. The solubility values calculated using the different approaches were 

broadly in agreement, although the method selected was shown to have an influence on solubility 

calculated. The results of this study indicate that using one quantitative DSC protocol and one 

microscopy protocol is a sensible approach to investigate the thermodynamic stability drug-

polymer molecular dispersions. 

For the olanzapine-PLGA system, the required olanzapine load to have a thermodynamically 

stable system at ambient temperature was low. However, it was found that a highly 

supersaturated system was kinetically stable near the Tg for an 8 month time period. The results 

suggest that although the drug-polymer solubility level can be used to rationally select a suitable 

drug load, in some cases it may be necessary to formulate a supersaturated dispersion if it is 

kinetically stable for the required time period of 2-3 years.  

In this chapter, olanzapine has been recrystallised from the molecularly dispersed state, and great 

attention has been given to quantifying the amount of drug that remains dissolved in the polymer 

matrix. However, olanzapine is a polymorphic drug and from the results of this study it was not 
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possible to tell which form was crystallising from the DSC results alone due to the melting point 

depression and endotherm broadening effects. The unknown identity of the crystals forming in 

the polymer matrix, and the paucity in the literature on the study of crystallisation of polymorphic 

drugs in polymer dispersions, raised a number of questions which are addressed in the following 

chapter.   
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5 Charact erising  the Crystallisation of Olanzapine  Polymorphs in  Amorphous Po lymer Dispersions U sing Simult aneous D SC-PXRD  

5.1 Introduction 

DSC is the main technique used in the pharmaceutical sciences to characterise phase transitions 

that occur with a change in temperature. In the preceding chapter, olanzapine-PLGA dispersions 

were heated to promote crystallisation of the drug in the polymer matrix. The work performed 

identified that understanding crystallisation of a polymorphic drug in a polymer dispersion is 

challenging using DSC due to the melting point depression effect of the polymer. This is because 

the heat flow signal measured by DSC gives no structural information and physical form 

identification is completely reliant on the measurement of an accurate Tm. X-ray diffraction is the 

“gold standard” analytical technique for the identification of crystalline forms, but standard bench-

top powder diffractometers would also not be able to characterise olanzapine crystallisation in the 

PLGA dispersion because they are generally unable to heat the sample. Even if the diffractometer 

was equipped with a heating function, the data collection times for a single PXRD pattern are 

relatively long. This would make it difficult to fully understand the phase transitions that are 

occurring because the physical state of the sample could be changing at a much faster rate than 

the data could be collected. Of course, sequential analysis is possible whereby the dispersion 

could be heated in a DSC (or in an oven if larger masses are required) and subsequently analysed 

by PXRD to determine the physical form. However, the physical form may change as the sample 

cools, particularly if metastable polymorphs are generated. Therefore, identifying the physical 

forms that crystallise in drug-polymer dispersions of polymorphic molecules is not trivial, and this 

raised the question of what analytical techniques are available to study phase transitions in these 

systems. 

Simultaneous analysis of two analytical techniques may be the best strategy to obtain the 

information required to identify the physical changes occurring in these dispersions. DSC analysis 

is essential to heat the sample and allow drug crystallisation to occur. Several analytical 

instruments have been previously combined with calorimeters to provide simultaneous non-

invasive in situ analysis, such as FTIR (Pandita et al., 2012), near-IR (Mirabella, 1986) and 

Raman spectrometers (Sprunt et al., 2000; Ali et al., 2009; Buanz et al., 2013). Although DSC 

combined with these spectroscopic techniques could provide insights into the physical forms of 

the drug, the most powerful technique for structural characterisation is X-ray diffraction and 

several groups have successfully combined DSC and PXRD analysis by mounting heavily 

modified differential scanning calorimeters in synchrotron X-ray sources (Gilbert et al., 2005; 

Brubach et al., 2007; Bayés-García et al., 2013). A synchrotron X-ray source is necessary for 

simultaneous DSC-PXRD analysis because the intensity of the X-rays produced at these facilities 

dramatically reduce data collection time. Recently, researchers at UCL developed a simultaneous 

DSC-PXRD analytical platform which only required minor modification to the DSC instrument, 

meaning that good quality heat flow and diffraction data could be obtained concurrently (Clout et 

al., 2016). It was thought that this new dual analytical platform would provide the information 

required to allow the phase transitions in these complex systems to be fully characterised, 

therefore allowing investigation into the effect the polymer may have on the crystallisation of the 

API.  
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Currently, little is known about the effect that crystallising polymorphic APIs in polymer matrices 

has on the physical forms obtained. Two studies have previously identified that the highly 

metastable form III of paracetamol preferentially crystallised in HPMC dispersions, indicating that 

this area warrants further investigation (Gaisford et al., 2010; Telford et al., 2016). 

In this chapter, four different olanzapine-polymer dispersions were produced by spray drying and 

characterised using DSC alone and the new simultaneous DSC-PXRD method. The main 

hypotheses investigated were whether: 

1. Simultaneous DSC-PXRD analysis of drug-polymer dispersions allowed the phase 

transitions occurring in these systems and physical forms of olanzapine to be 

conclusively determined 

2. The crystallisation of olanzapine polymorphs is influenced by the presence of different 

polymers in the dispersion  
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5.2 Methods 

5.2.1 Preparation of Olanzapine-Polymer Dispersions 

Olanzapine-polymer dispersions were prepared using the spray drying method described in detail 

in Chapter 3. Olanzapine was spray dried with four different polymers (PLGA, PLA, PVP or 

HPMCAS) to produce four dispersion systems with theoretical compositions of 70% w/w 

olanzapine, 30% w/w polymer. Olanzapine was also spray dried alone to assess which 

polymorphic form was obtained on recrystallisation of a pure amorphous olanzapine phase 

following spray drying. The polymer grades, feed solution properties and processing conditions 

used to prepare each drug-polymer dispersion and the pure olanzapine system are summarised 

in Table 5.1. Ultrasonic atomisation was used to produce all of the systems except the olanzapine-

PVP dispersion, which required a pneumatic nozzle to atomise the feed solution due to its high 

viscosity. The feed solution concentration and process parameters were optimised for each 

system due to the different polymer properties (e.g. solubility and viscosity). An aspirator rate of 

100% was used in all experiments. A closed system and nitrogen spray gas were used to 

generate an inert atmosphere for the processing of all solutions.  

Table 5.1 – Summary of polymer grades, feed solution properties and spray drying parameters for the 

production of olanzapine-polymer dispersions and spray dried pure olanzapine 

System Polymer 

Grade 

Feed Solution Spray Drying 

Nozzle Type 

Processing Parameters 

Olanzapine-

PLGA 

Dispersion 

Purac® 

PDLG 

5002A 

7% w/w olanzapine and 

3% w/w PLGA  in DCM 

Ultrasonic  Inlet temperature = 60 °C 

Ultrasonic power = 1.0 W 

Pump rate = 1.25 mL/min 

Olanzapine-

PLA 

Dispersion 

Purac®
  

PDL 02A 

7% w/w olanzapine and 

3% w/w PLA  in DCM 

Ultrasonic  Inlet temperature = 60 °C 

Ultrasonic power = 1.0 W 

Pump rate = 1.25 mL/min 

Olanzapine-

PVP 

Dispersion 

Kollidon® 

K90F 

1.4% w/w olanzapine 

and 0.6% w/w PVP  in 

DCM 

Two-fluid 

pneumatic  

Inlet temperature = 60 °C 

Spray gas = 30 mm 

Pump rate = 5 mL/min 

Olanzapine-

HPMCAS 

Dispersion 

AQOAT®  

AS-LF 

0.7% w/w olanzapine 

and 0.3% w/w 

HPMCAS  in acetone 

Ultrasonic Inlet temperature = 65 °C 

Ultrasonic power = 1.0 W 

Pump rate = 5 mL/min 

Olanzapine 

(spray dried) 

N/A 7% w/w olanzapine in 

DCM 

Ultrasonic  Inlet temperature = 60 °C 

Ultrasonic power = 1.0 W 

Pump rate = 1.25 mL/min 

 

5.2.2 Standard DSC  

Initial characterisation of the drug-polymer dispersions and spray dried olanzapine was performed 

using standard DSC to identify a number of systems where the crystallisation behaviour appeared 

to differ due to the presence of different polymers, and where the identity of the olanzapine 

polymorphs were unclear from the heat flow data.  

Standard DSC data collection was performed on a Discovery DSC (TA Instruments, USA) from 

0 °C to 200 °C at a heating rate of 10 °C/minute. The cell was purged with nitrogen at a rate of 

50 mL/minute in all experiments. The temperature and cell constant was calibrated before use 

with an indium standard. Samples (3-5 mg) were weighed into standard aluminium pans and 

sealed with aluminium lids (TA Instruments, USA) that had a pin-hole punched into them. All 
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experiments were repeated in triplicate to check the reproducibility of the results. DSC data were 

analysed with TA Universal Analysis (TA Instruments, USA) and were plotted within the same 

software. 

5.2.3 Simultaneous DSC-PXRD  

An explanation of the simultaneous DSC-PXRD set-up and the experimental details can be found 

in Section 2.2.2.5 in Chapter 2. 

5.2.4 Computed Crystal Energy Landscape 

A computed crystal energy landscape of olanzapine was previously generated by Professor Sally 

Price’s research group at UCL Department of Chemistry and published in 2013 (Bhardwaj et al., 

2013). An unknown PXRD pattern was observed in the simultaneous DSC-PXRD experiments 

which was thought to be a new form of olanzapine. It was hypothesised that new form may have 

been predicted in the computed crystal energy landscape, and if so, this could be used to identify 

its crystal structure from the PXRD data. The computed crystal energy landscape was kindly 

provided by the authors of the study, as was access to the repository of 1,026 computed-

generated crystal structures which were provided as RES files. Screening for a match to the 

observed form was manually performed using Mercury software by comparing the similarity of the 

simulated PXRD patterns of the predicted forms to the observed unknown PXRD pattern. The 

computed crystal energy landscape was used to focus the screening on a small number of 

structures that were most thermodynamically feasible (i.e. had the lowest lattice energy).  
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5.3 Results and Discussion 

5.3.1 Selection of Polymer Dispersion Systems 

In the preceding chapters, olanzapine has been formulated with PLGA and here it was of interest 

to produce olanzapine dispersions with a number of other polymers to investigate whether 

different polymer properties affect the crystallisation of olanzapine polymorphs within the 

dispersion systems. Three commonly used pharmaceutical polymers were selected and 

olanzapine-polymer dispersions were produced by spray drying. One of the polymers, PLA, was 

chosen because it has a very similar chemical structure to PLGA. Conversely, PVP and HPMCAS 

were selected as two chemically diverse polymers. A high drug load of 70% w/w was used in all 

of the systems as this was certain to produce highly supersaturated glasses which should undergo 

crystallisation upon heating. The focus of this study was to characterise olanzapine crystallisation 

in drug-polymer dispersions, therefore it was essential that sufficient crystallisation would occur 

to be detected by both DSC and PXRD. 

The four drug-polymer dispersions produced were initially analysed by DSC to determine whether 

crystallisation occurred in the dispersions on heating, and if so, whether the same polymorphs 

appeared to be forming. Additionally, olanzapine was spray dried alone to assess which form 

crystallised from the pure amorphous phase. Figure 5.1 shows the DSC results of pure spray 

dried olanzapine. The only event observed was a melting endotherm with a peak of 194.3 °C, 

showing that olanzapine was in its thermodynamically stable phase of form I. The lack of a 

crystallisation exotherm on heating shows that olanzapine was in the crystalline state before the 

experiment. This shows that olanzapine recrystallises to its most stable form following spray 

drying without the application of heat, despite its relatively high Tg of 68 °C. 

 

Figure 5.1 – DSC thermogram of spray dried olanzapine 
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The DSC results of the olanzapine-PLGA dispersion are presented in Figure 5.2. A crystallisation 

exotherm was observed at 105.9 °C which was followed by two melting endotherms at 183.4 °C 

and 188.4 °C. This shows that the presence of PLGA stabilises the amorphous form and two 

olanzapine polymorphs crystallise in the sample, although their identity is not clear based on the 

Tm due to the melting point depression effect of the polymer. The endotherm at 188.4 °C is 

possibly due to the depressed melting of olanzapine form I. However, if this is the case then the 

much larger endotherm at 183.4 °C cannot be confidently assigned as although it is close to the 

Tm of olanzapine form II of 181 °C, the fact that it is observed at a higher temperature is a cause 

for concern since Tm depression would be expected. Additionally, from the DSC data alone it is 

not clear whether there is initial crystallinity present in the sample (although the enthalpy of the 

melt is much greater than the enthalpy of crystallisation which suggests there may have been), 

and it cannot be determined whether the two olanzapine forms concurrently crystallise at 100 °C 

or whether one form crystallises, melts and recrystallises as a second form. Further DSC studies 

at faster heating rates could potentially clarify these final two issues by reducing the time available 

for crystallisation to occur, but these experiments would not help further identity of the two forms 

present as the Tm will remain affected by the presence of the polymer. 

 

Figure 5.2 – DSC thermogram of 70% w/w olanzapine-PLGA dispersion 
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dispersions, although the identity of these remain unclear. The major difference between the two 

systems is that the relative ratio of the two forms is clearly different; in both system the 

predominant polymorph is still the lower Tm form, but in the PLA dispersion there is an increased 

proportion of the higher Tm form based on the enthalpies of each melting endotherm.  

 

Figure 5.3 – DSC thermogram of 70% w/w olanzapine-PLA dispersion 

The DSC results for the olanzapine-PVP system are presented in Figure 5.4. A broad endotherm 

was observed between 40-100 °C which was attributed to water loss from the sample since PVP 

is known to be highly hygroscopic. No clear crystallisation exotherm was present and a melting 

endotherm was detected with a peak temperature of 181.1 °C. The melting endotherm also had 

a significant shoulder at 174.8 °C which may be due to two forms melting at a similar temperature, 

meaning the two events cannot be fully separated at this heating rate. The predominant form 

appears to be form II as the Tm matches the literature value well, and the shoulder can possibly 

be attributed to form III as this has a Tm of 170 °C. The lack of a clear crystallisation exotherm 

suggests that forms II and III were present in the dispersion before it was heated. The 

interpretation of these data suggest that PVP does not cause a significant melting point 

depression of olanzapine, which would suggest an immiscible system which may promote 

olanzapine crystallisation before heating. However, it remains possible that there is melting point 

depression occurring, and the fact the Tm measured matches that of form II could be coincidental. 

A significant change in the polymer chemistry and viscosity of the super-cooled liquid state 

appears to have changed the crystallisation of olanzapine compared to the PLGA and PLA 

systems, although the specific changes in the physical forms cannot be fully elucidated from the 

heat flow data. 
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Figure 5.4 – DSC thermogram of 70% w/w olanzapine-PVP dispersion 

The DSC results of the olanzapine-HPMCAS system are presented in Figure 5.5. A clear 

crystallisation exotherm was observed at 123.3 °C, followed by two melting endotherms at 

174.6 °C and 190.2 °C. 

 

Figure 5.5 – DSC thermogram of 70% w/w olanzapine-HPMCAS dispersion 

The crystallisation in this system occurred at a higher temperature than in the PLGA and PLA 

systems, which can be explained by the Tg of the polymers. Both PLGA and PLA have similar Tgs 
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120 °C (Friesen et al., 2008). Due to this, the molecular mobility in the HPMCAS dispersion will 
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be lower than in the PLGA or PLA dispersions, therefore a higher temperature is required to 

provide sufficient mobility for olanzapine to crystallise. Again, the polymorphs cannot be 

conclusively identified due to the melting point depression effect of the polymer. However, it is 

possible that the endotherm at 190.2 °C is due to the melting of form I, and the endotherm at 

174.6 °C is due to the melting of form II as both the observed Tms are 5-6 °C lower than the Tm of 

the pure polymorphs, suggesting a consistent melting point depression. As observed with the 

PVP dispersion, a significant change in the polymer chemistry and viscosity again appears to 

have affected the crystallisation behaviour of olanzapine in the dispersion. 

The measured transition temperatures in the four dispersion systems are summarised in Table 

5.2.  

Table 5.2 – Summary of phase transition temperatures measured by DSC for the olanzapine-polymer 
dispersions 

System Peak Temperature of 

Crystallisation (°C) 

Peak Temperature of 

Melt 1 (°C)   

Peak Temperature of 

Melt 2 (°C) 

PLGA 105.8 ± 0.1 183.4 ± 0.2 188.4 ± 0.1 

PLA 102.8 ± 0.3 184.6 ± 0.1 190.9 ± 0.1 

PVP N/A 175.4 ± 0.3 181.0 ± 0.1 

HPMCAS 123.2 ± 0.2 174.6 ± 0.4 190.1 ± 0.2 

 

The temperature at which crystallisation occurs (or whether it occurs at all) is clearly influenced 

by the polymer selection, and this would be expected based on the Tg of the polymer which will 

affect the level of mobility in the dispersion. A less explored area is whether different polymers 

promote the crystallisation of different polymorphic forms from amorphous drug-polymer 

dispersions. In each of the studied systems, two melting endotherms were observed, suggesting 

the crystallisation of two olanzapine polymorphs in each system. Interestingly, DSC analysis of 

pure spray dried olanzapine showed that it recrystallised only to its most stable form, and 

therefore the presence of the polymers in the amorphous phase does appear to influence the 

forms of olanzapine that crystallise. From the DSC data, the identity of each of these polymorphs 

could not be conclusively determined due to the relatively close melting points of the anhydrous 

forms of olanzapine (170, 181 and 195 °C for form III, II and I, respectively) and the effect the 

polymer can have on depressing the melting temperature and broadening the endotherms (Lloyd 

et al., 1997). Despite this limitation, the Tm data show interesting trends and suggests that the 

polymer choice does direct the crystallisation of different polymorphs in the dispersions. PLGA 

and PLA are chemically similar and had the same viscosity, and the same two polymorphs appear 

to have crystallised in each of these dispersion systems. Conversely, PVP and HPMCAS are 

structurally diverse and have different viscosity grades, and as a result, different combinations of 

polymorphs appear to crystallise in these dispersions based on the Tm data. 

