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Abstract 

The two parameters used to characterize the effect of a drug in the body are potency and 
selectivity. Despite their importance, the biopharmaceutics classification system (BCS) and the 
developability classification system (DCS) are constructed based on permeability and solubility. 
Furthermore, solubility is not only a molecular property as it is highly affected by the solid-state 
of a compound. Thus, obtaining a complete understanding of the solid-state impact on the 
solubility of a drug candidate early in the drug development process is crucial for well-informed 
decision-making. The overall aim of this thesis was to detect, investigate and quantify the 
impact of different solid-state forms on the solubility of pharmaceutical compounds using the 
image-based single-particle analysis (SPA) method. 
 First, the apparent solubility of polymorphs in different solvents was measured. It was 
demonstrated that the solubility ratio between the two polymorphs is determined by the 
difference in Gibbs free energy between the polymorphs and it is not affected by changes in 
pH, ionic-strength and surfactant concentration in dissolution media. 
 Next, the amorphous solubility of a particulate quench-cooled amorphous sample was 
measured directly. The results correlated well with the two orthogonal methods – standardized 
supersaturation and precipitation method, and theoretical estimation based on thermal 
analysis. Moreover, the direct approach of measuring amorphous solubility has proven 
superior when dealing with highly hygroscopic and fast crystallizing samples. Furthermore, the 
newly established direct approach of measuring amorphous solubility was then, concurrently 
with X-ray powder diffraction, used to track two amorphous samples stored at different 
conditions over an extended period of time. Differences in the crystallization process and its 
impact on solubility were observed. 
 Machine-vision-detected solid-state changes were demonstrated to provide additional 
information for the interpretation of the measured pH-solubility profiles of pharmaceutical salts. 
Based on pH-solubility profiles, values such as pKa, pHmax and Ksp were easily obtained. 
Moreover, the potential effect of the microenvironmental pH shift was evaluated in the context 
of solubility measurements. 
 Finally, the solubility of extremely poorly soluble drug – itraconazole – and its co-crystals 
was measured across a wide pH range and also in biorelevant buffers. A considerable 
improvement in solubility was detected upon co-crystal formation. Moreover, the solubility of 
itraconazole in biorelevant buffers was in good agreement with the results in literature obtained 
previously by the conventional shake-flask method. 
 In summary, all of the above was achieved with less than 100 μg of a sample per 
measurement. Moreover, non-specificity and the demonstrated broad applicability make the 
SPA method highly suitable for use in the early stages of the drug discovery and development. 
The possibility of acquiring a broad level of physicochemical characterization using a single 
analytical method could significantly accelerate and improve data acquisition leading to 
enhanced understating of solid-state impact on solubility. Furthermore, with the data quality 
comparable to the current ‘gold standard’ technique the SPA method could thread the path 
towards more accurate in silico solubility predictions. Thus, eventually leading to more 
informed decision-making processes and, finally, optimized and more affordable drug products.
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   Ko hodiš, pojdi zmeraj do konca. 
   Spomladi do rožne cvetice, 
   poleti do zrele pšenice, 
   jeseni do polne police, 
   pozimi do snežne kraljice, 
   v knjigi do zadnje vrstice, 
   v življenju do prave resnice, 
   a v sebi - do rdečice čez eno in drugo lice. 
   A če ne prideš ne prvič ne drugič do krova in pravega kova, 
   poskusi vnovič in zopet in znova. 
 

       -Tone Pavček 
 
 
 
 
 
 
 

   When you walk, follow your path to the end. 
   In spring, to the flower so sweet, 
   in summer, to the ripened wheat, 
   in autumn, to the pantries that glow, 
   in winter, to the lady of snow,      
   in a book, to the last line, 
   in life, to the very truth, 
   and in yourself – to a colour shed, over your cheeks blushing red. 
   If you've failed the first time, the second, then, 
   in attaining sorts and summits you pursue, 
   try again, once more and anew. 
 

       -Tone Pavček (free translation)



Table of contents  

 

v 
 

Table of contents

Abstract  .............................................................................................................................. i 
Acknowledgements .............................................................................................................. ii 
Table of contents .................................................................................................................. v 

List of original publications ................................................................................................ vi 
Abbreviations and symbols ............................................................................................... vii 
1 Introduction ........................................................................................................................ 1 

2 Review of the literature ...................................................................................................... 2 

2.1 Solid-state forms of drugs.............................................................................................. 2 
 Polymorphs ................................................................................................. 3 
 Amorphous solids ....................................................................................... 5 
 Solvates and hydrates ................................................................................. 7 
 Co-crystals .................................................................................................. 8 
 Salts ............................................................................................................ 9 

2.2 Solid-state characterization techniques ....................................................................... 12 

2.3 Selected physicochemical parameters ........................................................................ 15 
 Degree of dissociation ............................................................................... 15 
 Solubility ................................................................................................... 16 
 Dissolution rate ......................................................................................... 17 

2.4 Methods for solubility determination ............................................................................ 18 
 In vitro methods ........................................................................................ 19 
 In silico methods ....................................................................................... 20 
 Single-particle analysis ............................................................................. 21 

3 Aims of the study ............................................................................................................. 23 

4 Experimental .................................................................................................................... 24 

4.1 Materials ..................................................................................................................... 24 
 Drug compounds ....................................................................................... 24 
 Sample preparation ................................................................................... 24 
 Solvents .................................................................................................... 25 

4.2 Methods ...................................................................................................................... 26 
 Solid-state characterization techniques ..................................................... 26 
 Solubility assessing techniques ................................................................. 27 
 Single-particle analysis (SPA) ................................................................... 28 

5 Results and discussion ................................................................................................... 30 

5.1 Solubility of polymorphs (I) .......................................................................................... 30 

5.2 Direct measurement of amorphous solubility (II) .......................................................... 34 
 Solubility of an amorphous drug over time (IV) .......................................... 37 

5.3 Salt dissolution and disproportionation (III) .................................................................. 39 

5.4 Poorly soluble drug and its co-crystals (V) ................................................................... 45 

6 Conclusions ..................................................................................................................... 48 

References .......................................................................................................................... 49 
 



List of original publications  

 

vi 
 

List of original publications 

This thesis is based on the following publications, which are referred to in the text by their 
respective roman numerals (I-V). 

 
I Štukelj J., Svanbäck S., Kristl J., Strachan C. J., Yliruusi J., Image-based 

Investigation: Biorelevant Solubility of α and γ Indomethacin, Analytical Chemistry, 

2019, 91, 3997−4003.  
 
II Štukelj J., Svanbäck S., Agopov M., Löbmann K., Strachan C. J., Rades. T., 

Yliruusi J., Direct Measurement of Amorphous Solubility, Analytical Chemistry, 2019, 

91, 7411−7417.  

 
III Štukelj J., Agopov M., Yliruusi J., Strachan C. J., Svanbäck S., Machine-Vision-

Enabled Salt Dissolution Analysis, Analytical Chemistry, 2020, 92, 9730−9738.  

 
IV Štukelj J., Agopov M., Yliruusi J., Strachan C. J., Svanbäck S., Image-based 

dissolution analysis for tracking the surface stability of amorphous powders, ADMET 

& DMPK, 2020, 8, 401-409. 

 

V Štukelj J., Shevchenko A., Agopov M., Strachan C. J., Svanbäck S., Image-based 

platform for co-crystal solubility screening, Submitted, 2021. 

 
 
Reprinted with kind permission from Analytical Chemical Society (ACS) (I-III) and ADMET & 

DMPK (IV). Any further permissions related to the excerpted material should be directed 

directly to ACS or ADMET & DMPK.



Abbreviations and symbols  

 

vii 
 

Abbreviations and symbols 

2D Two-dimensional 
3D Three-dimensional 
A Surface area 
A- Deprotonated acid 
ACN Acetonitrile 
B Free base 
BCS Biopharmaceutics classification system 
BH+ Protonated base 
ADMET Absorption, distribution, metabolism, excretion and toxicity 
API Active pharmaceutical ingredient 
ATR Attenuated total reflectance 
Cb Concentration in the bulk 
Ceq Drug concentration at equilibrium 
CMC Critical micellar concentration 
Cp Heat capacity 
Cp,L Heat capacity upon melting 
Cs Concentration at the surface 
Csup Drug concentration at supersaturation 
d Distance 
D Diffusion coefficient 
DCS Developability classification system 
DMSO Dimethyl sulfoxide 
DSC Differential scanning calorimetry 
DS Degree of supersaturation 
DVS Dynamic vapor sorption 
EtOH Ethanol 
FDA Food and Drug Administration 
FT-IR Fourier-transform infrared 
GSE General solubility equation 
h Diffusion layer thickness 
HA Free acid 
HPLC High-performance liquid chromatography 
HSM Hot-stage microscopy 
HTS High-throughput screening 
ITR Itraconazole 
ITR-MAL Itraconazole-malonic acid co-crystal 
ITR-SUC Itraconazole-succinic acid co-crystal 
J Flux 
k Setup-dependent transport-rate constant 
ka Dissociation constant 
ksp Solubility product 
LC-MS Liquid chromatography mass spectrometry 
logP Logarithm of partition coefficient 
m Mass 
mDSC Modulated differential scanning calorimetry 
n Integer 



Abbreviations and symbols  

 

viii 
 

NME New molecular entity 
PAT Process analytical technology 
PLM Polarized light microscopy 
QSPR Quantitative structure-property relationship 
R&D Research and development 
RH Relative humidity 
RSD Relative standard deviation 
S Entropy, solubility 
S0 Intrinsic solubility 
SCXRD Single crystal X-ray diffraction 
SEM Scanning electron microscopy 
SF Shake-flask 
SORESOS Solubility and residual solid screening 
SPA Single-particle analysis 
ssNMR Solid-state nuclear magnetic resonance 
SSPM Standardized supersaturation and precipitation method 
t Time 
T Temperature 
TFA Trifluoroacetic acid 
Tg Glass transition temperature 
Tg,α  Glass transition alpha 

Tg,β  Glass transition beta 
TGA Thermal gravimetric analysis 
tind Induction time of precipitation 
Tm Melting temperature 
UV Ultraviolet 
WHO World Health Organization 
XRPD X-ray powder diffraction 
ΔG Difference in Gibbs free energy 
ΔH  Difference in enthalpy 
ΔHm Melting enthalpy 
ΔS  Difference in entropy 
θ Angle of diffraction  
 
 



 Introduction  

 

 1  
 

1 Introduction 

Drug discovery and development, a process that starts with discovering a new molecular entity 
(NME) and ends up with launching a pharmaceutical product on a market, is estimated to take 
more than 10 years and up to several billion dollars.1 In the first decade of the third millennium 
the process hit a plateau with an average of 23 drugs per year approved by the Food and Drug 
Administration (FDA).2 Despite the number of approved drugs remaining constant throughout 
those years, the costs of research and development (R&D) have been increasing steadily.1 
The root cause for this development stagnation experienced by most companies has been 
identified as too many resources being applied to the late-stage development of drug 
candidates with a low probability of success.1 
 In the last decade, however, the numbers have improved; between 2011 and 2019, on 
average there were 40 new drugs approved each year by the FDA.2 One of the reasons for 
the observed increase is likely to be the FDA’s implementation of the accelerated regulatory 
pathways (fast track, breakthrough therapy, priority review and accelerated approval) aiming 
to bring novel drugs to patients more quickly. Nevertheless, if mistakes from the past were not 
overlooked, it is also likely that pharmaceutical companies have reallocated some of their R&D 
resources toward increased support for the early-stage development. 
 Many of the issues that delayed new drug approvals have resulted from inadequately 
understood physicochemical properties of a drug candidate.3 This lack of understanding can 
be partially attributed, as mentioned earlier, to resource allocation directed towards later stages 
of the drug development process. However, high-throughput screening (HTS) technologies 
used in the discovery phase, as well as a lack of high-throughput technologies in the 
physicochemical characterization sector, might also play an important role. 
 The biopharmaceutics classification system (BCS) and later the developability 
classification system (DCS) were constructed based on permeability and solubility of drug 
candidates.4,5 In contrast to permeability, solubility cannot be attributed only to a molecule but 
rather the solid-state arrangement of the molecules.3,6 Depending on the chemical structure, 
a compound can exist in several polymorphic forms or an amorphous form.7–10 Moreover, 
a compound can form multi-component phases with other molecules or ions resulting in 
hydrates, solvates, salts and co-crystals.11,12 
 The landscape of potential solid-state forms of a drug candidate can be exploited when 
tackling the issue of poor solubility as higher energy forms possess higher solubilities.13 
Nevertheless, during dissolution, solid-state changes can occur, and the potential solubility 
enhancement can be lost.14,15 Understanding these phenomena contributes greatly towards 
drug development being – from a physicochemical point of view – a well-informed decision-
making process.  
 This thesis explores the influence of a solid-state form of small molecule drugs on their 
dissolution and solubility by utilizing the novel single-particle analysis (SPA) technology. 
SPA is an image-based analytical technique for physicochemical characterization of drugs. Its 
potential for automation, in both measurement process and image analysis, make it 
a promising high-throughput method in the future. SPA’s most distinctive features are 
non-specificity, short equilibration time and low sample consumption. The short equilibration 
time feature has been exploited to measure the apparent solubility of polymorphic and 
amorphous forms. Moreover, the method enabled visual in situ observation of a salt 
disproportionation process and its immediate impact on solubility. The work, in general, 
emphasizes the importance and possibility of better physicochemical characterization early in 
the drug development process.  
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2 Review of the literature

 
2.1 Solid-state forms of drugs 

An active pharmaceutical ingredient (API) can potentially exist in various solid-state forms; 
these include, but are not limited to, crystalline polymorphs, amorphous forms, salts, solvates, 
hydrates and co-crystals (Figure 1). Moreover, “combinations of states” can also exist 
e.g. amorphous salts.16 Since drug discovery deals with a great number of compounds, short 
timelines and small sample sizes, solid-state properties are usually understudied in the early 
stages.6 However, further down the line, selection of the optimal solid-state form of the API is 
one of the most crucial decisions in the drug development process. Variations in density, 
flowability, compressibility and hygroscopicity have to be considered when optimizing 
the manufacturing process.17 Furthermore, physical instability of the solid-state form during 
shelf-storage can lead to pronounced differences in solubility and dissolution rate of the final 
product.18  

 
Figure 1. A simplified representation of the potential solid-state forms of a drug compound modified 
from Lu et al.19 In reality, salts exhibit polymorphism and can be amorphous. Moreover, salts and co-
crystals can exist as hydrates and there are also more complex systems with more than only two 
components.12,20  
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 Solid-state forms are also important from regulatory and commercial perspectives. 
Each of them can be patented and requires marketing authorization. The possibility for the 
existence of an unreported solid-state form of a marketed API can be exploited by generic 
companies resulting in sales reduction of the branded product.21,22 Thus, solid-state form 
characterization and understanding of the possible transformations is vital for both market 
exclusivity and product development. 
 