Due to the complexity of the crystallisation (i.e. two forms with a similar Tm) and the polymer 

effects, fully understanding the phase transitions in these drug-polymer dispersions was not 

possible. Determining whether concurrent crystallisation is occurring, or sequential crystallisation, 

melting and recrystallisation was difficult due to the broad endotherms and the issue that DSC 
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measures the net heat flow of events that may be occurring simultaneously. For example, it is 

possible that one form crystallises and then as it melts over a range of 10 °C into the molten 

polymer phase it instantly recrystallises into a more stable, higher Tm form. If the melting 

(endothermic) and crystallisation (exothermic) are simultaneously occurring, then these events 

can cancel each other out in the total heat flow measured and hence would be “silent”. 

In summary, the spray dried product of pure olanzapine recrystallised to the thermodynamically 

stable form, whereas olanzapine appeared to recrystallise to multiple polymorphic forms in each 

of the polymer dispersions. The four dispersion systems produced appear to exhibit similar 

olanzapine crystallisation when similar polymers were used. However, a significant change in the 

polymer properties appears to change the crystallisation of olanzapine, promoting the generation 

of different forms. Based on these results, all four formulations were selected for further 

characterisation with a simultaneous DSC-PXRD method in an attempt to conclusively identity of 

the olanzapine polymorphs that crystallise from the PXRD data and to fully understand the phase 

transitions occurring in each drug-polymer formulation. 
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5.3.2 Simultaneous DSC-PXRD Analysis: Olanzapine-PVP Dispersion 

5.3.2.1 Characterising phase transitions  

A  contour plot of the PXRD data and a DSC thermogram showing the results of the simultanous 

analysis of the olanzapine-PVP dispersion are presented in Figure 5.6. Contour plots are a way 

of presenting large numbers of PXRD diffractograms, and when plotted as a function of 

temperature clearly show the phase transitions that occur in the drug-polymer dispersion. The 

contour plot in Figure 5.6 was produced from 150 diffraction patterns; the y axis is the diffraction 

angle in 2θ, and the x axis is the temperature. The intensity of the diffraction recorded at each 

angle and temperature is described by the colour of the plot, with dark colours showing low 

intensity and bright colours showing high intensity. Due to the very short wavelength of the X-ray 

radiation used, the entire PXRD pattern of olanzapine was recorded in the 2θ range of 0.5° to 

5.5°. 

 

Figure 5.6 – Contour plot of PXRD data (top) and DSC thermogram (bottom) of 70% w/w olanzapine-PVP 
dispersion analysed using simultaneous DSC-PXRD 

The DSC thermogram in Figure 5.6 is very similar to that recorded on the unmodified DSC (Figure 

5.4), although the shoulder on the melting endotherm at 184 °C is far less pronounced which may 
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be due to the much larger sample mass used for the simultaneous analysis. This can create 

thermal gradients in the pan and therefore reduce the resolution of the heat flow data, causing 

separate events to overlap. The Tm measured was also slightly higher which may also be 

attributed to thermal gradients in the pan. The contour plot of the PXRD data complements the 

information in the DSC thermogram to help clarify the phase transitions occurring on heating of 

the olanzapine-PVP dispersion. As discussed above, no obvious crystallisation exotherm was 

observed in the heat flow and therefore the assumption from the DSC data was that crystallinity 

was present in the sample at the start of the experiment. However, the PXRD data conclusively 

contradict this and show that the system was fully amorphous at 50 °C (due to the absence of 

reflections) and started crystallising on heating at 110 °C. The intensity of the reflections upon 

crystallisation was initially low and slowly increased until the crystals melted which was clearly 

visible in the contour plot due to the sudden loss of reflections at 185 °C. If the DSC thermogram 

is re-examined, an exothermic trend in the baseline can be seen from 110 °C which persists until 

the melting endotherm is measured. The additional insight provided by the PXRD data show that 

this exothermic trend is the slow crystallisation of olanzapine within the dispersion which was not 

complete before the Tm was reached. This conclusion could not have been reliably drawn from 

the heat flow data alone, which led to the phase transitions initially being misinterpreted in Figure 

5.4. The grade of PVP used (Kollidon® K90F) has a Tg of 156 °C and is the highest viscosity grade 

available due to its average molecular weight of 1,000,000 to 1,500,000 g/mol (LaFountaine et 

al., 2016), which explains the slow crystallisation event observed because the polymer would 

greatly reduce the molecular mobility in the dispersion compared to a pure amorphous olanzapine 

phase. Additionally, despite the broad melting endotherm with a shoulder which was initially 

interpreted as the melting of two forms, it is clear from the contour plot that only one melting event 

is occurring because all of the reflections disappear as one at the same temperature. 

To identify the polymorphic form that crystallised in the dispersion, individual PXRD patterns were 

analysed in more detail (Figure 5.7).  

 

Figure 5.7 – Individual PXRD diffractograms of the olanzapine-PVP dispersion recorded at various 
temperatures  
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As the temperature increased from 130 °C to 170 °C the intensity of the reflections increased 

significantly as more olanzapine crystallised, and by 190 °C the melt was almost complete and 

broad amorphous halos were observed. The intensity of the PXRD pattern recorded at 170 °C 

was highest since this was the temperature at which maximum crystallisation had occurred and 

before significant melting had started. 

The observed pattern at 170 °C did not visually match the patterns reported in the literature for 

anhydrous forms I, II or III of olanzapine (Bhardwaj et al., 2013), and attempted Rietveld 

refinements of the models of form I and II obtained from the CSD to the observed pattern 

confirmed that the observed phase was not either of these forms. A model of form III could not be 

obtained because the structure has not been conclusively determined. However, this form could 

be ruled out as it is known to have Tm of 170 °C, which is significantly lower than the Tm of the 

phase recorded in the simultaneous analysis of 184 °C. Hydrates were also considered as a 

possibility since PVP is a highly hygroscopic polymer and olanzapine has a number of hydrate 

forms. However, this possibility could be eliminated since the crystallisation started at 

temperatures well in excess of the boiling point of water. Therefore, the combination of both heat 

flow and diffraction data identified that a new form of olanzapine was crystallising as a pure phase 

from the amorphous olanzapine-PVP dispersion. This observation was significant for two 

reasons. Firstly, it demonstrated the power of the complementary simultaneous analysis for 

characterising the solid state because this determination would not have been possible with either 

DSC or PXRD analysis alone. Secondly, it suggested that crystallising APIs in polymer 

dispersions can have a profound effect on the polymorph obtained since olanzapine has 

undergone extensive polymorph screening using conventional crystallisation methods 

(crystallisation under a total of 417 conditions) and yet the observed form was not produced 

(Bhardwaj et al., 2013). This indicates that the new form is very difficult to produce under typical 

crystallisation conditions, yet readily crystallises from a molecular dispersion in PVP. 

Due to the design of the experiments, no crystals of the new observed form were obtained since 

they were crystallised and melted within the same experiment. Single crystal X-ray diffraction was 

therefore not a possibility to fully characterise the structure of the new form unless new crystals 

could be produced and a single crystal could be isolated from the polymer. This was thought to 

be challenging, particularly because the size of the crystals previously observed in the olanzapine-

PLGA dispersions in Chapter 4 were too small for single crystal analysis. However, a computed 

crystal energy landscape had previously been produced for olanzapine by a group within UCL 

which provided another potential, and highly novel, way of obtaining structural information about 

the new form without needing to obtain a single crystal. 

5.3.2.2 Using computed crystal energy landscapes to solve the structure of 

olanzapine form IV 

As discussed in Chapter 1, CSP is the process whereby the thermodynamically competitive 

crystal structures are calculated from a chemical diagram of the molecule. The output of CSP 

studies for small organic molecules such as olanzapine has led to the concept of computed crystal 

energy landscapes, which is the set of computed-generated structures that are 
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thermodynamically plausible as potential polymorphs (Price, 2014). The predicted structures are 

ranked by their calculated lattice energy, which is the energy required to separate the molecules 

in an infinite static perfect crystal lattice so that they are non-interacting and in their lowest energy 

conformation (Price and Reutzel-Edens, 2016).  The predictions are also ranked by their 

calculated packing co-efficient, which is the fraction of space in the crystal occupied by molecules.  

The previously published olanzapine computed crystal energy landscape was provided by the 

authors and has been reproduced in Figure 5.8 (Bhardwaj et al., 2013). Additionally, the 1,027 

thermodynamically feasible computed-generated structures were also provided as RES files 

which could be viewed in Mercury software. Many more computed-generated structures are 

predicted than the number of polymorphs that are observed experimentally, which is common for 

all computed crystal energy landscapes (Price, 2013). Some of these structures are artefacts of 

the approximations currently used in calculating the crystal energy landscape, particularly the 

neglect of temperature and therefore the molecular motions in the crystal as the predictions are 

done at 0 K (Price and Reutzel-Edens, 2016). However, some of the structures may truly be 

feasible polymorphs, but have not yet been crystallised experimentally. For example, new 

polymorphs of aspirin, paracetamol, carbamazepine and 5-fluorouracil were successfully 

anticipated by CSP (Price, 2009).  

The computed crystal energy landscape in Figure 5.8 shows a summary of the most 

thermodynamically feasible computer-generated crystal structures stratified by the two 

conformations (A and B) which it is energetically favourable for olanzapine to adopt in the solid 

state, and by the commonly observed packing motifs (centrosymmetric dimer, rotatosymmetric 

dimer and other).  

 

Figure 5.8 – Olanzapine computed crystal energy landscape (reproduced with permission from Bhardwaj et 

al., 2013) 
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The computed-generated structures which correspond to forms I and II are highlighted on the 

landscape. The model structure for form I was calculated to be one of the most thermodynamically 

competitive since it has a very low lattice energy. Using the computed crystal energy landscape 

as a map to the most thermodynamically feasible structures, it was possible to screen these 

computed-generated structures by comparing the simulated PXRD pattern (which can be 

generated in Mercury software from the RES files provided) to the observed PXRD pattern of the 

new form. For example, the simulated PXRD patterns of the computed-generated models of 

olanzapine I and II, and the closest model to form III, are plotted in Figure 5.9 alongside the 

observed PXRD pattern of the new form. A visual comparison of the patterns shows that the 

observed form bears very little resemblance to the models of the known forms and therefore these 

structures were safely eliminated from the screen.  

 

Figure 5.9 – Comparison of the simulated PXRD patterns of the computed-generated models of olanzapine 

form I, II and III to the observed PXRD pattern of the new form 

In Figure 5.8 the structures of the two known anhydrous polymorphs contain the same 

conformation and packing motif, which has been previously referred to as the SC0 dimer (Figure 

5.10) and is currently accepted as the essential building block for all known olanzapine crystals 

(Wawrzycka-Gorczyca et al., 2007; Bhardwaj et al., 2013, 2018; Sun et al., 2018). The dimeric 

unit is stabilised by multiple weak C−H···π contacts and the hydrogen bonding groups (donor NH 

and acceptor N) are left exposed. Of the 64 olanzapine structures present in the CSD, all of the 

anhydrous forms and hydrates/solvates (38 structures) contain the SC0 dimer motif, as do most 

of the co-crystals and salts with the exception of just 4 structures with CSD refcodes: DAMPOZ01, 

AMIZAY, HIRZAL and LESQIL (Thakuria and Nangia, 2011a, 2013; Kavitha et al., 2013; 

Nanubolu and Ravikumar, 2017). 
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Figure 5.10 – Two olanzapine molecules arranged in the SC0 packing motif thought to be the essential 
building block of crystalline forms of olanzapine (depicted in Mercury software) 

The initial screen was therefore focused on the computed-generated structures containing the 

SC0 motif (referred to as the A-centrosymmetric dimer in Figure 5.8) with a calculated lattice 

energy lower than the model for form II (−128 kJ mol-1) since the new form has a higher Tm than 

form II and is therefore likely to be more stable and have a lower calculated lattice energy. Five 

predicted structures met these criteria (A7, A3731, A1392, A539 and A406). A comparison of the 

simulated PXRD patterns to the observed pattern showed no obvious similarities, therefore these 

structures were excluded as potential candidates (Figure 5.11). 

 

Figure 5.11 – Comparison of the simulated PXRD patterns of the computed-generated models containing 
the SC0 dimer with a calculated lattice energy below −128 kJ mol-1 to the observed PXRD pattern of the new 

form  

The new form was determined not to be a structure containing the SC0 dimer that was calculated 

to be more stable than form II. The lattice energy calculations are made at 0 K and are associated 
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a calculated lattice energy in the range of −125 to −128 kJ mol-1, but no similarity was noted 

between the observed and simulated PXRD patterns (data not shown). There were many SC0 

predicted structures in the range of −120 to −125 kJ mol-1 and the likelihood that the structures 

would match the pattern decreased as the lattice energy increased. Therefore, it was decided to 

screen the most thermodynamically stable structures that did not contain the SC0 motif. The fourth 

lowest energy predicted structure in the entire landscape, A1, was quickly identified as a hit 

because a strong resemblance was observed between the simulated PXRD pattern for this 

structure and the observed pattern (Figure 5.12).  

 

Figure 5.12 – Comparison of the simulated PXRD patterns of the computed-generated model A1 to the 
observed PXRD pattern of the new form 

Despite the strong similarity observed, there were some significant differences, most notably the 

position and absence of some reflections below 2.0°, and the absence of the two reflections at 

approximately 3.1° in the simulated PXRD pattern of the predicted model. The positions of the 

reflections in the diffraction pattern are determined by the unit cell of the crystal structure. Many 

of the reflections in the simulated pattern of A1 appeared to be in the correct positions, but the 

calculated unit cell of A1 was clearly different to that of the observed form because several 

reflections were shifted or missing. However, due to the strong similarity it was possible to 

manually index the observed pattern (assign each reflection Miller indices) from the information 

provided by the model structure of A1. This was possible because the Miller indices of the 

reflections in A1 were known and therefore several reflections that had very similar d-spacings to 

those in A1 could be assigned on the observed diffractogram.  

After assigning hkl values to six reflections, the experimentally measured d-spacings of these 

reflections were used to re-calculate the unit cell of A1 using Refcel software. The re-calculated 

unit cell was closer to that of the observed form, therefore the simulated PXRD pattern became 

more similar which allowed more reflections to be confidently indexed. This formed an iterative 

process whereby the unit cell was re-calculated several times as more d-spacings could be taken 
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from indexed reflections in the measured PXRD pattern, until eventually the simulated PXRD 

pattern of the indexed predicted form matched the observed form very well (Figure 5.12)  

The starting unit cell of structure A1 and the re-calculated unit cell following indexing of the 

observed pattern as well as the transformation of the unit cell co-ordinates are presented in Table 

5.3.  

Table 5.3 – Unit cell parameters of the initial and indexed predicted structure A1 

Unit Cell Parameter Predicted structure A1 Indexed predicted structure A1 

Space group P 21/c P 21/c 

a (Å) 8.7 8.6555(2) 

b (Å) 15.0 15.4441(10) 

c (Å) 14.8 12.5558(9) 

β (Å) 59.0 95.284(4) 

V (Å3) 1654.76 1671.28(12) 

 

It can be seen that although these were reasonably close, the starting calculated lattice 

parameters in the model were incorrect. Following indexing, the simulated PXRD pattern of the 

indexed A1 model appeared almost identical to the observed pattern (Figure 5.12). The reflections 

were in the correct positions and the relative intensities of the reflections were very similar, 

indicating that the model of A1 and the observed pattern were describing the same crystal 

structure. The co-ordinates of the unit cell were transformed using the matrix in Equation 5.1 to 

conventional crystallographic settings. The manual indexing of the observed pattern and 

transformation of the unit cell co-ordinates were kindly performed by Dr Jeremy Karl Cockcroft at 

the UCL Department of Chemistry. 

Equation 5.1 

(
1 0 1
0 1 0
0 0 1

) (
𝑥
𝑦
𝑧
) = (

𝑥′
𝑦′

𝑧′

) 

The newly observed form and the indexed predicted structure A1 were confirmed to be equivalent 

through a refinement of the model using the Rietveld method (Figure 5.13). The unit cell 

parameters and three Gaussian peak shape functions were refined in the model and an excellent 

fit was obtained to the experimental data (Rwp = 1.85), confirming the structure of the new form 

(designated olanzapine form IV) was that of model A1. A summary of the refinement parameters 

for olanzapine form IV are presented in Table 5.4.  
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Table 5.4 – Refinement parameters for olanzapine form IV. The starting model was the indexed predicted 
structure A1 taken from the computed crystal energy landscape. 