 Polymorphs 

From the broadest perspective, pharmaceutical solids can be classified either as crystalline 
solids – polymorphs, salts, co-crystals and solvates would fit here – or amorphous solids 
(Figure 1).23 Crystalline solids possess long-range order of molecules that is repeated in three 
dimensions. Whereas, amorphous solids lack the long-range order present in crystals. These 
differences in the arrangement of molecules result in considerably different, both physical and 
chemical, properties of the two solids.7,24 Despite amorphous solids often having more 
desirable drug-like properties – such as higher apparent solubility – than their crystalline 
counterparts, they are not marketed as widely due to lower chemical stability and a tendency 
to recrystallize.10 
 Crystals consist of building blocks termed unit cells; unit cells do not “exist” as such in 
a crystalline lattice but are purely a mental construct.25 Out of convenience, a unit cell is 
a parallelepiped – a three-dimensional body made of six parallelograms with opposite faces 
being parallel. The dimensions of the unit cell are determined by three axial lengths (a, b, c) 
and three plane angles (α, β, γ). Each unit cell contains at least one molecule and can be 
classified by one of the seven primitive crystal systems; cubic, tetragonal, orthorhombic, 
rhombohedral, hexagonal, monoclinic and triclinic.26 Upon employing symmetry considerations 
inside unit cells, we obtain 230 unique arrangements of points in space (space groups) – all 
the possible ways for identical objects to be arranged in an infinite lattice. In nature, some of 
these space groups are encountered frequently, whereas others have not been found.27 
 Importantly, some of the molecules can be arranged in crystals in more than one distinct 
way resulting in chemically identical but physically different crystalline solid-state forms. These 
forms are called polymorphs – derived from Greek words “poly” (much/many) and “morphē” 
(form) – and are very common among pharmaceutical drug compounds.3,23 Two different 
overlapping mechanisms by which polymorphs are formed exist. One is packing polymorphism 
– relatively rigid molecules change their relative intermolecular orientation and thus pack in 
different crystal structures. The other one is conformational polymorphism – flexible molecules 
bend into different conformations, which are subsequently arranged into alternative 
three-dimensional structures. 
 Based on the thermodynamic relationships, polymorphic pairs can be classified as 
either monotropes or enantiotropes. In a monotropic relationship, no reversible transition 
between polymorphs can be observed below the melting point of either polymorph. Whereas, 
in an enantiotropic relationship, a reversible transition between polymorphs is possible at 
a defined temperature below the melting point of either polymorph. It is important to identify 
the thermodynamically stable polymorph (monotropic relationship) or thermodynamically 
stable domain of each polymorph (enantiotropic relationship). The relative thermodynamic 
stability at constant temperature and pressure is determined by the difference in Gibbs free 
energy (ΔG) given by:28 
 

ΔG = ΔH − TΔS ( 1 ) 
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where ΔH, the enthalpy difference between the polymorphs, reflects the lattice energy 
differences and ΔS, the entropy difference, is related to the disorder and lattice vibrations. 
T stands for temperature. When ΔG  is negative, the free energy decreases and the 
polymorphic transformation can occur spontaneously. When ΔG  is positive, the free energy 
increases and the polymorphic transformation is not possible under the given conditions. When 
ΔG equals zero, the system is at equilibrium and the free energy of both forms is the same. 
The plot of ΔG vs temperature is usually used to portray the stability relationships of 
polymorphs (Figure 2). For some compounds (e.g. indomethacin) many polymorphs have 
been discovered,21 while others (e.g. aspirin) do not form polymorphs so easily.29,30 Importantly, 
one can never claim an API not to be polymorphic; discovery of a new polymorphic form is 
usually just a question of time and resources invested.11  
 Characterization of thermodynamic relationships between polymorphs is crucial in the 
pharmaceutical industry; due to variations in the crystalline lattice, polymorphs can exhibit 
drastically different properties (Table 1).7 Nevertheless, differentiation among polymorphs by 
simple light microscopy inspection alone is difficult, as some polymorphs do not necessarily 
form macroscopically different crystals – crystal habits – such as needles or prisms.26 
Furthermore, a single polymorph can adopt different crystal habits under different conditions 
(e.g. crystallization from a different solvent).31 
 Differences in polymorph properties can affect the manufacturing process; for example, 
in the case of sulfamerazine, crystals of polymorph I exhibit slip planes which result in superior 
compressibility and tabletability over polymorph II.32 Powder flow is mainly affected by crystal 
habit and crystal size; for example, needle-like crystals have significantly lower flowability 
compared to block-like crystals of 5-aminosalicylic acid.33 Variation in the solubility between 
polymorphs can impact efficacy, bioavailability and safety of pharmaceutical products; after 
Abbot Laboratories marketed ritonavir in polymorphic form I (Norvir™), a more stable form II 
appeared exhibiting significantly lower solubility and thus insufficient bioavailability.18 
The original product had to be withdrawn from the market, as form I could no longer be reliably 
produced,  and reformulation caused revenue losses of over 250 million US$.34 Several more 
cases of similar undesired polymorphic transformations and an inability to reproduce the 
original form of an API have been observed in the past and later termed “disappearing 
polymorphs”. Some cases of disappearing polymorphs have had simple solutions (e.g. 
Neupro®, rotigotine), while others involved series of litigations (e.g. paroxetine 
mesylate) .18,34,35 
 

 
Figure 2. Schematic representation of stability relationship (a) between two monotropic polymorphs and 
(b) between two enantiotropic polymorphs. 
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Table 1. Differences in polymorph properties. Modified from Datta et al.7 

Packing properties Thermodynamic properties Spectroscopic properties 

Molar volume and density Melting and sublimation 
temperatures 

Electronic transitions (UV 
spectra) 

Refractive index Enthalpy and entropy Vibrational transitions (IR and 
Raman spectra) 

Thermal conductivity  Heat capacity NMR chemical shifts 

Electrical conductivity Vapor pressure  

Hygroscopicity Free energy and chemical 
potential  

 Solubility  

   
Kinetic properties Surface properties Mechanical properties 

Dissolution rate Surface free energy Hardness 

Rates of solid-state reactions Interfacial tensions Tensile strength 

Stability  Compressibility 

  Flow and blending 

 
 Amorphous solids 

As already mentioned previously, amorphous solids lack the long-range order present in 
crystalline solids. Although short-range order may still exist, the molecular arrangement 
resembles that of a frozen liquid with the rheological properties of a solid.36,37 
 Upon heating of a crystalline material, thermodynamic properties, such as enthalpy and 
entropy, gradually increase until a pronounced surge occurs; signifying a transition from 
the solid to the liquid state – melting (Figure 3a).37,38 Above the melting temperature (Tm), 
the material exists as a molten liquid. This process is reversible and upon cooling molecules 
can rearrange back to a crystalline lattice. However, if cooling is sufficiently fast, crystallization 
may be prevented and a super-cooled liquid is formed. 
 In the super-cooled liquid state, the molecules can move around following a further 
decrease in temperature and remain in equilibrium as long as no crystalline nuclei are 
present.26,37 However, cooling increases the viscosity of the system and at the glass transition 
temperature (Tg) molecules become “kinetically frozen” and are no longer able to reach 
equilibrium state – the super-cooled liquid solidifies into a glass. The Tg is a characteristic 
property of amorphous systems. However, it is kinetic in nature and thus its exact position 
depends on the cooling rate, i.e. thermal history of the system. 
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 In general, amorphous solids can be produced in two ways; in a thermodynamic way –
by rapidly cooling the molten liquid or by fast evaporation of the solvent from a solution – and 
in a kinetic way – by gradually creating defects in the crystalline lattice until the amorphous 
solid is generated (Figure 3b).38,39 The main distinction between these two approaches is that 
while the kinetic pathway gradually increases the number of lattice defects creating 
non-equilibrium crystalline states – defective crystals, the thermodynamic pathway abruptly 
breaks the long-range order of the crystal. 
 It is important to note that not every preparation technique can be used to convert 
a certain crystalline drug into its amorphous counterpart.40,41 For example, spray-drying cannot 
be used for drugs with poor solubility in organic solvents, milling may result in residual 
crystallinity and heat-based methods cannot be used for thermolabile compounds. 
 As different techniques can be used to prepare amorphous systems, it is also important 
to note that different preparation methods will result in different amorphous forms of a given 
compound.41 Not only will the amorphous form prepared by milling be different from the 
one prepared by quench-cooling, but also, for example, two amorphous forms prepared by 
quench-cooling at different cooling rates will differ from each other. Thus, unlike crystalline 
form with defined properties, there is no single amorphous form.26  
 An amorphous form has higher entropy and enthalpy compared to a crystalline form 
(Figure 3a). However, these properties are, for the amorphous form, time-dependent. 
For instance, we can observe a decrease in enthalpy of an amorphous system over time – 
a phenomenon called relaxation. In general, amorphous systems exhibit two types of 
molecular relaxation (mobility):  global (α) and local (β) mobility.42

 The Tg discussed above is 
thus often referred to as Tg,α. Below this temperature, molecules indeed behave like frozen 
liquid (no global mobility) but they still have some local mobility left. This mobility is sufficient 
for molecules to relax and rearrange in a more thermodynamically favorable way, which 
eventually leads to crystallization.43 However, below Tg,α, a more subtle, relaxation 
phenomenon, called β-relaxation, can be observed. Below this temperature, Tg,β, local mobility 
of molecules also stops and recrystallization is not possible.44 
 

 
Figure 3. (a) Thermodynamic relationship of amorphous and crystalline solids as a function of 
temperature. Shown are glass transition temperature (Tg) and melting temperature (Tm). (b) Schematic 
representation of the crystalline to amorphous conversion via the thermodynamic and kinetic pathways. 
Modified from Rades et al.26 
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 In the last decades, the interest in amorphous forms and amorphous formulations is 
increasing due to favorable solubility properties compared to those of the crystalline 
counterparts; because of their higher energy, the amorphous forms can exhibit even orders of 
magnitude higher solubilities.9,10 However, the higher energy also results in issues such as 
physical and chemical instabilities, which remain a challenge to overcome. 
 One of the latest approaches to improve the stability of amorphous formulations is to 
use co-amorphous systems. A co-amorphous system is a combination of two or more low 
molecular weight components that results in a single-homogeneous-amorphous phase.45,46 
Co-amorphous systems can be divided into two classes, namely drug-drug and drug-excipient 
systems. In the first class, two APIs intended for multidrug therapies are combined and they 
both act as an active component and stabilizing excipient at the same time.47 In the second 
class, low molecular weight excipients (e.g. amino acids) are used to prepare stable 
co-amorphous systems.48 
  

 Solvates and hydrates 

Pharmaceutical components not only crystallize in different polymorphic forms but can also 
incorporate guest molecules in their crystal structures forming multicomponent molecular 
adducts (Figure 1). During the crystallization process, solvent molecules can interact with drug 
molecules (hydrogen bonds or weak interactions) and get incorporated in a crystalline lattice 
forming a solvate.19 Water – due to its small size, activity and ability to act both as a hydrogen 
bond acceptor and donor – is found to be more capable of linking drug molecules into new 
crystal structures than any other solvent. Therefore, in the special case of water being a guest 
molecule, the solvate is called a hydrate. Hydrates can be formed also from solid non-hydrate 
substances by incorporating water from air, during a dissolution process in an aqueous 
medium or even during oral administration of a pharmaceutical product.49–51 This is of high 
pharmaceutical significance as in most cases the resulting hydrate will have lower aqueous 
solubility, which may result in a lower bioavailability. 
 If water molecules and drug molecules organize in a regular crystalline structure, 
stoichiometric hydrates are formed. In stoichiometric hydrates, a molar ratio of drug to water 
molecules is fixed. For example, in monohydrates the drug to water molar ratio is 1:1, in 
dihydrates 1:2, in hemihydrates 2:1, and so on. The same drug can form different kinds of 
hydrates – for example, both mono- and dihydrates.52 Moreover, within one group of hydrates 
polymorphism can occur, thus, further increasing the potential solid-state forms in which 
a given drug can crystallize. 
 It is important to note that not all hydrates are stoichiometric. If channels exist in a 
non-hydrated crystal, water molecules can get incorporated in those channels forming channel 
hydrates.53,54 Water molecules inside the channels are not arranged as rigidly as in crystalline 
lattice in the case of stoichiometric hydrates. Thus, channel hydrates can exist in many different 
ratios of drug to water molecules. The ratio depends, for example, on the temperature and 
relative humidity (RH) of the environment surrounding a particulate hydrate. 
 Hydrates can be intermediate or final products of a crystallization process and can 
transform into lower or higher hydrates (e.g. mono- into dihydrates) or anhydrous 
(non-hydrated) forms.55 Upon heating, stoichiometric hydrates in most cases lose water at 
defined temperatures. Water leaving the lattice before melting may result in a collapse of 
the crystalline structure leading to the formation of an amorphous material. On the other hand, 
the water content in channel hydrates is usually reduced over a broader temperature range. 
In this case, water leaving the structure may result in formation of a vacant hydrate, also known 
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as isomorphous dehydrate, with the same type of crystalline lattice.56 Vacant hydrates are 
usually thermodynamically unstable and further polymorphic conversion to the stable 
non-hydrate form occurs. A decision on developing a hydrated or non-hydrated form of an API 
will thus depend on its physicochemical properties, determining under what conditions and 
how long it can survive.57 
 

 Co-crystals 

 Co-crystals are single-phase crystalline materials composed of two or more molecular 
compounds that are, when isolated, solids under ambient conditions (Figure 1).20,58 Such 
definition clearly defines co-crystals, however, it still allows for overlap between co-crystals 
and classes discussed above when more than two components are involved. For example, 
a crystalline material consisting of two components, solids at ambient conditions, and a third 
component, a liquid, would fit in a region of co-crystal solvates (Figure 4). This might seem 
inconsequential, however, it can lead to complications in pharmaceutical regulation as 
unambiguous classification becomes difficult.20  
 Co-crystal production methods can be broadly divided into solid-state methods and 
solution-based methods. Solid-state methods include: contact formation – a spontaneous 
formation of co-crystals via mixing of an API and a coformer under ambient conditions with no 
excessive forces applied during co-crystallization;59,60 neat grinding – a neat (dry) manual 
(mortar and pestle) or mechanical (automated ball mill) grinding of an API and a coformer;61,62 
liquid assisted grinding – addition of a solvent (typically in small amounts) with a catalytic role 
to dry solids prior to initiation of grinding;63–66 twin-screw extrusion – mixing that takes place at 
temperatures below melting point of either of the starting materials in a twin-screw extruder;67–

69 hot-melt extrusion – simultaneous mixing and melting of an API and a coformer via the use 
of a twin-screw extrusion;70–73 high-shear wet granulation – a technique primarily used for drug 
product formulation that involves the agglomeration of powder particles in the presence of 
a binder via a liquid medium under shear forces induced by impellers and choppers.74,75 
 Solution-based methods for the preparation of co-crystals include evaporative 
co-crystallization – nucleation and growth of a co-crystal from a solution of coformers due to 
supersaturation achieved by removal of the solvent via evaporation;76,77 cooling 
co-crystallization – nucleation and growth of a co-crystal from a solution of coformers due to 
supersaturation achieved by cooling of the solution;78,79 reaction co-crystallization – 
co-crystallization achieved by combining individual feed solutions of either of the starting 
materials;80,81 isothermal slurry conversion – co-crystallization as the result of suspending 
coformers in a solvent with the solid fraction always remaining in excess (in contrast to previous 
methods it does not require generation of a clear starting solution).82,83 One could continue 
with techniques involving supercritical fluids, acoustic mixing and laser irradiation but these fall 
outside the scope of this thesis.84–87  
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Figure 4. Inherent overlapping of multi-component solid-state forms with one another that makes 
unambiguous classification difficult. Modified from Aitipamula et al.20 

 
 The formation of a co-crystal results in a completely new crystalline structure with 
physical properties independent of those of the starting materials; due to potential 
physicochemical improvements, co-crystal applications are many.88 Altering the solubility of 
an API has been the most exploited utility of co-crystals to date. The alteration can be in either 
direction but of course, enhanced solubility is desirable as it improves the bioavailability of 
poorly soluble drugs.89–91 However, extensive solubility enhancement can prove to be 
problematic as it may result in precipitation of the starting material due to 
the supersaturation.92,93 In that case, polymers can be employed acting as crystallization 
inhibitors and prolonging the supersaturation concentration of the API during dissolution, thus 
ensuring optimal absorption.94,95 On the other hand, a decrease in the dissolution rate of 
prepared co-crystals can be utilized to achieve a controlled release, e.g. to reduce 
peak-to-trough fluctuation in plasma concentrations.96 Moreover, co-crystals offer a convenient 
means for combining multiple APIs into a single unit dose, especially useful in a treatment of 
complex diseases such as cancer and diabetes.20,97 Other areas where benefits of co-crystals 
can be utilized include enhancing mechanical properties,98 taste masking,99,100 purification101 
and intellectual property protection. 
 

 Salts 

Ionizable APIs (i.e., acids and bases) can be converted into salts. An increase in dissolution 
rate upon salt formation was demonstrated already more than half a century ago.102 Today, 
salt formation is a well-established and the most commonly applied technique to increase 
solubility in drug development.103,104 
 Based on ‘Acceptable daily intake’ of food additives assigned by the World Health 
Organization (WHO), salts are divided into three categories based on the counter ions used.105 
The first category contains counter-ions that are widely used due to their physiological 
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prevalence, such as sodium and hydrochloride salts. The second category includes salts with 
counter-ions that are not abundant in nature but have good tolerability and low toxicity, such 
as sulfates.105,106 The third category, contains salts with counter-ions that have a specific 
industrial application; for example, sweet cyclamate salts that can be used for taste 
masking.105,107  
 The aqueous pH-solubility profile determines whether an API can form a suitable salt 
candidate and, if formed, what its potential physicochemical properties could be.105 As a rule 
of thumb, successful salt formation generally requires that the pKa of an acidic counter-ion 
used should be at least three pKa units below the pKa of the basic drug.108 On the other hand, 
in the case of the acidic API, the pKa of the basic counter ion should be at least three units 
higher. This difference is required to ensure sufficient proton transfer between acidic and basic 
species, which desirably results in the formation of crystalline salt. The formation of 
an amorphous salt is usually associated with problems and uncertainties when developing 
a solid dosage form (discussed in chapter 2.1.2). On the other hand, a lack of crystallinity is 
usually less of a problem if the development goes towards a salt in a liquid dosage form. 
 When a salt encounters an aqueous environment, the pH-solubility profile of a drug can 
be expressed by two independent curves, as demonstrated by Kramer and Flynn.109 In 
the case of an acidic compound, the equilibrium solubility (S) below pHmax is expressed as 
follows: 
 

= [ ] + [ ] = [ ] 1 + [ ] = [ ] (1 + 10 ) ( 2 ) 

 
where [AH] and [A-] represent concentrations of free acid and the deprotonated form (salt) of 
the compound, respectively, and the subscript “s” represents the saturated species. On 
the other hand, above pHmax, the equilibrium solubility is given by: 
 

= [ ] + [ ] = [ ] 1 +
[ ]

= [ ] (1 + 10 ) ( 3 ) 

 
The point where these two curves cross is called pHmax; schematically shown in Figure 5a. 
Only at pHmax, can both a free acid and salt coexist as solids. Whereas, below pHmax, the solid 
in equilibrium with the solution is the free acid and above pHmax, the solid in equilibrium with 
the solution is the salt. 

 
Figure 5. Schematic representation of the pH-solubility profiles of (a) a weakly acidic and (b) a weakly 
basic drug. The solubility, in both cases, can be expressed by two independent curves and the point 
where the two curves meet is the pHmax. In some cases, solubility might drop at (a) high or (b) low pH 
due to the common ion effect. Modified from Thakral et al.110 
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In the case of a basic compound, the equilibrium solubility above pHmax is expressed by: 
 

= [ ] + [ ] = [ ] 1 +
[ ]

= [ ] (1 + 10 ) ( 4 ) 

 
where [BH+] and [B] represent concentrations of the protonated (salt) and the free base form 
of the compound, respectively. On the other hand, below pHmax, the equilibrium solubility is 
given by:  
 

= [ ] + [ ] = [ ] 1 + [ ] = [ ] (1 + 10 ) ( 5 ) 

 
Again, two curves meet at pHmax as shown in Figure 5b. But in this case, below pHmax, the solid 
in equilibrium with the solution is the salt and above pHmax, the solid in equilibrium with the 
solution is the free base. 
 The solubility of a salt of an acidic drug can decrease at high pH and the solubility of 
a salt of a basic drug can decrease at low pH (Figure 5). This happens due to the excess 
presence of salt-forming agents (acid and bases) in the solution; a phenomenon called 
the common-ion effect. The common-ion effect can be explained by the following equilibrium 
that exists below pHmax for the salt of an acidic drug: 
 

( ) ↔ [ ] + [ ] ( 6 ) 

 
where (A-X+)solid represents the solid salt that is in equilibrium with solution. [A-]s is the salt 
solubility and [X+] is the counter ion concentration. The solubility product (Ksp) can be then 
derived from Eq. (6) as follows: 
 

= [ ] [ ] ( 7 ) 

   
 
If counterions are not present in excess (i.e. salt and counterion concentrations are equal), 
the solubility can be simply expressed as: 
 

= [ ] = ( 8 ) 

 
However, if a significant amount of counterion is used either to adjust the pH, as a formulation 
adjuvant or in the gastrointestinal tract, where chloride salts are especially sensitive to 
the presence of chloride ions, a significant decrease in solubility may be observed:111–113 
 

= [ ] = [ ] ( 9 ) 

 
The extent of the common-ion effect depends on the magnitude of Ksp. According to Eq. 9, 
an equal change in [X+] will have a more pronounced effect on the solubility of a salt with lower 
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Ksp than for a salt with a higher Ksp value.114–117 Since, as already mentioned, the majority of 
the newly discovered drug candidates have poor aqueous solubilities, which translates also 
onto the solubilities of their respective salts, identifying a potential common-ion effect or salt 
disproportionation, in vivo or during a manufacturing process, is of critical importance for drug 
development. 
 
2.2 Solid-state characterization techniques  

From the previous sections, one can grasp the vastness of the solid-state landscape of 
pharmaceutical compounds. In this chapter, an overview of analysis techniques used to 
characterize the solid-state of pharmaceutical compounds is given. In general, a combination 
of solid-state analysis techniques is necessary to obtain a relatively comprehensive 
characterization. Thus, a particular characterization technique selection depends on the level 
of understanding required. Solid-state analysis techniques commonly used in pharmaceutics 
are gathered in Table 2. 
 X-ray powder diffraction (XRPD) is one of the most important analytical techniques used 
to study solid-state forms of pharmaceutical compounds.26 An X-ray powder pattern is a result 
of constructive and destructive interference of scattered incident X-ray beams by the crystalline 
lattice. The phenomenon is described by Bragg´s law: 
 

= 2 sin  (10) 
 
where n is the order of reflection (an integer), λ is the wavelength of the incident beam, d is 
the distance between specific planes in the crystalline lattice and θ is the angle of beam 
diffraction. Constructive interference takes place when the phase difference between 
the scattered X-rays reflected from two neighboring planes of the crystalline lattice is an integer. 
Thus, each crystalline material will exhibit a distinctive diffraction pattern enabling 
differentiation between polymorphs.118 Whereas, in the case of amorphous solids, which do 
not possess an ordered lattice, no diffraction occurs and, thus, rather than a diffraction pattern, 
a distinctive broad halo is obtained.119 With XRPD, a quantification of crystalline material is 
possible as intensity and area of diffraction peaks increase proportionally with an increase of 
crystalline content in the sample; however, interfering phenomena may occur.120,121 
The preferred orientation of crystals, which affects the diffraction pattern, is the main drawback 
of XRPD experiments, but it can be minimized using transmission mode analysis or several 
peaks in quantification studies. Single crystal X-ray diffraction (SCXRD) is considered 
a ’gold standard’ for solving crystal structures as it provides complete information on 
the three-dimensional arrangement and packing of molecules in the unit cell.  
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Table 2. An overview of some of the most commonly used techniques for solid-state characterization of 
pharmaceuticals. Modified from Chieng et al.8 

Technique Information provided Benefits Drawbacks 
X-ray diffraction    

XRPD 
Polymorphs: unique 

diffraction peaks 
Amorphous: broad halo 

Non-destructive 
Qualitative and 

quantitative 
Sample size < 50mg 

Preferred orientation 
effects 

No chemical 
information 

    

SCXRD Used to solve crystal 
structures Non-destructive Requires a single 

crystal > 0.1 mm 
Spectroscopy    

FT-IR /  
ATR FT-IR 

Intramolecular vibrations 
Polymorphs: unique bands 

and peak shifts 
Amorphous: peak broadening  

Small sample size 
Relatively fast  

No sample preparation 
required for ATR 

Humidity interference  
Sample preparation 
in FT-IR can cause 
solid-state change 

    

Raman 

Intramolecular vibrations 
Polymorphs: unique bands 

and peak shifts 
Amorphous: peak broadening 

Small sample size 
No preparation required 

Non-destructive 
Insensitive to water 

Relatively fast 

Local heating of the 
sample 

Sample fluorescence 
Photodegradation 

    

ssNMR 

Nuclei and chemical 
environment within a 

molecule 
Drug-drug or drug-excipient 

interactions 

Non-destructive 
Qualitative and 

quantitative without 
calibration 

Relatively slow data 
acquisition 

Relatively expensive 

Thermal    

DSC 

Thermal events, heat 
capacity, heat of 

fusion/transition/crystallization  
Drug-drug or drug-excipient 

interactions 

Relatively small ample 
size  

Qualitative and 
quantitative  

Destructive 
Unable to resolve 

overlapping thermal 
events 

    

mDSC 
As DSC but able to separate 
reversing and non-reversing 

heat flow 

Improves clarity of small 
and overlapping thermal 

events 

Many experimental 
variables  

Relatively slow data 
acquisition 

    

TGA 
Transitions involving change 

in mass  
Decomposition temperature 

Amount of 
solvate/hydrate  

Small sample size (3-10 
mg) 

Straightforward set-up 

Destructive 
Interference with 
water-containing 

excipients 
    

HSM 
Visual information on phase 
transitions and solid-state 

changes 
Temperature variability Destructive  

Other    

DVS Transitions involving change 
in mass  

Straightforward 
experimental set-up 

Relatively slow data 
acquisition 

    

PLM Crystallinity (birefringence) 
Morphology 

Sensitive to low level of 
crystallinity 
Inexpensive 

Limited solid-state 
specificity 

Opaque forms 
    

SEM Topographical properties Small sample size (μg) 
High resolution 

Sample preparation 
and condition setup 
(vacuum) required 
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 Spectroscopic techniques, such as Fourier-transform infrared (FT-IR), Raman and 
solid-state nuclear magnetic resonance (ssNMR) probe predominantly intramolecular 
interactions.26 Thus, as polymorphic forms contain the same molecules, the resulting spectra 
can be almost identical. However, intramolecular interactions can be also influenced by 
the neighboring molecules and thus result in subtle, but distinct, differences in fingerprint 
regions. If conformational differences are present in two polymorphs, the resulting spectra will 
differ more compared to a polymorphic pair with the same configuration of molecules. One of 
the techniques to probe these differences is FT-IR, with several sampling setups that penetrate 
into the bulk of the sample, but usually require the sample to be diluted.12 On the other hand, 
attenuated total reflectance (ATR) FT-IR does not require sample dilution. However, 
ATR FT-IR does not penetrate into the bulk of the sample and thus is generally restricted to 
probing material surfaces. Raman spectroscopy is regularly used in process analytical 
technology (PAT) due to its often short analysis time, potential for long fiber optic cables with 
simple interfacing (when compared to FT-IR) and usually no need for sample preparation; the 
sample just needs to be interfaced with the laser beam.122 Assuming no absorbance, Raman 
scattering is directly related to the amount of Raman scattering material interfering with the 
laser beam and can be used for quantitative purposes.123 Using these spectroscopic 
techniques it is often helpful to employ multivariate data analytical tools, such as principal 
component analysis, to identify the different solid-state forms and their conversions.21 In 
general, these techniques are used in a complementary manner, supporting X-ray based 
techniques in providing detailed structural information. 
 Vital thermal techniques in the characterization of single and multi-component, 
amorphous and crystalline systems are differential scanning calorimetry (DSC), 
thermogravimetric analysis (TGA) and hot-stage microscopy (HSM).12 In DSC, the difference 
in the amount of heat required to heat a sample and a reference standard is measured as 
a function of temperature or time. In the process, different endothermic events, such as melting, 
glass transition and dehydration/desolvation, and exothermic events, such as crystallization, 
can be detected. Moreover, it is possible not only to detect the temperature of these events 
but also to calculate the heat of the respective reaction, since the area under the DSC peak is 
directly proportional to the heat absorbed or released.26 The advantages of DSC are in 
the small sample sizes required (2-6 mg) and the broad temperature range. However, 
experimental conditions, e.g. sample size, purge gas, pan type, sample-to-pan contact and 
heating/cooling rate, can have a pronounced effect on DSC measurements.12 Moreover, 
the thermal treatment destroys or at least changes the sample and, if overlapping thermal 
processes are involved, DSC thermograms can be difficult to interpret. In that case, modulated 
DSC (mDSC) can be used to separate the reversing from non-reversing heat flow and 
associated thermal events by applying sine wave modulation to a linear temperature 
program.26,124 In that way non-reversing events, that depend on temperature alone, 
(e.g. crystallization) and reversing events, that depend on heat capacity and rate of 
temperature change, (e.g. glass transition) can be separated. 
 When interested in a weight change during the heating of the sample (e.g. solvates and 
hydrates), TGA can be used.124 On the other hand, HSM is used to visually observe the sample 
as a function of temperature using a polarizing lens.125 This technique is important in initial 
solid-state screening and is sensitive to transitions in solid phase such as melting or 
recrystallization. When analyzing solvates or hydrates, gas bubbles or liquid phases can be 
seen evolving from a crystal.126 
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 Dynamic vapor sorption (DVS) is used to study the interactions between solid-state 
forms of drug compounds and vapors.127 Sorption-desorption isotherms may be used to 
quantify, at isothermal/isobaric conditions, the equilibrium amount of vapor, which can be water 
or some other volatile solvent, sorbed or desorbed as a function of the amount of vapor present. 
In this way, moisture instability of a particular solid-state form may be discovered.63 Moreover, 
gravimetric measurements of sorption/desorption as a function of RH can provide crucial 
information related to, usually highly hygroscopic, amorphous forms.128 The sorbed moisture 
initiates the transition from the glass- to the rubber-like state and is subsequently followed by 
crystallization, which sharply decreases the propensity for water sorption. This results in water 
being expelled from the crystalline lattice and thus a decrease in weight of the sample. 
 Among microscopic techniques, the most frequently used are polarized light 
microscopy (PLM) and scanning electron microscopy (SEM). PLM is a simple and inexpensive 
technique to differentiate between amorphous and crystalline systems, especially in cases 
where crystals exhibit birefringence. Birefringence is the difference between the highest and 
the lowest refractive indices of an anisotropic crystal, i.e. a crystal of which properties 
(refractive index) change depending on the direction of light traveling through the crystal.129 
This may result, depending on the specific crystal structure, in the phenomenon called 
‘interference colors’ producing images that are not only of high scientific value but are also 
pleasing for the eye.130 In contrast to simple PLM, SEM, on the other hand, requires specific 
sample preparation and high vacuum conditions.131 During imaging, a focused beam of 
electrons is directed to a sample and rastered across the surface to achieve the desired 
magnification. With magnification superior to optical microscopy, SEM can provide detailed 
information on the morphology of drug substances and drug products.107,132,133 
 
2.3 Selected physicochemical parameters  

In this chapter three physicochemical properties, namely dissociation constant, solubility and 
dissolution rate, in connection to drug compounds and their solid-states, will be discussed. It is 
important to state here that the following equations are often approximate, semiempirical and 
limited to ideal systems. They are therefore, only suitable for modeling of uncomplicated drug 
compounds, which are nonelectrolytes or monoprotic electrolytes in simple solvents. 
 