Property Olanzapine form IV 

Temperature (°C)  170  

Space group P 21/c 

a (Å) 8.6433(1) 

b (Å) 15.4158(5) 

c (Å) 12.5375(4) 

β (Å) 95.222(2) 

V (Å3) 1663.62(8) 

Rwp  1.85 

 

 

Figure 5.13 – PXRD pattern of the olanzapine-PVP system at 170 °C showing the fit of the refined model of 
olanzapine form IV. The tick marks show the allowed reflections of olanzapine form IV. 
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Figure 5.14 shows the updated olanzapine computed crystal energy landscape with the position 

of olanzapine form IV assigned.  

 

Figure 5.14 – Updated olanzapine computed crystal energy landscape with the position of the newly 
discovered form IV highlighted (reproduced and modified with permission from Bhardwaj et al., 2013) 

This example shows the usefulness of computed crystal energy landscapes because not only did 

the CSP software predict the structure of the new form several years before it was first observed, 

but the ranking of the thermodynamically feasible structures made it easy to identify the model of 

form IV since it was the fourth lowest energy structure on the landscape. Additionally, the 

information provided by the model then allowed the observed PXRD pattern of form IV to be 

indexed, allowing accurate unit cell parameters to be calculated which was essential in proving 

the structures of the predicted model A1 and olanzapine form IV were equivalent.  

The position of form IV on the landscape indicates that it has a similar lattice energy to form I. 

The Tm of form IV is lower than that of form I (confirmed in Section 5.3.3) which suggests that 

form I remains most stable structure, although without the heat of fusion of form IV this cannot be 

conclusively determined. As mentioned above, the calculation of the lattice energy is associated 

with an error; for example, the lattice energy of crystalline benzene has only recently been 

calculated ab initio to an absolute accuracy of <1 kJ mol-1 (Yang et al., 2014), therefore a 

calculated difference of <2 kJ mol-1 between forms I and IV may not be significant. Additionally, 

lattice energy calculations are made at 0 K, whereas stability is typically assessed at the Tm which 

is approximately 460 K for olanzapine. It is possible that the two forms are enantiotropically related 

with form IV being the most stable at 0 K, and form I being the most stable at the Tm. The most 

stable form cannot be conclusively determined without accurate measurements of both Tm and 

heat of fusion, which was not possible due to the presence of the polymer in the sample. However, 

these measurements are later performed in Chapter 6 and this discussion is continued there. 
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Once a model of olanzapine form IV was conclusively identified, the arrangement of the 

olanzapine molecules in this polymorphic form were viewed in Mercury software (Figure 5.15).  

 

Figure 5.15 – Hydrogen bonding between olanzapine molecules in olanzapine form IV and the unit cell 

(depicted in Mercury software) 

Interestingly, form IV was assigned as an “Other A” structure in the computed crystal energy 

landscape, meaning that it does not contain the SC0 dimer (Figure 5.10). Instead of having dimers 

stabilised by multiple weak C−H···π contacts, the molecules in form IV are interacting through 

strong hydrogen bonding interactions in a ladder-like arrangement with each molecule involved 

in two hydrogen bonding interactions (using both the donor NH and acceptor N groups) to two 

adjacent molecules as shown in Figure 5.15.  

The discovery of olanzapine form IV is therefore particularly interesting for a number of reasons. 

Firstly, the crystal structure of the new polymorph is of a different structural class to any of the 

other anhydrous forms or solvates that have previously been discovered. The solid state of 

olanzapine has been extensively studied over the past 15 years, with 64 crystal structure entries 

in the CSD and many publications attempting to generate new forms and understand why 

olanzapine is such a prolific solvate former (Capuano et al., 2003; Reutzel-Edens et al., 2003; 

Wawrzycka-Gorczyca et al., 2004b, 2004a, 2007; Polla et al., 2005; Ravikumar et al., 2005; 

Thakuria and Nangia, 2011b, 2011a, 2013; Bhardwaj and Florence, 2013; Bhardwaj et al., 2013, 

2018; Bojarska et al., 2013; Kavitha et al., 2013; Sarmah et al., 2016, 2018; Nanubolu and 

Ravikumar, 2017; Sun et al., 2018). The consensus of this large body of work was that the SC0 

dimer is the essential building block of the crystalline forms of olanzapine. However, this has now 

been disproven by the discovery anhydrous olanzapine form IV.  

Secondly, CSP and computed crystal energy landscapes successfully predicted the structure of 

form IV and also ranked it as the fourth most stable structure which allowed it to be easily 

identified. This shows the value of these computational techniques in assisting polymorph 

screening because the structure of form IV would not have been anticipated from examining the 

experimentally observed forms since it is so structurally different. Additionally, this study shows 
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how computed-generated structures can be successfully screened by comparison of their 

simulated PXRD patterns to an unknown observed pattern, therefore identifying the structure of 

a new polymorph based on PXRD data alone. This principle has been demonstrated in the 

literature before (Habermehl et al., 2014; Price and Reutzel-Edens, 2016), but this work provides 

a particularly interesting and pharmaceutically-relevant case study proving that this approach 

works even for complex organic molecules such as olanzapine. 

Thirdly, olanzapine form IV would not have been identified without the use of simultaneous DSC-

PXRD analysis. The dual analytical platform allowed collection of high quality PXRD patterns of 

the new form, and the underlying heating signal provided by the DSC instrument gave confidence 

that a pure phase was being observed because only one melt was measured.  The Tm obtained 

from the DSC thermogram allowed form III to be ruled out because it was significantly higher than 

the Tm of this phase, and targeted the screen to structures with a lower lattice energy than form II 

which narrowed the search considerably.  

Finally, the crystallisation conditions which produced form IV have potentially important 

implications for polymorph screening. One of the main research questions addressed in this 

chapter is whether crystallising olanzapine from polymer dispersions influences the polymorphic 

form obtained. The results for the olanzapine-PVP system confirm that crystallising from a 

polymer dispersion can affect this because a new, structurally diverse form that was not observed 

in a large polymorph screen was obtained. Diverse crystallisation protocols were used in the 

screen including solution crystallisation, grinding, desolvation of solvates, crystallisation from the 

vapour phase, melt quenching, recrystallisation from the amorphous form, spray drying and 

freeze drying (Bhardwaj et al., 2013). However, despite all of these methods only three anhydrous 

polymorphs were identified, which makes the crystallisation of olanzapine form IV in the PVP 

dispersion particularly interesting. The potential explanations and mechanisms for the 

appearance of form IV will be discussed in Section 5.3.6, but the obvious implication of this 

discovery is that crystallising drugs from polymer dispersions could potentially be a new approach 

for polymorph generation. The fact that the crystallisation of pure spray dried olanzapine resulted 

in form I is significant because it shows that it was the polymer, not the process, which promoted 

the crystallisation of olanzapine form IV. 

5.3.2.3 Batch refinements 

Once a model of olanzapine form IV was obtained, batch refinements of the entire PXRD dataset 

were performed. One of the outputs of the batch refinements was the integrated area of form IV 

at each temperature, which allowed the relative quantity of form IV to be plotted as a function of 

temperature from the PXRD data (Figure 5.16). This method of analysis describes the 

crystallisation and melting of form IV in the polymer dispersion, and for this particular system the 

phase transitions are far better described by this plot than the heat flow data from the DSC. In 

Figure 5.16, the crystallisation of form IV clearly starts at 110 °C and continues until 170 °C when 

the quantity of the phase begins to decrease it melts. Pure crystalline materials melt at a defined 

temperature. However, the presence of the polymer in this dispersion is likely causing melting 

point depression and, as a result, broadening of the transition. 
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Figure 5.16 – Plot of relative quantity of form IV as a function of temperature in the olanzapine-PVP 
dispersion generated from the integrated area of the form IV phase  
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5.3.3 Simultaneous DSC-PXRD Analysis: Olanzapine-HPMCAS Dispersion 

The contour plot of the PXRD data and DSC thermogram from the simultaneous DSC-PXRD 

analysis of the olanzapine-HPMCAS dispersion are presented in Figure 5.17.  

 

Figure 5.17 – Contour plot of PXRD data (top) and DSC thermogram (bottom) of 70% w/w olanzapine-
HPMCAS dispersion analysed using simultaneous DSC-PXRD 

Unlike the analysis of the olanzapine-PVP system, the phase transitions appear consistent in both 

the PXRD and heat flow data. The dispersion was fully amorphous at 50 °C which was 

demonstrated by the lack of reflections in the contour plot until crystallisation occurred at 120 °C. 

The onset of a large crystallisation exotherm was recorded at the same temperature in the heat 

flow data, showing that the crystallisation of olanzapine in the dispersion was observed by both 

methods of analysis. Two melting events were then observed in both the PXRD and heat flow 

data. The melting endotherms with peak temperatures of 180 °C and 194 °C were not fully 

resolved at the heating rate used, and each endotherm coincided with the disappearance of 

PXRD reflections in the contour plots (marked as melt 1 and melt 2).  

Additional insights into the crystallisation of olanzapine in the HPMCAS dispersion were obtained 

from the PXRD data in the contour plot. The contour plot confirmed that both forms concurrently 
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crystallised at 120 °C since all the reflections appeared at this temperature. This information could 

not have been determined from the heat flow data due to the overlapping melting endotherms 

which could potentially be masking sequential melt/recrystallisation. Further inspection of the 

contour plot showed that although both forms did crystallise at 120 °C, the intensity of reflections 

for the higher Tm species increased as a function of temperature (most notably observed in the 

reflection at 1.3°) suggesting that simultaneous melt/recrystallisation was also occurring as the 

lower Tm species melted. The heat flow data could therefore be misleading because the area of 

the melting endotherm at 180 °C may have been affected by this due to endothermic (melting) 

and exothermic (crystallisation) events occurring concurrently. In isolation, the heat flow data 

suggested that the predominant form that crystallises at 120 °C is the higher Tm species due to 

the significantly larger area of the endotherm. Further analysis of the PXRD data, however, could 

conclusively determine both the relative quantity and identity of the forms that crystallise in this 

system.   

Three individual PXRD patterns recorded at increasing temperatures after the olanzapine 

crystallisation event are displayed in Figure 5.18. Visual inspection of the PXRD pattern recorded 

at 130 °C suggested a mixed phase of form IV and form I had crystallised. This was confirmed 

when simultaneous refinement of the models of both form IV and form I (Figure 5.19) provided a 

good fit to the experimental data (Rwp = 6.74). The relative content of each phase was calculated 

from the integrated area of each refined model (Table 5.5) which showed that form IV was the 

main species present at this temperature, forming 81.9% of the crystalline content. The PXRD 

pattern at 170 °C showed that the content of form I was increasing as a function of temperature 

due to the increase in intensity of the characteristic reflection at 1.3°, and by 190 °C only form I 

remained which was confirmed when a suitable fit to the experimental data was obtained by 

refinement of the model of form I (Figure 5.20 and Table 5.5).  

 

Figure 5.18 – Individual PXRD diffractograms of the olanzapine-HPMCAS dispersion recorded at 130 °C, 
170 °C and 190 °C 
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Figure 5.19 – PXRD pattern of the olanzapine-HPMCAS system at 130 °C. The tick marks show the allowed 

reflections of olanzapine forms I and IV. 

 

Figure 5.20 – PXRD pattern of the olanzapine-HPMCAS system at 190 °C. The tick marks show the allowed 
reflections of olanzapine form I. 
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Table 5.5 – Refinement parameters for the PXRD patterns recorded at 130 °C and 190 °C for the olanzapine-
HPMCAS dispersion. The starting model for form IV was the indexed predicted structure A1 taken from the 

computed crystal energy landscape, and the starting model for form I was taken from the CSD. 

Property Olanzapine form IV Olanzapine form I Olanzapine form I 

Temperature (°C)  130 130 190 

Relative Content (%) 81.9 18.1 100 

Space group P 21/c P 21/c P 21/c 

a (Å) 8.6166(4) 10.424(3) 10.448(2) 

b (Å) 15.460(12) 15.053(3) 15.168(2) 

c (Å) 12.522(1) 10.606(4) 10.630(3) 

β (Å) 95.205(5) 100.87(5) 100.96(3) 

V (Å3) 1661.31(20) 1634.36(9) 1654.0(5) 

Rwp  6.74 6.74 9.88 

 

Batch refinements were then performed for the entire PXRD dataset, which allowed the relative 

quantities of forms I and IV to be determined as a function of temperature (Figure 5.21).  

 

Figure 5.21 – Plot of the relative quantities of forms I and IV as a function of temperature in the olanzapine-

HPMCAS dispersion generated from the integrated areas of the two phases 

This provided the clearest description of the phase transitions occurring in the olanzapine-

HPMCAS system. Initially, the dispersion was fully amorphous but as the temperature and 

therefore molecular mobility in the system was increased, olanzapine crystallisation began at 

110 °C. Forms I and IV concurrently crystallised, although form IV was by far the predominant 

form. A further increase in temperature resulted in a reduction in the content of form IV and an 

increase in the content of form I, due to the transition of olanzapine from form IV to form I. Finally, 

the melting of form I can then be seen as the content begins reducing very sharply from 190 °C. 

This data confirms that form I is still the crystalline form with the highest Tm. 
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5.3.4 Simultaneous DSC-PXRD Analysis: Olanzapine-PLA  

The results of the simultaneous DSC-PXRD analysis of the olanzapine-PLA dispersion are 

presented in Figure 5.22. The contour plot provides additional information regarding the phase 

transitions occurring in this dispersion on heating, compared to the heat flow data. The presence 

of intense reflections in the contour plot at 50 °C showed that there was initial crystallinity present 

in the sample prior to heating, and that there was a phase transition involving the conversion of 

this initial crystalline material at 110 °C. Additionally, two melts were clearly visible in the contour 

plot, whereas only one broad melt was observed in the thermogram. Both forms could be 

observed to appear concurrently at 110 °C in the contour plot, which again demonstrates the 

power of the simultaneous analysis for understanding the complex phase transitions occurring in 

these dispersions. 

 

Figure 5.22 – Contour plot of PXRD data (top) and DSC thermogram (bottom) of 70% w/w olanzapine-PLA 
dispersion analysed using simultaneous DSC-PXRD 

Individual PXRD patterns from three temperatures throughout the experiment are presented in 

Figure 5.23 to identify the crystalline forms of olanzapine present in the dispersion.  
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Figure 5.23  – Individual PXRD diffractograms of the olanzapine-PLA dispersion recorded at 50 °C, 120 °C 
and 180 °C. Reflections marked in the diffractogram recorded at 50 °C are characteristic of the DCM solvate 
of olanzapine. Reflections marked in the diffractogram recorded at 120 °C are characteristic of form II. The 
reflection marked in the diffractogram recorded at 180 °C is characteristic of form I.  

The initial crystalline content in the dispersion at 50 °C was clearly low due to the intensity of the 

reflections, and the reflections at 1.27° and 1.40° did not match the characteristic reflections of 

any of the anhydrous forms. DCM was the solvent used in the processing of the olanzapine-PLA 

dispersion, therefore it was hypothesised that the DCM solvate of olanzapine had crystallised 

during spray drying and that this was the initial crystallinity observed. This was proven correct 

when refinement of the model for the DCM solvate was found to provide a good fit of the observed 

pattern at 50 °C (Table 5.6 and Figure 5.24). 

Table 5.6 – Refinement parameters for the PXRD patterns recorded at 50, 120 and 180 °C for the 
olanzapine-PLA dispersion. The starting model for form IV was the indexed predicted structure A1 taken 
from the computed crystal energy landscape, and all other models were taken from the CSD.  

Property DCM 

solvate 

Form I Form II Form IV Form I Form IV 

Temperature (°C)  50 120 120 120 180 180 

Relative Content (%) 100 14.6 20.2 65.2 23.3 76.7 

Space group P 1 P 21/c P 21/c P 21/c P 21/c P 21/c 

a (Å) 9.7643(4) 10.14(2) 9.942(1) 8.605(3) 10.37(1) 8.649(2) 

b (Å) 11.615(2) 15.21(3) 16.668(2) 15.453(1) 15.10(2) 15.453(8) 

c (Å) 16.989(2) 10.71(5) 10.029(2) 12.512(8) 10.54(3) 12.542(7) 

α (Å) 103.17(1) 90 90 90 90 90 

β (Å) 97.07(1) 100.0(6) 97.66(2) 95.190(4) 100.3(4) 95.402(3) 

γ (Å) 99.74(2) 90 90 90 90 90 

V (Å3) 1822.8(3) 1628(9) 1647.2(3) 1657.1(2) 1625(6) 1669.1(1) 

Rwp  3.87 8.46 8.46 8.46 5.99 5.99 
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Figure 5.24 – PXRD pattern of the olanzapine-PLA system at 50 °C. The tick marks show the allowed 

reflections of the dichloromethane solvate of olanzapine. 