 Degree of dissociation 

Drug molecules are usually weak acids or weak bases. Thus, their degree of dissociation, 
i.e. charge state, in solvents will strongly depend on the pH of the solvent.134 The ratio between 
dissociated and undissociated drug species will also impact other physicochemical parameters 
as shown in subsequent chapters. The thermodynamic constant describing the acid-base 
equilibrium is called the ionization constant (Ka) and its logarithm (pKa) is expressed by 
the following Henderson-Hasselbalch equation for an acid; 
 

= +
[ ]
[ ]

(11) 

and for a base; 
 

= +
[ ]

[ ]
(12) 
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where brackets denote concentrations of the free acid HA and conjugate acid BH+, and the free 
base B and conjugate base A-. From the two equations above, it can be seen that when 
concentrations of the free acid (or conjugate acid) and the conjugate base (or free base) are 
equal, pH is equal to the pKa of the compound. Furthermore, two pH units above the pKa, 
the acid is considered fully ionized (99%) and two units below pKa fully unionized (99%). 
The opposite holds true for the base. 
 

 Solubility 

Solubility as such, in general represents an equilibrium value.135 It is defined as 
the concentration of the compound in solution that is in contact with the excess amount of the 
solid compound when the concentration and the solid-state form of the compound do not 
change over time. The equilibrium is determined by the opposite rates of dissolution and 
precipitation – a transition of molecules between different states – at constant pressure, 
temperature and volume, and it can take up to several days of incubation time to be 
established.135,136 At equilibrium, the chemical potential – the total free energy per molecule – 
of the molecules in the solution is equal to that of the molecules in the solid.137 In practice, 
however, solubility is divided in several classes, as described below. 
 When the solid in equilibrium with the solution is in the thermodynamically stable 
solid-state form, the measured solubility is termed the thermodynamic equilibrium solubility.134–

136 The thermodynamic equilibrium solubility of a compound can be thus simply measured by 
introducing the thermodynamically stable solid-state form of a compound to a desired solvent 
and ensuring the concentration plateaus and no solid-state change occurs.138 
  When the apparent equilibrium between a thermodynamically unstable or metastable 
solid-state form, such as an amorphous form, co-crystal, salt or a metastable polymorph, and 
a solution is reached, the apparent solubility of that specific solid-state form can be 
measured.135 All unstable and metastable solid forms will eventually recrystallize to the 
thermodynamically most stable crystalline form with the lowest solubility.6,135,136 Thus, apparent 
solubility should be always measured before this conversion and it is basically a case of 
sustained supersaturation. Due to a potential solid-state change, experimental difficulties are 
likely to occur, especially with amorphous forms, as the apparent equilibrium may be very 
short-lived or it might not even be reached at all due to an early onset of solid-state 
conversion/crystallization.10,139,140 In these cases, the peak concentration on a concentration 
versus time plot is usually considered as the apparent solubility. Due to the inherent inaccuracy 
of the above approach, different methods, both experimental and theoretical, to assess 
apparent amorphous solubility are being developed.139,141,142 
 Kinetic solubility is essentially a measure of precipitation tendency, usually in cosolvent 
systems.135,136,143 The drug of interest is dissolved in an organic solvent, most often DMSO, 
and added to a known volume of the aqueous medium. The onset of precipitation is detected 
and the concentration of drug at that moment is the measured solubility value. The separation 
of excess solid from the supersaturated solution depends on two successive and largely 
independent processes – nucleation and particle/crystal growth.144 Clusters of molecules must 
reach a critical size before they become stable and capable of growing into larger 
particles/crystals. The frequency of nuclei formation is proportional to the relative level of 
supersaturation. Moreover, nucleation can be either homogenous – nuclei have the same 
composition as the crystallizing phase – or heterogeneous – solid impurities (e.g. dust or glass 
particles) act as centers of crystallization. Once nucleation has occurred, particle/crystal 
growth begins. The nature of the precipitate formed during a kinetic solubility assay is usually 
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not known. However, according to Ostwald’s ‘rule of stages’,145 amorphous or a metastable 
polymorphic forms tend to precipitate first and thus significantly overestimate 
the thermodynamic equilibrium solubility.146  
 In the case of acidic and basic drug compounds, the thermodynamic equilibrium 
solubility can be further divided into the native solubility and the intrinsic solubility (S0). 
The native solubility is the thermodynamic equilibrium solubility of an ionizable compound 
measured in an unbuffered medium. The final pH in such measurement might differ 
substantially from the initial pH due to the self-buffering effect of the ionizable solute.115 
The intrinsic solubility is the thermodynamic equilibrium solubility of a neutral compound or of 
an unionized drug compound.135 Thus, in the case of an ionizable compound, it has to be 
measured in a buffered medium at a pH, where the specific compound does not dissociate. 
Using the Henderson-Hasselbalch equations (11-12) the relation between measured solubility 
(S), intrinsic solubility (S0), pH and pKa can be expressed for an acidic compound as;134,135 
 

= (10 + 1) (13) 
 
 
and for a basic compound as; 
 

= (10 + 1) (14) 
 
It can be observed from the two equations above, that the solubility of an ionizable drug 
increases exponentially with the difference between the pH of the medium and the pKa of 
a solute.  
 To get some perspective on the trend of solubility values encountered in pharmaceutical 
development one should be aware that for NMEs until the 1980s, solubility values below 20 
μg/mL were practically nonexistent.147 On the contrary, drug candidates with solubility values 
below 1 μg/mL were already very common ten years ago and the value continually decreases. 
 

 Dissolution rate  

Contrary to the two equilibrium constants above, the rate of dissolution is a kinetic process 
determined by two steps: first is the detachment of molecules from the solid surface at 
the solid-liquid interface; the second step is a mass transfer of molecules from the interface to 
the bulk solution.148,149 The generally used model for solid dissolution was developed by Noyes 
and Whitney150 and later modified by Nernst151 and Brunner152. This model assumes a rapid 
establishment of equilibrium (i.e. saturation) at the solid-liquid interface and subsequent 
diffusion of molecules across a thin layer of unstirred solution, called the diffusion layer, into 
the bulk medium (Figure 6). The diffusion layer thickness has been estimated to be 
approximately 30 μm for particles with a diameter well above 60 μm and to decrease 
proportionally below this threshold.153 
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Figure 6. Graphic representation of the dissolution process occurring at the drug particle surface. 
An unstirred diffusion layer (h) is formed and a concentration gradient, a difference between the drug 
concentration at the surface (Cs) and the drug concentration in the bulk medium (Cb) is established 
across this layer. The dashed lines depict a possible self-buffering effect of acidic, basic and neutral 
drug compounds in the diffusion layer. Modified from Williams et al.13 and Serajuddin et al.115,154 

 
In the simplest form, following the Fick’s First Law, the rate of dissolution is given by: 
 

=
×

=
ℎ

( − ) (15) 

 
where, J is the flux defined as the amount of material dissolved (m) and transported across 
the diffusion layer, in a unit time per unit surface area (A) of the dissolving solid. D is 
the diffusion coefficient of the solute, h is the diffusion layer thickness, Cb is the bulk 
concentration and Cs is the concentration of solute at the solid-liquid interface, which is usually 
assumed to be either the equilibrium or the apparent solubility depending on 
the thermodynamic nature of the dissolving solid. It should be noted that due to the possible 
self-buffering effect of ionizable compounds, the rate-limiting solubility term Cs, will not 
necessarily represent the solubility of the dissolving substance at the pH of the bulk medium 
but rather solubility at the pH of a saturated solution at the particle surface (Figure 6).115,154 
 As already mentioned at the beginning of the chapter, these equations are simple 
models that are prone to fail when systems become more complex and thus do not remove 
the need for accurate experimental measurements. The complexity of the system can be 
increased by parameters such as temperature, ionic strength, surface-active agents, effects of 
formulation excipients, intestinal transit time and others that contribute to the performance of 
a drug product both in in vitro experiments and also during in vivo administration.155  
 
2.4 Methods for solubility determination 

As seen in the previous section, solubility is a deceptively complex parameter to measure. 
Nevertheless, it is considered a key physiochemical parameter in drug discovery as it directly 
impacts the absorption, distribution, metabolism, excretion and toxicity (ADMET) properties 
and oral bioavailability of drug candidates. Insufficient solubility research of drug candidates 
has been linked to variable results of in vitro and in vivo assays, significant formulation issues 
and finally a high attrition rate in drug development.136,156,157 
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 In vitro methods 

During the 1990s, a lot of effort was put into developing rapid and robust solubility assays.158 
These assays utilized HTS platforms and focused initially on the assessment of kinetic 
solubility; a stock solution of known concentration, usually 10 mM in DMSO, is gradually 
introduced into the aqueous solvent of interest and the resulting precipitation is detected 
optically (using a UV spectrometer or laser nephelometer).136,159–162 Alternatively, 
the precipitate can be removed by centrifugation or filtration and the resulting concentration 
measured by a UV plate reader, high-performance liquid chromatography (HPLC) or liquid 
chromatography-mass spectrometry (LC-MS). Solubility data obtained in these ways is a poor 
prediction of thermodynamic equilibrium solubility with errors up to 1.96 log units.146,163 
The uncertainties arise, as already briefly mentioned in the previous section, from precipitation 
favoring metastable/unstable forms, presence of cosolvent that affects solubility and the vast 
diversity in the assays setups (buffer, cosolvent content, incubation time, method of phase 
separation, etc.).145,146,161 This makes kinetic solubility data exclusively a ranking parameter 
and the obtained data practically incomparable between different laboratories.164 
 On the other hand, thermodynamic solubility assays have been traditionally applied in 
the late discovery phase, when compounds are available in larger quantities, with a higher 
purity and in crystalline form.135,136 The ‘gold standard’ for thermodynamic solubility 
assessment is the shake-flask (SF) method; an excessive amount of solid, ideally the stable 
polymorph, is brought to contact with the solvent and left to incubate for up to several 
days.134,159 Filtration or centrifugation is used to remove the residual solid prior to measuring 
the pH and the equilibrium concentration of the compound. Additionally, to discover a potential 
solid-state change the residual solid is examined using e.g. PLM, XRPD or Raman. Even in 
the case of gold-standard solubility assessment, the resulting concentrations are dependent 
on the experimental setup and compound properties including solvent temperature and pH, 
compound purity, stability in solution, phase separation, etc.138,165 In fact, the reported 
uncertainty of thermodynamic equilibrium solubility values reported in the literature is shown 
to be in the range of 0.6 log units.166 This was one of the main driving forces for Avdeef et al. 
critically addressing numerous factors affecting SF equilibrium data and constructing 
a recommendation to assay design and results interpretation in order to improve data 
quality.167 
 Lately, approaches to measure or at least to obtain a better indication of thermodynamic 
equilibrium solubility early in drug development are underway. One of these approaches is to 
extend the kinetic solubility assays from minutes to hours or even days so that the measured 
concentration approaches thermodynamic values.162,168 In 24 hours, however, not all 
compounds show a significant decrease in solubility.  
 The other approach is to evaporate the organic solvent before addition of the aqueous 
solvent.136 In that way the effect of the organic solvent on solubility is removed; however, 
metastable/unstable phases might form during evaporation, producing higher solubility values. 
Alternatively, solid compounds may be dispersed in organic solvents (e.g. heptane) with 
the aim of facilitating robotic liquid handling in order to avoid the time- and labor-intensive 
process of weighing hundreds of sub-milligram samples.169 Moreover, if the compound is in 
suspension instead of in solution, the risk of forming metastable/unstable solid upon solvent 
evaporation is minimized. 
 The third approach – as the typical SF protocol is time-consuming, tedious and with 
a number of error-prone manual steps – is the development of an automated high-throughput 
version of the assay. The miniaturized solubility and residual solid screening (SORESOS) 



 Review of the literature  

 

 20  
 

assay is a good and currently recommended example.170 The assay ideally starts with a solid 
material of known solid-state being dispensed by an automated solid weighing station. After 
incubation, the samples are passed through a filtration plate to separate the residual solid. 
The pH can be then measured prior to subsequent dilution and determination of drug 
concentration and analysis of the residual solid using the methods described above.  
 Alternative methods for rapid solubility measurements, suitable only for ionizable 
compounds, are based on a potentiometric acid-base titration.171,172 The CheqSol assay is 
a notable example of this approach, where intrinsic solubility is actively chased by dissolving 
the material in water and adding aliquots of acid or base titrant until initial precipitation is 
observed.167 After initial precipitation, the solution is driven back and forth between the 
supersaturated and undersaturated state, while pH is being monitored. When precipitation is 
occurring, the pH changes in one direction and in the opposite direction when dissolution is 
taking place. For each cycle between supersaturated and undersaturated solution, the intrinsic 
solubility is measured at the interpolated zero points of the pH-gradient. When measured 
intrinsic solubility values are tightly but randomly distributed around the average (true) value, 
the equilibrium has been reached. If the intrinsic solubility values show a systematic drift, 
the equilibrium has not been reached (potential formation of a metastable polymorph) and 
the number of cycles is increased. Llinàs et al. have shown that for diclofenac the measured 
intrinsic solubility using the CheqSol assay is independent of the solid-state form introduced at 
the beginning.173 The assay usually requires 1-2 h (8 cycles) per measurement with a minimal 
sample requirement of 5 mg.167 However, the assay has to be performed under an inert 
atmosphere (argon or nitrogen), with degassed solvents and it requires a very accurate 
determination of the pKa of the studied material, preferably measured at the same conditions 
(temperature, ionic strength). 
 The conditions of all the assays discussed above, which aim to measure or at least 
approximate thermodynamic equilibrium solubility, should be clearly specified and controlled 
in order to produce high-quality results. For instance,  solubility under ambient conditions is 
crucial information for formulation design and storage evaluation. In contrast, physiologically 
relevant pH, temperature and biorelevant media will provide information relevant to 
the absorption of oral formulations.  
  