Following the crystallisation event at 120 °C the characteristic peaks of the DCM solvate form 

disappear (visible in the PXRD pattern at 120 °C in Figure 5.23). A Rietveld refinement was 

required to conclusively identify which phases were in the dispersion at this temperature, and 

unexpectedly a mixed phase of olanzapine forms I, II and IV were found to be present (Figure 

5.25). The results of the structural refinements at 120 °C again show that form IV was the 

predominant phase following the crystallisation event (65.2%), followed by forms II and I, 

respectively (Table 5.6).  

When the dispersion was heated further form II melted, leaving a mixed phase of form IV (76.7%) 

and form I (23.3%) at 180 °C, as shown in the refinement in Figure 5.26 and Table 5.6. 

Interestingly, in this dispersion there was not a significant transition of form IV to form I on heating 

as observed in the olanzapine-HPMCAS system, despite form I seeds being present. Due to the 

low content of form I in the dispersion, and small difference in Tm between forms I and IV, the melt 

of form I cannot be easily observed in the contour plot (Figure 5.17), although the appearance 

and disappearance of a faint reflection at 1.3° can be seen close to the second melt on closer 

examination.  

 

1 2 3 4 5

In
te

n
s
it
y
 (

c
o

u
n

ts
)

2(degrees)

 Observed

 Calculated DCM solvate

 Observed - calculated



Chapter 5 
 

207 
 

 

Figure 5.25 – PXRD pattern of the olanzapine-PLA system at 120 °C. The tick marks show the allowed 
reflections of forms I, II and IV.  

 

Figure 5.26 – PXRD pattern of the olanzapine-PLA system at 180 °C. The tick marks show the allowed 

reflections of forms I and IV. 
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The relative quantities of the phases present were quantified and plotted as a function of 

temperature (Figure 5.27).  

 

Figure 5.27 – Plot of the relative quantities of the crystalline forms present as a function of temperature in 
the olanzapine-PLA dispersion 

As with the other olanzapine-polymer dispersions, this analysis provided the clearest description 

of the complex phase transitions occurring. The loss of the DCM solvate phase correlated very 

well with the concurrent appearance of forms I and II which occurred in the temperature range of 

90 to 110 °C, suggesting the DCM solvate converted to a mixture of forms I and II by desolvation. 

Form IV was the polymorph that crystallised first at the crystallisation event, with crystallisation 

starting from 80 °C. Form IV then proceeded to be the predominant crystalline form in the 

dispersion until its melting was complete at 190 °C. The quantities of forms I and II remained 

relatively low throughout the experiment and the forms could be seen to melt at 175 °C and 

195 °C, respectively. The content of form I did start to increase as form IV melted, but there was 

insufficient time for a significant melt/recrystallisation to occur because form I melted soon 

afterwards. The information obtained from the structural refinement of the PXRD data provided 

detailed insights into complex phase transitions and allowed the crystallisation of olanzapine in 

the PLA dispersion to be fully characterised. 

 

  

60 80 100 120 140 160 180 200

In
te

g
ra

te
d

 A
re

a
 (

a
.u

.)

Temperature (°C)

 Olanzapine form IV

 Olanzapine form II

 Olanzapine form I

 Olanzapine DCM solvate



Chapter 5 
 

209 
 

5.3.5 Simultaneous DSC-PXRD Analysis: Olanzapine-PLGA  

The results of the simultaneous DSC-PXRD analysis are summarised in Figure 5.28. Comparison 

to Figure 5.22 shows that the same phase transitions occurred in this system as in the olanzapine-

PLA dispersion. Data were collected in a narrower temperature range 70 °C to 200 °C for the 

olanzapine-PLGA dispersion due to an error in the data collection.  

 

Figure 5.28 – Contour plot of PXRD data (top) and DSC thermogram (bottom) of 70% w/w olanzapine-PLGA 
dispersion analysed using simultaneous DSC-PXRD 

Inspection of individual PXRD patterns in Figure 5.29 again confirmed that the DCM solvate was 

present due to the characteristic reflections at 1.27° and 1.40°. Following the crystallisation event 

at 120 °C the reflections of form II are marked, and at 180 °C the characteristic reflection of form I 

at 1.30° can most clearly be seen after the melting of form II.   
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Figure 5.29 – Individual PXRD diffractograms of the olanzapine-PLGA dispersion recorded at 70 °C, 120 °C 
and 180 °C. Reflections marked in the diffractogram recorded at 120 °C are characteristic of form II, and the 
reflection marked in the diffractogram recorded at 180 °C is characteristic of form I.  

Batch refinements of the entire PXRD dataset were performed again and the relative quantities 

of each phase were plotted as a function of temperature in Figure 5.30. This plot is almost identical 

to Figure 5.27, showing that the phase transitions in the PLA and PLGA dispersions were the 

same. Structural refinements of the models were performed for individual patterns but are not 

presented in the interest of brevity because they provide no further insight into the phase 

transitions occurring. 

 

Figure 5.30 – Plot of the relative quantities of the crystalline forms present as a function of temperature in 
the olanzapine-PLGA dispersion 
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5.3.6 Discussion of Simultaneous DSC-PXRD Analysis Results 

5.3.6.1 Characterising crystallisation in drug-polymer dispersions using 

simultaneous DSC-PXRD  

In Chapter 4 it was demonstrated that identifying the olanzapine polymorphs that crystallise in a 

PLGA dispersion upon heating was impossible using DSC analysis due to the melting point 

depression and broadening effects of the polymer. This issue was then further highlighted in three 

other olanzapine-polymer dispersions (PLA, HPMCAS and PVP) in this chapter. While DSC 

analysis was vital to promote crystallisation of the drug in the dispersion and could indicate that 

different polymorphs were present in the different polymer systems, confidently identifying the 

physical forms was not possible in any of the systems from the heat flow data alone.  

A simultaneous DSC-PXRD method was employed in this study to assess whether it was capable 

of identifying the polymorphs which crystallise in each dispersion and gain additional insights into 

the phase transitions of these systems. The results of the analysis of four olanzapine-polymer 

dispersions showed that the combination of heat flow and diffraction data were complementary in 

understanding the phase transitions occurring. Analysis of the PXRD data allowed the 

polymorphs present at each temperature in each system to be conclusively identified and 

quantified. Interestingly, much of the interpretation of the heat flow data in Section 5.3.1 regarding 

the solid state of the drug-polymer dispersions was shown to be incorrect by simultaneous DSC-

PXRD analysis. For example, the existence of form IV was not known before the results of the 

simultaneous analysis and this was the predominant crystal structure present in all four systems. 

The Tm of form IV is between that of forms I and II. With the additional complication of melting 

point depression effects, the melt of form IV was wrongly attributed to the melting of form II in the 

PLGA, PLA and PVP system, and form III in the HPMCAS system. However, the simultaneous 

analysis allowed the new form to be conclusively identified due to its characteristic diffraction 

pattern in the olanzapine-PVP system (Figure 5.7). Additionally, the heat flow data and underlying 

heating rate supplied by the calorimeter confirmed that a new pure phase was observed, rather 

than a mixture of forms, because it melted as one (Figure 5.6). The fact that the same polymorph 

was wrongly attributed to two different forms highlights the problem of studying polymorphism in 

drug-polymer dispersions and may explain the paucity in the literature on this topic. The results 

presented in this chapter show that a suitable analytical tool is now available to study these 

systems. 

The simultaneous DSC-PXRD data gave additional insights into the solid state of the drug-

polymer dispersions and the phase transitions occurring. For example, the crystallisation that 

occurred in the olanzapine-PVP system was shown to be “silent” in the heat flow due to the slow 

kinetics of this crystallisation (Figure 5.6). Interpretation of the heat flow data alone led to the 

conclusion that there was crystallinity present in the dispersion at the start of the experiment 

(Figure 5.4). However, the PXRD data obtained showed that the dispersion was initially 

amorphous and that form IV slowly crystallised.  

Additionally, in the HPMCAS, PLA and PLGA dispersions where multiple forms were observed, 

the PXRD data were able to identify each structure and show that they concurrently crystallised 
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and were not the result of sequential melt/recrystallisation events. The results of the simultaneous 

analysis of the olanzapine-HPMCAS were particularly interesting. The heat flow data showed that 

two forms crystallised (identified as form IV and form I from the PXRD data) and indicated that 

the species with a higher Tm (form I) was the predominant form (Figure 5.17). Analysis of the 

PXRD data, however, showed that the lower Tm species (form IV) was the predominant form 

present following the crystallisation event, but that this converted to form I on heating. The 

simultaneous melt/recrystallisation could not be elucidated from the heat flow data since the two 

enthalpically opposite events were occurring simultaneously across a 40 °C range.  

Finally, the most complex phase transitions occurred in the PLA and PLGA dispersions, where 

four crystalline forms of olanzapine were observed in total (Figure 5.22 and Figure 5.28). The 

dispersions were found to have a low level of initial crystallinity due to presence of the DCM 

solvate, which converted to the other forms when the crystallisation event occurred. This 

conversion could not be determined from the heat flow data since it occurred concurrently with 

the crystallisation event. Forms I, II and IV were shown to concurrently appear in these systems; 

however, only one broad melt was observed in the DSC thermogram. Analysis performed before 

the visit to the synchrotron showed two melting endotherms for these systems (Figure 5.2 and 

Figure 5.3) which highlighted one of the limitations of the simultaneous analysis: the large sample 

mass required in the DSC pan can lead to a loss of resolution in the heat flow due to thermal 

gradients forming within the pan. Regardless, three crystalline forms were present in the 

dispersion and only a maximum of two melting endotherms were observed in the heat flow. These 

data show that the simultaneous analysis is capable of detecting the presence of small quantities 

of polymorphs that have a similar Tm to the predominant form present. Retrospective analysis of 

Figure 5.2 and Figure 5.3 show that it was the melting of forms II and form IV that were not 

resolved as they occur at a similar temperature, but these events were clearly distinguishable in 

the diffraction patterns (Figure 5.23 and Figure 5.29). 

Several of the insights discussed regarding the complex phase transitions that occur in these 

systems could possibly have been obtained by performing multiple DSC experiments at a range 

of heating rates. Crystallisation is a kinetic event and requires time to occur. Therefore, by 

changing the heating rate applied to the dispersion, significantly more or less time can be made 

available for crystallisation to happen. This can help elucidate the order in which events are 

happening, giving insights into whether concurrent crystallisation or sequential 

melt/recrystallisation is occurring in a dispersion. However, DSC analysis alone cannot provide 

the structural characterisation provided by the simultaneous DSC-PXRD analysis, or provide such 

detailed descriptions of the complex phase transitions occurring as shown in Figure 5.27 and 

Figure 5.30. 

5.3.6.2 Effect of polymer choice on the crystallisation of olanzapine polymorphs 

Standard DSC analysis in Section 5.3.1 showed that crystallising olanzapine from different 

polymer dispersions affected the polymorphic forms obtained. The simultaneous analysis allowed 

the olanzapine forms that crystallised in each polymer dispersion to be determined (summarised 

in Table 5.7). It was clear that not only did crystallising from polymer matrices influence the 
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physical forms obtained, but that different polymers promoted the crystallisation of different 

combinations of polymorphs. 

Table 5.7 – Summary of the olanzapine polymorphs that crystallised in each polymer dispersion 

Dispersion Form I Form II Form III Form IV DCM solvate 

PVP - - - ✔* - 
HPMCAS ✔ - - ✔* - 

PLA ✔ ✔ - ✔* ✔ 

PLGA ✔ ✔ - ✔* ✔ 

✔ signifies that the form was observed in the dispersion and ✔* signifies that this was the predominant form 

following crystallisation 

The most notable trends were that: (1) a previously unobserved phase, form IV, was the 

predominant polymorph that crystallised in all of the dispersions; and (2) the same combination 

of forms crystallised in the PLA and PLGA systems (when the polymer properties were very 

similar), whereas different combinations crystallised in the PVP and HPMCAS systems (when the 

polymer properties were changed significantly). The implications of these observations were that 

some property present in all of the dispersions was favouring the crystallisation of olanzapine 

form IV, and that the specific polymer properties determined whether this would crystallise as a 

pure or mixed phase.  

The majority of the discussion in the literature regarding crystallisation in polymer dispersions is 

based on whether or not crystallisation will occur, and is generally not concerned with the physical 

forms obtained. Molecular level mechanisms of crystallisation in polymer dispersions and how 

this may affect polymorphism have not been extensively investigated or discussed. The following 

discussion will focus on applying related investigations regarding crystallisation in solution and 

the pure amorphous state to assist in explaining the results of this study. The presence of the 

polymer molecules in the amorphous phase of olanzapine changes two significant properties 

compared to a pure amorphous phase of the compound: (1) the viscosity of the phase and 

therefore the level of molecular mobility in the system; and (2) the chemistry of the phase and 

therefore how the molecules may interact. These changes could both promote the formation of 

metastable polymorphs through different mechanisms.  

Ostwald’s rule of stages states that metastable forms will crystallise first because they are closest 

in energy to the amorphous form and this will be followed by recrystallisation to the 

thermodynamically stable phase (Ostwald, 1897). Although not a universal rule, it has been 

shown to be true for many compounds (Nývlt, 1995), and the work presented here shows that it 

is applicable to these systems since the known stable form of olanzapine, form I, was not the first 

or predominant form to crystallise in any of the dispersions. Therefore, one explanation for why 

various metastable olanzapine forms were observed is that the increased viscosity of the 

amorphous phase due to the polymer could be kinetically trapping metastable forms (forms II and 

IV) which may be allowing form IV to be detected for the first time. This mechanism of stabilisation 

was previously observed in dispersions of paracetamol, where the viscosity of different HPMC 

grades affected the amount of metastable polymorphs II and III that crystallised in each dispersion 

(Gaisford et al., 2010). It seems likely that this physical mechanism is contributing to the 
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stabilisation of the metastable polymorphs that crystallise. However, this mechanism alone does 

not explain why form II has previously been the product of numerous crystallisation experiments, 

yet form IV has never been observed despite it appearing to be a more stable form due to its 

lower calculated lattice energy (Figure 5.14) and higher Tm. Thus, the chemistry of the polymers 

may have had a role in directing the crystallisation of form IV. 

As discussed, all anhydrous forms and solvates of olanzapine have the same core structural motif 

as the basic building block of the crystals, referred to as the SC0 dimer (Figure 5.10). The reason 

for all crystalline forms of olanzapine using this dimeric building block, despite other lower energy 

structures being available, was postulated to be due to self-association of olanzapine molecules 

into these dimers in the pre-nucleation solution state and amorphous phase (Bhardwaj et al., 

2013). This could result in most of the molecules already being present in the dimer form prior to 

nucleation, starving other potential structures of single molecule building blocks, and therefore 

resulting in the crystallisation of forms exclusively containing this structural motif. Supporting 

evidence for this theory is given by the example of tetrolic acid; the crystallisation of this 

compound in solution was studied using FTIR and it was found that solutions that were rich in 

dimers of tetrolic acid crystallised to the α polymorph (in which dimers are the core structural unit), 

and solutions in which dimer formation was disrupted resulted in the crystallisation of the 

catemeric β form (Parveen et al., 2005). A degree of molecular arrangement was also observed 

in the amorphous melt-quenched phase of carbamazepine. High-energy X-ray total scattering 

coupled with pair distribution function analysis showed that the amorphous phase contained 

nanostructured domains whereby the molecules were arranged in a very similar manner as in the 

crystalline form III of carbamazepine (Billinge et al., 2010). 

The finding of form IV after many years of research into the solid state forms of olanzapine 

suggests that some aspect of the crystallisation conditions used may be interfering with the 

formation of the SC0 dimers in the pre-nucleation state. An obvious explanation would be 

intermolecular interactions between the polymer chains and the olanzapine molecules in the 

amorphous phase. All of the polymers studied are capable of forming hydrogen bonds with 

olanzapine molecules. These specific directional interactions are stronger than the weak C−H···π 

contacts that stabilise the olanzapine dimers and therefore it is reasonable to speculate 

olanzapine would interact with the polymers in this way which would disrupt the formation of the 

dimers. Olanzapine molecules that begin associating into aggregates prior to nucleation in the 

polymer dispersions may therefore be able to start organising into alternative low energy 

structures, such as the structure of form IV.  The olanzapine molecules in form IV interact through 

hydrogen bonding (Figure 5.15) which could be promoted by chemical templating of the polymers 

if olanzapine molecules are already interacting with the polymer in this way. The presence of 

hydrogen bonds has not been proven in these dispersions, but these interactions have been 

observed in many other drug-polymer systems and it is reasonable to speculate that they may 

occur (Matsumoto and Zografi, 1999; Gupta and Bansal, 2005; Marsac et al., 2006b). The 

proposed mechanism directing the crystallisation of form IV in these polymer dispersions requires 

verification through further experimental work which was not possible here due to time constraints. 
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Olanzapine has been crystallised from many solvents with which it is capable of forming hydrogen 

bonds (e.g. water, ethanol and acetone), yet form IV was not the product of any of these 

crystallisations (Bhardwaj et al., 2013). This suggests that crystallising from the super-cooled 

liquid state was also critical for the generation of form IV, possibly due to the higher viscosity of 

this state relative to a solution. In the highly viscous polymer dispersion the level of mobility of the 

olanzapine molecules will be significantly lower, therefore there will be limited opportunity for the 

molecules to re-orientate themselves into dimers through Brownian motion. In solution, however, 

the mobility of the molecules will be many orders of magnitude greater and therefore the 

molecules may dimerise more rapidly. The evidence available suggests that it is a combination 

of both the physical and chemical properties of the polymer dispersions that promoted the 

crystallisation of olanzapine form IV in each of the systems. 