 In silico methods 

An alternative to the experimental methods, discussed above, for providing thermodynamic 
solubility values as early in the R&D process as possible are the solubility prediction or in silico 
methods.174–180 Since solubility is clearly a structure-dependent property, various approaches 
predicting solubility using molecular descriptors, such as structural fragments, lipophilicity, 
solvation energy, melting point, the number of double bonds, nitrogen atoms, hydrogen bond 
acceptors and donors, etc., have been reported. One of the earliest and simplest models – 
requiring only logP and melting point values – is the general solubility equation (GSE).181 On 
the other hand, more advanced quantitative structure-property relationship (QSPR) models 
use 3D descriptors to better capture structural features of molecules.182 However, the use of 
complex 3D descriptors comes with a need for high computational power, but still fails to 
provide superior prediction compared to 1D/2D QSPR models.175 The latest, and nowadays 
dominant, in the area are the machine learning methods.180 
 The current progress on predictive capabilities of computational models is well 
presented by the two so-called “Solubility Challenges”: i) a contest conducted in 2008 to predict 
the solubility of 32 drug-like molecules based on a training set of 100 molecules with 
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homogenous solubility experimental data acquired by the CheqSol method183 and ii) a revisit 
of the contest in 2019 with a larger training set of molecules gathered and curated from 
published sources (mostly SF measurements) and two different test sets.184 In 2008, almost 
a hundred responses – utilizing practically the whole spectrum of available in silico methods 
at that time – were obtained; the average percent of correct predictions, within ±0.5 log units, 
was only around 40%.185 More than 10 years later new computational methods have appeared 
but there was no recognizable improvement in the prediction of the solubility.186 
 The performance of prediction models and software depends on the quality of 
measured values and reliability of theoretical descriptors. Moreover, under-represented 
structural complexity of drug-like compounds or more specifically the ´missing fragment´ issue 
is also a known problem; if the training set did not include a certain type of functional group, 
solubility prediction of molecules with that group will be inaccurate.177,187 Generally, it is 
believed that more solubility data acquired with better measurement methods, sound protocols, 
proper reporting and, on the other hand, better 3D descriptors (both in solution and solid-state) 
would improve prediction accuracy by minimizing systematic errors introduced through poor 
input parameters.186 
   

 Single-particle analysis  

Based on the previous chapter, one can conclude that at present in silico methods are not able 
to provide accurate enough data to replace experimental methods. On the other hand, 
accurate data provided by the experimental methods is needed to improve predictions of in 
silico methods. Thus, an experimental method accompanied by a sound protocol capable of 
measuring an apparent thermodynamic solubility of drug-like compounds in a high-throughput 
manner will most likely precede a highly accurate solubility prediction model or software. 
 The total measurement error of a method is determined by the inherent error in every 
step of the procedure.188 In the context of solubility measurements, these steps can include 
weighing, phase separation, dilution, liquid sample handling, drug detection and other steps.138 
Moreover, the vast landscape of drug molecules often requires substance- and solvent-specific 
analytical methods.189 Therefore, a highly accurate and repeatable method would ideally be 
non-specific and streamlined to the minimal amount of steps required.  
  Recent advances in digital imaging and material manipulation have enabled the fusion 
of optics and fluidics. Manipulation of fluids utilizing delicate devices is used e.g. to obtain 
nano-sized formulations and make lab-on-chip devices.190,191 On the other hand, optical 
microscopy imaging has been already widely used to characterize the morphology of particles 
in pharmaceutical powders.192,193 Furthermore, high computing power and advanced image 
analysis software has enabled its use in real-time analysis. The benefits of image analysis over 
conventional methods discussed previously are non-specificity, reduction of sampling steps, 
rapid data acquisition with possibility for automation and no need for liquid-sample handling.  
 Imaged-based microscopy of single objects is effectively used in biosciences 
e.g. to study cell populations by individually imaging large numbers of single cells.194 On the 
other hand, single-particle studies in the pharmaceutical field date from half a century back 
with the dissolution of spherical tablets of benzoic acid;195 over the course of years several 
more, though not many, were published.196–200 The breakthrough occurred in recent years 
when Svanbäck et al. conveniently trapped API pellets using a hydrodynamic vortex and 
observed a correlation between image-based dissolution rate and equilibrium solubility values 
from the literature.201,202 The approach was further refined and proven successful in converting 
single-pellet dissolution data into equilibrium solubility.203 Finally, a flow-through device was 
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developed using immobilized individual API particles, thus removing the pellet preparation step 
and also reducing sample consumption, while still retaining the capability to directly measure 
the solubility of each individual particle – the single-particle analysis (SPA) method was born.204 
 The SPA method poses all the advantages of an image-based method over 
conventional methods discussed above. Importantly, the most notable distinction is that 
the SPA method does not probe the equilibrium in the solution but rather the equilibrium at 
the particle´s solid-liquid interface, which is established in a much shorter time – seconds 
compared to hours or even days with other existing methods (see chapter 2.4.1).203 In situ 
observation of the dissolution process and the short equilibration time requirement of the SPA 
method provide an unique opportunity to study the direct impact of solid-state changes on 
solubility and, importantly, to overcome the long-standing challenges in measuring the 
apparent equilibrium solubility of thermodynamically metastable and unstable forms. 
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3 Aims of the study 
 

The aim of this thesis was to detect, investigate and quantify the impact of different solid-state 
forms on solubility of pharmaceutical compounds by means of the SPA technology. 
 
More specifically, the objectives of this dissertation were: 
 

1. to examine the apparent solubility of metastable solids – polymorphs (I); 
 

2. to directly measure the apparent solubility of an amorphous compound (II, IV); 
 

3. to explore salt dissolution and disproportionation (III); 
 

4. to investigate solubility of an extremely poorly soluble compound and its co-crystals (V). 
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4 Experimental

This section summarizes the experimental methods used for the studies described in the thesis. 
A detailed description of the materials, instrumentation and methods can be found in 
the original publications (I-V).  
 
4.1 Materials 

 
 Drug compounds 

Indomethacin was acquired from Orion Pharma (Espoo, Finland) (I, IV) and from Sigma-Aldrich 
(St. Louis, MO, USA) (II). Celecoxib was acquired from AK Scientific, Inc. (Union City, CA, 
USA); danazol was acquired from BASF (Ludwigshafen, Germany); dipyridamole and 
griseofulvin were acquired from Sigma-Aldrich (St. Louis, MO, USA) (II). Naproxen, naproxen 
sodium and diclofenac sodium were acquired from Sigma-Aldrich (St. Louis, MO, USA); 
verapamil hydrochloride was received from Orion Pharma (Espoo, Finland) (III). Itraconazole 
was obtained from Derivados Quimicos, S.A. (Murcia, Spain); malonic acid and succinic acid 
were acquired from Sigma-Aldrich (St. Louis, MO, USA) (V). 
 

 Sample preparation 

 
4.1.2.1 Preparation of the α indomethacin (I, IV) 

The α form of indomethacin was prepared in two different ways. One was by dissolving 
the γ form in a 50% (v/v) EtOH/Milli-Q water mixture, followed by slow evaporation of 
the solvent, which is a modification of the method used by Kaneniwa et al.205 The obtained 
crystals were collected and stored over phosphorus pentoxide at ambient temperature (I). 
The second one was by dissolving 3 g of indomethacin in 20 mL of EtOH and heated up to 
70 °C. Upon complete dissolution, the system was kept at the set temperature for an additional 
5 min and then rapidly cooled down in an ice bath. The formed slurry was filtered and dried in 
a vacuum oven at 70 °C for 1 h (IV). 
 
4.1.2.2 Preparation and storage of the amorphous forms (II, IV) 

The crystalline forms of the compounds were heated, slightly above their respective melting 
points, in an aluminum sample holder on a hot plate until complete melting was observed. 
The melt was then immersed in liquid nitrogen and placed in a desiccator over phosphorus 
pentoxide. After the nitrogen had evaporated, the samples were equilibrated to room 
temperature and gently ground with a mortar and pestle before further analysis (II). A slightly 
different quench-cooling method was used for the preparation of amorphous indomethacin in 
the publication (IV), where the melt was cooled down on an aluminum heat sink instead of 
being cooled down by liquid nitrogen. Amorphous indomethacin prepared in this way was then 
divided in half and placed into two XRPD holders with a low-scatter background (Figure 7). 
The two holders were stored at two different conditions, 23% and 75% RH, both at room 
temperature (22±0.5 °C) for 80 days. 
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Figure 7. Schematic of the XRPD sample holder and the sampling protocol used. The middle area (red) 
was probed with the XRPD and was not altered. The SPA sampling area was located between the XRPD 
scan area and the flush aluminum surface of the holder (grey). On the measuring day, three samples 
from this area were taken from opposite sides of the holder starting with day zero at the three dashed 
lines and then moving clockwise with each consecutive measuring day. In that way, the sampling area 
distribution was maximized and no spot was sampled more than once. Modified from publication (IV). 

 
4.1.2.3 Obtaining diclofenac free acid (III) 

Diclofenac free acid was obtained by dissolving diclofenac sodium in a sufficient quantity of 
ultrapure water and subsequent addition of an equimolar amount of hydrochloric acid while 
stirring. After 10 min, the precipitate was filtered and recrystallized from ethyl acetate (III).  
 
4.1.2.4 Preparation of co-crystals (V)  

The formation of itraconazole-malonic acid co-crystal (ITR-MAL) acid and itraconazole-
succinic acid co-crystal (ITR-SUC) was performed as follows. Itraconazole (127 mg)  was 
dissolved in 6 mL of 50% (v/v) chloroform/tetrahydrofuran solvent mixture. The solution was 
heated to 60 °C until it became clear. At the same time, 9.37 mg of malonic acid (or 10.62 mg 
of succinic acid) was dissolved in 3 mL of the same solvent mixture in a separate vial and also 
heated to 60 °C. The two stock solutions of itraconazole and malonic acid (or succinic acid) 
have been then mixed in the empty 20 mL vessel and 6 mL of heptane was added as an 
anti-solvent to start the precipitation. The obtained slurry was left to evaporate for 1 h at room 
temperature. The formed co-crystals were collected by vacuum filtration and dried in a vacuum 
oven at 50 ⁰C for 24 hours (V). 
 

 Solvents 

Buffers used in the studies were prepared according to the United States Pharmacopeia 
(Solutions/Buffer Solutions) (II, III, V). Aqueous solutions of hydrochloric acid pH 1.6 and pH 
2.0 were also used as solvents (I, IV). Fasted state simulated gastric fluid (FaSSGF), fasted 
state simulated intestinal fluid (FaSSIF), fed state simulated intestinal fluid (FeSSIF) and 
the respective blank versions were prepared according to the manufacturer’s instructions 
(Biorelevant, London, U.K.) (I, V).  
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4.2 Methods 

 
 Solid-state characterization techniques 

 
4.2.1.1 XRPD (I-V) 

XRPD diffractograms were recorded using Empyrean (I) and Aeris (II-V) diffractometers  
(Malvern Panalytical B.V., Almelo, The Netherlands) with Cu Kα radiation (λ = 1.540598 Å). 
Samples were packed into the aluminum holder and measured at 45 kV and 40 mA (Empyrean) 
or 40 kV and 8 mA (Aeris). The samples were spun during the measurements and the scan 
range was from 5 to 35° (2θ).  
 
4.2.1.2 DSC (I-V) 

DSC experiments were performed using a DSC823e (Mettler-Toledo, Greifensee, Switzerland) 
equipped with a refrigerated cooling system (Julabo FT 900, Seelbach, Germany). Nitrogen 
was used as a purge gas (50 mL/min). Samples were tightly packed into standard aluminum 
crucibles (40 μL) with pierced lids. The samples were equilibrated at 25 °C for 3 min and then 
linearly heated with a heating rate of 10 °C/min to 20 °C above their respective melting points. 
Additionally (I), for determination of heat capacities, the samples were equilibrated at 140 °C 
and then heated up to 180 °C using a TOPEM-modulated heating program with a heating rate 
of 1 °C/min and a pulse height of 1 °C. 
 
4.2.1.3 FT-IR (I, III) 

FT-IR measurements were conducted using a Burker Vertex 70 spectrometer (Burker Optik, 
Ettlingen, Germany). The spectrometer was coupled with an ATR accessory, a single- 
reflection diamond crystal (MIRacle, Pike Technologies, Madison, WI). The final spectrum was 
the mean of 128 scans with a resolution of 2 cm−1 and a spectral range from 650 to 4000 cm−1. 
The absorbance spectra were obtained using OPUS software (v. 5.0, Bruker Optik, Ettlingen, 
Germany). 
 
4.2.1.4 Time-resolved Raman spectroscopy (I) 

The time-resolved Raman measurements were performed using a TG532 M1 Raman 
Spectrometer System (TimeGate Instruments, Oulu, Finland). The average power used was 
60 mW, the pulse width was 150 ps, the spot size was 85 μm, and the repetition rate was 40 
kHz. During the measurements, the focal point was moved continuously via sample rotation 
using a SampleCube accessory provided by TimeGate Instruments (Oulu, Finland). 
The spectral range was recorded at 11 consecutive detector positions from 900 to 1800 cm−1. 
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4.2.1.5 SEM (I, III) 

Samples were placed on a sample holder using double-sided carbon adhesive tape. Upon 
adhesion, samples were coated with platinum in a high-vacuum evaporator (Q150TS, Quorum 
Technologies, Lewes, U.K.) and imaged with a Quanta 250 FEG SEM (FEI Company, Hillsboro, 
OR, USA). 
 
4.2.1.6 DVS (II) 

A VTI-SA+ Vapor Sorption Analyzer (TA Instruments, New Castle, DE, USA) was used to 
measure the moisture sorption profiles of the amorphous samples. Around 10 mg of 
amorphous sample was placed into a glass holder. The DVS measurements were performed 
at 25 °C from 0 to 95% RH (in 10% steps up to 90%). The equilibrium criterion was 0.001% 
weight change in 5 min with a maximum step time of 150 min. The drying step was skipped to 
reduce the possibility of sample crystallizing during the measurement. 
 

  Solubility assessing techniques 

 
4.2.2.1 Conventional shake-flask (I, III, V) 

In general, an excess amount of sample was placed into glass vials or Eppendorf tubes in 
triplicate. The solvent of interest was added and samples were left to stir on a rotating machine. 
After at least 24 h, samples were extracted and filtered (Whatman™ PVDF 13 mm, 0.45 μm) 
(I, V) or centrifugation was performed and supernatants collected (III). After phase separation, 
the collected samples were appropriately diluted with the corresponding medium to avoid 
possible precipitation. The drug concentration in the samples was determined using an Agilent 
HPLC 1260 system (Agilent Technologies, Germany). The Phenomenex Gemini NXC18, 3 μm, 
100 x 4.6 mm column (Phenomenex, Torrance, CA) was used in the assays. The methods 
used for different compounds are collected in Table 3. The remaining excess solids were 
characterized by either XRPD (I, III, V) or DSC (I).  
 
Table 3. A list of HPLC methods used in the studies.  

Compound Solvent 
A 

Solvent 
B 

A/B 
(v/v) 

Flow 
rate 

(mL/min) 

Injection 
volume 

(μL) 

Detection 
wavelength 

(nm) 
Temperature 

(°C) 

Diclofenac 
(III) 

0.2% 
H3PO4 ACN 40/60 1 20 276 30 

Indomethacin 
(I) 

0.2% 
H3PO4 ACN 40/60 1.5 20 270 30 

Itraconazole 
(V) 

0.1% 
TFA ACN 45/55 1 50 261 30 

Naproxen 
(III) 

0.2% 
H3PO4 ACN 50/50 1 20 254 30 

Acetonitrile (ACN), trifluoroacetic acid (TFA) 
 

 



 Experimental  

 

 28  
 

4.2.2.2 μDISS Profiler (II)  

The μDISS Profiler (Pion Inc., Billerica, MA, USA) was used in the study (II) for two purposes: 
i) measurement of intrinsic equilibrium solubility and ii) assessing the degree of supersaturation. 
For equilibrium solubility measurements, celecoxib, danazol, griseofulvin, indomethacin and 
dipyridamole were added in excess to the 10 mL of a selected USP buffer. The concentrations 
of all compounds were measured, at least in triplicate, until a plateau in the dissolution curve 
was reached. Each probe of the μDISS device was individually calibrated for each compound. 
The area under the curve of the second derivative of absorbance was used for calibration to 
avoid interference of the excess drug. 
 For degree of supersaturation (DS) assessment, a variation of the standardized 
supersaturation and precipitation method (SSPM) was used.206 DMSO stock solutions of 
different drug concentrations were added to the buffer producing different supersaturation 
levels calculated as follows: 
 

=  (16) 

 
where, Csup is the drug concentration in solution at the initial supersaturation level and Ceq is 
the drug concentration in solution at thermodynamic equilibrium. Supersaturation resulted in 
precipitation that was detected by looking at the area under the curve of the second derivative 
of the UV absorbance. To data points around the point of the steepest decrease in 
concentration, i.e. highest rate of precipitation, a linear trendline was fitted. The trendline was 
extrapolated to the initial concentration value and the crossing point was identified as induction 
time of precipitation (tind). Induction times were plotted against the DS of the respective stock 
solutions. The points followed classical nucleation theory assuming tind is inversely proportional 
to the nucleation rate.207,208 The maximum DS of a given compound was then estimated as 
a DS that would result in tind being zero. A more detailed description with figures can be found 
in the Supplementary Information of publication (II). 
 

 Single-particle analysis (SPA)  

The SPA method consists of an image-analysis algorithm and a flow-through setup, which 
enables imaging of the immobilized drug particles under constant flow conditions (Figure 8). 
The steady flow continuously displaces drug molecules from the surface of the dissolving 
particles – sink conditions inside the dissolution chamber are maintained.  
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Figure 8. Setup of the SPA method. A drug compound of interest is placed under the transparent window 
of the custom-made flow-through cell. Dissolution under sink conditions is achieved by flushing 
the solvent through the cell in a controlled manner. Dissolving particles are continuously imaged from 
above using a camera. The set of images is analyzed using an in-house developed software and 
solubility data is extracted based on morphology and size changes during the dissolution process. 
Modified from publication (II). 

 
 At sink conditions, Cb inside the dissolution chamber can be disregarded as it is 
practically zero and Equation (15) can be simplified to: 
 

= − ( ) (17) 

 
 
where the dissolution rate dm/dt is dependent only on the Cs and k becomes the setup-
dependent transport-rate constant determined as described by Svanbäck.204 The custom-
made image analysis software enables quantification of the particle’s morphology change 
(i.e. dissolution rate) and, consequently, calculation of the solubility, i.e. the concentration of 
the solute at the particle-liquid interface, according to Equation (17). 
 The measurement, i.e. capturing of the images, can be started as soon as the solvent 
comes in contact with the entrapped particles. Thus, not only thermodynamic equilibrium 
solubility of stable forms but also the apparent equilibrium solubility of unstable and metastable 
forms can be measured when the apparent equilibrium at the particle’s solid-liquid interface is 
reached. Moreover, the temperature of the flow-through system can be controlled and thus 
enabling solubility measurements at elevated temperatures e.g. 37 °C. In general, for a single 
SPA measurement, approximately 5 mL of dissolution medium and less than 100 μg of 
a sample were used.  
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5 Results and discussion

The initial solid-state characterization of the drug compounds used in the studies was 
conducted with XRPD (I-V), DSC (I-V), FT-IR (I) and Raman (I). The respective diffractograms, 
thermograms and spectra will not be shown in the following sections, but they can be found in 
the original publications.  
 
5.1 Solubility of polymorphs (I) 

The α and γ polymorphs of indomethacin differ in their thermal and spectroscopic properties 
(Table 4) and morphology (Figure 9). In this monotropic relationship, the γ polymorph is 
the thermodynamically stable polymorph with a higher melting point (159.1±0.1 °C) and 
grain-like crystals. In contrast, the α polymorph has a lower melting point (152.8±0.1 °C) and 
needle-shaped crystals. 
 
Table 4. Thermal properties and unique spectroscopic characteristics of α and γ indomethacin. Modified 
from publication (I). 

 DSC 

Solid-state form Tm (°C) ΔHm (J/g) Cp (J/(g K)) Cp,L (J/(g K)) 

α form 152.8 ± 0.1 97.5 ± 2.6 2.3 ± 0.4 2.0 ± 0.4 

γ form 159.1 ± 0.1 106.3 ± 1.5 1.7 ± 0.2 2.1 ± 0.1 

 XRPD C=O stretching mode (cm-1) 

Solid-state form unique peak positions (°, 2θ) FT-IR Raman 

α form 6.9, 8.4, 14.2 1680, 1649 1684, 1646 

γ form 12.7, 16.7, 21.8 1690 1699 
Tm – melting point, ΔHm –  melting enthalpy, Cp – heat capacity, Cp,L – heat capacity upon melting. 

 

 
Figure 9. SEM images of (a) α and (b) γ solid-state forms of indomethacin. Modified from publication (I). 
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 The free energy difference between the two polymorphs was estimated according to Yu 
et al.209 as shown in publication (I). From the difference in enthalpy and entropy of 
the respective melting processes, a ΔG at Tm of the α form was calculated as follows: 
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The obtained ΔG was then extrapolated, with correction for nonlinearity, to room temperature 
and a value of 12±7 J/g was obtained. The high standard error of the obtained value indicates 
the imprecision of the above approach to estimate the ΔG. The error originates from an attempt 
to precisely measure a small energy difference of a process with a high energy content – 
melting. 
 On the other hand, the ΔG between polymorphs can be also estimated from 
the solubility ratio of the respective polymorphs using the following equation:210 
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where, R, T, and Ceq,x are the gas constant, temperature, and the equilibrium solubility of 
the respective polymorph. When α and γ indomethacin were measured using the SPA method 
in five different solvents, including biorelevant media, (Figure 10) a constant solubility ratio of 
3.3±0.5 was observed. The ratio was then used to evaluate ΔG according to Equation (19) and 
a value of 8±1 J/g was obtained. To put the obtained ΔG values in perspective we can compare 
them with the thermal energy of the system at room temperature – 2.45 kJ/mol. The thermal 
energy roughly indicates the strength of interactions between molecules.137 Thus, if the ΔG 
exceeds the thermal energy, it will overcome the opposing disorganizing effect of thermal 
motion. The calculated ΔG from the solubility ratios of the α and γ polymorphs expressed in 
molar units amounts to 2.9 kJ/mol. It is well known that the α form of indomethacin is relatively 
stable at room temperature (does not easily convert to the γ form), which substantiates 
the obtained result. In contrast, for the SF experiments conducted with α and γ indomethacin 
a solubility increase of only 1.7±0.4 was detected. The lower solubility ratio was most likely 
the consequence of partial conversion of the α form into the γ form as indicated by XRPD 
diffractograms and DSC thermograms of the excess solids shown in Supporting information of 
publication (I). 
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Figure 10. Solubility of α and γ indomethacin in media with (a) pH 1.6 and (b) pH 5.0 measured with 
the SPA method. The effects of pH and surfactants (FaSSGF and FeSSIF) on solubility can be noted. 
Reprinted from publication (I). 

  
 Due to the possible solid-state conversion during SF experiments the measured 
solubility of metastable polymorphs is likely to be underestimated. In contrast, with the SPA 
method, the solubility of the metastable α form was measured before the potential solid-state 
conversion occurred; the dissolution kinetics was constant throughout the measurements. This 
was achieved by starting the measurement as soon as the solvent came in contact with 
the sample and also by maintaining the sink conditions inside the flow-through cell. 
Furthermore, the different size and morphology of the measured crystals did not affect 
the measured SPA solubility (Figure 11). Therefore, using the SPA method, the apparent 
equilibrium solubility of α indomethacin and the thermodynamic equilibrium solubility of 
γ indomethacin were measured. The constant solubility ratio of α to γ indomethacin (3.3±0.5) 
in all the studied media indicates that changes in the ionic strength, pH, or surfactant 
concentration of the medium affect the solubility of both indomethacin crystalline solid-state 
forms to the same extent. Therefore, the solubility ratio of the two polymorphs is solely 
determined by the ΔG (2.9 kJ/mol) between the two polymorphs. 
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Figure 11. Solubility of individual particles plotted vs particle shape descriptors – eccentricity, minor axis 
and major axis – for (a) α indomethacin and (b) γ indomethacin. No systematic effect of any of 
the descriptors can be seen on solubility. Modified from publication (I). 

  
 The interparticle relative standard deviation (RSD) of the SPA values was relatively high 
(55±15%). One of the reasons can be attributed to the development stage of the SPA setup. 
Improvements in the experimental setup, control of experimental conditions, and image quality 
are seen in later studies in the thesis. Furthermore, even if the compound is in its most stable 
solid-state form, the surface energy of individual particles is not unity, but it follows 
the Maxwell−Boltzmann distribution.137 Therefore, an API sample presents a population of 
particles, of which each has slightly different surface energy. This difference in surface energy 
of individual particles could potentially contribute to the high RSD of the solubility measured 
with the SPA method when compared to the SF method.  With the SF method, 
particle-to-particle energy differences are naturally averaged out by using several milligrams 
of a compound and thus a multitude of particles.138   
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5.2 Direct measurement of amorphous solubility (II) 

To put the solubility values for amorphous forms obtained with the SPA method in context, 
the amorphous solubilities of the five model drugs were assessed in three different ways, 
i) theoretical estimation using the Hoffman method corrected for the impact of absorbed water 
on the amorphous solute, ii) indirect measurement using the modified SSPM, and iii) direct 
measurement with the SPA method. Moreover, a comparison was made also to other attempts 
of measuring amorphous solubility reported in the literature. 
 According to Hoffman211, the ΔG between the crystalline and the amorphous form of 
a compound can be estimated using the following expression: 
 

=
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where, ΔHm, Tm and T are the melting enthalpy of the crystalline form, the melting temperature 
of the crystalline form, and the experimental temperature, respectively. Using the ΔG 
estimation, the maximum DS upon amorphization was predicted according to Hancock and 
Parks9 and corrected for the impact of water on the amorphous solute through a relation 
proposed by Murdande et al.10: 
 

= / ( ) (21) 
  
 
where, R is the gas constant and exp(−I(a2)) is a correction factor obtained from DVS 
measurements of amorphous compounds, as shown by Murdande et al.10 The estimated DS 
values are listed in Table 5. 
 
Table 5. DS measured with the SPA method, the modified SSPM, theoretically estimated according to 
the Hoffman method with correction for the effect of water on the amorphous solute, and DS values 
found in the literature. Modified from publication (II). 

 SPA SSPM Theoretical 
estimation 

Literature 
Compound USP buffer USP buffer Dissolution Estimation 
Celecoxib 22.3 20.6e 21.7 3.1a,212 21212 

Danazol 21.9 21.5e 23.9 3.0b,139 26.5139 
Dipyridamole 17.2 17.3f 6.6 / 10213 

Griseofulvin 34.3 5.9e 34.6 1.4b,139 29.1139, 30.9141 

Indomethacin 23.6 22.3e 18.7 4.9b,139 20.8139 
aDistilled water. bDeionized water. cUSP HCl buffer pH 2.0. dUSP borate buffer pH 9.0. 

 
 The assessment of DS upon amorphization using the modified SSPM approach is 
considered indirect since the maximum DS was not directly measured but rather determined 
via extrapolation. The tind of each model compound at a certain DS was estimated from 
the dissolution profile, as described in the Methods section of this thesis and in more detail, 
including visuals, in the original publication (II). It is important to note that tind plotted against 
respective DS values follows classical nucleation theory, which results in infinite DS with 
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infinitesimal tind. Therefore, to enable realistic DS estimation, a linear trend line was fitted only 
to the points that would fall within the horizontal region of the fit according to classical 
nucleation theory (Figure 12). The estimated DS values obtained with the modified SSPM are 
collected in Table 5. 
 

 
Figure 12. Plots of induction time of precipitation (tind) versus degree of supersaturation (DS) for each 
of the model compounds. (a) Curves were fitted according to classical nucleation theory.206 (b) Only 
points that would fall on the more “flat” part of the fitted curve in (a) are shown. Linear trendlines were 
fitted respectively and extrapolated to tind = 0 min to estimate the max DS of each compound. Modified 
from publication (II). 

 
 With the SPA method, the solubilities of the amorphous and crystalline samples in USP 
buffers were measured as soon as the solvent came in contact with the particles. Initially, 
the solubility of amorphous indomethacin was measured in both USP HCl buffer pH 2.0 and 
the same buffer with added polyvinylpyrrolidone (PVP) (0.1% (w/v)). During the dissolution of 
amorphous material, PVP is commonly used as a crystallization inhibitor.15 The presence of 
PVP in the dissolution medium did not affect the measured solubility (Figure 13). The result 
suggests that with the SPA method we are able to directly measure the amorphous solubility 
of a drug, without the need for crystallization inhibitors. The DS upon amorphization for the five 
model drugs used was calculated using Equation (16). The calculated DS values for each of 
the model compounds are summarized in Table 5. 
 