Polymers have been shown to affect the crystallisation of a number of polymorphic drugs in the 

literature. For example, insoluble polymer heteronuclei were found to direct crystallisation and 

promote the formation of certain polymorphs in solution crystallisations (Lang et al., 2002; Price 

et al., 2005). The mechanism for this was investigated using both experimental and molecular 

modelling approaches, and the conclusion drawn was that it was based on the accessibility of 

polymer functional groups at the interface which affect intermolecular interactions and ultimately 

direct nucleation of a specific form (Lopez-Mejías et al., 2011). Specific polymer surfaces have 

also been shown to direct crystallisation of the metastable α indomethacin polymorph from the 

amorphous melt by the direct result of chemical templating (McKellar et al., 2012). However, the 

most relevant example in the literature describes the stabilisation of the highly unstable form III 

of paracetamol by crystallising from the amorphous melt in the presence of the β-1,4-saccharides 

lactose and HPMC (Telford et al., 2016). In this example, intermolecular interactions between the 

components were investigated computationally and the results indicated that the sugar molecules 

were able to form significantly stronger hydrogen bonding interactions with the surface of crystals 

of paracetamol form III, compared to the stable form I. This indicated that the excipient was 

playing an active role in stabilising the highly metastable paracetamol form.  

These examples from the literature show that the main mechanism through which polymers direct 

polymorphism is via chemical templating, whereby intermolecular interactions that form between 

the crystallising drug molecules and the solid polymer phase present favour the growth of a certain 

form. Disruption of the dimerization of olanzapine molecules through specific intermolecular 

interactions with the polymers present may not strictly be classed as templating, because the 

proposed theory for the crystallisation of form IV is that the interactions the drug molecules are 

forming with the polymers are directly hindering the formation of certain forms (I, II and III), rather 

than templating the formation of others. 

Although form IV was the predominant polymorph observed in all four dispersions, form I also 

concurrently crystallised in the HPMCAS system, and forms I and II were present in the PLA and 

PLGA systems. The crystallisation behaviour was nearly identical in the PLA and PLGA systems 

as the polymers are very similar, showing that the dispersion properties appear to reliably direct 

the crystallisation of olanzapine. The DCM solvate of olanzapine was present in the PLA and 
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PLGA dispersions, which formed during the spray drying process. The DCM solvate contains the 

SC0 dimer motif in the crystal structure and desolvation of this structure previously resulted in 

mixtures of forms I, II and III (Bhardwaj et al., 2013). Analysis of the batch refinement data showed 

that the loss of the DCM solvate phase correlated well with the appearance of forms I and II 

(Figure 5.27 and Figure 5.30). Conversely, form IV begins crystallising before the loss of the DCM 

solvate, suggesting that two separate events are occurring: (1) crystallisation of form IV from the 

amorphous molecules of olanzapine; and (2) desolvation of the DCM solvate resulting in the 

formation of a mixture of the structurally similar forms I and II via a solid-solid transition. This 

analysis suggests that the presence of forms I and II in the PLA and PLGA dispersions were 

therefore not directly due to the polymer properties, but due to the initial crystallinity present in 

the sample from the spray drying process. 

In the HPMCAS system, form I concurrently crystallises with form IV, but this does not occur in 

the PVP system. The reason for the different crystallisation behaviour of olanzapine in these two 

polymers can only be speculated. Seeds of form I may have been present in the HPMCAS 

dispersion which caused the minor crystallisation of this form, despite the polymer initially 

directing the crystallisation of form IV. Alternatively, the presence of multiple forms may be due to 

the inherent ability of each polymer to promote the formation of form IV through stabilising 

molecular interactions (e.g. hydrogen bonds) with the crystal surface as demonstrated by Telford 

et al. for the paracetamol-HPMC system (Telford et al., 2016). For example, PVP molecules may 

be able to preferentially form intermolecular interactions with the surfaces of form IV crystals 

compared to form I, stabilising these structures and therefore favouring the crystallisation of this 

form. Finally, it may be a kinetic effect since the viscosity in the PVP system is much higher as 

shown by the slow crystallisation of form IV, thus the metastable form could be kinetically trapped, 

whereas the mobility is significantly higher in the HPMCAS system which may allow the inevitable 

recrystallisation to the most stable thermodynamic form to occur within the timeframe of the 

experiment.  
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5.4 Conclusions 

Phase transitions in four olanzapine-polymer dispersions were investigated using a simultaneous 

DSC-PXRD technique. The complementary heat flow and diffraction data allowed the phase 

transitions of each system to be conclusively determined, since structural refinements of the 

PXRD patterns enabled quantification of the relative content of each olanzapine polymorph at 

each temperature. The dual platform is therefore a powerful tool for characterising crystallisation 

in drug-polymer dispersions, which can now make the study of these complex systems possible. 

There were two key findings from the results of the simultaneous DSC-PXRD analysis. Firstly, a 

new polymorph of olanzapine of a different structural class was found to be the predominant form 

that crystallised in all four of the polymer dispersions. The structure of this crystal had previously 

been predicted by CSP software and a computed crystal energy landscape was used to identify 

the new form, allowing the structure to be determined from PXRD data. The solid state of 

olanzapine has been extensively studied, and a large polymorph screen did not identify form IV 

suggesting that the unique conditions in the polymer dispersions promoted the crystallisation of 

form IV. This was hypothesised to be due to the disruption of olanzapine dimers in the pre-

nucleation amorphous state due to a combination of favourable intermolecular interactions 

between olanzapine molecules and the polymer chains, and the low molecular mobility in the 

highly viscous dispersion. Therefore, this discovery is of significance because it suggests that 

conventional crystallisation experiments may not be able to access the whole of the crystal energy 

landscape, and different approaches (e.g. crystallisation from polymer dispersions) may therefore 

allow alternative crystal structures to be accessed.  

The second major finding is that different polymer properties influence the polymorphic forms of 

olanzapine that crystallise from the amorphous phase. Form IV was the predominant structure to 

crystallise from each polymer dispersion. However, different combinations of polymorphs were 

observed in each of the dispersions, with the exception of the two structurally similar PLA and 

PLGA systems. This means that the choice of polymer can influence the predominant form that 

crystallises and also determines whether it will obtained as a pure phase. This finding could be 

particularly useful in polymorph screening since it is common for metastable forms to crystallise 

as mixed phases. Thus, the results not only show that crystallising in polymer dispersions can 

generate new polymorphic forms, but also that the purity of the metastable phase can be 

manipulated by changing the properties of the polymer used. Currently these findings are specific 

to olanzapine and further work is required with other molecules to determine whether they are 

more widely applicable to other systems.  

For this method of crystallisation to be a truly useful way of generating new polymorphic forms, it 

is vital that the crystals formed can be extracted from the amorphous polymer. Isolation of the 

pure form will be essential for the characterisation of the crystal properties and for further 

processing if the crystalline form is to be used in a pharmaceutical formulation. Therefore, the 

final experimental chapter of this thesis focuses on addressing the issue of isolating olanzapine 

form IV from the polymer matrix.  
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6 Development of a Process for the Cryst all isation  and  Isolation of Olanzapine Form IV 

6.1 Introduction 

The discovery of olanzapine form IV indicated that intentional recrystallisation of amorphous drug-

polymer dispersions can be used as an approach to generate new polymorphic forms. The form 

IV crystals produced in Chapter 5 were embedded in a polymer matrix and were melted before 

further characterisation could be performed. In addition, the crystals were only produced for 

several minutes at elevated temperatures (in the range of 80-180 °C), therefore it is unknown 

whether the polymorph is stable under ambient conditions for prolonged periods. To be 

characterised further, the crystals must be extracted from the polymer matrix without changes in 

the physical form occurring. A literature search did not identify any studies in which drug crystals 

were isolated from a polymer phase, thus this chapter aims to serve as a proof-of-concept that 

this is possible. If the crystals can be extracted from the polymer matrix, their chemical and 

physical purity will be of importance. Reasonable purity is required for further developmental work 

and characterisation.  

A number of olanzapine-polymer dispersions were investigated in Chapter 5. The research in this 

chapter focuses on the olanzapine-PVP system because this was the only dispersion in which 

form IV crystallised alone. This system is therefore the most promising to obtain a phase pure 

sample of the new polymorphic form. The crystallisation performed in the previous chapter was 

done on a small scale (30 mg) and needs to be increased in this study to generate enough 

material for characterisation of crystal properties such as dissolution performance. 

The hypothesis underpinning the work in this study was that a process could be developed to 

selectively crystallise olanzapine form IV on a larger scale from the amorphous olanzapine-PVP 

dispersion and isolate the crystals from the polymer matrix to allow further characterisation to be 

performed. Achieving this aim would be of importance for two reasons: (1) the new crystallisation 

approach could be used to investigate polymorphism in other drugs and it is critical that the 

crystals can be extracted from the polymer phase for the approach to be of any practical use; and 

(2) olanzapine is a widely used drug and there is currently no published information about the 

properties of form IV.  

To summarise, the research questions addressed are: 

1. Can olanzapine form IV be crystallised on a larger scale and is it stable enough for further 

characterisation? 

2. Can a process be developed to isolate form IV crystals from the polymer matrix? 

3. If so, what chemical and physical purity can be achieved, and does form IV have any 

advantages over form I? 
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6.2 Methods 

6.2.1 Production and characterisation of olanzapine-PVP dispersions  

Olanzapine-PVP dispersions were prepared using the spray drying method described in detail in 

Chapter 3. Two dispersions were produced using different molecular weight grades of PVP: 

Kollidon® K90F (average molecular weight 1,000,000 – 1,500,000 g/mol) and Kollidon® K17PF 

(average molecular weight 7,000 – 11,000 g/mol). Each dispersion had a theoretical composition 

of 70% w/w olanzapine and 30% w/w PVP. Feed solutions with a total solids content of 2% w/v 

(1.4% w/v olanzapine, 0.6% w/v PVP) were prepared in DCM and stirred for 3 hours before 

processing. Spray drying was performed under an inert atmosphere, achieved by use of nitrogen 

spray gas and a closed system, and the specific parameters used are summarised in Table 6.1.  

Table 6.1 – Spray drying parameters used to prepared olanzapine-PVP dispersions 

 

Spray Drying Parameter 

Formulation 

Olanzapine-PVP K90F Olanzapine-PVP K17PF 

Nozzle type Two-fluid pneumatic Two-fluid pneumatic 

Peristaltic pump rate 6 mL/min 6 mL/min 

Inlet temperature 60 °C 60 °C 

Outlet temperature 45 °C 29 °C 

Aspirator rate 100% 100% 

Spray gas rate 30 mm 30 mm 

 

The olanzapine-PVP K90F dispersion was characterised using MTDSC on a Discovery DSC (TA 

Instruments, USA) to investigate the number of phases present in the amorphous material. The 

samples were analysed in triplicate and were heated at a rate of 2 °C/minute with modulation 

parameters of ±0.212 °C/40 seconds between 20 °C and 160 °C. 

6.2.2 Optimisation of the crystallisation heating programme 

6.2.2.1 QiMTDSC 

The QiMTDSC protocol developed in Chapter 4 was used to optimise the heating programme (i.e. 

temperature and time) required for the recrystallisation of olanzapine in the amorphous drug-

polymer dispersions. All experiments were performed in triplicate on a Discovery DSC (TA 

Instruments, USA) with a nitrogen gas purge (50 mL/minute). RevCp was not calibrated for these 

experiments because absolute heat capacity measurements were not required to determine the 

crystallisation conditions since it was the change in RevCp that was of interest. The samples were 

prepared by weighing 5 mg of the spray dried dispersion into standard aluminium pans (TA 

Instruments, USA) which were crimped and sealed with aluminium lids (TA Instruments, USA). 

The samples were heated to the target temperature and were then held quasi-isothermally for the 

desired time period (either 180 minutes or 120 minutes), using modulation parameters of 

±1 °C/100 seconds. The RevCp signal was then plotted as a function time in Universal Analysis 

software (TA Instruments, USA) to determine whether olanzapine crystallisation occurred in the 

amorphous dispersion at a particular temperature, and if so, how long it took to complete.  
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6.2.2.2 DSC 

Standard heat-cool-heat DSC experiments were used to confirm which polymorphic form of 

olanzapine crystallised in the olanzapine-PVP K90F dispersion under the optimised conditions. 

The amorphous dispersions were weighed into pans as described above and were analysed in 

triplicate on the same calorimeter. The samples were heated from 40 °C to 140 °C at a rate of 

10 °C/minute and were held isothermally at this temperate for 240 minutes, which was the optimal 

heating programme determined by the QiMTDSC study for this polymer dispersion. Following the 

first heating cycle, the samples were cooled to 0 °C and then reheated to 200 °C at a rate of 

10 °C/minute to measure the Tm of the crystals formed.  

6.2.2.3 TGA  

The olanzapine-PVP dispersions were analysed using TGA to assess whether thermal 

degradation occurred in the sample during the optimised crystallisation heating programme. 

Experiments were performed in triplicate on a Discovery TGA (TA Instruments, USA) with a 

nitrogen gas purge of 25 mL/minute in the furnace and 15 mL/minute in the balance. The 

dispersions (10 mg) were placed in an aluminium cup (TA Instruments, USA), heated at a rate of 

10 °C/minute from 50 °C to 140 °C and held isothermally for 60 or 240 minutes (depending on 

the PVP grade used) to replicate the optimised crystallisation heating programme. A plot of 

sample weight as a function of time was produced in Universal Analysis software (TA Instruments, 

USA) to assess whether thermal degradation was occurring during the isothermal period. 

6.2.3 Scale up of the crystallisation of olanzapine form IV 

6.2.3.1 Crystallisation 

Once the crystallisation heating programme was optimised through the QiMTDSC experiments, 

the spray dried amorphous olanzapine-PVP K90F dispersion (400 mg) was placed in a glass petri 

dish and covered with aluminium foil. The sample was heated using the crystallisation programme 

(140 °C; 4 hours) in an oven (Carbolite PF 300).  A colour change was noted in the dispersion 

from yellow to dark red, and the consistency of the dispersion following heating was very coarse. 

6.2.3.2 TGA 

Additional TGA experiments were performed using the procedure described above, but with a 

compressed air gas purge of 25 mL/minute in the furnace to mimic the gaseous environment in 

the oven. The colour change of the dispersion occurred when it was heated under the compressed 

air gas purge but not under the nitrogen gas purge, which showed that the presence of oxygen at 

the elevated temperature was responsible. Therefore, the crystallisation protocol was further 

optimised by performing the heating under vacuum in an oven (Townson & Mercer EV018). At 

this stage, the PVP grade used in the dispersion was also changed to a lower molecular weight 

grade (Kollidon® PVP K17PF) to facilitate separation of the drug and polymer in a later processing 

step. The olanzapine-PVP K17PF dispersion (400 mg) was crystallised under vacuum using the 

new heating programme (140 °C; 1 hour) optimised for this system. Following these changes, no 

significant colour change occurred and the product obtained was a smooth glassy material. 
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6.2.4 Isolation of olanzapine form IV from PVP 

The approach used to isolate the olanzapine form IV crystals from the PVP matrix was to 

selectively dissolve the polymer in a solvent and collect the undissolved olanzapine crystals by 

centrifugation. The recrystallised olanzapine-PVP K17PF dispersion was ground to a fine powder 

using a pestle and mortar to increase the surface area and therefore increase the rate of 

dissolution. The recrystallised dispersion (300 mg) was suspended in distilled water (30 mL) by 

sonication (5 minutes) and stirred (200 rpm, 15 minutes) to selectively dissolve the polymer since 

olanzapine has low water solubility (43 mg/L), whereas PVP K17PF has high water solubility. The 

suspension formed was then centrifuged at 8000 rpm for 20 min (Sigma 3-16KL centrifuge) 

allowing a pellet of crystals to be collected and the supernatant containing the dissolved polymer 

was discarded. The crystals were further washed by re-suspension in distilled water (30 mL) using 

sonication (5 minutes) and were then separated again from the solution by centrifugation. The 

pellet of crystals were then dried (100 °C; 1 hour) in an oven (Carbolite PF 300) and a fine powder 

(100 mg) was collected. 

The number of wash/separation steps was optimised using FTIR to analyse the dried crystals and 

provide an indication of the relative PVP content remaining in the sample. Analysis was performed 

in transmission mode using a Spectrum 100 FT-IR (Perkin Elmer) in the range of 4000 cm-1 to 

650 cm-1 at a resolution of 4 cm-1 with 16 scans. Background scans were performed. A 

characteristic PVP band at 1652 cm-1
 was used as a qualitative indicator of the PVP content 

remaining in the sample following each wash step to determine whether the wash steps were 

increasing the chemical purity of the olanzapine crystals. 

6.2.5 Characterisation of olanzapine-PVP dispersions and isolated form IV 

crystals 

The olanzapine-polymer dispersions and isolated form IV crystals were characterised using a 

number of analytical techniques to confirm the solid state of the materials, determine the size and 

morphology of the particles, and quantify the purity of the form IV crystals produced. 

6.2.5.1 Powder X-ray diffraction 

PXRD analysis was used to confirm the physical form of olanzapine that crystallised in the drug-

polymer dispersions. PXRD data collection was performed by Mr Martin Vickers at UCL 

Department of Chemistry. The samples were ground to fine powders and filled into glass capillary 

tubes, and data collection was performed in transmission mode using a STADI-P diffractometer 

(STOE, Germany) with CuΚα1 radiation (λ = 1.5406 Å) in the 2θ scan range of 1° to 45° with a 

step of 0.0495°. 

6.2.5.2 UV assay 

The olanzapine content of the amorphous olanzapine-PVP dispersion, recrystallised dispersion 

and isolated crystals was determined using a UV assay. Each material (3 mg) was accurately 

weighed and dissolved in acetonitrile (10 mL). The resultant solution was diluted ten-fold and the 

olanzapine concentration was determined by UV spectroscopy at a wavelength of 225 nm using 

a SpectraMax M2e microplate reader (Molecular Devices, USA) with 200 µL of solution in each 
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well of a UV-transparent 96-well plate (Greiner Bio-One, Austria). Each sample was analysed in 

triplicate, and acetonitrile was used as the plate blank. A linear standard curve (R2 = >0.999) was 

produced to quantify the olanzapine concentration by performing a serial dilution of a 58 mg/L 

olanzapine stock solution in acetonitrile. Each material was analysed in triplicate, and 3 mg of 

PVP K17PF was also analysed to confirm that the dissolved polymer did not interfere with the 

olanzapine absorbance at 225 nm at the maximum possible polymer concentration in the 

experiment.  

6.2.5.3 Differential scanning calorimetry 

DSC was performed to measure the thermal properties (Tm and heat of fusion) and physical purity 

of the isolated form IV crystals. The samples were analysed in triplicate and were heated from 

50 °C to 200 °C at a rate of 10 °C/minute. A temperature and cell constant calibration was 

performed using an indium standard which was then verified before the samples were analysed. 

Olanzapine form I was also analysed in triplicate using the same procedure to measure an 

accurate heat of fusion, which allowed the physical purity of the sample to be determined from 

the measured enthalpies of the melting endotherms. Once the physical and chemical purity of the 

isolated form IV crystals were known, an accurate heat of fusion could be calculated from the 

enthalpy of the melting endotherm of form IV.  

6.2.5.4 Light and polarised light microscopy 

The morphology and crystallinity of the amorphous and recrystallised olanzapine-PVP K17PF 

dispersion, and isolated form IV crystals were assessed using a Leica DM 2700M microscope 

(25x magnification) with and without a polarised light filter. Images were taken using Studio86 

Design capture software.  

6.2.5.5 Scanning electron microscopy 

The morphology of the form IV crystals were analysed by SEM as described in Chapter 2. 

6.2.5.6 Mass spectrometry 

The starting olanzapine form I crystals and isolated form IV crystals were analysed by high 

resolution mass spectrometry by Mr Emmanuel Samuel at the Mass Spectrometry Unit at UCL 

School of Pharmacy to determine whether the processing had changed the chemistry of the drug 

molecule. The materials were dissolved in an acetonitrile/water solvent system (50:50) and 

reserpine (30 pg/µL) was used as an internal standard. Analysis was performed using a Q-TOF 

premier Tandem Mass Spectrometer (Waters, USA) under electrospray ionisation mode.  

6.2.6 In vitro dissolution testing  

The in vitro dissolution performance of olanzapine form I and IV were compared to assess 

whether the new polymorph had a dissolution advantage over the thermodynamically stable form. 

To ensure the comparison was fair, the crystals were sieved to a size fraction <63 µm and the 

form I crystals were ground with a pestle and mortar to further reduce the average particle size 

because the form IV crystals had a particle size <10 µm when viewed by microscopy. Light 

microscopy was used to confirm the particle size was equivalent between the two forms, meaning 

any dissolution advantage observed would not be due to surface area effects. 
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The dissolution protocol was optimised to allow a fair comparison of the two crystalline forms. The 

most important factor in achieving reproducible dissolution data was found to be how the 

crystalline powder was added to the dissolution bath. Initially, gelatine capsules were used, but 

inconsistent degradation of the capsules led to large variations in the measured olanzapine 

concentrations in the early time points.  

The optimised experimental design was a PTWS 120D 6 position dissolution bath (Pharma Test, 

Germany) set up with USP 2 apparatus at 37 °C with a stir speed of 50 rpm. The media used was 

900 mL of PBS (pH 6.8) in each dissolution vessel.  A therapeutic dose of the crystals (10 mg) 

was added directly to each vessel through a small 250 µm sieve to prevent the crystals clumping 

together on the surface and each experiment was repeated in triplicate. Aliquots of dissolution 

media (10 mL) were removed at defined time points for UV analysis and were replaced with the 

same volume of pre-warmed buffer. The UV absorbance of the aliquots were measured at 276 nm 

using a UV-Vis spectrometer (Jenway 6305) in a 1 cm quartz cuvette. A linear olanzapine 

standard curve (R2 = >0.999) was produced in PBS (pH 6.8) media in the concentration range of 

15 mg/L to 0.25 mg/L to quantify the olanzapine concentration at each time point and therefore 

determine the relative amount dissolved. In each experiment a maximum of approximately 95% 

dissolution was calculated; the remaining 5% was attributed to experimental error.  
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6.3 Results and Discussion 

6.3.1 Physical state of olanzapine-PVP dispersion 

The work performed in Chapter 5 identified that the olanzapine-PVP K90F dispersion was a fully 

amorphous material, although the number of phases present was not investigated. MTDSC 

analysis of the freshly prepared dispersion was performed to measure the Tg of the material, and 

the reversing heat flow signal is presented in Figure 6.1.  

 

Figure 6.1 – MTDSC analysis of the olanzapine-PVP K90F dispersion showing the reversing heat flow signal 
vs temperature 

A single, intermediate Tg was measured with a mid-point of 89.5 °C, indicating that the material 

was a molecularly dispersed phase of olanzapine and PVP which have Tgs of 70 °C (Bhardwaj et 

al., 2013) and 156 °C (LaFountaine et al., 2016), respectively.  Understanding the physical state 

of the amorphous drug-polymer dispersion may be of significance in understanding the 

crystallisation of new polymorphic forms in these systems. 

6.3.2 Determining the crystallisation heating programme  

The first consideration when developing a protocol for the crystallisation of olanzapine form IV in 

a drug-polymer dispersion was the heating programme required to fully crystallise the drug. The 

QiMTDSC method developed in Chapter 4 was suitable for determining the isothermal 

temperature and time required to recrystallise the amorphous system, therefore was used to study 

the crystallisation of olanzapine in the PVP dispersion at a number of temperatures over a 3 hour 

time period (Figure 6.2). The PXRD results in Chapter 5 showed that crystallisation started in the 

olanzapine-PVP K90F dispersion at 110 °C so this was the lowest temperature studied. Figure 

6.2 indicates that very little crystallisation occurred at 110 °C during the time of the experiment 

because the RevCp signal remained fairly constant at 1.75 J/g.°C. The data at 120 °C and 130 °C 

show that the rate of crystallisation was increasing with temperature. However, the rate remained 
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slow at these temperatures which was undesirable due to the increased risk of thermal 

degradation in the sample with long heating programmes. The QiMTDSC data at 140 °C showed 

that the rate of crystallisation significantly increased, relative to 130 °C, and was near completion 

within 3 hours as shown by the plateauing of the RevCp signal. Based on these data, an isothermal 

heating programme of 140 °C for 4 hours was determined to ensure full crystallisation of the drug 

in the PVP K90F dispersion.  

 

Figure 6.2 – QiMTDSC plot of reversing heat capacity vs time for the olanzapine-PVP K90F dispersion, 
analysed at four quasi-isothermal temperatures 

The next step was to confirm that olanzapine form IV was crystallising under these conditions. A 

standard DSC heat-cool-heat experiment was used to investigate this and also confirm that form 

IV was stable on cooling to ambient temperatures. The amorphous dispersion was heated to 

140 °C and held isothermally at this temperature for 4 hours in the first heating cycle; the sample 

was then cooled to 0 °C and reheated to 200 °C to measure the melting endotherm of the drug. 

The second heating cycle, following recrystallisation of the drug in the first cycle, is displayed in 

Figure 6.3. The Tg of the remaining amorphous drug-polymer phase was measured at 110 °C and 

a melting endotherm was measured with a peak of 181-182 °C which was consistent with the Tm 

of form IV in the PVP dispersion measured using simultaneous DSC-PXRD in Chapter 5. The 

significant increase in the Tg of the dispersion showed loss of olanzapine from the molecularly 

dispersed phase due to crystallisation of form IV. The melting endotherm had a shoulder 

suggesting the presence of a second form, although this was previously observed in the DSC 

analysis of the olanzapine-PVP dispersion in Chapter 5 and PXRD confirmed that only form IV 

was present in this system. Therefore, the DSC results confirm that olanzapine form IV was the 

predominant polymorph that crystallised under the optimised heating conditions. The heat-cool-

heat experiments showed that form IV was stable on cooling and reheating, indicating that the 

polymorph had reasonable physical stability. 
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Figure 6.3 – DSC thermogram showing second heating cycle following recrystallisation of the olanzapine-
PVP K90F dispersion 

The potential issue of thermal degradation during the prolonged isothermal crystallisation period 

was investigated using TGA (Figure 6.4).  

 

Figure 6.4 – TGA thermogram of olanzapine-PVP K90F showing weight loss as a function of temperature  

The dispersion was subjected to the same heating programme used for crystallisation. 

Approximately 4% weight loss was measured on heating to the isothermal temperature which can 

safely be attributed to solvent loss from the sample (most likely water absorbed by PVP due to its 
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high hygroscopicity), and a further 1% weight loss was measured during the isothermal period. 

The very low weight loss during this period indicated that minimal thermal degradation occurred 

under these conditions, further suggesting that the conditions were suitable for the crystallisation 

of olanzapine form IV. 

6.3.3 Scale up of the crystallisation of olanzapine form IV 

The next objective was to scale up the crystallisation of olanzapine form IV. The developmental 

work was performed in DSC pans on a scale of 3-5 mg, and to increase the scale to hundreds of 

milligrams it was necessary to use an oven to provide the heating programme required for 

crystallisation. The amorphous PVP K90F dispersion was placed in a glass petri dish, covered 

with aluminium foil and heated using the developed heating programme in a standard oven. A 

significant colour change from yellow to deep red was observed in the recrystallised material, and 

the material was very coarse following heating (Figure 6.5).  

 

Figure 6.5 – Photographs of the amorphous olanzapine-PVP K90F dispersion (left) and the recrystallised 
dispersion following heating at 140 °C for 4 hours (right) 

DSC analysis of the recrystallised dispersion again showed that form IV was the predominant 

crystalline form present due to the Tm recorded at 180 °C (Figure 6.6). However, the shoulder of 

the endotherm observed in Figure 6.3 was a separate endotherm with a peak of 165 °C, although 

this was not fully resolved from the melting of form IV in the heat flow. The increase in the size of 

the endotherm 165 °C and the colour change of the material suggested that a reaction had 

occurred in the material at the elevated temperature, resulting in a second product observed in 

the heat flow data. All developmental work was performed under a nitrogen purge gas which 

provides an inert atmosphere and prevents oxidation reactions occurring on heating. However, 

air was present in the oven when the heating was performed and therefore the dispersion may 

have become oxidised, resulting in the colour change observed. 
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Figure 6.6 – DSC thermogram of the recrystallised olanzapine-PVP K90F dispersion 

Further TGA experiments were performed under a purge of compressed air to assess whether 

greater thermal degradation occurred under these conditions (Figure 6.7).  

 

Figure 6.7 – TGA thermogram of olanzapine-PVP K90F dispersion analysed under a purge of compressed 
air 
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the dispersion changed to a deep red colour as observed in Figure 6.5, but when heated in an 

inert atmosphere the dispersion remained a yellow/orange colour. The colour change, and 

absence of significant weight loss, strongly suggested that a chemical reaction was occurring 

when air was present, most likely oxidation of the sample. 

The colour change observed required further optimisation of the crystallisation step. Thus, a 

vacuum oven was used for subsequent crystallisations to ensure the dispersion was heated under 

an inert atmosphere thereby minimising oxidation. Additionally, the grade of PVP used in the 

dispersion was changed to a significantly lower molecular weight grade (Kollidon® PVP K17PF) 

to facilitate the separation of the drug and polymer by centrifugation in a later processing step.  

Standard DSC analysis of the amorphous olanzapine-PVP K17PF dispersion is presented in 

Figure 6.8.  

 

Figure 6.8 – DSC thermogram of the olanzapine-PVP K17PF dispersion  

The crystallisation of olanzapine on heating was far more prominent in the heat flow of the PVP 

K17PF dispersion, compared to the PVP K90F dispersion. This was due to the increased 

molecular mobility in the dispersion and the crystallisation can be observed as an exotherm with 

a peak of 153.6 °C in the thermogram. The melting endotherm measured with a Tm of 179.9 °C 

confirmed that form IV was crystallising in the PVP dispersion, despite the change to a lower 

viscosity grade. The DSC results identified that the change in PVP grade affected the kinetics of 

olanzapine crystallisation, therefore the olanzapine-PVP K17PF dispersion was assessed using 

the QiMTDSC protocol to determine the time required at 140 °C to fully recrystallise the drug 

(Figure 6.9).  
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Figure 6.9 – QiMTDSC plot of reversing heat capacity vs time for an olanzapine-PVP K17PF dispersion at 
the quasi-isothermal temperature of 140 °C 

The RevCp signal reduced as olanzapine crystallised in the dispersion and plateaued within 60 

minutes, showing that the crystallisation was complete in a much shorter timeframe compared to 

the PVP K90F dispersion. The thermal stability of the PVP K17PF dispersion was assessed using 

TGA (Figure 6.10) and no degradation was detected when the sample was annealed under the 

same conditions. Therefore, the optimised crystallisation heating programme for the olanzapine-

PVP K17PF dispersion was determined to be 60 minutes at 140 °C under vacuum.  

 

Figure 6.10 – TGA thermogram of olanzapine-PVP K17PF dispersion analysed under a purge of 
compressed air 
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The crystallisation of the olanzapine-PVP K17PF dispersion was then scaled up to 400 mg in a 

vacuum oven using the optimised heating programme. During the crystallisation step the particles 

coalesced to form a film. An orange colour was observed at the surface of the film, while the bulk 

remained a bright yellow colour, which can be observed in Figure 6.11 when the recrystallised 

film was ground to a fine powder. 

 

Figure 6.11 – Photographs of olanzapine-PVP K17PF dispersion following the crystallisation step of 60 
minutes at 140 °C under vacuum (left) which was then further processed by grinding to a fine powder with a 
pestle and mortar (right) 

The recrystallised dispersion was analysed by DSC (Figure 6.12) and PXRD (Figure 6.13). A 

single melting endotherm was measured by DSC with a Tm of 180.2 °C, indicating only olanzapine 

form IV had crystallised, confirmed by the characteristic form IV PXRD pattern. 

 

Figure 6.12 – DSC thermogram of the recrystallised olanzapine-PVP K17PF dispersion 
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Figure 6.13 – PXRD diffractogram of recrystallised olanzapine-PVP K17PF dispersion 

Crystallising the dispersion under vacuum was critical in obtaining olanzapine form IV with 

reasonable purity. The significant colour change and second endotherm at 165 °C observed in 

Figure 6.6 indicated that a second chemical species was present, although the identity of this 

compound was not determined. However, the DSC and PXRD data showed that olanzapine form 

IV was crystallised as a pure phase in the amorphous polymer when the dispersions were 

crystallised under vacuum (Figure 6.13). The next objective was to isolate the form IV crystals 

from the polymer without inducing a change in the physical form of the drug. 

6.3.4 Isolation of olanzapine form IV crystals from the PVP matrix 

Olanzapine and PVP are soluble in common solvents (e.g. DCM), although there are several 

solvents in which PVP is highly soluble and olanzapine is practically insoluble. The strategy for 

isolating the drug crystals from the polymer was to selectively dissolve the polymer in a solvent 

and separate the insoluble crystals from solution by centrifugation. Water was the chosen solvent 

in which PVP had high solubility and olanzapine had very low solubility of 43 mg/L (Thakuria and 

Nangia, 2011a). As described in Section 6.2.4, the recrystallised dispersion was suspended in 

distilled water using sonication and then stirred for 15 minutes to allow time for the polymer to 

dissolve. The suspension was centrifuged allowing the crystals to be collected. The crystals were 

re-suspended in distilled water to wash them further and were separated again by centrifugation.  

FTIR was used to analyse the dried crystals obtained following each wash/separation step to 

determine whether the polymer was being removed by this process. The FTIR spectra of pure 

olanzapine and PVP K17PF materials are presented in Figure 6.14. The prominent band due to 

the carbonyl stretch at 1652 cm-1 in the spectrum of PVP K17PF was used to identify the presence 
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of PVP in the sample, and therefore monitor whether each wash step was increasing the chemical 

purity of the isolated crystals.  