 
Figure 13. Apparent equilibrium solubility of amorphous indomethacin measured with the SPA method 
in USP buffer pH 2.0 and USP buffer pH 2.0 with added PVP 0.1% (w/v). Error bars represent one 
standard deviation. Modified from publication (II). 
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 The DS values upon amorphization obtained with the classical dissolution of 
amorphous material and measuring the concentration over time are lower than the DS values 
measured by the SPA method, the modified SSPM, as well as the theoretical estimation (Table 
5). In classical dissolution measurements, crystallization may start before the maximum DS in 
solution is reached.9,139,212 With the modified SSPM, the issue of instantaneous precipitation, 
when the solution is close to the maximum DS, was avoided by measuring the precipitation 
onset of solutions with DS below the maximum DS. In contrast to classical dissolution 
experiments, measurements with the SPA method were conducted as soon as the solvent 
came in contact with the sample in order to circumvent any possible solid-state transformations 
during the measurements. 
 For celecoxib, danazol and indomethacin the DS values obtained with the SPA method 
(22.3, 21.9, and 22.6, respectively), the modified SSPM method (20.6, 21.5, and 22.3, 
respectively), and the theoretical estimation (21.7, 23.9, and 18.7, respectively) show high 
correlation (Table 5). In contrast, for dipyridamole, the DS values obtained with the SPA (17.2) 
and SSPM (17.3) are in close agreement, however, the theoretically estimated value is 
significantly lower (6.6). 
  A possible reason for the inconsistency in DS values for dipyridamole could be the fact 
that the Hoffman method assumes the uniformity of heat capacities (Cp) for amorphous and 
crystalline materials. The assumption might lead to inaccurate ΔG estimation, especially for 
compounds with a significant difference in Cp between the crystalline and amorphous forms. 
Nevertheless, despite the mentioned assumption, the Hoffman method has been found to 
provide a good estimate of the ΔG.214 Furthermore, another reason for the discrepancy 
between the theoretically estimated and the experimentally measured DS of dipyridamole 
could be the hygroscopic nature of the drug. Dipyridamole is highly hygroscopic, which results 
in evaporation of adsorbed water from the surface of crystalline material when heated and was 
detected with the DSC as an endothermic event slightly above 100 °C. Furthermore, the DVS 
experiment also showed the high affinity of amorphous dipyridamole for water, which resulted 
in crystallization above RH 80% detected as a sample mass loss (0.39%); upon crystallization, 
water was expelled from the formed crystalline lattice resulting in weight loss. These results 
suggest that the correction for the impact of water on the highly hygroscopic amorphous 
sample might overcorrect the maximum DS estimation. To follow up on this assumption, 
the estimated DS based solely on the ΔG, without the correction for the adsorbed water, was 
calculated. A value of 15.2 was obtained, which is much closer to the experimentally measured 
DS with the SPA method (17.2) and the one estimated with the modified SSPM method (17.3). 
 Using the SPA method, without any crystallization inhibitor present in the medium, a DS 
of 34.3 for – a known fast crystallizing drug – griseofulvin was obtained. The DS value was in 
good agreement with the value estimated according to the Hoffman method (34.6). In contrast, 
the DS estimated with the modified SSPM was much lower (5.9) most likely due to the fast 
crystallization kinetics of the drug. This might be prevented with the addition of a crystallization 
inhibitor, as was done by Almeida et al.141 in the attempt to indirectly measure amorphous 
solubility by looking at the phase separation phenomena upon precipitation using fluorescent 
probes. The DS for griseofulvin, obtained by Almeida et al. (30.8) is in good agreement with 
the one measured by the SPA method (34.3). 
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 Solubility of an amorphous drug over time (IV) 

 Two amorphous samples of indomethacin were stored at 22 °C/23% RH and 22 °C/75% 
RH for 80 days and monitored with XRPD and SPA. XRPD detected crystallization sooner at 
75% RH than at 23% RH, as peaks of crystallinity can already be seen on the second day 
(Figure 14b). In contrast, at 23% RH the first peaks on top of the amorphous halo appeared 
only on day 7 (Figure 14a). Both samples predominantly crystallized into the γ form; 
the differences in relative peak intensities for the stored samples versus the reference γ form 
are most likely the results of preferred crystal orientation differences associated with 
the different crystal growth conditions. The presence of a minor amount of the α form is 
indicated by a small peak appearing at 8.5°. Novakovic et al.215 have also observed 
transformation of amorphous tablets stored at 30 °C/23% RH that was not solely to the γ form 
as regions that could be identified as the α form were also detected. On the other hand, they 
have observed predominant transformation into the α form at 30 °C/75% RH. In contrast, 
Patterson et al.216 obtained a predominantly γ sample with some α form present when they 
stored quench cooled amorphous indomethacin at the same conditions (30 °C/75% RH). This 
ostensibly stochastic event could have been the result of other factors; besides temperature 
and humidity, parameters of the preparation method can also influence the resulting 
polymorphic form.119 
 

 
Figure 14. XRPD diffractograms of the amorphous samples stored at (a) 22 °C/23% RH and (b) 
22 °C/75% RH. Dashed vertical lines indicate the XRPD peaks of the γ form used for quantification: 
11.6°, 16.7°, 21.8° and 26.6°. Diffractograms of α and γ indomethacin are plotted for comparison. 
Modified from publication (IV). 

 
 To quantify the solid-state changes of the amorphous samples, four distinctive peaks 
characteristic of the γ form at 11.6°, 16.7°, 21.8° and 26.6° 2θ were selected as indicated by 
the dashed vertical lines (Figure 14). The resulting values were divided by the height of 
the silicon peak (28.4°) measured on the same day – to correct the response for the fluctuation 
of the X-ray beam – and averaged. The log value of the obtained average was then plotted 
versus time. In 80 days, the amorphous sample stored at 23% RH practically fully converted 
into the γ form (Figure 15a). In contrast, full conversion of the sample stored at 75% RH, as 
measured by the averaged peak intensity, did not occur despite the crystallization starting 
sooner than for the sample stored at 23% RH. The presence of the elevated XRPD baseline, 
indicating amorphousness, at the end of the study (Figure 14b) could be explained by one, or 
a combination, of two possibilities: i) rapid nucleation at higher humidity resulted in 
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the formation of nanocrystals, which due to their small size and many defects still appeared 
partially amorphous, and ii) the presence and morphology of crystals at the particle surface 
may have acted as a mechanical barrier for further crystal growth in the particle core. When 
interpreting the XRPD results, one must also keep in mind that the penetration depth of X-rays 
is in the order of several hundred μm and that different analytical techniques may provide 
different results.132  
 

 
Figure 15. (a) A plot of the XRPD quantified signal and amorphous solubility of the sample stored at 
22 °C/23% RH. The dotted line represents the average plateau solubility (1.69±0.58 μg/mL). (b) A plot 
of the XRPD quantified signal and amorphous solubility of the sample stored at 22 °C/75% RH. 
The dotted line represents the average plateau solubility (2.04±0.79 μg/mL). Modified from publication 
(IV). 

  
 Three SPA measurements of the amorphous solubility of each sample conducted on 
the same day were averaged and plotted versus time. For the sample stored at 23% RH, 
the amorphous solubility gradually decreased and reached that of the γ crystalline form 
(1.69±0.58 μg/mL) at day 25. In contrast, the XRPD signal reached a plateau only around day 
40 (Figure 15a). Thus, even prior to the sample being fully crystalline based on the XRPD 
measurements, its dissolution rate and solubility were already fully governed by the crystalline 
form. Similarly, Priemel et al. observed that only the surface of freshly prepared amorphous 
tablets crystallized during dissolution testing.132 On the other hand, the whole tablet crystallized 
during dissolution when it was stored for 5 days at 30 °C/23% RH. The phenomenon was 
explained by a denser crystalline layer forming during dissolution, which acted as a mechanical 
barrier for further solution-mediated crystallization, versus a less dense crystalline layer 
forming during storage, which eventually promoted the migration of crystallization further into 
the tablet core.  
 The solubility of the sample stored at 75% RH dropped sharply on the second day 
(Figure 15b). The sharp drop in solubility may be the result of two coinciding factors: i) grinding, 
which resulted in the formation of crystallization nuclei on the surface of the particles 
undetectable by XRPD, and ii) during storage, adsorbed water on the surface increased 
the molecular mobility and decreased the Tg of the amorphous indomethacin thus further 
facilitating the surface crystallization.217,218 Once exposed to the dissolution medium, even if 
the surface was not yet fully crystalline, it was certainly very prone to rapid crystallization.  
 Following the initial drop, the solubility of the sample stored at 75% RH fluctuated 
around 2.04 μg/mL – slightly above the solubility of the reference γ form, but below the solubility 
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of the α form measured in the study (3.5±0.6 μg/ml). The solubility of the α form was reported 
to be roughly 3 times higher compared to the solubility of the γ form (I). However, the higher 
solubility of the amorphous sample stored at 75% RH, in this case, is most likely the result of 
one or both of the following phenomena: i) the minor presence of the α form in the sample, and 
ii) differences in surface morphology, including crystal habit, size and crystal defects, due to 
nanocrystals forming on the surface of the particles during storage, as observed by 
Priemel et al.132, versus single micro-scale crystals of the reference γ form. 
 
5.3 Salt dissolution and disproportionation (III) 

In the third study, pH-solubility profiles of three model salts – naproxen sodium, diclofenac 
sodium and verapamil hydrochloride – were assessed with the SPA and SF methods and 
compared. Importantly, the pH of the buffers was not adjusted during the SF experiments. 
Consequently, a pH shift occurred upon the dissolution of the solid material. 
 The pH-solubility profile of naproxen free acid assessed with the SPA method correlates 
well with the SF values and also with the theoretically predicted values based on 
the Henderson−Hasselbalch equation (Figure 16a).219,220 However, the three values above pH 
8.0 deviate since they are plotted against the pH of the initial buffer and not against the pH on 
the solid−liquid interface at which dissolution actually takes place, i.e., the microenvironmental 
pH.221 One can assume that the microenvironmental pH shift in the layer of saturated solution 
around the particle is the same as the pH shift of the saturated solution at the end of 
the respective SF experiment. When the SPA solubility values are plotted against the pH 
values measured at the end of the respective SF experiments, a better correlation is achieved 
(Figure 16b). The effect of microenvironmental pH on the solubility determined with the SPA 
method is best seen for the two solubility values at pH 8.0; at this pH, a borate USP buffer has 
half the buffer capacity of a phosphate USP buffer. Thus, the microenvironmental pH shift was 
more pronounced and the measured solubility in a borate buffer was lower. When both 
solubilities are plotted against the pH at the end of the respective SF experiments, they follow 
the theoretically predicted pH-solubility profile. Furthermore, when estimating the pKa values 
based on the two pH profiles, practically identical values of 4.15 and 4.18 are obtained. This 
is because the pH shift is less pronounced at pH values up to 7.0, which were used for 
estimating the pKa in Figure 16a. For comparison, previously reported pKa and intrinsic 
solubility values for naproxen are listed in Table 6. 
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Figure 16. (a) pH-solubility profiles of naproxen and naproxen−Na obtained with the SPA and the SF 
methods. Two values for naproxen−Na SPA solubility at pH 6.0 correspond to the solubilities measured 
before (higher) and after (lower) disproportionation. Two values for naproxen SPA solubility at pH 8.0 
correspond to solubilities measured in borate (lower) and phosphate (higher) USP buffer. The dashed 
line represents the theoretical solubility profile based on the Henderson−Hasselbalch equation. Dotted 
lines are fitted linearly (i) to the SPA naproxen−Na solubility values to estimate the pHmax and (ii) to 
the SPA naproxen solubility values to estimate the pKa. (b) pH-solubility profile of naproxen obtained 
with the SPA method and corrected for the pH change due to the self-buffering effect. Dotted lines are 
fitted linearly to the SPA pH-corrected values to estimate the pKa and also horizontally to the SF values 
of naproxen−Na above pH 8.0 to estimate the pHmax. S0 is the intrinsic solubility. Modified from 
publication (III). 

  
 Two regions can be identified in the SPA pH-solubility profile of naproxen sodium 
(Figure 16a); the flat region above pH 6.0 where the actual solubility of the salt is measured 
and the region below pH 6.0 where, after disproportionation occurs, the solubility of naproxen 
free acid is measured. The process of disproportionation as observed during the SPA 
measurement is depicted in Figure 17; at pH 3.0, the instant dissolution of the initial particles 
is followed by the appearance of needle-shaped particles, which continue to grow for a couple 
of seconds and then start to dissolve. The solubility measured after the disproportionation of 
naproxen sodium is in agreement with the solubility of naproxen free acid. Therefore, one can 
conclude that disproportionation into the thermodynamically stable solid-state form took place. 
In contrast, Østergaard et al. observed the formation of multiple solid-state forms upon 
naproxen sodium disproportionation.14 When monitoring the dissolution of the salt compact in 
0.1 M HCl (pH 1.0) inside a dissolution cell with UV-imaging and Raman spectroscopy, they 
observed the rapid conversion of naproxen sodium into three different intermediate solid-state 
forms followed by the slower appearance (20 min) of the thermodynamically stable naproxen 
free acid. In one of the experiments at pH 2.0, we observed a higher solubility value of 
1.3±0.6 mM (−2.9 in log units) upon disproportionation into smaller grain-like particles. 
However, upon multiple repetitions of the experiment, disproportionation into needle-shaped 
particles predominated. This behavior underscores the complex process of naproxen sodium 
disproportionation as described by Østergaard et al.14 
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Figure 17. In situ disproportionation as observed during the SPA experiments of naproxen sodium at 
pH 3.0. Initial dissolution was followed by the appearance and growth of needle-shaped particles. 
Modified from publication (III). 

 
 As seen in section 2.1.5, the pH-solubility profile of an acidic compound is described 
with two curves: one belonging to the free acid and the other one to the salt. 
At the thermodynamic equilibrium, in certain conditions, the most stable solid-state form of 
either the free acid or salt (or both at pHmax) is present. Therefore, it is vital to consider 
the solid-state form of the dissolving solid when interpreting the SPA pH-solubility profile. 
Naproxen sodium disproportionated into the thermodynamically stable form of naproxen below 
pH 6.0. However, for the salt region, above pH 6.0, such an absolute conclusion cannot be 
made. The SPA measurement was conducted with the anhydrous naproxen sodium. This 
would explain the 11-fold higher solubility when compared to the SF values for the in situ 
formed naproxen sodium hydrate – XRPD diffractograms can be found in publication (III). Thus, 
the intersect of the two regions in Figure 16a results in the apparent pHmax’ value of 7.97. On 
the basis of the solubility of the salt above pHmax’ measured with SPA, an apparent solubility 
product of the salt Ksp’ can be calculated using Equation 7. In the absence of excess counterion, 
the concentration of the salt is equal to that of a counterion and a Ksp’ of 53.4 mol2/L2 is 
calculated for naproxen sodium. 
 
Table 6. Intrinsic solubility (S0), pKa, and pHmax values obtained with the SPA method compared to those 
in the literature. Modified from publication (III). 

 Naproxen Diclofenac 
pKa SPA 4.15 4.26 

pKa literature 4.18172 4.08 

S0 SPA (μg/mL) 25 ± 13 0.6 ± 0.3 

S0 literature (μg/mL) 16,172 14219 1.0 ± 0.7,172 0.8 ± 0.2,173 0.9 ± 0.1163 
 Naproxen sodium Diclofenac sodium 

pHmax’ SPA 7.97 7.35 

pHmax literature ~8219 ~8163,172 
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 The pH-solubility profile of diclofenac free acid correlates well with the SF values and 
also with the theoretically predicted values based on the Henderson−Hasselbalch equation 
(Figure 18a).219,220 However, an increased deviation from the theoretical line can be seen with 
the increase in pH. As was the case with naproxen, the values deviate because they are plotted 
against the pH of the initial buffer and not against the pH on the liquid−solid interface at which 
dissolution actually takes place. Again, if the SPA solubility values are corrected with the pH 
values measured at the end of the respective SF experiments, a shift to the left can be 
observed (Figure 18a). When estimating the pKa values based on the two pH-solubility profiles, 
the values of 4.26 and 4.61 were obtained. For comparison, previously reported pKa and 
intrinsic solubility values for diclofenac are listed in Table 6. 
 Despite having similar pKa values, the microenvironmental pH shift during 
the dissolution of diclofenac was less pronounced compared to the one of naproxen. This is 
the consequence of the lower intrinsic solubility of diclofenac as described by K. Mooney et al.; 
the self-buffering capacity increases with increasing solubility of the unionized species of 
the drug.222 
 The SPA pH-solubility profile of diclofenac sodium resembles the elevated pH-solubility 
profile of diclofenac free acid (Figure 18). Again, two regions can be identified: the flat region 
roughly above pH 8 where the solubility of the salt is measured and the region below pH 8. In 
the region below pH 8, the disproportionation was observed during the SPA experiments up to 
pH 5.0 (Figure 19). For the measurements conducted at pH 6.0 and 7.0 the disproportionation 
most likely also occurred as indicated by the shape of the pH-solubility profile, though it was 
not visually detected due to its subtle nature and fast dissolution of the particles. 
  