 

Figure 6.14 – FTIR spectra of olanzapine and PVP K17PF materials 

The recrystallised olanzapine-PVP K17PF dispersion was analysed by FTIR before washing with 

water and again after one, two and four wash steps (Figure 6.15). 

 

Figure 6.15 – FTIR spectra of the recrystallised olanzapine-PVP K17PF dispersion before and after wash 
steps intended to isolate the olanzapine crystals 
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The spectra were normalised in Spectrum software (Perkin Elmer, USA) so the size of the 

absorptions could be directly compared. Before washing, a large band at 1652 cm-1 characteristic 

of the polymer was present, but after just one wash step the size of this band reduced 

considerably indicating that much of the PVP had been removed. Following a second wash step 

the size of the characteristic band was further reduced, but additional wash steps did not appear 

to remove the remaining PVP. These data indicate that two wash/separation steps were sufficient 

to isolate the drug crystals from the polymer, although a small amount of polymer remained in the 

sample. One option for further purifying the crystals was to increase the length of the stirring step, 

but preliminary experiments suggested that prolonged stirring promoted the conversion of form 

IV to form I. This is logical because olanzapine does have limited solubility in water, therefore 

form IV could dissolve and recrystallise into the stable form. Using this approach, one must 

therefore balance the chemical and physical purity of the sample and optimise the process 

accordingly. 
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6.3.5 Characterisation of olanzapine-PVP dispersions and olanzapine form 

IV crystals  

Following the crystallisation and isolation steps, the crystals were dried and a fine powder was 

obtained on a 100 mg scale. These crystals were beige in colour which was different to the bright 

yellow colour of the starting material of olanzapine form I (Figure 6.16).  

 

Figure 6.16 – Photograph showing the colour difference between olanzapine form I and form IV crystals 

Colour differences due to polymorphism have been observed for a small number of organic 

molecules, with the most famous example being 5‐methyl‐2‐[(2‐nitrophenyl)amino]‐3‐

thiophenecarbonitrile which is commonly known as “ROY” due to three of its polymorphic forms 

being red (R), orange (O) and yellow (Y) in colour (Stephenson et al., 1995; Yu, 2002). The colour 

difference observed is due to the molecule adopting very different conformations in the solid state 

of the three polymorphs, and conformational polymorphism is generally quoted as being 

responsible for colour differences seen between different crystalline forms, with picryltoluidine 

being a second relevant example (Braun et al., 2008). Olanzapine forms I and IV differ in the 

packing of the molecules, not their conformation, because olanzapine is in conformation “A” in 

both of the structures as defined in the computed crystal energy landscape (Bhardwaj et al., 

2013). Therefore, the slight difference in colour observed between the two forms is unlikely to be 

due to an inherent difference in the colour of the crystals. Instead the difference observed may 

be a result of low levels of chemical degradation in the form IV sample introduced by the 

processing used to generate the new form.  

The olanzapine content in the starting amorphous dispersion, recrystallised dispersion and 

isolated form IV crystals were assessed using a UV assay at 225 nm to determine the chemical 

purity (Table 6.2).  

Table 6.2 – Olanzapine chemical purity of the olanzapine-PVP dispersion and isolated crystals determined 
by a UV assay 

Material Olanzapine content ± standard deviation (%) 

Amorphous olanzapine-PVP dispersion 71.6 ± 3.8 

Recrystallised olanzapine-PVP dispersion 72.4 ± 1.7 

Isolated olanzapine form IV 97.1 ± 1.1 
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The polymer was confirmed not to have any significant UV absorbance at this wavelength and 

the materials were fully dissolved in acetonitrile before the concentration of olanzapine was 

measured. Table 6.2 shows that the olanzapine content in the amorphous PVP dispersion was 

approximately 70% w/w which was in agreement with the theoretical composition due to the 

olanzapine:PVP ratio used in the spray drying. The crystallisation step did not affect the measured 

olanzapine content, indicating no significant degradation of olanzapine occurred on heating. The 

isolation step was found to be very successful since the olanzapine content following this 

increased to 97.1 ± 1.1% showing that the drug crystals were isolated from the polymer with a 

reasonable degree of chemical purity. 

The physical purity of the isolated olanzapine form IV crystals was assessed using DSC (Figure 

6.17).  

 

Figure 6.17 – DSC thermogram of isolated olanzapine form IV crystals  

An accurate Tm and heat of fusion could now be measured for olanzapine form IV due to the 

successful removal of the polymer (Table 6.3).  

Table 6.3 – Thermal properties of olanzapine forms I and IV determined by DSC  

Crystal form Tm onset (°C) Tm peak (°C) Heat of fusion (J/g) 

Form IV 187.5 ± 0.0 189.1 ± 0.1  117.5 ± 1.0 

Form I 193.8 ± 0.1 195.3 ± 0.2 129.5 ± 0.2 

 

The thermogram in Figure 6.17 shows two melting endotherms: a large endotherm for the melting 

of form IV at 189.2 °C and a small endotherm for the melting of a minor form I impurity at 194.1 °C. 

From the thermal data, the physical purity of olanzapine form IV could be calculated. This was 

possible because the heat of fusion of pure form I was measured (Table 6.3), and therefore the 

mass of the form I impurity in the form IV sample could be calculated from the measured enthalpy 
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of the form I melting endotherm in Universal Analysis software (TA Instruments, USA). The mass 

of form IV could then be calculated since the mass of form I and the total chemical purity of the 

sample were known, allowing a physical purity of 98.8% to be calculated. Once the physical and 

chemical purity were known, the heat of fusion of olanzapine form IV could be calculated from the 

measured enthalpy of the form IV melting endotherm (Table 6.3). The DSC data confirmed that 

form I remains the thermodynamically stable form because it has both a higher Tm and heat of 

fusion than form IV, meaning that a higher energy input is required to overcome the lattice energy. 

These data also indicate that the two forms are monotropically related based on the heat of fusion 

rule (Burger and Ramberger, 1979a, 1979b). 

The isolated olanzapine form IV crystals were then analysed by PXRD and the diffractogram is 

presented in Figure 6.18.  

 

Figure 6.18 – PXRD diffractogram of isolated form IV crystals 

The amorphous halos in Figure 6.13 were no longer present due to removal of the polymer and 

no impurity peaks for form I were observed, providing further evidence that the form IV crystals 

had high physical purity. The most prominent form I reflection when measured with CuΚα1 

radiation is at the 2θ angle of 8.6° (Bhardwaj et al., 2013) which does not overlap with any form 

IV reflections (the closest is the small reflection at 9.3°), and this was not observed in the 

diffractogram in Figure 6.18. 

The morphology of the material throughout the process was assessed using standard and 

polarised light microscopy (Figure 6.19). Following spray drying, the drug-polymer dispersion was 

present as spherical microparticles which were fully amorphous, as determined by polarised light. 

The crystallisation and subsequent grinding step changed the appearance of the dispersion. The 

shape of the microparticles was more irregular and the dispersion clearly had a high level of 

5 10 15 20 25 30 35 40

R
e

la
ti
v
e

 I
n

te
n

s
it
y
 (

c
o

u
n

ts
)

2(degrees)

 Form IV model

 Isolated crystals



Chapter 6 
 

239 
 

crystallinity. Following the isolation step the particle size was reduced and individual crystals with 

diameters <10 µm were clearly resolved.  

(a) 

  

(b) 

  

(c) 

  

Figure 6.19 – Photomicrographs of the amorphous olanzapine-PVP K17PF dispersion (a), recrystallised 
dispersion (b) and isolated form IV crystals (c) taken using light (left) and polarised light (right) microscopy 
at 25x magnification 

The appearance of the olanzapine form IV crystals was further investigated using SEM (Figure 

6.20). Perfect crystals were not obtained due to the processing steps that the material was subject 

to. The most intact crystals observed were thin and flattened, suggesting a plate-like crystal habit. 
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(a) 

 

(b) 

 

Figure 6.20 – SEM photomicrographs of isolated olanzapine form IV crystals at 10,000x (a) and 50,000x 
(b) magnification 

Since olanzapine was subject to several conditions (e.g. heat and sonication) that could have 

induced changes in the chemistry of the molecule either through degradation or chemical 

reactions, the starting material of form I and the final isolated olanzapine form IV crystals were 

analysed using high resolution mass spectrometry (MS) to confirm any changes to the molecule’s 

chemistry. The mass spectra are displayed in Figure 6.21.  

 

     

Figure 6.21 – High resolution mass spectra of olanzapine form I (a) and isolated olanzapine form IV (b). 
Theoretical mass [M+H]+ ion = 313.1487 m/z. 

The measured mass of the [M+H]+ ion of both materials of 313.1497 and 313.1489 m/z were 

within an acceptable experimental error of the theoretical mass of olanzapine of 313.1487 m/z, 

(a) (b) 
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confirming the process did not change the chemistry of the drug molecule and providing 

conclusive proof that form IV is a true polymorph of olanzapine. 

6.3.6 In vitro dissolution testing of olanzapine form IV 

The main pharmaceutical advantage of metastable polymorphs is a potential improved dissolution 

rate due to a higher apparent solubility of the higher energy metastable form. Olanzapine is a 

BCS class II drug, meaning it has high permeability across the walls of the gastrointestinal tract, 

but low aqueous solubility which can limit the absorbable dose (Jawahar et al., 2018). Therefore, 

if the dissolution rate of olanzapine form IV is significantly faster than that of form I then this could 

be useful from a drug delivery perspective.  

The dissolution of a therapeutic dose of olanzapine forms I and IV (10 mg) were compared using 

standard USP 2 apparatus in 900 mL of PBS (pH 6.8), which is a buffer often used to mimic the 

pH of the small intestine. This provided sink conditions since the saturated solubility of olanzapine 

in the buffer was measured as 89 mg/L, hence there was greater than five-fold the volume of 

solvent required to fully dissolve the dose of olanzapine. Firstly, the particle size of the two 

different forms were made equivalent by sieving both polymorphs to a size fraction <63 µm, and 

form I was then processed by grinding with a pestle and mortar to further reduce the particle size. 

The crystals of each polymorphic form were assessed under a light microscope (Figure 6.22) and 

the photomicrographs showed that the particle size of form I was smaller than that of form IV. 

(a) 

 

(b) 

 

Figure 6.22 – Photomicrographs of the crystallite size of olanzapine form I (a) and form IV (b) used in the 
dissolution study 
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The dissolution data of forms I and IV are displayed in Figure 6.23. The dissolution rate of the 

metastable form IV was significantly faster than the thermodynamically stable form I. Form IV 

dissolution was complete within 15 minutes, compared to 90 minutes for form I. The markedly 

improved dissolution performance can be attributed to the higher energy crystal structure of form 

IV since the particle size of the crystallites of form IV were shown to be larger than that of form I, 

excluding favourable surface area effects. The majority of the polymer was also removed from 

the form IV crystals, therefore it is unlikely that the small amount remaining (approximately 3%) 

could provide such a strong enhancement of dissolution rate via mechanisms such as wetting, 

although this possibility could not be completely eliminated. Comparison of the intrinsic dissolution 

rate of each crystal form using the disc method would have also been useful to standardise the 

surface area, however this could not be performed because the required apparatus was not 

available.  

 

Figure 6.23 – Comparison of the in vitro dissolution performance of 10 mg of olanzapine forms I and IV in 
900 mL of PBS (pH 6.8) using USP 2 apparatus 

6.3.7 Discussion 

The research presented in this chapter has two main implications: (1) a new metastable 

olanzapine polymorph has been characterised which has improved dissolution performance 

compared to the thermodynamically stable form; and (2) the process developed provides the 

proof-of-concept that it is possible to deliberately recrystallise amorphous drug-polymer 

dispersions to generate metastable polymorphs and then isolate the crystals from the polymer 

matrix with reasonable chemical and physical purity. The discussion will first focus on the 

development of the process for generating and isolating olanzapine form IV, and will then examine 

the implications of the research in the context of the literature on crystallisation in amorphous 

drug-polymer dispersions.  
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The new crystallisation process required optimisation of the polymer dispersion, time, 

temperature and gaseous atmosphere. The result was the crystallisation of olanzapine form IV 

as a pure phase within a polymer matrix. The QiMTDSC protocol developed in Chapter 4 was a 

useful tool for optimising the heating programme required to fully recrystallise the drug-polymer 

dispersion. Two dispersions were produced in this chapter with different grades of PVP. The 

dispersion prepared with the lower molecular weight grade (PVP K17PF) was found to fully 

crystallise in a shorter timeframe of 60 minutes (Figure 6.9), compared to the higher molecular 

weight grade (PVP K90F) which took more than 180 minutes (Figure 6.2). The product of both 

crystallisation experiments was olanzapine form IV. These results show that rational selection of 

the polymer grade can reduce the time and/or temperature required for crystallisation without 

affecting the crystal form obtained, which may be useful for the crystallisation of thermolabile 

molecules using this approach. The olanzapine-PVP dispersions were studied using TGA and 

were not found to be thermolabile since no significant weight loss was detected during the 

prolonged isothermal crystallisation period. Despite this, a significant colour change from bright 

yellow to dark red was observed in the dispersion following heating in an oven. Further TGA 

experiments performed using a compressed air purge gas identified that the colour change only 

occurred in the presence of oxygen, therefore the crystallisation step was subsequently 

performed under vacuum. Following this modification the quality of the recrystallised dispersion 

clearly improved, where only a slight colour change occurred on the surface of the sample while 

the bulk remained a bright yellow colour. DSC characterisation of the dispersion recrystallised 

under vacuum showed that the thermogram was much cleaner and showed only one melting 

endotherm was measured for form IV (Figure 6.12). The conclusions drawn from these 

experiments were that the dispersion was oxidising when heated at elevated temperatures, 

leading to the colour change observed. Therefore, based on the data for this system, it is 

recommended to perform the crystallisation of drug-polymer dispersions under vacuum to prevent 

similar issues occurring. 

Olanzapine form IV was successfully isolated from the PVP matrix, since the polymer used in this 

dispersion system was highly soluble in a diverse range of solvents. The grades of PVP used 

were highly soluble in both DCM and water which meant that olanzapine and PVP could be co-

dissolved in DCM for the spray drying step, yet PVP could be selectively dissolved in water during 

the isolation step. When using this dissolution approach for isolation of the API crystals it is 

important to formulate the drug with a polymer, such as PVP, that is soluble in a wide range of 

solvents. However, the main consideration when selecting the polymer for the dispersion is the 

physical form of the drug that is promoted on crystallisation. 

The chemical purity of olanzapine form IV obtained following the isolation step was 97.1 ± 1.1%, 

and FTIR data indicated that further wash steps did not increase this (Figure 6.15). The chemical 

purity obtained was suitable for developmental work. Longer stirring times of the crystals in 

distilled water potentially could have increased the chemical purity, although preliminary 

experiments indicated that this was at the cost of physical purity because prolonged time 

suspended in water appeared to increase the content of the form I impurity. This principle is used 

in polymorph screening in a technique called solution-mediated polymorphic transformation, 
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whereby the solubility difference between the two forms promotes the conversion of the 

metastable crystal to the stable crystal (Gu et al., 2001). Therefore, the time the crystals were in 

contact with water was minimised which allowed a physical purity of 98.8% to be achieved. 

The olanzapine form IV crystals obtained had a small particle size of <10 µm determined by light 

microscopy and SEM (Figure 6.19c and Figure 6.20). As discussed in Chapter 4, the small 

crystallite size is likely to be the result of the very high level of supersaturation in the polymer 

matrix which promotes nucleation over crystal growth (Sarig et al., 1978). In addition, the 

recrystallised dispersion was ground with a pestle and mortar to increase the surface area for 

dissolution of the PVP during the isolation process, which may have further reduced the crystallite 

size. Molecular level mechanisms for the crystallisation of small molecules in polymer dispersions 

have not been widely discussed, although Zhang et al. recently proposed three potential locations 

of the polymer when drug crystallisation occurs from the molecularly dispersed state in a polymer 

matrix (Zhang et al., 2017). The mechanism for drug crystallisation in the olanzapine-PVP system 

is possibly a “push out” mechanism whereby the crystallising drug molecules push the polymer 

molecules out to the surface of the growing crystal. If the diffusion of the polymer away from the 

crystal surface is slow relative to the rate of crystal growth then the polymer can accumulate on 

the crystal surface and slow the crystallisation kinetics (Konno and Taylor, 2006). This may 

constrain crystal growth, therefore limiting the crystal size. The crystal morphology of form IV 

produced using this process was not very consistent, which can be attributed to the sonication, 

partial dissolution and grinding during the isolation process. 