 
Figure 18. (a) pH-solubility profile of diclofenac and diclofenac sodium obtained with the SPA and SF 
methods. The dashed line represents the theoretical solubility profile based on the 
Henderson−Hasselbalch equation. Dotted lines are fitted linearly (i) to the SPA diclofenac sodium 
solubility values to estimate the pHmax and (ii) to the SPA diclofenac solubility values to estimate the pKa. 
(b) pH-solubility profile of diclofenac obtained with the SPA method corrected for the surface pH change 
due to the self- buffering effect. The dashed line represents the theoretical solubility profile based on 
the Henderson−Hasselbalch equation. Dotted lines are fitted linearly to the SPA pH-corrected values to 
estimate the pKa and also horizontally to the two SF values of diclofenac sodium that converted into 
hydrate form to estimate the pHmax. S0 is the intrinsic solubility. Modified from publication (III). 

  
 Intriguingly, unlike with naproxen sodium, diclofenac sodium exhibited higher solubility 
upon disproportionation when compared to the respective solubilities of diclofenac free acid. 
This kind of behavior for diclofenac sodium was, at least to our knowledge, not yet reported in 
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the literature. Higher solubility could be the result of in situ formation of a metastable polymorph 
or amorphous solid. Thus, if measured for a sufficient period of time, as in a SF experiment, 
the solubility would decrease to that of the thermodynamically stable form of diclofenac. 
 For the salt region, again, the SPA measurement was started with anhydrous diclofenac 
sodium, which resulted in higher solubility values when compared to the respective SF values. 
Based on the XRPD diffractograms, which can be found in publication (III), and the literature 
data, anhydrate converged during the SF experiments, started at pH 6 and 8, into its 
tetrahydrate form.223 There are several more hydrate forms of diclofenac sodium reported in 
the literature.173,223,224 Based on these reports, the higher solubility of diclofenac sodium in 
the salt region measured with the SPA can be explained in two ways. The actual solubility of 
the anhydrous form was measured or, less likely, in the time span of the SPA experiment, 
the conversion to another thermodynamically unstable hydrate form occurred. Thus, as 
thermodynamically stable forms of free acid and hydrate salt were not measured in the SPA 
experiments, when starting with anhydrous diclofenac sodium, the intersect of the two regions 
(Figure 18a) results in an apparent pHmax’ value of 7.35. On the other hand, the actual pHmax 
can also be determined by linearly extrapolating the pH-corrected SPA values of diclofenac to 
the SF-determined solubility of diclofenac sodium (Figure 18b). In this case, the value of 7.98 
is obtained. Based on the solubility of the salt above pHmax’ measured with the SPA, 
an apparent solubility product of the salt Ksp’ was calculated using Equation (7), and a value of 
0.50 mol2/L2 was obtained for diclofenac sodium. 
 

 
Figure 19. In situ disproportionation as observed during the SPA experiments of diclofenac sodium at 
pH 2.0. The disintegration/dissolution of initial particles resulted in the formation of a supersaturation 
area followed by the appearance of particles with different morphology. Modified from publication (III). 

  
 A pH-solubility profile of verapamil hydrochloride obtained with the SPA method is in 
good agreement with the data reported by Surakitbanham et al. (Figure 20).225 SF experiments 
were not conducted in this study due to the liquid state of verapamil free base at room 
temperature. However, the liquid state of verapamil resulted in intriguing phenomena observed 
during the SPA experiments. 
 During the dissolution of verapamil hydrochloride at pH 7.0, the particles seem to 
suddenly swell and then burst in the process (Figure 21a). This is most likely the result of salt 
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disproportionation and the formation of liquid verapamil free base. The solubility was measured 
before the bursting of the individual particles occurred. Nevertheless, the disproportionation on 
the particle surface probably occurred prior to bursting, resulting in the formation of a liquid 
free base layer surrounding the particle and hence the good agreement with the SF result 
obtained by Surakitbanham et al.225 
 

 
Figure 20. pH-solubility profile of verapamil hydrochloride as obtained with the SPA method and 
the solubility of dexverapamil as reported by Surakitbanham et al.225 Dashed line represents the 
theoretical solubility profile based on the Henderson−Hasselbalch equation, pKa = 8.9, and S0 = 6.6 × 
10−5 mol/L.225 Modified from publication (III). 

  
 In the case of dissolution at pH 9.0, the particles behave differently when compared to 
the dissolution at pH 7.0. The process of verapamil hydrochloride converting into a liquid 
verapamil free base is slower, taking several minutes compared to several seconds (Figure 
21b). Particles merge to form bigger and rounder entities inside of which eventually a void, 
resembling a bubble, is formed. Solubility values were extracted from roughly the first 
50 seconds of the image data before extensive morphology changes were observed. 
The solubility value matches that reported by Surakitbanham et al., indicating dissolution 
limited by the verapamil free base.225 
 In the region below pH 5.0, no visual solid-state change was observed. Thus, one can 
assume the solubility of the hydrochloride salt was measured and that the pHmax of 
the respective salt is somewhere between pH 5.0 and pH 6.0. The solubility measured in this 
region was lower than that at pH 6.0 due to a substantial common-ion effect as also often seen 
with other basic drugs.116,117 The solubility at pH 2.0 was then significantly higher, which is 
inconsistent with the common-ion effect, but most likely occurred due to the pH-limited buffer 
capacity of the HCl USP buffer used at pH 2.0 when compared to the phtalate USP buffers 
used at pH 3.0, 4.0, and 5.0. Buffer capacity is discussed in more detail in Supporting 
information of publication (III).  
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Figure 21. Change of sample morphology – in situ disproportionation – during the SPA experiments. 
(a) Verapamil hydrochloride at pH 7.0. During dissolution, particles suddenly swell and then burst due 
to disproportionation into the liquid verapamil free base. (b) Verapamil hydrochloride at pH 9.0. 
Throughout the dissolution process, particles merge into bigger rounded entities. Inside of these entities 
a void resembling a bubble is formed. Modified from publication (III). 

 
5.4 Poorly soluble drug and its co-crystals (V) 

The pH-solubility profiles of itraconazole, the two co-crystals (ITR-MAL and ITR-SUC), malonic 
acid and succinic acid were measured with the SPA method (Figure 22a). Importantly, for all 
five compounds, the decrease of particle size throughout the SPA experiments was constant 
and no morphological changes (apart from particle size reduction) were observed; indicating 
that no solid-state change during the dissolution process occurred.  
 

 
Figure 22. (a) The solubility of itraconazole (ITR), ITR-MAL, ITR-SUC, malonic acid and succinic acid 
in USP buffers (pH 2.0 – pH 9.0) at 37°C measured with the SPA. (b) The solubility of itraconazole (ITR), 
ITR-MAL and ITR-SUC in biorelevant buffers, FeSSIF and FaSSIF, measured with the SPA. Dashed 
lines represent the intrinsic solubility of a compound. Modified from publication (V). 
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 The average solubility of malonic acid in the pH range 2.0-9.0 (1044 mg/mL) was 
significantly higher compared to the average solubility of succinic acid in the same range 
(225 mg/mL). In contrast, there was no significant difference in intrinsic solubility of ITR-MAL 
(0.22±0.07 μg/mL) compared to ITR-SUC (0.21±0.07 μg/mL). Thus, one cannot simply predict 
the solubility relationship of co-crystals based on the solubility relationship of individual 
co-formers. Nevertheless, the formation of co-crystals has improved intrinsic solubility more 
than three times when compared to free itraconazole (0.06±0.02 μg/mL).  
 At pH 2.0, solubilities of itraconazole (0.21±0.05 μg/mL), ITR-MAL (0.5±0.3 μg/mL) and 
ITR-SUC (1.1±0.6 μg/mL) were higher compared to the respective intrinsic solubilities. At pH 
1.2, Shevchenko et al. have observed even higher solubilities of itraconazole and the two 
co-crystals  (5 μg/mL, 17 μg/mL and 18 μg/mL, respectively).226 The rank order of compound 
solubilities is the same in both studies. Moreover, Shevchenko et al. found a difference in 
dissolution rates of co-crystals; the dissolution rate of ITR-SUC at pH 1.2 was ∼11-fold and 
the dissolution rate of ITR-MAL was ∼5-fold higher when compared to the dissolution rate of 
itraconazole. We have not observed a significant difference in the solubilities of ITR-MAL and 
ITR-SUC in the pH range studied. Nevertheless, the difference might have been revealed at 
pH 1.2, but due to the incompatibility of extremely low pH and elevated temperature with parts 
of the flow-through device the suggested measurements were not possible. 
 The solubility of itraconazole, ITR-MAL and ITR-SUC in biorelevant buffers, FeSSIF 
and FaSSIF, are compared to their intrinsic solubilities (Figure 22b). The solubility of 
itraconazole in biorelevant buffers correlates well with the previously obtained SF results by 
Ghazal et al. (Table 7).227  
 For all three compounds, no significant change in FaSSIF compared to intrinsic 
solubility can be observed. On the other hand, in the FeSSIF buffer, an increase in solubility 
can be seen. The observed increase in solubility can be attributed to a higher amount of 
surfactants (Na-taurocholate and phospholipids) present in FeSSIF compared to FaSSIF 
buffer. In fact, the concentration of Na-taurocholate in FeSSIF exceeds the critical micellar 
concentration (CMC).228 Thus, the formation of micelles and subsequent distribution of 
hydrophobic itraconazole molecules inside the micelles affect the measured solubility. 
Furthermore, Huang et al. have described a dampening of solubility increase for co-crystals 
when surfactant concentration is increased.229 Hydrophobic drug molecules partition inside 
the micelles and ionized coformer molecules do not. Consequently, the aqueous phase 
becomes enriched with coformer molecules while itraconazole concentration decreases to 
maintain a constant Ksp. This could, very likely, be the phenomenon behind a higher increase 
in solubility of pure itraconazole (2.4-fold) compared to the two co-crystals (2-fold and 1.7-fold) 
in FeSSIF buffer. 
 
Table 7. Biorelevant solubility of itraconazole measured by Ghazal et al. using SF and biorelevant 
solubility obtained using the SPA.227 Modified from publication (V). 

 Itraconazole solubility (μg/mL) 
Method FaSSIF FeSSIF 

SF 0.07 ± 0.005 0.20 ± 0.02 

SPA 0.09 ± 0.05 0.15 ± 0.04 
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 Finally, solubilities measured with SF correlate well with the SPA solubilities of 
itraconazole and co-crystals (Figure 23). At pH 2.0, the solubility of itraconazole measured 
with the SF (0.25±0.02 μg/mL) is in good agreement with the solubility of itraconazole 
measured with the SPA (0.21±0.05 μg/mL). Furthermore, the solubility of ITR-SUC measured 
with SF (1.0±0.2 μg/mL) coincides with the SPA measured solubility of the co-crystal 
(1.1±0.6 μg/mL). Only for ITR-MAL, the SPA measured solubility at pH 2.0 (0.5±0.3 μg/mL) is 
slightly lower when compared to the SF value (1.1±0.1 μg/mL). Nevertheless, the two values 
differ for 0.29 log units, which is below the 0.6 log units difference generally reported for 
interlaboratory solubility measurements.166,230  
 

 
Figure 23. Comparison of solubilities obtained with SPA and SF methods at pH 2.0 and pH 6.0 for 
itraconazole (ITR), ITR-MAL and ITR-SUC. Modified from publication (V). 

 
 At pH 6.0, the solubilities of itraconazole, ITR-MAL and ITR-SUC measured with 
the SPA (60±20, 140±40 and 180±70 ng/mL, respectively) follow the same rank order as 
the SF values of the three compounds (29±4, 50±20, 90±70 ng/mL, respectively) but are 
roughly two-fold higher. In this case, the average difference is 0.37 log units, which is still below 
the 0.6 log unit limit.166,230 However, as the results follow the same trend (Figure 23), there is 
very likely an underlying cause for this trend – non-specific sample adsorption. Despite 
pre-saturating the filters with the sample, there could still be some additional adsorption of 
itraconazole on the filter membrane. Moreover, adsorption might have occurred also after 
filtration; Eppendorf tubes, pipette tips, vial plates and HPLC tubing are all potential sources 
of undesired adsorption, which can prove significant at such low sample concentrations. Thus, 
a methodology with a reduced possibility of sample adsorption, such as the SPA, can prove 
superior when handling extremely poorly soluble compounds. 
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6 Conclusions 
 
The overall aim of this thesis was to detect, investigate and quantify the impact of different 
solid-state forms on the solubility of pharmaceutical compounds by means of the SPA 
technology. A range of solid-state forms encompassing some of the most common solid-state 
approaches in drug development were investigated.   
 Initially, the apparent solubility of two different polymorphs in diverse solvents was 
measured. The solubility ratio between the two polymorphs studied remained constant and 
was not affected by changes in pH, ionic-strength and surfactant concentration. Therefore, the 
only factor affecting the solubility ratio was demonstrated to be the ΔG, which can be easily 
evaluated from the solubility ratios observed. 
 Secondly, the direct measurement of amorphous solubility was achieved. The obtained 
results correlated well with the two orthogonal methods – indirect measurement with 
the modified SSPM and theoretical estimation through the Hoffman method. Furthermore, 
the direct approach has proven superior when analyzing highly hygroscopic samples and 
samples with a high tendency for recrystallization – the amorphous solubility of fast crystallizing 
drug griseofulvin was experimentally determined for the first time without the use of 
crystallization inhibitors. The newly established direct approach of measuring amorphous 
solubility was then used to monitor the solubility of particulate amorphous samples during 
storage at two different conditions. Clear differences in the crystallization process during 
storage and its impact on solubility were observed. 
 Thirdly, the possibility to visually detect solid-state changes, was demonstrated to 
provide additional information for the interpretation of the measured pH-solubility profiles of 
salt compounds. On the basis of the obtained pH-solubility profiles, intrinsic solubility, pKa, 
pHmax, and Ksp values were determined. Moreover, the importance of the possible 
microenvironmental pH shift in the context of solubility measurement was addressed. 
 Finally, the solubility of an extremely poorly soluble drug itraconazole and its co-crystals 
in USP and biorelevant buffers was measured. A significant improvement in solubility was 
detected upon co-crystal formation. Moreover, the solubility of itraconazole in biorelevant 
buffers correlated well with the SF results from the literature.  
 All of the above was achieved with requiring less than 100 μg of a sample per 
measurement. The minimal sample consumption combined with non-specificity and the 
demonstrated broad applicability of the SPA method make it highly suitable for the early stages 
of drug discovery and development. Moreover, with data quality comparable, and, in many 
cases even superior to current standard techniques, the SPA method could pave the way 
towards overcoming the commonly referred issue of ‘garbage in, garbage out’ that is one of 
the factors limiting the development of accurate in silico prediction models.  
 Finally, the possibility of acquiring the level of physicochemical characterization 
demonstrated in this thesis with a single analytical method could considerably accelerate and 
improve data acquisition in drug discovery and development. Thus, it could greatly contribute 
to more informed decision-making and, last but not least, better optimized and affordable drug 
products.
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