Olanzapine form IV was found to be metastable relative to form I since it has a lower Tm and heat 

of fusion, meaning that less energy input is required to overcome the crystal lattice energy. The 

in vitro dissolution performance of the two forms were assessed to determine whether form IV 

had improved dissolution performance due to its higher lattice energy, which would be of interest 

because olanzapine is a BCS class II drug (Jawahar et al., 2018). The dissolution of an 

unformulated 10 mg dose of the two polymorphic forms was compared in PBS (pH 6.8) using 

USP 2 apparatus. This dissolution media was selected because olanzapine is a weak base, 

therefore it is protonated in strongly acidic environments which increases its solubility but reduces 

its permeability. As a result, olanzapine will likely be absorbed in the small intestine where the 

environment is more neutral (pH 6.0 to 7.4) (Fallingborg, 1999), meaning the dissolution 

performance at this pH was of greater interest. Form IV was shown to have a significantly faster 

dissolution rate than form I, with the dissolution of form IV being complete within 15 minutes, 

compared to 90 minutes for the stable form. The improved dissolution performance could be 

advantageous when formulating faster action tablets, orodispersible formulations or IM injections 

which may be of benefit for olanzapine considering it is indicated for the control of severe manic 

episodes for which fast-acting formulations would be clinically useful (Eli Lilly and Company 

Limited, 2016). 

Long-term physical stability is the main potential issue with using olanzapine form IV in a 

pharmaceutical formulation. Conversion to the thermodynamically stable form is always a risk: 

forms II and III were found to be stable at room temperature for >10 months but rapidly converted 
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to form I within 2 days at temperatures above 40 °C (Bhardwaj et al., 2013). Form IV may be more 

stable because it is a lower energy structure than forms II and III and uses a very different packing 

motif to the other three forms, therefore conversion to form I should be more difficult since a 

greater rearrangement of molecules would be required in the solid state. During the crystallisation 

and isolation processes, the olanzapine form IV crystals were exposed to high temperatures (100-

140 °C) for prolonged periods and did not show significant conversion to form I. This is a promising 

indicator of its physical stability. Formal stability studies were not performed due to time limitations 

of the project, although DSC and PXRD analysis did not identify any conversion to form I when 

form IV was stored at room temperature for one month. 

Although the discovery and isolation of olanzapine form IV is notable, the greatest implication of 

this research is that the developed process could potentially be used to generate new polymorphs 

and/or isolate known metastable forms of other drug molecules. The majority of the research 

regarding crystallisation in amorphous drug-polymer dispersions has either investigated the 

molecular level mechanisms that inhibit crystallisation in these systems (Bhattacharya and 

Suryanarayanan, 2009; Kothari et al., 2014, 2015; Mistry and Suryanarayanan, 2016), or studied 

the kinetics of the phase change from the amorphous to crystalline state (Aso et al., 2004; Ishida 

et al., 2007; Cai et al., 2011; Zhang et al., 2017). The research described in this work, however, 

has shown for the first time that there can be significant value in deliberately recrystallising the 

drug in amorphous polymer dispersions to promote the generation of new polymorphic forms. As 

discussed in Chapter 5, Telford et al. also showed that crystallisation of paracetamol from the 

melt in the presence of β-1,4-saccharides selectively promoted the crystallisation of the highly 

metastable form III and stabilised this structure, possibly through favourable intermolecular 

interactions between the crystal surface and the polysaccharides (Telford et al., 2016). The 

research presented in this chapter builds on this early work and has demonstrated that 

crystallisation using this approach can produce a reasonably pure product of metastable crystals 

for further investigation. The scale selected in this study was able to produce 100 mg of 

olanzapine form IV crystals. However, this could be increased further to at least tens of grams 

using standard laboratory equipment.  
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6.4 Conclusions  

A process has been developed for the selective crystallisation of olanzapine form IV from the 

molecularly dispersed state in a PVP dispersion. The crystals were successfully extracted from 

the polymer matrix with a high level of chemical and physical purity which allowed their physical 

properties to be further investigated. Small crystals were produced with irregular morphologies 

and diameters <10 µm, and the thermal characterisation performed confirmed that form IV is 

metastable relative to form I. The dissolution performance of form IV was characterised and it 

was found to have a significantly accelerated dissolution rate compared to form I, conferring an 

important pharmaceutical advantage for this BCS class II drug. 

The development of a crystallisation and extraction process for olanzapine form IV serves as an 

important proof-of-concept that metastable polymorphs can be selectively crystallised in drug-

polymer dispersions and successfully isolated from the polymer with suitable purity for further 

investigation. The principle and methodology developed in this work can now be used to study 

other drug-polymer systems, with the aim of screening for and isolating new polymorphic forms. 

Olanzapine form IV is a persuasive example that this approach may be a useful means of 

generating new crystal structures that are difficult to produce using conventional crystallisation 

experiments because the molecule had previously undergone extensive polymorph screening, 

yet form IV was not generated which indicates that crystallising the drug from the molecularly 

dispersed state was vital to selectively promote the crystallisation of this metastable form. 
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7 Conclusions and Future W ork 

7.1 Conclusions 

Drug-polymer dispersions are a formulation strategy used in a number of commercial products 

due to the increased bioavailability and prolonged controlled release this technology can achieve. 

However, understanding the solid state and physical stability of these systems remains a barrier 

to their development since the drug is often present in the unstable amorphous form. The solid 

state of a formulation is often closely linked to dissolution performance, therefore understanding 

the physical stability of amorphous drug-polymer phases and characterising API crystallisation in 

these systems are important areas of investigation. 

The overarching aim of this thesis was to develop novel understanding of drug crystallisation 

behaviour in polymer dispersions via the use of new characterisation approaches. This was of 

significance for two reasons. Firstly, these systems are often recrystallised to achieve the drug-

polymer solubility equilibrium, thereby allowing this parameter to be measured. Work performed 

herein identified issues with current protocols, particularly when attempting to identify the heating 

programme required to achieve the solubility equilibrium in these systems. Secondly, there is a 

paucity in the literature regarding the effect that crystallising polymorphic APIs in these 

dispersions may have on the physical form of the drug obtained. It became apparent throughout 

the research performed that characterising phase transitions of drug dispersed in a polymer matrix 

is difficult using standard techniques, therefore an alternative approach was investigated.  

Olanzapine, a polymorphic molecule, was the model drug used and dispersion systems were 

produced with a number of amorphous polymers. The initial experimental work in Chapter 3 

focused on the processing of drug-polymer dispersions using spray drying and TIPS to produce 

olanzapine-PLGA microparticle formulations with contrasting particle structures. After 

optimisation of the processes, the structure of the microparticles produced were characterised 

using a number of imaging techniques including SEM, FIB microscopy and Micro-CT. The 

particles produced by the TIPS process were highly porous, whereas spray drying produced 

smaller solid particles. The TIPS particles were found to have greater surface area due to their 

extensive porosity, resulting in a 4-fold increase in burst release from the formulation which was 

attributed to a greater proportion of olanzapine being surface-associated. This study provides the 

first comparison between the two microfabrication processes and demonstrates that particle 

structure can have a major effect on the controlled release performance due differences in burst 

release. Based on the results of this study, spray drying was selected for the production of drug-

polymer dispersions in this project due to the simplicity and versatility of the optimised process.  

Chapter 4 focused on methods for assessing miscibility and drug-polymer solubility using the 

olanzapine-PLGA system. The components were predicted to be miscible which was confirmed 

through solid state characterisation of a 50% w/w dispersion. The drug-polymer solubility level of 

this system was investigated using a de-mixing approach whereby supersaturated glasses were 

recrystallised by the application of a heating signal. The drug content remaining in the polymer 

matrix was determined using the Tg and RevCp of the recrystallised dispersion. RevCp was 

measured using a QiMTDSC protocol developed for this application in this work, which also 

allowed the crystallisation kinetics of the drug to be monitored. The QiMTDSC protocol was 
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particularly useful for investigating the kinetic barrier of crystallisation and identifying the lowest 

temperature at which the solubility equilibrium could be achieved. In addition, a series of 

olanzapine-PLGA dispersions were produced with increasing drug loads and were analysed by 

DSC and HSM to determine the loading at which drug crystallisation was first observed, indicating 

supersaturation. The methods were broadly in agreement, calculating the solubility level to be 15-

20% w/w at the elevated temperature of 90 °C in the liquid polymer phase. The Flory-Huggins 

model was used to extrapolate the solubility to ambient temperature which calculated it as 2% w/w 

under these conditions. The physical stability of a supersaturated 30% w/w olanzapine-PLGA 

formulation was assessed and found to remain fully amorphous over an 8 month period, indicating 

that the glass had reasonable kinetic stability. The conclusion of this study was that although 

drug-polymer solubility measurements can be useful to inform drug loading in a polymer 

dispersion, it may be necessary to proceed with a kinetically stable supersaturated system to 

achieve the required dose.  

DSC analysis of the recrystallised olanzapine-PLGA dispersions was unable to determine the 

olanzapine polymorph present due to the melting point depression effect of the miscible polymer. 

A new simultaneous DSC-PXRD analytical platform was therefore employed in Chapter 5 to study 

the phase transitions in four olanzapine-polymer (PLGA, PLA, PVP and HPMCAS) dispersions to 

investigate whether different polymers influence the polymorphic form obtained. The technique 

was successful in fully characterising the complex phase transitions occurring in each dispersion. 

In addition, a new anhydrous polymorph of olanzapine, form IV, was identified due to the 

observation of an unknown PXRD pattern. The structure of form IV was solved using CSP and a 

computed crystal energy landscape produced by another research group. Interestingly, the 

structural motif used in form IV was different to all other known anhydrous and solvated 

olanzapine forms which share the same SC0 dimer as the basic building block. Instead, the 

olanzapine molecules in form IV interact through hydrogen bonding interactions in a ladder-like 

arrangement. Olanzapine has previously undergone extensive polymorph screening using 

diverse crystallisation conditions, with over 60 structures submitted to the CSD. The identification 

of a new structurally diverse anhydrous polymorph suggests that drug crystallisation from the 

molecularly dispersed state in polymer matrices could be an alternative approach for polymorph 

generation. Although the specific mechanism for the crystallisation of olanzapine form IV was not 

elucidated, a proposed hypothesis was that the dimerization of olanzapine molecules which may 

occur in the pure amorphous state was disrupted by the presence of the polymer molecules, 

allowing this alternative low energy structure to be accessed. Form IV was the predominant 

polymorph to crystallise in each of the polymer dispersions. However, the chemistry of the 

polymer also affected the number of crystal forms obtained. The phase transitions were identical 

in the chemically similar PLGA and PLA systems, whereas different phase transitions were 

characterised in the PVP and HPMCAS dispersions. These results indicate that the polymer can 

be selected to manipulate the purity and form(s) obtained from the crystallisation experiment, in 

a similar way the solvent system may be changed in solution crystallisations. 

The final experimental chapter describes the development of a process for the crystallisation of 

olanzapine form IV in a PVP dispersion and subsequent isolation of the crystals from the polymer, 
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thus allowing characterisation of the crystal properties. Achieving this was important for two 

reasons. Firstly, olanzapine is a former blockbuster drug, therefore understanding the properties 

of form IV is of scientific interest. Secondly, separation of the crystals from the polymer with high 

level of chemical and physical purity is essential for this crystallisation approach to be of practical 

use in polymorph screening. Based on the results of the simultaneous DSC-PXRD analysis, the 

olanzapine-PVP dispersion was selected for further investigation since form IV was the only 

polymorph to crystallise in this system. The QiMTDSC protocol developed in Chapter 4 was used 

to optimise the heating programme required to fully recrystallise the dispersion. Form IV was 

successfully isolated by selective dissolution of the PVP matrix, followed by centrifugation to 

collect the insoluble olanzapine crystals. A high level of chemical (97%) and physical (99%) purity 

was achieved using the developed process. Thermal analysis of the pure crystals confirmed that 

form IV was metastable relative to form I, with the two being monotropically related. The 

dissolution performance of form IV was assessed and the metastable crystals were found to have 

an accelerated dissolution rate compared to form I in a physiologically relevant media, conferring 

an important pharmaceutical advantage for this poorly water soluble drug.  

In conclusion, two new analytical methods have been applied to study the crystallisation of 

olanzapine in polymer dispersions, thereby providing important insights into the crystallisation 

behaviour of the drug in these systems. The QiMTDSC protocol developed provided a new 

approach for estimating drug-polymer solubility. Importantly, the protocol also allowed the 

progress and rate of drug crystallisation in these systems to be assessed, which was critical for 

determining the heating programme required to achieve the solubility equilibrium. Thus, a new 

approach has been developed for studying the rate of crystallisation in these systems, providing 

an understanding of their kinetic stability. In addition, a simultaneous DSC-PXRD analytical 

platform was used to characterise olanzapine’s phase transitions in the polymer dispersions, 

identifying the polymorphic forms that crystallised. This new technique provided detailed insights 

into the crystallisation behaviour of the drug, allowing quantification of multiple forms and 

identification of a new polymorph. The understanding provided by this analysis led to the 

conclusion that drug crystallisation from the molecularly dispersed state in polymer matrices can 

generate new polymorphic forms that are difficult to obtain from standard crystallisation 

experiments. Therefore, the work performed has identified that crystallisation of polymorphic 

drugs in polymer dispersions to manipulate the physical form obtained is an area that warrants 

further investigation.  
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7.2 Suggested Future Work 

The most significant finding of this thesis was that a new structurally diverse olanzapine 

polymorph crystallised in the four drug-polymer dispersions investigated. The suggested future 

work focuses on investigating the molecular level mechanisms that promote the crystallisation of 

this structure and applying this crystallisation approach to other APIs. 

7.2.1 Investigating the mechanisms responsible for the crystallisation of 

olanzapine form IV 

The proposed mechanism for the crystallisation of olanzapine form IV in the polymer dispersions 

investigated was the disruption of olanzapine dimers in the amorphous phase due to the physical 

and chemical properties of the polymers. The four polymers used can theoretically form 

intermolecular hydrogen bonding interactions with the olanzapine molecules. The high viscosity 

of the systems could also kinetically hinder olanzapine dimerization. This hypothesis is supported 

by related examples in the literature but has not been tested experimentally in this work. Two 

future studies to investigate the proposed hypothesis are provided below.   

Investigating intermolecular interactions between olanzapine and polymers in the 

dispersion systems 

In Chapter 3, significant shifts in the FTIR bands of olanzapine in a 10% w/w olanzapine-PLGA 

dispersion indicated that intermolecular interactions were occurring between these two 

components. Additionally, in Chapter 4 the Tg of molecularly dispersed olanzapine-PLGA phases 

were found to deviate from the theoretical intermediate Tg calculated using the Gordon-Taylor 

equation, suggesting non-ideal mixing behaviour. However, the specific nature of these 

interactions was not determined, although intermolecular hydrogen bonding is possible between 

the components since PLGA contains multiple hydrogen bond acceptor groups and olanzapine 

contains a hydrogen bond donor group.  

A study could explore interactions between the drug and polymer using molecular modelling 

simulations and further FTIR experiments to confirm whether hydrogen bonding is occurring in 

the four dispersion systems. The drug load was low (10% w/w) in the FTIR study in Chapter 3 

and increasing this would allow greater insight into the interactions occurring since more 

olanzapine bands will be measured. This study would investigate the hypothesis that 

intermolecular interactions between olanzapine and the polymers are responsible for the 

crystallisation of form IV.  

Further simultaneous DSC-PXRD studies 

Olanzapine-polymer dispersions could be prepared with a more diverse range of polymers, and 

the crystallisation in these systems could be studied using the simultaneous DSC-PXRD platform. 

Specifically, it would be of interest to investigate whether the polymorphic forms obtained change 

with viscosity of the phase. For example, olanzapine-polymer dispersions could be produced with 

a series of HPMCAS grades of increasing viscosity to investigate whether this affects the ratio of 

forms I and IV that crystallise, similar to the paracetamol polymorph study (Gaisford et al., 2010). 
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The hypothesis that the high viscosity of the phase contributes to the crystallisation of form IV 

could therefore be tested. In addition, it would be of interest to characterise olanzapine 

crystallisation in dispersions of other amorphous polymers to determine whether form IV 

crystallises in these systems. 

7.2.2 Investigating the crystallisation of other polymorphic drugs in 

polymer dispersions 

Olanzapine form IV is a persuasive example that drug crystallisation in polymer dispersions can 

access polymorphic forms which are difficult to obtain using conventional crystallisation 

experiments. This is because the solid state of olanzapine had previously been extensively 

studied, yet form IV was not obtained. However, olanzapine form IV was the predominant 

polymorph following crystallisation in four different polymer dispersions.  

A study could be performed to investigate whether this crystallisation approach can be used to 

generate new polymorphs of other drugs. The selection criteria should include known polymorphic 

molecules which have previously undergone extensive screening using conventional methods. If 

possible, molecules should have computed crystal energy landscapes which predict other low 

energy structures are available, yet have not been obtained experimentally. These selection 

criteria are likely to reduce the number of drug candidates significantly. A collaboration could be 

formed with computational chemists familiar with CSP techniques to generate computed crystal 

energy landscapes of promising model drugs. Drug-polymer dispersions can be produced with a 

number of chemically diverse polymers (e.g. PLGA, PVP and HPMCAS) using spray drying. The 

drug crystallisation in these systems can first be screened using DSC to identify if multiple 

polymorphs are present. If the identity of polymorphs cannot be determined using DSC alone due 

to melting point depression effects, simultaneous DSC-PXRD can be used to fully characterise 

the crystallisation behaviour. 
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